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PREFACE

The Eighth International Symposium on Cleaning Technology in Semiconductor
Device Manufacturing was held during the Fall Meeting of the Electrochemical Society
in Orlando, Florida in October 2003. This series of symposia was initiated in 1989
during the Society Fall Meeting in Hollywood, Florida. Since then, the “ECS Cleaning
Symposium” has become a bi-annual event of interest to the members of the
semiconductor community involved with advanced wafer cleaning and surface
conditioning technology. Reaching back, we can identify several important new
developments in silicon wafer cleaning science and engineering that were first
considered during the ECS Cleaning Symposia.

For fourteen years now, the ECS Cleaning Symposia have been reflecting
progress in wafer cleaning technology. During those years this critically important
operation in any semiconductor device manufacturing process underwent significant
quantitative and qualitative changes. The content of this volume reflects these changes
with a few trends being immediately apparent. For instance, distinction between FEOL
and BEOL cleans has become very clear with the latter attracting systematically
growing attention of cleaning engineers and scientists. Also, single-wafer cleaning is
getting close to becoming a mainstream technology. Ozonated water, high-k gate
dielectrics, low-k inter-layer dielectrics, copper interconnects, post-CMP cleans,
MEMS cleaning, supercritical and cryogenic cleaning are the concepts discussed in
detail throughout this volume. However, none of them had been present yet in the
discussion during the first ECS Cleaning Symposium in 1989.

We would like to take this opportunity to thank all symposium authors and
participants who turned this into a very informative and productive meeting. In
particular, we would like to thank those among the authors who were involved in the
preparation of the final camera-ready version of the respective manuscripts. Our thanks
are also due to the invited speakers for their excellent contributions and to all the
participants for their encouragement and support. We are looking forward to the ninth
symposium in this series to be held during the ECS Fall 2005 meeting in Los Angeles.

Jerzy Ruzyllo
Takeshi Hattori
Robert L. Opila
Richard E. Novak
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THE SCIENCE AND TECHNOLOGY OF THE FUNCTIONAL WATER

Masayuki Toda and Seijin Uryuu
Department of Chemistry and Chemical Engineering, Yamagata University
3-16 Jonan 4 Chome Yonezawa, Yamagata 992-8510, Japan

ABSTRACT

The water, which is the base of functional water, is simply described. Then, the
definition of the functional water will be explained clearly. At first of all, it is
simply touched on the RCA cleaning solution. Afterwards, from the viewpoint
of radical activation of cleaning solution, the characteristics of the functional
water such as the ultrasonic wave excitation water, the ultraviolet irradiation
water, ozonized water, active species that are created in hydrogen peroxide
water and in the dilute hydrofluoric acid solution will be mentioned briefly.

INTRODUCTION

The water is closely related to the human race since historic times and a source of all lives on
the earth too. Therefore, the people pay the special attention for water and the expectation is also
made to water. It was not exaggeration to say that the delicate and advanced cleaning technology of
surface began from the cleaning of wafer surface in semiconductor manufacturing. RCA cleaning
method proposed by Werner Kern et al. [1] in 1970 is used in the silicon wafer surface cleaning
throughout more over quarter of century. From the problems of waste water treatment, reusing of
resources and environmental pollution, the new cleaning solutions called as functional water based
on ultra pure water and using a little amount of chemicals instead of RCA cleaning solutions is
recently noticed.

In this study, the water, which is the base of functional water, is simply described. Then, the
definition of functional water will be explained clearly. At first of all, it is simply touched on the
RCA cleaning solution. Afterwards, from the viewpoint of radical activation of cleaning solutions,
the characteristics of functional water such as the ultrasonic wave excitation water, the ultraviolet
irradiation water, ozonized water, active species that are created in hydrogen peroxide water and in
the dilute hydrofluoric acid solution, etc. will be mentioned briefly.

STRUCTURE OF WATER AND AVERAGE VACANCY VOIDAGE

It is clear that the base of the
function water is water itself.
Therefore, it is very important to
rightly understand the structure and
the property of water for an
accurate understanding of the
function water. Figure 1 shows the
structure of water calculated by

Average hole diameter : § Angstrom

il ) Btk Wy . .
Structure of ice s are of wate computer simulation [2]. The
clure of water structure of ice is illustrated in the
Figure1 Structure of ice and water by computer simulation » left-hand side of Figure 1’ and the
Cepiie o 939 e "5« ' structure of water is also shown in
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the right-hand side of Figure 1. In the figure, small sphere means the hydrogen atom, and large
sphere means the oxygen atom, respectively. The size of the average hole has been estimated at
about 5A  in the structure of the water. And the water molecule without hydrogen bond vibrates at
about 1000 GHz. It can be said that the water is very interesting materials having many void. It tries
to obtain the average void in the water from the simple estimation as a whole.

Figure 2 shows the estimation 0 = 0.99704 [gloms] at 25 °C
method of average void of water. In this
estimation, the shape of water is assumed
to be sphere and its diameter is also
assumed to be 298 X 10" nm. The
molecular weight of the water is 18
[g/mol] and the density of water is 0.99704 O
[g/em®] at 25°C. Therefore, the molecular
numbers in 1 cm’® can be explained by the O
equation as shown in Figure 2. In the
calculation, 6.0221367X10% [1/mol] was
used as a value of Avogadro number. When the void in lem® of water is made to be &, its value
becomes 0.5378 as shown in Figure 2. It is noted that there is so many vacancy in water. This is the
one of special feature of water. As the other characteristics, the followings are mentioned: (1) the
boiling point of water is higher than other hydride, (2) water have large dielectric constant, (3) the
water molecule has the polarity, etc.

Molecular diameter : 2.98 X108 [cm]
Molecular numbers in ultra pure water of 1 cm?
=1x0.99704 X 6.0221367 X 10%%/18

Void in ultra pure water of 1 cm3: &
1xX(1-¢) = (x/6)x(2.98x108)>x1

X% 0.99704 X 6.0221367
x10%/18

s & =0.5378

Figure 2 Void in ultra pure water of 1 cm3

DEFFINITION OF FUNCTIONAL WATER

According to S. Kubota et al. [3], the water of which the activity is higher than usual water is
called as the active water. Especially, as the tap water is purified by various methods and the
dissolved gas is controlled, the water treated by physical-chemical processing such as electrolysis,
chemicals addition, light irradiation, ultrasonic excitation and magnetism, etc. in order to give the
special function is called as the functional water. Afterwards, Kubota defined all water artificially
processed in having some purposes as the functional water. In the functional water, the following
phenomenon occurs when the water is treated by the physical and chemical method; 1. Clustery
size and structure of water change, 2. The radical that is very active chemical species is formed, 3.
The active species is formed by the reaction between radical and dissolved gas, 4. Oxidation-
reduction potential change. Ultimately, the physical properties such as dielectric constant, viscous
force, electric conductivity, surface tension, and oxidation-reduction potential tend to change.
Therefore, it is very important to clearly understand the various phenomena such as physical
property change and generation of active chemical species due to irradiation of ultrasonic wave to
ultra pure water and dilute chemical solution used in wafer cleaning process and so on.

RADICALACTIVATION IN EACH FUNCTIONA WATERS
In this work, either function water is also examined experimentally from the viewpoint of
the radical generation in the solutions. OH radical is one of the active oxygen, and OH radical has
a very strong oxidation power.

RCA Cleaning Solution
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Figure 3 indicates RCA
solutions and its mixing ratio. Werner Kern

of RCA Co., Ltd., proposed the RCA cleaning
procedure in 1970 [1]. This cleaning solution is
prepared based on hydrogen peroxide using
sulfuric acid, hydrogen fluoride, ammonia,
hydrochloric acid and ultra pure water. To begin

with, the liquid mixture (SPM) of sulfuric

and hydrogen peroxide is used to remove
organic impurities in the cleaning process at the
temperature of 120 ~ 150°C. Next, the dilute
hydrogen fluoride is used in order to remove the

cleaning

RCA Cleaning Solution

etal SPM Cleaning Solution E‘F}M;Mm”ég.;;;mg;‘lﬂ;ﬁ?;;w
Sulfuric Acid ] Fluoric Acld
Hydrogen Perovide | | Bydrogen Peroside
Mistare kﬂ Misture

HPM Cleaning Solntion
‘Hydrogen Chlaride Acid Ammonia
Hydrogen Peroxide Hydrogen Peroxide
Mixture Mizture

The mixing ratio of RCA Cleaning Solution
HC
9.706

1

acid HIS04
1820

4

NHAOH
15.32

HF
24.53

H02
9632
1

Agent
[mot]
SPM
HPM
APM
FPM

1

1
20
33

1

Figure 3 RCA cleaning solution

oxide film created by previous process.

Table 1 Radical in RCA

RCA cleaning sofution | DMPO-OH c,?;f:’:(;n OH radical
SPM solution Detection Detecton | Generation
HPM solution Detection Detection | Generation
FPM solution Detection Detection | Generation

APM solution Detection | Non-detection, —
Used chemical solution | DMPO-OR ‘Lﬂn:g:‘;“ OH radical

H804 Non-detection | Non-detection| ~ “™=

HCl1 Non-detection| Non-detection| —

HF Non-detection| Non-detection|

NH«OH Non-detection| Non-detection| =

HBo Detection | Non-detection|

the table indicates that the radical trapping
agent DMPO traps CH,CHOH radical
formed by the reaction between OH
radical and ethyl alcohol CH,CH,OH.
From this table, it is noted that OH radical
is generated in RCA cleaning solutions
except for APM cleaning solution. On the
other hand, OH radical generation is not
found in the chemicals used in wafer
cleaning process such as H,SO,, HCl, HF,
NH,OH and H,0, itself.

Afterwards, the particles are removed by liquid
mixture (APM) of ammonia, hydrogen peroxide and
water of 80 ~ 90°C called SC1. Then, the metal
impurity is removed in mixed solution (HPM) of
hydrochloric acid and hydrogen peroxide and water
of 80 ~ 90°C called SC2. Finally, the oxide film is
removed by the dilute hydrogen fluoride solution.

Table 1 shows the radical generation in RCA
cleaning solutions using ESR (Electron Spin
Resonance) radical measuring system. In this case,
DMPO (5,5-dimethyl-1-pyrroline-N-oxide) is used as
the radical trapping agent [4]. DMPO-OH as shown
in the table 1 means that the radical trapping agent
DMPO traps OH radical. And DMPO-CH,CHOH in

RCA

The Mechanism of O

Vs
202 + M» & Hv —e M3 ++0H + 10 @ Hi0: 4 MM —-w MB 4 Or ¢ 2H ®©

(Pencon Reeiocy (Mimetal)
1015~ 10 (1L

-

Magnetic field [Gouss)
ESR signal of DMPO-OOH
(Typleal ESR signal of 0)

"Harber-Weiss

H_H_q,w.

ey
Maguetic field [Gauss]
ESR signal of DMPO-OH

‘Sl Inensityol DMFO-008F]

‘Senl Tty IMFO.OR]

b 0

Figure 4 Mechanism of OH radical generation in RCA cleaning solution

Figure 4 shows the generation mechanism of OH radical in acidic RCA cleaning solutions.

Hydrogen peroxide H,0, and proton H*
exactly exists in RCA cleaning solution.
Moreover, chemical solutions used in
RCA cleaning method such as H,SO,, HCl,
NH,OH and H,0, includes the residual
impurity Fe as much as the amount of 10"
~ 10"® [atoms/L]. It is found that OH
radical is generated by Harber-Weiss

Chemical solution Concentration of Fe [atoms/L]

H,S0, 5.790% 1015
HC1 3.474x 1016
NHOH 3.474x1016
H0, 1.158x1014
Figure 5 Resid of Fe in ch 1 solution
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reaction catalyzing metal ion Fe as shown in Figure 5. By the different experiment, the quantity

of OH radical created in the SPM cleaning
solution has confirmed to increase in
increasing the ferrous ion in the cleaning
solution. Moreover, the generation of the
OH radical is confirmed using the ESR
system. At the same time, the generation of
super-oxide ion O, is confirmed using the
ESR system.

Figure 6 indicates the effect of pH
value on the generation of OH radical in
RCA cleaning solution and the hydrogen
peroxide solution of which pH values are
controlled by a small amount of each acid.

1.50x10"?

1.00x10"?

5.00x10'8 ¢

Number of OH radical [1/ (L. min) ]

Fi 6
Effect of pH value of cleaning solution on OH radical formation

From the viewpoint of OH radical generation, it is clear that the functional water such as the
hydrogen peroxide solution of which pH values are controlled by a small amount of each acid, is
very similar to that of RCA cleaning solution. This means the possibility of reducing the
consumption volume of chemicals used in the 175
silicon wafer cleaning process.

Ultrasonic Excitation Water

Figure 7 shows the variation of resistivity
of ultra pure water with megasonic irradiation
time. The megasonic means the ultrasonic wave
of the megahertz band, here. In the case of the
ultra pure water dissolved sufficiently with both
N, and O, gas, the resistivity of ultra pure water
is suddenly changed by megasonic irradiation.
This means the quality change of the ultra pure water by megasonic irradiation. Namely, the
resisitivity change of the ultra pure water can be caused by the generation of new electrolytes in
water. On the other hand, the resistivity change is not found in degassed ultra pure water.
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[ ittorr DOZ: 5.650ppb
DN2: 2.600ppm
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Figure 8 show the generation of the nitric L5
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sonication time, the concentrations of nitrous é 1
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. . . - . . -}
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Figure 9 Effect of oxygen and nitrogen concentration on radical generation

the water. This is from the oxidation of NH,
formed by ultrasonic energy in the water. And
the generation of ammonia jon NH," is also
confirmed by another experiment and ion
measurement. Moreover, the generation of the
hydrogen peroxide in the megasonic
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excitation water is also confirmed by measuring H,0,. The generation of OH radical and H atom
cause the above-mentioned ion generation from the water by the ultrasonic irradiation.

Figure 9 shows the effect of oxygen and nitrogen concentrations in ultra pure water on the
radical generation. In this case, it is adjusted so that the total concentration of O, and N, in the
ultra pure water may become always-constant value of 18 ppm. It is revealed that the generation
of the OH radical shows the maximum value within 3 ~ 9 ppm of oxygen content and 9 ~ 15
ppm of nitrogen content. On the other hand, it is found that there is no existence of the H atom in
the solution at the concentration of oxygen higher than 3.5 ppm. Furthermore, it is noted that the
generation of OH radical and H atom from water excited with ultrasonic irradiation is strongly
affected by the type of dissolution gas. However, the wafer itself does not affect the OH radical
formation in the ultrasonic excitation
water. 16X102

Figure 10 shows the effect of the
dilute chemical addition in the ultrasonic
excitation water on the radical generation.
The addition of NH,OH in the water
shows the highest effect on the OH radical
generation compared with the other o P ——
electrolytes. 10ppm 10ppm 10ppm 10ppm 10ppm 10ppm

Figure 10 Effect of dilute chemicals on OH ] v

Figure 11 indicates the estimated reaction path of ion species generation in ultra pure water
excited with ultrasonic wave. Ammonia ion NH,, nitrous acid ion NO,, nitric acid ion NO; and
hydrogen peroxide H,0, are found to generate. These chemical species are already confirmed in
this study.

© Generation reaction of NHs*

10%100

04X10%

OH radical concentration [1/L]
P
g g
i
2 2

02X10%

FO—>OH+H Figure 12 shows the etching effect of
RGN the generated OH radical in the cleaning

reneration reaction of NO» s.o¥uu'on saturated with .a.rgon gas on the

: e ) - silicon surface (100). Silicon substrate, of
1:}?:):;_{;{1-1“ which surface is treated by the ozonized water
HOH0HO]- Nis+3-OH#2[OR H-Nors3H0  Of 4 ~ 9 ppm ozone concentration, is used for
© Generation reaction of NO» the experimental sample piece. From this

Na+6IQ}+ 2 H-INOw 421" figure, it is noted that the roughness created by
NisssomsaOp-Noramonr  NH,OH of 100 ppm on silicon substrate is
NOZ+{O]-+NOs™ etched by megasonic irradiation exactly. The

‘Treated with Qo solution of 4-9 ppm for 1 hour

HO-OHeH |
“OH+OH~>H207 |
T ERO+O)

Figure 11 Reaction path of fon species generation
silicon surface of its orientation (100) is
also cleaned by the nitrogen saturated ultra
pure water, which is irradiated by the
ultrasonic wave. Silicon substrate, of tnm)
which surface is treated by the ozonized
water of 4 ~ 9 ppm ozone, is used for the
sample piece. In the case of using the
ultrasonic wave excitation water dissolving
nitrogen gas, it is noted that a little
mughness axld the local mggedness is on yx:ncm-nfm(m)mudwlmwmum 'UPW dissolved Ar gas.
the surface after the cleaning unlike the

Treated with Nii,0f1 solution of
100 ppm for 17 hours
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ultrasonic wave excitation water including argon gas. It can be considered that the oxide film of
the wafer surface is not sufficiently removed by the pretreatment. Therefore, it is supposed that
the exposed silicon is more quickly etched. The investigation of this cause will be expected for
future research.

Figure 13 also shows
the variation of silicon
surface (100) treated with
the ultrasonic excitation
water dissolving hydrogen :
gas. It is clearly seen that Treated with 10% HF solution ~ Megasonic treatment for 30 minutes
the silicon s urface treated for 10 minute (using ultra pure water satorated by H, )
xihomle(: %theHF SIXS:)(:EE‘:)CI; 5?::;:: of sflicon surface (100) treated with the UPW dH,

surface after ultrasonic wave irradiation.

Figure 14 shows the variation of the silicon dissolution from the silicon substrate into water,
which is excited by ultrasonic wave, with the elapsed time as a function of dissolving gas. At the
same time, the amount of OH
radical genelaﬁon is also 25§ | Dissolving gas : Nitrogen 2 Dissolving gas : Argon
shown in the figure as a
function of dissolving gas
species. The silicon quantity
as shown in the figure is the
value, which corrected silicon
quantity, which remains in the
ultra pure water and comes
out of the quartz container.
Silicon concentration in the
functional water is measured
using silica-monitor offered ‘ '
by Central Gas Co. Ltd. of = = wow oo
Japan, It is noted [hat tbe Figure 14 Dissolution of silicon from wafer surface
dissolution quantity of the silicon increases with the elapsed time. This means that the silicon
substrate is etched by the effect of megasonic irradiation. It is considered that main cause of the
etching is OH radical generated in the water. However, from the figure, in saying, as the
generation of the radical is abounding, it is understood that the etching rate is not always high.

Ultraviolet Excitation Water
Figure 15 shows the _™°
wavelength distribution of used

E

2537 nof
252.7 sum,

g
S

] i

ultraviolet light that is emitted % [T i & 3
from the low-pressure mercury —§ = 1 am ¥ g
lamp. From this figure, it is i 2 ]F i i ol IF Al
noted that 1850m of ultraviolet § ™ i
is excluded in the nominal 254  smefestesdin BB bt L 1o Bl
nm ultraviolet Iamp Wave length dhulm':;”a; :::: :m of 165 um lamp Wave length amn:vx: ::‘:::m[:: :um o254 um fam,

(Low pressure mereury lamp) (Low preswre mescury lamp) "

Figure 16 shows the effect Figure 15 shows the wavelength distribution
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of the type of dissolving gas in ultra pure
water on OH radical generation caused
by ultraviolet irradiation. From this
figure, it is noted that the irradiation of
ultraviolet whose wavelength longer
than 254 nm does not generate the
active OH radical in ultra pure water that
any gas is dissolved. However, as the
ultra pure water including a photo-
catalyst such as TiO, patticles is .
irradiated by ultraviolet of wavelength Effect of type of dissotving gas in UPW on OH radical generation by UV irradiation
254 nm, OH radical is drastically
generated in the ultra pure water that any gas is dissolved. On the other hand, the irradiation of
ultraviolet including the wavelength of 185 nm produces OH radical in the ultra pure water that
any dissolved gas is controlled. It is also noted that the ranking of dissolved gas that abundantly
forms OH radical is in the order of air, nitrogen, carbon dioxide, hydrogen gas and argon gas. The
- possessed energy of wavelength of 185 nm
] F—ET‘!EJ"'T [J:?ufluﬁi""]_w ultraviolet is almost same as the bonding
10x10™1 7] B3 siratea il energy between oxygen and hydrogen
1 atom of water molecule. Figure 17
i indicates the comparison of the production
of OH radical and H atom due to the
irradiation of ultrasonic wave and
ultraviolet of 185 nm wavelength.
Generally, the megasonic irradiation will
Uity generate the much higher OH radical
™,  concentration than that generated by 185
e 7 Radil gnesionsfr iy mtn sy nm ultraviolet irradiation. The ultraviolet
irradiation of 185 nm wavelengths is found to be very effective to generate the H atoms. The
remarkable matter is to generate more many OH radicals in the ultra pure water, which is added
by ammonia, irradiated with ultrasonic wave.

Air 185 nm + 254 nm
Ar 185 o + 254 nm
B N 1850m+ 286 um

[ B, 185 nm+ 254 nm
[B) CO, 185 nm + 254 nm
Alr 254 nm
Ar 254 nm
BN, 286nm
[ R AL
[ C0, 25 um

OH rastical concentration [10™ munher/L]
s i s ?

UV irradiation time [min]

|| trradiation of 185 um

% KR ow %

. ]

Ozonized Water
1t is well known; ozone is composed of three oxygen atoms, generally existing in a very
unstable and reactive state. Recently, due to these unstable and high reactivity, ozone is expected
to play a more important role in various fields such
as semiconductor production process, water and
wastewater treatment, medical field, food products
and food processing, especially environment 0;+ OH - 0,+ HO,
problem, and so on. The ozone molecule has been 2H0, ~ 05+ H,0
composed of three oxygen atoms [5]. The bond HO,+ OH ~0,+ H,0
length between oxygen atoms of ozone molecule J - Weiss et al. (1935)
is 0.1278 nm and the bond angle between oxygen
atoms of ozone molecule is 116.87 degrees. The

0,+OH — 0;+HO,
0,+HO, —~20,+ OH'

0,+H,0 ~OH + HO,

ozone molecule has resonance structure as shown OH + HO;~2HO,

in the figure. The ozone molecule shows the HO;,+ 0, ~20,+ OH

polarity, because central oxygen atom is &+, and OH + HO,~ 0, + H,0

because the other oxygen atom is 8- [6]. These are G. Alder et. al. (1950)

the features of the ozone molecule. The dissolution ~ Figure 18 The decomposition reaction of the ozone.
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of the ozone into the water follows Henry law.

Figure 18 indicates the reaction path of the decomposition of the ozone proposed by Weiss
J. et al. (1935) [7] and Alder G. et al. (1950) [8]. According to Weiss et al. and Alder et al., the
ozone reacts with hydroxyl ion OH" and water H,O in neutrality or alkalinity, and OH radical and
hydro-peroxide HOO" or super-oxide O, are generated. In the water (pH = 5.5~5.35), pH value
of water is lowered to 4.5 when it dissolves around 20 ppm. The ozone dissolved in the water
pulls out the electron from the hydroxyl ion. Then, the ozone is decomposed into oxygen
molecule and the oxygen atom. Therefore, it is considered that hydrogen peroxide H,0, is
formed by the reaction of oxygen atom with the water. And, it is also considered that the formed
oxygen atom reacts with each other to form the oxygen molecule. The hydroxyl ion of the
solution decreases by the reaction e P

between O, and OH. And as the _ [er g [l
hydrogen ion will increase, the p 4 ‘ \ E
dissolved oxygen concentration of the }
ozonized water will increase due to

solution shows the acidity. And, the
the generation of hydrogen peroxide — ®*  \upeerings cam

Stgaa Inteasity (- }

and the decomposition of the ozone. -
Figure 19 shows the drastic g M.M,_.\ﬁ. E
generation of OH radical in the 3% L]
ozonized acidic water. In the ozonized £ }
acidic water, the hydrogen peroxide, ™ vagneteFiclat Gass1 0 L "

3350
Magnetic Field [ Gauss }

hydmgen ion and metal unpurlty Of Figure 19 ESR signal of DMPO adduct
iron coming from the acid added for

controlling pH value of solution. So, it is assumed that the generation of OH radical is caused by
Haber-Weiss reaction, which is mentioned before, in the ozonized acidic water. On the other
hand, though it is not shown in the figure, the OH radical is not found to generate in neutrality or
alkalinity of the ozonized water.

Figure 20 shows the metal
dissolution properties to the ozonized [ Nickel
water of which concentration of ozone ~@~ Copper
and acetic acid is 5 ~ 6 ppm and 163 == Silver
ppm, respectively. It is noted that each i x ;::
metal dissolves into the ozonized acidic }
water as increasing in the cleaning time
as shown in the figure. However, the
practical ionization order of metal is not
same as the order estimated by electro-
chemical method such as oxidation-
reduction potential method. It revealed

#n_(vrork fanction ¢ 3.63eV)

(work function : 4.26eV)

e (work function : 4800

(/«/;i (work fagtlon : £38%) iy

Metal concentration [ppm]
S = N W & A3 ®

that the practical order of metal 0O 10 2 30 40 50 6 70 80
dissolving into ozonized acidic water Elapsed time [min]
rather depends on the magnitude of Figure 20 Metal dissolution characteristics to ozonized water

work function of metal. From the other Ozone concentration : 5~6 [ppm], Acetic acid : 16.3 [ppm]

experiment, the metal dissolution into the ozonized acidic water is found to increase with
decreasing in acid concentration. It is also found that the active oxygen and oxygen molecule
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formed by the ozone decomposition strongly affect the metal dissolution into the ozonized acidic
water. Therefore, it is concluded that the metal dissolution into water is necessary to exist proton
H', oxygen molecule O, and oxygen atom O. The O atom and O, molecule will be formed by the
decomposition reaction of ozone in the functional water.

Figure 21 indicates the confirmation of metal dissolution phenomena mentioned above.
From this figure, it is noted that the 28

metal copper dissolves well into the _ ﬁsl@z b

water dissolving air, which includes E 2 o

the carbon dioxide. This carbon g @

dioxide reacts with water to generate  § 1sp I Py

the hydrogen ion immediately. é‘ . @ Osauration ||
Namely, the solubility condition of § R
metal dissolution would be prepared. % osp— A

The metal dissolution mechanism can ~ iﬁm P8ges Seap

be considered from the mentioned OAEREL . ARARSA Ao L BARA Ll
above. Fignre 21 Elasped time {hr]

ign
Ability of metal dissolution in the carbon dioxide dissolution water
Concentration of CO, in air saturated water * 0.5214 [ppm]

Figure 22 shows the dissolution
of metals as a function of the dissolving gas species. In this case, the oxalic acid is used for the
proton donor. It is noted from the figure that the existence of oxygen molecule and proton in the
water promotes to dissolve the metal into the water. Highest dissolution effect is obtained around
the concentration of oxalic acid

from 50 ppm to 100 ppm. : &l Nickel(Saturated with alr)
However, the concentration of 5 , > f:“““s"‘"”" o)
metal dissolution begins to & N © Copp with nitrogen)
decrease beyond the oxalic £ A 4
concentration of 100 ppm. %'2., Pl
Moreover, the effect of organic £ , A 7
acid such as acetic acid and 3 4
formic acid on the dissolution of = : e ol
metal into the water is also .4 6 y 2 27 .
examined. It is noted that both o

1 10 100 1000 10000 100000

orgamc HCId al_'e Ver effec‘tlve Concentration of oxalic acid [ppm]
for the dissolution of metal into Figure 22 The effect of oxalic acid for the dissolution of copper and nickel to

the water under the existence of the ultra pure water saturated with nitrogen or air
oxygen and proton in the water. (Disslution time : 100 fminD)
Hydrogen Dissolved Water Toae® .
Figure 23 shows the effect of  __ eexte®
ultrasonic irradiation on the radical S seme® L]
generation in ultra pure water g, ., .
saturated by hydrogen. In this case, N
OH radical is mainly formed in the %™
water. This is because the hydrogen g 20u10”
atom generated from the water reacts Lox10'®
with oxygen atom O produced by oo o—so s s a
hydrogen peroxide H,0,, which is e
formed by OH radical indUCed WAth i 2 i gserto o st o OFY sttt
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ultrasonic irradiation. In the figure, the reducing phenomena of OH radical can be considered due
to the quick decomposition rate of the radical trapping agent along with the ultrasonic irradiation
time. The effect of addition of ammonium hydroxide NH,OH on the OH radical generation in
the ultrasonic excitation water saturated hydrogen is also examined. The addition of small
amount of NH,OH is found to be very effective for increasing in OH radical generation. By the
irradiation time around 6 minutes, the radical generation tends to increase with increasing in the
ultrasonic irradiation time. In this region, it is noted that the radical generation rate is a little
higher, as the ammonia addition quantity is less. On the other hand, beyond the about 6 minutes
of irradiation time, the radical generation rate tends to decrease as the irradiation time increases.
The decline of radical generation is high as the ammonia addition quantity is less. This is because
the decomposition rate of DMPO adduct, which is formed by trapping OH radical, is higher than
the radical generation rate. In either case, it is noted that the effect of a little amount of the
ammonia addition in the hydrogen-dissolved water is very high.

Electrolytic Water
It is considered that the pure water without dissolved gas completely is electrolyzed. The

water molecule has large dipole moment (1.85 D) of it itself. And, it has high 78.5 dielectric
constants. Therefore, the water molecule is dissociating into H ion and OH' ion in the liquid state
of room temperature. Using the cation exchange membrane of fluorine, the electrolytic
processing is carried out in the current density of 20 mA/cm?® or less. In this case, Pt is used for
anode (positive electrode) and cathode (negative electrode) electrode. The hydrogen and the
oxygen are obtained in the anode and in the cathode, respectively. In this case, the property of the
solution is neutral and the value of pH is 7 [9]. And the reactions in each electrode are as follows.

Anode Reaction : 2H,0-4e = 4H'+O,
Cathode Reaction : 4H'+4e = 2H,

However, the generation of ozone O, is observed in the anode side whether the current density
increases or 3-PbO, is used as the anode electrode for the electrolysis. Reactions are as follows.

Anode Reaction : 3H,0-6e = 6H'+ 0,
Anode Reaction : H,0+0,-2e = 2H"+2e+0,
Cathode Reaction : 4H'+4e = 2H,

Figure 24 shows the comparison of the OH radical generation of SPM cleaning solution
with that of anode cleaning solution. The values of pH of each cleaning solution are controlled by
H,SO,. From the viewpoint of radical generation, it is noted that the OH radical generation in

anode water is very similar to that of SPM 4001018

cleaning solution. So, the anode water can ———

be used as the cleaning solution instead of T soomon] P — —

SPM solution for the removal of metal ion 5 - R ——

and organic substance. The effect of H,0, % 2o0ut0® 5

concentration in SPM and anode solutions E °

on the OH radical generation is examined - 0101 | DAPO 104 i st 100pL."

in detail. The mixing ratio of sulfuric acid ~ § “ s 8

and hydrogen peroxide of SPM and anode 2

water and hydrogen peroxide of anode % 1 p'; 3 4

water is 4 vs. 1 at pH = 12. The

concentration of H,0, cll;anges from 1X Tt ot s clmmgsoon
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10° to 1X10" mol/L.. The OH radical generation increases with increasing in the concentration of
H,0,. From the experimental observation, it is noted that the OH radical generation behavior is
very similar for each other. So, it is clear that anode water can be used as the removal solution of
metal ion and organic substance instead of SPM cleaning solution.

Degassed Water
The deaeration ultra pure water, of which dissolved gas component in the ultra pure water

is removed as much as possible, is examined. Dissolution air in the ultra pure water is deaerated
to 10* Torr. Figure 25 shows the measurement result on the radical generation in irradiating
deaeration ultra pure water with the ultrasonic wave. The generation of radical is not observed
from the deaeration ultra pure water. However, it is also considered that DMPO of spin trapping
agent is destroyed by the deaeration operation. In order to confirm this, the oxygen is dissolved in
the sample and the

ultrasonic m diation is Before Megasonic irradiation After Megasonic irradiation Egzeﬁ::l‘:ﬁsgmg:s
carried out again. As the 3 F

result, it is confirmed that : . q 1 i ‘

the reactivity of DMPO i :

had not been lost by the o
generation of the OH AMPLITUDE 6300 AMPLITUDE 6300 AMPLITUDE 400
radical as shown in i Mg 435

Figure 25. Therefore, it
can be said that the
radical is not formed, even if the deaeration ultra pure water is irradiated with the megasonic.
This indicates that the existence of the dissolved gas is necessary for the radical generation in the
ultra pure water irradiated with the

Figure 25 The effect of ultrasonic irradiation on radical generation in degassed ultra pure water

ultrasonic wave. N ) 0 oo imnins
% ] UPW (After deaning)
EJ Before clean ing

Cleaning Effect of Fach Functional Water
Figure 26 shows the cleaning effect

[T Anode water pH=40
(After cleaning)

of each of the functional waters [10]. The L1 Betore cleantng
vertical axis means adhesion quantity of g Ot e it
copper and horizontal axis is each of —
functional waters. It is also clearly known =
from this figure that ozonized or anode P TR ST e
water can remove the copper from the Figure 26 Adhesion quantity of copper on silicon oxide around cleaning
silicon surface.

Figure 27 shows the removal of 100 I T
organic materials (IPA) by solution excited 90 E niinl Oy concemraion= Sopml
by ultrasonic [10]. The ozonized water, which = ** ] Fuaway gm0t
is added with hydrogen peroxide and = | LTt
irradiated by megasonic, can remove TOC § ©
from silicon surface. The functional water 3 4
can be suitable for silicon surface cleaning ¢ 1 —
rather than RCA cleaning solution from the & 20 —
viewpoint of waste water treatment, reusing 10 E e —
of resources. Because the consumption o, o,H0, O, 0,/H,0,/MS
volume of chemicals used for deaning can be Figure 27 Removal of organic materials (IPA)
reduced usmg functional water. by solution excited with megasonic
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Morita Hiroshi [11] demonstrates to show the actual difference of fine particles removal
from the silicon surface between conventional RCA cleaning method (SC1) and the functional
water dissolved H, with a small amount of NH,OH addition. Functional water is found to be able
to remove fine particles much better than RCA cleaning solution.

CONCLUSION

The function water was examined from the viewpoint of the radical generation, and the
following conclusions are obtained.

Ton species and hydrogen peroxide are formed in the ultra pure water by ultrasonic irradiation.
(2) 1t is revealed that the dissolved gas component influenced the generation of OH radical by
ultrasonic irradiation. (3) It is found that the generation of OH radical was not observed when the
ultra pure water is degassed up to 10*ppb and irradiated by the ultrasonic wave. (4) OH radical
generation in the hydrogen peroxide solution irradiated by the ultrasonic increases with increasing
in the hydrogen peroxide concentration. (5) The generation of the radical by ultrasonic irradiation is
not observed in the hydrogen fluoride solution. (6) OH radical generation is promoted in ozone
aqueous solution of the lower value of pH. (7) In the cleaning procedure using ultrasonic wave
(Functional water cleaning), it is concluded to be very similar mechanism to the conventional RCA
cleaning because the active OH radical is formed as same as in RCA cleaning. (8) The wavelength
shorter than 185 nm is found to be very effective in order to activate the water by ultraviolet
irradiation. (9) It is indicated that the ultraviolet of 254 nm did not have the energy of cutting off the
combination of hydrogen and oxygen of water. However, it is possible that floating the photo
catalyst, for example, TiO, and so on forms the OH radical exactly.
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EFFECTIVE POST-ETCH RESIDUE REMOVAL ON LOW-K FILMS USING
SINGLE WAFER PROCESSING

E. Kesters', J. Ghekiere'?, P. Van Doorne‘, G. Vereeckel, P.M. Mertens', M.M. Heyns1

! IMEC, Kapeldreef 75, B-3001 Heverlee, Belgium
2 SEMITOOL, Inc., 655West Reserve Drive, Kalispell MT 59901, USA

ABSTRACT

Integrating copper and low-k dielectrics remains challenging but necessary
to semiconductor processing progress. Removing post-etch residues from
copper and low-k materials is a critical part of this effort. The initial step
in this work was to investigate the compatibility of low-k dielectrics with
different residue removal chemistries in a “static beaker” setup. The
chemical compatibility of the materials was evaluated by observing
changes in thickness and refractive index as measured with spectroscopic
ellipsometry. Next we tested residue removal efficiency of several of the
chemistries on dry-etched 200mm wafers. The wafers were processed in a
Semitool® Capsule™ single-wafer processing chamber. Residue removal
capability and material compatibility were studied using X-section SEM.

INTRODUCTION

Semiconductor interconnect fabrication is marked by the drive for faster devices and
thus smaller geometries which effort has recently led to the introduction of a host of new
materials of vastly superior electrical properties but also, in many cases, vastly inferior
chemical and physical integrity. Wet-processing steps, once predicted to decline in
number, now make up a larger number of steps in the total process flow than ever before
as “wet-processing” has moved into a new era of “ultra-clean surface preparation”.
Drastically tighter process windows and a higher dollar value per wafer are persuading
many manufacturers to switch to single-wafer processing for better process control. Thus,
for single-wafer post-etch cleaning applications, the need to compete with and even
surpass the output of batch systems means that chemicals must act much more
aggressively toward complex residues while maintaining a greater selectivity toward a
wider array of more sensitive materials, such as copper and porous low-k dielectrics. For
the opening of the SiC etch-stop layer onto the underlying copper, the post-etch residues
created have a highly complex composition including Cu, CuO, Cu,0O, Si, C, and
numerous fluoride. It is critical to the manufacturing process that these residues be
efficiently and effectively removed without damage to stack materials. The aim of this
project is to compare several single-wafer residue removal chemistries for cleaning
efficiency and compatibility. The chemicals are tested on two low-k materials, Black
Diamond [ (BDI) and porous SiLK v.9 (p-SiLK). BDI is a dense, silicon-oxide-based
CVD low-k material with an approximate k-value just under 3.0 and a refractive index
(RI) around 1.41, while p-SiLK is a porous, spin-on “ultra-low-k” film of cross-linked
polyphenylene with an approximate k-value of 2.2 and a RI of 1.55. The chemicals are
identified in Table I according to their respective primary active constituents.
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Table I: Test Chemicals

Chemical [ Primary component

Chem A N,N-dimethylacetamide,
Ammonium fluoride

Chem B Ammonium fluoride (NH,4F)

Chem C Fluorine (< 1%)

Hydrofluoric Acid | Hydrofluoric acid (HF)

Two HF mixtures were used;
0.025v/v% and 0.050v/v%. Each of the
tested chemicals is water-soluble, requiring
no rinse between the water and the chemical.
Aside from initial chemical screening in
beaker tests, all wet-processing tests were
done on a 200mm single-wafer tool.

CHEMICAL COMPATIBILITY SCREENING EXPERIMENTS

Changes in thickness
and RI of blanket low-k

Table 1I: Thickness and RI Change, blanket BDI in beaker

films were measured Chem Time | Temp Thickness (nm) RI@633nm
with a spectroscopic (min)| (°C) | Before | After [Change| Before | After |Change
e”ipsometer (SEN- 2 20 1007.0] 1005.7 -1.3]  1.420, 1.420, 0.000
TECH-801). A wafer |cpep | 10 | 20 | 10128 10130 403 1420 14200 0.000
sample was exposed to 2 | 40 | 1011.8 10097 2.1 1.419 1.419 0.000
a chemical for 2 or 10 10 | 40 | 10143 10145 +02| 1.421] 1.420 -0.001
minutes at 420°C  or 2 | 20 | 1011.1] 10149 +3.8 1.422] 1.421] -0.001
£40°C in a  “static |chempl 10 | 20 | 10154 10162 +0.8 1423 1422 -0.001
beaker” setup. A 1-L 2 | 40 | 1002.0 10045 +2.5 1.422] 1.420 -0.002
beaker was filled with 10 | 40 | 10114 10150 +3.6 1.422] 1.421] -0.001
400ml of fresh chemis- 2 | 20 | 2397 2390 -0.7 1.425 1.425 0.000
. 10 | 20 | 2324 2301 -2.3] 1.426] 1.424 -0.002
try for each test (no stir- (Chem €l | 0 1 o9 4l g9l 0.5 1430 1428 -0.002
rer used). After treat- 10 | 40 | 2323 2288  -3.5 1.430] 1.429 -0.001
ment, samples were re- o o0 | 9014 9937 23 1421 1422 +0.001
moved, rinsed in DI 1o25)| 10 [ 20 | 997.4 9961 -13 1423 1.422 -0.001
water (60sec.) and dried | ™HE "5 20 | jo022 10017 0.5 1.421] 1.422] +0.001
in Ny (+30sec.). Results |(0.050)| 10 | 20 | 1007.9 1009.4 +1.5 1423 1.423 0.000

of the testing are given
in Tables II and III. The

Table I1I: Thickness and RI Change, blanket p-SiLK in

beaker
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evaluated chemistry is Chem | Time|Temp| _ Thickness (nm) RI@633nm

considered compatible em (min)| (°C) | Before | After |Change| Before | After |Change
with a particular sub- 2 20 351.8 350.0 -1.8]  1.494) 1.494  0.000
strate at the setﬁngs Chem A 10 | 20 351.8) 349.0 -2.8) 1.494] 1.496 0.002
tested if the thickness 2 | 40 | 3518 3450/ -6.8 1.494 1.503 0.009
change remains below 5 10 | 40 | 3518 - - 1.494 - -
nm and the RI variation 2 | 20 | 350.1 3566 6.5 1496 1.528 0.032
remains  below 0.005. |cpempl 10 | 20 | 3501 3607 10.6 1.496 1553 0.087
Thus, as the data in Ta- 2 | 40 | 3501 360.8 107 1.496 1.538 0.042
ble I shows, all chemi- 10 | 40 | 3501 — 1 1.49 - =
cals tested  exhibited 2 | 20 | 1755 1753 0.0 1.547 1.553 +0.004
good compatibility with |[Chem C 120 38 11;22 i;‘;? :;'2 1::; 1'232 +ggg;
BDI. P-SIiLK is com- 10 | 40 | 1755 1737 -1.8 1547 1.551] +0.004
patible with dHF and == =035 7 3516 09 1491 1491 0.000
Chem C with almost no 19 025)| 19 | 20 | 3507 3520 1.3 1491 1499 -0.001
change in thickness or T 503507 3516 09 1491 1.491 0.000
RIL 0.050)| 10 | 20 | 3507 35200 13 1.491] 1.490 -0.001

‘Pre-process values represent a single initial measurement.
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Chem B caused a significant increase in thickness and RI, possibly indicating a swelling
of the porous material due to absorption of chemical. Here, too, a treatment of 10
minutes/ 40°C completely removes the p-SiLK layer.

POST ETCH RESIDUE REMOVAL

Single damascene test wafers were prepared as follows:
* BDI e Stack, bottom-up

e Etch Process

ep-SiLK e Stack, bottom-up

e Etch Process

Single Wafer Processing

All wet processing described
herein was performed in a
Semitool® Capsule™  single-
wafer surface preparation
chamber. The chamber
encapsulates the wafer within a
‘micro’-processing environment
and is made to spin during
process at a selectable speed,
likewise spinning the wafer.
Process chemistry is delivered to
the center of the front side of the
wafer, moves across the wafer
surface to exit at the edge where
it can be reclaimed for continued
use. Next, DI water is delivered
to both sides of the wafer,
followed by IPA-vapor-assisted
drying of both wafer sides. Table
IV contains the specific recipe
used in these tests. Table V
contains the matrix of residue
removal tests performed.

® 1000nm Cu, 50nm SiC, 275nm BDI, 9nm SiO,

e Low-k etch in Lam 2300 Exelan chamber using
Ar/CF,/CH,F,/O,

¢ SiC open in Mattson Highlands chamber with CF,/H,
100/100 plasma

® 1000nm Cu, 50nm SiC, 250nm p-SiLK, 50nm SiC,
150nm SiO,

® Oxide open in the hardmask using Ar/CF,/CH,F,/O,

o SiC open using Ar/CF,/CH,F,/N,

o Low-k etch using Ny/H,

* SiC open in Mattson Highlands chamber with CF,/H,
100/100 plasma

Table IV: Post-Etch Residue Removal Cleaning

Recipe
Step| Action| Temp | Time |RPM| DI |[Ny/IPA| Chem
€C) | (sec)
1 | Spin 25 S 500 | -- -- -
2 | Chem | 25/40 | 60/120 | 500 | -- -- T
3 | Rinse 25 45 600 | TB - -
4 | Dry 19 45 1800 -- TB -=

T: Top delivery
TB: Top and Bottom delivery

Table V: Post-Etch Residue Removal Test Matrix

Film | Chemical Temperature (°C)/Time (sec)
25/60 | 25/120 | 40/60 | 40/120
BDI Chem A X X X X
Chem B X X X X
Chem C X X X X
HF (0.025) X X
HF (0.050) X X
p-SiLK| Chem A X X
Chem B X X X X
Chem C X X X X
HF (0.025) X X
HF (0.050) X X
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Pre Process. Figures 1-10 contain SEM images of single damascene structures in BDI and
p-SiLK. The SiC-open process was intentionally tuned to produce the large amounts of
residues seen in Figures 1 and 2. For both wafer types, copper pads are completely
covered with residues. BDI sidewalls exhibit little if any residue, while large nodules are
clearly visible on sidewalls of p-SiLK. Residues in trenches are heavy on the BDI wafers,
only more so on p-SiLK. BDI vias have light residues on the sidewalls (Fig. 1), while the
bottom residues closely resemble those of copper pads. The p-SiLK sidewall residues
manifest as large nodules, bottom residues as a thick brittle film. The extreme amount of
residue provides a ‘worst-case’ scenario for testing. (Note: the roughness of the BDI-
stack surface is due to an upstream process and unrelated to cleaning.)

Figure 2. Structures in p-SiLK before Post-Etch Clean

Chemistry A. Chem A demonstrates low compatibility with copper. Figure 3 clearly
illustrates severe copper attack even at 25°C/60-sec. At 40°C, residues are seen on the
copper and sidewalls. However, a follow-up dip in Chem A, followed by a rinse/dry, was
sufficient to remove them (picture not shown). After a delay of several days, these re-
cleaned samples were examined again under SEM and the ‘residues’ had returned. Such
“re-growth” of residues has been examined before (1).

B0 sec; 25°C ) sec
Foature sizp: ~0.54m .

Figure 3. Structures in BDI followin clean in Chem A
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With p-SiLK, results at 25°C indicate some residue remaining at the bottom of the
vias; copper attack is clearly visible in narrow trenches; and low-k sidewalls still exhibit
nodules of residue (quite possibly the same “re-grown” residue seen with BDI). Copper
attack was also clearly visible in open copper areas. One can see in Figure 4 that the
dielectric stack is significantly undercut.

igure 4. Structures in p-SiLK following clean in Chem A

Chemistry B. Using Chem B on BDI (Fig. 5), all parameter combinations tested produced
clean wafers in good condition. There are some indications of small amounts of
remaining residue after the 25°C/60-second process. Sidewalls look very clean with no
indication of attack. At 40°C