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In-situ HF-Vapor Cleaning for Gate Oxide and Stack Gate on Different Silicon
Substrates

Student: Hao-Wei Wu Advisors: Dr. Tien-Sheng Chao
Institute and Department of Electrophysics
National Chaio Tung University
Abstract

In this thesis, the effect by using in-situ HF-vapor cleaning before gate oxidation for
pMOSFETs on two different silicon substrates — Czochralski grown silicon wafer (Cz-wafer)
and hydrogen annealed silicon wafer (Hiswafer) has investigated. HF-vapor cleaning step can
remove native oxide effectively-and improve SiO,/St-interface quality. From the results, the
drain current, interface-state-density and mebility are improved by HF-vapor cleaning with O,
oxide on Cz-wafer. However, it shows no improvement on Hi-wafer by HF-vapor cleaning.
We also found that the interface-state-densities of pMOSFETs on Hi-wafer are lower than
Cz-wafer due to the less oxygen impurities. In other words, devices fabricated on Hi-wafer
show better interface quality. Finally, we used the stack gate (a-Si 5S00A + poly-Si 1500A) to
compare with conventional single poly-Si gate. We found that pMOSFETs with stack gate can

effectively suppress boron penetration.
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Chapter 1

Introduction
1-1 General Background

In order to increase the current driving capability and the transconductance of
MOSFETs, the thickness of gate oxide must be scaled aggressively. However, as oxide
thickness is reduced, oxide integrity becomes an important issue due to the increased
direct-tunneling current density and applied electric field. Both intrinsic traps and soft
breakdown are observed in ultrathin oxides [1]. Intrinsic traps increase leakage current [2]
and soft breakdown limits device réeliability [3].. The key issues for the thin oxide are
thickness uniformity and interface;smoothness [4]. The interface roughness can strongly
affect the carrier transport. Unfottunately, the presence of native oxide causes the rough
interface and degrades oxide reliability. In addition, as the oxide thickness is scaled down,
the ratio of native oxide to total oxide becomes large. Therefore, the removal of the native
oxide prior to gate oxidation becomes necessary for thin oxide. The native oxide thickness
can reach 5-10A within 10 minutes in the laboratory ambient. It has been reported in-situ
HF-vapor pre-oxidation treatment can effectively strip native oxide by an advance clustered
vertical furnace [5]. Gate oxide integrity can be significantly improved in terms of leakage,
time-to-breakdown, breakdown field, interface-state-density, stress-induced leakage current,

transconductance and driving current with in-situ HF-vapor cleaning [6]. Figure 1-1 shows



the top view of clustered vertical system (ASM-A400) consisting of three modules

(HF-vapor cleaning, oxidation, poly-Si deposition). Wafers were processed through these

three modules in sequence without exposure to the ambient. Since nMOSFETs performance

is significantly improved with HF-vapor treatment [7], we investigated HF-vapor

pre-oxidation cleaning for pMOSFETs in this study.

1-2 Hi-Wafer

CZ (Czochralski grown) wafer includes supersaturated oxygen atoms for oxygen

precipitation, which are introduced during crystal growth. The oxygen induces many micro

defects during heat process [8]. The microdefects, which are induced near surface area,

cause various harmful defects such as OSF (Oxidation induced Stacking Fault), pattern edge

dislocations, gate oxide breakdown failures and so on. Therefore, we need wafers which

have to be free of defects in the device active layer and adequate oxygen precipitates in the

bulk region to enable intrinsic gettering for metallic contamination [9]. It has been reported

that such wafers can be produced by hydrogen annealing at high temperatures [10-12].

Hydrogen annealed wafers (Hi-wafer) have less oxygen defects than CZ wafers. A high

temperature annealing in hydrogen ambient has high efficiency to eject the oxygen atoms



from the surface area. Figure 1-2 shows the oxygen out diffusion profile after annealing in
hydrogen or oxygen ambient [8]. It was also reported that nMOSFETs fabricated on
Hi-wafer show significant electrical improvement and have reduced donor-like interface
trapping densities [13]. However, pMOSFETs on Hi-wafer have not been studied. In this

study, we investigated the pMOSFETs fabricated on Hi-wafer.

1-3 Boron Penetration

The p’ poly gate is typically fabricated in‘a CMOS technology by implanting either B
or BF; into intrinsic polysilicon with subsequent RTA. Boron penetration through thin oxide
is a serious problem as the gate oxide thickness of MOSFETs scales toward 2-nm and below
[14]. Various techniques have been proposed to reduce boron penetration through thin gate
oxide. Oxynitride has good resistance to boron penetration [15] [16]. The reduction of
fluorine incorporation during gate doping is also effective in reducing boron diffusion
through the gate oxide [17]. It has been reported that amorphous-silicon film crystallized at
1000°C has the stacked grain structure due to high nucleation rate [18] [19], while the as
deposited poly-Si film has the columnar grain structure [20]. The columnar grain structure

in as-deposited poly-Si film enhances the dopant diffusion along the grain boundaries while



the stacked grain structure in crystallized a-Si film slows down boron diffusion in the gate
[21]. Therefore, we also use the stack gate (a-Si S00A + poly-Si 1500A) to compare with

conventional poly-Si gate in this study.

1-4 Thesis Organization

This thesis is divided into four chapters as follows:

In chapter 1, general backgrounds of HF-vapor treatment, hydrogen annealed wafer
(Hi-wafer), boron penetration arg introduced.-The organization throughout this dissertation
is described here.

In chapter 2, we illustrate the process flow for fabricating p-channel metal oxide
semiconductor field effect transistors.

In chapter 3, we demonstrate the characteristics of pMOSFETs with HF-vapor
pre-oxidation cleaning on different Si substrates. We also compare pMOSFETs on CZ wafer
and Hi wafer. At last, the comparison of stack gate (-Si 500A + poly-Si 1500A) and
poly-gate is discussed.

In chapter 4, we summary our experimental results and give a brief conclusion.
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Chapter 2

Device fabrication

P-channel MOSFETs were fabricated on 6-in p-type Czochralski-grown (CZ) and
Hydrogen-annealed (Hi) silicon wafers with a resistivity of 15-20Q2-cm by a conventional
PMOSFETs process. An As’ implantation (E: 120 keV, D: 3x10'?cm™) was used for the
channel stop. Local oxidation of silicon (LOCOS) was used for device isolation. An As"
channel implantation (E: 80 keV, D: 1x10" cm™ ) was used for the adjustment of the
threshold voltage. Anti-punch-through implantation was also performed to prevent bulk
punch-through by phosphorus at 120:kéV to a dose of 4x10" cm™. Before the gate dielectric
growth, in-situ HF vapor clean was used to rémove native oxide effectively in addition to
traditional RCA clean. Then a gate oxide witha thickness of 2-nm was grown in either O,
or N,O ambient by a vertical furnace. Traditional poly-Si gate (200-nm) or stack gate (a-Si
50-nm + poly-Si 150-nm) was deposited in the vertical furnace followed by gate oxidation.
Then, poly-Si gate and stack gate were patterned. After sidewall polymer removal,
reoxidation is used to improve the oxide quality of the gate edge. Shallow S/D extensions
were formed by BF, implantation at 8 keV to a dose of 1x10'> cm™. After the formation of a
TEOS sidewall spacer (200-nm), deep source/drain junctions were formed by BF;
implantation at 15 keV to a dose of 5x10"> cm™. Then a 550-nm TEOS layer was deposited

and etched for contact holes. A Ti/TiN/Al-Si-Cu/TiN 4-layer metal was deposited and



patterned to complete contact metallization. Finally, annealing in a H,/ N, ambient at 400°C

for 30 minutes was performed.




Process Flow Diagram
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Fig.2-1 Process flow diagram.
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Schematic cross-section of device process flow
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Fig.2-2 Schematic cross-section of device process flow.
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Chapter 3

Results and Discussion
3-1 HF-vapor cleaning on different silicon substrate

In-situ HF-vapor cleaning has been reported to improve nMOSFETs performance in
terms of leakage, time-to-breakdown, breakdown field, interface-state-density, Id and gm
[5]. In this study, we used HF-vapor cleaning for pMOSFETs on CZ-wafer and Hi-wafer
with O, or N,O oxide. Figure 3-1-1 shows the C-V characteristics for the samples with and
without HF-vapor cleaning on CZ-wafer with O, oxide. It shows that HF-vapor cleaning
does not change the C-V curve. Thé oxide thickness calculated from the capacitance at
accumulation region is about 2.I-nm. The holeé mebility for the samples with and without
HF-vapor cleaning on CZ-wafer with* O, oxide are.shown in Fig. 3-1-2. The mobility for
HF-vapor cleaning sample is slightly large than the sample without HF-vapor cleaning.
Figure 3-1-3 shows Id-Vd characteristics for the samples with and without HF-vapor
cleaning on CZ-wafer with O, oxide. HF-vapor cleaning increases the drain current in
CZ-wafer with O, oxide. Figure 3-1-4 shows the charge pumping current for the samples
with and without HF-vapor cleaning on CZ-wafer with O, oxide. The sample with
HF-vapor cleaning has reduced charge pumping current. It means that HF-vapor cleaning
improves SiO,/Si interface quality as the gate dielectric is grown in O, ambient. Figure

3-1-5 shows hole mobility of the samples with and without HF-vapor cleaning on CZ-wafer

-13 -



with N,O oxide. We found that HF-vapor cleaning degrades mobility with N,O oxide on

CZ-wafer. However, the Vt of the sample with HF-vapor cleaning is larger than that without

HF-vapor cleaning. This means boron penetration for the sample without HF-vapor cleaning

is more serious than HF-vapor cleaning sample. Therefore, The difference of mobility

between two samples is determined by buried channel level. Figure 3-1-6 shows the 1d-Vd

characteristics for the samples with and without HF-vapor cleaning on CZ-wafer with N,O

oxide. The devices with HF-vapor cleaning show the smaller drain current due to the

smaller mobility. Figure 3-1-7 shows the charge pumping current for the sample with and

without HF-vapor cleaning on CZ-wafer with NoO oxide. The sample without HF-vapor

cleaning presents larger charge “pumping current than that with HF-vapor cleaning. It is

consistent with the difference of Vt. The sample with smaller Vt suffer more serious boron

penetration has larger charge pumping current. Figure 3-1-8 shows the hole mobility for the

samples with and without HF-vapor cleaning on Hi-wafer with O, oxide. There is no

difference between two samples. The HF-vapor cleaning didn’t improve the mobility for

Hi-wafer with O, oxide. Figure 3-1-9 shows the Id-Vd characteristics for the samples with

and without HF-vapor cleaning on Hi-wafer with O, oxide. The result is consistent with the

mobility characteristics. The drain current of two samples are almost the same. Figure

3-1-10 shows the charge pumping current for the sample with and without HF-vapor

cleaning on Hi-wafer with O, oxide. HF-vapor cleaning didn’t improve the interface quality

- 14 -



on Hi-wafer with O, oxide. Figure 3-1-11 shows the hole mobility for the samples with and

without HF-vapor cleaning on Hi-wafer with O, oxide. The HF-vapor cleaning sample

shows larger hole mobility. However, this is just caused by the different levels of buried

channel. The HF-vapor cleaning sample that has smaller Vt is consistent with its larger

mobility. The HF-vapor cleaning sample has larger drain current as shown in Fig. 3-1-12.

Figure 3-1-13 shows the charge pumping current for the sample with and without HF-vapor

cleaning on Hi-wafer with N,O oxide. The HF-vapor cleaning sample shows larger charge

pumping current. It demonstrates that HF-vapor cleaning sample with smaller Vt suffers

more serious boron penetration as weireported above.

-15 -
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3-2 Comparison of CZ-wafer and Hi-wafer

Gate oxide integrity is strongly dependent on both contamination during oxidation

process and silicon wafer surface quality. The contamination can be minimized by

controlling the cleaning process, gas purity, oxidation environment and so on. However, it is

difficult to improve the wafer surface quality during the oxidation process. The wafer

quality is determined by both impurities in the crystal and thermal history during crystal

growth. It is reported that high temperature annealing in hydrogen can eject the oxygen

atoms from the surface area and improve the wafer surface quality [8]. It is also reported

nMOSFETs fabricated on Hi-wafern show significant electrical improvement and have

reduced donor-like interface trapping densities [13]: In this study, we investigated the

pMOSFETs fabricated on Hi-wafer. Figure 3-2-1 shows hole mobility for CZ-wafer and

Hi-wafer with O, oxide. The mobility for Hi-wafer is slightly larger than CZ-wafer. Charge

pumping current for Hi-wafer is smaller than CZ-wafer as shown in Fig. 3-2-2. This result

indicates Hi-wafer has less interface-state-density than CZ-wafer with O, oxide. Hi-wafer

indeed shows better interface quality. Figure 3-2-3 shows the Id-Vd characteristics for

CZ-wafer and Hi-wafer with O, oxide. Hi-wafer shows larger drain current than CZ-wafer.

Figure 3-2-4 shows hole mobility for CZ-wafer and Hi-wafer with N,O oxide. The result is

different from the O, oxide. There is no improvement for Hi-wafer with N,O oxide.

However, Charge pumping current for Hi-wafer is smaller than CZ-wafer with N,O oxide as
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shown in Fig. 3-2-5. Figure 3-2-6 shows the Id-Vd characteristics for CZ-wafer and

Hi-wafer with N20O oxide. We found that Hi-wafer shows no improvement for drain current

with N>O oxide. It is reported that nitrogen incorporation causes the shallow donor-like

traps that exist at the interface of oxynitride and silicon substrate [22][23]. It is also reported

that Hi-wafer has reduced donor-like interface trapping densities due to the less oxygen

atoms [13]. The donor-like traps with positive charges may attract the electrons to surface

for nMOSFETs as shown in Fig. 3-2-7. Therefore, the reduction of donor-like interface

trapping densities can enhance the mobility of nMOSFETs due to less surface scattering.

Figure 3-2-8 shows the band diagram of pMOSFET. The donor-like traps with positive

charges may repel the holes from interface and holes ¢can move with less surface scattering

for pMOSFETs. Therefore, the reduction of ‘donor-like interface trapping densities doesn’t

enhance the mobility of pMOSFETs.
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Fig. 3-2-7 Band diagram of nMOSFET.
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3-3 Comparison of stack gate and poly gate

P" poly gate is essentially when pMOSFETs are scaled down to the deep
submicrometer regime. However, the penetration of Boron impurity from the p+ poly
through the gate oxide into the channel region is a critical issue. In this study, we fabricated
the pMOSFETs with stack gate (a-Si S00A + poly-Si 1500A) and conventional poly-gate
(poly-Si 2000A) to investigate the boron penetration. The C-V characteristics for stack gate
and poly gate on CZ-wafer with O, oxide are shown in Fig. 3-3-1. The slope of C-V curve
of poly-gate is steeper than that of stack gate. This result implies that the pMOSFETs with
poly-gate have become buried-channél devices. A very shallow, fully-depleted p-type layer
exists in the silicon substrate close to the Si04/Si intetface due to serious boron penetration
and insufficient threshold voltagé-adjustment tmplantation. The existence of p-type layer
can make the inversion of holes easier for pMOSFETs as shown in Fig. 3-3-2. However,
stack gate pMOSFETs are still surface channel devices and present the resistance of boron
penetration. Figure 3-3-3 shows the hole mobility of stack gate and poly gate on CZ-wafer
with O, oxide. The hole mobility of poly gate is larger than stack gate. The larger mobility
of poly gate is due to the buried channel. Carriers transport in the buried channel with less
surface scattering than in surface channel. Furthermore, It is reported that this kind of stack
gate (a-Si + poly-Si ) causes tensile strain in the channel region and enhance electron

mobility [22]. However, the tensile strain degrades hole mobility for pMOSFETs. Therefore,
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the smaller mobility of stack gate is result from both surface channel and tensile strain. The

Id-Vd characteristics of stack gate and poly gate on CZ-wafer with O, oxide are shown in

Fig. 3-3-4. The drain current of stack gate is much smaller than poly gate due to smaller

hole mobility. Figure 3-3-5 and figure 3-3-6 illustrate the mobility and 1d-Vd characteristics

of stack gate and poly gate on CZ-wafer with N,O oxide. The pMOSFETs with poly gate

present larger mobility and drain current than stack gate due to the reasons we discussed

before. Figure 3-3-7 ~ 3-3-9 show the C-V, mobility and Id-Vd characteristics of stack gate

and poly gate on Hi-wafer with O, oxide. Figure 3-3-10 and figure 3-3-11 show the mobility

and Id-Vd characteristics of stack gate and poly.gate on Hi-wafer with N,O oxide. All

results show that pMOSFETs with stack gate-are still surface channel devices with less

boron penetration whereas pMOSFETs with poly gate become buried channel devices due

to serious boron penetration. The sheet resistance of stack gate and poly gate on CZ-wafer

and on Hi-wafer are shown in Fig. 3-3-12 and Fig. 3-3-13 respectively. The sheet resistance

of poly gate is larger than stack gate no matter on CZ-wafer or on Hi-wafer. This means that

there are more dopant in stack gate than in poly gate due to less boron penetration. Figure

3-3-14 and Figure 3-3-15 illustrate the charge pumping current of stack gate and poly gate

with O, oxide on CZ-wafer and Hi-wafer respectively. The charge pumping current of stack

gate is much smaller than poly gate no matter on CZ-wafer or Hi-wafer. This indicates that

the interface quality of stack gate is better than poly gate. Boron penetration through gate
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oxide will damage the oxide and the Si0,/Si interface. Therefore, the better interface quality

means that the oxides of stack gate pMOSFETs suffer less boron penetration. Figure 3-3-16

and Figure 3-3-17 show Ig-Vg characteristics of stack gate and poly gate with O, oxide on

CZ-wafer and Hi-wafer respectively. There is a hump at low positive voltage for poly gate

whereas stack gate doesn’t have. It may be due to interface states assisted tunneling. The

oxides of poly gate pMOSFETs suffer more serious boron penetration and have more

interface traps than stack gate due to oxide damage. Electron can tunnel through oxide

easily by these traps. Figure 3-3-18 shows the transconductance versus gate length for stack

gate and poly gate with O, oxide on, €Z wafer. We_ can observe that the transconductance of

poly gate is larger than stack gate as the gate length 1s above 1.5um and the opposite result

as the gate length is under 1.5um. The*same results'are found on CZ-wafer and Hi-wafer

with O, oxide and N,O oxide as shown in Fig. 3-3-19 ~ Fig. 3-3-21. Figure 3-3-22 shows

gm x W/L versus gate length for stack gate and poly gate with O, oxide on CZ-wafer. The

decrease of gm x W/L for poly gate is severer than stack gate as the gate length scales down.

The same results are found on CZ-wafer and Hi-wafer with O, oxide and N,O oxide as

shown in Fig. 3-3-23 ~ Fig. 3-3-25. The severe decrease of gm x W/L indicates that

short-channel-effect of poly gate is serious due to the buried channel. However, the

pMOSFETs with stack gate show the superior short channel characteristics. Figure 3-3-26

shows Id-Vg characteristics for stack gate and poly gate on CZ-wafer with O, oxide. It is
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obvious that device with poly gate shows larger oft-current than stack gate due to buried

channel. Figure 3-3-27 shows the threshold voltage versus device location on CZ-wafer

with O, oxide. Figure 3-3-28 indicates that the Vt difference between poly and stack gate is

not caused by gate oxide thickness. It indicates that the threshold voltage variation of

devices with stack gate is less than poly gate. All of the results demonstrate that pMOSFETs

with stack gate can effectively suppress boron penetration. It may be due to that

amorphous-silicon film crystallized at 1000°C has the stacked grain structure due to high

nucleation rate [18] [19], while the as deposited poly-Si film has the columnar grain

structure [20]. The columnar grainsstructure ine as-deposited poly-Si film enhances the

dopant diffusion along the grain‘boundaries while the'stacked grain structure in crystallized

a-Si film can slow down boron diffusion' in the gate [21].
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Fig. 3-3-2 Band diagram of buried-channel.
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Fig. 3-3-15 Charge pumping current for stack-gate and poly-gate on Hi-wafer
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with O, oxide.
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Fig. 3-3-19 Gm versus gate length for stack-gate and poly-gate on CZ-wafer
with N,O oxide.
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Fig. 3-3-20 Gm versus gate length for stack-gate and poly-gate on Hi-wafer
with O, oxide.
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Fig. 3-3-21 Gm versus gate length for stack-gate and poly-gate on Hi-wafer
with N,O oxide.
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Fig. 3-3-25 Gm x L/W versus gate length for stack-gate and poly-gate on
Hi-wafer with N,O oxide.
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Fig. 3-3-26 1d-Vg characteristics for stack gate and poly gate on CZ-wafer
with O2 oxide.
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Fig. 3-3-27 Vth versus device location for stack gate and poly gate on CZ-wafer
with O, oxide.
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Fig. 3-3-28 C,x versus device location for stack gate and poly gate on CZ-wafer

with O, oxide.
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Chapter 4

Summary and Conclusion

In-situ HF-vapor cleaning on CZ-wafer with O, oxide can improve interface quality
and enhance the mobility and drain current for pMOSFETs. However, HF-vapor cleaning on
Hi-wafer with O, oxide shows no improvement. The pMOSFETs on Hi-wafer present lower
interface-state-densities than CZ-wafer. We found that pMOSFETs on Hi-wafer with O,
oxide exhibit improved performance in terms of mobility, drain current and
interface-state-densities. However, there is no improvement on Hi-wafer with N,O oxide
due to reduced donor-like interface, ttapping defisities. Finally, the pMOSFETs with stack

gate (a-Si 500A + poly-Si 15004 can effectivély suppress boron penetration.
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