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PREFACE

The Fifth International Symposium of Cleaning Technology in Semiconductor
Device Manufacturing was held during the Fall Meeting of the Electrochemical Society in
Paris in September 1997. This series of symposia was initiated in 1989 during the Society
Fall Meeting in Hollywood, Florida. Since then, recognition of the “ECS Cleaning
Symposia”, reflected by both number of participants as well as quality of papers presented,
continues to grow systematically. This trend clearly corresponds to the still increasing need
for the improved surface preparation methods of the semiconductor industry.

We are very pleased that all papers presented during the symposium in Paris are
included in this volume. The papers are divided into several sections with the most
voluminous one devoted to wet cleaning. The number of papers in this section clearly
indicates that wet wafer cleaning technology will remain a workhorse of surface preparation
procedures in IC manufacturing for years to come. It also testifies to the fact that much
research and development is still needed not only to improve performance of wet cleans,
but also to optimize these operations with the reduction of use of chemicals and deionized
water as the prime objective. Besides general aspects of wet cleaning technology papers in
this part of the proceedings are concerned with issues such as control of metallic
contaminants in liquid chemistries, SC-1 chemistry, HF-last processes, and increasingly
common use of ozonated water in wafer cleaning operations.

The papers presented in the section on gas-phase cleaning technology reflect the
current status quo which suggests that breakthroughs are needed in order to assure for this
process mode a place in the mainstream of the future IC manufacturing. As usual, a number
of papers presented during the symposium are concerned with a key issue of
characterization and monitoring of wafer cleaning operations. A separate section devoted to
the problems of resist stripping responds to the growing tendency to consider resist
stripping as an integral part of the wafer cleaning sequence. Compared to previous
symposia in this series a relatively smaller number of papers are included in the section
covering specifically particle removal issues. The main reason for this is that various issues
related to this key aspect of wafer cleaning technology are considered in the numerous other
papers included in this volume. Finally, some important topics in the area of surface
cleaning in back-end-of-line processing are represented in the last section of this volume.

We would like to take this opportunity to thank all symposium authors and
participants who turned this symposium into a very informative and productive meeting. In
particular, we would like to thank our colleagues who assisted us in editing this volume and
who chaired the symposium sessions. Moreover, our thanks are due to the invited speakers
for their excellent contributions and to all the participants for their encouragement and
support which makes us look toward the next symposium in this series in the Fall of 1999
with great enthusiasm and great expectations.

Jerzy Ruzyllo
Richard E. Novak
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Key Issues in Wet Chemical Cleaning
of Silicon Surfaces

Takeshi Hattori
SONY Corporation, Atsugi 243-8585, Japan

ABSTRACT

The following three key issues in wet chemical cleaning of silicon surfaces
for pre-oxidation/deposition are discussed with special emphasis on the
future prospects of this technology. (1) Limitation of immersion-type
wet cleaning due to contamination brought by to-be-cleaned wafers, (2)
clean wafer drying after wet cleaning, and (3) prevention of organic
adsorption on the silicon surfaces after wafer drying.

INTRODUCTION

Scrupulous maintenance of clean wafer surfaces throughout the wafer processing
cycle is essential to obtain high yields in the manufacture of semiconductor devices. As a
result, wet chemical cleaning to remove contaminants from the wafer surfaces is the most
repetitively applied processing step in any LSI fabrication sequence. Over the past 25
years, immersion-type wet cleaning with essentially unchanged chemistry has been used
in the semiconductor industry worldwide. In this paper, some key issues in the wet
chemical cleaning of silicon surfaces for pre-oxidation/deposition will be discussed with
special emphasis on the future prospects of this technology.

WET CLEANING

Influence of Initial Wafer Cleanliness on Metal Removal Efficiency
in Immersion SC-1 Cleaning: Limitation of Immersion-Type Wet Cleaning

Rigorous wet cleaning is known to be effective in reducing contaminants from wafer
surfaces [1][2], but this is only true if the immersion-type wet bench being widely used
in the semiconductor industry uses very pure wet chemicals and deionized water and if
the wafer carriers [3][4] and cleaning baths [5] as well as the ambient air are clean. Even
in such an ultra clean environment, metallic contaminants brought into the bath of an
immersion-type wet bench by the to-be-cleaned wafers themselves will dissolve and
accumulate in the chemical solution, though the particles brought into the bath are filtered
out by a circulating particle-filtering system equipped in the wet bench. Such kinds of
metallic impurities incorporated into the fresh solution by the to-be-cleaned wafers
themselves may limit the effectiveness of the metal-removal efficiency even if ultraclean
chemicals are used and, even if these chemicals are disposed of after each cleaning [6].
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We have investigated here the influence of initial metal concentration on the wafer
surfaces on metal-removal efficiency in immersion cleaning using the SC-1 solution
widely used in the industry, which employs a NH4OH/H202/H20 mixture, and to
clarify the limitations of immersion-type wet cleaning in terms of the metallic
contamination removal efficiency. Although the SC-1 solution is generally recognized as
the most effective chemical for particle removal, it can also remove metallic contaminants
with varying degrees of efficiency, depending on the type of metallic element. The
surface concentration of two typical heavy metals, Fe and Cu, on silicon surfaces before
and after ultrapure SC-1 cleaning was compared for various levels of initial wafer surface
Cu or Fe concentration and also for different numbers of wafers simultaneously
immersed in the bath. The SC-1 solution was prepared by mixing deionized water with
an H202 solution (30%) and an NH4OH solution (30%). The blend ratio used was
NH4OH : H202 : H20 = 1:2:7. The Fe and Cu concentrations in the SC-1 solution were
both less than 0.02 ppb, the detection limit of atomic absorption spectrometry. The
solution temperature was kept at 60°C throughout the experiments. The treatment time
was 10 min. The bath volume was 1.3 x 10* cm® including the volume circulated in the
particle filtration system. The SC-1 treatment was followed by water rinsing and drying.

Figure 1 (a) shows the surface concentration of Fe on silicon wafers after SC-1
cleaning, with the initial surface concentration of 1.4 x 10" atoms/em® for various
numbers of 125-mm wafers simultaneously immersed in the bath. As can be seen, even
though the initial Fe concentration is the same for the wafers used for this experiment,
the surface concentration after SC-1 cleaning varied with the number of contaminated
wafers simultaneously immersed in the bath. As shown in Fig. 1(b), for the initial Fe
concentration of 1.0 X 10" atoms/cm2 the concentration after cleaning has a lower value
than that for 1.4 x 10" atoms/cm’ with the same number of wafers. In both Fig. 1(a) and
(b), as the number of wafers immersed in the bath increases, the higher the surface
concentration becomes after cleaning. The experimental results indicate that the
concentration after cleaning depends not only on the initial wafer cleanliness but also on
the number of wafers treated at the same time. This suggests that when intentionally
contaminated wafers are immersed in an ultrapure SC-1 solution whose impurity
concentration is negligible, the level of wafer-surface metal contamination after the
cleaning treatment depends on the total amount of metallic impurities brought by the
wafers themselves into the solution. For Cu contamination, as shown in Fig. 2, the initial
surface contammatlon of as highas 5 x 10 1 atoms/cm” can be reduced to a level below 1 x
10" atoms/cm? by SC-1 cleaning. Thus, Cu can be reduced much more effectwely than
Fe. As with Fe, Cu concentration on the wafer after SC-1 cleaning increases as the
number of wafers treated at the same time increases.

It is known that the final surface impurity concentration on the wafer is in
equilibrium with the final impurity concentration of the SC-1 solution after cleaning [7].
So, the final impurity concentration of the solution can be estimated if the initial surface
impurities can be assumed to be dissolved into the solution during cleaning [6]. The Fe
and Cu concentrations calculated on the wafer surfaces after cleaning were essentially
consistent with those measured and shown in Figs. 1 and 2.
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In our experiment, the impurity concentration on the silicon surface was dominated
not by the purity of the chemical but by the impurities brought by the wafers
themselves into the chemical. Ryuta et al., on the other hand, have reported [7], [8] that
the initial surface concentration does not influence the surface concentration after the
cleaning treatment. But this is only true if a comparatively dirty chemical solution with
0.1ppb of Fe is used, in which case the surface concentration is governed by only the
chemical impurities and thus cannot be lowered to a level below 10!! Fe atoms/cm2. In
the past, purer chemicals have been sought to improve metal removal efficiency, but after
reasonably pure chemicals have been obtained, the metal removal efficiency will be
dominated by the contamination brought by the wafers themselves.

In immersion-type wet cleaning where the chemical solution is repetitively used
before disposal, as the number of 25-wafer lots subjected to the cleaning treatment
increases, the impurity concentration of the chemical solution increases due to the
incorporation of metallic contaminants into the chemical from the wafers, thus the final
surface impurity concentration becomes gradually greater as the number of lots subjected
to immersion cleaning increases. The variation in the surface metal concentration
calculated on our 125-mm diameter wafers due to immersion in SC-1 solution
repetitively used is shown in Fig. 3. In the calculation, the amount of metallic impurities
carried out of the chemical and adsorbed onto the wafer surfaces is taken into
consideration. After the cleamng of 20 wafer-lots, the surface Cu concentration can still
be reduced below 1 x 10'° atoms/cm?, while surface Fe contarmnatlon can be only slightly
reduced.

A very similar calculated result is obtained for 300-mm dlameter wafers, as shown in
F1g 4. In this case, the bath volume is assumed to be 5.0 x 10* cm®. If the bath volume
is reduced in order to save chemicals and water as well as to reduce the footprint of the
wet station, the surface metal concentration will increase.

To prevent or reduce the detrimental effect of contamination brought into the
solution during immersion-type wet cleaning by the to-be-cleaned wafers, the following
procedures are recommended.

(1) Brush or water-jet scrubbing of dirty wafer back-surfaces before immersion-type
cleaning, for most of the metallic contaminants on the back-surfaces take the form of
particles. (See Fig. 5 for a typical result.)

(2) Scrubbing of wafer front-surfaces between each comparatively dirty wafer
processing step and subsequent immersion-type cleaning.

(3) Adding chelating agents to the solution in order to prevent metal adsorption onto the
silicon surfaces, if the residue of these organic agents does not have a detrimental
effect on the silicon surface and the device characteristics. (See Fig. 6 for a typical
result.)

(4) Disposing of chemical solutions after each cleaning cycle and using only fresh
chemicals.

However, strictly speaking, even if the chemicals are disposed of after immersion-

type wet cleaning, the surface metallic contamination is still dominated by the amount of
impurities brought into the fresh solution by the wafers themselves. In order to meet
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further stricter wafer-cleanliness requirements in the future, a new cleaning method in
which fresh chemicals are continuously supplied, such as single-wafer spin cleaning [9],
will have to be employed.

WAFER DRYING AFTER WET CLEANING

Evaluation of the Amount of Adsorbing IPA and Residual Water
on Silicon Surfaces Using Various Drying Methods

In the aqueous processing of silicon wafers, drying after water rinsing is a critical
step in terms of the prevention of both watermark (or drying spot) formation and
particle adhesion. While centrifugal spin drying has been widely used for many years, the
vapor drying method using isopropyl alcohol (IPA) is preferred for the reduction of both
watermarks and particle adhesion in most advanced production lines. The thermal design
of the equipment and the purity of the solvent are extremely important to achieve good
results [1]. Recently, in order to completely eliminate the formation of watermarks on
the wafer surface, various new in-situ drying techniques employing IPA vapor have been
or will be put on the market. Figure 7 compares the features of these techniques
employing IPA vapor.

The amount of IPA and wafer residue remaining on the surface of silicon wafers
after drying using different drying methods was evaluated using gas chromatography-
mass spectrometry following thermodesorption (TD-GC/MS) and thermal desorption
spectrometry (TDS), respectively.

As a result, the amount of IPA adsorbing on the surface of the silicon wafers dried
using the Marangoni method and the IPA Direct-Displacement method was found to be
approximately 1/20 and 1/5, respectively, of the amount on wafers dried using the
conventional IPA vapor drying method. This phenomenon is likely due to the difference
in the concentration of IPA vapor in the atmosphere surrounding the to-be-dried wafers.
The amount of IPA adsorbing on the silicon surfaces did not desorb after exposure to the
ambient air for many hours at room temperature or after nitrogen was blown against the
silicon surface. On the other hand, the amount of water adsorbed on the surface of the
silicon wafers dried using the three drying methods employing IPA was almost the same
and was much smaller than the amount adsorbing onto the surface of wafers dried using
the conventional spin-drying method.

The new wafer drying methods employing IPA can effectively prevent watermark
formation with much less residual water and IPA adsorbing on the surface of silicon
wafers, but the prevention of particle adhesion on the surface is a big challenge for these
new methods, particularly during drying after oxide-film etching and rinsing, or HF-last
process [10] [11].
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WAFER STORAGE AFTER DRYING
Prevention of Organic Adsorption on the Silicon Surface after Drying

Not only particulate and metallic contamination but also trace organic contamination
adsorbing on the surface of silicon wafers has been found to have an increasingly
detrimental impact on the petformance and yield of semiconductor products. It has been
shown that such organic contaminants have deleterious effects on the gate oxide integrity
(GOI) [12], but this is strongly dependent on the atmosphere in which the wafers are
inserted into the oxidation furnace. While contaminated wafers are being loaded in a
nitrogen atmosphere, the GOI can be degraded. This shows that organic contaminants
will reside on the surface as carbon contamination in the nitrogen ambient, while they are
oxidatively degraded and evaporated in an ambient containing oxygen. Organic
contaminants can have a more deleterious effect in chemical vapor deposition (CVD)
where the employment of an oxidizing ambient cannot be used. Organic adsorption onto
substrate surfaces must be prevented before CVD to eliminate film thickness deviation
due to variable incubation time in thin film deposition [13] as well as to avoid the
degradation of the integrity of gate oxides on which polycrystalline silicon is chemically
deposited. Therefore, in order to prevent the adsorption of organic contaminants onto
silicon surfaces both before gate oxidation and before CVD, it is necessary to determine
the origin of the contaminants by the identifying organic compounds adsorbing on the
surface of the silicon wafer.

When silicon wafers are exposed after wet cleaning and drying to the atmosphere in
regular cleanrooms, gaseous organic molecules in the air easily adsorb onto the wafer
surfaces in a short time[14]. Major organic molecules in the cleanroom air are volatiles
outgassing from polymeric materials. In fact, polymeric materials are found almost
everywhere in cleanrooms[15]. Dioctyl phthalate, a plasticizer for plastic materials,
outgasses from panels made of polyvinylchloride materials and even from HEPA filters
because of its being used for trapping tests of filters, while low-molecular cyclosiloxane
outgasses from sealants. Furthermore, phosphoric acid esters outgas from prefilters in
cleanrooms as well as covering materials of electric cables for process equipment. The
organic volatiles outgassing from these polymeric materials can be easily adsorbed on
silicon surfaces. In order to avoid the adsorption of airborne organics onto silicon
surfaces, wafers should be stored in plastic boxes, which are usually made of
polypropylene and/or polycarbonate materials. However, while wafers are stored in
such boxes to protect them from airborne contaminants, organic volatiles outgassing from
the plastic materiel adsorb onto the wafer surfaces [4][15][16].

Organic Contaminants Adsorbing on the Silicon Wafers

We have analyzed organic contaminants on the surface of silicon wafers stored in
various types of plastic boxes supplied by the major silicon-wafer vendors without
wafer cleaning using gas chromatography-mass spectrometry  following
thermodesorption (TD-GC/MS). Organic volatiles outgassing from the materials which
compose these plastic boxes were also analyzed using head-space gas chromatography-
mass spectrometry (HS-GC/MS).
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Figure 8 shows a typical example of the gas chromatogram of organic contaminants
adsorbing on the surface of the silicon wafer stored in a plastic box. Chemical structures
of the organic compounds identified from the mass spectra are also shown in the figure.
A large amount of 2,6-di-t-butyl-2,5-cyclohexadiene-1,4-dione and 2,6-di-t-butyl-4-
methylene-2,5-cyclohexadiene-1-one, corresponding to the two adjacent peaks in the
middle of the chromatogram as well as a large amount of dibutyl phthalate (DBP) and
small amounts of many types of aliphatic hydrocarbons were detected on this wafer.
The former two aromatic hydrocarbons, found on the wafer are known as oxidizing
products of BHT. This suggests that BHT, which had outgassed from the boxes, would
have adsorbed onto the wafer surface. The DBP detected on the wafer surface must be a
result of the adsorption of DBP outgassing from the box material onto the wafer.

It should be noted that major organic compounds adsorbing on the surface of silicon
wafers stored in plastic boxes are additives, such as antioxidants, plasticizers, and
crosslinking agents outgassing in small quantities, rather than aliphatic hydrocarbons,
such as unpolymerized monomers and oligomers, outgassing in large quantities from the
plastic material [4]. Organic additives such as BHT and DBP, with comparatively low
vapor pressures and/or high dipole moments, have polar groups such as >C=0 and -OH,
thus that these additives are apt to adsorb on the surface of the native oxide on the
silicon substrate which has polar groups such as -OH and -O, even if the quantity of
these additives’ outgssing is very small. On the other hand, aliphatic hydrocarbons do
not have polar groups and have comparatively high vapor pressures, so that these are
difficult to adsorb on the surface of the native silicon dioxide, although the quantity of
outgassing is comparatively large. In other words, if the quantity of outgassing organics
is small, this does not necessarily mean that the quantity of the organics adsorbing on the
silicon surfaces is small [4].

Removal of Organic Contaminants by Wet Cleaning

It has been shown [4] that these trace organic contaminants on silicon surfaces can
be completely removed using ozonized water and/or dilute HF. Ozonized water has the
highest oxidation potential of the chemicals used, thus it is able to oxidatively degrade
organics. On the other hand, dilute HF is capable of removing the organic contaminants
by lifting off the thin native oxide on which the organic contaminants are adsorbed.

Prevention of Organic Adsorption after Organic Removal

However, wafer storage in plastic boxes after wet cleaning prior to oxidation or
CVD results in the re-adsorption of organic volatiles onto silicon surfaces, even though
the organic contaminants have been removed by wet cleaning. After all organic
contamination is completely removed by wet cleaning, the silicon wafers were stored for
one month in plastic boxes whose interior was continuously purged with nitrogen or
oxygen. As a result, only aliphatic hydrocarbons were detected on the wafer exposed to
the nitrogen atmosphere in the nitrogen purged box, while additives such as BHT and
DBP, in addition to the aliphatic hydrocarbons, were detected on the wafer exposed to
ambient oxygen, as is shown in Fig. 9. Additionally, it was found that the amount of
organic additives adsorbing on the silicon surfaces stored in a plastic box without oxygen
purging (in an air ambient without hermetic sealing) was the same as that with oxygen
purging. The TDS pyrogram and the XPS Si2p spectrum for the wafers before and after
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storing in a nitrogen or oxygen purged box suggest that hydrogen termination was broken
and a native-oxide layer grew on the silicon wafers stored in the oxygen atmosphere for
one month, while native oxides did not grow with hydrogen termination on the silicon
wafer stored in the nitrogen atmosphere.

The organic additives outgassing from plastic boxes have polar groups such as >C=0
and -OH. On the other hand, several layers of water molecules may have already
adsorbed on the native oxide in the form of hydrogen bonding, under normal conditions.
Thus, the organic additives adsorb on the polar group of water molecules, H-O-H, with
hydrogen bonding, as shown in Fig. 10(2). In contrast, because the hydrogen-terminated
surface is non-polar due to the absence of a native oxide as shown in Fig. 10 (b), organic
additives outgassing from the plastic box are less easily adsorb onto a hydrogen
terminated surface kept in a nitrogen atmosphere. On the other hand, large quantities of
organic contaminants are adsorbed onto the surface of an ozonized-water-treated wafer

even in a nitrogen atmosphere, due to the presence of a chemical oxide with polar groups
on the surface.

It has also been found that residual fluorine on silicon surfaces after cleaning of the
silicon wafers with aqueous HF as well as anhydrous HF accelerates the adsorption of
organic contamination onto the silicon surfaces[17]. The amount of a typical organic
contaminant, BHT, adsorbing on a silicon surface as a function of the storage time in a
plastic box after HF cleaning with/without DI water rinse is shown in Fig. 11. The
acceleration of organic adsorption is due to the electrostatic force of attraction between
the polar groups of organic compounds and the residual fluorine on the silicon surface.

SUMMARY AND CONCLUSIONS
Three key issues in the wet chemical cleaning of silicon surfaces have been discussed.

(1)When contaminated silicon wafers are immersed in an ultrapure cleaning solution
in which the impurity concentration is negligible, the level of wafer-surface metallic
contamination after cleaning depends on the amount of metallic impurities brought into
the solution by the to-be-cleaned wafers themselves. Even if the chemicals are disposed
of after each wafer cleaning, the surface metal contamination is still dominated by the
amount of impurities brought into the fresh solution by the wafers themselves. Much
more attention should, therefore, be paid to wafer-carried contamination rather than the
purity of reasonably clean chemicals. From this viewpoint, wafer scrubbing after a dirty
process but before immersion-type wet cleaning is preferable. In order to meet future
stricter wafer-cleanliness requirements, new cleaning methods where fresh chemicals are
continuously supplied, such as single-wafer spinning cleaning, will have to be employed.

(2) New wafer drying methods employing IPA can effectively prevent watermark
formation with much less residual water as well as IPA adsorbing on the silicon surfaces,
but the prevention of particle adhesion on the surface is a big challenge for these new
methods. Further revisions are expected with a view to lower cost, higher performance,
and environmental friendliness.
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(3) As semiconductor device geometries continue to shrink, trace volatile organic
contamination adsorbing on the surface of silicon wafers has an increasingly detrimental
impact on product performance and yield. The adsorption of the organic contaminants
on the silicon surfaces can be inhibited by preventing the growth of native oxides after
DHF cleaning and subsequent sufficient water rinsing. On the other hand, plastic
materials which contain a smaller amount of additives should be used for wafer storage
boxes to prevent the adsorption of organic contaminants onto the silicon surface.
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PERFORMANCE OF "DDC" : DILUTED DYNAMIC CLEAN
BEFORE 4.5 nm GATE OXIDE

F. Tardif(1), T. Lardin(1), B. Sandrier(1)
P. Boelen(2), R. Matthews(2), I. Kashkoush(2) and R. Novak(2)
(1) : Gressi-Leti-CEA/G, 17 rue des Martyrs , 38054 Grenoble Cedex 09, France
(2) : SubMicron Systems Inc., 6330 Hedgewood Dr. 150, Allentown, PA 18106 USA

The "DDC" : Diluted Dynamic Clean which uses only diluted
chemicals at room temperature is optimized here for pre-gate cleaning
applications. The dissolved O3 process is investigated in terms of
smoothing effect, hydrocarbon removal efficiency and added particle
reduction. The acidification of the DI water initially implemented to
prevent Fe contamination is proved to be efficient as well for Zn, Al,
Ca and Na. The optimized DDC gives as good electrical performances
as a conventional RCA for 4.5 nm gate oxides and drastically reduces
the consumption of chemicals.

INTRODUCTION

In order to reduce the cost and environmental impact of cleaning processes in IC
manufacturing, two alternatives now seem to be emerging. The first approach consists in
diluting the conventional RCA. This solution is probably more attractive for the very
conservative IC industry and has to be carefully studied. Nevertheless it does present some
limitations mainly linked to the necessary relatively high process temperature which
consumes the major part of chemicals by evaporation. The use of diluted chemicals at room
temperature represents the other alternative and enables new technological concepts to be
envisaged. The previously exposed(!) Diluted Dynamic Clean : "DDC" using HF, HC] and
O3 constitutes an interesting solution as it cuts the cycle time by a factor 2 and reduces the
chemical consumption by more than a decade compared to the conventional
SPM+HF+RCA. The DDC process adapted to pre-gate cleaning is here optimized and
tested on a 4.5 nm gate oxide test vehicle including PBL lateral isolation. The electrical
results are compared with those obtained with the conventional RCA process.

DILUTED DYNAMIC CLEAN CONCEPT

The main idea consists in using a conventional quartz overflow rinsing tank in which small
amounts of O3 or HCI (but other reactives can also be used) are injected alternately or
together into the continuous flow of DI water. Both the process and associated rinsing are
performed alternately in this same bath. The first consequence is that the space usually
occupied by the rinsing bath is saved. As the quantity of chemicals is negligible, the
overflow can still be connected directly to the drain, thus the wafers always see fresh ultra-
pure reactants. Since for environmental considerations IC manufacturing has to limit its
fluoride wastes, another bath dedicated to HF-based chemistries completes the whole
concept. This bath comprises a conventional HF recirculated/filtered bath including an
oxygen desorbtion device and a chemical purifier to remove noble metals. The DDC
concept is constituted by the association of the two baths as represented in figure 1.
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LATEST DEVELOPMENTS ON DDC PROCESSES

The DDC process has to be adapted for each technological application because the
requirements and the materials present on the wafer can be different. The full DDC process
optimized for pre-gate cleaning is given in figure 2. A first optional O3 treatment performed
in bath "2" removes both hydrocarbons and noble metals. Then the sacrificial oxide and the
ionic contamination are removed in the "%" solution composed of 1%HF acidified with
1%HCI (bath "1"). The wafers are then transferred into the dynamic bath "2" where the last
traces of HF are eliminated before injection of O3 which grows a chemical oxide under the
particles. The particles are then eliminated in the "%" solution by under-etching mechanism.
Then the wafers are rinsed in the dynamic bath before injection of O3 necessary to grow the
final passivation oxide. As there is no more acidic treatment after these 2 final treatments,
gaseous traces of HCI are continuously injected as well during these steps in order to
prevent any wafer recontamination. The proposed recipe used in this study takes less than
30 minutes instead of more than one hour for a conventional SPM/HF/RCA process. The
consumptions of chemicals actually measured on the advanced SubMicron wet bench
installed at Leti show that this DDC recipe consumes 8 to 40 times less chemicals
(according to the throughput : respectively 7200 and 1200 wafers/day) and about 3 times
less DI water than the conventional RCA recipe (bath lifetime : 24 h). The latest
improvements achieved in the DDC process are exposed hereafter.

Hydrocarbon removal

Figure 3 shows "natural hydrocarbon" removal efficiency by 6 ppm O3 compared to
different CARO 3/1 processed at different temperatures. The hydrocarbons were deposited
by exposing the wafers 3 months in a state of the art class 10 clean room. The
measurements were performed by a thermal desorbtion chamber coupled with an IMS (Ion
Mobility Spectrometer from PCP inc.-USA). Hydrocarbons presenting a reduced mobility
of 1.82 cm?/V.s were tested here. These types of species are removed with the same
efficiency in CARO as in O3. Figure 4 shows that the removal efficiency kinetics of all the
different hydrocarbons present on the same wafers is faster in the case of higher O3
concentrations. The use of 20 ppm of O3 in the first DDC step enables the process time to
be reduced to 5 minutes.

Oxide removal

Diluted HF is required to better control the oxide overetch. In the DDC process the
roughening effects caused by diluted HF based mixtures is reduced by adjunction of 1%
HCl in order to reduce the pH and by the presence of a degassifier in the bath recirculating
loop to continuously decrease the dissolved oxygen content(2), If the Silicon is not
protected for example by an oxide layer, traces of noble metals can oxidize the surface
leading to heavy yield loss. The most dangerous elements revealed by the electrical surface
degradation as detected by p-PCD are : Ag followed by Au, Cu and Pt (see figure 5). The
kinetics is enhanced when the HF is more diluted®®). The addition of a strong oxidant such
as Hy03 in HF(4)(5) continuously removes the just deposited metal but leaves the even
more dangerous associated roughness. Processing the wafers in the dark in order to limit
the available carriers necessary for the oxidation mechanism in certain cases reduces only
the kinetics(®)- Acidification of HF by HCl is not efficient for this purpose(7). Removal of
noble metals in an HF bath therefore seems to be the only solution. Adding a Chempure™
from Millipore purifier in the recirculating loop before the filter was evaluated®). As seen in
figure 6, a 10 ppb spike of Cu contamination is rapidly eliminated to an acceptable
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concentration level. This is a very encouraging result but progress still has to be achieved
especially for Ag.

Metallic removal

In the DDC process the metallic removal is performed with the above defined % bath which
was previously proved to eliminate major impurities in less than 30"(2). This treatment is in
fact often naturally performed during the necessary sacrificial oxide overetch. Noble metals
(verified for Ag and Cu) are removed with the hydrocarbons by the first step of DDC : 5
minutes in O3 since the bath does not contain Cl- ions(]), It is important then to avoid any
risk of re-contamination during the next cleaning steps. Even if the DI water plants usually
produce very pure water some contamination peaks can occur for example during the shift
of new ion exchange resins. Unfortunately, due to the low ionic strength and the relatively
high pH of the DI water, transfer from the water to the substrate is very high, sometimes
even higher than in SC1 especially for Ca and Cu®®), A 50 ppt contamination level in the
rinsing bath leads to a measurable deposition of some 1010 at/cm2. Injection of 0.01% of
HCI had in the past proved its efficiency to reduce the consequences of an Iron
contamination experience actually lived at Leti (see figure 7). As represented in figure 8,
0.01% HCI (pH=2.6) is finally valid for other contaminants as well. The results were
obtained by intentionally adding contaminants in a static bath initially filled with DI water
containing less than 10 ppt of contaminants. The same results were obtained for Na.

Particle removal :

Particle removal in diluted chemistry performed at room temperature is still the main
challenge. From T. Ohmi(10) it is possible to remove particles with the "FPMS" solution
based on the complementary effects of underetching by dHF and oxidizing by H,O,. The
roughening effect is controlled by addition of a surfactant which then has to be removed
with dissolved Os.

The particle removal process proposed in DDC uses 2-step cleaning : O3 followed by a
dHF/HCI dip. The O3 concentration drives the oxidation kinetics(!1) and consequently both
the process time and the DI water consumption. This is why it is interesting to theoretically
use a high O3 concentration. Nevertheless this assumption is limited in practice on initially
hydrophobic wafers by the particle deposition caused by the O3 desorbtion in the bath.
Indeed, as concluded by Roustan et al(12). Henry's law is obeyed for dissolution of O3 in
water : the ozone solubility is controlled by the temperature and the O3 partial pressure in
the gaseous phase. Major O3 adsorption devices use the principle represented in figure 9.
When the gaseous phase is eliminated in the debubbler the system desorbs the O3 back to
create a new gas phase in order to equilibrate the dissolved concentration. This mechanism
generates a large number of microscopic bubbles (Champagne effect) which create a gas/
liquid interface propiscious to particle deposition(13) especially in the case of hydrophobic
wafers. As demonstrated in figure 9 this behaviour is enhanced by a high O3 concentration
(distance from the thermodynamic equilibrium). As the bubbles arise preferentially on the
horizontal parts of the carrier-supports they pollute the parts of the wafers vertically above
the supports (see figure 10). When the debubbler effect is partially limited, a few big
bubbles are to be found in the bath instead of thousands of microscopic ones. As shown in
figure 9, the presence of a few big bubbles can finally lead to a lower particle deposition.
Nevertheless, as we did not obtain sufficiently reproducible results by reducing the
dedubbler efficiency, we chose for the time being to still keep a low O3 concentration of
3 ppm for hydrophobic wafers. When the O3 concentration is fixed, it is then necessary to
optimize the process times of the 2-step cleaning : O3 and HF. As demonstrated in figure 11
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for both SiO and Al>O3 particles a minimum of 10 minutes has to be spent in the O3 bath
before the underetching step. Using these conditions for the first step, the particle removal
efficiency kinetics in 1%HF acidified or not with 1%HCI is shown in figure 12. The use of
the "%" solution : 1%HF+1%HCI enables the etching time to be reduced drastically to 1
minute and consequently limits the detrimental etchings (locos edges for example). This
behaviour was previously attributed to the sign change of the substrate Zeta potential(!),
The particle removal efficiency obtained with this 2-step cleaning is quite high, but it is still
slightly lower than a conventional SC1 with megasonics.

The first tests with megasonics in the % solution showed that no degradation of the surface
occurs in terms of roughness. But megasonics have not yet achieved a clear advantage from
the particle removal point of view. Other tests are in progress.

Final passivation before gate oxidation

The good oxide integrity systematically obtained with 3 ppm O3 performed in dynamic
mode could be related to a Silicon smoothing effect. Indeed as shown in figures 13 and 14,
O3 drastically reduces the average surface roughness (RMS) and the high peaks which are
even more detrimental for thin oxide integrity as shown by numerical simulations(14). This
effect has already been demonstrated in the past for the other strong oxidant cleaning :
CARO(2). This smoothing effect kinetics is probably enhanced by a higher O3
concentration as indicated by figures 13 and 14 for which 3 and 20 ppm O3 were used
respectively. Nevertheless, today the O3 concentration has to be reduced to 3 ppm for the
final passivation step in order to minimize particle addition.

ELECTRICAL RESULTS ON 4.5 nm GATE OXIDE

Tests were performed on SGS Thomson base wafers (8" p 14-22 Q.cm (100) CZ and epi)
including a PBL lateral isolation. Before the 4.5 nm gate oxide growth, the wafers were
cleaned with a conventional CARO/HF/RCA (referenced as "RCA" in figures 15 and 16) or
the DDC process described in figure 2. Another process guaranteeing the well proved
robustness of the RCA and the better passivation proposed in DDC was tested as well.
Figure 15 shows that as expected DDC gives as good average EBD on big capacitors as the
other cleanings in the case of dry HCI performed at 800°C. DDC gave an even better
robustness in the case of the WET oxidation performed at 750°C. Figure 16 again shows
that DDC gives as good intrinsic QBD as the other cleaning recipes. No differences could
be identified between epi and CZ wafers in this test. The good DDC performances were
obtained on wafers representative of today's production. The next step will consist in
comparing DDC and RCA cleanings in terms of robustness on initially dirty and rough
substrates.

CONCLUSION

The DDC concept using existing wet bench technology and a diluted chemistry performed
at room temperature represents one of the most interesting ways of reducing the cleaning
costs and environmental impact. The performances of the DDC process adapted for pre-gate
cleaning gave as good results as the conventional RCA-based chemistry on a 4.5 nm oxide
with a reduction of chemicals by a factor 8 to 40 according to the throughput and a cycle
time cut by a half.
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Diluted Dynamic Clean
General concept
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Figure 1: "DDC" : Diluted Dynamic Clean
concept.

Figure 2 : Full DDC process adapted to pre-
gate cleaning including protections against
noble metals and DI water contamination
peaks.
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MINIMIZING SULFUR CONTAMINATION AND RINSE WATER VOLUME
REQUIRED FOLLOWING A SULFURIC ACID/HYDROGEN PEROXIDE
CLEAN BY PERFORMING A CHEMICALLY BASIC RINSE’

P. J. Clews, G. C. Nelson, C. A. Matlock® , P .J. Resnick, C. L. J. Adkins
Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACT

Sulfuric acid hydrogen peroxide mixtures (SPM) are commonly used in
the semiconductor industry to remove organic contaminants from wafer
surfaces. This viscous solution is very difficult to rinse off wafer surfaces.
Various rinsing conditions were tested and the resulting residual
contamination on the wafer surface was measured. The addition of small
amounts of a chemical base such as ammonium hydroxide to the rinse
water has been found to be effective in reducing the surface concentration
of sulfur and also mitigates the particle growth that occurs on SPM
cleaned wafers. The volume of room temperature water required to rinse
these wafers is also significantly reduced.

INTRODUCTION

Sulfuric acid/hydrogen peroxide mixtures (SPM), also commonly referred to as a
piranha clean, are widely used in the semiconductor industry for removing organic
contamination from wafer surfaces. This viscous mixture is difficult to rinse off the
wafer surface even when using copious amounts of water. Conservation of water in
semiconductor fabrication is becoming an important issue, especially in areas that do not
have abundant water supplies. Reducing the amount of water required for wet processing
can significantly reduce the cost-of-ownership of wet processing equipment. The residual
contamination remaining on the wafer surface after a SPM clean results in particle growth
on the wafer surface after the wafers have been stored in the clean room environment for
a period of time. The mechanism for particle growth and the composition of these
particles are not well understood. Some researchers suggest that the particles are formed
when residual acid on the wafer surface reacts with moisture from the air. Over time the
residual acid grows large enough to be detected as particles [1] Other researchers suggest
that contamination is trapped in the SPM chemical oxide, diffuses to the wafer surface

* This work was performed at Sandia National Laboratories, a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin company, for the U. S. Department of Energy under contract number DE-
ACO04-94AL85000. This work was funded through a cooperative research and development agreement with
SEMATECH.

* Present address: FSI International, Surface Conditioning Division, Chaska, MN 55318
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and coalesces forming micro-crystals during storage. Given enough time, most of the
contaminants diffuse to the surface and a simple water rinse step can remove it preventing
further particle formation [2].

Methods to eliminate or significantly reduce particle growth on SPM cleaned wafers
are also reported in the literature [1-5]. These methods are effective but they require hot
deionized (DI) rinse water, addition of HF to the SPM tank, or additional processing
tanks so wafers can be exposed to HF, SC1 or IPA solutions after the SPM clean to
remove the contamination. The objective of this study was to: 1) better understand the
particle growth that occurs on SPM cleaned wafers; 2) minimize the amount of rinse
water required to rinse SPM cleaned wafers; and 3) minimize the amount of sulfur
contamination remaining on the wafer surface after the SPM clean.

In previous work [6] we demonstrated that megasonic power applied during the
rinse step following a SPM clean removes particles added during the clean but does not
aid in the removal of sulfur (S) contamination from the wafer surface or eliminate the
time-dependent SPM particle growth. We also demonstrated that SPM particle growth
correlates with the relative amount of sulfur contamination on the wafer surface after a
SPM clean. Higher sulfur concentration on wafers cleaned in SPM is correlated with
faster particle growth.

In this paper we present information on the shape and composition of the SPM
particles and wafer storage conditions that alter the growth rate of these particles. We
also present additional rinsing experiments that investigate the effects of extended rinse
times and adding chemicals to the rinse water. We demonstrate that addition of a
chemically basic material to the rinse water reduces the amount of water required to rinse
SPM cleaned wafers and also reduces the amount of sulfur contamination remaining on
the wafer surface following a SPM clean. As a result, the time dependent SPM particle
growth is mitigated. Based on our results we suggest a mechanism for SPM particle
growth.

EXPERIMENTAL DETAILS

Rinsing studies were performed using 6-inch n-type (100) bare silicon wafers and
100 A thermally oxidized silicon wafers. The contact angle of the thermal oxide and
silicon wafers was altered prior to the SPM clean by processing these wafers through
either a 100:1 HF dip, a 64:4:1 (H,0:H,0,:NH4OH) SC-1 clean, a 5:1:1 (H,0:H,0,:HCI)
SC-2 clean, or a combination of these chemistries. A full cassette of wafers was cleaned
in a 5:1 or 10:1 (H,SO4:H;0,) SPM solution at 95°C for 10 minutes. The SPM
temperature and time were constant for all experiments. Wafers were rinsed in a Verteq
Turbo Sunburst Quick Dump Rinse (QDR) tank. The rinsing parameters used for each
experiment are described in the experimental results section. Bulk resistivity of the water
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was monitored during the rinsing process. The ambient rinse water temperature for all
experiments was approximately 25°C. Light point defect (LPD) measurements were
made to monitor particle growth on these wafers using a Tencor SFS-6200. Wafers were
measured periodically until the SFS-6200 failed to scan the entire wafer. The SFS-6200
will fail to scan a wafer if light scattering from particles or haze on the wafer surface
overwhelms the PMT at a given gain setting. Time of Flight Secondary Ion Mass
Spectroscopy (TOF-SIMS) and/or Total Reflectance X-Ray Fluorescence Spectroscopy
(TXRF) measurements were taken to compare LPD growth with the amount of sulfur left
on the wafer surface. These data were used to evaluate the effectiveness of the rinse step

[61.

EXPERIMENTAL RESULTS

Composition and Shape of SPM-Derived Particles

Scanning electron microscopy (SEM) images of SPM-derived particles (particles
which are formed from residual SPM contamination) are shown in Figure 1. The
morphology of the SPM-derived particles depends on the concentration of H,0; in the
SPM solution. Particles derived from 10:1 SPM are crystalline but the 5:1 SPM-derived
particles have no distinct shape. In order to obtain these images, the samples had to be
carbon coated. TOF-SIMS negative and positive ion image maps of the SPM-derived
particles, shown in Figure 2, indicate that the particles are composed of SO, and NH,".

Effect of Wafer Storage Environment on SPM-Derived Particle Growth

Altering the storage conditions of SPM cleaned wafers can drastically alter the
particle growth behavior. Data in Table I indicate that wafers stored in a very humid
environment (storage box with small amount of DI water in the bottom) do not exhibit
particle growth for as long as two weeks after the SPM clean. However, once the humid
wafers are exposed to the cleanroom air, particles begin to grow very quickly. Although
wafers stored in humid environments do not exhibit particle growth, we speculate that the
reaction to form SPM-derived particles is still occurring, but the particulate matter is
dissolved in the monolayers of water present on the wafer surface. When the wafers are
removed from the humid environment, excess moisture evaporates and the particles form.
Wafers cleaned and rinsed at the same time as the wafers stored in the humid
environment but stored in the normal cleanroom air (in an open cassette) exhibited
particle growth and failed the SFS-6200 scan less than 24 hours after the SPM clean.
Wafers stored in a closed storage box, with no water in the bottom of the box, took longer
to fail the SFS-6200 scan than the wafers stored in the open cassette. This indicates that
SPM-derived particle growth depends on cleanroom air exposure.
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Table I: Effect of Wafer Storage Environment on SPM-Derived Particle Growth

Storage Condition = "X = Time to Fail SFS-6200 Scan
e e Y , S (3 0.130um) < :
Open cassette 15 < X <22 hours
Closed storage box 41 <X < 112 hours
Humid storage box > two weeks
Humid wafers moved to dry storage box 2 < X < 5 hours after move

Extended Rinse Times

The TXRF and SFS-6200 data shown in Figure 3 indicate that extended room
temperature rinse times do not eliminate SPM-derived particle growth on bare silicon
wafers. Wafers from this 5:1 SPM clean were removed from the rinse bath after 10
minutes and after 20 hours of total rinse time. Room temperature rinse water was flowing
into the QDR during the entire 20 hour rinse.

Addition of Chemicals to the Rinse Water

The extended rinse time data presented above and megasonic rinse data presented in
prior work [6] indicate that the sulfur contamination remaining on silicon wafer surfaces
after a SPM clean is chemically bound to the wafer surface. A chemical reaction is
required to break the sulfur/silicon bond so that the sulfur contamination can be removed
from the wafer surface. The TOF-SIMS particle image maps, shown in Figure 2, indicate
that SPM-derived particles are composed of NH,* and SO,. This knowledge led to the
discovery that adding small amounts of NHsOH directly to the SPM wafer rinse water
significantly reduces SPM-derived particle growth. The addition of ammonium salts such
as ammonium chloride and ammonium persulfate did not reduce SPM-derived particle
growth; however, the addition of KOH, or another chemically basic material, to the room
temperature rinse water did.

Figure 4 shows plots of the number of LPDs measured on 5:1 SPM cleaned wafers
which were rinsed using either the standard rinse process or with the addition of KOH or
NH4OH to the rinse water. Sulfur concentration on these wafers is shown in Figure 5.
All runs illustrated in these figures were performed on a full boat of wafers and were
rinsed with approximately 60 liters of room temperature water. Wafers were rinsed for 5
dump cycles to remove most of the acid before the KOH or NH,OH was added to the
rinse water. The pH of the rinse water after the addition of KOH or NH4OH was 10.4.
Only 5 ml of NH4OH and 3 g of KOH was added to the rinse water for these runs. Wafers
were stored on a shelf and exposed directly to the cleanroom air to accelerate particle
growth rate. Wafers rinsed using the standard process had significantly higher sulfur
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concentration on the wafer surface than the wafers which were rinsed with NH4OH or
KOH. The standard rinsed wafers failed the SFS-6200 scan one day after the SPM clean.
The KOH and NH4OH rinsed wafers were still passing the SFS-6200 scan 3 weeks after
the clean. The KOH wafers have a higher initial count because they were rinsed in a
different (“KOH contaminated™) wet bench. A slight increase in the number of LPDs on
the NH4OH rinsed wafers appeared after 3 weeks of storage.

SPM-Derived Particle Growth Mechanism

Mechanisms for SPM-derived particle growth have been suggested in the literature
[1-3]. The data presented above do not support these theories. Another mechanism is
suggested here [6]. Ammonia gas in the cleanroom air absorbs into the monolayer of
water present on the wafer surface forming ammonium hydroxide. The hydroxide ion
reacts with the silicon surface, breaks the sulfur/silicon bond and ammonium sulfate
particles form on the wafer surface. In humid environments, the ammonium sulfate
remains dissolved in the monolayers of water on the wafer surface. When the wafers are
removed from the humid environment, excess moisture evaporates and the particles
appear. If hydroxide ions are introduced into the rinse water, this same reaction takes
place except the ammonium sulfate can be removed by the water during the rinse step.

SUMMARY

Sulfur contamination tenaciously adheres to the silicon wafer surface after a SPM
clean. Resistivity is not a good indication for rinse endpoint for SPM cleaned wafers
because the contaminant is bound to the wafer surface and therefore cannot contribute to
the conductivity of the water. Megasonic power applied during the room temperature
rinse step of SPM cleaned wafers is not effective in removing SPM contamination.
Room temperature rinse times as long as 20 hours do not eliminate SPM particle growth
on bare silicon wafers. Scanning electron microscopy images of particles formed after
SPM cleaning indicate the shape of the particles depends on the concentration of H,0; in
the SPM solution. Particles formed from 10:1 SPM are crystalline but the particles from
5:1 SPM are amorphous. TOF-SIMS negative and positive ion image maps of the SPM
particles indicate the SPM particles are composed of SO, and NH,*. The addition of
small amounts of a chemical base such as ammonium hydroxide (e.g., sufficient to
achieve pH = 10) to the SPM rinse water has been found to be effective in reducing the
surface concentration of sulfur and mitigates SPM induced particle growth. The volume
of room temperature water required to rinse SPM wafers can be significantly reduced by
removing the majority of the sulfuric acid with a quick dump rinse step, followed by the
addition of enough ammonium hydroxide to the rinse water to make the solution basic,
and finally completing the rinse process with room temperature ultra pure rinse water.
Additional process tanks to perform the SC1 clean or dilute HF dip are not needed. The
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water need not be heated, obviating energy-intensive heaters. Commercially available
quartz equipment may be used to reprocess the H,SO4. Few chemicals are required
which reduces the cost of both chemicals and waste disposal. Most important, the
amount of water required for rinsing SPM cleaned wafers is reduced, and residual sulfur
contamination is diminished. As a result, SPM derived particle growth is mitigated.
Rinse tanks commonly used in semiconductor manufacturing can be easily modified to
incorporate this rinsing technique.
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STATE-OF-THE-ART DRYING METHODS FOR SEMICONDUCTOR WET
BENCHES

Glenn W. Gale, William A. Syverson, and Jeffrey A. Brigante
IBM Microelectronics, Essex Junction, VT 05452 USA

ABSTRACT

Current techniques for drying wafers in semiconductor manufacturing wet
benches are evaluated and compared. Three different centrifugal spin dryers
and two IPA-type dryers (Marangoni and 100% IPA vapor) are investigated.
Results comparing a Marangoni dryer to a spin dryer indicate that the former
provides superior particle performance. Additionally, stains are observed on
spin-dried wafers containing hydrophobic surfaces after HF-last processing but
are not seen on similar wafers processed by IPA-type dryers. The stains are
removed by a brief HF etch followed by a Marangoni dry.

INTRODUCTION

Wet processing in semiconductor manufacturing has experienced remarkable technology
advancements in recent years. New and purer chemistries have been developed, megasonics
and vapor phase processing have been used successfully, and there is improved understanding
of interactions between process chemistries and wafer surfaces. A vitally important aspect of
modern wet cleaning and etching is wafer drying, which significantly influences the post-
process surface states of wafers because it is the final step they see in the process. Essentially,
the goal of a wafer-drying process is to remove water from the substrate without evaporating
it; when water evaporates, any solids in the water remain on the wafer as surface
contamination.

Centrifugal spin drying of wafer batches has been used successfully for many years; wafer
batches are spun at speeds approaching 1000 RPM or more, with hot nitrogen introduced into
the drying chamber. However, there have been some problems associated with this technique.
First, the dynamics of the drying chamber and process can introduce some inconsistencies in
performance across the wafer batch. Also, following a spin dry, a very thin film of water
remains on the wafers. This film is not visible to the naked eye because its thickness is less
than half the wavelength of visible light (1). The water film thickness A(7) decreases from its
initial value A, (determined by the withdrawal speed from the final rinse bath) during the dry,
as shown in equation 1 (2)
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h(t) hy[l (4o’phit/3nm)] /2 (1]

where w is the rotational speed in RPM, p is the liquid density, 1 is the liquid viscosity and
t is time. Figure 1 shows the theoretical film thickness as a function of time for a film of
10pm initial thickness during spin-drying. Even after 10 minutes at 1000 RPM

a liquid film approximately 0.3um thick remains on the wafers; solid residues will remain
after the film evaporates. There may also be evaporation during the drying process itself.
Recently, drying residues have been a particular concern on hydrophobic Si surfaces following
hydrofluoric acid (HF-last) processing (3,4).

When using a technique called Marangoni drying, far thinner water films remain on the
wafers (1). The technique uses a small amount of vapor of a low surface tension organic
liquid such as 2-propanol (IPA) in a nitrogen ambient at room temperature. While the wafer
batch is slowly drawn upward from a water bath through this ambient, the water-soluble
organic is dissolved into the water so that its concentration in the water is higher in the
meniscus near the wafer surface than in the region midway between wafers. This
concentration gradient leads to a Marangoni flow of water away from the wafer surface,
leaving it dry.

PARTICLE REMOVAL EXPERIMENTS

Performance data were compared for two wet benches that were identical except that one
used a Marangoni dryer and the other a spin dryer, for both hydrophilic and hydrophobic
wafers. Both wet benches have been in use for approximately one year. Wafers were run
through the following process sequence on the wet benches once a day, with pre- and post-
particle counts taken at >0.16.m using a 3mm edge exclusion:

1. Dilute SC1 (H,0/H,0,/NH,OH)
2. Jet Rinse

3. Dilute SC2 (H,0/H,0,/HCl)

4. Jet Rinse

5. Final Rinse

6. Dry (spin or Marangoni)

On average, the Marangoni dryer has demonstrated significantly better performance for
particle addition at 0.16pm (3mm edge exclusion) on average for an SC1/SC2 process. The
data in Table 1 represent daily manufacturing test runs for the last 50 days, with the highest
and lowest data points ignored in each case.
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Table 1. Particle performance of spin-dryer and Marangoni dryer.

Spin ny Marangoni
50-slot cassette POINTS Avg Std Dev Avg Std Dev
Slot #50 48 55.1 90.4 129 16.8
Slot #1 48 3.1 21.6 5.5 279

DRYING STAIN EXPERIMENTS

Experiments were performed to assess the drying performance after HF-last processing
using wafers with arrays of high aspect ratio trenches (>10:1) with a TEOS mask (Figure 2).
The wafers were given a 5nm etch in HF, then rinsed and dried using different dryers. The
etch removed only a small percentage of the thick TEOS film, but was sufficient to expose the
bare silicon within the trenches. The wafers were then inspected using bright and dark fields
at 100-500X using a Polyvar optical microscope. Wafers dried with a Marangoni dryer
appeared clean, whereas wafers dried using spin dryers had stains of varied sizes and shapes.
The stains tended to appear from the edge of the wafer to about the midpoint between center
and edge. They were located in open areas between the trench arrays, and most easily visible
using bright-field optics. The stains appeared to stop at the edges of trench arrays. Several
different types of stains were observed:

Type 1. Large, approximately circular stains with more concentrated regions of precipitate
near the edges of the stain (spin dryers #1 and #3).

Type 2: Long, narrow streaks along array edges; many had "heads" at the end pointing toward
wafer edges (spin dryers #1, #2 and #3).

Type 3: Small stains in a line, resembling a series of drips (spin dryers #1, #2 and #3).
Type 4: Large stains in "clamshell” shapes, with striations on the sides closer to the center of
the wafers (spin dryer #2).

Type 5: Large, circular stains with more concentrated circular regions of precipitate
(resembling a "bullseye") in the centers (spin dryer #2).

Figure 3 shows a Type 1 stain from spin dryer #1 against the edge of a trench array. The size
scale of the stain is on the order of 100pm. Figure 4 shows a Type 2 stain from spin dryer #2
and indicates that the water streak was moving toward the edge of the wafer (right side of the
picture) until it stopped at the edge of the trench array. Finally, Figure 5 shows a Type 4 stain,
also from spin dryer #2; the stains stop at the edge of trench arrays because the surface under
the stains is TEOS (hydrophilic) whereas the dense array structure tends to be hydrophobic.
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A wafer was also run through a Snm etch in a plug flow type processor with an IPA dry.
Drying stains were not observed on this wafer. When the stained wafers were run through a
5nm etch followed by a Marangoni dry, the stains were completely removed.

The experiments demonstrated that the Marangoni dryer works well for HF-last processing
where bare silicon is exposed. Furthermore, ESCA analysis revealed no residual organics
from IPA after Marangoni drying. Finally, TXRF analysis comparing the two dryers after
SC1/SC2 processing in otherwise identical wet benches indicated that both dryers perform
without adding metals. The TXRF data shown in Table II represent a control (no processing)
wafer and wafers run through spin and Marangoni dryers. The incoming wafers had some Cu
and Zn contamination, as seen in the control wafer data, but this was removed.

Table II. TXRF data comparison for spin and Marangoni dry (x10'° atoms/cm?).

Sample S Cl K Ca Ti Mn Fe Ni Cu Zn

Control 196 78 19 39 <4 13

30

2 1 2
Spin Dry 205 79 20 37 1 3 2 <7 0 1
Marangoni 209 65 19 33 2 1 1 <5 <DL 4
DISCUSSION

Wafers with large areas of exposed bare silicon, such as high aspect ratio trenches, are
vulnerable to drying stains after HF-last processing. Other studies have concluded (3-5) that
the stains can be traced to the rinse after HF. The rinse, essentially saturated with dissolved
oxygen which can slightly etch exposed Si (even at ambient temperature), results in the
formation of a hydrated silicon oxide (silicic acid (5)) in the film of rinse water adjacent to the
wafer surfaces. During the dry step the water comes out of the trenches. During a spin dry,
the water film is thinned as previously described. As the water film thins and the silicon oxide
remains in the film, the silicon oxide concentration increases and eventually precipitates can
form. As the water evaporates, the precipitated silicon oxide remains on the wafer surface.

CONCLUSION

This study compared spin and IPA-type dryers relative to the formation of large-scale drying
stains on wafers with large areas of exposed bare silicon subjected to HF-last processing. At
the magnifications used, drying stains were always observed on centrifugally dried wafers but
never observed on Marangoni-dried wafers. Stains were also not observed on wafers dried
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in a 100% IPA vapor dry. The results indicate that for wet benches the Marangoni dry
process, because it avoids evaporation of water on the wafer surface, does not have the drying
stain problem. Alternatives for HF processing in the presence of bare Si include reoxidizing
the surface using an SC1-type process or ozonated rinse, but such techniques are not always
valid options if a truly bare silicon surface is required.
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Figure 4. - A type 2 stain from spin dryer #2.

Figure 5. A type 4 stain from spin dryer #2. The edge of the wafer is to the right (out of
the picture). '
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THE EFFECTS OF OXYGEN PASSIVATION OF
SILICON BY WET CLEANING PROCESSES ON
CONTAMINATION AND DEFECTS

S. L. Nelson
FSI International
322 Lake Hazeltine Drive, Chaska, MN 55318-1096, USA

High-concentration ozonated water is used to grow a thin layer of oxide
on a silicon surface after a dilute hydrofluoric acid (HF) step. The
thickness of this oxide layer can be measured using an ellipsometer. After
characterization of the effects of ozonated water dispense time and ozone
concentration on the oxide thickness, the degree of oxygen passivation of
the silicon can be controlled. The oxide thickness, which is a measure of
the degree of oxygen passivation, was found to be an important property
of the silicon surface. Experiments were performed using an ozonated
water process that passivates the silicon surface as completely as possible
with oxygen. These results were compared with processes that result in
incomplete oxygen passivation of the silicon surface. It was found that the
degree of oxygen passivation of the silicon surface affects the
susceptibility of the surface to particle contamination and the
susceptibility of the surface to organic contamination.

INTRODUCTION

It is well documented that the cleanliness of process chemicals and DI water are
very important to minimizing the contamination of silicon wafers by a wet cleaning
processes (1). Also important is the implementation of each individual step in the
cleaning process. Parameters of a step that can affect the contamination on the surface
include the condition of the surface upon exposure to the chemical, the type of chemical
used, the chemical mixture, chemical concentration, temperature, and exposure time.
Often there are two or more requirements for a step in the cleaning process. An example
would be a step that removes particle contamination while at the same time not
depositing particle or metallic contamination. For an ozonated water step after a dilute
HF step, these parameters must be optimized so that the chemical state of the surface is
stable and the contamination of the silicon surface is minimized. To determine the
optimal implementation for an ozonated water step after a dilute HF step, the effect of
ozone concentration and ozone dispense time on the growth of a stable layer of silicon
oxide will be discussed. Then the effect that the silicon oxide layer thickness has on
particle contamination and organic contamination will also be shown.
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EXPERIMENTAL

The experiments for this paper were performed in an FSI MERCURY® MP acid
spray processor using 150-mm wafers. The machine was programmed to dispense 90
seconds of sulfuric acid and hydrogen peroxide (SPM) 4:1, followed by 120 seconds of
0.5 volume % HF, and then ozonated water (O3). Cold DI water rinses were performed
before each of the chemical steps and a hot (95° C) DI water rinse and a spin dry were the
last steps performed. All these steps occur in an uninterrupted sequence inside a single
process chamber that has an inert nitrogen gas environment.

The ozone generator in these experiments uses a dielectric discharge tube to
generate ozone gas. The ozone gas is then dissolved into DI water in a Teflon™ contactor
that results in dissolved ozone concentrations that can be varied from 1.0 ppm up to 50.0
ppm by changing the ozone gas concentration. The ozonated water is plumbed to the
MERCURY MP at one of the manifold flow systems so that the flow of ozonated water
into the process chamber is controlled to 1500 cc/min. The temperature of the DI water
into which the ozone is dissolved is 22° C.

ANALYTICAL TECHNIQUES

A RUDOLPH FOCUS ellipsometer was used to measure the thickness of the oxide
layer that is grown on the silicon. Five points were measured on each sample and the
average and standard deviation were calculated. The optical constants that were used for
these measurements were fixed: substrate index of refraction = 3.858, substrate extinction
coefficient = 0.018, and film index of refraction = 1.462. All measurements were made
within five minutes after removing the wafers from the process chamber to minimize the
effect that organic contamination has on ellipsometry. New prime wafers were used to
minimize the effect that surface microroughness has on ellipsometry.

The number of light point defects on the silicon surface was measured with a
TENCOR 6200 particle counter. Test wafers were placed in slots 1, 5, 10, 15, 20, and 25
of a cassette with filler wafers in the remaining slots of the cassette. The number of
particles added by the cleaning process was calculated by subtracting the pre
measurement from the post measurement for each wafer. The average number of particles
added and the standard deviation were calculated for each run. Particles were measured
and reported at greater than or equal to 0.15 pm diameter.

The amount of carbon contamination on the silicon surface was measured with an
AUGER spectrometer. The spectra from the samples are reported after they have been
differentiated. The accuracy of these measurements as shown by the error bars was taken
to be 20% of the reading.
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RESULTS AND ANALYSIS

Degree of Oxygen Passivation

After an HF step, the native oxide layer on the surface has been removed and the
surface is passivated with no more than a mono-layer of hydrogen (2). A measurement of
the oxide thickness for a surface prepared in this way is shown in figure 1 as zero
minutes ozone dispense time. The non-zero measurement is due to a combination of
surface microroughness, adsorbed hydrocarbon contamination, and error in the optical
constant values. Starting from this hydrogen-passivated surface, an oxide layer begins to
grow immediately when ozonated water is dispensed onto the surface. Figure 1 shows
that the higher the dissolved ozone concentration, the faster the rate of oxidation because
more ozone molecules are available to react with the surface. Due to the mechanism of
low-temperature oxide growth, explained by the Cabrera-Mott oxidation model, the
oxide will only grow to about 10 A thickness at room temperature or about three
monolayers of silicon oxide (3)(4). At this point the silicon surface is passivated as
completely as possible with oxygen and any additional ozone dispense has no effect on
the surface. The mechanism of oxidation is not strong enough to overcome the activation
energy barrier for the oxide to continue growing. This oxide layer will be stable unless
the temperature of the wafers is increased in the presence of on oxidizing gas or liquid.
Using a 10.0 ppm concentration of dissolved ozone, a 10-minute dispense time is
required to completely passivate the silicon surface. Using a 50.0 ppm concentration of
dissolved ozone, a 2-minute dispense time is required to completely passivate the silicon
surface.

Surface Energy

A measure of the relative energy of a surface is the contact angle of a water drop
that is placed on the surface. The contact angle is an indicator of the equilibrium between
the surface area of the drop and the solid/liquid repulsive force. The contact angle of a
water drop on a hydrogen-terminated surface was measured to be 72 degrees. A drop, of
a given volume, with a 72-degree contact angle has a small surface area, so the relative
Gibbs free energy of the silicon surface will be high. Figure 2 shows that as the degree
of oxygen passivation of the surface is increased, the contact angle of a water drop on the
surface decreases. A drop, of the same volume, with a low contact angle has a large
surface area, so the relative Gibbs free energy of the silicon surface will be low. Figure 2
shows that between the extremes of hydrogen-termination and oxygen-passivation there
is a good correlation between the contact angle of a drop on the surface and the thickness
of the oxide that is grown on the surface. Ellipsometry is a better technique for measuring
the oxygen-passivated surface because it has a higher sensitivity. Contact angle is better
for measuring the hydrogen-terminated surfaces because it has a higher sensitivity.
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Particle Contamination

Figure 3 shows that the average number of particles added to six wafers per run
over a total of 14 runs is 2.2 + 6.9 at 0.15 pum particle size on 150-mm wafers. The
cleaning process used to generate this data is an SPM\HF\O; process with a 10-minute
ozone step, using 10.0 ppm dissolved-ozone concentration. The particle-added data
appears to be stable from run to run and the distribution can be modeled by a gaussian
function, allowing statistical tests to be performed. The information in figure 3 is
summarized in figure 4 as the data point on the far right side of the graph. Information
from three similar data sets for processes having 1-minute, 3-minute, and 5-minute ozone
steps and 10.0-ppm, dissolved-ozone concentration is also included, ordered from left to
right in the graph. The effect of the different ozonated-water dispense times is that the
surface has different degrees of oxygen passivation, as shown on the x-axis of figure 4.
The trend in the data shows that as the silicon surface is passivated more completely with
oxygen, the average number of particles added by the process is lower. A statistical t-test
shows that, with greater than 99% confidence, the 10-minute ozone dispense added fewer
particles than the 3-minute ozone dispense. The same test shows that, with greater than
95% confidence, the 10-minute ozone dispense added fewer particles than the 5-minute
ozone dispense. The data also shows that the standard deviation of the particle
contamination is reduced by improving the oxygen passivation of the surface.

There are several possible explanation for this data. During the dry step, if the
relative Gibbs free energy of the surface is low, fewer islands of water will form that will
leave behind a particle when they evaporate. The relative Gibbs free energy of the surface
may instead affect the zeta potential of the surface when it is being rinsed and results in
fewer particles being added during the final rinse. Last, if the relative Gibbs free energy
of the surface is reduced, the van der Waals force that holds particles to the surface may
be reduced, resulting in fewer particles remaining after the process is complete.

Organic Contamination

The atomic concentration of carbon adsorbed on the surface of wafers that have
been processed in an SPM\HF\O; process and then placed in a polypropylene single-
wafer storage container was measured using AUGER spectroscopy. The wafers were
processed in the order: 10-minute ozone step, 5-minute ozone step, 1-minute ozone step.
These wafers were measured in the same order so that each wafer was in the storage box
for the same period of time, 2 hours. Because the wafers were initially clean and the SPM
step in the process removes organic contamination, any difference in the samples will be
due to re-adsorption of organic contamination from the cleanroom environment (5) or
from the wafer storage box (6). Figure 5 shows that a completely passivated silicon
surface is much less susceptible to carbon contamination. Figure 6 shows the actual
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differentiated AUGER spectra for two of the samples; the top sample has been passivated
as completely as possible with oxygen and the bottom sample has an incomplete oxide-
passivation layer. A possible explanation for this data is that when the relative Gibbs free
energy of the surface is reduced, the sticking coefficient of organics on the surface may
also be reduced. The result will be a lower adsorption rate and a lower equilibrium
concentration of organics on the surface.

CONCLUSIONS

Ozone gas dissolved in DI water is used to grow a thin layer of oxide on the silicon
surface. The surface can be oxidized as completely as possible in 2 minutes using a
concentration of 50-ppm ozone. The silicon surface that is completely passivated with
oxygen using an ozonated water process will be stable because the silicon will not
continue to oxidize. The data in this paper has shown that the more complete the oxygen
passivation of the silicon surface and the lower the relative Gibbs free energy of the
surface, the surface susceptibility to particle contamination and organic contamination is
proportionally reduced.
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By combining SPV and SE measurements monitoring the preparation process, a cor-
relation was established between the morphological structure of the chemically cleaned
Si-surface and the resulting density and energetic distribution of interface states. By
applying a special Hydrogen-termination procedure, very smooth Si (111) surfaces
were obtained, which were characterised by an intrinsic surface state distribution and a
low surface state density Dj; m1.5%10'°cm?eV™". The changing number of Si-H bonds
on a Si(111) surface during native oxidation in air was detected by a characteristic
structure in the IR ellipsometric spectra at 2082 cm™. Because only a single reflection
is necessary, FT-IR ellipsometry is capable of routinely sensing the extent of H-
termination of standard wafers. By hot water treatment of H-terminated surfaces, thin
passivating oxide layers up to 15A thickness were prepared.

INTRODUCTION

Wet chemical treatments are conventionally used in semiconductor processing to re-
move particles, organic, and metallic contaminants. In order to prepare thin silicon het-
ero-structures with excellent electronic properties it is necessary to start the subsequent
deposition or oxidation with microscopically smooth, chemically and electronically pas-
sivated surfaces. The electronic properties of Si interfaces are defined by the density and
the character of interface states. These interface states originate from dangling bond
(DB) defects, localised in an interlayer only a few A thick. Therefore, they are strongly
influenced by the chemical integrity and the morphological structure of the surface prior
to preparation. Wet chemical passivation methods can be classified into two groups ac-
cording to the underlying passivation mechanisms: the surface passivation (i) by Hydro-
gen (H)-termination and (ii) by thin chemical oxide layers prepared under carefully op-
timised conditions.

In this paper we report on the combined monitoring of electronic, chemical, and mor-
phological interface properties during different wet chemical pre-cleaning treatments.
By simultaneous surface photo voltage (SPV) and spectroscopic ellipsometry (SE)
measurements, we established a correlation between the morphological structure of the
chemically cleaned Si-surface and the resulting density and energetic distribution of in-
terface states. We utilised the large-signal field-modulated SPV technique for contact-
less measurement of the surface band-bending (Y) and of the energetic distribution of
surface states (D (E)).

Ultraviolet- visible (UV-VIS) Spectroscopic ellipsometry is a surface-sensitive and non-
destructive method for detecting roughness and submonolayer coverage during
processing of silicon surfaces (1). Compared to UV-VIS SE, infrared (IR)-SE has the
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general advantage that vibrational modes can be directly observed through characteristic,
energetically sharp structures in the measured spectra. As recently shown, the degree of H-
bonds on a H-terminated Si(111) surface during the initial phase of oxidation can be
measured by sensing the Si-H vibrational resonance by Fourier-Transform (FT)-IR
ellipsometry (2). In contrast to the former Attenuated Total Reflection (ATR) work (3),
the FT-IR SE utilises only a single reflection for sensing the Si-H vibrational resonance
and can therefore be used for standard wafer characterisation.

EXPERIMENTAL

Using polished p- and n-type Si(111) and Si(100) wafer, we started the preparation of Hy-
drogen-terminated Si-surfaces by the conventional RCA cleaning (4). After removing the
native oxide, the wafers were chemically reoxidized by applying three different proce-
dures: (i) deionised water at 80° C for 120 minutes, (ii) boiling solution of H,SO4:H,0,
(1:1) for 10 minutes - a standard procedure described by Chabal (5), and (iii) RCA II so-
lution at 80° C for 10 minutes. Finally, the Hydrogen-termination was completed by
placing the wafers into pure Ammoniumfluorid solution (40%, pH = 7.8) for 6.5 min.
H-terminated atomically smooth samples were additionally treated (5 to 600 sec) in HF
(48%) solution for preparing a set of samples with a systematic and well defined increase
in surface roughness. To investigate the native oxidation of H-terminated surfaces, the
samples have been stored in clean-room air (temperature 25 °C, humidity about 50%).
Wet chemical oxide layers on H-terminated surfaces were prepared in deionised water (18
MQcm resistivity, at 80° C) with exposition times ranging from 2 to 440 min.

The UV-VIS SE was carried out ex-situ immediately after preparation using a commercial
spectroscopic ellipsometric system (Woollam Co., Inc (6)) in the 3.2 - 4.5 eV photon en-
ergy range. The angle of incidence was 77 + 0.02°. As usual, the directly measured com-
plex reflectivity ratio has been transformed to the complex effective dielectric function
<g> by assuming a three-media model consisting of ambient, rough layer and bulk silicon.
The rough surface was modelled by the Bruggemann effective medium approximation,
assuming a mixture of 50% bulk Si (7) and 50% voids. The thickness of native oxides on
previously H-terminated surfaces was derived from a fitting procedure of a SiO, layer on
top of a Si bulk material that uses the SiO; and Si bulk dielectric function data from (8).
For the infrared region (400-4000 cm™), a photometric ellipsometer was used (9), which is
coupled to a FT-Spectrometer (BRUKER IFS55) set to a resolution of 4 cm™. From four
polariser settings the |p| = tan(¥) and arg(p) = A spectra are calculated. The angle of inci-
dence was 65 ° and the MCT-detector output was corrected for the non-linearity. For a
precise measurement of A in the range of 0° < A < 360° and to reduce depolarisation ef-
fects due to reflections from the sample backside, a reflection retarder (KR55-Prism) with
approximately 90° retardation (10) was used.

We applied the pulsed field modulated SPV for contactless measurements of the surface
potential using a mica foil dielectric spacer in the same experimental configuration as de-
scribed in (13). The SPV measurements were performed under flowing dry N, . A pulsed
laser diode (150 ns, wavelength 1 = 904 nm and power P = 150 W) was used for flashing
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the sample. From a large-signal photovoltage pulse the surface potential was obtained.
Di(E) was determined from a series of photovoltage pulses measured with different field
voltages between the transparent electrode and the wafer (11).

ELECTRONIC PROPERTIES OF THE Si/8i0, INTERFACE

The minimal values of the density of interface states Dy min influencing the electronic in-
terface properties (ranging from 10'%V'em? to 10MeV-'em?) are typically at least sev-
eral orders of magnitude less than that of surface atoms (12). Our recently reported results
demonstrated that the SPV technique is sufficiently sensitive to determine the surface
band-bending Y and the energetic distribution of the interface states Dy(E) on chemically
treated silicon surfaces (13).

The continuous energetic distribution of rechargeable interface states as determined by
SPV methods can be separated into several groups of states. Following the dangling bond
model for the Si/SiO; interface (14), two groups of intrinsic states, Ur resulting from
strained (Si;=Si—Si=Si3) bonds and Uy resulting from DB defect centres back-bonded
only to silicon (Si3=Si-), give rise to U-shaped distributions. DB defects correlated to Si
atoms of different state of oxidation, si'! (8i,0=Si-) and si”? (8i0,=Si-), additionally
form Gaussian distributions of extrinsic states Py, and Py in the lower and upper half of the
gap, respectively. After chemical etching, silicon surface states originate from DB defects
with different back-bond configurations. The saturation of dangling bonds by Hydrogen
removes these surface states and replaces them by adsorbate-induced states influencing
the surface band-bending.

RESULTS AND DISCUSSION

Surface State Density on H-Terminated Surfaces Correlated to the Surface Roughness

On conventionally cleaned and etched surfaces we observed a high surface state density,
resulting from surface roughness and unintentionally grown native oxides (2).Various
chemical treatments using HF and NH,F solutions have been developed to dissolve the
native oxide completely and to passivate the surface with hydrogen (5). In order to in-
vestigate the influence of the chemical reoxidation process on the final surface state den-
sity, different treatments have been applied.

Fig. 1 shows the Dy(E) distributions on the differently prepared surfaces and the imagi-
nary part of the effective dielectric function <g,> obtained by simultaneous SE measure-
ments on the same samples. The magnitude of <e;> at the E; bulk critical point energy of
approximately 4.24 eV can be taken here as a measure of the smoothness of the surface.
Successfully H-terminated surfaces are characterised by an intrinsic like surface state dis-
tribution and very low surface state densities. The minimal values of the surface state dis-
tribution (Dj¢min) after different treatments were found to be strongly influenced by the ef-
fective surface roughness <d>. The lowest value Dj;min < 1.5x10"%m™2eV"! was obtained
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on the smoothest, hot water pre-treated H-terminated Sl(llz) surface (curve a). On
Si(100), generally higher values of <d> and Diymin (3x10"'cm%eV'") were found (curve
d), resulting from the anisotropic etching behaviour of the NH4F solution.

Sutface State Distribution on HF-Treated Surfaces Correlated to the Surface Roughness

In order to further elucidate the correlation between the effective roughness and Djgmin, We
systematically increased the roughness of a very smooth H-terminated Si(111) n-type sur-
face by an additional HF treatment of varying duration. In Fig. 2 the resulting surface state
density Dimin is plotted versus the measured effective surface roughness <d:>. Obviously,
after HF-treatment the density of surface states increases stepwise when the surface
roughness <d,> exceeds one, two and three monolayers.

The surface state distributions and the corresponding SE data measured on HF (48%)
treated p-type Si (111) surfaces after different exposure times (ranging from a few sec-
onds to three minutes) are shown in Fig. 3. The surface state density Ditmin on HF-treated
p-type surfaces was found to be also strongly dependent on the remaining surface rough-
ness after different HF treatment times. Moreover, the energetic distribution of surface
states changed when the surface roughness increased. While the flat H-terminated surface
is characterised by an U-shaped intrinsic-like surface state distribution, on HF (48%)
treated surfaces a group of extrinsic states additionally appears as soon as the surface
roughness exceeds two monolayer. These extrinsic states Pr, forming Gaussian distribu-
tions in the lower half of the forbldden gap, are caused by DB defects correlated to Si at-
oms of low state of oxidation, Si*!. The occurrence of oxygen back-bonded Si DB defects
indicates that the atomically rough surface is not completely H-terminated. We regard the
competition between reactions of various nucleophilic components (H,O and OH™ ) of the
HF solution, resulting in Si-OH groups on the surface, to be the reason for the appearance
of these defects. Our results suggest that these reactions cause extrinsic states and take
place preferentially at crystallographic defects when the surface roughness increases.

Change of Interface State Distribution During Native Oxide Growth in Air

SPV, FT-IR and UV-VIS SE measurements were performed to monitor the native oxi-
dation of the previously H-terminated surface in air. As recently reported the Si-H bonds
on successfully H-terminated surfaces can be directly detected by IR-SE measurement (2).
The bond vibrational stretching resonance causes a dispersion like structure 8., in the A
spectrum and a minimum in the tan ¥ spectrum at 2082cm™ (Fig. 4a, b). These features
can be modelled by a Lorentz oscillator at 2050 cm™ that represents the IR dielectric prop-
erties of the H-terminated surface by assuming an anisotropic surface layer with an effec-
tive thickness of 0.2 nm (Fig. 4c). Fig. 5 shows the decrease of the relative number
Niei=6/8max of the Si-H oscillators (proportional to the number of Si-H bonds on the sut-
face) and the increasing effective thickness <d,x> of the native oxide film as a function of
storage time in air. <d,> was derived from UV-VIS SE measurements on the same sam-
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ple. The reduction in the number of Si-H bonds during the initial phase of oxidation com-
plementary to native oxide growth is clearly shown.

Fig. 6 shows Dj; (E) curves obtained by the SPV measurements on the same previously H-
terminated surface immediately after preparation and during storage in air correlated to
the effective oxide coverage <d.c>. As detected by the characteristic U-shaped distribu-
tion (curve 1), the successfully prepared H-terminated surface is dominated by intrinsic
defects. During the first 24 h storage in air, when according to the IR-SE data the hydro-
gen coverage is reduced to less than 50% and the effective oxide coverage reaches around
50% of a monolayer, the surface state distribution shows a week increase of intrinsic de-
fect states by a factor of about 4 (curve 2). The surface state distribution changes drasti-
cally when the effective native oxide thickness exceeds one monolayer. An increasing
density of intrinsic states and an additional appearance of extrinsic states Py, are to be ob-
served after 48 h, when the hydrogen coverage decreases and the <d.x> exceeds one
monolayer (3). During further native oxide growth the density of these states caused by
the Si*! DB defects decreases while the Py group correlated to the Si*? DB defects addi-
tionally appears (4). The native oxide grown in air causes such a high surface state density
Dit.min > 10'% eV-lcm™ that the wafer can not be used successfully for further preparation
of thin hetero-structures.

The Change of Interface State Distribution During Oxidation in Hot Water

Wet chemical methods conventionally used to prepare thin native oxide layers are mainly
based on H,0, containing solutions which increase the silicon surface micro-roughness as
a side effect to the H,O, decomposition. As recently shown, they result in high values of
positive surface charge and high surface state densities (15). To avoid both, micro-
roughness and contaminated native oxides, we started the preparation of thin passivating
oxide layers on very smooth H-terminated surfaces applying a hot water treatment. The
thicknesses of the oxide films ranging from 0 to 17 A were derived from UV-VIS SE
measurements as described in (15). Simultaneously SPV measurements (Fig. 7) show the
changing densities of the extrinsic states during layer by layer oxide growth. The evolu-
tion of extrinsic defects correlated to the oxide growth (a) and the corresponding shift of
surface band bending Y (b) are shown in Fig. 8. The initial phase of oxidation is charac-
terised by a drastic increase of the density of intrinsic states and the appearance of a group
of extrinsic states below mid-gap. Later on, when the second monolayer is formed, the
density of these states below midgap decreases while another group of Gaussian dis-
tributed states additionally appears in the upper part of the gap. During further oxidation,
these extrinsic defects also decrease and finally an again nearly intrinsic final surface state
distribution is to be found. The interface state density Dj; min of about 4x10'" cm? eV! af-
ter the hot water oxidation was found to be significantly lower than that of conventionally
wet chemically oxidised surfaces and of thermally prepared oxide layers in the thickness
range below 3 nm (15). We assume the very slow oxide growth on the atomically flat H-
terminated surface to result in a well ordered interface already during the formation of the
first monolayers.
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SUMMARY

The influence of preparation-induced surface roughness and the hydrogen and oxide cov-
erage on electronic propetties of H-terminated Si surfaces was investigated by the combi-
nation of two surface sensitive techniques SE and SPV. It was shown that the density of
states on H-terminated surfaces strongly depends on the atomic scale surface roughness
after NH4F- and HF-treatments, respectively. By applying a special wet chemical oxida-
tion pre-treatment, very smooth Si (111) surfaces, characterised by an intrinsiclike surface
state distribution and a very low surface state density Dixmin< 1.5x10'%m?eV™" were pre-
pared.

Simultaneous FT-IR SE, UV-VIS SE, and SPV measurements yielded detailed informa-
tion on the evolution of intrinsic and extrinsic interface states during the initial oxidation
of previously H-terminated Si(111) surfaces. The evolution of dangling bond defects was
correlated to the change of hydrogen coverage and the oxide growth on an atomic scale.
As shown by these experiments, the surface electronic properties change drastically by the
appearance of extrinsic states after an initial storage time in air when the Hydrogen cover-
age disappears and the effective native oxide thickness exceeds one monolayer. The den-
sity of extrinsic states can be significantly reduced by wet chemical oxidation of H-
terminated surfaces on carefully optimised conditions. The results of these systematic in-
vestigations have been successfully used for the wet chemical oxide preparation by a hot
water treatment yielding a passivation layer up to 15 A thickness with surface state den-
sities of about 4x10'! cm eV,
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WAFER CLEANING BY WATER AND GAS MIXTURE
WITH HIGH VELOCITY

I.Kanno, N.Yokoi, and K.Sato
ULSI Laboratory, MITSUBISHI ELECTRIC Corp.
Mizuhara4-1, Itami, Hyogo, 664, Japan

A novel single wafer cleaning method using fine water droplets has
been developed, called “M-jet scrubber”. Water droplets are generated by
mixing water and gas in a jet nozzle, and are jetted onto a wafer surface at
high velocity to remove particulate contaminants from a wafer. It was
confirmed that the M-jet scrubber was more effective than conventional
cleaning methods in removing fine particles and etching residual polymers
without damage to Al patterns, and, by using in combination with a
chemical solution, in removing particles tightly adhering to a wafer after W
etch-back. A model of the cleaning mechanism for the M-jet scrubber is
proposed, in which the particle removal force of the M-jet scrubber is more
than ten times greater than that of a conventional megasonic scrubber.

INTRODUCTION

In recent LSI fabrication processes, the wafer surface cleaning technology is
becoming more important. The basic concept in reducing the trouble concerned with
particles is to avoid generating them or to prevent them from sticking to wafers. Efforts
are also necessary to remove particles from wafers efficiently with less damage to devices.
An immersion-type wet cleaning such as RCA cleaning has the problem that the
contaminants are transported from wafer to wafer in the bath(1),(2). A single wafer
cleaning can solve this problem. .

We have developed a new single wafer cleaning method using fine water droplets,
which aims at efficiently removing submicron particles and other contaminants from
wafers(3). We call this method “M-jet scrubber”. In this method, water droplets are
jetted onto a wafer surface at high velocity, and remove contaminants on a wafer. The
particle removal efficiency of the M-jet scrubber is higher than that of conventional
cleaning methods, especially for finer particles.
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OUTLINE OF THE M-JET SCRUBBER

The main components of the M-jet scrubber apparatus are shown in Fig.1. Fine
droplets are generated when liquid (water or chemicals) and carrier gas (dry air or N2) are
mixed in a jet nozzle. The droplets are accelerated by high velocity gas, and jet onto a
wafer surface. These droplets are about 10 pm in diameter. The jetting speed varies
from 50 to 330 nmv/s (= sonic speed) depending on the carrier gas flow rate. Fresh
chemicals are also added from a different nozzle onto a wafer surface to increase removal
efficiency.

M-JET PERFORMANCE

The M-jet scrubber was basically evaluated by comparing its removal efficiency to
those of other conventional cleaning methods. Polystyrene latex (PSL) particles of
various sizes were used in the evaluation. The Si wafers were intentionally
contaminated by dipping in water, which contains PSL particles of a certain size. The
wafers were subsequently heated at 120C for 1 min so that the partially molten particles
adhered tightly to the wafers. A megasonic scrubber and a high pressure water jet were
both used to remove the PSL particles. Fig.2 compares the removal efficiency of the M-
jet scrubber with those of other cleaning methods as a function of the PSL particle size.
The M-jet scrubber removes particles smaller than 1 pum almost completely. On the other
hand, the megasonic scrubber and the high pressure water jet do not remove those
particles.  The jetting speed of the M-jet scrubber was varied between 50 and 330 nvs.
The removal efficiency of the M-jet scrubber varied depending upon the jetting speed.
This indicates that the impact of the water droplets upon a wafer can be controlled by
changing the jetting speed. Such a control of the impact makes it possible to adjust the
removal force so as to remove particles without device damage.

There are many possible applications of the M-jet scrubber in LSI processes. One
of these applications is the removal of the residue after reactive ion etching in Al wiring.
The residue, which can not be removed by a megasonic scrubber, consists of mixtures
originating from etching gas, etched metals, silicon oxides, and photo-resists. Fig.3
shows the scanning electron microscope photographs before and after the M-jet scrubber
treatment in the etching residue removal. The M-jet scrubber removes most of the residue
effectively. The impact of water droplets does not cause any damage to the Al patterns.
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In LSI processes, a large amount of particles are generated when a W film is etched
back to fabricate plugs. Another application of the M-jet scrubber is particle removal
after W etch-back. Table I compares the particle removal efficiency of various cleaning
methods applied to wafers after W etch-back. The M-jet scrubber removes finer
particles as well as larger particles, while the removal efficiency of a megasonic scrubber
decreases as the particle size becomes smaller. This result is in good agreement with
Fig.2. When the particles chemically adhere to a wafer, a chemical solution is necessary
to lift them off. HF/H202/H20 (FPM) was used as the solution. This solution etches
underlying silicon oxide film to lift the particles off. The removal efficiency of the FPM
spraying was higher for smaller particles. The combination of the chemical solution
spraying and the M-jet scrubbing is expected to lead to high efficiency removal because it
provides both chemical and physical effects. The result of FPM spraying followed by
the water M-jei scrubbing is also shown in Table I. This combination effectively
removes most of the particles.

One of the recent issues concerning Si wafer cleaning processes is contamination on
back surfaces. The back surface of a wafer is more contaminated by contact with
transfer systems or stages of process equipment than the front surface. Our apparatus
can be used to remove contaminants on both sides of a wafer. Fig.4 represents the
removal efficiency of the M-jet scrubber for metallic contaminants on back surfaces by
comparing metallic impurity concentrations measured by total reflection X-ray
fluorescence (TRXRF) before and after cleaning. The removal efficiency was evaluated
using wafers which had been processed in a chemical-vapor-deposition (CVD) chamber.
The back surface of the wafer before cleaning by the M-jet scrubber was contaminated
with metallic impurities whose concentrations were more than 10" atoms/cm?. The
metallic concentrations are reduced by an order of one or two by the M-jet scrubber
without chemical solutions, which is equal to the performance of conventional RCA
cleaning. The metallic contaminants, which are considered to adhere to the back
surfaces as particles, are effectively removed by the physical force of the M-jet scrubber.
Fig.5 shows the result of another cleaning experiment of back surfaces. This
experiment was performed on wafers processed using equipment with vacuum-holding
transfer systems. For particles with diameter larger than 0.12 pm, the M-jet scrubber
achieved higher removal efficiency than a conventional megasonic scrubber. The M-jet
scrubber effectively removes fine particles smaller than 0.3 pm, which are hardly
removed at all with a megasonic scrubber.

Electrochemical Society Proceedings Volume 97-35 56



MECHANISMS OF PARTICLE REMOVAL

Fig.6 schematically shows a possible model for the cleaning mechanism of the M-jet
scrubber. This model is based upon a combination of fluid mechanics and rain erosion
of materials caused by the impact of highly accelerated droplets(4). When a droplet
impacts on a wafer surface, reflected a shock-wave within the droplet generates pressure,
which results in a radial flow along the surface. The pressure and the radial flow apply
continuous external force (removal force) to particles. The impulsive pressure is
described as follows;

P= 1 a p.CYo

where p,, p; are the densities of liquid and a substrate, respectively, C,, C; are the sonic
velocities in the liquid and in the substrate, respectively, & is the decay coefficient, which
has no dimension. The velocity V; of the radial flow is specified as follows;

(1]

v, = @C,V,y* [2]
The removal force applied to a spherical particle whose diameter is d can be calculated
using either Eq.[3] or [4], which give the same value.

2
F=CD(-”‘1—)P 13
P AL
F=Cp( 4)( 2 ) [4]

In Eqs.[3] and [4], C,, is the drag coefficient.

Assuming that the velocity of droplets, impact angle measured from a wafer surface,
the decay coefficient, and the drag coefficient are 330 m/s, 60° 0.28, and 0.47,
respectively, the removal force applied to a particle with a diameter of 1 wm is 2x10° N.

The cleaning mechanism of a megasonic scrubber, which applies supersonic
oscillation at a frequency larger than 1 MHz to a wafer through water from an aperture,
can be similarly modeled. The model of the megasonic scrubber is also based upon a
combination of fluid mechanics and erosion. Assuming that the wafer size, the rotating
speed, the frequency , and the amplitude are 8”, 2000 rpm, 1.6 MHz, and 0.07 pm, the
removal force applied to a particle with a diameter of 1 um is estimated to be 8x10” N.
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Fig.7 shows the removal force calculated according to the mechanism described
above as a function of the diameter of the spherical particles. In Fig.7, the surface
tension force and van der Waals force in the air and in the water which are generally used
as adhesion forces of particles are also shown. The external force applied to a particle in
the cleaning process is determined by fluid velocity, the drag coefficient and the projected

-area of the particle. Hence, a particle becomes harder to remove as the diameter becomes
smaller because the external force decreases in proportion to the square of the diameter.
According to the models described above, the minimum size of particles which can be
removed by the M-jet scrubber, whose removal force is larger by an order of one or more
than that of a megasonic scrubber, is estimated to be smaller by an order of one than that
of particles which can be removed by a megasonic scrubber. The result of PSL particle
removal shown in Fig.2 is in agreement with this estimation.

CONCLUSION

We have developed a novel technique to remove finer particles or tightly sticking
contaminants from Si wafers. This method, the M-jet scrubber, provides higher particle
removal efficiency than other conventional cleaning methods, removes etching residue
without damage to Al patterns, and, combined with a chemical solution application,
removes particles almost completely after W etch-back. A model for the cleaning

- mechanism of the M-jet scrubber is also proposed to show that the M-jet scrubber can
remove finer particles than a conventional megasonic scrubber. This model has been
confirmed to be adequate by an experiment to remove PSL particles. In LSI fabrication,
the M-jet scrubber can be widely used as a powerful tool to reduce contaminants on Si
wafers.
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Table I Particle removal efficiency after W etch-back for various particle sizes
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Removal

rate (%) >0.3um 44% 84% 50% 34%
>0.7um 42% 75% 13% 50%

FPM spraying | HF/H,0,/H,0 = 0.5%/30%/69.5%, 0.5 L/min, 60s
M-jet (used water) . Jetting speed = 275m/s, 60s, Water flow rate=0.2 L/min
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ABSTRACT

A true HF-last cleanup which enables the deposition of epitaxial silicon at
reduced temperature has been developed. The process is activated by
dispensing anhydrous hydrogen fluoride into a single wafer process
chamber during a water spin rinse cycle. This process was found to leave
lower amounts of bonded oxygen on the silicon surface relative to other
types of treatments. High quality epitaxial films have been deposited at
850°C with a 950°C hydrogen pre-bake using this surface preparation
method. The films were free of oxygen contamination at the epi/substrate
interface as measured using SIMS and contained 0.014 light point defects
per square centimeter. The electrical yield of diode devices formed in
these films was equivalent to that of high temperature epi films.
Clustering this pre-epi cleanup process with the epi deposition reduced the
oxygen and carbon contamination at the film/substrate interface which
would otherwise be present as a result of exposure to room air and
extended hold time in the vacuum loadlock of the cluster tool.

INTRODUCTION

Reducing the thermal budget of the epitaxial silicon deposition process used in
semiconductor device manufacturing is desirable for various reasons.  Schemes
incorporating the use of low temperature epi deposition can be used to suppress arsenic
autodoping thereby enhancing device performance [1]. It is expected that the formation
of slip defects on 300mm wafers and boron autodoping of ultra-thin epi layers will further
necessitate the need to reduce the thermal budget of the epi process. Lowering the
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thermal budget can also potentially lead to a general reduction in the production cost of
epi wafers.

Improving the silicon surface preparation step which precedes the epitaxial silicon
deposition process enables the lowering of the thermal budget of the epi process.
Historically, a high temperature hydrogen bake performed in the epi reactor just prior to
deposition has been required to reduce the oxide present on the silicon surface which
would otherwise form defects in the epi layer [2]. Reducing the temperature and duration
of this bake requires that the pre-clean remove this oxide and leave the silicon surface
passivated against oxide regrowth. The wafer transfer time and transfer ambient
encountered between the pre-clean and the epi deposition process must also be controlled
to minimize contamination of the passivated silicon surface via spontaneous native
oxidation or impurity adsorption.-

A true HF-last cleanup which enables the deposition of epitaxial silicon at reduced
temperature has been developed. The process, from this point forward referred to as the
anhydrous HF-Rinse process or simply the HF-Rinse, is activated by dispensing
anhydrous hydrogen fluoride (aHF) into a single wafer process chamber during a water
spin rinse cycle. The wafer is subsequently spin dried in a nitrogen ambient. Elimination
of the water rinse step prevents undesirable oxide formation and contamination of the
silicon surface which can occur during this process. This HF-Rinse process is performed
in a single wafer cleanup reactor which is connected to a cluster tool platform hosting a
single wafer epi reactor thereby facilitating automated transfer of the product wafers in a
controlled ambient between the cleanup and the epi processes. Such a configuration
allows each wafer to be cleaned just prior to the epi process thereby eliminating the
effects of contamination associated with storage time.

EXPERIMENTAL

A diagram of the single wafer cleanup reactor used in this evaluation, an FSI
Excalibur® MVP system, is presented in Fig. 1. The reactor is capable of performing an
aHF/H,0-vapor oxide etch prior to the HF-Rinse process. The process can be used to
remove either chemical/native oxide or thermal oxide. The configuration of the cleanup
module on the cluster tool platform is illustrated in Fig. 2 which also shows the proximity
of the epi reactor.

Four different surface preparation methods, summarized in Table I, were investigated.
All results were compared directly with the wet HF process of record, case 1 in Table L
The experimental HF-Rinse process, case 4 in Table I, is a modification of the HF-vapor
oxide etch process, case 2 in Table I, which was designed to remove a thermal oxide film
prior to gate oxidation. The combination of HF-Rinse with subsequent H,O rinse, case 3,
was also investigated. Details of the HF-Rinse process sequence are summarized in
Table. I. The silicon wafers used in all experiments were p-type, (100) oriented and 150
mm in diameter. The silicon surface was typically passivated with a chemical oxide layer
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prior to the pre-epi cleanup treatment. The influence of process variables such as the use
of the HF-vapor etch (Yes/No), the use of aHF during the water rinse (HF-Rinse,
Yes/No), the use of a subsequent water rinse (Yes/No), and method of wafer transport to
the epi reactor (clustered/non-clustered) were explored in the course of developing the
HF-Rinse process [3]. The level settings of the HF-Rinse step were set to maximize the
surface hydro-phobicity as determined by water droplet contact angle and minimize the
surface light point defect (LPD) density. Process characterization, see Fig. 3, consisted of
X-ray photoelectron spectroscopy (XPS) and attenuated total-reflectance Fourier
Transform infrared spectroscopy (ATR-FTIR) following cleanup and LPD measurements
as well as secondary ion mass spectroscopy (SIMS) and diode leakage following either
polysilicon or epi deposition and device formation.

Table I. Pre-Epi Cleanup Test Matrix.

CASE | NAME DESCRIPTION
1 Wet-HF HF+H20_Rns+IPA_Dry
2 HEF-Vapor aHF/HCIV/H20_Vpr+H20_Rns+Spin_Dry
3 HF-Rinse+H20-Rns | aHF/HCVH20_Vpr+HF_Rns+H20_Rns+Spin_Dry
4 HF-Rinse aHF/HCVH20_Vpr+HF_Rns+Spin_Dry

Table II. Dual Side HF-Rinse Process: Front-side Process Conditions.

aHF flow Time
Step | Description Chemistry (sccm) (sec) Other
1 | HF-VprEtch aHF/HCI/H20-Vpr 200 5
2 | HF-Rinse aHF + H20 liquid 500 10
3 | H20 Rinse H20 N/A 4t07 Optional
4 | Spin_Dry N2 N/A 13 3000 rpm
5 | Wir Xfer to Epi N/A N/A
RESULTS

Ex-situ XPS was used to measure the concentration of oxygen and fluorine remaining
on the silicon surface following the cleanup process. An oxygen concentration of 1-3
atomic percent was obtained using conventional wet HF processing (Fig. 4, case 1) while
the fluorine concentration was found to be at or below the detection limit of the XPS
instrument. Variations in HF concentration and wafer drying method did not significantly
impact the results. The HF-Vapor (case 2) and HF-Rinse+H,O-Rinse (case 3) processes
were found to be less effective in producing an oxide free silicon surface with 7% and 4%
oxygen coverage respectively. Difficulties in wetting the silicon surface in part limit the
ability of the HF-Vapor deglaze process to remove trace oxide. The subsequent water
rinse following the HF-Rinse process is known to lead to silicon oxidation via hydrolysis
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[4]. A 0.8-2.0% oxygen concentration was obtained using the HF-Rinse process (case 4)
which was slightly better than that of the wet HF process. The fluorine content, higher
following the HF-Rinse process due to the absence of H,O rinsing, was found to be an
acceptable surface passivation element under the conditions of process clustering where
wafers are transferred to the epi process in a controlled ambient thus limiting exposure to
oxidizing species.

The fluorine content could be, as previously noted, reduced with a water rinse
following the HF-Rinse process, Fig. 5, but at the expense of increasing the content of
bonded oxygen on the surface. Rinsing for as little as 3-7 seconds brings the fluorine
levels down to 0.3 percent while the oxygen content increases to 3-4 percent. This known
phenomena is primarily a result of oxidation reactions occurring at the fluorine sites on
the silicon surface [4,5].

Additional characterization of the pre-epi cleanup processes was performed using
polysilicon encapsulated SIMS. Samples were transferred from cleanup to the poly dep
process, either in cluster mode or conventionally in the case of wet HF processing, where
the surfaces were then encapsulated with a polysilicon layer. SIMS depth profiling was
then used to measure the impurity content at the polysilicon/crystal silicon interface. This
approach eliminates some of the difficulties in separating process and ambient induced
contamination encountered with ex-situ XPS. The oxygen trend, Fig. 6, was similar to
that observed using XPS; the HF-Rinse process was found to be superior to the wet HF
process. The HF-Rinse treated samples also had the lowest amount of carbon and
fluorine at the interface. It should be noted that process clustering also contributed to the
HF-Rinse results. The other two processes, cases 2 and 3, were much less reproducible
and yielded greater amounts of oxygen at the poly/substrate interface.

The impact of the pre-epi cleanup was also characterized using the ATR-FTIR
technique. The abundance of SiH; and SiH bonds relative to SiHj; is presented in Fig. 7
as a function of the cleanup treatment. The characteristics of a silicon surface following a
high temperature hydrogen bake in the epi reactor, case 5, is included for reference. The
reconstructed surface following the bake, the standard starting point for high quality epi,
was virtually free of the tri-hydride species. The SiH; and SiH content following the HF-
Rinse process was similar to that of the wet HF process. This indicated that a higher
percentage of the surface was terminated with the more desirable SiH; structure relative
to the alternative cleans, cases 2 and 3, which had greater amounts of tri-hydride and
mono-hydride on the surface.

Substrate type was found to influence the performance of the HF-Rinse process. As
mentioned previously, the ability to wet the surface of the substrate was identified as a
factor influencing the quality of the oxide deglaze process. All of the results presented
previously were obtained using silicon wafers with a thin chemical oxide layer
passivating the surface. Repeating the XPS characterization using substrates with thermal
oxide present, Fig. 8, indicated that better oxide removal and surface passivation could be
obtained using the HF-Rinse process. These results suggest that having an oxide film in
place prior to the HF-Rinse+CVD sequence could offer additional gains in interface
quality.
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The transfer between the pre-epi cleanup and the epi deposition process must be
controlled in order to prevent contamination of the silicon surface. SIMS measurements
of interfacial oxygen and carbon following wet HF cleanup and polysilicon deposition for
two different transfer/hold times is presented in Fig. 9. A minimum time of 10 minutes
was required to transfer samples from wet cleanup into the cluster tool loadlock and
subsequently into the poly chamber for deposition. Extending the hold time in the
nitrogen purged loadlock, 4 hours in this case, was sufficient to cause significant
increases in oxygen and carbon at the film/substrate interface.

The HF-Rinse pre-epi cleanup process was ultimately integrated with a low
temperature epi deposition process. A deposition temperature of 850°C, much higher
than that of the polysilicon deposition, was used with and without a short 950°C hydrogen
bake. The oxygen concentration at the epi/substrate interface was found to be below the
detection limit of SIMS, 1E+12 atoms/cm? following HE-Rinse and 850°C epi
deposition, Table III, with no high temperature bake preceding the deposition. This result
was superior to the wet HF process of record. Carbon and fluorine were also below the
SIMS detection limit. The wet HF and HF-Rinse processes were equivalent in this
respect with the addition of a 950°C bake and with negligible hold time. The additional
hold time associated with processing larger batches of wafers in a production
environment was found to increase the defect density associated with non-clustered, i.e.
wet HF, cleans.

Table ITII. Monolayers of oxygen at film/substrate interface via SIMS.

FILM TYPE ->| POLY EPI EPI
H; BAKE -> None None 950 C
CLEANUP DEP -> 690 C 850C 850 C
1 Wet HF 19.2% 8.0% <0.1%
2 HF-Vapor 43.6% 21.4% Not Tested
3 HF-Rinse+H20-Rinse 33.8% 3.0% Not Tested
4 HF-Rinse 9.0% <0.1% <0.1%

The epi film defect density and diode yield obtained using the HF-Rinse process are
summarized in Table IV. Despite the SIMS results, significantly different results were
obtained as a result of the 950°C bake. Excellent low temperature epi defect density and
diode yield, relative to 1100°C epi deposition, were obtained when using the bake. The
defects in the films produced without the bake were not detected using SIMS depth
profiling but could be detected as LPDs and also impacted device yield.

Table IV. Epi film characterization following HF-Rinse+Low Temp Epi Dep.
Epi LPD Density Relative
850C Epi (#/cm2 @ >0.136um) Diode Yield
No Bake 1.420 72%
Bake 0.014 97%
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The benefits of clustering the pre-epi cleanup with 850°C epi deposition were further
demonstrated. A full factorial designed experiment with single wafer cleanup conditions
and method of wafer transport to epi deposition as input variables was performed. Both
the average oxygen and carbon concentration at the epi/substrate interface, Fig. 10, were
found to be lower when the cleanup was clustered to the epi process. The importance of
clustering on the preservation of the clean silicon surface is expected to become more
important as the epi deposition temperature is lowered still further.

SUMMARY

The HF-Rinse process effectively etches trace oxide and passivates the silicon surface.
The HF-Rinse process is equivalent to or better than the wet HF process of record in this
regard and is a safe/manufacturable method of performing true HF-last processing.
Clustering this process with the epi deposition process improves process control by
protecting the clean silicon surface from contamination. Good quality epi films have
been formed using this process. Excellent light point defect density and device yield
characteristics associated with clustered cleanup/ epi processes have been demonstrated.
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Fig. 1. Cross-sectional diagram of single
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Fig. 7. Silicon surface characterization
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THE EVALUATION OF ULTRASONIC DAMAGE
CAUSED BY BATCH TYPE WAFER CLEANING SYSTEM
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1-1, Nishiyokote-machi, Takasaki-shi, Gunma-ken, 370, Japan

Ultrasonic cleaning is applied to remove particles that adhere to
a wafer during the manufacturing process, but it sometimes damages
the semiconductor devices. The authors investigated ultrasonic
cleaning by using a hydro-microphone, an oscilloscope, and a
spectrum analyzer. They found that the degree of device damage
depends on the maximum ultrasonic intensity. The change in the
intensity over time depends on the method of intensity control used in
a cleaning equipment. The maximum intensity of ultrasonic waves in
an equipment can be only slightly controlled with the phase-control
method. Measuring the frequency spectrum in a phase-control
cleaning tub shows that many cavitation noises occur, even when the
intensity control dial is set to low. However, an equipment using the
amplitude-control method is superior for wafer cleaning because the
maximum intensity of the equipment can be controlled more
precisely.

INTRODUCTION

Various particles, such as dust from the equipment and dust floating in the
air, are generated and adhere to a wafer during the semiconductor manufacturing
process. Because these particles reduce the production yield, several methods to .
remove them have been tried. One method is ultrasonic cleaning, but this can
cause particles to break away physically and sometimes damages the devices. To
prevent such damage, the intensity of ultrasonic waves in the equipment needs to
be set appropriately.However, cleaning ability has been the main focus when
evaluating the ultrasonic cleaning used in manufacturing, and the relationship
between the intensity of ultrasonic waves and device damage have been rarely
mentioned, even in research journals or documents. We believe that a simplified
intensity measuring equipment is generally used to measure the intensity, except in
advanced ultrasonic laboratories.In this paper, we concentrate on the device
damage. We have investigated the relationship between ultrasonic intensity and
the device damage, but found that a simplified intensity measuring equipment
cannot clarify this relationship. Therefore, we used a sound measuring equipment
that provides precise measurement and conducted a detailed analysis of the
ultrasonic cleaning. Qur methods and results are described here.

OVERVIEW OF ULTRASONIC CLEANING
Figure 1 shows an overview of an ultrasonic cleaning equipment. The

equipment consists of a quartz tub overflowing with pure water, a pure-water
supply line, an ultrasonic cleaning tub with an oscillator at the bottom, and an
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ultrasonic generator driving the oscillator. The generator dial is used to set the
intensity of the ultrasonic waves.Wafers to be cleaned are placed on a resin
cleaning jig and put into the quartz tub. The ultrasonic waves generated from the
oscillator are transmitted into the quartz tub by the medium of the pure water.
The sound pressure of the ultrasonic waves produces fine cavitations in the pure
water. These cavitations produce impact waves when they burst, and the energy
physically breaks away particles that were adhered to a wafer (1),

Excessive cavitation energy causes cracks in the thin film deposited on a wafer
and damages the devices. Figure 2 shows the distribution of damaged devices in a
wafer when this occurs. The width of the striped pattern and the space between
the stripes in Figure 2, is half the length of the ultrasonic waves. The length equals
the interval between the sound pressure loops of the ultrasonic standing wave in a
cleaning tub, and a great deal of cavitation occurs in these areas )~5), However,
the amount of cavitation that occurs is known to depend on the kind of the medium
and its temperature even at the same sound pressure (intensity). Both the intensity
of the ultrasonic waves and the amount of cavitation that occurs need to be
determined to prevent device damage.

MEASUREMENT METHOD
The measurement method used in this evaluation is shown schematically in
Figure 3. The method uses a hydro-microphone as a sensor, and an oscilloscope

and a spectrum analyzer in a measured-value display unit.

Intensity Measurement Method

In the simple measurement method, an ultrasonic intensity indicator is used
to easily measure ultrasonic intensity. The indicator has a probe with a sensor on
the top and a measured-value indication meter. A piezo rubber for a pressure-
sensitive electroacoustic element is used for the sensor, which converts the sound
pressure in the ultrasonic cleaning tub to an electric signal. The intensity of the
electrical signal is measured from its voltage, and there is about a 1-second
response time for an input signal. Therefore, the intensity change cannot be
measured within less than 1 second. To measure the intensity change more
quickly, we used an oscilloscope and a hydro-microphone with a wide-sensitivity
band. In this method, the change of intensity over time with millisecond intervals
can be observed as a waveform. The intensity can then be read from the waveform
amplitude.

Cavitation Measurement Method

The cleaning effect in ultrasonic cleaning depends on the degree of cavitation,
not on the intensity. Therefore, the cavitation should be measured, not only
through the intensity, but also by other methods. A simple method is to evaluate
the cavitation using a hole in aluminum foil. However, this method has
disadvantages, such as limited accuracy, and contamination in the cleaning tub.We
analyzed the frequency with the hydro-microphone and spectrum analyzer. In
ultrasonic cleaning, frequency components other than a basic frequency appear.
The frequency (nf) is n times the basic frequency (f), which is called the high
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harmonics. When cavitation occurs, frequency components of nf/2, nf/3, and nf/4,
which are called the sub-harmonics, result from the cavitation noise (1), (6), (7),
Therefore, when sub-harmonics in the measurement frequency band are observed,
cavitation must be occurring.Using this method, we measured and compared
equipment A, which had a low degree of device damage, and equipment B, which
had a high degree of device damage. Table 1 lists the basic specifications of both
equipments,

MEASUREMENT RESULTS
Intensity

Figure 4 shows the measured intensity. The change in the amplitude over
time was small in equipment A, but the change in output values from equipment B
was large and intermittent oscillation occurred. When the intensity control value
for the oscillator was changed, the maximum amplitude in equipment A also
changed. This is called the amplitude-control method. On the other hand, in
equipment B, the maximum amplitude changed little, but the intermittent
oscillation forms changed. This is called the phase-control method.

Figure 5 shows the relationship between the intensity control value for the
oscillator and the intensity measured with the oscilloscope. In the amplitude-
control method, the maximum intensity and the average intensity are equal.
However, in the phase-control method, the maximum intensity is much larger than
the average intensity because of the intermittent oscillation. Even if the average
intensity is set equally in both equipments A and B, the maximum intensity in
equipment B is much larger than in equipment A. In this case, the simplified
intensity measuring equipment gives the intensity of both equipments as equal
since the device measures only the average intensity. In equipment B, the setting
dial value and the measured value are not proportional. In addition, the maximum
intensity is difficult to control since the measured value becomes larger even if the
dial is set to low.

Figure 6 shows the degree of device damage as a function of the maximum
ultrasonic intensity. The dependency of the degree of device damage on the
maximum intensity differs in equipments A and B is the same. Therefore, the
degree of device damage depends on the maximum intensity. To avoid device
damage, the maximum intensity should be optimized, and should be measured for
intensity management.

Cavitation

Figure 7 shows the measured cavitation. In equipment A, only high
harmonics were observed when the oscillator setting was low, and when the setting
was increased, the sub-harmonic intensity became larger. On the contrary, in
equipment B, the sub-harmonic intensity was high when the setting was low. This
suggests that more cavitation may occur in equipment B than equipment A,
because cavitation depends on the maximum intensity. Therefore, in the phase-
control method, a lot of cavitation may occur when the setting is low, so this
method is not suitable for cleaning without device damage.
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CONCLUSION

From our measurements using the two types of equipment, for low and high
levels of device damage, we found that:
1. The device damage depends on the maximum intensity at the millisecond levels.
2. The phase-control method is not suitable for wafer cleaning since the maximum
intensity is difficult to control.
3. The evaluation of ultrasonic cleaning using a hydro-microphone, an oscilloscope,
and a spectrum analyzer is an effective method.
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Fig.3 Measurement Method

Table 1 Ultrasonic Cleaning Equipment Specifications

Equipment Frequncy [kHz]  Max Output [W] Power Control

A 26 300 amplitude control
B 26 600 phase control
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THE EVALUATION OF ULTRASONIC DAMAGE
CAUSED BY SINGLE WAFER CLEANING SYSTEM
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Y. Harada, % N. Hiraoka x %

Takasaki Technical Center, Hitachi Microcomputer System LTD.
1-1, Nishiyokote-machi, Takasaki-shi, Gunma-ken 370, Japan
PRE-TECH Co. Ltd. %

2-1-14, Fuchuu-naka-machi, Fuchuu-shi, Tokyo 183, Japan
Dainippon Screen MFG. Co. Ltd. % %

322, Hadukashi-Furukawa-cho, Fushimi-ku, Kyoto 612, Japan

To remove particles from backside of Si wafers in
semiconductor manufacturing line, single wafer scrubber machine
having high-frequency ultrasonic water jet was applied. High-
frequency ultrasonic is safe, but wafers were damaged on front-side
surface during backside cleaning. Preparing various thicknesses of Si
wafers, changing incident angle, and transmissivity of ultrasonic
through Si was measured. Afterwards Si wafers with LSI patterns
were prepared, influence of backside cleaning in various
transmissivity value was investigated. The defect density of LSI
patterns and ultrasonic transmissivity were closely related. We can
understand the mechanism of damage, by using the theory of
"oblique incident of ultrasonic waves to the plate". During ultrasonic
backside cleaning, VLSI devices on the surface-side were destroyed
by vibration of rinse water, caused by transmitted ultrasonic energy.
But, these damages can be avoided by optimizing back rinse.

INTRODUCTION

As the VLSI integration scale increases, it becomes more important to
decrease particles on the wafer surface during fabrication of VLSI in the
semiconductor manufacturing line. We found that some part of particle
contamination is caused by Recontamination. During the batch-type-wet-cleaning
process, such as RCA cleaning or water rinsing, particles coming off of the
backside of the wafers are diffused into the etchant, and re-adhere to the front side
of a neighbor wafer as shown in Fig.1 (1). Furthermore the backside contamination
is caused by wafer transportation in previous process machines. Generally robot-
systems having vacuum-chuck is used as wafer-transportaion from a wafer cassette
to a process chamber of a single wafer fabrication equipment. Inside the process
chamber of such equipment, electrostatic-chuck or mechanical-chuck is used for
holding a wafer. So many particles are adhered onto backside of wafers after
processing of photo-litho or dry-etching (2). (These are single wafer systems.)
Therefore it is necessary to clean backside of the wafer before batch type wet
cleaning process.

To remove the particles from the backside of the wafers, the wafer scrubber
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machine shown in Fig.2-a, having an ultrasonic water jet called D-Sonic, is applied
(2). After ultrasonic backside cleaning, authors found that some VLSI devices
which existed on the "opposite side" of the wafer that is the front-side of the wafer
were destroyed. Poly-Si patterns of LSI were gone, and Al wirings were bending as
shown in Fig.3-b. These defects were distributed focusing on the center of the
wafers as shown in Fig.3-a.

Generally, it is well known that in low-frequency (20~ 40kHz) ultrasonic bath
type cleaning, damage and cleaning efficiency are closely related because of its
cavitation phenomena. So in case of low-frequency, we must control the ultrasonic
generation power, most carefully (3). On the other hand, in a high-frequency
(around 1MHz) ultrasonic cleaning system, energy is divided smaller than
cavitation threshold value (4). It is expected that there's no damage in mega-sonic
cleaning process. Therefore some people say that megahertz-ultrasonic system is
damageless. But actually, our wafers were damaged in a single wafer cleaning
system using this damageless-ultrasonic jet. We analyzed this unexpected
phenomenon that was ultrasonic damage through the Si wafer to the front-side
surface.

EXPERIMENTAL

Various - thicknesses, 250 £ m~3mm of (100) Si wafers were used in the
experiments, and ultrasonic transmissivity through Si wafers were measured.
Measurement method is shown in Fig.4. The ultrasonic jet nozzle was immersed in
the water vessel which is big enough to prevent the influence of reflection from the
wall. (Actually, the ultrasonic water jet nozzle is used in the air as shown in Fig.2-b,
but we must use it in the water to measure the sound pressure. ) The frequency of
ultrasonic wave is 1.567MHz. The maximum generation power of ultrasonic wave
is 48W. The diameter of the nozzle is 4mm. Sound pressure was measured by a
hidrophone probe. Si wafer was set between nozzle and probe. The distance

" between nozzle and wafer is 25mm, the same as the actual condition of the
scrubber. Transmissivity is defined as the ratio of a sound pressure through Si
wafer to the one without Si wafer. Transmissivity was measured in various incident
angles, 0~ 75degrees, by changing angle of the Si wafer.

After these experiments, Si wafers with LSI patterns were prepared, and the
backside wafer scrub process in various conditions of ultrasonic transmissivity
were applied to them. Both of these back rinse conditions, without water, and with
water, which was used as an anti-mist, were examined. After that treatment, to find
out the defects of LSI patterns, "Pattern Defect Inspection System" was used. The
relationship between ultrasonic transmissivity and defect density was investigated.

RESULT AND DISCUSSION

The result of this experiment about transmissivity is shown in Fig.5~ 8. The
change of transmissivity is complicated depending on Si thickness or incident angle
as shown in Fig.5. According to the theory of ultrasonic transmission trough thin
film, transmissivity D is indicated by following equation on the assumption that the
transverse wave component of ultrasonic transmission in Si is negligible.

Electrochemical Society Proceedings Volume 97-35 80



4
D(ts;, 6 )= (1]
4cos2( @ )+N2Zsin2(a )

where

a=Q2zxtsi” Asicos(p) ' [1a]

o siCsicos(6) 0 wCwecos(¢ )
N(tsi, 0 ),=

+ [1b]
o wCweos(¢) o siCsjcos(6)

where p sj, tsi are density, thickness of Si respectively, Csj, A si are transmission
speed, wave length of ultrasonic wave in Si respectively, p w is density of water,
Cw is transmission speed of ultrasonic wave in water and @, ¢ are incident angle
in water, refractive angle in Si respectively (4).

In the case of incident angle § = 0 ( i.e. ¢= 0), that is perpendicular
incidence, transmissivity is periodically changing depending on Si thickness, as
shown in Fig.6. The transmissivity D¢ of perpendicular incidence is shown as

4
Do(tsn)= 21
4cos2(a 0)+Ng2sinZ(a o)

where
ao=2xmts” A si [2a]
o siCs;i o wCw

No(ts)= + [2b]
o wCw o siCsi

From this equation, we can easily understand that transmissivity D reaches
maximum value when ts; ~ A si=(2n) /4 and become minimum value when tg; ~
A si= (2n-1) /4. Therefore A s;is calculated as

A si= Csi,/ f = 8433m/sec / 1.567TMHz = 5424 y m,

in Fig. 6, we can confirm that Dy has reached maximum at 2700 y m of Si
thickness thatis A si,”2 and minimum at 1360 2 m that is A si,/ 4 (5).

In this case Si thickness at 550 y m is selected because 500~ 750 y m thickness

. Si wafers are ordinarily used in semiconductor manufacturing line, @ -dependence
of transmissivity is shown in Fig.7. Transmissivity is decreased with increasing
incident angle @ . This phenomenon was easily expected, because Si wafer
thickness towards the direction of sound transmission Is increased with 6. But
from 15 degrees of the angle, transmission D is suddenly increased and becomes
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becomes maximum value around 30 degrees, and then goes down to original curve
at 40 degrees. When decreasing Si thickness this tendency is expanded. The range
of irregular points are broadened and peak value of D becomes higher. We can
understand these phenomena by using the theory of "oblique incident of ultrasonic
waves to the plate" (4). According to this theory, the maximum transmission is
generated when (a) the longitudinal wave of incident ultrasonic sound in water,
and (b) the transverse wave on Si surface caused by sound impact, are in phase as
shown in Fig.8. This situation is shown as

w
sin(f ) = ———— 3]
A

where 0 is incident angle of ultrasonic wave that causes maximum transmission
and A w is wave length of longitudinal ultrasonic wave in water, and A ss is
wave length of transverse wave on Si surface. And this equation can be changed as

Vw
sin(@ ) = ———— 41
Vss

where Vw and Vgg are velocity of waves. The incident angle of bulk Si that causes
maximum transmission is calculated as follows (5).

0 = arcsin (Vw,/ Vss) =arcsin (1483m/sec / 5843m/sec) =14.7° [4a]

This is almost the same value as 15 degrees, that is the starting point of
transmission increase, as mentioned before. The incident angle 8 of the starting
point of transmission increase and that of maximum transmission value are
represented in various thicknesses of Si in Fig.9. In spite of changing thickness, the
angle of starting point for transmission increase is always at constant value, that is
corresponding to maximum transmission of bulk Si. And when Si thickness is thin,
under 2000 m, incident angle @ causing maximum transmission value become
larger than that of bulk Si.

Vss also can be shown as
Vss=v (G/p) 81

where, p is the density of Si and G is shear modulus of (100) bulk Si. We can
speculate that the shear modulus of thin wafer Si (G¢) becomes smaller than that of
bulk Si (Gp), then Vgsgs of wafer Si becomes smaller than that of bulk Si, and finally
maximum transmission angle of wafer Si become bigger than that of bulk Si.

Next we measured the ultrasonic damage, using Al wiring patterned wafers in
various transmissivity, with or without surface rinse water. The result of this
experiment is shown in Fig. 10. The defect density of Al wiring pattern is directly
proportional to the transmissivity of ultrasonic energy, and, without surface rinse
water, there's no defect on the front side of the wafer, even in higher transmissivity
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condition. This result shows that the Al wiring pattern on the surface side of a
wafer is destroyed by the vibration of surface rinse water caused by transmitted
ultrasonic energy from backside wafer cleaning.

CONCLUSION

According to the result of these experiments, we can understand the
mechanism of these unexpected phenomena. During ultrasonic water jet cleaning of
backside of the wafer, the VLSI devices on the surface-side were destroyed by the
vibration of water, caused by ultrasonic energy transmitted from backside cleaning
jet. But, these damages can be avoided by optimum process conditions of incident
angle and surface rinse. And manipulating this phenomena, we'll be able to offer a
new machine, such as "the simultaneous both side single wafer cleaning system
with oblique incident of high frequency ultrasonic waves".
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OPTIMIZED RINSING FOR LOW METALLIC CONTAMINATION

Lee M. Loewenstein* and Paul W. Mertens
IMEC, Kapeldreef 75, B-3001 Leuven, Belgium
*QOn assignment from Texas Instruments, PO Box 650311, M/S 3701
Dallas, Texas 75265

Acidifying the rinse solution after SC1 or SC2 cleaning prevents some
metallic ions such as Ca®* from contaminating the silicon wafer surface.
We tested the effect of acidification with HNO; over the range pH 4 - 6, in
the presence of solute species Ca®*, K* and Fe**. 2 ppb Ca at a pH=6, for
instance, gives >10'? atoms/cm’ of Ca on the wafer surface. The Ca
contamination, however, can be reduced in direct proportion to [H'], while
K and Fe are not affected. A model based on the chemical equilibria of the
metallic species with the silicon dioxide surface agrees well with the
observed behavior.

INTRODUCTION

A major goal of wafer cleaning is to reduce surface metal contamination to as low a level
as possible. The SC2 process chemistry is designed to remove metal from the silicon
surface. Metal removal is largely a function of the acidic solution in which many metals
are quite soluble. After processing in SC2 solution, however, the wafers are rinsed in
water of near neutral pH. This places wafers again at risk of contamination by any
residual metals present in the water. Even with state-of-the-art water purity, mid-10'°
atom/cm” levels of metals such as Ca on wafer surfaces are commonly seen. Reliance on
ultrapure water can also lead to an unstable manufacturing environment, since fluctuations
of metal contaminant concentrations in solution will have negative consequences on device
performance and yield.

An alternative approach is to rinse the wafers with a very dilute acid instead of DI water.
Fabry et al. have described that oxalic acid and carbon dioxide can reduce the level of iron
contamination.' Our paper explores the effect of acidic rinsing on metal contamination of
semiconductor surfaces. We test the effects of pH, T, time, and final clean type (SC1 or
SC2) on contamination. The rinse solution is deliberately contaminated with known
amounts of metals, Ca, K and Fe.

We develop a model of the silicon dioxide surface in equilibrium with metal and hydrogen
ions:

Surface — H, + mM* — Surface - M, + nH* [
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In such a model, the surface concentration of a metal, Oy, is given by an expression of the
form:

_ const.[M " [2]
M [H+]n

where m and n are integers. The metal concentration was fixed in this work, so we can
only test the dependence on [H'] here.
EXPERIMENTAL

The experiment followed a screening design suggested by a commercial DOE software
package®. Screening designs choose experimental trials along the edges of the design
space, plus the centerpoint to determine the presence of curvature. Variables are shown in
Table 1.

Table I. Rinsing process parameters.

Variable Unit Range Type
Final clean - SC1 or SC2 variable
log [HNOs] (mol/L) -5.6--4.0 variable
OR temperature, T °C 20-70 variable
OR time min 6-31 variable
OR flow rate (L/min) 3 fixed
K, Fe and Ca concentrations (mol/L) 5x10° fixed

A manual wet bench was used for the immersions in SC1 and SC2 and for the metal-
spiked final rinse process. The SC1 and SC2 immersions were performed separately in the
same heated, recirculating bath. The cleaning solutions were circulated and filtered. The
SC1 solution was prepared in a volume mixing ratio of 0.25:1:5 NH;:H,0,:H,0. The SC2
was prepared in a volume mixing ratio of 1:1:5 HC1:H,0,:H,O. The baths were heated to
50 °C. Wafers were processed for 10 min in the cleaning solutions. At the end of the
immersion cleaning the wafers were lifted from the cleaning tank and excess cleaning
chemicals allowed to drip off for a few seconds. The wafers were then put into the
overflow rinse (OR) tank. Figure 1 contains a schematic of the experimental processing.

In some of the analysis to follow, the dimensionless turnover, T—given by T=¢¢t/V ,
where ¢ is the time, ¢ the flow rate and V the tank volume—is used.

The feed line has a connection point used for spiking the UPW rinse water immediately
before entering the actual rinse tank. A metering pump was connected to spike with a
premixed solution of HNO; and metallic contaminants. Metal solutions (Merck AAS
standard solutions) were mixed to give equimolar mixtures of Ca?*, K* and Fe** at 5 x 10°®
mol/L, corresponding to 2 ppb Ca.
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After the rinsing process was completed the wafers were immediately spun dry (Semitool)
without any additional rinsing.

Wafers were evaluated for particles or metal surface contamination. The metal surface
contamination was determined by VPD-DC-TXRF (vapor phase decomposition-droplet
collection-total-reflectance X-ray fluorescence). Wafers were individually exposed to HF-
vapor for 8-10 min. DC was performed with an automated scanner PAD-SCAN
(GeMeTec) using a spiral pattern from wafer center to edge and back. Subsequently the
droplet was dried under a heat lamp. TXRF measurements were performed with an
Atomika TXRF8010. Particles were counted with the Surfscan 6400.

RESULTS AND ANALYSIS

Table II contains the surface concentrations of metals and nonmetals measured by VPD-
DC-TXRF in the columns marked Expt.

Table II. Processing conditions in order of trials, and resulting surface concentrations of elements
measured by VPD-DC-TXRF in units of 10"° atoms/cm?, compared with model predictions.

Final pH T t Ca K Fe Zn
Trial }Clean C min } Expt ModeljExpt Model{ Expt Modell Expt Model
8 {SC1 56 20 31 §425 240175 23 )28 651} 11 3.2
10 §SC1 56 20 6 §234 263 }1.1 14 ]104 88 |38 3.6
6 JSC1 56 70 19 §552 389 4§16 33] 53 95}54 22
11 }SC1 48 44 6 {436 3631 0 281353 6901 04
SC1 40 20 o6 (26 38 {18 14} 36 6811 0 0.1
SC1 40 170 31 {43 5014i65 54} 43 54}01 0.1
SC2 56 20 6 |18 146 {39 1.3 0 2210 3.7
SC2 56 70 31 {135 195 |46 5.1 1.0 17408 19
SC2 40 4 19 {172 20434 26| 48 17§11 04
SC2 40 20 31 §26 19 {135 2.1 0.9 1.2 {1 0.5 0.1
SC2 40 70 o6 }38 311}48 30} 47 18101 0.1
SC2 40 70 31 362 28 1}78 501} 49 13}{02 0.1

Control 6.6 2.6 0.2 3.1

We transformed the metal surface concentration variables by taking their logarithms. Trial
2 was excluded from the analysis, as its inclusion resulted in extraordinary influence of this
point in multiple responses. Possibly there was a larger carryover of liquid from the
cleaning tank to the rinsing tank for this trial. The general effects are the same with or
without this point.

CUNLMGWN =

Significant effects can be determined by comparing coefficients, a;, with their standard
deviations in Table III. Furthermore, comparison of the replicate and residual standard
deviations indicates the presence of statistically unaccounted experimental variations,
apparent particularly for Fe. The R? values gives a measure of the total fit: Ca is fit
relatively well, while the other metals show poorer fits.
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Table III. Coefficients and their standard deviations (SD) for surface concentration models using

centered variables.
Ca K Fe Zn
i a; bl ai bz ai bg a; bg

Constant O | 144 144 042 042} 053 0.531-034 -0.34
SDj 005 005{ 005 005} 004 004 ] 0.12 0.12
log 1 4{-1.14 -092§-001 -001}-0.07 -0.06} -0.95 -0.77
[HNOs] SD} 0.07 0051 006 005} 005 0.04} 0.15 0.13
uT 2 | -333. -0.08]-751. -0.19} -66.5 -0.02] 444. 0.11
SD}{ 209. 005} 199. 005} 158. 0.04 | 492. 0.12
turnover 3 | -0.01 -0.02] 0.06 0.11 | -0.03 -0.07} -0.01 -0.03
SD| 003 006 003 006} 002 004} 007 0.14
SCx 4 1-0.13 -0.13}-001 -0.01} -031 -0.31} 0.00 0.00
SD{ 005 005§ 005 005] 004 0.04 0.12 0.12

Repl. SD 0.23 0.26 0.40 0.54

Res. SD 0.21 0.20 0.16 0.49

R? 0.95 0.46 0.50 0.69

Normalized coefficients can be used to determine which effects are significant over the
range of the experiment, as shown in Table III. The magnitude of the coefficients
represent the effect of the variables over the experimental space. For each metal, we can
easily see which variables are important. Significant effects can be determined by
comparing coefficients with their standard deviations in Table III. Furthermore,
comparison of the replicate and residual standard deviations indicates the presence of
statistically unaccounted experimental variations, apparent particularly for Fe.

General effects were as follows: (1) The process variables had no effect on the level of
particle deposition on the wafer. (2) The experiment produced significant effects on Ca
deposition, in contrast to particle deposition. The most significant variable is
log_Rinse_HNO;. The difference between the average high and average low [H'] has a
negative effect on measured Ca. SC2 has a smaller negative effect on Ca. The effect of
final clean is small and barely significant. The effects of the T and turnover number are
insignificant. (3) Very little K was left on the wafer under any processing conditions. T
has a significant effect on the surface concentration of K, which is not seen if a model
linear in K is used. (4) Fe deposition was of very low magnitude, comparable to K. Only
the final clean seems to have an effect on the surface Fe concentration. (5) Zinc was not
deliberately added in this experiment, yet it appears consistently in the TXRF analysis. It
probably came from one of the AAS solutions. Log [HNOs] is its only significant term.

Figure 2 shows several metal deposition responses to log [HNO;] and 1/T. The numbered
contour levels are approximately one prediction standard deviation apart
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DISCUSSION

Most of the observations can be explained by a model of metal substitution for hydrogen
at surface hydroxyl groups. We can understand the behavior of the metals with a simple
model that relates a hypothetical surface species (represented by SiO’) to H" and M*

SiOH -5 SiO~ + H* [3]
SiOM - Si0™ + M* [41
From these equations we find
K9 sion + + 5]
logogiom =108 ——f——+loglM "]~ log[H "]
2

where [H'] and [M'] are volume concentrations, and Gg;o, and Osiom are surface
concentrations.

If the active surface sites are initially protonated when the wafer is placed in solution, then
GOsion can be expressed by

K, KIMTY' .,
Gs:ou=(1+[7{'tﬁ+"KlT[‘HT]) T sion I6]

where 0°sion is the original surface concentration of active sites, SiOH. In acidic solutions
with low metal concentrations, when [H'] is large and [M'"] is small, we can expect that

O si0n = O sion [71]
and thus that the first term of the above equation will be nearly constant.
If we include the T dependence of the equilibrium constant, we find

logo giom = Constant — AG/RT + logIM ¥ 1-nlog(H ] [81]

where AG is the change in Gibbs free energy for the reaction. n=1 or 2 (or some other
integer) depending on the order of the reaction. In equilibrium, the turnover or flow rate
would have no effect on surface concentration.
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Comparison of chemical and empirical models

Table III lists the coefficients, ag-ay, and their standard deviations, for the comparable
model obtained in these experiments:

logaMetal =ay+a,(log[HNO,;]1 - 10g[HNO,],) +a,(1/T-1/T,) [9]
+a,(t-t)+a,SCx

where T is the absolute temperature in K, ¢ the number of turnovers, and SCx, the final
clean (x=1 or 2) having corresponding values of -1 and 1. From these equations we can
see a correspondence between a; and the coefficient of log [H+]. The coefficient a;

~ corresponds to -AG/R. Since this is an equilibrium model, a; should be 0, while a4 could
be non-zero if the last cleaning process has an effect on Osior. Comparison of the
coefficients with their standard deviations shows which ones are significant.

For Ca and Zn, n is approximately 1, while for K and Fe, n is nearly 0. These results
suggest that Ca and Zn associate with the surface reactive sites in a 1:1 manner, not 1:2,
A possible reason for this is that the attached Ca-OSi groups are charged +1. A model
where the surface site is charged -2 and neutralized by an exchange of M** for 2 H* would
not be able to account for the observed behavior.

[HNO3] OR PH

Surface concentrations of Ca and Zn are strongly dependent on pH, as Figure 3—a plot of
[ 9 }— shows. Higher [HNOs] (lower pH) results in reduced surface metal contamination
for Ca and Zn, but no significant difference for K and Fe.

Previous work from this laboratory® indicated a greater dependence of the amount of
surface Fe on the pH than suggested here. Part of the difference could be related to that
work removing metal from the surface, while this work looks at deposition onto the
surface. Admittedly these are both aspects of the same chemical phenomenon, as the
surface-solution approaches equilibrium, yet the situations are substantially different, since
the previous work removed Fe from the wafer surface into a solution that was effectively
free of Fe ions as the cleaning solution was flowed continuously through the process tank.

Another consideration that might account for this difference is the significantly lower pH
of Reference 3 (pH=1-3) than that of this work (pH=4-6). In agreement with the present
work, Reference 3 showed at its highest pH (3) that the removal efficiencies of Ca and Zn
were significantly higher than Fe, at least at 20 C. Removal efficiencies at pH=3 and 20 C
were approximately 88, 98 and 76% for these elements, respectively.

TEMPERATURE

T was one of the least important variables, except for K contamination.
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TIME

Time or turnover had an effect on the level of contamination for Fe. As performed in this
experiment, the turnover had several effects. One was to increase the time of exposure of
the wafer to the metal ion contaminants in solution. Another effect, though, was to dilute
any solution brought from the cleaning tank into the rinse tank. Thus, the pH of the rinse
tank varied over time. Reference 3 is in reasonable agreement with this study as it
showed, for Fe removal, negligible dependence on process time.

FINAL CLEAN

SC2 final clean results in lower surface metal contamination than SC1. This is reasonable
since SC2 last processing will lower the pH of the rinse tank for much of the rinse step.

CONCLUSIONS

The experiment described here succeeded in measuring the effectiveness of a number of
rinse parameters of preventing the deposition on the Si surface of metal contaminants, Ca,
Fe and K. Ca deposition appears to be the most significant problem for deposition from
contaminated solution at neutral pH. An acidic rinse is helpful in limiting the deposition
of Ca, as well as other species such as Zn. Any acid which can promote the solubility of
the metal ions according to the principals of the equations discussed above will help,
provided that its counter ion does not itself form an insoluble metal-anion precipitate. One
obviously would prefers an acid which does not itself constitute a contamination problem
either due to particulates or its adherence to the wafer surface.
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Interaction among contaminant metals in wet cleaning processes w.as found.
In particular, the Ni removal ratio in acid cleaning depended on the amount of
aluminum (Al).

Two types of intentionally contaminated wafers prepared by IAP —method, one
was contaminated by only Ni (single contamination) and another was
contaminated by plural metal (multiple contamination), were treated in HNO;,
SPM and DHF. Removal ability of metals in each solution was evaluated by
ICP-MS and TXRXF.

Ni on the wafers prepared by the single contamination was not removed
effectively by the acid solutions, but it by the multiple contamination was
removed effectively when certain amount Al was contained in SC-1 solution used
for IAP -method. TXRXF measurement shows that Ni on the wafers, on which
it was removed effectively by acid solutions, distributed in the shallower part in
vicinity of wafer surface than that on the wafers where it was not removed
effectively by acid solutions. Theses suggest that removal ratio of Ni in acid
cleaning depends on the difference of contaminant state of Ni caused by
contamination circumstance.

INTRODUCTION

Importance of cleaning technology is gradually increasing with increase in the influence of the
technology upon the production yield of Ultra Large Scale Integration (ULSI) devices. In these
days, one of the requirement for the cleaning technology is the removing contaminants such as
particle, organic materials and metals. To satisfy this requirement, we must characterize
adsorption and/or the desorption phenomena of contaminants in cleaning processing.

Many researchers has investigated the relationship between metallic contaminants and
conventional cleaning solutions, for instance, the adsorption behavior of Al and Fe in SC-1solution
2 and that of Cuin DHF?.,  Actually, SC-1 solution with chelating agent” and DHF with H,0,
Yand ionized water ® were developed through analysis of behavior of contaminant metals in the
solutions. However they has focused on the adsorption of the objective metal in SC-1 solution,
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thus they used sample wafers that were immersed in chemical solutions with only one objective
metal. Although Si-surface is contaminated simultaneously by several metallic contaminants in
practical cleaning solutions used in actual ULSI fabrication processes, the interaction among those
adsorbed metals has not been investigated except H. Okudaetal.”. Okuda et al. pointed out that
the amount of Cu and Ni adsorbed on a Si surface in an SC-1 solution containing Cu, Ni and Fe
was smaller than that adsorbed in an SC-1 solution containing each metal, independently. This
indicates that the single contamination dose not reflect the practical contamination in which plural
metallic contaminants attacked to the Si surface simultaneously. Thus we should not evaluate a
new cleaning solution or process without consideration of the interaction among metals.

In this paper, we try to reveal the interaction among metallic contaminants by measuring the
amount of metals on sample wafers, which were immersed in SC-1 solution containing several
metallic contaminants (multiple contamination), after and before chemical treatment.

EXPERIMENTAL
Sample wafers were 4-inch and 6-inch P-type Czochralski (CZ) Si (100) with a resistivity of 10

Q-cm.  We used P- and N-type Si wafers but did not detect significant differences between them

in our experimental results. Thus, we discuss here the results of P-type silicon.

Figure 1 shows experimental procedure in this study. After conventional RCA cleaning, we
intentionally contaminated sample wafers by immersing them into diluted SC-1 solution to which
the standard solutions containing metals for atomic absorption spectroscopy (AAS) were added
(=IAP Method). To evaluate the cleaning ability of solutions or processes, we have traditionally
used test wafers which were intentionally contaminated by objective contaminants metals. Three
methods™® to prepare metallic contaminated wafers have reported, and in particular among them,
immersion in alkaline hydrogen peroxide solution (IAP)'? is the most commonly used. This is
because, SC-1 solution, which is used for IAP-method, is one of the most widely used solution in
practical ULSI fabrication processes for removing particles and organic contaminants. Thus, we
used this technology in this study. Metallic contaminants intentionally added were aluminum
(Al), calcium(Ca), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), magnesium
(Mg), manganese (Mn), sodium(Na), and nickel (Ni). We prepared two types of contamination
circumstances. One is called single contamination in which sample wafers were immersed into
SC-1 solution containing only Ni. Another one is called multiple contamination, in which
sample wafers were contaminated by several metals at the same time in SC-1 treatment of one
time.

After the above intentional contamination treatments, we immersed the sample wafers in several
chemicals; diluted hydrofluoric acid (DHF), nitric acid (HNO,), sulfuric acid and hydrogen-
peroxide mixture (SPM), hydrochloric acid and hydrogen-peroxide mixture (SC-2)etc.. To
confirm the cleaning ability of these solutions, we etched the sample wafers by HF/HNO, mixture
before and after these acid cleanings and measured the amount of metals in the mixture by
inductively coupled plasma mass spectrometry (ICP-MS). In addition, we analyzed wafer
surfaces by total reflectance X-ray fluorescence (TXRXF). The ICP-MS was SPQ6500
manufactured by SEIKO Instruments, Inc. and TXRXF was TREX610 manufactured by
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TECHNOS Ltd. We calculated removal ratio of metallic contaminants, especially that of Ni, from
the difference of amount of metallic contaminants on the Si-wafer surface between before and after
every chemical treatment.

Before this study, we tested accuracy of ICP-MS measurement by comparing the amount of
metals measured by ICP-MS with that measured by TXRXF. This was because, there was a
report indicating that Ni on Si surface couldn’t be eliminated by HF/HNO, mixture'”. Figure 2
shows the result of the comparison of the measurement data between ICP-MS and TXRXF.
Absolute numbers obtained by ICP-MS measurement are slightly different from those by TXRXF
measurement but numerical relation between Ni and other metals is not different each other.
Thus, ICP-MS is enough for measuring the residual Ni on the Si surface. However, we could not
detect Al on the Si surface by TXRXF, since TXRXF signal from Al was disturbed by that from
Si. Therefore ICP-MS was more convenient for the estimation of the amount of metals than
TXRXF.

Moreover we analyzed how contaminant Ni distributed on and in the chemical oxide on the Si
substrate by TXRXF with changing in incident angle of X-ray.

RESULTS & DISCCUSION

The amount of Ni on the Si surface in the single contamination before and after acid cleaning
are shown inFig. 3. The amount of adsorbed Ni increases with increasing concentration of Ni in
SC-1 solution. Though the amount of Ni on the sample of 100 ppb became about half
contamination after acid cleaning, removal ratio of about 50 % was not enough for ULSI device
fabrication processes. . The amount of residual Ni on the other sample didn’t change after SPM,
HNO, and DHF treatment. (We obtained same results also by SC-2 , HF/H,0, and
HF/HCVLDO" treatment but dose not show here.)

Contaminant metals probably exist in or on the chemical oxide if sample wafers have been
contaminated by [AP-method. However Ni was not eliminated even after chemical oxide had
been completely etched off. Since Ni is not adsorbed on the Si surface in DHF solution, this
result suggests that Ni detected here is not re-adsorbed but remained one.  Acid solutions, which
is widely used for surface cleaning, have been believed to have the ability to eliminate almost
metals from Si-surface except only Cu in DHF solution. However the results of this experiment
shows that Ni is not also removed by the acid solutions in the single contamination.

Figure 4 shows the amount of metals in the multiple contamination with 11 elements before and
after HNO3 or SPM treatment.  Plural kind of contaminant metals were Ni, Al, Ca, Cd, Co, Cr,
Cu, Fe, Na, Mg and Mn. Concentration of every metal in SC-1 solution was 1ppm. The
amount of every metal decreased from about 1x10" [atoms/cm’] to below 1x10" [atoms/cm?] after
both acid cleanings. In particular, the removal ratio of Ni was about 99.99%. In Fig. 4,
moreover, the amount of Ni adsorbed in the multiple contamination is more than that in the single
contamination (Fig. 3), though Ni concentration in SC-1 was the same. On the contrary, the
amount of residual Ni after cleaning on the multiple contamination sample was less than that on
the single contamination sample though treatment was the same solutions. These results suggest
that the removal ability of metals in acid cleaning is independent of the initial amount of adsorbed
metals.
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Next, we prepared contaminated wafers with different combination of metals to investigate the
dependence of removal ability of Ni on combination of contaminant metals in the multiple
contamination. In the experiment of Fig. 4, the concentration of every metal in SC-1 solution
was constant (1ppm). In this experiment, however, we controlled the amount of every kind of
absorbed metals on sample wafers so as to be almost equal to about 10” [atoms/cm?].  Al, Ca, Cu,
Fe and Ni was used. Then, concentration of metals in SC-1 solution was followed : Al = 0.83
ppb, Ca = 1ppm, Cu = 50ppb, Fe = 30ppb, Ni =30ppb. Figure 5 shows the amount of residual
metals before and after acid cleaning in the multiple contamination experiment using 5 elements.
Only Ni was not removed from Si wafers though the other metallic contaminants were eliminated
after acid cleaning. From Fig. 4 and Fig. 5, it is obvious that the ability of Ni removal depends on
the combination of metals, i.e. the kind and number of each contaminant metal.

To clarify this interaction among metals, we have to reveal characteristics of each metal in the
multiple contamination process, but 11 elements are too complicated to investigate. Thus, for
simplifying the experiment, we selected following 6 elements as contaminants; Al, Cr, Cu, Fe, Mn
and Ni. This was because these metals were well-known as the contaminant which sometimes
caused contamination problem. Actually, in addition, they are commonly used for the material
composing semiconductor device fabrication equipment. Concentration of the metals in SC-1
solution was 1ppm. Figure 6 shows the results of the multiple contamination experiment using
theses 6 elements.  The extent of decrease in each metal after acid cleaning in this experiment was
almost the same as that in the experiment using 11 elements (Fig . 4).

To further investigate the influence of the kind of metals, we prepared the wafers contaminated
by five metals except Al, and repeated the same cleaning. The reason of exclusion of Al is that
Al is the most common contaminant in SC-1 solution. This result is shown in Fig. 7. In
comparison of Fig, 7 with Fig. 6, the amount of residual Ni and Cu after the cleaning increased
drastically by elimination of Al, though the amount of adsorbed Ni and Cu before acid cleaning
increased slightly. Additionally, initial amount and removal ratio of Cr, Mn and Fe also
somewhat changed. Thus, Al obviously influenced the amount of the other metals adsorbed on
the Si surface in SC-1 solution and their removal ratio in acid cleaning. Therefore, the removal
efficiency of Ni strongly depends on the existence of Al when contamination is caused by plural
metal.

As it is shown in Fig. 5, however, Ni was not removed effectively when the amount of
contaminant metals was small even under the existence of Al. Thus we investigated the
dependence of the Ni removal ratio on the numerical relation between Ni and Al.  Then we
experimented with only Al and Ni.  This result is shown in Fig. 8. The concentration values of
Al and Ni in SC-1 solution are graduated at the horizontal axis. As demonstrated this figure, the
initial amount of adsorbed Ni before cleaning depends on the concentration of Ni in SC-1 solution,
however the amount of residual Ni after acid cleaning depends on the concentration of Al in SC-1
solution. Hence, after acid cleaning, the amount of residual Ni decreased to order of 10"
[atoms/cm?] independent of the initial amount of adsorbed Ni in the SC-1 solution containing Al of
1ppm. On the other hand, in the SC-1 solution containing Al of 10ppb, the amount of Ni stayed
at order of 10"[atoms/cm?] after acid cleaning, Therefore the removal efficiency of Ni strongly
relates to the absolute concentration of Al in SC-1 solution. This result explains the reason that
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Ni was not removed effectively by acid cleaning even under the existence of Al in Fig 5..

To prove the effect of Al in Ni removal, we tried to identify the location of Ni in vicinity of Si
surface in TXRXF measurement. We observed contaminated wafers before acid cleaning which
were used for the experiments of Fig.3, 5,6 and 8.  Figure 9 shows the angular dependence of
fluorescence intensity from Ni on contaminated wafers after the single contamination and the
multiple contamination in TXRXF observation. Ni on the sample wafers where Ni was removed
effectively by the acid solution (Fig. 6 and 8) distributed in shallower part than that on the sample
wafers where Ni was not removed so much by the acid solution (Fig. 3 and 5). From these
observation results, removal ratio of Ni may be influenced by its distribution.

CONCLUSION

We found the Ni removal ratio depended on contamination circumstance, moreover, on the
combination of other metals in the multiple contamination.  No acid solution without Si surface
etching Si-surface such as HF/HNO, mixture eliminated Ni from Si-surface if sample wafers are
contaminated by only Ni.  The Ni removal ratio and the amount of residual Ni after acid cleaning
strongly depends on the concentration of contaminant Al if sample wafers are contaminated by
plural kind of metals including Al.  However certain amount of Al is necessary to remove Ni
effectively by acid solutions.
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Surface Complexation of Metals: A Predictive Model
Based on Metal Coordination Chemistry
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ABSTRACT

Various approaches to understanding and predicting adsorption metals
onto oxidized silicon wafers have been put forward, with varying degrees
of success, including ones based on electrochemical thermodynamics (ie
Pourbaix diagrams) [1], solubility/precipitation [2], adsorption /
desorption kinetics [3], and equilibrium thermodynamics [4]. This paper
will explain the adsorption of metals at the silica surface in terms of the
coordination chemistry of metal ions. A qualitative approach capable of
predicting the robustness of chemical clean ups towards specific metals
will be described. The conclusions based on this approach will be
compared to original data as well as to data found in the literature.

INTRODUCTION

In order to make improvements in cleaning and to meet the challenges of future
generations of devices it is necessary to understand the chemistry of the metal ions both
in solution as well as at the surface of the wafer. Various approaches to understanding
and predicting adsorption phenomenon have been proposed, with varying degrees of
success, including ones based on electrochemical thermodynamics (ie Pourbaix diagrams)
[1], solubility/precipitation [2], adsorption / desorption kinetics [3], and equilibrium
thermodynamics [4]. This paper will show that adsorption of metals at the silica surface
can be adequately explained by the coordination chemistry of metal ions in aqueous
solution. This approach leads not only to an understanding of the results of adsorption
studies on common metals in the literature to date but also provides a straightforward way
of predicting the adsorption behavior of new metals (Ba, Sr, Pt, Ru, Ta, etc...) that are
now entering the fab due to the requirements of advanced device manufacturing.

ADSORPTION ON SILICA SURFACES
It is known that organic and inorganic acids will adsorb on silica surfaces. Various
authors have successfully used complexation and ligand exchange to describe the
observed absorption [5-11]. Stability constants have been determined for several
different oxide surfaces, including silica. Work with organic acids has shown that the
bonding at the surface can be inner sphere but this has not been shown decisively in the
case of metals.[5,8] Successful models have been proposed based on the assumption of
both inner and outer sphere mechanisms.[6,10] In the case of metals there are many
difficulties associated with determining the exact mechanism controlling metal adsorption
at the surface of silica. This is due to the fact that several phenomena, adsorption,
hydrolysis and precipitation, converge in a very narrow pH range making it difficult, if
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not impossible to separate them. This does not mean, however, that useful patterns
cannot be found based on metal and silica reactivity.

The surface of silicon and metal oxides are covered by hydroxyl groups when in contact
with aqueous solutions. These hydroxyl groups are able to pick up and release protons
from solution resulting in the observed pH dependence of the surface charge. Silicon
dioxide (silica) has weakly acidic hydroxyl groups on the surface as is evidenced by a
point of zero charge (pzc) at pH ~2 and an estimated K, of 10%% [12]. Thus the surface
can act as an ion exchange or coordination site for both water and ions present in the
solution [5,6,12].

METAL IONS IN SOLUTION
When a metal ion is placed in aqueous solution it will stabilize its positive charge by
surrounding itself with a hydration sphere of six water molecules. If other species
(ligands) are present in the solution, especially Lewis bases, the metal can preferentially
coordinate with the ligands thereby displacing the H,O coordinated to the metal.

M(H20)6"* +yL~ — MLy (H20)6_,* 7+
Stability constants for these reactions can be calculated from the equilibrium

concentrations,
[ML,] (p,T.I=constant)
Ky=——2%1

(ML)
( p = pressure, T = temperature, and I = solution ionic strength). Such ligands can be
monodentate (one reactive site per ligand) or, in the case of chelating agents, polydentate
(multiple reactive sites per ligand). A sampling of stability constants is shown in Table 1.

A special case of the above occurs during the process of hydrolysis, in which the metal
ejects a proton from its surrounding water sheath, acidifying the water and creating its
own Lewis base (OH") to coordinate to as shown:

M(H20)6™" — M(OH)y (H20)6-, Y+ +yH™*
This process will repeat until the metal achieves thermodynamic equilibrium. The

equilibrium condition of this reaction can be characterized by a hydrolysis stability
constant, defined as,

_[H' P [M(OH)y(Hp0)6-y"* ¥ *1 (p.T.1 = constant)

[M(H20)6™ ]
The sequential ejection of protons can be characterized and the stepwise equilibrium
constant assigned a subscript that denotes how many protons have been ejected (ie Ky,
K2, Kps, etc...). The hydrolysis process has been well characterized for many metals and
reliable tables of overall stability constants can be located in the literature [14,15]].
These constants make it possible to calculate the hydrolytic speciation of a given metal
over a wide pH range.
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A similar approach can be taken when describing metal adsorption on the silica surface.
Per reference 6 the reaction of a metal at the surface can be described as follows:

= SiOH + M** >=SioM* ¥ 4 g+ and
2= SiOH + M** - (= SiOH)y M*~%* + 25
Stability constants for the surface complexes formed can be defined as follows:

_f=sio™ MyHty and o (=SiOH) M 180

{SiOH}[M**] {ES;‘OH}Z[M]

p,T,I = constant,{} indicates a surface concentration, [] indicates a solution concentration.
It has been noted [6,13], that the =Si-(OH) (x=1,2) groups covering the silica surface
are chemically similar to the H-OH of water and thus a valuable guide as to how
aggressively a metal will react with the silanol groups on the silica surface is provided by
the metal’s hydrolysis behavior. Simply put, the more readily hydrolyzable a metal is
(with correspondingly larger Ky;) the more readily it will coordinate to the silica surface.
Metal ions with high charge/radius ratios will hydrolyze to a greater extent than those
with smaller ratios, leading to the correlation that was previously observed [16]. The
correlation between K, and K has been reported several times in the past [6,13] and it
was demonstrated with silica gel (at I = 1) that the two types of stability constants were
related by the equation:

K1

log K¢y =—0.09+ 0.6210g K},,, [6]
Thus, an inspection of hydrolysis constants for metals gives an immediate indication of
how thermodynamically favorable its adsorption is relative to other given metals,
assuming only H,O is present. A simple comparison of Ky, values is sufficient.

Several general conclusions can be drawn from the equations cited above describing
metal adsorption on silica surfaces. The first is that based on this model it would never
be possible to have levels of metal adsorption larger than that surface concentration of
SiOH which is 4.6 - 5.5 X 10" cm™ [6,17]. The second is that two ways to drive the
surface concentration down would be to increase [H*] or to decrease [M**]. Thus the
observed pH and metal concentration dependence of metal adsorption.

Strictly speaking, [M**] is the concentration of the free metal ion, not including any
hydrolysis products. It is reasonable to assume that hydrolysis products of metals would
form mixed complexes on the surface of the oxide (8-10). Contrary to reference 4 it does
not seem necessary to assume that any particular hydrolysis product is dominant in the
adsorption process as adsorption can be found all across the pH range, even where
hydrolysis products are not formed. For the purpose of the discussion that follows it is
assumed that [M™*] refers to the free metal ion as well any of its hydrolysis products that
are in solution.
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One way in which to drive [M**] down is to add a competing ligand to the solution. If the
ligand-metal complex is more stable than the silica-metal complex, then the ligand can
effectively prevent the metal from adsorbing on the surface. A comparison of their
stability constants with the hydrolysis constants or surface complex constants will
indicate how effective they will be in preventing metal adsorption on silica.

Finally, in dealing with some of the new metals that are entering the wafer manufacturing
process, it is necessary to look at how labile the metal is. Most 1 row transition metals
are very labile and exchange ligands as fast a diffusion will permit. Others, in the 2™ and
3" row can be very inert and even with a strong thermodynamic driving force can take
hours, weeks, or years to exchange ligands (eg Ru) [18]. This can be critical when
considering if a given metal will be removed from a wafer surface or if it will adsorb
from solution.

The primary applicability of the complexation model is in the pH < 9 range although it
can be applied across the entire pH range. At pH’s > 9, the problem of silica dissolution
grows with pH. It can be expected however, that the tendencies of a given metal to
adsorb at lower pH’s will remain the same relative to other metals and so this model can
be profitably applied to SC1 solutions as well as SC2 or other acidic chemistries.
Quantification of SC1 solutions may prove difficult but no doubt appropriate correction
terms can be added.

The values of stability constants published in the literature for silica metal complexes are
generally with solutions at ionic strengths of 1. This is not typical of wafer cleaning
solutions and reduces the value of the published constants for quantitatively calculating
actual surface coverage. Typically, under the conditions chosen by those who study silica
gel complexation, the silanol concentration in solution is much greater than the metal ion
concentration. In wafer cleaning, the exact opposite is true. The total number of silanol
groups in the bath is much less than the total number of ions in solutions and the actual
concentration of silanols only begins to approach that of the metal ions directly at the
surface. An implication is that the published stability constants are almost certainly going
to be skewed relative to what is observed in wafer cleaning. Our thesis is that this
skewing should be relatively constant allowing for fruitful comparison.

RESULTS AND DISCUSSION
Silicon wafers, CZ, p-type, <100>, 1-30 Qcm, 150 mm diameter, were prepared by
scribing and then cleaning the wafers with a HF-SC1-HCI sequence and in some cases
were then thermally oxidized. The wafers were then dipped in various solutions,
including some with chelating agents, that had been spiked with GFAA standard metal
solutions. Except where noted, experiments were carried out at room temperature, with a
dipping time of 10 minutes, a rinse time of 2 minutes followed by spin drying. Analysis
was performed using VPD-DSE-TXRF (Vapor Phase Decomposition - Droplet Surface
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Etching - TXRF), VPD-DSE-ICPMS, VPD-DSE-GFAA ‘and/for HIBS (Heavy Ion
Backscattering) as appropriate.

Figure 1 shows the concentration of Fe** remaining on thermal oxides following
immersion in HCI solutions spiked with iron. The iron level shows a large increase in
the region of pH 2-4 which is exactly the region where the first hydrolysis product begins
to appear in significant amounts [8]. Comparing the log K; (from Table 1) for CI' (0.8)
with the log K; for OH" (11.0) shows that the ClI” should negligibly interfere with the Fe*
adsorption which is indeed the case.

Table 2 shows the adsorption of Fe** from SCI solution. It can be seen that the
adsorption level begins leveling off at ~2 x 10'* at/cm? (compare with Figure 1). This
same maximum has been reported for Fe (as well as Al and Zn) elsewhere in the literature
[4, 19-23]. K it is assumed that the coordination complexes are a mixture of =SiOM and
(=Si0),M, then the maximum amount of metal adsorbed on the surface will never exceed
low 10" / cm?® values. The fact that it begins to level off in the 10" range indicates that
either the adsorbed Fe is interfering with further adsorption [8] or that other metals not
measured, most likely Al, are occupying the other available sites on the wafer. The rise in
Fe on the wafer is first order in [M**] which is in agreement with the model.

This adsorption maximum is a good argument against precipitation or particle adsorption
being dominant mechanism. Precipitation would result in higher quantities of metal as
the only fundamental limitation would be the solubility of the metal, which is quite low
for metal ions such as Fe**. Similarly, if the mechanism were dominated by particulate
deposition, this upper ceiling should be broken at times, but in the literature, this has not
been seen, even though such particles are known to exist [24] and no doubt deposit on the
surface. Finally it has been shown [5, 6, 8-10, 25] that metal ions will adsorb on silica
surfaces even when solubility is not an issue. = This does not rule out the other
mechanisms but relegates them to a secondary role in the adsorption process.

Table 3 shows the results of two experiments performed in SC1: first, of using a H,O,
containing a polyphosphonic acid chelating agent [26,27], and second, of using EDTA to
complex metals [23]. As can be seen, both chelating agents were effective in reducing
the metal levels on the wafers. This is due to the high stability of the metal chelates that
are formed resulting in a reduction in [M**]. EDTA stability constants can be compared
in Table 1.

Table 4 shows the adsorption of Ba, Sr, Pt, and Ru from different solutions that were
individually spiked to 1 and 10 ppb of each metal. The HF process was 2 minutes and
the HCI solutions were heated to 50C. It should be noted that Ba and Sr, being alkaline
earth metals would be expected to behave very similarly to Ca and this is indeed the case.
In acid solutions their adsorption is low to <DL, while in SC1 they adsorb at levels that
are similar for Ca (cf Table 2). Pt and Ru, on the other hand are known to readily
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hydrolyze, even at low pH [26], which would argue in the favor of showing high
adsorption. However, Pt and Ru are known to form very stable CI" and NH3 complexes
and are, especially in the case of Ru, not very labile. The end result is that the metals do
not adsorb readily from any of the solutions tested.

Table 5 shows the opposite situation, where Ba, Sr, Pt, and Ru are already on the wafers
(spin deposited from stock acid solutions) and the various cleaning solutions are used to
attempt to remove them. Sr and Pt are easily removed in all cases for basically the same
reasons discussed above. Ru is poorly removed, no doubt due to its relative inertness to
ligand exchange. Ba is the one real surprise, exhibiting low removal rates. This
anomalous behavior will be the subject of further study.

Conclusions: Metal adsorption onto silicon oxide surfaces was shown to be
understandable in the context of the hydrolysis and coordination chemistry of metals. It
was shown that the tendency of a metal to adsorb to silica surfaces can be predicted by
looking at the stability of its first hydrolysis product and comparing it to the stability of
other coordination products that might form in the solution. A context and method was
provided that not only gives valid interpretation for past results in the literature but also
gives predictive capability when new metals are encountered. The relevant factors to
consider are: 1) the tendency of the metal to hydrolyze, 2) the ratio of ionic charge to
radius, 3) the presence and concentration of competing ligands in the solution, and 4) the
lability of the metal in question. Future efforts toward quantification of metal removal
from and adsorption onto oxidized silicon wafer surfaces can now be placed in a context
of the chemical forces at work.
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Figure 1: Iron concentration remaining on chemical and thermal oxide surfaces following
10 minute immersion in 100 ppb spiked HCI solutions of varying pH.

Table 1. Stability constants (log K;) of metal complexes with NH;, CI', OH', and EDTA
[12,13,25]. (Equilibria of reaction: M + L — ML)
Complexant AP* Fe* Zn* Ca® Ba® Sr* Pt* Ru*

OoH 97 114 48 14 08 06 1T T
cr - 08 07 ? ? ? ~16 1T
NH; - ~06* 23 -02 { 87 T
EDTA 161 251 165 107 78 86 ? ?
:]IB(ased on mixed complex with CN

2
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Table 2: Fe** adsorption on silicon oxide from SC1. Results in 10'° at/cm?
Control +0.1 ppb +1.0 ppb +10 ppb +100 ppb

Fe 435 25.2 272 1509 2544

Ca <07 3.1 18.3 160

Table 3: Effect of chelating agents on metal outplating. Results in 10" at/cm?.
Solution Fe Ni Cu 7Zn_Ca

SC1+ 1 ppbFe . 656 155 7.2 330 235

SC1+ 1 ppb Fe + Wako H,0, 12 10 37 19 69

SC1 + 1 ppmPFe,Ni,Cu,Zn, & Ca 1080 261 524 3520 142
SC1 + metals + 150 ppm EDTA 91 25 35 80 17

Table 4: Removal of spun on Ba, Sr, Pt, and Ru from thermal oxide in different
solutions. Results in e10 at/cm2 as measured by HIBS. (* indicates Br interference which
can obscure metal scattering peak resulting in loss of precise quantification or inability to

detect metal at all. Implies low level of metal in most cases)

Metal Pre Post
1:1:5SC1 049% HF 3.7% HCl 0.037% HCI
Ba 121 14.6 11.7 30 33.8
Sr 170 39 5.1 * 53
Pt 189 <0.07 <0.07 <0.07 <0.07
Ru 433 52.9 71.3 72.0 50.4

Table 5: Adsorption of Ba, Sr, Pt, and Ru onto thermal oxide from various cleaning

solutions spiked to 1 and 10 ppb. Results in e10 at/cm2 as measured by HIBS.

(* indicates Br interference which can obscure metal scattering peak resulting in loss of
precise quantification or inability to detect metal at all. Implies low level of metal in

most cases)
Metal b] 1:1:5SC1 0.49% HF __ 3.7% HCIl 0.037% HCI
Ba 1 0.52 0.75 <0.18 0.24
10 4.07 0.31 <0.16 0.21
Sr 1 2.61 * * 1.31
10 7.73 * * ~2%
Pt 1 0.45 1.95 <0.06 0.20
10 0.85 0.06 <0.07 <0.07
Ru 1 ~1.1% * <0.23 <0.23
10 ~1.88 * <0.20 0.24
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Fe REMOVAL IN SC2 SOLUTIONS

S. Dhanda, R. P. Chiarello, and C. R. Helms
Solid State Laboratory, Stanford University, Stanford, CA 94305

P. Gupta
Intel Corporation, Santa Clara, CA 95054

The efficiency and kinetics of Fe removal in SC2 mixtures were
investigated as a function of key process variables. These variables
included the temperature and composition of the SC2 mixture, the
duration of the clean, and the starting Fe levels on the wafer surface. It was
found that all of the above variables play an important role in the
optimization of the SC2 step. The peroxide concentration in solution, and
the temperature of the mixture, were found to be particularly important.

INTRODUCTION

RCA based chemistries used in silicon wafer cleaning commonly employ both
SC1 and SC2 cleans. The SC1 clean is effective for the removal of particles and organic
material, but may often result in the deposition of metals onto the wafer surface. Removal
of these metals prior to gate oxidation is imperative, and is commonly accomplished via
cleaning in an HF-based chemistry,"** or an acid-peroxide mixture such as SC2.**S The
SC2 mixture offers a low pH environment, additional oxidizing power, and excellent
chloride complexing ability, all of which help in the removal of metals from the wafer
surface.

Conventional SC2 cleans typically employ a 1:1:5 (HCl:H,0,:H,0) mixture, are
performed at temperatures between 70 and 90°C, and wafer exposure times ranging from
5 to 20 minutes. Optimization of the composition, temperature and exposure time of the
SC2 mixture are important for high metal removal efficiencies.

Previous investigations”-*!? have concentrated on optimizing the temperature and
composition of SC2 mixtures, but the concurrent optimization of the SC2 clean with
respect to temperature, composition and exposure time has not been systematically
investigated.

Our study was designed to gain greater insight into the effects associated with
varying the critical variables in an SC2 clean. Consequently, we measured surface metal
contamination on wafer surfaces by varying the composition (by increasing or decreasing
the HCI/H,0, ratio in solution) of the SC2 mixture, temperature of the SC2 bath, the
wafer exposure time in SC2 and the level of metal contamination on the wafer surface.
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EXPERIMENT

6” p-type Cz wafers were treated using the process flow sequence shown in Figure
1. All wafers were initially cleaned using steps 1 through 4 before being exposed to Fe-
contaminated SC1. Wafer surface contamination levels were varied by varying the
amount of Fe contamination in the SC1 solution from 3 ppb to 3 ppm. The Fe levels on
the wafer surface were subsequently measured using total x-ray reflectance fluorescence
(TXRF). The contaminated wafers were then treated using SC2 solutions of various
compositions and temperatures. TXRF measurements were made before and after
exposure to the Fe-contaminated SC1 solution, and after treatment in SC2.

A conventional SC2 chemistry with a 1:1:5 composition was used as a starting
point in our studies. The temperature of the mixture was varied from 25°C to 70°C to
determine if elevated SC2 temperatures improved an SC2 mixture’s effectiveness for
removing Fe from the surface. The temperature of the SC2 mixture is also important in
determining the half-life of an SC2 bath; lower temperatures translate into higher bath
lives.” which implies less frequent replenishment of the SC2 bath, and therefore reduced
costs from lower chemical usage. Dilute HCl chemistries also imply lower chemical
usage by a reduction in the HCI content, and by the elimination of peroxide from the
cleaning mixture. A similar argument applies to dilute SC2 mixtures. Comparing
mixtures such as 1:1:5 and 1:0:5, as well as 0.1:0.1:5 (dilute SC2) and 0.1:0:5, helped
determine the effect of peroxide on Fe removal efficiency. Similarly, comparing HCl
solutions of varying degree of dilutions (such as 0.1:0:5 and 0.01:0:5) helped isolate the
effect of HCI (in the absence of peroxide) on the extent of Fe removal. The SC2 mixtures,
temperatures and other chemistries we studied are summarized in Table 1.

Table 1: Compositions and temperatures of SC2 and other solutions.

Clean SC2 Composition Temperature
(BC]:H;O:: HzO)
25°C
Conventional SC2 | 1:1:5 50°C
70°C
0,
1:0:5 25°C
Dilute HC1 c
0.1:0:5 70°C
0.01:0:5 70°C
Dilute SC2 0.1:0.1:5 70°C
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RESULTS

Figure 2(a) shows Fe surface contamination plotted as a function of treatment
time in the standard, 1:1:5, SC2 mixture at 70°C. The four sets of data represent four
initial surface contamination levels of Fe. The solid lines represent the best fits to the data
using a simple decaying exponential function. The only fit parameter was the time to
reach steady state (t). The curves were normalized using the initial Fe surface
concentration. For each initial Fe surface contamination level we studied, a final Fe

surface contamination level - equal to the TXRF detection limit - was obtained in
approximately 10 - 20 seconds.

The kinetics of Fe removal in 1:1:5 mixtures at 25°C and 50°C are shown in
Figures 2(b) and (c), respectively. In both cases a steady state value of o¢ was achieved in
less than 50 seconds. However, unlike the treatment at 70 °C, for both of these
temperatures the final Fe surface concentration was dependent on the initial Fe surface
concentration. As seen in Figures 2(b) and (c) this indicates that the initial Fe surface
contamination was not completely removed from the wafer surface. Specifically, for
initial surface Fe contamination levels greater than 10'2 cm2, complete removal of Fe
from the wafer surface was not obtained using standard SC1 at 25 °C and 50°C.

The kinetics of removal in dilute HC]1 mixtures (0.1:0:5, 0.01:0:5) at 70°C are
shown in Figures 3(a) and (b). In both cases, the time taken to reach a steady state value
was found to steadily increase with increasing o;, and was found to be as high as 150-300
seconds for initial surface concentrations above 1x10'* cm™2. From Figure 3(a) it can be
seen that the removal of Fe was complete when using a more concentrated chemistry
(0.1:0:5). For a more dilute chemistry (0.01:0:5) we found that the steady state value of
or ~ 4 x10"° cm? was slightly above the detection limit. This may be attributed to the
relatively high pH associated with such a dilute mixture.

Figures 4(a) and (b) show the Fe surface concentration plotted as a function of
treatment time for 1:0:5 SC2 mixtures at 25 °C and 50 °C, respectively. At 50 °C, the Fe
detection limit was reached in approximately 50 seconds. When we used the 1:0:5 SC2
mixture at 25°C, steady state was reached by 100 seconds and for initial surface

contamination levels greater than 10'* cm?, significant amounts of Fe remained on the
wafer surface even after 500 sec of treatment.

Figure 5 shows the surface Fe concentration plotted as a function of time for
wafers treated using a 0.1:0.1:5, SC2 mixture at 70 °C. For all initial surface Fe
concentrations we examined, a steady state Fe contamination level was reached within
100 seconds. For initial Fe surface contamination levels greater than or equal to 103cm?,
a significant amount of Fe remained on the wafer surface after 500 seconds of treatment.
The incomplete removal of Fe may be attributed to the reduced HCl concentration
coupled with the presence of a strong oxidizing agent such as H,0,.'°
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CONCLUSIONS

The efficacy of an SC2 clean depends on several parameters. These include the
temperature and chemistry of the mixture, the duration of the clean, and the initial Fe
(metal) level on the wafer surface. Further, there exists a complex dependence between
these parameters, so that an attempt at optimizing the SC2 step via modification of only
one of these variables, is not recommended. While an in-depth discussion of these
interdependencies is beyond the scope of this work,'? certain obvious inferences can be
easily made.

Clearly, increasing the temperature serves to improve the removal efficiency, and
in some cases even the rate of removal. The improvement in removal efficiency with
temperature is especially evident for peroxide inclusive chemistries. The increase in
temperature may be responsible for the efficient removal of iron silicate from the surface,
leading to an increase in the removal efficiency.

A definitive trend is also observed with respect to hydrogen peroxide
concentrations in solution. In general, an increase in peroxide concentration proves
detrimental to the removal of Fe from the surface. While high temperatures coupled with
high concentrations of HCI in solution (e.g. 1:1:5 SC2 at 70°C) prove effective in
mitigating this detrimental effect, scaling down the HCl concentration must necessarily
be accompanied by complete (or near complete) removal of peroxide in solution. Scaling
down the concentration of HCI and H,0, in solution in this fashion is desirable since it
results in lower costs. The potential problem of incomplete noble metal removal that may
result from use of such a cleaning methodology can be avoided by ensuring that noble
metal deposition'! from a preceding HF clean is minimized. This may be achieved by
using chemicals (HF solutions) that have intrinsically low noble metal levels, thus
preventing the deposition of noble metals in the first place. Alternatively, innovative
chemistries, such as the HF-HCI cleans,'? may be used to mitigate this effect.

Another major finding is that SC2 cleans as currently implemented are
“overdone” with respect to removal of Fe. The conventional RCA2 clean (1:1:5 SC2) is
one which is still commonly employed by the semiconductor industry, and is often 10
minutes (or greater) in duration. In the case of high temperature chemistries with fairly
high concentrations of HCI (e.g. 1:1:5 at 70°C), it is clear that such lengthy cleans are
unnecessary, since the removal of Fe is complete in 10-20 seconds. Even dilute HCI
chemistries at high temperatures completely remove Fe in less than 300 secs.

The importance of optimizing the temperature, the duration of the clean, and the
chemistry is also strongly linked to the initial level of contaminant on the surface. So long
as o, is below 10'2 cm?, these variables are of little or no importance. The real value of
optimizing cleans become evident, when excursions from normal contaminant levels
occur in a cleaning sequence. In such cases, excessively high metal levels in an SC1 bath
(due to an unforeseen contamination event) may lead to excessive metal deposition on the
wafer surface, which may not be adequately removed in an unoptimized SC2 step.
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Finally, we emphasize that these studies relate to Fe removal only and one must
proceed with caution before extrapolating these results to other metals. It is likely
however, that these trends are representative of other transition metals. We have
performed preliminary studies which indicate that Zn behaves in a manner similar to Fe.
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PROTECTION OF HF BATHS AGAINST NOBLE METAL
CONTAMINATION

S. Kunz(D | S. Marthon() and F. Tardif(2)

(1) : Millipore SA, BP 116, 67120 Molsheim, France
(2) : Gressi-Leti-CEA/G, 17 rue des Martyrs , 38054 Grenoble Cedex 09, France

Noble metals deposit electrochemically in HF. The impact of H,0, and
light on the deposition behaviour of 1 to 1000 ppb of Cu and Ag from
aqueous 1% HF solutions on silicon wafers is investigated. It is found by
TXRF and AFM that under none of these conditions neither the deposition
of the noble metals onto the silicon surface, nor the roughening of the
silicon surface can be prevented. For 1 ppb Ag and 10 ppb Cu in 1% HF
up to 10 nm high peaks of copper and silver and 6 nm deep holes are
observed on the silicon surface. QBD measurements of 7 nm gate oxide
show that only 10 ppb of either metal decreases the gate-oxide-integrity.
Point-of-Use purification of diluted HF using a Millipore Chempure™
purifier can remove 98 % of the Cu, and 99.9 % of Pd, and Au
contamination within a few bath turnovers and maintain contamination
levels comparable to a fresh HF bath.

INTRODUCTION

With the shrinkage of gate oxide thickness and device feature size, control of metal
contamination during wet cleaning processes becomes increasingly important. In HF
chemistry noble metals are particularly detrimental since they deposit onto the silicon
surface due to their positive electrochemical potential (1). During the lifetime of a HF
bath metal contamination gradually increases due to impurities which are brought into
the bath by contaminated silicon substrates. Since the contamination buildup from
conventional processing becomes the major source of contamination, using even higher
grade chemicals can no longer be the answer to meet the increasing requirements with
respect to metallic purity of HF baths in wafer processing (2). Additional contamination
spikes can cause fatal damage to gate oxide integrity especially after a HF-last cleaning
process.

In the literature, different approaches to diminish noble metal deposition in HF
have been reported, such as adding HyO, (3), (4), adding surfactants (1), (5) adding
complexing agents (6), or processing the wafers in the dark (7), (8). In order to
guarantee constant and lowest possible metal contamination levels during the whole bath
lifetime Point-of-Use (POU) purification is necessary.

In this study, the deposition behaviour of Ag and Cu in diluted HF under different
chemical and photochemical conditions is investigated. The contaminated wafers are
characterized by Total-reflection X-Ray Fluorescence (TXRF) and Atomic Force
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Microscopy (AFM). In order to study the impact of noble metal contamination on the
dielectric properties of the gate oxide, QBD measurements of intentionally contaminated
wafers are performed. Finally, the removal efficiency of the POU-purifier with respect
to Cu, Fe, Ag, Au and Pd in intentionally contaminated 1% HF is investigated.

EXPERIMENTAL

In the experiments 100 mm diameter, CZ grown, p-type (B-doped), (100) silicon
wafers (14-22 Ohm cm) were used. Prior to the HF step the wafers were cleaned in
H,S0,/H,0, (3/1, 140°C, 10 minutes) followed by a 1 % HF dip at 20° C prepared with
ULSI grade concentrated HF. After overflow rinsing the wafers were spin-dried. The 1%
HF was either clean or intentionally contaminated with Cu or Ag (1-1000 w-ppb). The
resulting surface concentrations were measured by TXRF. The surface roughness of the
wafers after contamination was measured by AFM (tapping mode).

For the GOI measurements the wafers were subject to an RCA clean [H,SO,/H,0,
(3:1), SC1 (0.25, 1, 5) , SC2 (1, 1, 5)]. The wafers were intentionally contaminated in a
HF-last step for 2 minutes, with 1 to 1000 ppb of Ag or Cu. After overflow rinsing the
wafers were spin-dried. The delay between HF-last and oxidation was less than 60
minutes to avoid degradation of the surface due to organic contamination. A 7 nm gate
oxide was grown in a wet thermal process at 750°C.

A Millipore Chempure™ purifier was used as a POU ion exchange purifier. The
device consists of a pleated UPE membrane cartridge in a polyethylene housing. It was
plumbed in series with a 0.1 micron Millipore QuickChange™ particle filter in a
recirculated HF bath (9). The metal concentration in the bath was measured by ICPMS.
All the experiments except for the AFM measurements were performed in a class 10
environment.

RESULTS

Investigation of Noble Metal Deposition on Silicon by TXRF and AFM

In order to study the influence of light and strong oxidizing agents such as H;O,
on the deposition behaviour of Cu and Ag the wafers were immersed in a solution of 1%
HF which was intentionally contaminated with 100 ppb of Cu and Ag: i) under normal
cleanroom illumination, ii) in the dark and iii) in 1% HF/H;0; (1/7) and normal clean-
room illumination for 10 minutes (fig.1). The blank was treated in clean 1% HF with
cleanroom illumination.

Neither addition of H,0, nor processing in the dark diminished the measured Ag
contamination of 1014 atoms/cm2, Even though less Cu was deposited when Hy0, was
added or after contamination in the dark, the resulting contamination levels were always
above 1011 atoms/cm?2 compared to 1010 atoms/cm? for the blank.
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Under all deposition conditions the surface roughness, given as the Root Mean
Square (RMS) of the surface profile, increased considerably (fig. 2). In the case of Cu
the surface roughness doubled for all three deposition conditions. For Ag the surface
roughness even increased up to 0.5-0.7 nm compared with 0.14 nm for the blank. It
reached its maximum value when H,O, had been added.

Figure 3 shows the typical surface morphology of a silicon wafer after contamin-
ation with 100 ppb Cu or Ag in 1% HF obtained by AFM. Neither the wafers treated
with HF/H,O, nor the wafers processed in the dark looked any different. Under all three
contamination conditions and for both metals, Cu and Ag, the average surface roughness
increased. Additionally up to 10 nm high peaks of deposited metal and 6 nm deep holes
in the wafer surface were observed (10). This was valid also for contamination in 1% HF
with 10 ppb Cu or 1 ppb Ag when the bath time was decreased to 2 minutes. For 1 ppb
Cu and a 2 minutes bath time 1 nm high Cu deposits could still be observed. As the
metal concentration in the HF was decreased the number density of the resulting metal
peaks on the wafer decreased as well. But even for a metal concentration of 1 ppb up to
10 nm high metal peaks were still observed.

Electrical Tests

The influence of Cu and Ag contamination in HF-last on the gate oxide integrity of
7 nm oxide was investigated. After an RCA clean the wafers were intentionally
contaminated with 1 to 1000 ppb of Ag or Cu in HF- laet In figures 4 and 5 the infant
breakdown, referred to as “plnholes” (< 10E-S Clem’ ), and the Mid BreakDown
percentage (MBD) (10E-5to 1.5 Clem® ) are shown.

The results show that only 10 ppb of either Cu or Ag clearly affected the Gate
Oxide Integrity (GOI). Starting with 8 % for wafers treated in HF with no or 1 ppb of
metal contamination the MBD increased to 21 % for 1000 ppb of copper. Additionally
an increase of the infant breakdown was observed. Usually this is contributed to particle
contamination prior to the gate oxidation. As depicted in figure 4 the infant breakdown
increased with the Cu contamination in HF. This behaviour could be related to the
observed big copper peaks which degrade the oxide and create pinholes. In the case of
Ag, which deposited more uniformly, this effect was not observed (see figure S). The
MBD degradation could be attributed to the associated silicon roughness. Indeed Ag,
which generated a particularly heavy roughness, degraded the oxide: 10 ppb increased
the MBD to 80 %, 100 ppb leads to a nil yield.

Before gate oxidation the HF step, used to remove the sacrificial oxide, is often
followed by a conventional RCA clean. This cleaning sequence is able to eliminate
noble metals but not the roughening during the previous contaminated HF step. Figures
6 and 7 show that, as expected, the RCA restored only partially the surface. When a
RCA was performed the dangerous noble metal concentrations were pushed to 1000 and
100 ppb for Cu and Ag respectively. From this point of view a RCA-last process is more
robust than a HF-last process.
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Point-of-Use Purification in 1 % HF

To study the performance of the Chempure™ purifier after an accidental
contamination of the bath, 8 ppb of Cu was spiked into a recirculated HF-bath, bypass-
ing the purifier. After the solution was well mixed the flow was switched to the purifier.
Samples were taken every 5 to 10 minutes and analyzed by ICPMS. Three turnovers
after putting the purifier in-line the Cu concentration had fallen to 200 ppt and reached
170 ppt in equilibrium after 24 h of recirculation (fig. 8).

The corresponding graph for Fe’* is shown in figure 11. Before the contamination
130 ppt of Fe were measured in 1 % HF. Traces of Fe were always present due to
extraction from the tank and the tubing. In this case 5 ppb of Fe was spiked into 1 % HF.
After 3 bath turnovers through the purifier the remaining Fe concentration was
diminished to 200 ppt resulting in a Fe contamination of 180 ppt after 24 hours.

The purifier was even more efficient in removing Au and Pd. In a single
experiment 10 ppb of Au and Pd were added to 1 % HF (fig.9). After 7 turnovers 20 ppt
of Pd- and 40 ppt of Au-contamination were measured reaching a value of 10 ppt for
both metals after 14 turnovers.

In order to simulate the performance of the purifier during the normal contamina-
tion build-up during the lifetime of a HF bath, four spikes of 1 ppb of Cu and Fe were
consecutively added to 1 % HF (fig. 10). Samples were taken before and 30 minutes (7
turnovers) after each contamination spike. Before the contamination 0 ppt of Cu and 140
ppt of Fe (as extractable) were measured by ICPMS. As shown in figure 10, the purifier
kept the Fe concentration constant at approximately 150 ppt even after 4 ppb had been
added in total. In the case of Cu a linear dependence of the equilibrium concentration
and the total added amount was observed, as it is predicted by the theoretical model
(11), resulting in a remaining Cu contamination of 170 ppt after 4 ppb of Cu were added
in total. The purifier did not remove Ag and Pt contamination.

DISCUSSION

Neither addition of HyO» nor dark processing of the wafers could effectively
protect against noble metal deposition in diluted HF. No influence on the Ag deposition
was observed. Under all conditions the surface concentration could not be reduced to the
blank level. Furthermore, an increase of surface roughness was observed even when
hydrogen peroxide was added to the HF. Additionally to this increased average surface
roughness up to 10 nm high metal depositions and 6 nm deep holes in the silicon surface
were found by AFM.

As the electrical tests have shown 10 ppb of Cu or Ag in the HF-last bath could
already drastically reduce the yields for 7 nm gate oxide. Ag is much more detrimental
than Cu. The deposition of Cu seems to depend strongly on the initial surface state of
each particular wafer. Even for 1000 ppb Cu in the 1% HF some wafers were found that
showed the same QBD distribution as the reference treated in clean HF.

Even a RCA clean following the contamination in 1 % HF could not prevent the
degradation of the gate oxide for high concentrations of Cu (1000 ppb) and Ag (100
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ppb). AFM results show that the deposition of noble metals is accompanied by an
increase of the surface roughness. For low metal concentrations the dielectric degrada-
tion of the gate oxide is dominated by defects created by the deposited noble metals
whereas for high concentrations the associated surface roughening is sufficient to des-
troy the gate oxide.

Thus POU-purification seems to be the only way to efficiently prevent noble metal
deposition in HF. The purifier is able to prevent the buildup of metal contamination
during conventional processing and guarantees a constant bath quality during the whole
bath lifetime at ppt contamination levels. It efficiently protects against noble metal
spikes during wafer processing. After a contamination spike the purifier reached equili-
brium in only a few turnovers and cleaned the HF with a removal efficiency of 97 % for
Cu, 99 % for Fe and 99,9 % for Au and Pd. Reaching Sub-ppb levels in less than 2 turn-
overs it thus provides a “clean” bath for the next lot being processed. This enables the
bath lifetime to be extended and can contribute to reducing costs-of-ownership and
lower HF waste.
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ELECTROCHEMICAL AND RADIOCHEMICAL STUDY OF
COPPER CONTAMINATION MECHANISM FROM HF
SOLUTIONS ONTO SILICON SUBSTRATES.

Valérie BERTAGNA, Frangois ROUELLE and Marius CHEMLA
Université P. & M. Curie, 4 Place Jussieu, 75005, PARIS, FRANCE

The mechanism of contamination of silicon wafers from dilute
HF solutions containing traces of metallic ion impurities, was investi-
gated using a new electrochemical cell, which proved to act as a very
efficient sensor for in situ characterization. Upon copper contamina-
tion, the open-circuit potential was observed to shift rapidly towards
more positive values at a rate nearly proportional to the copper con-
centration. All potential/time curves tend to reach a plateau, while
quantitative measurements using radioactive tracers revealed that cop-
per ions were continuously reduced on the silicon surface.

Results led to the conclusion that copper nuclei act as a catalyst
which enhances the cathodic activity for protons reduction. The model
was supported by Atomic Force Microscopy (AFM) observations
which showed the initiation of corrosion pits around the nuclei.

INTRODUCTION

As the device dimensions are downsized, the surface conditioning of the silicon
wafers utilized for the preparation of integrated circuits plays a role of increasing impor-
tance [1,2,3,4]. Because inorganic particles, metallic clusters and adsorbed organic com-
pounds severely affect the electrical performances of devices [5, 6], it is necessary to
clean these surfaces using wet processes called RCA cleaning established by Kern in
1970 [7]. Diluted hydrofluoric acid solution (DHF), which suppresses native or chemical
silicon oxide, is included in this cleaning sequence. However, when this solution contains
traces of noble metals such as copper, silicon wafers are contaminated during the native
oxide removal step.

In the present work, we have associated, electrochemical and radioactivity meas-
urements to study the mechanism of copper deposition on silicon wafers surfaces from
DHF solutions containing traces of copper in the range of a few tens of ppb. The study
was limited to deaerated DHF solutions, in the dark. This work, which demonstrates that
electrochemical parameters are extremely sensitive to study silicon surface contamination
by trace amounts of metallic ions, is a contribution to the silicon contamination process
by metallic impurities in DHF solutions [8, 9].
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EXPERIMENTAL
We used two complementary investigation techniques.

Electrochemical methods -Firstly, silicon contamination was detected in-situ with
electrochemical methods. These experiments were achieved with a home-built electro-
chemical cell [10-11], for reproducible open-circuit potential recordings by rigorous
control of the oxygen content, exposure to light and purity of the chemicals. In our cell,
presented in Fig. 1, the silicon wafer is in contact with a Teflon tube, filled with the elec-
trolyte, and pressed between two polyvinyl plates. The whole cell is protected against
room light by means of a closed cylinder made of black polyvinyl polymer. A special de-
vice [11] provides the feeding of the cell with beforehand dearated electrolyte by argon
bubbling. The reference electrode was a saturated calomel electrode (SCE), connected to
the electrolyte by means of a saturated KCl-agar salt bridge made of a Teflon tube. The
electrochemical measurements were done with a Tacussel Radiometer Analytical PGS
201T potentiostat driven by an IBM PC computer using the Voltamaster software allow-
ing for preselection of the experimental procedure.

Open circuit potential recording is quite interesting, because it is characteristic of
the anodic and cathodic surface sites reactivity. Recently, it has gained high interest [14]
because for a long time it was known to be not reproducible within a few hundreds of
mV [12]. Cyclic voltammetry was used to investigate the silicon electrode anodic and
cathodic reactions within a narrow potential range ( £ 250 mV ) to not induce porous
silicon formation, and be as close as possible to the conditions where silicon wafers are
simply immersed in DHF electrolyte.

Radioactive %Cu indicator-The TXRF analysis technique was also used to quantify
traces of contaminants on the wafers. But as this spectroscopy was very sensitive to
surface roughness, the radioactivity analysis, has been a complementary method em-
ployed in this study. Moreover, we wanted to establish a correlation between each elec-
trochemical potential measurements and the corresponding surface copper concentration
on the same sample (surface less than 4 cm?).

Experiments were undertaken according to activation analysis and radioactive iso-
tope indicators [13]. Neutron activation of elemental metallic copper, leads mainly to
%Cu, a B, B* and y emitter radioelement, with a half-life period of 12.6 hours.

In the first method, the silicon surface was contaminated in situ and exposed to a
neutron flux (10" neutrons/cm? s), in the Orphée nuclear reactor at the Saclay Nuclear
Research Center (CENS). The main disadvantage of this method is that the bulk impuri-
ties and silicon itself are also activated. Only an excess surface contamination higher than
3.10" atoms/cm? is detected by activation analysis.
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The second method consists in the use of ®*Cu as a radioactive tracer, obtained by
irradiation of a high purity copper wire, dissolved as Cu®" ions in DHF to obtain a 1 ppm
stock solution. This method is more convenient, because the radioactive emission con-
cerns only ®*Cu and because the lower limit of detection by this method is estimated to
be 2.10" atoms/cm’.

Silicon wafers cleaning -In our experiments, silicon wafers, 125 mm diameter and
625 um thickness, were purchased from MEMC Electronic Materials.

p-type wafers, boron doped, ( 5.10' at.cm™ )

n-type wafers, phosphorus doped, ( 2.10" at.cm™)

These ones, CZ-grown, (100) oriented, were mirror polished, for MOS applica-
tions, and their back side covered with a Ga-In alloy. Before each experiment, the silicon
samples were cleaned with a mixture of H,SO4H,0, ( 3:2, by volume) at 80°C during 10
minutes, then thoroughly rinsed with ultra pure water (UPW) and cleaned by a DHF so-
lution to promote a hydrophobic H-terminated silicon surface.

DHF solutions, 5% by volume, were obtained by mixing 40% HF SLSI grade (Sub
Large Scale Integration, metal elements below 1 ppb) with UPW and deaerated by bub-
bling argon gas N60 grade. For the in-situ copper contamination experiments we used a
deaerated 5% DHF stock solution, containing copper ions, with a 2 ppm concentration.

RESULTS

In the previous models describing the copper plating onto silicon electrodes, the
mechanism was supposed to involve electronsfollowing the reaction on cathodic sites:

Cu” + 26 —  Cupew, E°= +0340 V/SHE. [1]

Moreover in a fundamental study of the silicon/DHF interface electrochemical
properties [24], charge transfer reactions on cathodic sites result from the electrons gen-
erated by the corrosion process on anodic sites of the silicon substrate in DHF electro-

lytes.
Si +2F —> SiF, +2¢ E° = -1,2 V/SHE. [2]

We have obtained copper reduction kinetics, using open circuit potential (0.C.P.)
measurements. The observed O.C.P., » - 650 mV, was consistent with our previous re-
sults [14], indicating that the DHF solution was really pure, and Si substrate clean. Fig.2
shows five experimental results obtained for n-type substrates. The initial O.C.P. almost
coincide, allowing the detection of any potential perturbation resulting from a change of
the surface sites reactivity. Two minutes later, a small volume, 1 ml, of deaerated DHF
solution containing copper traces was added so that the whole copper concentration in
the electrochemical cell reaches 15 to 260 ppb. A reference curve for comparison with
the results involving copper contaminant was obtained by simply adding 1 ml of deaer-
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ated DHF. The graphs obtained in this set of experiments are presented in Fig. 2, in the
case of n-type Si. The addition of trace amounts of copper contaminant induced a steep
shift of the potential towards positive values, nearly proportional to the copper concen-
tration and tend rapidly to a stable limiting value. From this result, the question arises
whether the increase of the cathodic current should be assigned to the reduction of Cu?*
ions.

In order to separate the contribution of proton and copper reduction on cathodic
sites, the previously contaminated silicon samples were rinsed with UPW in the cell, and
then, the cell was filled again with deaerated DHF. Then, voltammetric curves were re-
corded (Fig. 3). These figures were found to behave identically as those obtained in the
presence of trace amounts of copper impurities. We also noticed that anodic currents,
responsible for the silicon substrate dissolution, are weakly dependent on copper con-
tamination, while cathodic currents increase with surface copper concentration. The re-
sults suggest that the cathodic current is mainly correlated to the discharge of protons on
copper nuclei which act as a catalyst.

Assuming that discharge cathodic current is nearly proportional to the deposited
copper, what is the significance of the observed potential plateau exhibited on all curves
on Fig.2? Does it mean that the metal deposition ends after a short time following the
ascending part of the graph? Radioactivity analysis was here very efficient because it
enables the quantification of copper nuclei, and we noticed that the copper deposit grows
continuously even after a few tens of minutes, suggesting that the open-circuit potentials
are not directly correlated to the surface copper concentration. The first generated nuclei
subsequently grow without any substantial enhancement of their catalytic properties.

The growth of the copper clusters has to involve electrons from electrochemical
etching of the silicon substrate. Therefore we have completed the preceeding experi-
ments by studying the morphology of a silicon surface contaminated by copper with an
atomic force microscope, AFM (Digital Instruments, Nanoscope III), working in tapping
mode, in air. Copper atoms form small nuclei, often situated at the center of a corrosion
pit as the result of the catalytic properties of copper cathodic sites (Fig. 4).

DISCUSSION

Now, the general shape of the potential/time curves (Fig. 2) includes a rapid rise of
potential followed by a plateau for which interpretation requires a closer analysis. Chyan
et al. [15] experimental results demonstrated that the number of copper grains increases
rapidly during the first minutes and then reaches a constant value. It follows that the
continuous increase of the copper deposit should result from the growth of all nuclei
without any change of their number,

Only one reaction occurs on the anodic sites, corresponding to the dissolution of
elemental silicon following reaction (2), which generates electrons in the semiconductor.
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On the other hand, these electrons are consumed on cathodic sites following three dis-
tinct paths:

Cu®* + 2¢ --> Cug
H + e ---> Hg [3]
H+ + € ---> HCu

From the computation of the radiotracer measurements, the contribution of the
Cu®" discharge to the overall cathodic current appears to be negligible. This conclusion
could also be derived from the very weak concentration of Cu®*, as compared to H' spe-
cies.

The expression for O.C.P., Er, suggests a discussion about the ascending part of
the rest potential curves. This expression is:

_OE +BE,  RT  joc

n b
a+p nF(a +pB)

E, -
Joa

(4]

where El, E2, o and B are respectively the equilibrium potentials and the transfer
coefficients of the anodic and cathodic electrochemical reactions. joa and joc are the ex-
change current densities, characteristic of the rate the electronic transfer proceeds on
anodic and cathodic sites. With the generation of the first copper nuclei, Joc increases
because of the electrocatalytic properties of small copper grains for protons reduction.
Then, as AFM images show, corrosion pits are initiated around the grains of copper,
increasing the anodic current. This behaviour is illustrated by the O.C.P. curve. The as-
cending part of the graph is associated to the generation of the first copper nuclei, which
induce a strong hydrogen cathodic current, and the plateau to the generation of corrosion
pits and anodic current.

Moreover, we assume, following to Chyan experimental results [16], that the num-
ber of nuclei remains constant and that their size grows with time. Under these condi-
tions, the external area of the metal grains should increase following a t** relation, which
would result in a slowing down of the potential variation. However, in order to give an
interpretation of the appearance of the potential plateau, despite the continuous increase
of deposited copper, we suggest that the catalytic properties of metallic clusters for
protons discharge decrease as the crystals size grows. This well known property of cata-
lytic materials [17] would explain the appearance of a limiting constant value when the
crystals growth result in the formation of large size particles with poor catalytic activity.

Finally, the high catalytic activity of metallic nuclei induces a rapid local corrosion
of the substrate as a consequence of the formation of a short-circuited electrochemical
cell. This phenomenon was illustrated using AFM microscopy working in the tapping
mode. Fig. 4 shows a cross section of a Cu nucleus surrounded by a corrosion pit. The
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high level of current density due to the protons reduction on Cu nuclei is responsible for
a rapid dissolution of the substrate. The short-circuit current has to follow the minimal
ohmic resistance lines (Fig. 4), in the solution as well as in the semiconductor and the
current lines are focussed on the cathodic site whereas a corrosion pit is initiated nearby.
This figure shows a striking illustration of this mechanism.

CONCLUSION

Experimental investigations using a new electrochemical cell, along with radioac-
tive tracer analyses, have successfully described the silicon behavior in copper contami-
nated DHF solutions, in the dark.

The mixed potential was considered as representing the relative activity of both
cathodic and anodic sites distributed on the silicon surface. After an initial step where the
first copper nuclei are formed, the catalytic properties of these particles promote a high
cathodic current density due to protons discharge. During the growth of the copper
grains, their catalytic properties decreased, which could explain the limiting plateau value
of the rest potential. This interpretation was provided by radioactive measurements
which revealed that contamination proceeded continuously with a nearly constant copper
deposition rate during at least 30 minutes (in our experiments).

An important aspect of this work is that our electrochemical cell was established to
be very sensitive to the presence of metallic traces in DHF solution and could be a pow-
erful tool in the semiconductor industry for on-line monitoring of the cleaning solutions
during chemical processing and of the surface defects of the wafers. Moreover, most of
our results seem to indicate that the electrochemical properties of the high purity silicon
substrate are more important than the electronic charge carriers characteristics for the
behavior of the semiconductor/electrolyte interface.
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REMOVAL OF Cu FROM Si WAFER SURFACES USING DILUTE HF-HCl
SOLUTIONS

S. Dhanda, R. P. Chiarello and C. R. Helms
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P. Gupta
Intel Corporation, CA 95054

The deposition of Cu from dilute HF mixtures, and its effect on silicon
surface microroughening is examined. The effect of adding small amounts
of HCI to such a dilute HF mixture, is also examined. It is shown that the
addition of HCI in fact supresses the deposition of Cu from solution onto
the wafer surface, without causing any additional microroughening, thus
making a dilute HF-HCI based cleaning process a viable one.

INTRODUCTION

Dilute HF solutions are frequently used to remove metals from silicon wafers. The
process involves stripping off the native oxide (which in turn contains the imbedded
metal impurities), by immersing the wafers in solutions containing 49 % w/w of
hydrofluoric acid in water. While dilute HF solutions prove effective in removing most
metals from the wafer surface, they also favor the deposition of noble metals (such as Cu,
Ag and. Au). These metals when present in large quantities in solution, deposit onto the
silicon surface via a redox reaction, rendering any devices subsequently fabricated on
such a wafer susceptible to failure.

The problem of noble metal deposition is often avoided by terminating a pre-gate
oxidation cleaning sequence with an SC2 step, instead of a dilute HF clean. It is however,
still a common practice to use a dilute HF clean as an intermediate step in the cleaning
sequence. Thus, a typical sequence may involve a sulfuric peroxide clean, followed by an
HF step, an SC1 step and finally an SC2 clean. While the SC2 chemistry does prove
effective in removing any trace quantities of noble metals from the surface, it does not
help prevent a possible secondary effect. The phenomenon in question is commonly
referred to as OMetal Induced Pitting(), and is described below.

* Figure 1 outlines the process of noble metal deposition and removal during the
course of an HF — SC1 — SC2 cleaning sequence. As shown in Figure 1a, noble metals
present in an HF solution are deposited via a redox reaction onto the silicon surface. This
process involves the displacement of a silicon atom from the surface, and its
simultaneous replacement by an atom of the noble metal in question. Consequently, when
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these wafers are cleaned in SC1, SC2 mixtures, the removal of the deposited (noble
metal) impurities results in depressions or OpitsO in the silicon surface Figure 1b). On a
macroscopic scale, these pits translate into surface roughness, which in tum degrades
device performance.

Clearly, one way to mitigate any effects related to surface roughness, is to
eliminate the deposition of noble metals onto the wafer surface in the first place. This
chapter discusses a simple yet effective technique to achieve the same.

HF-HCI Chemistries

Surface contaminants such as Cu, Au and Ag often prove to be the leading causes
of device degradation.'*>* Over time, advances in fluid purification have helped alleviate
problems related to Au and Ag deposition, via elimination of these metals from the
chemicals used in silicon cleaning (notably HF). Trace amount of Cu are however still
found in HF solutions.

The addition of a powerful oxidizing agent (such as H,O,, O3), to a dilute HF
solution, to prevent the deposition of Cu has been investigated by variety of
experimenters.>® The presence of the peroxide/ozone helps keep the copper in solution in
its soluble oxidized form (Cu?"), thus preventing its deposition on the wafer surface via a
redox process. In addition, the presence of an oxidizing agent helps maintain a
hydrophilic surface, which mitigates the problem of particle addition often associated
with HF last based chemistries.

Alternatively, the addition of a reagent which would facilitate the formation of
soluble complexes with noble metals, could also help prevent their deposition. Given the
propensity of noble metals to form soluble chloride complexes, the addition of a small
amount of HCI to achieve the desired (high) solubilities, seems the logical choice.”

EXPERIMENT

The experimental methodology adopted was as outlined in Figure 2. Bare silicon
wafers were immersed in dilute HF and dilute HF-HCI solutions, contaminated with
varying amounts of copper. The immersion times in each of these solutions were varied
from 1 to 20 minutes. The contaminated wafers were rinsed, dried, and subsequently
analyzed using TXRF to determine the amount of copper deposited from each of these
solutions. The wafers from the splits were subsequently treated in SC1 and SC2 solutions
to strip off any copper from the surface. AFMOs were also performed on the wafers at
critical points (as shown in the process flow), to ascertain which steps (if any) in the
cleaning sequence were contributing to roughening of the silicon surface.
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Effect of HCl Addition

The build up of Cu on the wafer surface, in the absence of HCI (i.e. dilute HF
only), is shown in Figure 3. The rate of build up varies with the amount of Cu in solution,
with the build up being faster for higher concentrations of Cu in solution. Thus, for a
dilute HF solution containing 5 ppm of Cu the kinetic curve has an exponential
characteristic, while for a solution containing only 10 ppb of Cu, the build up is slower.
The steady state surface values are also a function of the amount of copper in solution,
with higher solution concentrations resulting in higher surface levels. Similar trends have
also been observed by other experimenters.® Note that the saturation effect observed for
deposition out of HF is different from that observed for deposition out of a BOE
solution.’ In the latter case, continuous build up of Cu on the surface occurs with time.

With the copper concentration in solution set at 10 ppb, a small amount of HCl
was added to the dilute HF solution (1:1:50 :: HCL:HF:H,0). A dramatic reduction was
observed in the surface Cu levels (Figure 4), when compared to the dilute HF (only) case
(Figure 3). This is consistent with the earlier discussion, where it was predicted that the
presence of chlorine in solution would prevent the deposition of Cu, due to the formation
of the soluble CuCl, complex. However, for large amounts of Cu in solution (5 ppm), the
amount of HCI added did not prove adequate in preventing the deposition of Cu onto the
wafer surface (Figure 4).

Atomic Force Microscopy Measurements

Atomic Force Microscopy (AFM) measurements were made on the wafers at
various points in the processing sequence (as indicated in Table 1). A bare silicon wafer
was used as a reference, to ascertain the effect that the processing sequence might have
had on the original morphology.

In all cases it was found that little or no roughening of the wafer surface had
occurred, when compared to the reference sample (Table 1). This result is not surprising
when considering micrographs associated with low copper levels in solution. It is likely
that the small amount of copper in solution (10 ppb), is not sufficient to cause pitting of
the surface. The results for larger amounts of Cu in solution (5 ppm) are surprising, since
it has been reported'®!! that at such high concentrations, significant roughening occurs.

A possible explanation for this observed anomaly is that, the starting (reference)
samples used were quite rough to begin with (RMS roughness =2.4 ¢ ), as compared to
those used by other investigators (RMS roughness =1 « ). Consequently, we may have
been unable to distinguish between small changes in roughness, that may have been
evident while using smoother reference wafers.
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Table 1: RMS roughness values as measured by AFM, for varying surface treatments.

Contamination Treatment Time | RMS Roughness Comments
None None 242 A Bare Wafer (Control
Sample)
0 ppb Cu in HF 300 secs 231A HF Control Sample
(300 s)
10 ppb Cu in HF 300 secs 226A
5 ppm Cu in HE 300 secs 2.40 A
0 ppb Cu in HF 1200 secs 223A HF Control Sample
(1200 s)
10 ppb Cu in HF 1200 secs 2.35A
5 ppm Cu in HF 1200 secs 2.35A
0 ppb Cu in HF 300 secs 230 A HF-HCI Control
] Sample (300 s)
10 ppb Cu in HE 300 secs 228 A
5 ppm Cu in HF 300 secs - 240A
0 ppb Cu in HF-HCl 1200 secs 232A HF-HCl Control
Sample (1200 s)
10 ppb Cu in HF- 1200 secs 245 A
HCl
5 ppm Cu in HF- 1200 secs 238A
HCl

DISCUSSION AND CONCLUSIONS

A significant amount of data exists, documenting the effects of copper deposition
(especially microroughening) from dilute HF solutions. Almost all of these studies,
however, focus on studying roughening associated with Cu levels greater than 1 ppm, ina
dilute HF solution. While these studies are instructive in themselves, and help provide
insight into the mechanisms leading to roughening of the surface, they lack. direct
applicability from a technological perspective. Excursions in wet processing, to the extent
that copper levels in an HF bath reach values as high as 1 ppm seldom or never occur.
Consequently, an HF based chemistry designed to provide extra process margin (to negate
the effect of any accidental contamination), probably needs to account for excursions in
the 10 ppb range.

Our experiments clearly show that a 1:1:50 HF-HCI clean proves extremely
effective in keeping any copper off the surface, when contamination levels are in the 10
ppb range. Clearly, additional process margin can be “bought” by adding more HCl to a
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dilute HF solution, if it so desired. Further, while the lack of good quality wafers
prevented our studies from revealing any Cu induced roughening, it was also clear that
the addition of HCI did not cause any additional roughening by itself, making the HF-HC1
process a viable one.
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Figure 1: (a) Noble metal deposition from a dilute HF
solution onto silicon (b) Expected surface morphology

on subsequent removal via an SC1 — SC2 sequence.

Figure 2: Process flow outlining the experimental
methodology employed.
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We have investigated the removal efficiency of Cu contaminants from Si surface by
ozonized ultrapure water(O,-UPW) based solutions. FOM(HF+O,-UPW) solution
can not remove Cu contaminants unlke FPM(HF+H,0,) solution. It was
speculated that metal Cu particle was passivated with insoluble CuF, when HF of
200ppm or more was added into O,-UPW. In case of using FPM solution, it is
thought that F passivation may not occur because H,0, can not oxidize Cu particle
on Si, therefore, Cu contaminants can be removed more effectively. Finally, it was
confirmed that H,0, was essential in ultraclean technology(UCT) cleaning process
for realization of a contamination free Si substrate.

INTRODUCTION

For mass production of high quality devices, strictly parameter-controlled wet cleaning
process is very important. We have already developed a total room temperature wet cleaning
process, UCT cleaning process, of Si substrate(1) as shown in figure 1. That is an innovative
process conducted at room temperature using very small amount of chemicals and UPW. O,
UPW(2,3), megasonic irradiation(MS) and low concentration surfactant are applied in this process.
The most important step in the whole process is FPMS+MS treatment to remove particles, metallic
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contaminants and native oxide on Si surface simultaneously. Oxidation process of impurities and Si
surface by H,0, as an oxidizing agent and ctching process of Si oxide by HF are successively
progressed in this step(4).

It is well known that H,0, is a main component in some cleaning solutions such as SPM,
APM(SC-1) and HPM(SC-2) which have been used in RCA cleaning process for past three
decades(S). Oxidation potential of H,0O, solution seems to be weaker than that of O,-UPW used in
UCT cleaning process. Accordingly, H,O, can not replace O,-UPW, however, conversely O,-UPW
can be used in some cleaning solutions instead of H,O,.

We tried to investigate whether FPM solution can be replaced with FOM(HF+O,-UPW)
solution in this research. At the same time, cleaning efficiency of several solutions containing
dissolved ozone was evaluated to understand the mechanism of Cu contaminants removal in more
detail.

EXPERIMENT

In this research, p-type CZ Si (100) wafers with resistivity of 5~15 Q *cm were pre-cleancd
by 4:1 SPM solution at 90°C for 10minutes and 0.5% DHF at 23°C for 1minute followed by a
UPW rinsc at 23°C for 10minutes and dried by N, gas blowing so that they have hydrophobic
surfaces. The hydrophobic Si wafcrs were contaminated by dipping in DHF spiked with 1ppm
CuCl, for 3minutes and post-rinsed in UPW for 10minutes. After Cu contamination onto Si wafer
surface, the contaminated Si wafers were cleaned by dipping in various cleaning solutions for 5
minutes and rinsed by dipping in an overflowed UPW.

The cleaning solutions used in this work are O,-UPW containing only dissolved ozone of
4.7~5.3ppm, O,-UPW controlled in solution pH of 1~5 with small amount of H,SO,, O,-UPW
mixed with HF of 10~5000ppm, H,O,-UPW containing only 0.5% H,0, and FPM solution mixed
with 0.5% H,0,and HF. It has been reported that CI jon shows some special effect, e.g. making Cl-
termination instcad of H-termination(2) and forming some kinds of complexes with Cu(6). So, in
this research, H,SO, was used in the cleaning solution as an acid to control pH without other affect.
The dissolved ozone concentration in these cleaning solutions reduces by decomposition of itself.
However, we think that the intluence is ncgligible since the decomposition rate is less than about
20% in Sminutes which is the cleaning time in all solutions.

The Cu cleaning efliciency was evaluated by measuring Cu concentration on Si surface before
and after cleaning by Total Reflection X-ray Fluorescence Spectroscopy (TRXRF) ,Technos TREX
610T, with an incident angle of 0.05° and an X-ray excitation condition of 30kV and 200mA. The
detection limit of Cu on Si surface by this method is 1.8 X 10° atoms/cm’.
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RESULT

‘We measured the Cu concentration on Si surface before and after cleaning and the results
were summarized in figure 2. First, in the case of O,-UPW, after cleaning Cu on Si surface reduced
from the initial level of 2.2 X 10" atoms/cm? to 1.1 X 10" atoms/cm’. The Cu removal efficiency was
improved slightly when H,SO, was added into O;-UPW for varying solution pH. On the other hand,
we could improve the Cu removal efficiency by adding small amount of HF into O,-UPW, so called
FOM solution, in stead of H,SO, However, it was decreased drastically when spiked HF
concentration exceeded a critical value. With comparing to the case of O;-UPW mixture solution,
Cu contaminants could not be removed at all by H,O,-UPW. Finally, Cu contaminants was
removed below detection limit by FPM solution mixed with H,0,-UPW and HF showing the most

- effective cleaning efficiency in all cleaning solutions used in this research.

It is very interesting that FOM solution has a relationship between spiked HF concentration
and Cu cleaning efficiency. Thus, we investigated the phenomenon in more detail as shown in figure
3. When around 100ppm-HF or less was added to O,-UPW, Cu removal efficiency was improved
and residual Cu concentration after cleaning by this optimum FOM solution was reduced to 4.0 X
10° atoms/cm® which is about 4% of that after cleaning by O,-UPW. However, Cu removal
etliciency was decreased drastically when about 200ppm or more HF was added into O,-UPW.
Moreove, Cu on Si surface was scarcely removed by FOM solution into which HF above 500ppm
was added. From the result, it was recognized that the cleaning efficiency of FOM solution for Cu
was completely different from that of FPM solution. Consequently, we concluded that FPM
solution could not be substituted by FOM solution for cleaning of Cu on Si surface.

DISCUSSION

In our previous research(2), it has been reported that Cu? in solution can be electrochemically
reduced by taking electron from Si and deposited on the Si surface in the form of metal Cu particle.
According to the result, Cu on Si surface can be dissolved and removed in a solution having the pH
value below 7 and higher oxidation-reduction(redox) potential than that of Cu®™.

Here, we discuss the removal mechanism of Cu contaminant from Si surface by some
cleaning solutions used in this research.

Cleaning by O,-UPW and acid added O,-UPW
In the case of cleaning by O;-UPW and acid added O;-UPW, Cu removal efficiency can be
estimated by a state of Cu in aqueous solution as shown in pH-redox potential diagram(2, 7) of
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figure 4. The more effective cleaning efficiency of acid added O,-UPW can be interpreted by the fact
that addition of acid causes O.-UPW of the lower pH value and the higher redox potential and thus
Cu* in this acid added O,-UPW is electrochemically more stable than that in O,-UPW. On the other
hand, the reason why Cu of a relatively high level, 1.1 X 10" atoms/cm?, remains after cleaning by
these solutions can be explained by the fact that Cu on Si surface can be dissolved and
simultaneously included in chemical oxide grown during cleaning process.

Cleaning by H,0,-UPW

Figure 5 shows removal efficiency of Cu from Si surface and SiO, surface by H,0,,-UPW. Cu
on Si surface could not be removed while Cu on SiO, surface could be removed more effectively by
H,0,-UPW. In the case of Cu contaminants on SiO, surface, more than 94% Cu was removed by
H,0,-UPW, It can be estimated that oxidation potential of H,0, is less than critical value to oxidize
metal Cu contacting to Si surface. These initial Cu contaminated waters were prepared by dipping
of hydrophobic Si wafers in Cu containing aqueous solution with or without HF.

The redox potential of H,O, containing solution can not be measured correctly because H,0,
is decomposed rapidly on the surface of Pt electrode(2). In this experiment, thercfore, the value
could not be measured directly. From those results, howcever, it can be estimated that the potential
of H,0,-UPW is slightly higher than isolated metal Cu by SiO,over Si substrate and lower than
mctal Cu contacting to Si which plays as a reducing agent for Cu™.

Cleaning by FOM solution

We will discuss the interesting phenomenon that FOM solution has a relationship between
spiked HF concentration and Cu cleaning efliciency in the point of the spiked HF concentration.

HF_Concentration below 200ppm O,;-UPW can remove metal Cu on the Si surface by
oxidation, however, Cu included in SiO, can not removed as previously mentioned. Therefore, it is
recognized that the remaining Cu contaminants after cleaning by O,-UPW exist in SiO, layer
produced by oxidation of Si. On the other hand, when small amount of HF is added in O,-UPW, Cu
contaminants which exist near surface in Si oxide layer can be dissolved with Si oxide by slight
etching by HF. So, Cu removal efliciency by this cleaning solution is superior to that by O,-UPW.

HF Concentration above 200ppm However, Cu removal efticicncy was reduced drastically
when HF concentration exceeded a critical value. It was found that the value was around 200ppm
from this research.

In an attempt to confirm Cu contaminants after cleaning by FOM solution were remaining as
particles or not, the Si surface was investigated by scanning clectron microscope(SEM). Figure 6
shows a SEM image of the Si surface after cleaning by FOM solution mixed with S00ppm-HF and
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Sppm-O,. Even though the solution had much higher redox potential than that of Cu, Cu particles
remained on the surface. Thus it could be interpreted that the metal Cu particle can not be dissolved
in the FOM solution including 500ppm-HF.

We, here, discuss the state of Cu particle surface in FOM solution containing HF of 200ppm
or more. In this solution, a lot of Cu™ jons may surround the surface of Cu particle because metal
Cu particle can be dissolved into Cu™ jons by oxidation of O,. Therefore, it is easily estimated that
about 500ppm-CuF, can be produced by a reaction between Cu™ jons and 2F in FOM solution and
that Cu particle surface in FOM solution must be covered and passivated by CuF,. This value is
nearly equal to maximum soluble concentration of CuF,(470ppm) in aqueous solution at room
temperature. Consequently, in figure 7, we suggest a CuF, passivation model that the surface of Cu
particles is passivated by insoluble CuF, layer when more than 200ppm-HF was added into FOM
solution. Moreover, it can be speculated that the contact point of metal Cu particle with Si surface is
also covered with the CuF, passivation layer and that the passivated Cu particles can not be lifted
from the surface by etching of SiO, layer. In addition, the CuF, passivation mechanism was
confirmed by another experiment in which we investigated the Cu removal efficiency of O-UPW
containing KF instead of HF. The Cu removal behavior was almost same to that of FOM solution as
shown in figure 8. From this result, it is confirmed that drastic reduction of Cu removal efficiency is
caused by CuF, passivation produced in the mixture containing O, and F.

Cleaning by FPM solution

When H,0, instead of O, is used in the cleaning solution with HF, Cu contaminants are
removed very well. As previously discussed, the oxidation potential of H,0, is stronger than those
of Si and isolated metal Cu but weaker than that of metal Cu contacting with Si. And, it can be
speculated that very high oxidizing potential of the solution is essential to occur CuF, passivation
because the first step of this passivation reaction is surface oxidation, i.e. ionization, of Cu particles
on Si substrate. Therefore, this passivation reaction can be occurred in only FOM solution not in
FPM solution. In FPM solution, however, Si beneath metal Cu particle can be easily oxidized by
H,0, in solution and the metal Cu particles can be lifted off by successive etching of HF in FPM
solution. And thus, the Cu particles isolated from Si after lifting off can be oxidized and dissolved
into FPM solution and re-adhesion of Cu* ions onto Si surface can not occur. This is the reason
why Cu contaminants can be perfectly removed in FPM solution.

CONCLUSION

From this research, we recognized the mechanism of Cu contaminants removal from Si
surface in more detail. Cu removal efliciency by O,-UPW or acid added O,-UPW solutions can be
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easily understood from state of Cu shown in the pH-redox potential diagram. FOM solution can not
remove Cu so effective as FPM solution. When very low concentration below 200ppm-HF is added
in O;-UPW, Cu removal efficiency is improved comparing to O,-UPW. Small amount of HF can
etch SiO, slightly. It is believed that Cu contaminants existing near surface in SiO, layer can be
removed with SiO, layer in the FOM solution.

On the other hand, when HF of 200ppm or more is added in O,-UPW, Cu removal efficiency
is drastically decreased. In this case, Cu particles on Si surface seem to be passivated by F with
making insoluble CuF, layer. It was confirmed that Cu contaminants can not be removed by KF
added O,-UPW. In HF added H,0, solution(FPM), however, Cu contaminants can be removed
pertectly. From these results, CuF, passivation of metal Cu contaminants may occur only in case of
using solution containing F (about 200ppm or morc) and dissolved O, which can oxidize metal Cu
contaminants on Si. On the other hand, H,0, used in FPM solution can not oxidize metal Cu
contaminants on Si, however, it can oxidize isolated metal Cu. Therefore, CuF, passivation of Cu
contaminants can not occur in FPM solution and thus Cu on Si surface can be perfectly removed by
FPM solution. Finally, through this research, it was confirmed that FPM is essential in UCT cleaning
process for realization of a contamination free Si substrate.
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THE EFFECT OF SURFACE DAMAGE DUE TO Si IMPLANTATION ON
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In this study, the effect of surface damage due to Si implantation
into a single crystalline Si substrate on adsorption and desorption of Cu
impurity was intensively investigated. The result of RHEED shows that
the amount of implant-induced-damage increases with implantation
fluence and that the surface damage can be nearly recovered by a Nj-
anneal at 1000°C for 30 minutes. In addition, the implant-induced-
damage was characterized by AFM and displayed a crystalline lattice
disorder not a macroscopic structure change. Using FTIR-ATR and XPS
analysis, it was found that the implant-induced-damage deteriorated the
hydrogen-termination property and chemical stability for oxidation of Si
surface. Moreover, it was determined that the implant-induced-damage of
the single crystalline Si surface deteriorates severely the Cu removal
efficiency of various chemical cleaning solutions. It was very difficult to
accomplish the metal contamination free Si surface following high
fluence-implantation.

INTRODUCTION

In ultra large scale integrated (ULSI) circuits manufacturing technology, the metal
contamination has been known as a fatal factor in deterioration of device performance(1).
The noble metals such Cu, Ag and Au that have higher electronegativity and oxidation-
reduction (redox) potential than those of Si are hardly removed from Si surface(2). Among
them, Cu is the easiest to be contaminated in device manufacturing processes, especially
implantation, ashing and dry etch processes(3).
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Ion implantation has been used as a key process for purpose of controlling shallow
impurity doping in fine geometry device fabrication for the past three decades. However,
ion implantation is known to induce damage to the crystalline lattice of Si substrate surface
and the original crystalline Si substrate surface is turned into an amorphous layer when high
fluences are implanted with above a critical dose(4).

In our previous research(5), it has been revealed that Cu adsorption and desorption
behavior of single crystalline Si surface is different from that of amorphous Si surface. In
this study, we intensively investigated the effect of surface damage due to Si implantation
into a single crystalline Si substrate on adsorption and desorption of Cu through evaluation
of surface characteristics for implantation-damaged Si surface.

EXPERIMENT

Hydrophobic p-type (100) Cz Si wafers with a resistivity range of 7~15Q - cm
were implanted with various Si* ion dose levels, 5.0%X10'2, 50X 10" and 5.0%10"
jons/cm?, at 60KeV accelerating voltage and each Si implanted sample was annealed in Nj-
purged furnace at 1000C for 30 minutes. Therefore, we could evaluate just the effect of
surface damage on adsorption and desorption of Cu on Si surface and the recovery
efficiency by post-heat treatment.

In order to investigate the adsorption and desorption behaviors of Cu on the damaged
Si surfaces, the damaged Si wafers were dipped in ultrapure water (UPW) spiked with
Ippm CuCl; for 3min. followed by post-UPW rinse for 10min. and cleaned by various
chemical solutions such as sulfuric acid-hydrogen peroxide mixture (SPM), ozonized
ultrapure water (O3-UPW), hydrofluoric acid-hydrogen peroxide mixture (FPM), FPM with
non-ionic surfactant (FPMS).

Firstly, Si implant-induced-surface damage on single crystalline Si surface is
investigated by reflection high-energy electron diffraction (RHEED) and the
microroughness due to Si crystalline lattice damage is evaluated by atomic force
microscopy (AFM). Cu concentration on Si surfaces was measured by total reflection x-ray
fluorescence spectroscopy (TRXRF) before and after cleaning. We also investigated
hydrogen-termination behaviors on Si surfaces by fourier transform infrared reflectance-
attenuated total reflection (FTIR-ATR) and effects of chemical oxidation and metal-
induced-oxidation (MIO)(6) by x-ray photoelectron spectroscopy (XPS) in order to explain
the mechanism for the dependence of the Cu adsorption and desorption on the amount of
surface damage.

RESULTS AND DISCUSSION

In Fig.1, RHEED pattern of the implantation fluence of 5.0X 10'* ions/cm” followed
by no annealing shows that the implanted single crystalline Si surface was changed to
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amorphous Si surface and that it was seemed to be recrystallized after post-N; annealing at
1000 for 30 minutes. However, we could not distinguish the amounts of damage
between the single crystalline Si surface and implanted Si surfaces with the fluence below
than 5.0 X 10" jons/cm? followed by no annealing.

As shown in Fig.2, the results of AFM image show almost same microroughness for
all samples regardless of the implanted fluences and annealing conditions with just a little
higher root-mean-square (RMS) value than that of the single crystalline Si surface. This
implies that the Si implantation induces a crystalline lattice disorder not a macroscopic
structure change on the single crystalline Si surface.

It has been reported that implanted Si substrate with relatively high ion fluences has a
lot of crystalline defects(4) and that hydrogen-termination of Si surface is closely related to
the amount of defect density, microroughness and surface oxidation kinetics(7). It would be
expected that an ideal Si(100) surface is entirely covered with dihydride after removing
silicon oxide from Si surface by diluted aqueous HF. The results of FTIR-ATR shown in
Fig.3 show that implantation into Si surface with high fluence results in a more defective
surface with accompanying by a broadening and weakening of dihydride mode. The Si
surface implanted with varying the implantation fluence shows a same H-termination
behavior regardless of HF concentration, 0.5~5.0%, included in diluted HF solution used
for pre-treatment of Si surface. The results observed in Fig.3 clearly show that the higher
implantation fluence causes a more amount of surface damage and deteriorates the H-
termination characteristics.

It is well known that ideally H-terminated Si surface is characterized by a high
chemical stability(7). XPS spectra obtained on the implanted Si surfaces after dipping in
0.5% diluted HF for 1minute by followed with 10minute-post UPW rinse are shown in
Fig.4. The intensity of silicon oxide spectrum increases linearly with the implantation
fluence regardless of the presence of post-annealing in N;-purged furnace at 1000C for 30
minutes. Consequently, this results also show that the higher implantation fluence induce a
chemically more unstable surface regardless of a post-annealing and that those are
consistent with the results of RHEED and FTIR-ATR in Fig.1 and Fig.3.

According to the results above mentioned, it would be expected that the Cu
adsorption and desorption behavior on implanted Si surfaces would be affected by the
alternations of Si surface characteristics. The Cu cleaning efficiencies of various chemical
solutions from implanted Si surfaces are shown in Fig.5. For this experiment, hydrophobic
Si wafers were implanted with varying Si* ion fluence and a part of the samples were
annealed in N,-purged furnace at 1000C for 30 minutes. After that, both of the annealed
and unannealed surface damaged Si wafers were contaminated by dipping in UPW  spiked
with 1ppm CuCl; for 3 minutes followed by a post-UPW rinse for 10 minutes. These"
contaminated Si wafers were cleaned by using typical chemical solutions for
microelectronics device manufacturing.

Electrochemical Society Proceedings Volume 97-35 153



It was found that the surface damage due to implantation obviously affected both of
adsorption and desorption of Cu. As for Cu adsorption behavior, contaminated Cu
concentration on Si substrate shows a tendency to decrease as the amount of surface
damage due to Si* ion implantation increases regardless of the presence of post-N,
annealing. According to our previous research(2,6), it has been revealed that metal Cu
particle is grown on Si surface in Cu contaminated solution by redox reaction between Cu*
ions in solution and Si of substrate and Brownian movement and that Cu particle growth is
a main cause of Cu deposition with high concentration. Therefore, we can make an possible
interpretation for this Cu deposition behavior as follows. The metal Cu particle growth is
more severely hindered by two folds. The first is the reduction effect of redox reaction due
to thicker oxide grown on damaged Si surface. And, the other one is the retardation of
surface migration of metal Cu particle due to the stronger chemical interaction force.
Confirming this idea, the SEM images of metal Cu particle grown on the damaged Si
surfaces with different implantation fluences in Fig.6 show that the metal Cu particle size
and density decrease when the implantation fluence increase regardless of the presence of a
post- Nz anneal.

In the point of Cu removal efficiency, the recovery effect of surface damage on Cu
removal efficiency after post-N, anneal is clearly shown with comparing to the case of
unannealed Si wafers. However, the residual Cu concentration on N, annealed Si surface
after cleaning is higher than that on the controlled single crystalline Si surface when the
implantation fluence is high. It can be, therefore, easily estimated that the implantation
induced surface damage can not be recovered perfectly by the post-N; anneal. The
implantation induced surface damage affects more severely on Cu cleaning efficiency in the
case of unannealed Si wafer. The residual Cu concentration on the damaged and unannealed
Si surface after cleaning by various chemical solutions increase with the amounts of surface .
damage. Moreover, Cu on the damaged and unannealed Si surface could be hardly removed
after cleaning when the implantation fluence was 5.0 X 10" jons/cm? although that could be
reduced down the detection limit of 2.0X 10° ions/cm” when the implantation fluence was
below 5.0 X 10'% jons/cm’.

As reported in our earlier researches(8,9), it is requested for one to remove Cu on
single crystalline Si surface by wet cleaning process that first, Cu is dissolved in wet
cleaning solution and the dissolved Cu* ions are kept from introducing in chemical oxide
simultaneously grown during cleaning and readuering onto hydrophobic Si surface formed
in the solution containing HE.  From these results, it is estimated that more dissolved
Cu?* ions are included in chemical oxide simultaneously grown on the damaged Si surface
in the typical dissoluble cleaning solutions such as O3;-UPW and SPM having no etching
ability for both of Si and SiO; substrates since chemical oxide is more easily grown on the
damaged Si surface compared with the single crystalline Si surface. On the other hand, the
implanted Si surface with higher fluence is characterized by the more active undangling Si
bonds than those of the single crystalline Si surface in the solutions containing HF such as
FPM and FPMS and thus we can easily imagine that more dissolved Cu® ions can readhere

Electrochemical Society Proceedings Volume 97-35 154



onto the hydrophobic damaged Si surface formed in the solutions containing HF.
Consequently, through this interpretation, it was found that the Si* ion implantation causes
an implant-induced-damage on the Si substrate and alters the surface characteristics of the
single crystalline Si into the worse. Moreover, the implant-induced-damage on the single
crystalline Si surface deteriorates the Cu removal efficiency of various chemical cleaning
solutions.

CONCLUSION

The Si* ion implantation causes an implant-induced-damage on the single crystalline Si

. substrate. The result of RHEED analysis shows that the amount of damage due to
implantation increases with implantation fluence and that the surface damage can be nearly
recovered by a post Nj-anneal at 1000C for 30 minutes. The micro-structure of damaged
Si surface was investigated by AFM and it was characterized by a crystalline lattice disorder
not a macroscopic structure change on the single crystalline Si surface. The observed results
of FTIR-ATR and XPS obviously show that the surface characteristics of damaged Si
substrate was altered into the worse regardless of the presence of a post Ny-anneal. The
implant-induced-damage deteriorates the hydrogen-termination property and chemical
stability for oxidation of Si surface. Moreover, the Cu cleaning efficiency of various
chemical solutions was adversely affected by the implant-induced-damage on the single
crystalline Si substrate and it was very difficult to realize the metal contamination free Si
surface when high fluence-implantation was introduced.
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Fig.1 RHEED patterens of Si surface by Si ion implantation with different fluences of 5E12, 5E14 and
5E15 ions/cm2 followed by a) No-anneal b) N2 -anneal after contamination in ultrapure water spiked
1ppm CuCl2 for 3min. ’
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Fig.2 The AFM results of micro-roughness on damaged Si surface by Si ion implantation with different
fluences of 5E12, 5E14 and 5E15 ions/cm2 followed by N2 -anneal (left hand) and No-anneal (right hand)
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Fig.4 XPS spectra of Si surface by Si ion implantation with different fluences of SE12, 5SE14 and

SE15 ions/cm2 followed by a) No anneal b) N2 -anneal after 0.5% DHF cleaning for 1min.
followed a post-UPW rinse for 10min.
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Fig.5 The cleaning efficiency of various chemical solutions for Cu on damaged Si surface with
N2 -anneal (left hand) and No-anneal (right hand) contaminated in UPW spiked with 1ppm CuCl2
for 3min.
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Fig.6 SEM photos of metal Cu particle on damaged Si surface with a) N2 -anneal and b) No-anneal
after contamination in ultrapure water spiked 1ppm CuCl2 for 3min.
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OPTIMIZATION OF DILUTE SC1

P. Boelen(1), T. Lardin(2), B. Sandrier(2),
R. Matthews(1), 1. Kashkoush(1), R. Novak(!) and F. Tardif(2)

(1) : SubMicron Systems Inc., 6330 Hedgewood Dr. 150, Allentown, PA 18106 USA
(2) : Gressi-Leti-CEA/G, 17 rue des Martyrs, 38054 Grenoble Cedex 09, France

In this paper the particle removal efficiency of different dilute SC1 mixtures,
presenting a constant NH4OH/H,0, ratio (0.25/1), are evaluated. When the
concentration is decreased the removal of SiO;, Al»03 and Si3N4 particles
decreases drastically, except if high power megasonic energy is used in
conjunction. In these cases it is possible to reduce the chemical concentration
drastically with an acceptable efficiency loss as a result. Chemical
concentration reduction was verified to actually decrease the consumption of
both NH40H and H03.

INTRODUCTION

The Standard RCA process(!) is one of the most widely used cleaning processes in IC
manufacturing. The Standard Clean 1, so called "SC1", is used to remove particle
contamination. This mixture is composed of ammonium hydroxide (NH40H) and
hydrogen peroxide (H,05) diluted in ultra pure de-ionized water and used at temperatures
varying from 40 to 80°C for up to 10 minutes. Recently, more stringent environmental
requirements and general cost reducing factors in semiconductor manufacturing lead to a
demand for an optimization and tighter control of all the process parameters in cleaning.
Better cleaning performances with lower cost of ownership are therefore a must.

EXPERIMENTAL

The experimental set-up consists of a heated and continuously filtered recirculation system
and a quartz SC1 process tank which includes a 1 MHz/1600W phaser megasonic
transducer and an in-situ chemical concentration control system, on a SubMicron Systems
Corporation automated GAMA-1 wet station. The test wafers (CZ 200 mm, p-type, 14-22
Ohm.cm) are contaminated with different types of particles in order to obtain representative
samples over the full Zeta potential range: particles of SiO2 Al,O3 and Si3Ny4. All the
wafers are pre-cleaned in a SC1 and then measured on a Tencor Surfscan 6200 from 0.16
pm upwards. The maximum initial starting level is lower than 30 counts. The
contamination procedure for SiO; and Al,O3 particles consists of a dip in DI water in which
SiOy or Al,03 commercial slurries are previously dispersed followed by a DI water rinse
and spindry. The deposited particle level measured at 0.16 um is adjusted to 550 + 50
patticles. The wafers with SizN4 particles are contaminated by dipping them in a static
H3PO4 etch bath, followed by a rinse and IPA dry. This yields total particle counts ranging
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from 4000-5000 at sizes greater than 0.16 pum. Six test wafers are used for each trial. These
wafers are placed between dummy wafers in the process carrier.

The wafers are processed for 10 minutes in different SC1 solutions at 65 °C. In order to
limit the evaporation of NH4OH and the decomposition of H205 the process vessel was
first filled with DI water and heated up to 65 °C. Then the reactives are injected and the test
is performed 5 minutes afterwards. The dilution of the chemistry was achieved by varying
the DI water volume ratio, which resulted in (0,25/ 1/ X) ratios, with X varying from 5 to
1000. The sequence was then further completed by a final rinse and an IPA dry.

The etch rate on Si wafers was determined by weighing the wafers on a high accuracy scale
(£ 0,01mg), the consumed silicon was then calculated. The SOI (Silicon On Insulator) and
SiO, wafers were measured with a Prometrix UV 1050 Reflectometer.

GENERAL CONSIDERATIONS

The particle removal mechanism in SC1 is based upon the separation of the particles from
the substrate, followed by an electrostatic repulsion. HyO, oxidizes the silicon surface and
forms a chemical oxide which protects the silicon surface from roughening effects caused
by the anisotopic attack of an alkaline media. OH- species slowly etch this chemically
grown oxide, this continuous undercutting action removes the particles. The alkaline pH
induced by ammonia is sufficient to turn the Zeta potential of both the substrate and
particles to negative values. The subsequent electrostatic repulsion prevents particle re-
adhesion. It is now commonly excepted that the main criteria to obtain good particle
removal efficiency on silicon consists to etch about 2 nm of equivalent thermal oxide(2.
The etch rate is considered to be a function of the OH" ion concentration and the
temperature. The OH- concentration is driven by the partial neutralisation between the
weak acid H,O, and the weak base NH4OH.

S. Verhaverbeke et al(®) calculated that after simplifications the OH- concentration a
function of the square root of the NH4OH/H,0 ratio is. The etch rate on silicon and
thermal oxide is here investigated for different SC1 mixtures. The NH4OH concentration
was varied from 0,065 mol/l to 4,53 mol/l and the HyO7 concentration was varied from
0,17 mol/l to 2,2 mol/l for each NH4OH concentration. On silicon the etch rate was
measured in two different ways: by weight measurements for the bulk silicon wafers and
by reflectometry for Silicon On Insulator (SOI) wafers. The etchrate of thermal oxide was
measured by reflectometry. Figure 1 shows that the two measuring methods used for
silicon are perfectly coherent. The etch rate is depending on both the NH4OH and H,0,
concentration, but once passing a certain NH4OH concentration a maximum etch rate is
reached. This saturation etch increases with decreasing H,O7 concentration. The same
behaviour was earlier reported by Kobayashi et al(4), who demonstrated that the presence of
H;0; directly inhibits the etch mechanisms (the presence of HyO; is more than just a pH
reduction). This effect could be attributed to a buffering effect on the reaction kinetics: the
presence of foreign species near the reaction sites slows down the diffusion of the active
compounds.

In figure 2 the same data points are depicted but in function of the square root of the
NH4OH/H;03, ratio. This shows the limitations of the above proposed model(3), since
there is only a linear relationship with the etch rate for the lower part of the curve.

Another interesting observation is the etch rate for thermal oxide. Figure 3 shows the etch
rate is substantially lower on thermal oxide than on silicon. The etch rate is only driven by
the NH4O0H concentration and the HpO; concentration plays a negligible role in this
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process. The different etch kinetic obtained with silicon and SiO; could be explained by the
cohesion of the thermal oxide compared to a chemical oxide.

Figure 4 shows the etch rate for a constant NH4OH/H,O; ratio while the DI water dilution
is increased. As expected the 0,25/1/X ratios result in a constant etch rate, except for
x=1000. Since we obtain constant etch rates, we should be able to obtain equal removal
efficiencies for these ratios as well. It is clear from this data that the buffering effect of the
H,0; is unexisting for the highly diluted ratios.

Figure 11 shows the impact of megasonic energy during the process on the etch rate, no
effect was observed on silicon for DI water dilution ratios of X=5 to 50.

With the above observations in mind the particle removal efficiency of different SC1
mixtures at 65 °C was investigated, both with and without megasonics starting from one of
the most commonly used ratios: 0,25/1/5 (0,25 volumes of NH40H, 1 of Hy0,, 5 of DI
water). We took care choosing this ratio as our starting point, since it is a ratio which
shows a direct linear relationship between etch rate and the square root of the
NH4OH/H,0;, ratio (figure 2).

RESULTS

Si0; particles : ’

As can be seen from figure 5 the particle removal efficiency drops very fast once the
dilution is increased. On the other hand, when high energy megasonic power is used the
removal efficiency is at a level greater than 95% until X=100. As shown in figure 6, at
“ultra" dilute ratios the importance of the megasonic energy is even more obvious, with a
removal efficiency greater than 80% for X=1000. This shows clearly that high removal
efficiency can be obtained for very dilute chemistries.

Al,03 particles :

The wafers contaminated with Al;O3 slurries are more difficult to clean. Only strong
megasonics are able to give acceptable results. One can see on figure 7 and 8 an optimal
dilution at X=20 which was re-confirmed 3 times. No reason was still found to explain this
strange but actual behaviour. In this case the use of diluted chemistries in conjunction with
megasonics gives even better results than the conventional (0,25/1/5) recipe.

Si3Ng4 particles :

It is well known that Si3N4 particles from H3PO4 chemistry are particles which are even
more difficult to remove. As can be seen in figure 9, in spite of the high initial
contamination level only 60% can be removed with the most concentrated recipe. The
megasonics do not bring a decisive advantage in this case.

Except for the very particular case of nitride particles it is therefore possible and sometimes
better to use dilute SC1 solutions. The dilution can be quite important in terms of process
but is in practice limited by the regulation capability of the chemical concentration control
system. Furthermore as depicted in figure 10 the chemical consumption, in order to
maintain the nominal concentration, decreases at first very fast from X=5 to 20 and then
slower. For these two reasons we propose at first to use the 0,25/1/20 ratio.
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DISCUSSION AND CONCLUSIONS

The particle removal efficiency decreases drastically when the volume of DI water in the
SCI solution is increased. The explanation of this behaviour cannot be found just by taking
the etch rate into account, but it could be attributed to the effects of the ionic strength of the
liquid in between the particle and the substrate. The negative effect due to the dilution is
almost entirely compensated by the addition of megasonic energy.

It is possible for the most important types of particles to reduce the chemical concentration
drastically and still achieve an acceptable removal efficiency. A first relatively modest
concentration reduction, down to the 0,25/1/20 ratio, would probably be necessary for the
conservative IC industry. In this case the chemical consumption is actually decreased by a
factor 3 both for NH4OH and HyO, . This represents a soft transition towards a more
aggressive final dilution .

REFERENCES
1. W. Kern, D.A Puiotinen, RCA revue vol 2, 1970

2. M. Meuris, M. Heyns, P. Mertens, S. Verhaverbeke and A. Philiposian,
Microcontamination, May 1992.

3. S. Verhaverbeke, J. W. Parker and C. McConnel, ECS Chicago, October 1995

4. H. Kobayashi, J. Ryuta, T. Shingyouji, Y. Shimanuki, Jpn. J. Appl. Phys. Vol. 32,
pp. L45 - 147, 1993 '

This work was carried out within the GRESSI consortium between CEA-LETI and France
Télécom-CNET

Electrochemical Society Proceedings Volume 97-35 164



€ £
E E
2 2
4 2O08H  —o—22 moll Ky,
- S ol -B-15 mol Hyo,
S 5 ceko-0,3 molll Hy0p
i i 0,4 — & -0,17 molfl H0,
0,2 g
0 [ L |
o 1 2 3 4 5 o 1 2 3 4 5
NH,0H concentration (mol/l) NH,0H concentration (mol/l)

Figure 1: Etch rate of silicon in different ~ Figure 3: Etch rate of thermal oxide in

SC1 solutions at 65°C. different SC1 solutions at 65°C.
8 25 T T i
7
o 20 r -1
s © = f
E : E
2 st :
o 4 — & -0,17 molll H,0, o
e sfb —6—10,3 moll H,0, W10l ]
§ | g-" --@--15 moll H,0, S
w - 17}
2 N, 22 moll H,0, 5L k
! 0,25/1/5
O (! i saenl PR AL i
0 1 2 3 4 5 6 10 100 1000
Sqrt(NH,0H/H,0,) SC1 ratio (0,25/1/X)

Figure 2 : Silicon etch rate for 65°C SC1 Figure 4: Silicon etch behaviour in 65°C SC1
as a function of Sqrt(NH4OH/H,03). solutions with a fixed NH4OH/H, O, ratio.

Electrochemical Society Proceedings Volume 97-35 165



100 g 100
X80 e X8 .
< | < ]
> > 1
1) )
c R [~ L\
% 60 .g 60\ —o—with megasonic
£ £ \  —> -without megasonic
[ 3 7} E
n S ]

5 40 ) 5 40 )I(
> >
2 )

[ —6— with megasonic ] L \ ]
220 _x _without megasonic | 220 N X

] N ]
L ~ B
0 AT VRPN PR P T - T e e
0 20 40 60 80 100 120 0 200 400 600 80010001200
SC1 ratio (0,25/1/X) SC1 ratio (0,25/1/X)

Figure 5 : Si0; particle removal efficiency Figure 6 : Si0; particle removal efficiency
(CMP slurries measured at 0.16 pm) by (CMP slurries measured at 0.16 im) by
SC1 (0,25/1/X) 65°C Scale : 5<X>100 SC1 (0.25,1,X) 65°C Scale: 5<X>1000

70 A 70 T T T T
~80 [ 7 .60 3
s ] 2
550 E E 350 P —o—with megasonic
% f 1 % — X -without megasonic
540 E 5404 ]
E = 1
@30 3 %30 | 3
© © ]
> ] > ]
Q20 R o020} 3
g b —o—with megasonic qE,
[P — > -without megasonic €40k ]

p
0 *:u\ o L 1 N 1 0 &g N Liyes | 1 N
0 20 40 60 80 100 120 0 200 400 600 80010001200
SC1 ratio (0,25/1/X)

SC1 ratio (0,25/1/X)

Figure 7 : Al;03 particle removal efficiency ~ Figure 8 : Al,O3 particle removal efficienc

y
(measured at 0.16 pm) by SC1 (0.25,1,X) (measured at 0.16 pum) by SC1 (0.25,1,X)
65°C Scale : 5<X>100 65°C Scale : 5<X>1000

Electrochemical Society Proceedings Volume 97-35 166



65 e 800
_ 80 ] =700 F
Rt \)< £ E
>55- - EGOO
g [ v500:
S50 [ 3 w
5°0 i
£ E 400
Pas . 2
Kl —e—with megasonic ©300 ¢
B40 [ —> -without megasonic j o F
£ $200¢f
) X
.| 3 2
35F ] 0100
3 t ~ o .X
30 | Basoaadeaasl il 0 FIFSTITN IR IS AT IWATIardl AWy
0 10 20 30 40 50 60 0 10 20 30 40 50 60

SC1 ratio (0,25/1/X) SC1 ratio (0,25/1/X)
Figure 9 :Si3N4 particle removal efficiency ~ Figure 10 : Spiked chemicals versus

(From H3PO4 bath measured at 0.16 pum) (0.25,1,X) SC1 dilution. SC1 performed
by SC1(0.25,1,X) 65°C Scale : 5<X<50 at 65°C (200 mm wafer bath)

R L L R R

20 b

Delta %

.20} i

-40 4

TETEERETS FUT RN ERE SRR W R W a

5 20 50
SC1 ratio (0,25/1/X)

Figure 11: Differences in etchrate, expressed
in Delta% for different SC1 ratios at 65°C with
and without megasonic.

Electrochemical Society Proceedings Volume 97-35 167



THE ROLE OF MEGASONIC ENERGY IN PARTICULATE REMOVAL FROM
SILICON SUBSTRATES IN DILUTE SC1 CHEMISTRY

Ismail Kashkoush, Eric Brause, Robert Grant, and Rich Novak
SubMicron Systems Corporation, 6330 Hedgewood Dr., #150, Allentown, PA 18106

The use of megasonic energy to enhance particulate removal from silicon
surfaces in dilute SC1 solutions is demonstrated in this study. Ideal and
“real world” particles were deposited on silicon wafers to challenge the
SCl/megasonic particle removal system. Different dilute SCI
concentrations were used, e.g., 1:4:20, 1:10:120, and 1:1:100. Bath
temperature was varied between 50 and 70 °C with megasonic energy kept
constant at 800 W. Results showed that the megasonic energy enhanced
the particle removal even in dilute solutions. The chemical concentrations
were shown to be a significant factor and must be monitored or controlled
in dilute SC1 solutions for particle removal to take place. A lower cost of
ownership can be obtained from these techniques as a result of using dilute
chemicals and extending current bath lives.

INTRODUCTION

Surface contamination is considered to be a major problem in the semiconductor,
aerospace, and pharmaceutical industries. The adhesion of contaminants to silicon
substrates is largely responsible for the low yield in the manufacturing of VLSI and ULSI
devices. Many methods for removing particles from silicon surfaces are currently used
but the most common techniques are the wet chemical processes based on the hydrogen
peroxide/ammonium hydroxide mixtures (SC1 or APM) [1,2]. The addition of megasonic
energy during these processes has been proven to enhance particle removal. This paper
presents the use of megasonics during dilute SC1 processes to enhance particle removal.

During an SC1 cleaning process, a cooperative and compensating action exists
between the two chemical components. H,0, oxidizes the silicon and forms a chemical
oxide; the formation of this oxide is limited by the diffusion of the oxidizing species.
Ammonium hydroxide, conversely, slowly etches this chemically grown oxide. The result
of these two processes is that a chemical oxide layer will continually be generated and
removed. Particles are thus removed by this etching and undercutting action. Re-
deposition of particles onto the wafer surface is inhibited by the repulsion between the
negatively charged silicon surface and the negative zeta potential that particles have in a
SC1 solution. Particle removal efficiency can be increased by increasing the etch rate of
SiO,. The etch rate, in turn, can be increased by using greater concentrations of NH4OH
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or by elevating the process temperature. However, too much NH;OH can cause surface
roughness.  Therefore, an optimal SCl solution was suggested to have a low
concentration of ammonium hydroxide and a low ratio of NHsOH/H,0; [3].

The continually increasing integration of advanced IC manufacturing requires tighter
process control and specifications. In addition, more stringent environmental
requirements are being mandated to reduce chemical and water consumption and waste.
The use of megasonic energy has been applied to many wafer surface cleaning procedures
as a means to enhance particle removal, reduce chemical concentrations, and shorten
process times [4,5]. The acoustic waves need for cleaning are approximately 1 MHz and
are generated from piezoelectric transducers. When megasonics is used in conjunction
with SC1 solutions, particles of sizes 0.12 pm or larger can be removed from the wafer
surface.

The mechanism of particle removal consists of a combination of processes including
acoustic streaming, acoustic cavitation, and radiation pressure [6,7]. However, the factors
that affect particle removal effectiveness in SC1 solutions can be summarized as follows:

1) Concentration of Chemicals

2) Process time and temperature

3) Megasonic power and frequency

4) Contaminant size, shape, composition, and intensity (particle counts)

5) Surface conditions (i.e., hydrophobic, hydrophilic, bare silicon, oxide, nitride)

Particle removal efficiency increases with process time, temperature, ammonia
concentration, megasonic input power and frequency [7,8]. However, careful attention
must be paid to the wafer surface roughness and chemical consumption. The use of
megasonics with dilute SC1 solutions can result in high particle removal efficiency with
longer bath lives, resulting in a lower cost of ownership.

EXPERIMENTAL SETUP

The experimental set-up consists of the process tank, pump, filters, IR heater, and
conductivity sensor for concentration control. The megasonic system is equipped with 1
MHz/800 W pulsed generator in which the transducers are bonded to the bottom of the
process tank assembly. Experiments were conducted in SubMicron Systems Corporation
Class 1 Applications Laboratory, Allentown, PA, using a fully automated GAMA-1™
wafer processing wet station and utilizing an ICE-1™ in-situ chemical concentration
control system. Field experiments were conducted under similar conditions.

Test wafers (p-type, <100>, 10-20 Q.cm resistivity bare silicon) were normalized to a

background particle count of <10 at 0.20 um using a standard SC1 solution. The SC1
process removes any light organic materials on the wafer surface and produces clean
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hydrophilic surfaces. Particle deposition was conducted by placing oxide wafers facing
bare silicon wafers in 10:1 BOE (Buffered Oxide Etchant) solution at ambient
temperature for 1 minute. Contamination occurred when SiO; particles diffused through
the solution and deposited onto the bare silicon. Wafers were then rinsed and dried in an
IPA dryer. Another set of wafers were contaminated by atomizing suspended (in IPA)
SiO, and Si3Ns particles onto the test wafers. Particle counts were taken for all
contaminated wafers using a Tencor ™ Surface Analysis System 6200.

Each particle test consisted of placing three test wafers in slots 1,13, and 25 of two
cassettes. The remainder of the slots were filled with dummies. The cleaning process
recipe consisted of the following sequence: SC1/Rinse/IPA dry. SCI1 conditions were
varied in dilution and temperature. The rinse cycle was performed as 2 quick dumps
followed by 5 minute overflowing 18 MQ.cm DIW, followed by a 5 minute IPA drying
cycle. The dryer and rinse tank were previously qualified with particle addition limited to
<5 particles at 0.2 pm. Post particle counts were then taken for the processed wafers.

The second set of experimental conditions involved wafers processed in a variety of
different manufacturing environments. Contamination levels in photoresist stripping and
pre and post epitaxial growth during silicon manufacturing were investigated.
SC1/megasonic systems were designed to remove contaminants in these applications. The
test conditions remained the same as previously discussed with results presented in the
following section.

RESULTS AND DISCUSSION

Results are presented graphically as initial particle counts versus the removed
particles, particle A (final counts - initial counts). The data is presented in this fashion for
two reasons: First, the negative of the slope of the data fit line represents approximately
the particle removal efficiency. Second, the intercept of this line (A,) with the A-axis
represents the particles added to an ideal wafer (zero particle counts). This A, value
provides a measure of the cleanliness of the process and/or equipment. Using these two
parameters, the performance of a SCl/megasonic system can be easily evaluated and
compared to other systems. The following sections show data collected on “prepared” as
well as “real world” particle experiments.

«

‘Prepared” Particles
BOE contaminated wafers were cleaned using a 0.5:1:5 SC1 solution at 60 °C and 800

W. As can be observed in figure 1, a particle removal efficiency of 95% and A, of +35
was obtained. The experiment was repeated for a 0.25:1:5 SC1 @ 70 °C and 800 W
process (see figure 2). Even though the NH4OH concentration was reduced 50%, the data
showed a removal efficiency of 94% and A, of +23. The experiment was repeated again,
this time using a 1:1:100 SC1 process at 70 °C and 800 W. A removal efficiency of 94%
and A, of +41 was obtained even though the ammonia concentration had been decreased
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5-fold (figure 3). These results indicate that high particle removal can be obtained at
dilute chemistry.

Similar results were obtained when particles of different compositions were deposited
on the wafer surface. Removal efficiency contours for Si3sN, particles in 0.2:1:5 SC1 at 60
°C suggest that the higher the input power, the higher the particle removal at low NH,OH
concentrations (figure 4). When the experiments were performed for SiO, particles,
similar contour plots were obtained.

The effect of megasonic energy on the removal of SiO; particles from 200 mm silicon
substrates at 0.16 um is clearly shown in figure 5. For concentrated SC1 bath, the
removal of the particles is mainly caused by chemical energy and slightly enhanced by the
acoustic energy. As the concentration of ammonia decreases (less effect of chemical
energy), the removal efficiency decreases as well, as can be seen from the dotted line in
figure 5. However, with the aid of megasonic energy the effect of decreasing ammonia
concentration did not impact the particle removal effectiveness, as shown by the solid line
in figure 5. The same removal efficiency was maintained at approximately 98% even
though the ammonia concentration was reduced 20 times. Similar results were obtained
for more dilute chemistries [13].

“Real World” Particles

Wafers under a variety of typical manufacturing conditions were processed in
megasonic SC1 systems. Particle removal results are shown in figure 6 for a post piranha
process consisting of a H,SO4-H;0/Rinse/SC1/Rinse/Dry sequence. Contamination
occurred by insufficient rinsing after the HSO4-H,0; process, resulting in high particle
counts on the wafer surface (commonly known as light-point defects, or LPDs). These
particle defects were described as time dependent surface haze [9] that results from poor
rinsing after processing wafers in viscous acids e.g. phosphoric and sulfuric acids. This
time dependent haze is usually sulfur (or phosphorous) and/or sulfur compounds (e.g.,
ammonium sulfate combined from traces of NHj gas typically present in the cleanroom
environment or in the wet bench itself). To reduce and/or eliminate these defects, an
extended hot DIW rinse is normally used. The SC1/megasonic (0.5:1:5 at 50 °C and 800
W for 5 min) process was designed to enhance the particle performance in these
situations. As shown in figure 6, the particle removal efficiency for this process is more
than 98%. Implementation of the SC1/megasonic process not only gives good particle
results but also can serve as a buffer in case of mis-processed wafers in a post-sulfuric
rinse.

Another application of the dilute SC1/megasonic process was for a pre and post
epitaxial process at the 0.13 pum particle threshold. Wafers were processed in a 1:10:120
solution at 70 °C for 5 minutes. Figure 7 shows a removal efficiency of 94% and A, of
+30 was obtained at 0.13 um. Similarly, a removal efficiency of 96% and A, of +25 was
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obtained under the same conditions. Even at higher initial particle counts, a removal
efficiency of 98% and A, +10 particles was obtained. The increase in removal efficiency
as the initial counts increase can be explained by the possible agglomeration of particles
and the subsequent ease of removing a group of particles as compared to individual
particles.

The increase in particle removal efficiency by high frequency sound waves in dilute SC1
solutions can be explained as follows: First, depending on the chemical ratios, dilute SC1
solutions normally have a pH value between 9.5 to 10.5. These pH values are required to
achieve sufficient etch rates and negative zeta potentials in order for particle removal to take
place [10-12]. Second, the speed of sound through liquids increases with solution density.
The specific gravity of NH4OH and H,0, solutions is less than unity. At the same
temperature and pressure, dilute SC1 solutions are more dense than, concentrated SC1
solutions. This results in higher transmission efficiencies in dilute SC1 solutions as compared
to concentrated SC1 solutions. In addition, the decomposition of H,0; introduces many fine
bubbles into the process bath. These bubbles attenuate the transmission of sound waves,
mask the surface of the wafer, and/or diffract or reflect sound waves from the wafer surface,
leading to lower particle removals. In these situations, high particle removal can only occur
by adding more ammonia and/or raising the temperature.

Concentration Control

The use of dilute SC1 solutions requires a more stringent means of monitoring and
controlling chemical concentrations in order to obtain process stability. For many years, the
RCA-based wafer processing had adopted the use of high concentration of chemicals at
elevated process temperatures and long process times [4,5]. Due to the lack of chemical
concentration control, the RCA-based cleaning solutions were typically replaced after fairly
short periods of time (2-4 hours) in order to obtain any degree of process uniformity.
Cleaning solutions can be used for longer intervals if an accurate and continuous control of
chemical concentration is provided. In addition, the continuous monitoring of the SC1
solutions will allow more dilute chemicals to be used. The decreased consumption of
chemicals (figure 8) will allow a lower cost of ownership.

Experiments were conducted to monitor the particle removal effectiveness in a dilute SC1
bath over 8 hours. Chemical concentrations were controlled by maintaining the solution
conductivity using the ICE-1™ system available on the process bath (figure 9). As can be
observed, the chemical concentration and conductivity were sustained in a narrow range. The
initial and final particle counts on wafers processed in dilute 1:1:100 SC1 at 70 °C over a
period of 8 hours are reported in figure 10. Little difference in removal effectiveness between

- the initial bath and at the end of the bath life was observed. Similar concentration control

was observed when a 0.25:1:5 @ 70 °C SC1 bath was extended to 22 hours (figure 11).

Some experiments were conducted to investigate the effect of diluting the SC1 solutions
on the wafer surface metallics. Results were obtained and tabulated in Table 1. It can be seen
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also from Table 1 that cleaner surface (no metal contamination) can be obtained when dilute
SC1 solutions are used. No Fe, Cu, Zn were detected on the test samples for those
experiments. The need for a metal removal step (e.g. SC2) after SC1 step may not be required
based on these findings. Even if that metal removal step has to be designed, it can be
extremely dilute (e.g. 0.01% HCI by wt.).

CONCLUSIONS

The use of megasonic energy to enhance particle removal efficiencies in dilute SCI
processes has been presented. Test results from different SC1 concentrations and particle size
and compositions were reported. Results clearly indicate that megasonic energy enhances the
particle removal process in dilute SC1 processes, even in solutions as dilute as 1:1:100 and
1:10:120. High particle removal efficiency was obtained when different particle sizes (0.13,
0.16, and 0.2 pm) and composition (SiO; and SizN4) were used. Experiments also
demonstrated the need for techniques of concentration control in order to obtain process
stability and longer bath life. The use of megasonic energy and dilute chemicals can provide
cleaner and smoother wafer surfaces (particles and metals), lower cost of ownership and
more environmentally sound processes.
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TXRF RESULTS FOR SC1 SOLUTION

PROCESS 1:1:10 @ 50°C 1:1:100 @ 70°C

— — -

“Wafer - I'Fe ~ICu |24 QP - PCu - |2
Controt BDL | BDL | BDL | BDL BDL BDL _|
Tnitial 398 | BDL | 42 BDL BDL BDL |
After 1hr, | 534 | BDL | 4 BDL BDL BDL |
Afer2tes. | 756 | BDL BDL BDL BDL |
After3hrs. | 394 | BDL | 4 BDL BDL BDL |
Afterdhrs._ | 38 BDL | 6; BDL BDL BDL
AferShrs. | 279 | BDL |3 BDL BDL BDL |
After6hrs. | 61.1 | BDL | 68 BDL BDL BDL |
After7hrs. | 455 | BDL | 52 Plu L BDL BDL _|
Afler8hrs. | 86.6 | BDL | 89 | BDL BDL BDL |
16 hrs. 63 BDL_| 69 BDL BDL BDL

BDL (Below Detection Limit of 1.5E10 Atoms/cnr)

Table I. Effect of SC1 Dilution on
Wafer Surface Contamination
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The effect of megasonic agitation, trace metallic contamination, temperature
and pH on the kinetics of the HyO3 decomposition in NH4OH/H205/H0 is
studied. Quantitative experimental results and fitted models are presented.

INTRODUCTION

The Hy04 in NH4OH/H5042/H,0 cleaning mixture is known to be subject to decomposition
[1]. This decomposition not only results in a gradual change of the composition of the
cleaning mixture but has also been correlated with degradation of the silicon wafer surface
integrity, particularly if made hydrophobic by an HF treatment [1-5]. Several experimental
studies on the kinetics of the decomposition of HyO3 in SC1-like cleaning solutions have
been performed [3-6).

EXPERIMENTAL TECHNIQUE

A technique has been developed to monitor the decomposition rate of HyO3 in real
time [3,7]. The decomposition of HyOy follows the overall reactions:

2H503 — 2H30 + O3(aq.) (1)

0O2(aq.) — Oz(g) 2)

Reaction (1) describes the HyOy decomposition itself while reaction (2) describes the sub-
sequent Oy degassification. It is further assumed that reaction (2) is not rate limiting in
the overall decomposition process. Therefore, in the present study, the rate of the decom-
position reaction is determined by measuring the rate at which O3(g) is generated. In
order to obtain data representative for practical cleaning conditions, the pressure is kept
as close as possible to the normal ambient pressure. Let n be the total number of moles
H30; dissolved in a sample of the SC1 liquid and ng be the number of moles Oy, generated
from decomposition. From the stoichiometry of the decomposition reaction it follows that
a change in the number of moles of Hy0g in the solution, An, is related to a change in the
number of moles Oz(g) generated, Ang, as follows:

An = —-2Ang 3)

The measurement of the rate of Oy(g) generation occurs with a dedicated set-up, schemat-
ically shown in Ref. [3]. A volume V; of the liquid SC1 solution under test is put in a vessel,
denoted as “decomposition reactor”. The Oz(g) generated is collected and fed to a second
vessel, referred to as “gas filter”. In order to remove other gases than Og, such as NHg, the
gas collected from the liquid under test is fed through a liquid trap in the second vessel.
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The generation of Oz(g) will give rise to a pressure increase Ap in the gas phase with total
volume, V. If the pressure increase is kept small in comparison to the actual atmospheric
pressure and if the ideal gas law approximation is applied to the gas volume one obtains:

_Yedr
" RT @)
where T is the absolute temperature of the gas phase. The change in the number of moles

of HgOg in the liquid, An, can be rewritten in terms of the molar concentration of HpO9
in the liquid, C:

Ang

An =VAC (5)

Substituting the expressions (4) and (5) in to the overall mass balance expression (3) and
dividing by the time, At, elapsed during the pressure change, Ap, one obtains an expression
for the rate of the HyOy decomposition:

AC Ve, Ap

A - RT A ©)

In practice the measurements are performed as follows. The pressure, p, starts from
ambient pressure and builds up to a small but fixed over pressure Ap, typically 20 (or
40) mbar. Once this over pressure is reached a valve is opened to reset the pressure
to the ambient value and the process starts all over. A computer accurately registers
the consecutive time intervals, At;, required to reach this pressure increase. In this way
the decomposition rate as a function of time is registered. Numerically integrating the
decomposition rate over time, taking into account the initial peroxide concentration, Cj,
thus yields the instantaneous HyO concentration as a function of the age of the mixture.
For practical reasons, the HyO3 concentration, C, is normalized to its initial value, C}, as

C
- (7)
METHOD OF DATA ANALYSIS

A simple description of the kinetics of the H,O2 decomposition reaction (1) is given by the
basic rate equation:
den

—_— - m
dt knen (8)

where k, is the rate constant for the concentration normalized to C; and m is the order
of the reaction (1). The normalization, introduced in expression (7), makes the dimension
of the rate constant order-independent. To analyse the experimental data it is useful to
plot the log of the (normalized) decomposition rate versus the log of the (normalized)
concentration, as is shown in Fig. 1. If the simple rate equation holds, the curve should
be a straight line, with an intercept at ¢y = 1 of k, and a slope m. Because of the
normalization, shown in expression (7), the value of k, equals the initial, (i.e. for cn = 1),
decomposition rate. m is a parameter characterizing how the decomposition rate changes
as the mixture evolves over time towards a lower H2Oy concentration. From a practical
standpoint, since k, provides the decomposition rate of the fresh mixture, its value equals
the HyO, spiking rate required to maintain C of the mixture constant at Cj.

Curve fitting is performed on the logarithms of the experimentally obtained values, in
order to obtain more even weighting of all data. The normalization of the concentration to
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its initial value results in fit parameters k, and m that can be determined relatively inde-
pendently. Because of this independence, in cases when too little decomposition has taken
place to extract a meaningful value for m, still a good value for k, can be obtained. In a
comparative study on the decomposition rate in SC1 particularly the initial decomposition
rate, which is given by k, is of direct practical interest.

EXPERIMENTAL CONDITIONS

Experiments were performed to generate information on different factors that affect
the kinetics of the decomposition of HyO3 in SC1 mixtures. The baseline SC1 mixture is
obtained by mixing NH4OH/H202/H,0 (with typical commercial w-concentrations (%):
H20; 31.3 , NH3 29.2 and (CH3)4NOH 25) in a volume ratio (1/4/20). This corresponds
to an initial HyO2 concentration, Cip, of 1.63 mol/] and an initial NH4OH concentration
of 0.611 mol/l. The baseline temperature was chosen to be 70 °C resulting in a pH of 9.0
and no megasonic agitation was used, unless mentioned otherwise. The effect of different
factors on the decomposition kinetics was investigated: megasonic agitation (300W) and
the presence of trace amounts of different metals. In some experiments the base NH4OH has
been replaced by tetramethyl ammonium hydroxide (TMAH) (CH3)4NOH, keeping the pH
and the initial molar HyO2 concentration the same as in the corresponding NH4OH-based
mixture.

For studying the effect of traces of metallic contamination, individual SC1 mixtures
are spiked with the metal of interest (see results). The HoO; NH4OH and (CH3)4NOH were
of a grade with most metallic contaminants below 1 w-ppb, 0.1 w-ppb or in some critical
cases even below 0.01 w-ppb. 1000 w-ppm AAS or ICP-MS standard metal solutions,
obtained from Merck, were used for spiking in all the experiments. For all experiments a
secondary solution is prepared by putting 1 vol-% of the original 1000 w-ppm solution of
the metal under study, into a 5% HNOj solution. Finally, the SC1 mixtures were prepared
in the following sequence. At first the H,O was heated. The appropriate amount of the
secondary metal solution was then added. Subsequently HoO9 and NH4OH were added.

RESULTS AND DISCUSSION

As can be seen in Fig. 2, the use of 300W megasonic agitation does not have a signif-
icant effect on the overall kinetics in case of an NH4OH-based SC1 mixture containing 1
w-ppb Fe [6]. The megasonic agitation, however, suppresses the initial overshoot, charac-
teristic for the measurement method and attributed to the bubble nucleation mechanism
(reaction (2)).

Table 1 shows the results for 1 w-ppb of metal in SC1 at 70 °C for (NH4OH/H;0,/H,0)
and for ((CH3)4NOH/H202/H20). It should be mentioned that the lower values of ky ob-
tained for some metals are not very accurate, because of limited measurement time. As
can be seen from Table 1, different metals have a very different effect on the decomposi-
tion rate constant, k,. Under the current conditions the metals that have the strongest
effect on the decomposition rate are, in decreasing order of importance: Fe, Cu, W, Co
and Bi. The addition of 1 w-ppb of Fe results in a 10 times larger decomposition reac-
tion rate constant than the addition of an equal weight concentration of Cu, comparable
to results reported for (1/1/5) mixtures at 30 °C [6]. Other metals such as Ti, Zn, Na
and Cr have very little effect. Fe and Cu were also evaluated substituting the NH4OH
by a pH-equivalent concentration of TMAH. Fe yields the same decomposition kinetics in
TMAH-based mixtures. In the presence of Cu, the initial decomposition rate is a factor of
2 higher in the TMAH-mixture than in the NH4OH-mixture. The amine formation of Cu
in the NH4OH-mixture thus suppresses the catalytic effect by a factor of 2.

Electrochemical Society Proceedings Volume 97-35 178



The typical values obtained for the order of the reaction in the experiments listed in
Table 1 range from 0.5 to 1.5. Surprisingly these values are not integer numbers, possibly
indicating simultaneous occurrence of different reaction paths in parallel. For Fe a value
of approximately 1.5 is obtained consistently. A simple linear combination of a second and
first order reaction rate would yield a curve with a kink. The first part (i.e. right of the
kink) of the decomposition curve would have a slope m = 2 the second part (i.e. left of the
kink) having a unity slope. This is not observed (Fig. 1). If the initial transient, attributed
to the bubble nucleation, is disregarded, the entire decomposition reaction kinetics nicely
follows the slope m = 1.5, as is illustrated in Fig. 1. For Cu a value for m of approximately
1 is obtained in case of NH4OH-mixtures. As mentioned earlier, the values of m listed in
Table 1 describe how the decomposition rate evolves with decreasing remaining peroxide
concentration, but also with the age of the mixture. Therefore, also other changes in the
mixture, such as e.g. the NHyOH-evaporation, can affect these fit values. Since TMAH
is a lot less volatile than NHj3, the data obtained for TMAH should be less affected by
evaporation of the base. For Fe the evaporation does not seem to affect the value obtained
for the order. For Cu a lower value for m is obtained with TMAH which could indicate
that the higher value obtained in case of NH4OH is affected by evaporation (see below:
pH dependence).

The order has also been determined, independent of the aging of the mixture, by
analysing the initial decomposition rate for mixtures with different initial peroxide con-
centration but with the same NH4OH-concentration (Fig. 3). In agreement with eq. (7),
the normalized initial HyOg-concentration is defined as cpj = Cj/Cjo. Based on the general
rate equation (8) one obtains:

kn(eni)lgo, s = Knleaso,goiTo Cni™ 9

g stands for the metal concentration in the mixture and T is the absolute temperature.
Enleato 0,7, 8lso abbreviated as kno, is the rate constant for the reference conditions: cpjo =
1, go = 1 w-ppb and T, = 343.2 K. Fitting the data, shown in Fig. 3, with expression (9),
yields an m-value for Fe of 1.94 and for Cu of 0.74. Consistent with the results above, the
value for Fe is higher than for Cu. Both values are slightly higher than those listed for the
TMAH-mixture in Table 1. From a practical standpoint it is worth noticing that for low
H;0;-concentration Cu will eventually result in a higher decomposition rate than Fe (Fig.
3).

The effect of metal concentration, in the range of 0.1 to 5 w-ppb, and temperature,
in the range of 30 to 70 °C, on ky has been measured (see Figs 4 and 5). The values for
a clean solution, in Fig. 4, are calculated from the raw measurement data of Refs [4, 5.
Fig. 5 shows that the dependence on the metal concentration is linear, in agreement with
Ref. [6] for the metal concentration range of interest. The experimental data are fit with
the following expression,

r E, (1 1
kn(‘lv T)lcnlo = knlcnlquoyTo ('qg;) exp _—f‘ (— - _)] (10)

where E, is the activation energy per HyO3 and r is a fit parameter. The results are shown
in Table 2. For the clean mixture, shown in Fig. 4, an activation energy of 93.0 kJ/mol is
obtained, close to the value reported in Ref. [4].

In order to study the effect of the concentration of the caustic component, its con-
centration was varied, keeping the concentration of HoOy constant at 1.63 mol/l. Fig. 6
shows that ky increases with increasing pH.
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Table 1: Overview of experimental conditions and kinetic fit parameters, k, and m, for H20,
decomposition in (1/4/20) SC1 and a ((CH3)4NOH/H202/H;0) mixture with the same initial
H30; concentration (i.e. Cjp = 1.63 mol/l) and the same initial pH (= 9.0). The metal weight
concentration is 1 ppb except for the blank references. In absence of megasonic agitation at 70 °C.

NH,4OH: (CH3)4NOH:
Mt kno m kn m
(1076 s71) (10~ 5~1)
blank 2.2 7.5 2.2 +£0.8

Na 3.5

Mg 3.7

K 7.5

Ti 1.0

Cr 3.2

Fe 166.7 1.51 169.3 1.50 +0.02
Co 10.2

Cu 17.3 0.97 32.2 0.45 +0.02
Zn 1.7

Sr 6.2

Ba 74

w 11.7

Pt 8.8

Pb 4.6

Bi 10.0
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Table 2: Overview of the fit parameters, obtained by fitting expression (10) to experimental data
for the “normalised decomposition rate constant” in the case of different concentration of Fe or Cu
in the (1/4/20) SC1 at different temperatures. In absence of megasonic agitation. The fit model
using the fit parameters on the second and third row is depicted in figures 4 and 5.

Mt ky T E,
(106 5~1) (kJ /mol)
Fe 166.3 1.03 68.6
Fe 162.8 =1 68.1
Cu 17.6 =1 n/a
10°
i”j 104 | E
£
3
h~
ot |
ZE 0 - i E
10 ]
0.1 1

Norm. Hzo2 conc.

Figure 1: Normalized H,0; decomposition rate vs normalized Hz0 concentration for (1/4/20)
SC1 at 70 °C containing 1 w-ppb Fe. k, = 166.7x107% s~! and m = 1.51.
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g0 M g | !
g | deto ¢
F4 | L 108 ~ .
10° Y k = (1667 1) x10° " | k,=(161.2£25)x10%s
! m=1.510.01 m=1.28 £ 0.05
0 50 100 150 200 0 50 100 150 200
Bath age (min) Bath age (min)

Figure 2: Effect of megasonic agitation on normalized HyO3 decomposition rate versus age of the
mixture for (1/4/20) SC1 at 70 °C containing 1 w-ppb Fe.
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Figure 3: Effect of initial HoO2 concentration on the initial decomposition rate both normalized
to the initial HyO, concentration for the (1/4/20) mixture (i.e. 1.63 mol/l) for a constant NH;OH
concentration of 0.611 mol/l w-concentration of Fe or Cu of 1 ppb at 70 °C. The symbols show
experimental data. The lines show the fit model according to equation (9).
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Figure 4: Effect of the temperature and of the Fe weight concentration on ky, for (1/4/20) SC1
solution. Symbols show experimental data obtained in the Fe weight concentration range of 0.1
to 5 ppb and the temperature range of 30 to 70 °C and in addition, data obtained for a “clean”
reference solution in the temperature range of 50 to 80 °C. The lines show the fit model according
to equation (10) using the values shown in the second row of Table 2.
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Figure 5: Effect of concentration of metal in the (1/4/20) SC1 solution at 70 °C on the decom-
position kinetics. The symbols show experimental data. The lines show the fit model according to
equation (10) using the values obtained for » = 1, shown in Table 2.
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Figure 6: H;0; decomposition rate constant, k,, measured for SC1-like mixtures with the same
initial HyO2 concentration, Cip = 1.63 mol/}, but for two different caustic components, NH;OH or
(CH3)4NOH, at 70 °C and containing 1 w-ppb Fe, as a function of pH.
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THE ROLE OF THE PEROXIDE ANION AS AN OXIDIZER IN
SC-1 SOLUTIONS

Steven Verhaverbeke, Ph.D. and Jennifer W. Parker, Ph.D.
CFM Technologies, 1336 Enterprise Drive, West Chester, PA 19087

The oxidation reaction in SC-1 solutions is investigated. The oxidizer
plays a major role in many of etching and cleaning applications of SC-1
solutions. The peroxide anion, HO;, is shown to be the primary oxidant in
these applications. The role that ammonium hydroxide plays in the SC-1
oxidation is to substantially increase this oxidant’s concentration over that
found in pure hydroxide solutions.

INTRODUCTION

The RCA Standard Clean is the de-facto standard in the semiconductor industry
for cleaning silicon wafers.[1] The RCA Standard Clean , developed by W. Kern and D.
Puotinen in 1965 and published in 1970 [2], consists of two sequential steps: the Standard
Clean 1 (SC-1) followed by the Standard Clean 2 (SC-2). The SC-1 solution, consisting
of a mixture of Ammonium-Hydroxide/ Hydrogen-Peroxide/ Water, was developed to
remove organic contamination as a result of the solvating action of ammonium hydroxide
and the powerful oxidizing action of hydrogen peroxide.

SC-1 can also be used for surface etching. SC-1 will etch the following materials:
Si0,, Si3Ny, Si, Ti and TiN. Whether the SC-1 solution is used for cleaning or etching,
the solution chemistry is similar.

THE ROLE OF OXIDATION IN SC-1

In all applications of SC-1, some etching of the surface occurs. An overview of
reported overall etching rates is given in Table I to indicate the order of magnitude of the
etch rate for a given substance. In most of these etching reactions, the oxidation reaction
plays a major role. For example in traditional cleaning applications, oxidation protects
the silicon during wafer cleaning. Similarly, during the etching of silicon or SizNy, the
oxidation converts the substrate into SiO, which can then be etched. Finally, when Ti
and TiN are etched with SC-1, the oxidation reaction directly converts the Ti into soluble
TiO™ peroxide complexes. In this paper, the role of the oxidation reaction in two distinct
SC-1 etching applications will be discussed: The case of the formation of an insoluble
oxide will be considered and then the formation of a soluble oxide will be analyzed.

SOLUTION CHEMISTRY

SC-1 solutions typically consist of mixtures of water with 31wt% hydrogen
peroxide (H,0;) and 29wt% (NH,OH ) in ratios from 5:1:1 to 100:1:1. Three
equilibrium reactions must be considered to analyze the chemistry of SC-1 solutions:
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NH,OH & NH; +OH" where, K= [NH,*][ OH')/ NH,OH )
H,0,” HO; + H* where, Ka= [ HO,] [H'] / H,0, )
H,0% H* + OH" where, Kw= [OH [H') H,0 ©)

The values of the equilibrium constants Ky, Ky, and K, as a function of
temperature are given in Table II. The decomposition of hydrogen peroxide is not
considered in this model, since most semiconductor applications of SC-1 are relatively
short (i.e., around 5 minutes), and the amount of decomposition is limited in such a time
frame.

The oxidizing species in SC-1 solutions is often assumed to be H,0,. In this work,
however, two possible oxidizing species are considered: H,0, and HO,". HO; results
from the dissociation of H,O, and its concentration can be calculated by solving the
equilibrium reactions given by equations 1-3. Since the dissociation constant, K,, for
hydrogen peroxide is so low, in SC-1 solutions, peroxide remains relatively undissociated
and [H,0,] can be expressed by:

[H,0,] = ¢y, 4)
where cy02 is the initial hydrogen peroxide concentration, assuming no dissociation
given in mole/liter.

In contrast, the peroxide anion is produced by the equilibrium balance given in
equation 2 and its concentration is affected by the presence of a base (i.e., NH4OH). The
equilibrium concentration for HO;' is approximated by [7]:

K. .K
[HOZ_]E" ;( : \/cuzo,-cuﬂ, ©)

where cuz02 and cny;3 are the initial, undissociated concentrations of hydrogen peroxide
and ammonia in the SC-1 solution.

It is interesting to recognize the difference in concentrations of oxidizing species
(i.e., HO, and HO,)) between SC-1 solutions and pure hydrogen peroxide solutions. In
pure hydrogen peroxide solutions, the concentration of the H,0s is still described by
equation. In contrast, the equilibrium of hydrogen peroxide (i.e., equation 2) is no longer
shifted as a result of the presence of a base, and the peroxide anion concentration in pure
H,0; solutions is given by:

[Ho;] = V Ka [HZOZ] = ‘\' KICH102 (6)

Thus, in SC-1 solutions the presence of ammonium hydroxide does not

’ K
significantly alter [H,O,]. In contrast, [HO,] increases by the factor K—bc Nu, @S aresult

’ K
of the ammonium hydroxide. Using the values given in Table 1, EP— is on the order of

11, 000 to 40,000 depending on the temperature. The fact that the equilibrium
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concentrations of HO, vary significantly in the presence or absence of a base allows for
determination of the primary oxidizing species in SC-1 solutions.

SC-1 IN TRADITIONAL CLEANING APPLICATIONS.

The hydrogen peroxide in SC-1 oxidizes the bare silicon (i.e., at the silicon/oxide
interface). The oxide that is formed is insoluble, and so remains on the wafer surface until
it is attacked by OH™ from the ammonia hydroxide in the aqueous solution at the
boundary between the oxide and the aqueous solution (i.e., the wafer surface). Figure 1 is
a schematic illustration of the overall SC-1 cleaning process.

Concentration Dependence of Oxide Growth

Oxide growth in pure hydrogen-peroxide solutions provides a simplified model of
the reactions occurring in SC-1 solutions[10, 11] Figure 2 shows data of oxide growth in
three different concentrations of hydrogen peroxide from Graef et al.[10] nand Ryuta et
al. [11] (Note the logarithmic time scale). This data clearly shows that the oxide growth
thickness is not linear with time, but rather is a function of the square root of time.

The oxidation rate in SC-1 solutions is much higher than in pure peroxide
solutions. Ryuta et al. [11] found that the final oxide thickness in SC-1 after a short
exposure time (i.e., 1-2 minutes) is similar to an exposure of 50 minutes in pure H,O, at
90 °C. Recalling the differences in the concentration of the peroxide molecule and the
peroxide anion between pure hydrogen peroxide solutions and SC-1 indicates why such a
change in growth rate can occur. If the peroxide molecule is the primary oxidant, then no
change in oxidant concentration and, therefore, no change in growth rate is anticipated. If,
however, the peroxide anion, HO;, is the principle oxidant, then a substantial increase in
oxidant concentration is found in SC-1 solutions compared to pure H,0, solutions,
correlating to large increase in growth rate.

The data in Figure 2 can be numerically differentiated to analyze the actual oxide
growth rate. Figure 3a shows the oxidation rate as function of time for three different
concentrations of hydrogen peroxide. Figure 3b shows the same data when it has been

normalized by 1[H,O2 . The data all falls on the same line within experimental error. If
the oxidation is proportional to HO; then according to equation (6), the oxidation rate
should depend on 1/HZO2 . These results further indicate that [HO,] is the predominant

oxidizing species. If on the other hand the data is normalized to the undissociated
hydrogen peroxide, then the curves diverge drastically.

Time Dependence of Oxide Growth
Previously, we modeled the oxidation reaction at the silicon/oxide interface

assuming only Fickian diffusion and found that models based only on diffusive flux
cannot quantitatively describe the data shown in figure 2 [8] . Although the initial part of
the growth curve can be fit with equations that follow the Deal-Grove model, these
equations predict both much faster growth after 100 seconds and continued oxide growth
after 10,000 seconds. Data in the literature indicate that no significant oxide growth is
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found after 10,000 seconds. In fact, the data suggest that the maximum thickness for
chemical oxides is 9 A, whether the oxide is produced in SC-1 or pure peroxide solutions.
Since the oxide growth ceases in pure hydrogen peroxide solutions as well as in SC-1
solutions, some other transport limitation must be active.

Stoneham and Tasker [12] studied the effect of image charges on the growth of
oxide films. These authors found that the polarization energies associated with localized
charges near the interface between oxides and silicon can directly affect the transport of
charged species. The presence of localized charges at the interface provides a motive
force that affects the transport by diffusion, over short distances. Figure 4 schematically
illustrates the effect of image charges on transport. Because this force is electrostatic, it is
active only over a short distance. As the oxide thickness grows, the image charge is
unable to facilitate transport of the ionic species, and oxidation in minimized. The oxide
growth follows the simple form:

dt, m(. A
glmagechargc = T_ =t_(1— t ] (7)

ox ox

where, II= fitting term including concentration dependency
A= fitting term describing force resulting from image charge.
A may have either sign, but for inward anion motion (i.e., toward the metal) A is

negative. The data for a 1 wt% hydrogen peroxide solution was fit with equation 7. The
best fit is obtained with:

dt,  000123808( ) 0.0633044] ®

8image charge, 1% H,0, — dt t, k + t

The result of this fit shows that the sign of A is negative, indicating that an anion
is the active oxidative species in the growth of the oxide film. The effect of the image
charge motive force is to attract HO; to the silicon/oxide interface in preference to H,O,.
As a consequence of this electrostatic force, the ratio of [HO,J/[ H,0,] is significantly
higher at the active interface than it is in solution, allowing HO; to be the primary
oxidant,

Analysis of the concentration and time dependence of the oxidation occurring in
SC-1 solutions on wafers indicates that the principle oxidant is the peroxide anion.

ETCHING REACTIONS OF Ti AND TiN

Titanium readily forms orange peroxy-titanate complexes with hydrogen
peroxide. These complexes are extremely soluble in water, consequently titanium
dissolves rapidly in solutions containing hydrogen peroxide. Again considering SC-1 and
pure hydrogen peroxide solutions, Ti and TiN are first oxidized by either hydrogen
peroxide itself, or the peroxide anion, HO,". The oxidation reactions of both metals with
both oxidants are given in Table III. Once TiO™ is produced, it reacts further, with either
oxidant, to form peroxy-titanate complexes. For example,
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TiO* + HO, 7 TiO* -HO, )
, [TiO** -HO,1 . .
thy K = ———— 22 _ 1022 4 18°C [6],
wi w; = [TiO"JHO,]~ [0 *18°CH
and
TiO™ + H,0,2 TiO" -H,0, (10)
[TiO** -H,0,]

- - 10" °
[Ti0™] [H,0,] 10 at 25 °C [6]

with, Ky,

The relative values of the equilibrium constants, KHO _and KHzoz , show that the
2

peroxide complex that forms with HO," is highly favored over that produced with H,O,,
despite the smaller amount of HO,". In a solution of pure hydrogen peroxide,

[TiO** -HO, )/ [TiO** - H,0, ] is greater than 3x10°. This ratio will only increase in

’K
SC-1 since [HO,] increases by the factor K—bcmx .

Dissolution reactions (i.e., Equations (9) and (10)) are frequently the rate limiting
steps in similar etching reactions. Then as a first approximation, the reactions can be
modeled as first order reactions with the oxidants H,O, and HO,'. First order models of
equations (9) and (10) require the assumption that the Ti or TiN concentration remains
constant throughout the reaction, a reasonable approximation for these surface reactions.
If H,0; is the primary oxidant, then the etch rate can be written as:

Tewsor = kH,O, [H202 ] g kHzochzOz 11
Equation (11) suggests that the etch rate is independent of NH4OH. Similarly, if

HO;' is the primary oxidant, then the reaction rate can be written as:

b = [HO, |2 Ko, e )

HOp

where ko0, and kyo. are reaction rate constants, and k' Hor = (k HOL- )
2

Since equations (11) and (12) have only one unknown at any given temperature
(i.e., the rate constants), the etch rate can be determined for all other NH,OH and H,0;
concentrations by using one actual data point. Using published Ti and TiN etch rate data
from as O’Brien et al. [4] and Philipossian and Magana [5], equations (11) and (12) were
solved for TiN at 55 °C and cnn4on=0.026 mole/l and cyy0,=2 mole/l. The etch rate was
then calculated over normal operating ranges. A comparison of these two theoretical
models with O’Brien et al.’s data [4] shows that the model based on a first order reaction
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with HO; reflects the empirical data very well. The empirical data has similar
functionality with respect to ammonium-hydroxide and hydrogen-peroxide as predicted
by equation (12). Additionally, once the rate constant was determined using the data of
O’Brien et al., the etch rates predicted by equation (12) are within 20% of the published
data in the concentration ranges used for industrial applications. In contrast, assuming a
first order reaction with H,O; indicates that the ammonia concentration does not influence
the etch rate; a result that is in clear discrepancy with the empirical data. The
comparison of these two theoretical models with published data indicates that HO,' is the
predominant oxidant for the SC-1 reactions with Ti and TiN.

Selectivity Issues
The first order model of the etch rate of Ti and TiN given by equation (12) is
useful for determining the selectivity of the etching process. In industrial applications,
preferential etching of Ti or TiN over SiO; is frequently important. The etch rate of SiO,
is dependent on [OH] [13], whereas the etch rate of Ti and TiN is dependent on [HO;].
Using the equation as published by the authors earlier [13], the selectivity at any
given temperature can be determined as follows :

Ti
Selectivity ( S 01 ) * Cyo, (14)
2

Therefore, the selectivity is directly proportional to the initial, undissociated H,0,
concentration which does not change as a function of temperature. Increasing the
peroxide concentration leads to greater selectivity (i.e., Ti or TiN is etched faster than
Si0,). The selectivity of Ti and TiN versus SiO; also can be calculated as a function of
temperature : [7]

Selectivity Ti vs SiO, att K

Selectivity Ti vs Si0, at25°C ~ K,

Equation (15) is plotted in Figure 5 for identical SC-1 solutions; selectivity of
Titanium over SiO; is shown as a function of temperature. At lower temperatures, Ti or
TiN is preferentially etched while higher temperatures lead to lower selectivity.

Similarly the selectivity of Ti and TiN versus TiSi; etching can be considered.
According to O’Brien et al. [4], the etch rate of TiSi, is directly proportional to the initial
undissociated NH4OH concentration. Although it is not very well understood why the
TiSi etch rate is only dependent on the NH4OH concentration, such dependency could
result from a second order reaction with HO,” and OH". The product of [HO,] and [OH']
is directly proportional to cnuaon. (Note: The functional dependency on cnuson cannot
result from etching by the NH," ion since [ NH,4*] has a functional dependence on [H,0,]
and [NH4OH] that is similar to [HO,].) If such a second order reaction is responsible for
TiSi; etching, then the etch rate can be written as :

: 135)

~Eng
sz = Aqsio [Ho{ ][OH_ ]‘3_kTlrﬂ

Substitution of the respective expressions for [HO,] and [OH'] yields:

(16)
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The selectivity of Ti/TiN versus TiSi, at any given temperature is, therefore,

expressed by :
Ti K, Cuo
Selectivity( — ) o< - 22
TiSi, KK, cyy, (18)

In order to get a high selectivity of Ti/TiN etching versus TiSi, etching, the
absolute concentrations are not important, only the ratio of hydrogen peroxide to
ammonium hydroxide. However, it is important to remember that some NH4OH is
necessary to increase the [HO,] over that found in pure hydrogen-peroxide solutions, so
that Ti and TiN etching occurs at a reasonable rate. Assuming that the activation energies
of the two etching processes are not dramatically different, the temperature dependency of
the selectivity of the Ti versus TiSi, can be determined from Equation (18). These results
are shown in Figure 6. Once again selectivity for Ti or TiN etching is favored at low
temperatures.

CONCLUSIONS

In this paper, the oxidization reaction in SC-1 solutions is investigated. The
oxidizer plays a major role in many of the etching and cleaning applications of SC-1
solutions. Different oxidizers are modeled and HO;' is found to be the primary oxidizer.
Finally, some industrial implications of these results are discussed.
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Table I. SC-1 etch rates as Table II: The pK (pK= - logK) values

measured and reported in the for the equilibrium constants Kb, Ka,
literature [2,3,4] and Kw expressed in molarity as a
function of temperature. [4]
Substrate Etch Temp pKw pKb pKa
. Rate :
PSG 60 25 13.99 4.75 11.620
Thermal SiO, 5 30 13.84 4.74 11.550
Silicon 8 35 13.69 4.73 11.340
SizNy 2 40 13.54 4.73 11.297
TiN 320 45 13.41 4.73 11.25
TiSi, 11.8 50 13.28 4.72 11.21
Ti 300 55 13.15 4.73 11.16
60 13.03 4.74 11.12
65 12.92 4.73 11.08
70 12.81 4.73 11.03
75 12.71 4.73 10.99
80 12.61 4.73 10.95
Table III: Oxidation Reactions of Ti and TiN in SC-1 Solutions.
Metal Oxidant Reaction
Ti H202  Ti+2H,0,"2TiO* +20H" +H,0
Ti HO2- Ti+2HO,” + H,0_TiO** + 40H
TiN H,0, TiN +3H,0+H,0, TiO*" +30H™ + NH,OH
TiN HO, TiN +HO,” +4H,0_’TiO** +40H™ + NH,OH
H0, HO, 10
g § jh 27
‘ d Etching § 6 +
5 +4
B P
£3 1 - e -1wt% H202
Oxidation Sio, 2 —m—4Wt% H202
1+ — A~ 30W1%H202
Si 0 += : T
Figurel: Schematic of SC-1 Cleaning 1 100 10000 1000000
Time (s)

Figure 2: Oxide thickness as a function
of time in H,O, solutions for 25 °C.[data
taken from ref. 10,11]
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ABSTRACT

For the preparation of ultrathin gate oxides, HF-last pre-gate oxide
cleaning methods were reviewed and characterized as one of pre-gate
oxide cleaning techniques in terms of cleaning performances. The
resulting cleaning efficiency was comparable to that of conventional
standard RCA type cleaning. HF last cleaning combined with an IPA
drying process demonstrated effective particle removals. It was found that
HF-last cleaning improves charge-to-breakdown values of capacitors
slightly. It was also observed that illumination increases Cu deposition on
n-type and p-type Si wafers in dilute HF solutions. More Cu was
deposited on Si surface in HF solutions than in SC1 solutions.

I. INTRODUCTION

It has been shown that HF-last cleaning results in surfaces with low metallic
contamination levels and yields hydrogen terminated Si surfaces which are stable against
oxidation in room air [1,2]. However, HF-last cleaned surfaces are very susceptible to
contamination by particles and noble metals such as Cu and Au. Thus, HF-last cleaning
as a pre-gate oxide cleaning is still in dispute. It is known now that wafer drying
methods play important roles in particle contaminations on HF-last cleaned hydrophobic
surfaces.  Also, copper ions present in HF solutions are known to deposit and
contaminate Si surfaces in the HF immersion step by an electrochemical process [3-5]
in which Cu*? is reduced to Cu, and Si is oxidized to Si** according to the following
equation : Si + 2Cu*? + 6HF — H,SiF; + 2Cu + 4H*
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To improve HF-last cleaning procedures, several HF based cleaning solutions were
proposed. It has been shown that the addition of IPA into HF solutions is effective in
reducing particulate contamination, and the addition of HCl or H,0, is found to be
beneficial to prevent deposition of metallic contaminants, especially noble metals [6-8].
Also, treatment of HF-last cleaned wafers in ozonated water before drying steps, and
H,S0,/0, or H,SO,/H,0, mixture replacing conventional SC1 and SC2 solutions have
been introduced in connection with HF-last cleaning [9]. In addition, several noncontact
instruments using surface photovoltages have been introduced to monitor HF-last cleaned
or oxidized surfaces [10].

Conventional RCA cleaning processes induce approximately 10 A thick chemical
oxide which has lower density and has lower breakdown voltages than thermal oxide.
As the thickness of gate oxide progressively decreases, the fraction of chemical oxide in
thin gate thermal oxides increases significantly. Thus, this work was initiated to prepare
ultrathin gate oxides with lower fractions of native oxides using a variety of HF-last
cleaning techniques. For this work, Si samples were cleaned using HF-last cleaning
recipes and dried with either a spin dryer or IPA dryer. The characterization of HF-last
cleaning was focused on cleaning performances by (1) the measurements of metallic and
particulate contamination levels as well as interface trap density and minority carrier
diffusion length, (2) the evaluation of metallic contamination removal using challenge
wafers intentionally contaminated with metallic ions in SC1 and HF solutions, (3) the
evaluation of particle removal performance of HF-last cleaning recipes with dilute SC1,
(4) the investigation of Cu deposition on n- and p-type wafers in the dark or under
illumination, and (5) the evaluation of HF-last cleaning effect on gate oxide (t,, <50A)
integrity in terms of charge-to-breakdown values.

II. MATERIALS AND EXPERIMENTAL PROCEDURES

All wafers, 200 mm p(100), used for this work were precleaned with a standard
RCA cleaning process before experiments using commercially available cleaning tools.
Unless otherwise specified, wafers were dried with an IPA dryer. Cleaning recipes used
for HF-last cleaning are prepared with and without SC2 cleaning steps as follows:

(1) Recipe HFL: HF - SC1 - SC2 - HF - Dry
(2) Recipe NOSC2HFL: HF - SC1 - HF - Dry

(3) Recipe Std. RCA: HF - SC1 - SC2 - Dry

(4) Recipe SCI1L: HF - SC1 - Dry

Std. RCA and SC1-last cleaning recipes were also prepared as reference cleaning recipes.
Wafers cleaned using the above recipes were characterized in terms of metallic and
particulate contaminations and surface charge as well as minority carrier diffusion length
to evaluate cleaning efficiency. Challenge wafers for metallic contaminant deposition and
removal tests were prepared. These wafers were intentionally contaminated with metals
such as Cu, Al and Fe, etc. by conditioning them in metallic ion added SC1 (1:1:5 of
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NH,OH:H,0,:H,0) solutions at 50°C. Also, for the investigation of surface states on
metallic removal efficiency, wafers were contaminated by dipping in dilute HF solutions
which had the same amount of metallic ions as SC1 solutions. The surface metallic
contamination levels after cleaning were analyzed by a VPD-ICP MS technique.

For particle removal experiments, wafers contaminated with "natural" particles
(less than 40/wafer) in a Fab. environment were used without any intentional particulate
contaminations. The particles larger than 0.20 pm were counted using an INSPEX (TPC
8530). Test wafers cleaned with a SC1-last cleaning recipe were prepared as reference
samples for particle removal experiments.

For the characterization of Cu contamination in dilute HF (50:1) solutions, two
different types of Si substrates were prepared: n(100) and p(100) Si wafers with
resistivities of 20 to 50 cm and 6 to 8 Qcm, respectively. To investigate the effect of
light on the extent of Cu depositions in HF solutions, experiments were performed both
under illumination and in the dark conditions. For experiments under illumination
condition, a 100 W tungsten lamp was placed 1 ft above HF solution container, while for
experiments in the dark, the wafers were immersed in the dark and conditioned in the
container inside a covered box in the dark with room light turned off. The resulting Cu
deposition levels after conditioning in 10 ppb Cu containing 50:1 dilute HF solutions for
30 min were measured by a TXRF technique.

For the characterization of gate oxides prepared by Std. RCA and HF-last
cleaning recipes, after oxidation, the interface trap density and oxide charge were
measured by a surface charge analyzer (SCA, SemiTest Inc.). Minority carrier diffusion
length and surface charge were also measured by a surface photovoltage (SPV)
equipment (Semiconductor Diagnostics, Inc.). The oxide thickness including native
oxides after cleaning was measured with an Optiprobe (Therma-Wave 2600). Gate oxide
integrity was also analyzed for capacitors (area: 0.01 mm?) with about 35A and 45A
thick ultrathin gate oxides by the measurements of charge-to-breakdown values. The
charge-to-breakdown was determined with a constant-current stress method using a
current density of 200 mA/cm?,

III. RESULTS AND DISCUSSION

The metallic contamination levels after cleaning using different cleaning recipes
are shown in Fig. 1. It may be seen from this figure that no significant differences are
found in the residual metallic contamination levels between HF-last and Std. RCA
cleaned samples. Even without SC2 step in a HF-last cleaning sequence, low metallic
levels were measured. As shown in Fig. 1, after HF-last cleaning, very low levels of
Cu, below 0.1xE10 atoms/cm?, were found, and slightly higher levels of Fe were
measured compared to that of a sample cleaned with a Std. RCA cleaning recipe. This
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low level of Cu contamination may due to the high purity of chemicals used for cleaning.
Residual Al of about 2 to 3xE10 atoms/cm? levels was found on all samples cleaned with
Std. RCA and HF-last cleaning recipes. After SC1-last cleaning, approximately 50x10'°
atoms/cm? of Al and Fe were measured, and slightly high levels of other metallic
contaminants were also found. It is well known that these contaminants are deposited
on silicon surfaces in alkaline SC1 solutions due to the low solubility of these hydroxides
in high pH solutions.

Fig. 2 shows the surface charge and minority carrier diffusion length values
measured by a SPV technique before and after oxidation for wafers cleaned with different
cleaning recipes. Before oxidation, the wafers cleaned with HF-last cleaning recipes
showed higher surface charge and diffusion length values compared to Std. RCA cleaned
wafers. This may be due to the difference in surface structures. In the case of SC1-last
cleaned wafers contaminated with metallic contaminants, mainly Al and Fe, a similar
diffusion length value and a lower surface charge value than those of Std. RCA cleaned
samples were found. This low surface charge may be due to metallic contaminants
inducing negative charges [11].  After oxidation (35A thick oxide), surface charge
increased and diffusion length decreased significantly due to dissociated interstitial Fe as
a recombination center. In contrast, wafers cleaned with Std. RCA and HF-last cleaning
recipes revealed opposite behaviors.

Fig. 3 shows interface trap density and oxide charge measured by a surface
charge analyzer. SCl1-last cleaned samples were found to have lower oxide charge and
higher trap density compared to other samples. HF-last cleaned samples showed oxide
charges similar to Std. RCA cleaned samples. However, these samples were measured
to have slightly higher interface trap density values than that of Std. RCA cleaned
sample.

The particle count measurements before and after cleaning using 5 different
cleaning recipes for wafers contaminated with an average number of 25 particles are
shown in Fig. 4. As a reference, particle count data for wafers cleaned with a SC1 last
cleaning recipe is also included. After a Std. RCA cleaning and SC1-last cleaning, an
average of 8 and 13 particles/wafer were removed, respectively. In the case of HF-last
cleaning recipes, it was noticed that average 7 and 5 particles/wafer were removed for
the recipes of NOSC2HFL and HFL with an IPA drying process, respectively. This
performance is very comparable to that of Std. RCA cleaning. It may be seen from this
figure that the particulate contamination levels for HF-last cleaned hydrophobic samples
are dependent on drying methods. When a spin dryer was used, thousands of particles
were found on each wafer as shown in Fig. 4.

The number of particles removed or added as a function of the number of initial

particles on wafers for three different cleaning recipes is shown in Fig. 5. As reported
in other literature, particle addition rather than removal occurred for wafers which
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initially had low numbers (i.e., below 10) of particles. Interestingly, all three curves
were found to have nearly same slopes of =0.5, and HF-last cleaning without SC2 step
showed slightly better particle removal performance compared to the recipe of HF-last
cleaning with SC2. With results of excellent particle removal performance for HF-last
cleaning without SC2 step, two new cleaning recipes [(2) and (3)] with various dilution
ratio of SC1 solutions were prepared as follows:

(1) Recipe NOSC2HFL:  HF-SC1 (1:1:5 of NH,OH:H,0,:H,0)-HF-Dry

(2) Recipe DNOSC2HFL: HF-SC1 (1:4:20 of NH,OH:H,0,:H,0)-HF-Dry

(3) Recipe VDNOSC2HFL: HF-SC1 (1:1:20 NH,OH:H,0,:H,0)-HF-Dry
The particle removal/addition measurement results for above recipes are shown in Fig.
6. It can be seen from this figure that as the SC1 solution is diluted (less NH,OH and
H,0,), the slopes of removal/addition lines become less steep and the crossover point
moved to larger particle numbers indicating less effective particle removal performance.
On the contrary, it has been shown that the removal efficiency for particles (nitrides and
HF dip wafers) was affected slightly by NH,OH, but not by H,0, [12].

For the investigation of metallic deposition and removal for different surface
conditions, Si wafers were intentionally contaminated in two different kinds of solutions.
Fig. 7 (a) and (b) shows metallic contamination levels on wafers contaminated in SC1
and diluted HF solutions containing metallic ions. It also shows metallic contamination
levels after cleaning using three different HF-last cleaning recipes including dilute SC1
solutions. It is clearly seen that higher levels of Al, Fe, Ca and Zn are found on wafers
conditioned in SC1 solutions compared to the wafers conditioned in diluted HF solutions.
In contrast, higher levels (=20E10 atoms/cm?) of Cu are found on wafers contaminated
in HF solutions than wafers conditioned in SC1 solutions indicating an electrochemical
Cu deposition on bare Si surfaces. In SC1 solutions, less amount of Cu was measured
possibly due to the chemical oxide layer hindering electron exchanges between Cu ions
and Si atoms necessary for electrochemical Cu deposition. It has been also proposed that
in the presence of Fe in SC1 solutions, less amount of Cu is deposited due to the
interference of Fe on Cu deposition [13].

In an attempt to investigate the effect of surface states (i.e., oxide or bare surface)
on the removal of metallic contaminants, these wafers were cleaned with three different
cleaning recipes. Although HF-last cleaning recipes with dilute SC1 were not very
effective in removing particles as shown in Fig. 6(b), contaminants such as Al and Fe
deposited on Si surfaces in SC1 solutions were easily removed by HF-last cleaning as
shown in Fig. 7(a). However, these contaminants deposited on hydrophobic Si wafers
in HF solutions were hardly removed. These results indicate that most of these
contaminants in SC1 are deposited on the top of oxide surfaces. Thus, metallic
contaminants deposited in SC1 solutions could be removed by etching chemical oxides.
It was also found that Cu deposited in HF is not easily removed by HF-last cleaning, and
high levels of residual Cu after cleaning are found compared to that of wafers
contaminated in SC1 solutions. It appears that for the effective removal of metallic
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deposits on bare Si surface, acid and oxidizing agents are needed.

The amounts of Cu deposition on n-type and p-type wafers in dilute HF are shown
in Fig. 8. It also shows the effect of light illumination on Cu deposition. It may be seen
from this figure that no significant difference was found in Cu deposition between n-type
and p-type wafers. However, light illumination enhanced Cu deposition by nearly one
order of magnitude for both p-type and n-type of Si wafers.

As mentioned earlier, Cu deposition is an electrochemical reaction requiring
charge transfers. Thus, deposition rate will be determined by the supply of charges.
Fig. 9 shows energy level diagrams for Si with reducible species after aligning Fermi
levels in solutions. In p-type Si wafers, the Fermi level of Si (B, = 4.91 V) is lower
than the redox potential of reducing species (Ey,, = 4.50 eV). Band bending would
then be present close to the silicon surface at a silicon/solution interface, and the silicon
surface would be depleted of majority carriers (holes). Both conduction and valence
bands would bend down as shown in Fig. 9. Thus, in the absence of illumination, the
reaction rate may be expected to be small. While under illumination condition, many
electron-hole pairs will be generated. This would provide sufficient carriers for redox
reactions in solution. Therefore, under illumination, both the silicon dissolution rate and
the amount of Cu deposition may be expected to increase significantly as shown in Fig.
8. In the case of n-type Si wafers, the Fermi level (E;, = 4.36 eV) is higher than
Ey.mp (4.50 eV). When the Fermi levels and electrochemical potential of reducible
species align, the Si surface would be depleted and both valence and conduction band
would bend up (Fig. 9). The reaction rate for hydrogen reduction would then be slowed
by the scarcity of electrons provided by silicon. Under illumination, as discussed for p-
type Si wafers, reaction rate would be significantly improved.

Fig. 10 shows the effect of pre-gate oxide cleaning on charge-to-breakdown for
capacitors with 35A and 45A thick gate oxides. The native oxide layer after cleaning
was measured to be approximately 7.7 A and 1.6 A for Std. RCA and HF-last cleaned
wafers, respectively. However, after oxidation for a 35 A thick oxide layer, for
example, the thicknesses of oxide layer was found to be 35.7A for Std. RCA and 35.3
A for HF-last pre-gate oxide cleaned wafers. The removal of chemical oxide nearly did
not affect the thickness of resulting thermal oxides. However, as shown in Fig. 10,
small improvements in Charge-to-breakdown were observed for both 35A and 45A thick
gate oxide capacitors.

IV. CONCLUSIONS
HF-last cleaning demonstrated very comparable cleaning performances to Std.

RCA cleaning in terms of residual metallic and particulate contaminations as well as
oxide charge and minority carrier diffusion length. It was observed that HF-last cleaning
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slightly improves charge-to-breakdown of capacitors with 35A and 45A thick gate oxides.
HF-last cleaning using IPA dryer showed effective particle removal. However, HF-last
cleaning with dilute SC1 solutions degraded particle removal performances. The amount
of metallic contaminant deposition, especially Cu deposition, depends on the types of
solution and also Si surface properties. More Al and Fe were deposited on Si surfaces
in SC1 solutions, while more Cu was found on wafers dipped in HF solutions. Light
illumination enhanced Cu deposition on both n-type and p-type Si wafers by nearly one
order of magnitude. This effect could be explained by band diagrams.

REFERENCES

[1]  T. Takahagi, I. Nagai, A. Ishitani, H. Kuroda, and Y. Nagasawa, J. Appl.
Phys., 64(7), 3516, 1988.

2] S. Verhaverbeke, J. Alay, P. Mertens, M. Meuris, M. Heyns, W. Vandervorst,
M. Murrell, and C. Sofield, Mat. Res. Soc. Symp. Proc., 259, 391, 1992.

3] J. S. Jeon, S. Raghavan, H. G. Parks, J. K. Lowell, and I. Ali, J. Electrochem.
Soc., 143, 2870, 1996.

[4] G. Li, E. Kneer, B. Vermeire, H. Parks, J. S. Jeon and S. Raghavan, submitted
to J. Electrochem. Soc., 1997.

[5] I. Teerlinck, P. W. Mertens, H. F. Schmidt, M. Meuris, and M. M. Heyns, J.
Electrochem. Soc., 143, 3323, 1996.

[6] S. Verhaverbeke, M. Meuris, M. Schackers, L. Haspeslagh, P. Mertens, M. M.
Heyns, R. De Blank, and A. Philipossian, Symp. on VLSI Tech. Digest of Tech.
Papers, p. 22, 1992.

711 I. Oki, H. Shibayama, and A. Kagisawa, ECS PV 94-7, 206, The
Electrochemical Society, 1994.

[8] F. Tardif, T. Lardin, C. Paillet, JP Joly, B. Beneyton, P. Patruno, D. Levy, K
Barla, and W. Sivert, Microelectronic Engineering, 28, 121, 1995.

[9] S. Verhaverbeke, H. F. Schmidt, M. Meuris, P. W. Mertens, M. M. Heyns, C.
Werkhoven, R. De Blank, and A. Philipossian, Technical Conference,
Semicon/Europe, ‘93, Geneva, Switserland, 1993.

[10] J. Ruzyllo, P. Roman, J. Staffa, I. Kashkoush, and E. Kamieniecki, SPIE, 2876,
162, 1996.

[11] H. Shimizu and C. Munakata, Appl. Phys. Lett., 62(3), 276, 1993.

[12] K. K. Christenson, S. M. Smith, C. Bode, and K. Johnson, ECS PV 95-20, 597
The Electrochemical Soc., 1995.

[13] H. Okuda, J. Ryuta, E. Morlta and Y. Shimanaki, Mat. Res. Soc. Symp. Proc.,

259, 399, 1992.

Electrochemical Society Proceedings Volume 97-35 201



8

EEEET ]
Spoaz

—
wm o

(%Y

Metal Concentrations (X E10, atoms/cm?)

0.1 : :
HF-SC1-SC2-Dry (HF-SC1-Dry)  HF-SCI-SC2-HF-Dry HF-SCL-HF-Dry
Cleaning Sequences
Fig. 1, Residual metallic contamination levels after cleaning using different
cleaning recipes.
4
M Surface Charge {800

—~ Surface Charge (Oxide)
t Diffusion Length -
g 3} 3 Diffusion Length (Oxide) | 8
3 5
=) -1 600 g
< 3
2.l g
& a0 8
3 =]
3 8
‘g 1 I 7 m %
7]

0

HF-SC1-5C2-Dry (HF-SC1-Dry) HF-SC1-SC2-HF-Dry HF-SC1-HF-Dry
Cleaning Sequences

Fig. 2, Surface charge and diffusion length of Siwafers before and after
oxidation for wafers cleaned with different cleaning recipes.

Electrochemical Society Proceedings Volume 97-35 202



R Oxide Ch; = 9
- Elnter:ace %‘g:p Density 10 &
~ 4F ) E
g 18 2
o —
=) C
) 16 &
g, 2
gz ]
44 Py
o { =
g 42 E
3
!

0

(HF-SC1-Dry) HF-SC1-SC2-HF-Dry HF-SC1-HF-Dry
Cleaning Sequences

Fig. 3, Oxide charge and interface trap density of oxidized wafers after
cleaning using different cleaning recipes.

B Before Cleaning
B3 After Cleaning

3

8

8

Number of Particles/Wafer

Std. RCA SCIL NOSC2HFL NOSC2HFL (Spin) HFL
Cleaning Tools

Fig. 4, Average number of particles before and after cleaning using different
cleaning recipes.

Electrochemical Society Proceedings Volume 97-35 203



& wf HESCI.HF
:r HF-S¢1-SC2
% 9 HF-SC1.SC2-HF

!
B3
5 o &
& ° oa Y
oy oaen b o A
[} ‘e, A A
% 0 “@%_ freer O
& I
ol
e gl
5 8
B8 K
E .
4

1 " 1 - I} 1 L 1 L
0 10 20 40 50 60

30
Initial Number of Particles on Wafers

Fig. 5, Particle addition and removal as a function of the initial number of
particles after cleaning using three different cleaning recipes.

40 HFL(HF;SCI1-HF)
DNQSC2HFL
$1 o VDNQ§CG2HFL
3 2 o 2
- Iy A
<® o A
° 6 ‘ o o 2 o
2 8 A 6 ° A OOAB A

A e e e ttitena,
~-ed

AO-QA.....__~
- -

8
)
>
>
<
>

Removed
&
—
»
o

Number of Particles per Wafer (8")

0 10 20 30 40 50 60
Initial Number of Particles on Wafers

Fig. 6, Particle addition and removal as a function of the initial number of
particles after cleaning using three different HF-last cleaning recipes.

Electrochemical Society Proceedings Volume 97-35 204



5000 ¢
Al N Al
1000 & Fe
F Cu
Ca
(1Zn

10

Metal Concentration (x E10, atoms/cm 2 )

e
o

SARCA  DNOSC2HFL VDNOSCZHFL
Cleaning Recipes

@

g
S

—_
8

DEEEm

yogwe

o
-

Metal Concentration (x E10, atoms/cm? )
S

StdRCA  DNOSC2HFL VDNOSC2HFL
Cleaning Recipes

®)

Fig.7, Metallic contamination levels before and after cleaning for wafers
contaminated in (a) SC1 and (b) HF solutions containing metallic
ions.

Initial

Electrochemical Society Proceedings Volume 97-35 205



Cu Deposmon, x E10 atoms/cm?
100 1,/ 000 10,000

%unﬂer lumination

n-type

Fig. 8, Cu deposition on n-type
and p-type Si wafers in the dark
and under illumination in Cu

containing dilute HF solutions.

(Vacuum)
(Vacuum) A
o a6, =-0.14cV
Erg=49eV . Bt rrre--
Ev _\ EF,n= 436¢
Ev-—-—/_
@ ®)
Fig. 9, Band diagrams of p-type and n-type Si wafers in a 50:1 dilute HF
solutions.
_10
§ sl 454
g 6 [
o
& 4
E
0 Sd.RCA NOSC2HFL Std. RCA  HFL NOSC2HFL

Cleaning Recipes

Fig. 10, Charge-to-breakdown of capacitors with 45A and 35A gate oxides.

Electrochemical Society Proceedings Volume 97-35 206



OPTIMISATION OF ETCHING UNIFORMITY
AND REPEATABILITY IN DILUTED HF

E. Bellandi, M. Alessandri, A. Tonti, F. Pipia
SGS-THOMSON Microelectronics, Via Olivetti 2, Agrate B* (M), Italy

K. Wolke, M. Schenkl
STEAG MicroTech, Carl-Benz StraBe 10, Pliezhausen, Germany

M. Geomini, L.F.Tz. Kwakman
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ABSTRACT

Diluted HF solution (DHF) from 0.1% to 1% is becoming more im-
portant as the most critical step in cost effective and manufacturable al-
ternatives to the standard RCA cleaning, like the IMEC Twin-Clean™
and the LETI DDC cleaning concepts. For low etching times several factors
must be considered to achieve an optimal etching uniformity and repeatability,
such as dip-time itself, organic contamination, wafer pre-wetting.

In order to balance those factors a software algorithm applied to an induc-
tive HF concentration monitor has been designed.

INTRODUCTION

The actual SC1 process is performed at low temperatures or low ammonia concen-
tration. In this condition a considerably low oxide etch rate is observed. Therefore
when an etching chemistry, based on DHF, is adopted, major integration problems on
real devices may appear, because of the presence of exposed and unprotected oxides on
the same device, such as field oxides, ONO stacks and differential gate oxides (see fig-
ure 1). Because of these constraints, important changes to the process flow are neces-
sary and, secondly, strict control of etch uniformity and repeatability of the HF
chemistry is a key issue to achieve good and reproducible final oxide quality.
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EXPERIMENTAL

A STEAG MicroTech third generation automated wet bench, capable to process up
to 50 six inch wafers per batch, has been used to evaluate and optimise etching uni-
formity and repeatability of diluted HF solutions. Target values were set at £1% in
range for across wafer uniformity, across batch uniformity and batch to batch uniform-
ity, with a maximum of 5.0 nm etched thermal oxide.

In all experiments, the etch rate has been evaluated on thermal oxide grown on three
test wafers placed in the front, centre and rear of the batch. Silicon dummy wafers have
been used to fill-up empty slots. The oxide thickness before and after etching has been
accurately measured using a Tencor UV1250SE spectroscopic ellipsometer.

Immersion and extraction speed of the robotic handler was fixed to its highest
value, and the transfer speed from the HF tank to the rinse tank set to a mechanically
safe upper value.

Temperature has been set to 21° £0.1°.

Immersion and extraction time has been estimated in 1-2 seconds, while typical
transfer time is 5-7".

RESULTS AND DISCUSSION

To evaluate the relative impact of the transfer and immersion times, etch rate has
been measured using different HF dip immersion times. Results are reported in figure
2 for a 0.36% HF (9 measurement points per wafer, 100 nm thick oxides) solution. In
the same graph it is also reported the effect of different pre-wetting treatments prior to
the HF dip (first step of the Twin-Clean process).

The apparent increase of the etch rate for short dip times is due to the ongoing etch-
ing during the extraction and transfer time, and the diffusion of the rinsing water into
the HF carry-over layer. This phenomenon can be described by the following relation:

R-t
Lt m

Reﬂ‘=

Where: Ath is the amount of etched oxide, R and R gare the etch rate of the solution
and the effective (measured) etch rate, respectively. t and t.q are the dip time and the
effective etching time, respectively.

t; depends on the average introduction time (t,,), the average extraction time (t,,), the
transfer time from the HF tank to the rinse tank (t,.,,) and the time needed to diffuse
the rinsing water into the HF carry-over layer (tgmpo)- The latter must be considered as
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an average contribution, because the HF concentration on the wafer surface in the rins-
ing tank decays exponentially.
The effective etching time can be approximated as:

tog = tin + 1+ tout + Liransf + Laigrr,0 2

In case of pre-wetting treatments prior to HF dip, the water carry-over layer must be
taken into account. In this case the previous relation becomes:

tor = t = tagiF + tout + Liranst + LaigH,0 3

In case of wet wafers, ,, is not taken into account because water carry-over prevents
oxide etching during the immersion step.

The time required for HF to diffuse into the H,O carry-over layer decreases the ef-
fective etching time and it is proportional to the carry-over thickness. In figure 3 the
two cases (H,0 through HF in the rinse tank and HF through H,O in the HF tank) are
represented.

In case of very long dip times, t,; ~ t, the etch rate becomes stable and independent
from the pre-etch treatment.

The presence of organic contaminants on the top of the oxide, mainly generated by
the clean room HEPA filters, impacts on the optical thickness measurement, and there-
fore on the correct etch rate measurement.

In fact the presence of an organic layer increases the measured optical thickness,
and its thickness strongly depends on the exposure time to clean room air. After one
day exposure this increasing can be as high as 5-7A.

Figure 4 shows a ToF SIMS analysis of a bare silicon wafer exposed to clean room
air for several months.

In the same figure, it is clearly shown that a simple DIW rinse can however remove
most of the contaminants. Therefore after an HF etching, no more contaminants are ex-
pected on the oxide surface, and the real amount of etched oxide (Ath) is therefore:

AtH=A Ry = Lorg @

Where Ath,,,, is the measured etched thickness and t,,, is the oxide equivalent thick-
ness of the organic layer.

Figure 5 shows the etch rate as a function of dip time for wafers exposed to clean
room air and pre-cleaned ones. Measurement has been taken on 17 points per wafer,
using 20 nm thick oxides. From the fit of that data, a 2.5A thick organic layer has been
found.

To overcome this measurement problem oxide wafer should be cleaned before etch
rate measurements and clean room air exposure must be avoided.
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The across wafer etch uniformity for a 0.36% HF solution as a function of etch time
and pre-HF treatment is given in figure 6. The uniformity is considerably worse for
short dip times.

In case of dry wafers (without pre-wetting treatment), the non-uniformity is mainly
due to the extraction time, while in case of wet wafers, non-uniformity is supposed to
be related to the water carry-over non-homogeneity. Figure 7 shows typical thickness
maps in case of dry (left) and wet (right) wafers. In case of dry wafers, there is a top-
bottom gradient. This gradient fits with the hypothesis that the uniformity is dominated
by the introduction and extraction times. In case of wet wafers, a more radial symmetry
has been found. This etch pattern can be the result of the combined effects of
insertion/extraction times and the presence of a non-uniform water carry-over layer.

The carry-over layer non-uniformity, due to the pre-etch step, seems to be a contrib-
uting factor also for the across batch uniformity. However, the original target value for
this parameter has been achieved without major problems, since it is easily tuned by
changing the HF flow distribution inside the tank (HF re-circulation speed).

To achieve a batch to batch uniformity below +1% for the equivalent etched oxide
thickness and to increase, at the same time, the lifetime of the solution, it is necessary
either to control accurately the HF concentration or to continuously change the etch
time taking into account the etch rate evolution. To this extend, a real-time inductive
sensor (Horiba) has been tested as a monitoring system for HF concentration. This sen-
sor measures the conductivity of the HF solution in a wide concentration range, and
supplies a direct read-out of the HF concentration with an accuracy of +0.001%.

To correlate the HF sensor readout with the etch rate measurements, etch rate has
been measured during the HF bath life time. Over a five days period an increase of the
bath etch rate has been observed (figure 8). This behaviour is probably due to the dis-
tillation effect caused by the non-negligible evaporation of the water whereby the HF
bath concentration tends to increase.

In figure 9 it is shown the correlation between the concentration read out and the
etch rate measurement. The trend, in this small concentration range, appears to be lin-
ear. Moreover the correlation between concentration monitor and HF concentration is
not lost in the five days period, due to etch products dissolved in the liquid. (total
amount of oxide etched ~0.03 mol).

Within the experimental window explored, the linear fitting of the parameters al-
lows to predict the etch rate from the HF sensor measurements with an absolute error
(including measurement) <1%. An accurate real-time etch rate estimate is therefore
possible using this concentration monitoring system, whose readout is used by a soft-
ware package that automatically corrects the etch time to maintain the total amount of
etched oxide constant, allowing also transfer/diffusion time corrections for wet and dry
wafer cases.

The HF sensor has been also tested when spiking HCI and IPA into the HF bath.
Conductivity is strongly affected by HCI spiking because of its high dissociation
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degree, hence a concentration monitoring system can not be used in case of HF/HCI
mixtures. IPA concentrations lower than 0.2% does not seems to affect concentration
read out .

CONCLUSIONS

Accurate oxide etching in diluted HF solutions has been demonstrated to be affected
from several factors. For low HF concentrations and small amount of etched oxide, or-
ganics deposition on test wafers and transfer and diffusion time are a dominant factor,
both for etch rate control and etching uniformity optimisation.

An inductive concentration monitor has been used to compensate the etch rate fluc-
tuations through a linear correlation model, while a software algorithm has been devel-
oped to take into account transfer and diffusion times for dry and pre-wetted wafers.

This work has been supported by the Esprit SEA Project nr.20757 "Autowet"
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H-TERMINATION ON Ge(100) AND Si(100) BY
DILUTED HF DIPPING AND BY ANNEALING IN H,

Masao Sakuraba:l Takashi Matsuura and Junichi Murota
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Research Institute of Electrical Communication, Tohoku University
2-1-1 Katahira, Aoba-Ku, Sendai 980-77, Japan.

H-termination on Ge(100) and Si(100) by diluted HF (DHF) solution
dipping and by annealing in H, at 700°C was investigated. Coverage
of Ge-hydride on the DHF dipped Ge(100) showed the maximum
value around the HF concentration of 20% , while the Ge~hydride al-
most disappeared during the deionized water rinse for 5 minutes. In
the DHF solution, H-termination is formed and maintained, which
suggests that Ge-oxide removal process proceeds faster than Ge-oxide
growth process. On the other hand, a sharp absorption peak was ob~
served in the Fourier transform infrared spectroscopy from the ordered
dimer structure formed by annealing in H,. H-termination of Ge(100),
which was generated either by DHF dipping or by annealing in H,,
decreased with surface oxidation much faster than the case of Si(100)
during air exposure, although the characteristics of H-terminations of
Ge(100) and Si(100) are qualitatively similiar.

INTRODUCTION

Si; _,Ge, (0<x<1) alloy films have been applied to various Si-based heterostruc—-
tures (1-3), such as heterobipolar transistors and high electron/hole mobility tran-
sistors. Si-based atomically—controlled heterostructures are very attractive for the
future high performance device. In atomically-controlled processes (4-6) using an
ultraclean low temperature reaction environment of low pressure chemical vapor
deposition (LPCVD), atomic~order ultrathin layer growth of Si on Ge(100) and Ge
on Si(100) was greatly affected by H-termination on the initial surfaces (7,8). Al-
though H-termination on the Si surface has been reported by many investigators
(9,10) and H-termination on the Ge surface has been investigated mainly in an ultra-
high vacuum environment (11), a successful H-termination on the Ge surface in the
atmospheric pressure condition is scarcely reported.

In our previous work (12), it was suggested that the H~terminated Si dimer
structure formed during ultraclean H,-cooling after CVD Si epitaxy on Si(100)
revealed an excellent stability in air. In the present work, H-termination and its

'CorrcSponding Author. FAX:+81-22-217-5565, e~mail:sakuraba@riec.tohoku.ac.jp
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stability on Ge(100) as well as Si(100) were investigated in relation to the surface
treatment condition.

EXPERIMENTAL

The substrates used were the p-type Si(100) wafers of 2-20 ohmecm with a
mirror polished surface. As a Ge(100) substrate, the epitaxial Ge film (about 3000A-
thick) on Si(100) was grown by an ultraclean LPCVD system using GeH, and H,
gases at 350°C (13). Wet chemical treatment of the substrates was examined by
dipping into diluted HF (DHF) solutions with various HF concentration. For some
of the chemically treated substrates, annealing and cooling in the H, environment at
500Pa using the ultraclean LPCVD furnace (14) (H,~annealing) was also examined.
After the above treatments, coverages of Ge-hydrides and Si-hydrides were measured
in N, purged environment by the Fourier-transform infrared reflection absorption
spectroscopy (FTIR/RAS) with multiple reflection. Evaluation of the native oxide
growth on the substrates was performed by using the peak area ratio of the chemi-
cally~shifted peak to the core level emission peak of Ge 3d or Si 2p in x-ray photo-
electron spectroscopy (XPS). The surface reconstructed structures were evaluated by
reflection high-energy electron diffraction (RHEED). During the transport to each
evaluation apparatus, the samples were exposed to cleanroom air (relative humidity
(RH) of about 25% or 46% ) for a few minutes.

RESULTS AND DISCUSSION

Figure 1 shows the FTIR/RAS absorption spectra of the Ge(100) and Si(100)
(a)(c)after DHF dipping for 2 minutes and (b)(d)after H,~annealing at 700°C for 60
minutes and also cooling in H, down to below 100°C. Here, HF concentration of
DHF is 20% for Ge(100) and 0.5% for Si(100). After DHF dipping, broard absorp-
tion peaks were observed at ~2108cm™1! for Si(i00) assigned as Si-dihydride (15)
and ~2008cm™! for Ge(100). The absorption wavenumbers are about 100cm™! dif-
ferent mainly due to differences of the binding force and the atomic weight between
Si-H and Ge-H. After H,-annealing, sharp absorption peaks are observed at ~2100
cm™! for Si(100) assigned as Si-monohydride in the dimer (16) (dimer monohydride),

~and at ~1992cm™! for Ge(100). RHEED patterns of both the H,~annealed Ge(100)
and Si(100), taken just after air-exposure (25% RH) within 5 minutes, showed the
sharp 2-fold streaks originated from the ordered dimer structure along the [011]
azimuth due to the surface reconstruction. So, the sharp absorption peak at ~1992
cm™! can be also assigned as the dimer monohydride on Ge(100). For either Ge(100)
or Si(100), the absorption peak position for the H,~annealed surface is apparently
shifted lower than that for the DHF dipped surface, that is, a wavenumber for the
dimer monohydride is slightly lower than that for the dihydride. Thus, the character-
istics of the spectra for Ge(100) and Si(100) are very similar, and similar H-termina-
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ted structures are expected both on Si(100) and on Ge(100).

Figure 2 shows the HF concentration dependences of the FTIR absorbance of
Ge-hydride and the time to DHF repelling just after picking up the sample from the
DHF solution in air. After the DHF dipping for 2 minutes and the air exposure with—
in a minute, the substrate was set into the N, purged FTIR/RAS apparatus. It is
well known that the DHF dipped Si(100) has a hydrogen absorbed layer terminating
the dangling bonds by using as low HF concentration as 1% (10), and easily shows
a hydrophobicity. On the other hand, for the case of the DHF dipped Ge(100), higher
HF concentration than 10% is more effective to obtain the hydrophobic H-terminated
surface. However, too high HF concentration results in a decrease of H-termination.
Takahagi et al. have reported that fluorine concentration on the DHF dipped Si(100)
increases with the increase of HF concentration. In the same manner, the decrease
of H-termination on Ge(100) in higher HF concentration region is considered to be
due to termination not only by hydrogen atoms but also by fluorine atoms.

Figure 3 shows the deionized water (DIW) dipping time dependences of the FTIR
absorbance of Ge-hydride and the XPS intensity of Ge—oxide on the 20% -DHF
dipped Ge(100). The DIW was maintained pouring into the quartz beaker from
upside in air and overflowing during the dipping. On the initial DHF dipped
Ge(100), the Ge-oxide intensity is very low and the Ge-hydride is observed on the
surface, which showed a hydrophobicity for the DHF solution as shown in Fig. 2.
Within a few minutes, Ge-hydride rapidly decreases and Ge-oxide grows during
DIW dipping. From these results, it is considered that the H-termination is formed
and maintained in the DHF solution in which Ge-oxide removal process proceeds
faster than Ge-oxide growth process. Ogawa et al. have shown the results that the
dissolved oxygen (DO) in DHF solution plays an important role in H-termination on
DHF dipped Si and explained that the Si etching rate on H-terminated Si surface
would be related to the oxidation by DO (17). Therefore, it should be mentioned that
the characteristics of H-termination as shown in Figs. 3 and 4 may depend on dis-
solved oxygen concentration (DOC) in DIW and/or DHF solution, because no special
procedure to reduce the DOC was done in our present experiments for the Ge surface.

Figure 4 shows the air exposure time dependences of the FTIR absorbances of
Ge-hydride and Si-hydride on the Hy—annealed Ge(100) and Si(100). Under the an-
nealing and cooling condition, dissociation of H, molecules results in H-termination
of dangling bonds and highly stabilized reconstructed dimer monohydride on Si(100)
can be obtained (12). In the case of Ge(100), the similar H~adsorption process is
considered to proceed and to form the dimer monohydride from the results shown in
Fig. 1. As shown in Fig. 4, the absorbance of each dimer monohydride decreases
with the air exposure time. It is also clear that the decay time of the absorbance of
the Ge(100) is much shorter than that of the Si(100). Correspondingly, the 2-fold
streaks in RHEED pattern of Ge(100) almost disappeared after the air-exposure for
25 minutes, while that of Si(100) scarcely weakened after the air-exposure for 60
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minutes. These results show that the Ge dimer monohydride possesses the stability
in air for much shorter time than the Si dimer monohydride.

. Figure 5 shows the air exposure time dependences of the XPS intensities of the
oxides on Si(100) and Ge(100). RH of the air is 25% for Ge(100) and 46% for
Si(100). Here, the DHF treatment was performed by dipping in 20% -DHF for 2
minutes for Ge(100), and in 2% -DHF for 30 seconds and DIW rinse for 3 minutes
for Si(100). There is little difference between the DHF treatment and the H,-anneal-
ing, but there exists a large difference between the oxidation times of Si(100) and
Ge(100). H-terminated Ge(100) is oxidized and I, o/Ig, reaches around 0.2 for 30
minutes in air, corresponding to the disappearance of H-termination on Ge(100) as
shown in Fig. 4. It is known by comparing Figs. 3 and 5 that the Ig,_ /I, value
after DIW~dipping is smaller than that after air—exposure. This may be caused by
the different oxidation processes in air and in DIW, that is, oxidation would depend
on RH of the air and DOC of DIW.

In conclusion, H-termination of Ge(100) as well as Si(100) is formed either by
DHF dipping or by annealing in H,. The characteristics of H-terminations of
Ge(100) and Si(100) are qualitatively similar, although H-termination of Ge(100) has
much weaker stability against oxidation in air or in DIW than the case of Si(100).
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Figure 1. FTIR/RAS absorption spectra of the Ge(100) and Si(100) (a)(c)after DHF
dipping for 2 minutes and (b)(d)after H,~annealing at 700 °C for 60 minutes and also
cooling in H, down to below 100 °C.
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IN-LINE MONITORING OF HF-LAST CLEANING OF IMPLANTED
AND NON-IMPLANTED SILICON SURFACES BY NON-CONTACT
SURFACE CHARGE MEASUREMENTS

E. Kondoh, M.-A. Trauwaert, M. Heyns, and K. Maex
IMEC, Kapeldreef 75, 3001 Leuven, Belgium.

Silicon surfaces after HF-last cleaning were characterized by space charge
measurements. A satisfactory good agreement was confirmed between space
charge parameters and cleaning conditions. The growth of native oxide after
HF-last cleaning was monitored comparatively with in-situ ellipsometry. The
presence of top oxide layer on ion-implanted wafers were detected precisely.
The most distinguished parameter was found to be minority carrier
recombination lifetime.

INTRODUCTION

Since wet etching by a dilute HF solution is the final procedure before silicon
metallization thus is crucial for metal/silicon contact quality. Although the chemistry of Si
surface during and after HF etching have been extensively studied, less attention has been
paid to implanted surfaces. Low energy and high dose conditions for shallow junction
formation, require more precise in-line approaches to characterize wafer surface
conditions. Hydrophobicity, which appears during HF etching, is well-know as a good
indicator of the completion of surface hydrogen-passivation. However, the hydrophilic-
hydrophobic transition is not so clear on ion-implanted wafers as in the case of non-
implanted wafers because of small water contact angle. This induces excess etching,
leading to the damage of dielectric layers that define transistors and their performance.
Non-destructive aud non-contact surface charge measurements are attractive as a fab-level
in-line monitor for surface characterization. This paper reports the use of surface charge
measurement in monitoring HF-last cleaning of both implanted and non-implanted Si
wafers. In the first instant, in-situ surface charge measurements are carried out on non-
implanted Si wafers, in order to obtain reference data. In-situ ellipsometry is employed
comparatively to support the surface charge data. Implanted wafers are then studied, and
compared to the results on non-implanted wafers.

SURFACE CHARGE MEASUREMENT

In this study, surface charge measurements were carried out by Space Charge Profiler
(SCP) of QC solution, Inc. The principle of the SCP is the measurement of alternating-
current surface photovoltage which corresponds to the change of surface barrier height (1).
When light with a short wavelength is illuminated into the surface depletion layer, which
originates from surface charge, photoexcited monirty carriers pile up in the surface, while
the majority carriers sweep to the bulk. This induces the dipolarization opposite to the
surface electric field and reduces the surface barrier height. The recombination of the
minority carriers proceeds while the light being not illuminated, so that the minority carrier
lifetime can be measured from the responce to the chopped light. The SCP tool determines
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the following physical parameters under some assumptions which include the use of bulk
Si and the homogenous distribution of the dopant.

*  Surface conductive type is determined from the phase shift of ac-SPV.

*  Depletion layer width (W q) and minority carrier lifetime (t) are directly calculated from
complex components of ac-SPV.

* Surface charge (Qs) is calculated by Qg = +qN;W4 where Ng¢ is bulk dopant
concentration and q is the unit electric charge.

*  Surface dopant concentration can be determined under a strong inversion condition.

EXPERIMENTAL

Wafers used were Si(100), 6 inch in dia., lightly-doped with boron and with a
resistivity of 6.1Qcm. The wafers were cleaned by H,SO4/H,0,; + DHF +
NH4OH/H;0,/H,0 + DHCI subsequently (so-called full clean, hearafter) in a FSI OC
Mercury wafer cleaner . Then the wafers were implanted with BF,*+ or As* at a dose of
2E15 cm2 and at an acceleration voltage of 16 kV (BF,*) or 30 kV (As*). Furnace and
rapid-thermal annealing were carried out at 850 °C for 30 min and 1100 °C for 10 sec,
respectively. The junction depth and the surface carrier concentration were estimated at
about 150 nm and 2 x 20 cm3 for BF,, and at about 150 nm and 4 x 20 cm-3 for As, by
using SUPREM-3™ simulator (Technology Modeling Associates, Inc.). For implanted
wafers, their bulk properties were used as the wafer parameters for SCP measurements,
since actual surface electrical properties are unknown. Therefore, quantitative discussion
on those wafers are out of the scope of this study. All the experiments were conducted in a
class 1 clean room at a pilot production line.

RESULTS AND DISCUSSION

Non-implanted surfaces

After the full clean, surface charge, Q,, was 6.45 x 11 cm3 (positive) and minority
carrier surface recombination lifetime, t, was 8.7 pus. After HF dipping + water rinsing, Q,
decreased to = 1/5 of the initial value. This decrease agrees with our different series of
experiments by using SC1 + HF (2).

Figure 1 shows the change of Q, with time of exposure to the clean room ambient. Time
elapse was recorded just after drying. All the Q; values have positive sign and increase
with time, which is in good agreement with literature (3). When DI-water rinse was not
carried out, Q, remained unchanged during the first 20 min, then increased rapidly. The
water-rinsed wafer shows a continuous and slow increase of Q; compared to that of the
non-rinsed wafer. The increase in Q; can be attributed to the formation of Si dangling

- bonds caused by Si-H bond breaking (3), or more likely to the formation of native oxide
layer which contains small valence Si. It has been reported that t measures surface
conditions better than Q, for HF-cleaned Si, since the strong positive charge, which
orginates from Si-H, would invert the surface (4). Figure 2 shows the change of t as a
function of ambient-exposure time. Despite the downward change, the trend being
observed is very similar to that seen in Fig. 1; i.e., t changes monotonically in the case of
water-rinsed wafer, while 1/1 is stationary for the first 20 min in the case of non-rinsed
wafer.
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The space charge data are compared to in-situ ellipsometric measurements (A = 633
nm). The change in ellipsometric thickness, determined by phase parameter, A, with air-
exposure time is plotted in Fig. 3. Note that phase parameter (A) increases with oxide
thickness, and amplitude parameter (¥) also increases but in a less extent. The ordinate
shows the relative thickness change from the initial value measured 0.5 min after N, gun
drying. The time trend of a rinsed sample is very similar to the SCP data. A peculiar
change in the ellipsometric thickness and the subsequent abrupt increase are observed on a
non-rinsed sample. The increase starts at around 20 min, which agrees the SCP data.

It is well established that Si surface just after HF dipping has residual F atoms and that
water rinse removes them very efficiently (e.g. see reference 5). The non-rinsed surface is
thus supposed to have more negative charge than the rinsed surface. The smaller initial Qg
and t obtained without rinsing agree with this background knowledge. It is also known
that water rinsing oxidizes Si surface slightly (6). The increase in Qg and  can be
reasonably understood attributed due to surface oxidation.

Next significant difference between the rinsed and non-rinsed cases is the presence of a
steady state in Q or in t, namely induction period. It has been pointed out that oxidation
does not start readily on non-rinsed surface compared to rinsed surface due to the presence
of residual fluorine atoms (5), which is fairly consistent with our data. Induction period
can be seen also in ellipsometric data (Fig. 3); however, it is surprising that the decrease of
ellipsometric thickness occurs during this period. To understand this phenomenon, raw
ellipsometric parameters are plotted in Fig. 4. During the induction period, the non-rinsed
wafer shows a profound change by 0.1° in ¥, while the change in A is relatively small. An
explanation of this phenomenon is the compensation of surface states and the associated
decrease in surface optical density (7). A simple model is the annihilation of lone dangling
bonds, which could be present at the surface after HF etching. In this case, moisture in the
atmosphere will react with the dangling bonds readily, resulting in formation of Si-OH
bonds. However, this would accompany the change in surface charge, which is not clear
in our data. Moreover, the adsorption of foreign species is supposed to change A as well.
Therefore, we can tentatively exclude this mechanism. Another possibility is the relaxation
of surface atomic structure. After HF etching, H-terminated surface is disordered (8) and F
atoms remains on surface probably in a physisorbed state. Such residual F atoms can
migrate easily on the surface and would work catalitically, resulting in a compensated
surface, presumably in a smooth surface. Moisture from the atmosphere would play a role
in this tailoring effect. In this scheme, a significant change in the net surface charge is not
necessary to take place, while surface dielectric parameters vary largely.

The non-rinsed surface showed a fast change both in surface charge and in ellipsometric
parameters after the induction period. This may be caused by obeying a low-temperature
oxidation mechanism where oxidation rate is inversely proposed to the oxide thickness.
Layer-by-layer growth suggested in literature (5,6) could be seen as discontinuous changes
in the curves of Figs. 1, 2, and 3, but is not clear.

Summarizing this section, the SCP data on HF-cleaned Si surfaces were studied
comparatively with in-situ ellipsometric measurements. The surface charge of a Si wafer
after chemical oxide growth decreased significantly by HF dipping. Surface charge and
carrier recombination lifetime increased with ambient-exposure time. Without water
rinsing, Q, showed smaller values, indicative of residual surface F atoms. The induction

period, where surface relaxation is likely to occur, are supposed to be caused by residual F
atoms.
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Table I.  Summary of the effect of wafer processing on the SCP parameters

BFy* dosed (p**) As* dosed (n**)
Surface charge  Minority  Conductive Surface charge Minority Conductive
(gfem2) carrier type (¢fem™2) carrier type
lifetime ()s) lifetime (s)
As received -1.5 x 1010 18 n .12 x 1010 20 n
After full clean*  .3.0 x 109 20 n 3.8 x 102 K n
Short HF+DI 2.7 x 109 -50 n 34 %109 25 n
(hydoroxilation)
HF dip -3.6E x 10° 29 n 2.4 % 109 -15 n
HF dip +DI rinse -3.0E x 109 33 n 2.8 x 109 13 n

* H,SO4/H203 + DHF + NH4OH/H202/H20 + DHCI

Oxide removal on jon-implanted wafers

It is well known that water contact angle increases with HF dip time and the surface
becomes highly hydrophobic owing to hydrogen termination (9). Therefore, water contact
angle measurement is a semi-quantitative way to assess the hydrogen coverage of Si
surface; and more practically, the completion of oxide etching is recognized as hydrophilic-
hydrophobic transition. On the other hand, on heavily-doped silicon surfaces, since water
contact angle is not so large as that on undoped or lightly-doped surfaces (10), the
hydrophilic-hydrophobic transition is not so apparent. Till now, SCP measurements have
been applied to characterize HF cleaning of lightly-doped Si wafers, and a fairly good
correlation was found between SCP parameters and contact angle (4). In this section, the
results of SCP measurements on heavily-doped, by ion-implantation, wafers are
described.

After ion-implantation and the subsequent annealings, the wafers showed negative
surface charge of around -1~2 x 10 g/cm?2. The full clean decreased the negative charge, or
added positive charge in appearance, as was seen in the case of non-implanted wafers.
Either HF dipping for 90 sec or the subsequent water rinsing did not have a significant
effect on surface charge as high as the full clean. Reciprocal recombination lifetime of a
BF,-implanted wafer had positive sign except in the case of a short time HF dipping.
Contrarily, As-implanted wafer showed negative values, while a short time HF dipping
resulted in positive values. The results are summarized in Table I.

Figure 5 shows the effect of HF etch time on 7. Short times dipping up to 30 sec
resulted in the opposite polarity in t to the initial one, and further HF dipping re-
established the initial polarity. The polarity change at 30-40 sec is consistent with the
completion of surface oxide etching, as seen in contact angle measurements (Fig. 6). Note
that the hydrophobic-hydrophilic transition cannot be recognized by eyes very easily,
especially in the case of BF;-implanted wafers. This is because that the saturation contact
angle is as small as that of the original (non-etched) surface (See Fig. 7). On the other
hand, the change of Qs is not so clear as that of t. Roughly, it seems that a short time HF
dipping adds positive charge to the surface, and that a long time dipping adds more
negative charge to BF-implanted (p*+) surface but contrarily adds positive charge to As-
implanted (n**) surface.
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Table Il Process induced dependence of the minority carrier lifetime.

BF;* dosed (pt+) As* dosed (ntt)
Add positive Incmase Decrease
Add negative Decrease (to negative) Increase (to positive)

On the basis of the data of non-implanted wafers, it is safely said that the full clean adds
positive charge, while HF dipping decreases it, or behaves to add negative charge in
appearance. It is also clear that the subsequent water-rinsing removes F-originating
negative charge. One more surface nature introduced from the HF-etching chemistry is that
surface oxide is covered with OH groups at a very high density after HF-dipping + water-
rinsing. The surface i§ highly hydrophilic thus should be negatively charged. This can be
related to the polarity. change of 1/t that was seen after HF-dipping for short times.
Hydrogen termination itself produces positively-charged surface (4,11). With supposing
that similar chemistry works on implanted surfaces, the behavior of T can be summarized
as in Table II. It is interesting to point out that p++ and n*+ surfaces behave opposite except
the surface conductive type (surface polarity). Clearly, the conductive type of implanted
layer has a large influence on the SCP parameters especially on =. It is of a great concern
which junction is detected by SCP. In our case, p**/p and n*+/p junctions were formed by
BF;- and As-implantation, respectively. However, judging from the large dependence of
the SCP parameters on process conditions and wafér conductive type, it can be said that
SCP measures only the surface. From ellipsomettic measurements, the penetration depth
of the probe light that induces ac-photovoltage is roughly estimated at about 200 nm (A =
633 nm) and is reasonably thought to be much smaller at the wavelenghth of the probe
light (A = 450 nm). This convinces us again that dominant ac-photocurrent is not generated
at p+/p or n*+/p junction beneath the surface.

However, it should be emphasized that, under the heavy doping conditions studied
here, the principle of space charge measurement could be limitedly applied, because the
principle assumes the use of uniformly and lightly doped bulk Si. Furthermore, the high
dopant concentration could cause degéneration and bandgap narrowing, so that the surface
electric structure is far away fromi that of bulk Si. Therefore, discussion on the origins of
the observed SCP parameters is probably a too involved subject to be treated here in
detail. It might be speculated that negative minority carrier lifetime suggests the
accumulation of carrier at the sutface, and that negative surface charge and n-type on p*+
surface suggest surface inversion. Interpretation of the SCP parameters is confusing, and
quantitative discussion is beyond the extent of this study. However, a clear correlation
between the process conditions dnd the SCP results, especially in t, demonstrates that SCP
can be used to characterize heavily-doped surfaces. In other words, the validity of the
measurements can be verified only by such a comparison between the data and the wafer
process conditions. However it must be noted the applicability is limited. We measured the
change in Qs and in t of BF2-implated wafers as a function of air-exposure time after HF-
etching; however, the data did not show significant change, while in-situ ellipsometry
showed a similar results as non-implanted wafers (Fig. 8).
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CONCLUSIONS

In the case of non-implanted wafers, HF-last cleaning decreases both surface charge
(Qs) and minority carrier lifetime (t) of chemically oxidized surfaces. Air exposure to a
clean room ambient increases Qg and <, which is speculated to be due to native oxide
growth. Ellipsometirc measurements showed very similar time trends. Skipping water
rinsing over resulted in slightly small Q; values and in the presence of the induction period
for oxide growth. This phenomenon is discussed with respect to surface tailoring effect of
residual fluorine atoms.

Another set of experiments was performed in order to monitor the oxide removal of
implanted wafers. By comparing the space charge data with conventional contact angle
measurements, t was found to be the best parameter to distinguish the presence of oxide,
since the polarity of © changes when the oxide removal completes. Although the physical
meanings of the measured data is somehow puzzling, our data clearly demonstrate that
SCP detect the change of surface conditions. Since water contact angle on a heavily-doped
wafer is too small to use the hydrophilic-hydrophobic transition as a clear identification of
clean surface, surface charge measurement is though to be informative for blanket wafer
cleaning characterization.
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THE BEHAVIOR OF OZONE IN WET CLEANING CHEMICALS

Jin-Goo Park and Jeoung-Hoon Han
Department of Metallurgy and Materials Engineering
Hanyang University, Ansan, 425-791, Korea

The purpose of this study was to investigate the behavior of ozone
in semiconductor wet cleaning chemicals. The solubility and half
life time of ozone in DI water, acidic and alkaline chemicals were
measured as functions of input gas concentrations and time. The
higher the pH of solutions, the lower solubility was measured. In
addition, the solubility of ozone was a strong function of
temperature. Lower temperatures resulted higher solubility. The
half life time of ozone was dependent on the initial ozone
concentration of the solutions. Ozone concentration above 2 ppm
in DI water could passivate the silicon surface within 1 min into a
state of complete hydrophilic. The ozone in the acidic solution also
completely passivated bare wafers within 10 sec treatments.

INTRODUCTION

Ozone was applied not only in the film deposition [1] but also in wet/dry cleanings
in semiconductor processing [2,3]. Ozone in wet chemicals was used in place of H,O, for
the removal of organics and surfactants. The application of ozone chemistry to wet
cleaning has advantages in maintaining chemical purity, recycling and lowering the cost
of ownership in the light of the environmental issues and size of wafers in the next
generation wet cleaning processing.

The injection of ozone in DI water and H,SO4 was used in semiconductor wet
cleaning processes to replace the traditional sulfuric/peroxide process. Low temperature
ozonated DI water showed its effectiveness in photo resist removal [4]. The pasivation of
HF etched surfaces with ozone is likely to form a differnt quality oxide from other
peroxide based chemicals during wet cleaning processes [5,6]. The HF last process
followed by ozonated DI water resulted in better breakdown voltage distribution than
those without ozonated DI water [7]. Also the application of ozone in acidic chemicals
such as HF and HCI was tried. The passivation of HF etched surfaces by ozone with
0.01% HCI provided good oxide integrity [8].

Even though there are active researches on the application of ozone in cleaning
chemicals in terms of removing contaminants, the fundamental understanding on the
behavior of ozone in various cleaning chemicals is nil. In this study the behavior of ozone
--not only in acidic but also in alkaline chemicals -- was evaluated in terms of life time,
solubility and reaction on silicon surfaces.
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EXPERIMENTAL

Ozone generated in an arc discharge type generator (Fischer 502) was supplied to
a quartz reactor as shown in Figure 1. Aliquots of solutions were left in the reactor to
observe the reaction with ozone. Teflon tubing was used for all experiments to minimize
the possible reaction with ozone. A Teflon plate was placed in the reactor to reduce the
interaction between the electrode of ozone analyzer and bubbles from incoming gas. A
magnetic stirrer was used to obtain a rapid and uniform dissolution of ozone in solutions.
Oxygen of 98% purity was used to generate ozone. Ultra high purity DI water and
semiconductor grade wet cleaning chemicals were used for the experiment.

Wafers (p type, (100)) were precleaned in the mixture of H,SO4 and H,0, and
followed by 0.5 % HF etching. The concentrations of ozone as a gas phase and in liquid
were measured by the titration method [8] and an electrolytic analyzer (Obisphere 3600),
respectively. pH and redox potential of chemicals were measured by Orion Ag/AgCl
electrodes with a Orion pH meter (Orion 520A). The wettability of surfaces was
measured by a static contact angle analyzer (Kriiss G10). The temperature of chemicals
was controlled by a water bath.

RESULTS AND DISCUSSION

Generation of Ozone

A titration method was used in measurements of gaseous ozone concentrations.
The generated ozone concentration was measured as a function of oxygen flow rates and
applied current. The higher oxygen flow rates, the lower ozone concentration was
measured. A flow rate of 50 I/hr was chosen to obtain a possible maximum concentration
from the ozone generator. Figure 2 shows the measured ozone concentration as a function
of input current. The generated ozone concentration was a linear function of the input
power. The generated gaseous ozone concentrations ranged from 0.4 vol% to 4 vol%
when the input power was changed from 0.65 A to 1.25 A. Considering the safety factor
of the generator, a concentration of 4 vol% was used for the experiment unless otherwise
stated.

Ozone in DI Water

Figure 3 shows the solubility of ozone in DI water as a function of time at different
input ozone concentrations. At a gas concentration of 4 vol%, a maximum soluble
concentration of 15 ppm was measured. The higher the ozone concentrations, the higher
the solubility in DI water. Since the dissolved ozone in DI water is a strong function of
the initial input gas concentration, the desired ozone concentration in DI water could be
easily controlled by the changes of input concentrations. It should be noted that around 15
minutes were required to reach a saturation of ozone in DI water independent of input
ozone concentrations.

When the supply of ozone to DI water was cut-off, the half life time of ozone in DI
water reduced as a function of initial concentrations as shown in Figure 4. The initial
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ozone concentrations of 3.4 and 15.3 ppm resulted in the half life time of 88 and 33 min,
respectively. The higher initial concentrations, the smaller value of half life time was
observed.

The solubility of ozone was also a function of temperature in DI water as shown in
Figure 5. When 4 vol% of ozone was injected into DI water at various temperatures the
highest solubility of 25 ppm was measured at 15°C. At 50°C as low as 1 ppm was
measured. The higher temperatures, the lower solubility was obtained. Also it was
interesting to note that the saturation time of ozone in DI water was dependent on the
maximum dissolved ozone concentrations. The higher the concentrations of ozone in DI
water, the longer the time required to reach a saturation.

The half life time of ozone in DI water was also dependent on the temperature as
shown in Figure 6. The largest values was measured at the lowest temperature used in the
experiments. It indicates that the decomposition of ozone can be accelerated at higher
temperatures. Table 1 shows the solubility and half life time of ozone at different
temperatures.

Table 1. Half life time of ozone in DI water various initial ozone concentrations at
different temperatures

Temperature, C Solubility of Ozone , C, | Half Life time (C/C,=1/2)
20 20.41 ppm 94 min
25 15.30 ppm 33 min
30 10.25 ppm 30 min
40 1.84 ppm 11 min
50 0.95 ppm 7 min

Figure 7 shows the change of pH and redox potentials as functions of time at
different input ozone concentrations. Since ozone is acidic, the continuous supply of
ozone resulted in the decrease of pH values. The degree of reduction of pH was a function
of input ozone concentration. The redox potential increased to a constant value after 5
min and showed slight dependency on the input ozone concentrations.

The change of contact angles was measured as a function of treatment time in DI
water of different ozone concentrations as shown in Figure 8. At above 2 ppm, the
complete passivation of HF etched silicon surface was measured in 1 min. However the
longer time was required to passivate the surface at lower concentrations than that. AFM
and a spectroscopic ellipsometery analyses are going on to investigate the effect of ozone
concentrations on silicon surfaces. All measurements in DI water were not done in the
overflowing condition but in a reactor as a static condition. The experiments are on
progress to observe the behavior of ozone in the overflowing situation.
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Ozone in Acidic Solutions

The solubility of ozone in H,SO4 solutions was measured as a function of time at
different H,SO4 concentrations and temperatures as shown in Figure 9. As observed in
the behavior of ozone in DI water, it also took around 15 min to reach a saturation point
in acidic solutions. A slightly higher solubility of ozone in H,SO4 was observed in higher
concentration of H,SO, solutions due to a slightly lower pH.

At a higher temperature, a reduction of solubility was measured. Figure 10 shows
the changes of solubilities of ozone as a function of time when the supply of ozone to
H,804 solutions was cut-off. The half life of H,SO, solutions was independent of
solution concentrations. However the decrease of temperature to 48°C reduced it in half.
When bare silicon wafers were treated in the ozone injected H,SOy solutions, the wafer
was passivated completely even in 10 sec. The contact angles measured on silicon treated
with ozone added H,SOj4 solutions were as low as these did in Piranha solutions (ca. 5°).

Dilute HCI (0.01 vol%, pH = 2.55) and HF (0.5 vol%, pH = 1.4) solutions were
prepared and ozone was injected into them. Figure 11 shows the changes of solubility of
ozone in dilute acidic solutions as a function of time. As discussed earlier, a slightly
higher solubility was measured in HF solutions due to lower pH values in HF. The half
life time of ozone in these solutions were very similar to each other. Table 2 shows the
half life of acidic solutions.

Table 2. Half Life Time of Ozone in 0.5%HF and 0.01%HCI

Solution Temperature | Solubility of | Half Life time
olutio () Ozone (CICs=1/2)
0.5% HF 23 28 ppm 86 min
0.01% HCI 23 25 ppm 80 min

The contact angle measurement showed the complete hydrophilization (<5°) of silicon
surfaces in ozone added HCI solutions. A contact angle of 20° was measured on surfaces
in ozone added HF solutions. It indicates the competition between the etching reaction by
HF and passivation reaction by ozone.

Ozone in NH4OH Solutions

For the removal of particulate contamination from wafer surfaces, NH4OH and
H,0, mixture solutions is indispensable in semiconductor wet cleaning processes. If
H,0; could be replaced with O3 in SC1 as we did in Piranha and SC2 solutions, the
benefit out of it would be tremendous in economical and environmental aspects. However
the solubility of ozone in high pH ranges has been known to be very low [10,11]. Figure
12 shows the pH and solubility changes at various concentrations of NH4OH solutions.
The addition of ozone to NH4OH solutions decreased pH values rapidly when pH of
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solutions reached below 9. In higher pH values than that, the decrease of pH (i.e. higher
concentrations of NH4OH) was very small. In NH4OH solutions, possible reactions could
be proposed [12] as shown below.

NH;" + 403 =NOs™ + 40, + H,0 + 2H" m
03+ OH =HO; + 0, 7))
O3+ 2H +2e=0,+H,0 3)

Even though much more complex reactions occur together in solutions, reaction (1) and
(2) might be dominant above pH values of 9 and reaction (3) might be dominant in acidic
solutions.

Also the solubility of ozone in NH4OH solutions above pH of 9 was virtually nil
and started to increase below 9. When considered pH of SC1 ranged from 8.8 (0.01:1:5,
NH4OH:H;0;: H;0) to 10.5 (1:1:5) at room temperature, if the pH of ozone in NH,OH
solutions could be maintained between 9 and 10, it would be possible to replace H,0,
with O3 in SC1. Further research is in progress to optimize and maintain the solubility of
ozone in NH4OH solutions with the characterization of ozone added SC1 solutions.

SUMMARY AND CONCLUSIONS

The solubility of the ozone in wet cleaning chemicals is very dependent on the
initial input ozone concentration, the temperature and the pH of the solutions. The higher
input ozone concentrations, the higher ozone was dissolved in chemicals. The higher
temperatures and pHs of solutions, the lower solubility of ozone in solutions was resulted.
The half life time of chemicals was also very dependent on the dissolved ozone
concentration, temperature and pH of solutions. The higher pH and temperature, the faster
the decomposition of ozone occurred. The higher initial ozone concentration, the slower
the decomposition of ozone was measured. The lower temperatures were applied to
increase the amount of dissolved ozone in solutions. The dissolved ozone in water
increased from 1 ppm to 25 ppm when the temperature decreased from 50 to 15°C. Above
pH values of 9, the dissolution of ozone in alkaline solutions was almost nil. The
lowering temperature of alkaline solutions to 10°C increased the solubility of ozone 4 to 5
times when compared to that at room temperature.
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EFFICIENCY OF OZONE DISSOLUTION INTO AMBIENT TEMPERATURE
RINSE BATHS
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The use of ozone in ambient temperture rinse water gains importance in pre diffusion clea-
ning both for removal of organic contamination as well as for post treatment in HF last
processing. In this work the efficiency of ozone dissolution into the rinse baths has been
evaluated with respect to dissolved ozone concentration in the full range of rinse process
parametrics, The influence of ozone bubbling in the rinse tank was evaluated for particle
performance. Native oxide regrowth has been studied and compared to conventional SOM;,
SPM and SC1 cleaning, It has been shown that ozone concentrations in the Di H,O of up to
30 ppm are achievable without bubbles at good particle performance. No difference was

found for the oxide regrowth performance to other oxidizing processes.
INTRODUCTION

In today’s S/C process technology the wafers are typically cleaned prior to diffusion processes using a
sequence described by W. Kern in 1975 [1], which is commonly known as RCA cleaning. Although
the process performance has been optimized permanently, f.e. with the use of megasonics or ultra clean
diluted chemicals, the basic disadvantages of a very long sequence of up to ten steps and instable or
quickly evaporating chemicals still drives the search for other cleaning concepts with at least the same
performance but less chemical consumption and environmental impact. As part of this research HF last
cleanings have been proposed using at least one ozonized water step (T. Ohmi [2], IMEC [3], DDC
[4]). These concepts include ozonized water either as a first step to remove organic contamination and
oxidize the wafer surface for optimal cleaning efficiency in the HF step or as an additive to the rinse
after HF to exchange the hydrogen passivated surface by a hydrophilic one for better time stability.

Typical process sequences with ozonized water are shown in table 1.
Lots of work has covered the performance of the HF step, however the optimization of the Di H,O step

with ozone is still fairly unknown. The goal of this work to characterize the ozone rinse and the effi-
ciency to ozonize deionized water at ambient temperature. Optimal process parameters should be ob-
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tained to achieve best oxidation efficiency and particle performance in shortest time and with
reasonable water consumption. Therefore the ozone concentration in the liquid for different Di H,O
flows and pressures was studied. The ozone generator output and ingoing oxygen gas flow was varied
to find the best working set point for the ozone supply. Using the results of this pre-evaluation the
most efficient process was used to characterize the impact of ozone gas bubbles in the rinse
tank..Although known to be accelerating the stripping of photo resist in water, for this application
bubbles involve the risk of nonuniform re-oxidation or particulate contamination on the wafers. Final-
ly the overall particle performance of the ozonized water step on hydrophilic and hydrophobic (HF
treated) wafers was compared to conventional oxidation steps like SOM (sulphuric ozone mixture),

SPM (sulphuric peroxide mixture) and APM (ammonia peroxide mixture).

EXPERIMENTAL PROCEDURE

Most of the experiments were performed in a STEAG MicroTech automated wet processor bench
(AWP Gen. IIT) at SGS Thomson‘s R1 facility in Agrate-Brianza, Italy where flash memories are
produced in 0.35 micron technology on 150 mm wafers. This equipment is configured as a hybrid tool
capable for running the RCA clean as well as the IMEC HF last sequence with ozonized water. It is
upgradable for 200 mm processing and uses standard 6 inch PFA cassettes in 8 inch compatible tanks.
Wafer drying is done in a STEAG Marangoni Dryer. For additonal cross check experiments the semi-
automated wet bench in the STEAG production laboratory was used.

The rinse tank is made from quartz and is provided with a four sided overflow rim. The flow
rate can be varied from 2 to 35 1/ min. Optionally small amounts of HCI can be spiked using a mete-
ring pump connected to the deionized water line. The tank is equipped with a resistivity monitor rin-
sing control. To monitor the ozone concentration in the rinse tank inlet during the course of the expe-
riments a BMT AQ963 liquid ozone monitor was installed just before the tank. DiH,O Recirculation is
not possible in this tank.

The ozone was supplied by a SORBIOS SEMOZON 90.2 type generator directly at the modu-
le, running on 5.6 grade oxygen feed gas and designed to provide up to 90 g/h ozone. An ozone com-
patible gas filter implemented right at the output gas line of the generator was used to minimize any
potential particle contamination in the process from the generator.

The dissolution of the ozone was done with a SORBIOS static mixer, which introduces the
ozone gas into the liquid by permanent perturbance of the media in a special designed quartz tube.
This method has been found to be the most effective one with respect to concentration, ozone distribu-

tion in tank and long term particle performance.
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In order to separate the ozonized water and the non dissolved ozone/oxygen gas mixture one
or two debubblers (degasifiers) were placed as close as possible to the process tank, in order to provide
the largest volume possible for the gas to dissolve. A schematic diagram of the ozone generation and
monitoring setup is shown in Fig. 1.

For the characterization of the surface passivation of HF treated wafers contact angle measu-
rements as well as an SOPRA ES4G ellipsometer for oxide thickness measurement was used. Ellipso-
metry was used. As a silicon reference file for the ellipsometry the data from Jellison were used.

RESULTS
Ozone concentration in the Di water

In order to set up the right parametrics for the ozone generator SEMOZON E90.2 for optimal

dissolvement in the Di water the O; concentration in the liquid was measured for two different oxygen
pressures and flows as a function of the ozone production rate, resp. the ozone generator power. The
UPW pressure supplied to the system was 4 bar and remained constant during the course of the expe-
riment. The results are summarized in Fig. 2. At low production rates the dissolved ozone in the Di
water increased fairly linear with the generator power, but starts to saturate at about 60 g/h reaching its
maximum at about 90 g/h. This dependency is independent of oxygen pressure and flow. However the
absolute scale of ozone concentration in the water varied with the incoming oxygen pressure, reaching
26 ppm for the supplier recommended 2,5 bar, but close to 30 ppm for 3.3 bar.
In order to quantify the dependency of the ozone concentration in the UPW the O; gas flow was varied
from 2 to 10 1/ min for different H,O flows (4,8,10, 10 I/min). Nearly identical curves were obtained
over the full range of rinse flow, showing a strong, but nonlinear dependency of the ozone concentra-
tion from the gas flow. A maximum was reached at approximately 8 I/min. At higher gas flows a
slight, but significant decrease was observed. Since this behaviour might be caused by the specific
properties of either the generator or the injection technology, these runs were repeated in the STEAG
production lab in a set of cross check experiments using an ASTEX AX 8200 generator and a semi-
permeable teflon membrane. At different absolute levels the same dependency was observed.

These results confirm that the dissolvement efficiency at least for the range of parameters measured is
not limited by the mixing technology of the ozone transfer into the liquid (fig. 3). The residence time
of the ozone in the transfer area (which was kept approximately the same during the measurement)
defines the maximum transfer rate and has to be optimized for best performance of ozonized water
rinse.
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Oxide regrowth in ozonized Di water

A key requirement for the use of ozonized ultra pure water in cleaning processes is the repro-
ducibility and uniformity of the surface re-oxidation, especially on hydrophobic wafers. Qualitatively
this can be characterized by measuring the contact angle of a small water droplet placed on the wafer
after processing. After HF treatment of 3 min. in 0.5 % DHF a contact angle of approximately 75 deg.
or more was observed, indicating complete hydrophobicity. The wafers were subsequently rinsed in
ozonized Di water (O; concentration 25 ppm, diH,O flow 5 /min) for 30, 60 or 180 sec. and the con-
tact angle was remeasured. Already after the 30 sec. rinse the angles were decreased to 25 to 35 de-
grees and after 180 sec. the contact angle was below 5 degrees and no reliable measurement was pos-
sible with the equipment used.

In order to further quantify the ,hydrophilization” with ozone the thickness of the grown
oxide was measured by ellipsometry for high (25 ppm) and low concentration (5 ppm) ozone processes
and compared to standard SOM or SC1 processes. As can be seen in Fig. 4 a stable oxide with a
thickness of appr. 1,4 to 1,6 nm is formed in all three cleaning steps, however the time required to
reach complete oxidation differs. Although having the longest process time of 10 minutes, the lowest
thickness was found for the SC1 bath. While with SOM due to the higher process temperature and the
additional oxidizing power of the sulphuric acid a stable hydrophilic surface is obtained already after
30 seconds, for the O; rinse of high concentration one minute and with 5 ppm ozone in the water even
5 min. process time was needed. Thus for complete re-oxidation at short process times a maximized
efficiency of the ozone dissolvement into the UPW is a key factor. It has to be mentioned that a) the
lowest thickness after re-oxidation was found for the 1o min. SC1 process and b) the absolute thickness

numbers depend on the refractive index. For Fig. 4 data from Jellison were used for reference.

Particle performance of ozonized Di Water rinse

The final, but very important criterion for the use of ozonized water rinse in semiconductor
cleaning processes is the particle performance. Especially in the case of HF last treatment the ozone
rinse is the last step before drying, all re-contamination will reduce the cleaning efficiciency of the
chemical steps before. On the other hand it is known that at least when the ozone generatots are swit-
ched on or off particles are released. Tests have been performed with a gas particle counter at the gene-
rator feed gas (O,)and ozone out line with and without particle filters ( Pall SGL FPF6402VMM4). As
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can be seen in table 2, the particle generation had been confirmed, but at least for the set up used in the
experiments the filter had effectively reduced the contamination.

Particle recontamination of the rinse tank has been evaluated with and without ozone by running pre-
measured particle wafers through a rinse and dry cycle. The list of different processes is shown below:

e Test 1: Marangoni dry only (no external rinse)

e Test 2: Rinse and dry without O; with hydrophobic wafers

o Test 3: Rinse and dry with O, with hydrophobic wafers

e Test 4: 5 min DHF, rinse and dry with hydrophilic wafers

o Test 5: 5 min DHF, ozone rinse and dry with hydrophilic wafers

The rinse processes were kept as close as possible to standard cascade rinses and consisted of a 2 min.
high flow (25 1/min) step w/o ozone, followed by a 8 min low (5 I/min) flow in the non ozonized tests.
In tests 3 and 5 the two minutes high flow is followed by 30 sec of low overflow, 7 minutes of low flow
with ozone and finally 30 seconds of low overflow without ozone. During these tests degassifers were
used and no bubbles were observed in the tank. Each test consisted of three particle wafers with the rest
of the batch filled with dummy wafers and was repeated at least five times. The contamination level of
the test wafers before processing was less than 30 particles / wafer.

The mean delta count for each test is shown in Fig. 5. In all tests particle contamination was
very low, but can be assigned to three groups. Good results were found for tests 1-3 hydrophobic wa-
fers that were not HF dipped in the same process. Wafers in test 4 and 5 showed slightly higher par-
ticle count, however no difference can be seen with or without ozone in the rinse. This indicates that
the particle lével is not driven by the use of ozone, but by the impact of the DHF itself. Detailed data of
experiment 5 (fig. 6) give typical distributions from wafer to wafer and run to run.

Another set of experiments was done to evaluate the imfluence of ozone gas bubbles in the tank during
the process. Given the known fact that ozone generators might create particles it cannot be excluded
that some portion of this contamination might pass the gas filters and adhere to the freshly hydrogen
passivated silicon surface in the rinse. In fact this was observed when the debubblers were removed and
bubbles could enter the tank with the wafers. Approximately 100 particles were added in a ‘bubbling’
ozone rinse and dry sequences comparable to a exp. 3 above. This difference is due to the fact that the
particles in the gas phase (which usually have a positive zeta potential) will not dissolve into the liquid,
but due to the negative zeta potential of Si surface will stick immediately when they get into contact
with the wafer. This is even enhanced by the fact that bubbles tend to stick to solids because of less
surface tension.
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Discussion

Above results have shown that rinsing with ozonized water can provide a uniformly oxidized,
ﬁydrophilic surface even on freshly hydrogen passivated wafers at typical cascade overflow rinses
times. The transfer mechanism is depending on the residence time of the ozone gas in the UPW, just
long transfer lengths are preferable. The experiments have shown that ozone concentrations of 20 ppm
and more ensure a re-oxidation of the surface within 5 minutes, and even with lower concentration and
increased process time no difference in oxide thickness was observed. However particle recontaminati-
on or even silicon pitting by ozone bubbles cannot be accepted in critical cleaning steps. Thus any
addition of light point defects has to be minimized or even eliminated. Thus bubble free injection sy-
stems or at least highly efficient debubblers are needed for good particle performance. An optimized
rinse process derived from the experiments is summarized in table 3 for a system that provides 20 ppm

or more ozone concentration.

An HF last process run with this recipe did not contribute any contamination to the o/a process perfor-
mance. By introduction of HCI in the first process step of the recipe metallic performance even might
by improved. Finally even the cost of ownership of the process is kept reasonalbe, since water con-
sumption is reduced significantly by introducing low flow steps wherever possible. Together with the
advantages of HF last processing in general, the use of ozonid di water during rinsing gives a good

alternative to conventional cleaning with the RCA sequence.
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Process se- Step 1 Step 2 Step 3 Step 4 Step 5
quence
Ref. 1 (Ohmi) | Amb. Di H,O w/ | DHF w/H,0, | Amb. Di H,0 |DiH,O (opt. |IPAdry
03 w/ 03 DI{F)
Ref. 2 amb. Di H,Ow/ | DHF w/ HCl | H,Ow/HCIl |H,O (opt. w/ | Marangoni
Ref. 3 (DDC) | Di H,Ow/ O; DHF w/ HCI | H,O w/ O3 HF / Hel HO/0;
Rinse Dry

Table 1: Process sequences using ozonized water at ambient temperature

Particles | In the feed | Output line [ Output line
(scfm) | gas line w/o filter | w/ filter
Mean 10 1000 <10

Peak 30 3600 <10

Table 2: Particles in the ozone gas with and without gas filters.

Step |time (sec) |H20 flow | ozone
(I/min) (Y/N)

1 120 30 n

2 30 5 n

3 420 5 y

4 30 5 n

Table 3: optimized rinse recipe for ozonized water rinse

O, part.
?ilter

O, conc.
monitor
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Fig. 1: Schematic setup of ozone dissolution and monitoring
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ABSTRACT

Ozonated DI water has been applied for the removal of organic
contamination on silicon surfaces. The impact of various parameters such
as temperature, acidity, immersion time and the variation of the ozone
production conditions (oxygen flow and generator yield) has been
evaluated for removing a photoresist primer. The most important factors
for removal of this contamination seemed to be (elevated) temperature
combined with the ozone concentration. The acidity of the solution was of
little influence. Increased immersion times resulted in improved removal
efficiency.

INTRODUCTION

In semiconductor technology the trend of scaling down the device-geometries
without decreasing their performance, implies more stringent cleanliness of the wafer-
surface. Most effort has been dedicated towards the removal of metals and particles.
With shrinking device dimensions problems associated with organics become more
critical (1).

The organic compound under invstigation (HMDS, HexaMethyIDiSilazane), is used
in the IC-processing as a photoresist primer. After the necessary processteps are
completed, the residue of this compound should also be removed. Traditional cleaning
sequences use SPM (Sulfuric Peroxide Mixture) to remove organic residues. However,
since SPM utilises corrosive acids and requires a high temperature, it causes problems
in terms of handling and chemical waste processing. Therefore an alternative cleaning
procedure i.e. ozonated DI water, is evaluated in terms of removal efficiency. In fact,
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the purpose of this study is to define parameter conditions (e.g. temperature, pH,
ozone concentration, immersion time) that have an impact on this removal efficiency.

Ozone has been used exhaustively in the field of waste treatment and drinking water
sterilisation, because of its strong oxidising power. An additional benefit of ozone is its
harmless residue after decomposition. In micro-electronics industry, ozone is looked
upon as a potential replacer for H)O2 (SPM vs. SOM(Sulfuric Ozonized Mixtures)),
as both have high oxidation potentials (Eg = 2.07 eV for O3 in gasphase, Eg = 1.78 eV
for H202, and 1.24 eV for O3 when dissolved in water). The strong oxidising (and
thus cleaning) effect of ozonated water might be due to the decomposition products.
When ozone is dissolved in water, its self-decomposition is accelerated. Although an
exact mechanism is not known, it is believed that the decomposition of ozone leads to
the generation of OH* radicals. These radicals are believed to play an important role in
decomposing organic material (2,3). A potential drawback of ozonated water is the
relative low solubility of ozone in water (about 20 ppm at room temperature (4) ).

The organic surface coverage has been monitored by TOF-SIMS. This analysis
technique is especially suited for detection of trace amounts of complex organic
materials on surfaces (5). Contact angle measurements gave an idea of the wettability
and thus were an indication of the cleaning tendency : a better cleaning results in a
smaller amount of organic contamination and thus a more hydrophylic surface.

EXPERIMENTAL SETUP

For the experiments a set of p-type <100> Cz wafers was used. All received a
standard FSIb (SPM-dilutedHF-SC1-SC2) clean. Afterwards, the wafers were primed
with HMDS on a SVG track 8838VP, and post baked for 10 minutes at 100°C.
HMDS reacts with the surface silanol groups according to the following reaction :

2 Si-O"H*+ (CH3)3Si-NH-Si(CH3)3 ----> 2 Si-O-Si(CH3)3+ NH3 [1]

This reaction is highly selective and converts all silanol groups, leaving a monolayer
coverage of TMS groups (TriMethylSiloxane). The surface becomes hydrophobic in
nature (maximum contact angle +70°).
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The ozone was produced with a Sandor (Labor Ozonisator - Type 301.7; 30 g/m3)
generator. The gas was bubbled through a static bath containing DI-water and placed in
a thermostatic bath until stabilisation of the ozone concentration. Upon stabilisation
(ozone saturation dependent on parameters under study), the ozone bubbling was
stopped and the contaminated wafers were immersed in the solution.

Several variables were considered to have an impact on HMDS removal efficiency:
i.e. temperature, pH, ozone concentration and immersion time. Ozone concentration
was controlled by two parameters of the ozone generator : the yield of the generator
and the O2 flow-rate. Additionally, the immersion time in the ozonated DI water was
evaluated. An overview of the parameter set is given in Table I. The complete
experimental matrix is made by means of DOE (Design Of Experiments), quadratic
model, to reduce the number of experiments but is not shown here because of its large
extent (36 trials per immersion time, including reproducability-check).

Table I : Variables with their range of variation

Variables Range
Temperature 20°C, 45°C, 70°C
Initial pH (adding HCI) 2,4.5,7
02 flow 2 /min, 4.5 Vmin, 7 l/min
Generator Yield 60 %, 80%, 100%
Immersion time 10", 60" 9

®) 9% of the current/voltage characteristics of the ozone generator
**) Use of short immersion times to see relative differences in parameter-dependency

As a reference for the ozonated DI clean efficiency, several other cleaning
procedures were evaluated as well. An overview is presented in Table II.

Table II : Cleaning procedures as a reference

Procedure Temperature Immersion Time
1 | DI-water 20°C 1'
2 | SPM (4:1) 90°C 1'
3| SPM (4:1) 90°C 10'
4|1 SOM 90°C '
5| SOM 90°C 10’
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Immediately after cleaning, the contact angle of a 5 pl H2O droplet was determined

at five different positions on the wafer. The TOF-SIMS analysis was performed on a
TRIFT I spectrometer (Charles Evans & Ass., California, USA).

RESULTS AND DISCUSSION

Ozone

It might be useful to first evaluate the parameter dependence on the ozone
behaviour itself before analysing the impact on HMDS removal. For each trial with a
certain combination of experimental variables, the ozone concentration after
stabilisation has been recorded. Statistical evaluation of the presented data based on the
quadratic model (DOE), reveals that all parameters but pH (in the acid-range studied in
these experiments) have an effect on the ozone concentration. The extent to which
either parameter influences the measured ozone concentration can be derived from
Figure 1. The ozone concentration is plotted as a function of the generator yield for
varying temperature and oxygen flow.

As can be seen in Figure 1, it is obvious that increasing the generator yield leads to
an increasing ozone concentration. Also, bath temperature and ozone concentration are
inversely related, due to lower solubility of the ozone (6) and faster decay at elevated
temperatures. Additionally, for our type of generator and bubbler (perforated PFA
tube), an inverse relationship can be seen between ozone concentration and oxygen
flow. In summary, to obtain maximal ozone concentrations in static solutions, one
should operate at low temperature, with low O2 flow and high generator yield.

HMDS

The cleaning efficiency is evaluated based on the wettability (the contact angle) of
the surfaces. A low contact angle corresponds to a more hydrophylic and thus to a
cleaner surface. This contact angle is directly related to the surface coverage of TMS
groups, namely the ratio of the TOF-SIMS intensity at mass 73 (representing the
TMS in the positive spectra) versus the sum of intensities of this mass and the one of
the Si* peak (mass 28) (see formula 2). This relationship has been proven earlier (7),
the fitted model here is given by formula 3.
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ratio = [(I )/ 175+ IgH)] (21

[cos(Contact Angle) = -10.5 (ratio) + 0.965] [3]

As the surface coverage is related to the chemical treatment of the surface, a
quantitative assessment of the efficiency of the treatment by means of the contact
angle is justified.

In order to study the removal efficiency of the ozonated DI water for HMDS
contaminated wafers, first the reference cleaning procedures are looked at. An overview
is presented in table III. The measured contact angles indicate that immersion in DI
water does not affect the HMDS surface coating (the angle of an uncleaned wafer is
70.4 ° £ 2.5), while either SPM or SOM at both immersion times (1 min and 10 min)
leads to full removal of the HMDS. This near complete HMDS removal is confirmed
by TOF-SIMS, as can be seen in Figure 2 where the mass range between 30 and 90
amu for the positive spectrum of a HMDS coated wafer and a SPM cleaned wafer (1
min) is shown. The peaks at masses 43 and 73, characteristic for HMDS, are fully
removed after the clean.

Table III : Contact angles after the reference cleaning procedures.

Procedure Contact Angle (°)
1 | DI-water 67.7+£1.34
2| SPM (4:1) <5
3| SPM (4:1) <5
4| SOM <5
5|SoM <5

Statistical evaluation of the presented data based on the quadratic model reveals that
temperature, ozone concentration (yield and flow) and pH influence the cleaning
efficiency. Obvious observation is also that cleaning efficiency is dependent on wafer
immersion time (similar trends observable for 10s and 60s immersion time, though
more pronounced for 60s). The parameter dependence as described by the quadratic
model is represented graphically in Figure 3, for temperature versus pH, temperature
versus flow, and temperature versus yield dependence, respectively. The figures
represent the (model based) contour lines indicating the contact angle, thus a low
number represents a higher cleaning efficiency. These plots allow to immediately
derive the parameter dependence of cleaning efficiency.
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It can be seen from figure 3A, that the cleaning efficiency is strongly dependent on
the bath temperature : increased temperatures result in smaller contact angles and thus
in more efficient removal of the organic compound. The pH dependence seems to be of
importance only at elevated temperatures where a higher initial acidity of the solution
reduces the obtained cleaning efficiency. Figure 3B and C reveal the same temperature
dependence, while the flow and yield dependence only play at elevated temperatures :
an optimal cleaning at low flow and high yield values.

Combination : Ozone and HMDS

Looking now at the parameter-dependence of both the ozone-concentration and the
cleaning efficiency of the ozonised/DI water procedure for HMDS removal, there is an
equal trend concerning the yield and the oxygen flow : the highest ozone concentration
and the most efficient clean at high yield and low flow. But for the temperature the
dependence is contradictory : the highest ozone concentration is reached at low
temperature but the removal of HMDS by O3/DI is more efficient at elevated
temperature. This is confirmed in figure 4, where the (low) flow and (high) yield
variability is combined by plotting the cleaning efficiency as a function of ozone
concentration, temperature and pH. The calculation of the cleaning efficiency is based
on formula [2] :

Efficiency (%) =(( ratiOpefore = atiOaper )/ ratiopefore )* 100 [4]

It can be concluded that temperature is the primary depending parameter for HMDS
removal, but at any temperature, the ozone concentration correlates linearly with the
cleaning efficiency. Also, a mild pH effect can be observed, at any temperature
condition.

In an attempt to explain the removal of HMDS from silicon surfaces, one could
assume that this is achieved according to a simple hydrolysis mechanism (Si-O-TMS +
H20 = Si-OH + HO-TMS). It can be found in organic literature that TMS groups are
frequently applied as protecting groups against oxidation of functional groups.
Subsequent removal of these groups is achieved by hydrolysis in acidic environment.
Nevertheless, a similar reaction pathway is unlikely in this case, as removal efficiency
is inversely related with initial pH of the solution, also immersion of an HMDS coated
wafer in DI water had little or no effect (see table III). Additionally, the above
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hydrolysis mechanism would not be able to explain the dependence of removal
efficiency with ozone concentration. Therefore, ozone and/or its reaction products
indeed are responsible for removing TMS groups from the silicon-surfaces. Elevated
temperatures can have a positive influence because then the ozone decomposition is
activated and thus there are more reactive decomposition products present.

CONCLUSIONS

The cleaning efficiency of ozonated DI water has been evaluated for HMDS
contaminated wafers with reference to standard cleaning processes such as SPM or
SOM. It was found that ozonated DI water is capable of removing surface TMS
groups as demonstrated from contact angle and TOF-SIMS measurements. The
experimental parameters that influence the removal efficiency are in decreasing order of
importance: elevated temperature, ozone concentration (O7 flow and generator yield),
and pH (and immersion time). The dependence on ozone concentration and the pH
behaviour seem to exclude a simple hydrolysis mechanism. Also, no clear correlation
between cleaning efficiency and ozone concentration is observed, as elevated
temperatures favour removal efficiency, but disfavour ozone build-up in solution. The
latter seems to indicate that some reactive ozone decomposition products are
responsible for HMDS clean-up.
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Figure 1 : Ozone concentration in DI water versus yield, flow (I/min) and temp. (°C)

100 T
S 10+ +
E . 8
E + °
=
g , X [u]
E 1150 75" 100 R
g 8 o
Q - =
§ X +  T=20, flow 2
8 0.1 t+ o
g ©  T=20,flow7
X T=70, flow 2
L
0.01 0O T=70, flow 7

yield (%)

F_igure 2 : Positive TOF-SIMS spectra of HMDS-primed and SPM-cleaned sample

g TEH HMDS primed

]
F3

SiCH3+
Si(CH;)3+

total counts (.
=3
&
z

0 L l i i ll‘ L '
0 50 70 90

TEHT
“ SiOHs SPM cleaned

SEH}

3EHE

1E+:- ].Hl L. L e

3 50 70 ' 90
mass (amu)

(=1

Electrochemical Society Proceedings Volume 97-35 254



Figure 3 : Contour plots : contact angles for different experimental conditions
(immersion time is 60 seconds)
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Figure 4 : Cleaning efficiency for HMDS contaminated wafers versus ozone
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Contamination Removal by Single-Wafer Spin Cleaning
with Repetitive Use of Ozonized Water and dilute HF

Tsutomu Osaka, Akira Okamoto, Hitoshi Kuniyasu,
and Takeshi Hattori
ULSI R&D Laboratories, SONY Corporation, Atsugi 243, Japan

We have developed a new technique of single-wafer spin cleaning at
room temperature while alternating the addition of ozonized water and
dilute HF for 10 sec. each, then repeating the cycle until the surface
cleanliness reaches the required level. The new spin cleaning sequence
can efficiently remove both particulate and metallic contaminants as
well as organic contaminants on the surface of silicon wafers in a short
period without increasing the micro-roughness of the surface.

INTRODUCTION

Wet chemical processing is the most repetitively applied processing step in any
LSI fabrication sequence. Wafer-cleaning chemistry has remained essentially unchanged
over the past 25 years, the most prevalent method in the semiconductor industry
worldwide still being the hydrogen peroxide-based wet chemical process, most notably
the RCA Standard Clean [1], in which wafers are sequentially immersed for minutes in
chemicals such as a NH,;OH/H,0,/H,0 mixture or a HCI/H,0,/H,0 mixture at elevated
temperatures as well as in dilute HF at room temperature. In some cases, a hot
H,S04/H,0, mixture is added at the beginning of the sequence.

In such immersion-type wet chemical cleaning, even if ultra-pure chemicals are
introduced and then disposed of after each wafer-cleaning treatment, the contamination
removal efficiency is dominated by the amount of impurities brought into the fresh
solution by the to-be-cleaned wafers themselves [2][3]. In order to meet stricter wafer-
cleanliness requirements in the future, new cleaning methods in which fresh chemicals are
continuously supplied, such as single-wafer spin cleaning, will have to be employed.
The spin-processing equipment has the advantage of a much smaller footprint than that
of the conventional wet bench, but its throughput must be increased and its chemical
consumption reduced [4]. To do so, a technique using alternative cost-effective
chemicals rather than the conventional RCA Standard Clean, as well using a fewer
number of chemicals, must be employed to shorten the cleaning period as well as to
reduce chemical consumption.

In this paper, a new wafer-cleaning sequence using single-wafer spin cleaning is
reported. The new technique is low cost, has high performance at room temperature, and
requires a short time, using alternately only ozonized water and dilute HF (DHF), for
removing contaminants, such as particles, metallics, and organics, on wafer surfaces.
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EXPERIMENTAL PROCEDURE

For this study, n-type, <100>-oriented, 200-mm diameter Czochralski-grown
wafers were used. These wafers were intentionally contaminated with either particles,
metals, or organic compounds.

For particle-removal evaluation, both polystyrene-latex-(PSL)-sphere-adhering and
Al Os-particle-adhering wafers were prepared. To deposit PSL spheres on the wafers,
VLSI Standards' sphere deposition equipment was used. To deposit Al,O; particles on
the wafers, the wafers were immersed in DHF and subsequently in DI water in which
AL Oj particles were intentionally added, and finally rinsed in DI water.

For metal removal evaluation, Cu-, Fe-, and Al-contaminated wafers were used.
To prepare Cu-contaminated wafers, test wafers were immersed in a DHF solution
which was spiked with Cu to 10 ppm by adding the standard Cu-containing solution
originally prepared for in atomic adsorption spectroscopic analysis. To prepare Fe or Al
contaminated wafers, a contaminated SC-1 solution (NH4OH/H,0,/H,0) which was
spiked with Fe or Al to 1 ppb by adding the standard Fe- or Al-containing solution. The
contamination levels of Cu, Fe, and Al on the wafer surface were controlled on the order
of 10'2-10'* atoms/cm? for each metal.

For evaluation of the organic-removal efficiency of repetitive single-wafer spin
cleaning using ozonized water and DHF, after the silicon wafers were cleaned with
ozonized water, they were intentionally contaminated by butylhydroxytoluene (BHT),
one of the common antioxidants contained in plastic boxes, which causes organic
contamination on the surface of silicon wafers stored in plastic boxes. For evaluating the
surface roughness of silicon wafers, we prepared wafers on whose front surface As was
implanted at the level of 3x10'* atoms/cm?, then the wafers were annealed, because it is
known [5] that micro-roughness occurs more readily on an impurity-doped (n*-type)
surface than an n-type surface. The wafers were subjected to single-wafer spin cleaning,
and the contamination (or micro-roughness) levels before and after the cleaning were
compared.

The spin-cleaning sequence consists of pouring ozonized water onto the wafer
surface, followed by pouring DHF. The pouring time was varied in order to determine
the shortest time providing acceptable results, which was 10 sec. each for the ozonized
water and the DHF, or a total of 20 sec. for one cycle. This sequence was repeated as
many times as needed. After the last DHF treatment, DI water was poured on the
wafer, and finally the wafer surface was dried by in-situ centrifugal spindrying. All the
cleaning and drying were performed at room temperature in a nitrogen atmosphere to
avoid water-spot formation.

The concentration of ozone in DI water was kept at 20 ppm throughout this study
and was measured at the outlet of the ozone generator. The HF concentration in the
DHF was kept at 1%. The temperature of the ozonized water and DHF solution was
kept at 23°C (room temperature) throughout the experiment. The rotational speed of the
wafer in the spin cleaner was kept at 1600 rpm. Fresh ozonized water and DHF were
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supplied to the center area of the wafer surface continuously at a rate of 1.2 liters per
min. and 1.5 liters per min., respectively. The ozonized water and DHF were disposed
of after being poured on the wafer.

The metallic contaminants on the wafer before and after spin cleaning were
measured using flameless atomic absorption spectrometry (FL-AAS) after liquid phase
decomposition of the contaminants. The detection limits are 1.5x108 atoms/cm? for Cu,
4.0x108® atoms/cm? for Fe, and 4.0x108 atoms/cm? for Al. Particulate contaminants on the
wafer were measured using a laser-scanning inspection system using the light-scattering
method. Organic contaminants on the wafer were analyzed using gas
chromatography/mass spectrometry following thermodesorption (TD-GC/MS). Micro-
roughness on the silicon surface before and after spin cleaning was measured using an
atomic-force microscope (AFM).

RESULTS AND DISCUSSION

Particle Removal

Particulate contaminants on the wafer surface are removed very efficiently using
this cleaning method. Al,O;-particle removal efficiency, or the ratio of Al,O; particles
removed from the front surface of silicon wafers to the particles initially adhering, for
various cycles of 20 sec. and 2 min. cleaning is shown in Fig.1. After one, two, and three
cycles of cleaning, particles were removed by approximately 79%, 85%, and 87%,
respectively, for both 20-sec. and 2-min. cycles. The reason there is virtually no
difference in particle-removal efficiency between the 20-sec. cleaning cycle and 2-min.
cleaning cycle may be as follows.

During the ozonized-water treatment, as can be seen in Fig.2, a chemical oxide film
grows very rapidly on the wafer surface, and the growth of the oxide almost saturates at
a thickness of approximately 0.7 nm at the end of the 10 sec. of ozonized-water pouring.
The chemical oxide grows very slowly after 10 sec. This chemical oxide can be
completely etched off from the wafer surface within 10 sec. by subsequently pouring
DHF (1%). So, the minimum acceptable cleaning period is 10 sec. for the chemical
concentrations used in this study. Pouring the chemicals for a longer time (>10 sec.)
with the same or fewer number of cycles does not increase the particle-removal
efficiency. Therefore, the 20-sec. cleaning cycle consisting of 10 sec. pouring of
ozonized water and 10 sec. pouring of DHF(1%) is recommended to save time and
chemical consumption. If 0.5% DHF is used, we recommend that DHF be poured for 15
sec., while keeping the pouring of ozonized water at 10 sec. Particles removed from the
wafer surface flow away immediately during spin cleaning, so re-depositing of particles
on the surface, usually observed in immersion wet chemical cleaning, is not observed.

PSL spheres were much more easily removed from the silicon surface than Al,04

particles. PSLs were removed by 98%, 99%, and 99.5%, respectively after one, two,
and three cycles of the cleaning, as shown in Fig.3.
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Metal Removal

Metallic contaminants on the wafer surface, not only Fe and Al but also Cu, are
effectively reduced by the alternative pouring of ozonized water and DHF. Cu
contamination on a wafer surface intentionally contaminated as high as 5x10'3 atoms/cm?
was reduced to the 5x10'! atoms/cm? level after one cycle of the treatment, to 2x10'°
atoms/cm? after three cycles, and to the 10° atoms/cm? level after 6 cycles, as is shown in
Fig4. On the other hand, Fe and Al contamination as high as 10'2.10'3atoms/cm? was
reduced to the 10° atoms/cm? level or lower with only one cycle of the ozonized water-
DHF treatment, as is shown in Fig.5 and 6.

The removal of metals is considered to be due to both dissolution of the metals by
the ozonized water with very high redox potential and the lift-off of chemical oxide films
from the silicon substrate by etching with HF. Most Fe and Al atoms on the wafer
surface are ionized by the ozonized water, dissolve into the water and are removed from
the wafer. Even if Fe and Al, which have higher oxide generation enthalpy than Si,
remain in the chemical oxide grown during the ozonized-water treatment, these atoms in
the chemical oxide are etched off with the chemical oxide on the wafer surface by DHF.
Dissolved Fe and Al ions in the DHF are not re-deposited on the wafer surface because
these metals have lower electronegativity than Si. Therefore, the removal efficiency of
Fe and Al on the wafer surface is very high. On the other hand, even if some of the Cu
atoms incorporated into the chemical oxide during the ozonized-water treatment are
etched off with DHF, Cu atoms are apt to be re-deposited on the wafer surface from the
DHF much more easily than Al and Fe, because Cu has a higher electronegativity than Si.
Therefore, Cu removal efficiency is less than Fe and Al removal efficiency.

Organic Contamination Removal

Organic contaminants are also removed from the wafer surfaces with this new
cleaning technique. Trace organic contaminants on silicon wafers caused by out-gassing
from the plastic box in which the wafers had been stored for a long time were removed
by the first pouring of ozonized water, as is shown in Fig.7. Intentionally contaminated
BHT on the wafer surface was removed by one cycle of the ozonized water-DHF
cleaning, as is shown in Fig.8. The reason for this effectiveness is that ozonized water
has a sufficiently high oxidation potential to oxidatively degrade organic contaminants,
while DHF is capable of removing them by lifting off the native oxide film on which
organic contaminants adsorb [6].

Surface Roughness

Figure 9 shows typical AFM images of the surfaces of silicon wafers before and
after spin cleaning with alternatively pouring ozonized water and DHF. The root-mean-
square (RMS) roughness of the surface after as many as 12 cycles of cleaning was 0.28
nm. The RMS value of the surface before cleaning was 0.25 nm. Therefore, there is
virtually no difference between the surface roughness before and after cleaning.

Sequence Modification

‘When the native oxide films on the initial wafers are comparatively thick (>1nm)
due to prolonged exposure of these wafers to the ambient air, it is recommended that 10
sec. or longer DHF pouring onto the initial wafers be employed before the cycle of the
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“ozonized water/DHF sequence starts, in order to remove the comparatively thick native
oxide, uncovering noble metals adhering on the silicon surface, and enhancing the metal
removal efficiency in the following cleaning sequence. Trace organic contaminants on the
native oxide are also easily removed by DHF [6]. '

In the final step of cleaning, after the last DHF treatment, DI water is applied to
the wafer if one wants to obtain a hydrophobic silicon surface, or ozonized water is
applied to obtain a hydrophilic silicon surface.

SUMMARY

‘Single-wafer spin cleaning at room temperature has been refined by using only
ozonized water and DHF. The spin-cleaning sequence consists of pouring ozonized
water onto a wafer surface for 10 sec., followed by pouring DHF for 10 sec. This
short-time cleaning can efficiently remove metallic and particulate contaminants as well
as organic contamination without increasing micro-roughness on the surface. This
sequence can be repeated as many cycles as needed until the surface cleanliness reaches
the required level.

In the final step of cleaning, after the last DHF treatment, DI water is applied to
the wafer to obtain a hydrophobic silicon surface, or ozonized water to obtain a
hydrophilic silicon surface.  This low-cost, high-performance, room-temperature
treatment in which fresh liquids are continuously supplied will meet future stricter wafer
cleanliness and environmental requirements.
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photoelectron spectrometry (XPS) as a function of ozonized-water pouring time.
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Fig. 3 PSL particle removal efficiency as a function of the number of cleaning cycles. One
cycle consists of pouring of ozonized water and dilute HF for 10 sec. each.
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Fig. 9 Typical AFM images of the surface of an n* silicon wafer before
and after 12 cycles of spin cleaning.
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A new cleaning technology based on ozonated water(O3 water) has been
investigated. As is well known, O3 water rinse alone shows the removal
efficiency of some organic contaminants from silicon surfaces. Also
hydrofluoric acid(HF) is well known as a chemical to remove the native
oxide and some metallic contaminants except noble metal such as copper. A
mixture of HF and O3 water(HF/O3) can remove the native oxide and
metallic contamination including copper. Another characteristic of this
solution is the etching of silicon surface under the room temperature. The
surface roughness by HF/O3 is smaller than that of SC1. The etching rate of
silicon by HF/O3 depends on the concentration of HF and O3 in this
mixture. The etching of silicon surface is useful to remove the particles
from the wafers. According to the zeta potential model, however, it is
difficult to prevent the particle adhesion onto silicon surfaces in an acid
solution. Application of a single processing tank which can replace the
chemicals avoiding a contact to the air during cleaning can suppress the
particle adhesion. A room temperature process, minimized chemical
consumption and a simplified cleaning process can be established by this
HF/O3 cleaning technology using a single processing tank.

INTRODUCTION

In semiconductor device manufacturing, the RCA clean which established in 1970 has
been widely used for over 20 years.' The mixture of hydrogen peroxide(H,0;) with
ammonium hydroxide(NH4OH) and hydrochloric acid(HCI), which is called as SC1 and
SC2, is effective in removing the particles and the metallic contaminants respectively.
Another mixture of H,O, and sulfuric acid(H,SO4) is also used to remove organic
contamination from the silicon surfaces. Beside these H,O, based cleaning, diluted
hydrofluoric acid(DHF) is effective in removing the native oxide and well used in
cojunction with SC1,SC2 and H,0,/H,SOs. Each cleaning solution shows the removal
efficiency of a certain contamination on the silicon surfaces, however, there is a side
effect for each cleaning itself. For instance, the adhesion of metallic contaminant such
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as Fe and the surface roughness by SC1 cleaning, or Cu adhesion in DHF became
clear.” In recent years, some improvements such as a modification of chemical
concentration and the addition of chelating agents into an alkaline solution have been
suggested.s'8 Another new cleaning technologies such as O3 water, DHF/H,0,,
electrolysis ionized water have also suggested as a new cleaning technology. *'!

We suggested the mixture of HF and O3 water(HF/O3) as a solution which can remove
the Cu under the room temperature'2, In this study, we examined the removal efficiency
of metallic contaminants by this solution more detail. Another characteristic of this
solution is the etching of silicon surface, therefore the etching rate of silicon and surface
roughness was also examined in comparison with one by the SC1. Furthermore, we
discuss the application of this cleaning solution to the other contamination such as
organic and particles.

EXPERIMENTAL

A single processing tank which can supply the O3 water, HF and deionized(DI) water
has been used in this study(Fig.1). Clean O3 water was generated by dissolving pure
ozone gas into the DI water through a membrane unit and that concentration can change
from 2 to 10 ppm. The HF/O3 solution was produced by the mixing of HF and O3
water in the t