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The semiconductor industry is now 
in its third generation of gate 
dielectrics. The first generation 

was the silicon dioxide (SiO2) era from 
the early 1960s to about the mid-1990s. 
The benefits of SiO2 noted in the earlier 
articles in this issue of Interface included 
utilization as: (a) passivation of surface 
dangling bonds and p-n junction 
interfaces, (b) pattern/diffusion masking 
ability, and (c) insulator supporting 
medium for aluminum interconnects 
between sections of the integrated 
circuit. In addition, the amorphous 
SiO2 has a large energy gap (~9 eV) 
and a dielectric strength sufficient to 
support electric field strengths of several 
megavolts/cm, (106 V/cm); the latter 
is especially critical for the required 
metal-oxide-semiconductor field 
effect transistor (MOSFET) operation. 
These latter benefits have enabled 
the semiconductor industry to scale 
transistors down to about the 180 nm 
technology node* , corresponding to an 
SiO2 thickness of ~3 nm. At about this 
oxide thickness, direct tunneling leakage 
currents rather than source-drain or 
substrate leakage currents, reached levels 
that were a significant portion of the 
allowable device leakage (~ 33%). In 
addition, at the sub 3 nm film thicknesses 
regime, boron dopant penetration 
from the boron-doped p+ poly-silicon 
electrode through the SiO2 into the 
channel region was a serious issue for 
pMOSFETs. An extensive literature has 
been published on the increasing SiO2 
gate leakage and boron penetration1,2 
with decreasing oxide thickness and 
their impact on continued device 
scaling as enunciated in Moore’s law.

The continuance of scaling 
methodologies, however, has been 
achieved by the incorporation of 
nitrogen (~10 atomic %) in the SiO2, 
whereby silicon oxynitride (SiON) 
thicknesses ranging from ~3.0 nm 
down to ~1.0 nm or so were achieved. 
The introduction of nitrogen in SiO2 
to form SiON increases the effective 
dielectric constant, κ. The higher 
effective dielectric constant leads to a 
lower effective gate dielectric thickness 
that is referred to as the equivalent oxide 
thickness (EOT) described in general 
by Eq. 1.

EOT=tSiO2
+S κi

   (tSiON)i  (1)
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where tSiO2 is the physical thickness of 
the interface layer, potentially without 
nitrogen, tSiON is the physical thickness 
of the SiON film, κ is the dielectric 
constant of the nitrogen containing 
SiO2 film, and the summation over “i” 
is for layers that do not have a uniform 
nitrogen profile.

 Today, the era of SiON films with an 
equivalent oxide thickness (EOT) in the 
range of ~1.0-1.2 nm have been in mass 
production for nearly a decade, meeting 
demanding transistor and reliability 
requirements. For SiON thickness less 
than ~1.0 nm, however, it was again 
found that direct tunneling leakage 
currents became excessive through 
the SiON. Scaling below ~1 nm for 
higher-performance devices and lower 
than ~1.5 nm for lower-power devices 
also became limited by poly-silicon 
depletion as well as gate dielectric 
leakage. Initial solutions will require 
either higher content nitrogen in SiON 
than currently in production or higher-
κ dielectric constant gate materials  
(κ ~ 10-20).

Serious attention for alternate, higher 
dielectric constant materials began in 
about 1995 and have resulted in an 
extensive literature.3-5 Hafnium-based 
gate dielectrics have emerged as the 
broad industrial choice for the high-κ 
gate dielectric material. The principal 
motivation for moving to high-κ gate 
dielectrics was the need to reduce the 
direct tunneling gate leakage currents. 
This was achieved by increasing the gate 
dielectric’s physical thickness inasmuch 
as the direct tunneling leakage current 
is drastically reduced due to its 
exponential dependence on the physical 
gate dielectric thickness. Concurrently, 
the gate dielectric constant, κ, is 
increased. These two concurrent 
changes result in the approximate 
constancy of the MOSFET’s capacitance, 
a significant parameter controlling the 
speed of the device. This is achieved 
by appropriately adjusting the ratio of 
the selected gate dielectric constant, κ, 
to the dielectric’s physical thickness. 
As a result the MOSFET electrically 
behaves as though its gate dielectric 
thickness is smaller than its physical 
thickness (to reduce direct tunneling 
leakage current) by the ratio of the 
dielectric constant of SiON (generally 
slightly more than SiO2’s value of ~3.9 
but significantly less than the dielectric 

constant of Si3N4, ~7.5) to the higher 
dielectric constant of the new gate 
dielectric (κ ≈ 15-20 for the HfO2 and 
~4-24 for Hf based HfSiON. This third 
regime of gate dielectric technology 
has also required the replacement of 
the doped poly-silicon gate electrodes 
by metallic gate electrodes to both 
reduce the poly-silicon depletion effect 
and to improve the work function 
match between the high-κ and gate 
electrode materials, itself a significant 
area of research.

The methods utilized for the 
fabrication of SiON for the second era 
will be discussed in the first section, 
the status of HfSiON gate dielectric in 
presented in the second section, and 
the appropriate metal gate issues will 
briefly be summarized in the third 
section.

Silicon Oxynitride

SiON dielectrics were first 
introduced at an EOT of about 3 nm 
and at that time required less than 
about 10 atomic percent nitrogen to 
minimize boron penetration and gate 
leakage. Controlled incorporation of 
nitrogen, especially concentration 
and depth profile, was critical to the 
introduction of SiON. The key process 
that enabled the industry to introduce 
the first reliable SiON gate dielectric 
was plasma nitridation of SiO2.6

The advantage of plasma nitridation 
of SiO2 is its ability to (a.) control the 
dielectric layer thickness, (b.) precisely 
control the content and/or location 
of the nitrogen, and (c.) improve 
reliability. Plasma nitrided SiO2 can be 
created by (i.) top surface nitridation, 
(ii.) homogeneous SiON formation, 
where the nitrogen is distributed 
uniformly through the oxide, and 
(iii.) incorporation of nitrogen at the 
Si-SiO2 interface. Simulations have 
shown that top surface nitrogen 
profiles have better boron blocking 
characteristics than other profiles. The 
bulk nitrogen concentration in SiON 
has to be critically controlled, but even 
more critical is the concentration of N 
atoms at the Si-dielectric interface. 
The concentration of nitrogen 
at the interface has to follow the 
bonding constraint theory7 in order 
to minimize defects. According to 
the bonding constraint theory, whose 
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* The technology node refers to the metal line-to-line spacing—½ pitch—for a particular DRAM generation. The physical channel length 
for a logic chip consonant with the DRAM generation is about 45% of the technology node as discussed in the International Technology 
Roadmap for Semiconductors, ITRS.
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A few research groups have reported 
that HfSiON is structurally stable, has a 
high dielectric constant, has low charge 
trapping, and high electron and hole 
mobility, typically ~90% and > 90% 
of SiO2 universal mobility curve at an 
electric field of 1 MV/cm, for HfSiON 
having Hf and N concentrations of 
~11 at.% and 14 at.%, respectively. 
The addition of ~14 at.% nitrogen to 
HfSiO (Hf ~11 at%) to form HfSiON was 
found to stabilize the structure of the 
films such that the material remains 
amorphous up to 1100οC for low Hf 
concentrations.14 Figure 4b shows a 
TEM micrograph of poly-Si/HfSiON/
Si after annealing at 1050οC where 
no lattice fringes are observed due to 
the amorphous nature of the films. X-
ray diffraction and Fourier Transform 
Infrared Spectroscopy data also support 

the amorphous nature of HfSiON.14,15 
Thus, in general, the idea of creating 
HfSiON is that hafnium is added to 
silicon dioxide to increase the dielectric 
constant and nitrogen is added to 
stabilize the material structure. An 
additional challenge observed with HfO2 
deposited by atomic layer deposition 
was large C-V hysterisis for n-channel 
devices as a result of a high density 
of trapped charge in the bulk of the 
dielectric film.16 HfSiON on the other 
hand has shown significantly lower 
trapped charge than HfO2 as shown in 
Figure 5.17 Subsequently, improvements 
in charge trapping were observed for 
very thin hafnium oxynitride (HfON) 
on thin SiO2, (EOT ≤ 1.1 nm) with 
the improvement being attributed to a 
lower number of total defects in HfON 
and the formation of a “silicate” at the 

interface.18 The improvement in charge 
trapping for the thinner HfON film 
was also followed by electron mobility 
improvements (approaching ~ 90% of 
the SiO2 electron mobility at an electric 
field of ~ 1 MV/cm). The presence of 
a thin SiO2 or SiON interface and the 
addition of Si to HfON have in general 
been found to improve mobility as 
shown in Figure 6 and decrease charge 
trapping.18 The industry recognized the 
many benefits of HfSiON as a high-κ 
gate dielectric and devoted considerable 
resources in order to introduce poly-Si/
HfSiON gate stack into the conventional 
flow. However, pMOSFET with poly-
Si gate electrode devices suffered 
from a high threshold voltage (VT), a 
phenomenon that became known as 
pMOSFET VT offset; threshold voltages 
offset as high as 0.5V have been observed 

Fig. 4. TEM micrographs of (a) Si/SiO2/HfO2/Poly Si where the maximum temperature was 700oC and (b) Si/SiO2/HfSiON/Poly Si after 1050oC 
annealing.

Fig. 5. Pulsed ID-VG measurements on nMOSFETs. Measurement involves applying a pulse of voltage at the gate terminal and calculating drain current by 
measuring voltage across the drain terminal. (a) HfO2 and (b) HfSiON gate dielectrics.17

(a) (b)

criteria were originally established for the formation of low 
defect density glasses, the maximum average number of bonds 
(Nav) of ~3 is the limit for a low defect density dielectric. If a 
thin SiO2 layer (~0.5nm, about one molecular layer) is formed 
between the Si substrate and Si3N4, the average bonding 
coordination is reduced to 3.0, and is essentially the same as 
for the Si-SiO2 interfaces leading to significantly improved 
electrical performance. Monolayer-level nitrogen incorporation 
(~7 x 1014 cm-2) to form Si3-N bonding configurations in 
the vicinity of the Si-SiO2 interface8 reduces gate leakage by 
approximately tenfold compared to pure SiO2 as shown in Fig. 
1.9 The incorporation of nitrogen near the Si-SiO2 interface 
leads to reduced interfacial sub-oxide bonding which defines 
the transition region between the Si substrate and bulk SiO2. 
The modified interface structure results in the reduction of gate 
tunneling currents by increasing the tunneling barrier height. 
Although monolayer level incorporation of nitrogen at the 
interface improves leakage characteristics, further scaling will 
require higher bulk nitrogen levels.

Increasing the nitrogen concentration in the bulk of the film 
by either direct nitridation or nitridation of the SiO2 base oxide 
reduces gate leakage. In the case of (SiO2)1-x(Si3N4)x solution, 
the gate leakage can be reduced by as much as a factor of  
about 100.10 Figure 2 shows leakage current as a function of 
silicon nitride fraction in SiON.11 The leakage reduction is 
clearly demonstrated for the solid solution in the vicinity of 
the 50-50% composition point. Figure 3 further shows that the 
leakage current of SiON can indeed be decreased by increasing 
the nitrogen concentration in SiON to ~20 at.% as an example. 
Nitrogen concentrations in excess of ~20 at.%, however, results 
in large shifts in the threshold voltage which can be observed in 
both nMOSFET and pMOSFET devices with the pMOSFET shift 
being larger. In addition, the leakage reduction of SiON with 
high nitrogen is not sufficient for scaling dielectrics beyond the 
45 nm technology node and high-κ is necessary to meet the 
scaling requirements.12

High-κ Dielectric Constant Materials

The semiconductor community has been searching for 
high-κ gate dielectrics since about 1995. It appears that, after 
investigating a multitude of materials, Hf-based gate dielectrics 
have emerged as the “final” choice for high-κ material. The 
principal motivation for moving to high-κ gate dielectrics 
was the need to reduce direct tunneling leakage currents as 
discussed earlier. Figure 3 shows a comparison of the gate 
leakage of SiON and hafnium silicon oxynitride (HfSiON) as 
a function of composition indicating that HfSiON is scalable 
beyond 1 nm EOT with much lower gate leakage than currently 
achieved with SiON. Lower leakage is clearly a benefit of the 
physically thicker high-κ gate dielectrics, but only to first order 
because many other properties must be satisfied before adopting 
any specific high-κ material.

One of the key properties of SiO2 and SiON is their amorphous 
state even after annealing at temperatures well above the typical 
complementary metal-oxide-semiconductor (CMOS) processing 
temperatures (~1050οC). It is generally agreed that amorphous 
gate dielectrics are preferred over crystalline materials. For 
example, hafnium oxide (HfO2) and hafnium silicon oxide 
(HfSiO) were key gate dielectrics studied in the early stages of 
high-κ development, but both have relatively low crystallization 
temperatures. Figure 4a shows a cross-sectional transmission 
electron micrograph (TEM) of HfO2 that clearly shows ordering, 
and indication of crystallization in the film after poly silicon 
deposition at about 700οC. HfSiO also crystallizes at temperatures 
lower than the maximum CMOS processing temperatures and, 
in addition, also suffers from phase separation that results in 
crystalline HfO2 phases in a matrix of HfSiO with a lower Hf 
concentration than the original as deposited uniform HfSiO.13 
These results are less than desirable because polycrystalline 
films contain point defects and grain boundaries that place 
significant limitations on the device reliability. Therefore, more 
thermally stable dielectrics were preferable.Fig. 3. Gate leakage of SiON and HfSiON as a function of EOT and 

composition.

Fig. 2. Effect of nitrogen on the tunneling current of  
(SiO2)(1-x)•(Si3N4)(x) showing that the gate leakage can be reduced 
by about a factor of 100 by optimizing the nitrogen concentration 
(continuous curve is theory).11

Fig. 1. Gate leakage current density as a function of gate 
voltage for 2.0 and 3.0 nm EOT thick gate tunneling 
currents compared to SiO2 (filled symbols).9

Colombo, et al.
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between the Si substrate and Si3N4, the average bonding 
coordination is reduced to 3.0, and is essentially the same as 
for the Si-SiO2 interfaces leading to significantly improved 
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(~7 x 1014 cm-2) to form Si3-N bonding configurations in 
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approximately tenfold compared to pure SiO2 as shown in Fig. 
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leads to reduced interfacial sub-oxide bonding which defines 
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The modified interface structure results in the reduction of gate 
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require higher bulk nitrogen levels.

Increasing the nitrogen concentration in the bulk of the film 
by either direct nitridation or nitridation of the SiO2 base oxide 
reduces gate leakage. In the case of (SiO2)1-x(Si3N4)x solution, 
the gate leakage can be reduced by as much as a factor of  
about 100.10 Figure 2 shows leakage current as a function of 
silicon nitride fraction in SiON.11 The leakage reduction is 
clearly demonstrated for the solid solution in the vicinity of 
the 50-50% composition point. Figure 3 further shows that the 
leakage current of SiON can indeed be decreased by increasing 
the nitrogen concentration in SiON to ~20 at.% as an example. 
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device VT. Setting the pMOSFET work 
function near the band edge has proven 
to be more difficult, as compared to 
nMOSFET, at technologically relevant 
EOTs of ~ 1 nm. As the EOT decreases 

toward 1 nm, the work function 
decreases to unacceptable values; this 
effect is referred to as pMOSFET VT roll-
off, which was found to increase with 
increasing process temperature and/or 
increasing metal (Hf) concentration in 
the dielectric.

The data on the effect of process 
temperature on work function have 
been clear for a few years now, although 
the advantage of the conventional 
transistor flow has kept focus on gate 
first approaches. However, given the 
need to reduce gate dielectric leakage, 
reduce metal gate depletion and the 
nature of the metal/dielectric interface 
chemistry, the benefits of a lower 
thermal budget process needs to be 
implemented in order to integrate 
the high-κ/metal gate stack into the 
transistor flow.

One such approach is referred to 
as the replacement gate process flow, 
which enables decoupling the junction 
formation from the dielectric/metal 
gate formation process.24 In this flow, 
a sacrificial gate electrode (e.g. poly 
Si) and a sacrificial gate dielectric, e.g., 
SiO2, may be used and then removed 
after all the junctions are formed. 
Subsequently, the gate dielectric and/or 
the metal were deposited to form the 
gate electrode stack. A related process 
that has been used to form the metal 
gate electrode on high-κ is the NiSi 
Full Silicidation process (FUSI).25 The 
FUSI process has shown some very 
encouraging results by using lanthanide 
metals for nMOSFET and noble metals 
for pMOSFET at the gate dielectric/FUSI 
interface. Because of its low thermal 

budget, the replacement process flow 
may be the most likely integration 
scheme that will enable the introduction 
of metal gates, in conjunction with the 
high-κ gate dielectric, that can provide 

devices with the desired 
threshold voltages.26 
Indeed, a plethora of 
modifications to the 
gate first or replacement 
gate methodologies have 
been and continue to be 
discussed in the scientific 
literature.

Summary

As we approach the 
limits of SiON, HfSiON 
high-κ gate dielectrics 
with metal gate electrodes 
are being incorporated 
into some devices at the 
45 nm technology node. 
Hafnium-based high-κ 
dielectrics will usher in 
the third generation of 
CMOS gate dielectrics 
and will enable the sub-1 
nm EOT era. Metal gates 
will replace doped poly 
silicon electrodes to scale 
the inversion dielectric 

thickness to levels not achievable by 
polysilicon. The sub-1 nm EOT era would 
not have been possible without the 
extensive knowledge gained perfecting 
the previous generations of SiO2 and 
SiON dielectrics.     
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for pMOSFET devices. The pMOSFET VT 
offset quickly became a showstopper for 
producing high performance 
poly-Si/HfSiON devices, which 
required lower VT.

Metal Gate Electrodes

As a result of the pMOSFET 
VT offset found in poly-Si/
high-k gate stacks, the industry 
initiated a significant effort 
to the selection of nMOSFET 
and pMOSFET “metal” gate 
electrodes in order to obtain 
low threshold voltages (~ 
0.25 eV) and to minimize the 
depletion effect found in poly-
Si electrodes. Researchers have 
investigated many metal gate 
electrode candidates, but the 
industry has not converged 
on one set of materials at 
the present time. Three 
basic methodologies have 
been pursued to set the 
work function: (i.) selection 
of a metal with appropriate 
vacuum work function, 
(ii.) modification of the 
metal/dielectric interface, and (iii.) 
modification of the gate dielectric using 
non-band edge metals.

The discrepancy between the vacuum 
work function and that observed in 
transistor devices is a result of poor 
control of the material composition at 
the interface between the gate dielectric 
and the metal gate electrode interface. 
The placement of low work function 
metals or high work function metals at 
the metal/dielectric interface have been 
found to change the effective work 
function of the MOSFET and thus VT of 
the device but this is also dependent on 
the thermal budget.19-21 The reactions 
between the dielectric and metals and 
the charges in the dielectrics have 
made setting the work function at the 
band edges difficult. The most effective 
method to date of setting the nMOSFET 
work function has been modification of 
the gate dielectric by the introduction 
of lanthanide metals, with a non-band 
edge metal electrode.22 In this case the 
lanthanide metal or metal oxide reacts 
with the gate dielectric thus changing 
the charge state of the dielectric. Work 
functions of 4.05 to 4.1 eV have been 
reported with the expected device 
threshold voltage of about 0.25 eV for 
nMOSFETs. Incorporation of Al in the 
gate dielectric has also been used to shift 
the work function of pMOSFET devices 
toward the band edge but mobility 
degradation has been observed as result 
of Al diffusion into the substrate.23 The 
data to date are clear in one respect; that 
is, metal gates reduce gate depletion, 
but it is challenging to obtain the 
correct work functions that result in low 

Fig. 6. HfON and HfSiON electron mobility as a function of EOT for  
Si/SiO2/HfON, Si/SiO2/HfSiON, and Si/SiON/HfSiON.18
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the advantage of the conventional 
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first approaches. However, given the 
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reduce metal gate depletion and the 
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chemistry, the benefits of a lower 
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implemented in order to integrate 
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the metal were deposited to form the 
gate electrode stack. A related process 
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FUSI process has shown some very 
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may be the most likely integration 
scheme that will enable the introduction 
of metal gates, in conjunction with the 
high-κ gate dielectric, that can provide 

devices with the desired 
threshold voltages.26 
Indeed, a plethora of 
modifications to the 
gate first or replacement 
gate methodologies have 
been and continue to be 
discussed in the scientific 
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Metal Gate Electrodes

As a result of the pMOSFET 
VT offset found in poly-Si/
high-k gate stacks, the industry 
initiated a significant effort 
to the selection of nMOSFET 
and pMOSFET “metal” gate 
electrodes in order to obtain 
low threshold voltages (~ 
0.25 eV) and to minimize the 
depletion effect found in poly-
Si electrodes. Researchers have 
investigated many metal gate 
electrode candidates, but the 
industry has not converged 
on one set of materials at 
the present time. Three 
basic methodologies have 
been pursued to set the 
work function: (i.) selection 
of a metal with appropriate 
vacuum work function, 
(ii.) modification of the 
metal/dielectric interface, and (iii.) 
modification of the gate dielectric using 
non-band edge metals.

The discrepancy between the vacuum 
work function and that observed in 
transistor devices is a result of poor 
control of the material composition at 
the interface between the gate dielectric 
and the metal gate electrode interface. 
The placement of low work function 
metals or high work function metals at 
the metal/dielectric interface have been 
found to change the effective work 
function of the MOSFET and thus VT of 
the device but this is also dependent on 
the thermal budget.19-21 The reactions 
between the dielectric and metals and 
the charges in the dielectrics have 
made setting the work function at the 
band edges difficult. The most effective 
method to date of setting the nMOSFET 
work function has been modification of 
the gate dielectric by the introduction 
of lanthanide metals, with a non-band 
edge metal electrode.22 In this case the 
lanthanide metal or metal oxide reacts 
with the gate dielectric thus changing 
the charge state of the dielectric. Work 
functions of 4.05 to 4.1 eV have been 
reported with the expected device 
threshold voltage of about 0.25 eV for 
nMOSFETs. Incorporation of Al in the 
gate dielectric has also been used to shift 
the work function of pMOSFET devices 
toward the band edge but mobility 
degradation has been observed as result 
of Al diffusion into the substrate.23 The 
data to date are clear in one respect; that 
is, metal gates reduce gate depletion, 
but it is challenging to obtain the 
correct work functions that result in low 
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