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Abstract

An enhanced stress memorization technique (SMT) has been
demonstrated by multiple strain-gate engineering that utilizes strain
proximity free technique (SPFT).and astacked a-Si/poly-Si gate structure.
It is found that the transconductance (Gy) of nMOFETs with SPFT
exhibits an 18% increase compared tothat of counterparts. The SPFT can
prevent the limitation of stressor volume for performance improvement in
high density CMOS circuits. We also found that the optimization of
stacked a-Si/poly-Si gate structure and combine with the SPFT can
improve the Gy further to 24% more than the single-poly-Si gate

structure without SPFT.
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Chapter 1
Introduction
1-1 General Background
In order to realize higher speed, lower power and higher packing density metal
oxide semiconductor field effect transistor (MOSFET) integrated circuit, the
semiconductor device manufacturing process technique has already exceeded into
nano-generation. As the devices gate length geometric scaling down, the short channel
effect will be serious and increases the gate leakage current, and would also
increase the Sub-threshold Swingi (S.S) ete. To solve this problem, the higher
dielectric constant (High-K) material [1-3]71s used to replace traditional silicon
dioxide to become MOSFET gate layer. By using high-k material as a dielectric layer,
we can make thickness several times of silicon dioxide and make gate leakage current
smaller. However, these high-k materials have many problems in traditional CMOS
processes. Therefore, some possible solutions for solving CMOSFET scaling limits
have been developed. The strain technique, for enhancements of electron- and
hole-mobility, is the most popular one among these solutions. In brief, the strain
technique is using manufacturing processes and materials to make stress in silicon
channel. It has been reported that the carrier mobility in CMOS can be improved by

using strain technology on the strain silicon [4-5].



Theoretical calculations indicate that Si strained in biaxial tension possesses
higher mobility than bulk silicon [6-10]. The electron transport in strained Si will be
explained following. For electron transport in bulk Si, the conduction band is
comprised of six degenerate valleys, as shown in Fig. 1-1(a). For unstressed bulk Si,
the total electron conductivity mass, m*, is obtained by adding the contributions of
degenerate six degenerate valleys and is given by m" =[1/6 (2/my) + (4/m)]" , where
my is the longitudinal mass = 0.98 m,, and m,is the transverse mass = 0.19 my.With
the application of strain, the tensile strain in nMOSFETs induced the valence band
splits into the four in-plane valleys (44) and the two out-of-plane valleys (42), as
shown in Fig. 1-1(b). This causes electrons preferentially populate the 42 band which
is lower in energy. The electron mobility énhancement due to intervalley phonon
scattering between the 42 and 44 valleys can be reduced and in-plane effect mass in
the band can be reduced too. For holes, the valence-band structure of Si is more
complex than the conduction-band. For unstrained Si at room temperature, holes
occupy the top two bands, the heavy- and light-hole bands. With the application of
strain, the hole effective mass becomes highly anisotropic due to band warping, and
the energy levels become mixtures of the pure heavy, light, and split-off bands. In
order to get higher hole-mobility, the biaxial tensile stress provides a low in-plane

conductivity mass and reduces inter-band scattering, as shown in Fig. 1-2.



By using strain technology, many methods can be used to improve electron and

hole mobility, such as Ge or SiGe epitaxy in channel [11-12] - different substrate

orientation (110) or (111) [13-15], and process induced strain [17-21]. For example, Si

and Ge are miscible and lattice mismatch of about 4.2%, which can effectively

provide strain in local channel region. When a thin film with a large constant (Si,.xGex)

grown on a substrate of silicon, the film retains the in-plane lattice constant of the

substrate and is under a biaxially compressive strain. On the contrary, with epitaxy a

Si thin film on Ge or Si;.xGey substrate [16], the film can get a biaxially tensile strain.

Biaxial compressive strain substratc enhances hole-mobility, but degrades

electron-mobility. Biaxial tensile “strain to’chanhnel enhances electron and hole

mobility. However, the cost of “process, Tow thermal budget and some production

problems still need to be solved appropriately.

Process induced strain has been used to produce uniaxial strain. Several

approaches such as silicon nitride ( SisN4 ) capping layer [17], shallow-trench

isolation(STI) [18], silicidation processes [19], and embedded SiGe S/D [20] or SiC

S/D [21] have been utilized to realize the local strain. Recently, stress memorization

technique (SMT) has been reported to enhance electron-mobility on nMOSFETs and

widely studied by different methods [22-24]. This process induced strain technique

has been developed to use the polycrystalline silicon gate as a stressor to generate



tensile strain in the nMOSFETs silicon channel. Ota et al. reported significant
strain-related nMOSFETs performance improvement from residual stress [25], as
shown in Fig. 1-3. The strain process was executed after arsenic implantation at
source/drain regions. This implantation step could change the polysilicon gate and
S/D Si into amorphous silicon. Then, a tensile SiO, layer (PECVD) was deposited on
the polysilicon gate and S/D regions. Wafers were then annealed the device at a high
temperature and stripped the stressed film. The observed performance improvement
of devices was attributed to the channel strain. The stress effect was found to be
enhanced and memorized to affect.the channel stress underneath the re-crystallization
poly-Si gate. After removal of-S10; layer, the strain-was memorized in place by the
polysilicon re-crystallization process ;" as shown in Fig. 1-4. A new strain booster
named as Dopant Confinement Layer technique (DCL) that is novel Stress
Memorization Technique has been reported [26], which is added on the conventional
CMOSFET structure, as shown in Fig. 1-5. Gate electrode is fabricated as follows: 1*
Si deposition, implantation to pMOSFETs, implantation to nMOSFETs, 2st Si
deposition, and gate etching. After S/D regions were implanted, dopants were
activated by using a spike annealing. After this process, a strong residual strain was

added to the channel region at the same time.



1-2 Motivation

As the scaling of design rule such as poly-pitch is shrunk for high density logic
circuits, mobility enhancement will be limited by stressor volume and process
integration issues. One of the critical challenges in the integration of dual-stressed
overlayers into a logic CMOS technology is the patterning and dedicated removal of
the stressed material. Optimized layer stacks and dedicated etch processes have to be
used to avoid patterning problems [27], as shown in Fig. 1-6. Another problem we
meet is the longitudinal tensile stress will be limited as the stressor volume reaches its
saturation point ( as shown in Fig. 157'), and even caused the performance degradation
[28]. In this work, we propose a novel strain proximity free technique (SPFT) to
prevent the limitation of stressot volume for jperformance improvement in high
density CMOS circuits. Stacked a-Si/poly-Si gate structure has been reported to
enhance channel stress and electron mobility. We also demonstrated that the stacked
gate structure with optimization of a-Si/poly-Si thickness can further improve the

performance on nMOSFETs.

1-3 Thesis Organization

This dissertation is divided into four chapters as follows:
In chapter 1, a brief general background of strained Si devices is introduced to

describe the various characteristics. Then we discuss recent studies in local strained



channel devices with stress memorization technique (SMT) and motivation of our

study.

In chapter 2, we report the process strain proximity free technique (SPFT) and

stacked a-Si/poly-Si gate structure for fabricating n-channel metal oxide

semiconductor field effect transistors.

In chapter 3, we demonstrate the characteristics of strain proximity free technique

devices and Si3Ny4 capping layer. The improvement of electron mobility is turn out by

elevating strain in the channel region. Moreover, we found that the strain dependence

of mobility enhancement will become significant'by using both SPFT and stack of

a-Si gate structures. Then we discuss the important issue while we attempt to enhance

carrier mobility by introducing strain in'the channel-region on device fabrication.

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

Recommendations are also given for further study.
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Fig. 1-1 Conduction-band structure of (a) bulk Si and (b) strained-Si.[10]
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FIG. 1-2 Valence band of (a) bulk Si and (b) Si under biaxial tension.[10]
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Chapter2

Device fabrication

The process flow is illustrated in (1) ~ (13). After BF, implantation for p-well
region, CVD SiO, for oxidation enhanced diffusion (OED) in well drive-in process.
Active region alignment followed pad oxide and Si3Nj4 deposition. After SizNs was
etched, BF, implantation for the stack of channel stopped. Then, field oxidation was
carried out in the high temperature ambient for LOCOS isolation. Two sacrificial
oxide deposition followed SizN4 removal process was executed to eliminate Kooi
effect. Then, threshold voltage adjustment from arsenic implantation and phosphorus
implantation was performed in order to anti-punch through. After RCA cleaning
process, 25A gate oxide was carried’out in vertical furnace (800°C,0, ambient).
Amorphous silicon (a-Si 550 0C,SOO-7OOA’) and in-situ doped n" poly-Si were
deposited in the same ambient followed by gate oxide. The total thickness of
poly-gate for all samples is 2000A. The process flow of SPET is included by high
tensile stressor deposition (Si3Ng4 ISOOA), rapid thermal annealing 1050 °C and
remove SizN4. Then, poly-Si and a-Si etch followed gate alignment process. After
sidewall polymer removal, source/drain extension implantation, sidewall spacer and
S/D (As, 15kev, SE15) formation are processed. Rapid thermal annealing was carried

out in nitrogen ambient at 1050 °C for 10 seconds followed p+-substrate implantation

-11 -



(BF,, 50 kev, 2.5E15). Thermal CVD Si3Ny layer (at 780 °C) with 1000A was directly
on all the transistor and followed by TEOS (at 700 °C,4000A) deposition. After
contact alignment, TEOS and SizN4 etch were carried out in the same system. This
step is the key to this experiment. First, we used the dry etching process to remove the
upper TEOS and dipped in BOE solution to confirm that the remnant TEOS was
completely removed. Then, we used another recipe to etch the lower Si3N4 layer in the
same system. In order to protect the Si surface without plasma etching damage, Si3N4
layer was etched in two-step. We calculated the Si3N4 etching rate and kept 200A after
dry etching process. Then, we used H;PO4 wetretch solution over-etching (20%) to
confirm the contact hole without the residual” SiN layer. After this processes,
four-level metallization (Ti/TiN/Al/TiN) were carried out in PVD system and final
alignment was followed this step. Etching metal process, annealing in a H, / N,
ambient at 400 °C for 30 minutes was performed in order to mend dangling bonds and

reduce interface state density in oxide/Si interface.

-12 -
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Chapter 3

Results and Discussion

3-1 Summary of stacked a-Si/poly-Si gate structure
In this section, we would introduce the strain effect of the stack of a-Si and poly-Si
gate structure. nMOSFETs with three different structures has been fabricated as
shown in Table I and Fig. 3-1. In Fig 3-2 illustrates a measured C-V profile with
different gate structures with fixed thickness of Si3N4 capping layer (CESL lOOOA).
The accumulation capacitances in long channel devices (100 um) are almost the same
as that of the conventional devicesdnd the EOT.is about 26.5A. The dependence of
Id-Vg characteristics was measuredat Vd = 0:1V on different thickness of amorphous
(a-Si) layer are shown in Fig'.3-3.9The dépendence of Id-Vg characteristics is
measured at Vd = 1V on different thickness of a-Si layer is shown in Fig. 3-4. The
improvement of current (linear curve) drivability is in proportion to thickness of a-Si
and would not decrease loff current in all samples. Fig. 3-5 and Fig. 3-6 show the
threshold voltages (measured at Vd = 0.1V or Vd = 1V) of the device with a-Si layers
of different thicknesses. The threshold voltage is proportional to the thickness of a-Si
layer. The a-Si stack layers increasing that Vth is small than control sample. We
conjecture this is related to the bandgap narrowing effect caused by the channel strain

[39]. Fig 3-7 indicates there are no significant differences of DIBL (Drain Induced

=20 -



Barrier Lowing) effect among all samples. Fig. 3-8 shows the transconductance (Gm)

increases with the increase of thickness of a-Si layer. The a-Si-700/poly-Si sample can

improve 14.5% compare to control sample in the channel length at 0.4pm. This result

implies that the strain dependence on mobility enhancement by stack of a-Si gate

structure. The mechanism of the stress elevation could be as follows: before the

dopant activation process, the stacked gate is in amorphous phase due to the bottom

a-Si and high dose implantation of arsenic on top of poly-Si. The recrystallization of

amorphous region during the rapid thermal annealing step leads to the shrinkage of

total thickness of stacked a-Si gate,[29] and results in the residual compressive stress.

Therefore, the compressive stress in the stacked gate-provides additional high-tensile

strain to the channel regionis Fig:' 3-9 tepresents the a-Si-500/poly-Si and

a-Si-700/poly-Si samples compare to the control sample Poly-2000 that the Gm

enhancement percentage with different channel length. We can see that the Gm

enhancement reaches 8 ~ 12% at the channel length between lum to 0.4um in the

a-Si-500/poly-Si sample. For the a-Si-700/poly-Si split, it is seen that the Gm

enhancement reaches 14 ~ 17.5%. The dependence of output characteristics on

different thickness of a-Si layer is shown in Fig. 3-10. The drain current of

nMOSFETs with a-Si-700/poly-Si showed 12% and a-Si-500/poly-Si shows 6%

increased compare to the poly-Si at a channel length of 0.4 um. Fig. 3-11 represents

-21 -



a-Si-700/poly-Si sample that the drive current enhancement reaches 10~15% and

a-Si-500/poly-Si enhancement reaches 5~9% compared to the control sample at the

channel length between 1um to 0.4 um. It is very interesting since the improvement of

current drivability and Gm increase as thickness on a-Si layer is increased. This may

be due to the thicker a-Si layer when re-crystallization during rapid thermal annealing

provides more residual tensile strain than thin a-Si layer in the channel region.

-22 -



Si;Ns-capping layer )
Si;N4 1000A
Gate structure

Poly-2000 \%
a-Si-500/Poly-1500 \%
a-Si-700/Poly-1300 \%

Table. I Gate structure with fixed:Si3N4for local strained channel devices.
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Fig. 3-2 C-V characteristics for different thickness of a-Si layer.

-25-



Drain Current (A)

Id-Vg (measured at Vd = 0.1 V) for length = 0.4 z m

—n— Poly 2000

1 0'4 —0—aSi-500/poly1500 \ A\MANNNGROCERREEEEEEEES
—A— a-Si-700/poly1300/A&
-5
10 On
-6 e | .
1 0 AO/.’ e —=—Poly 2000 L8 o
/N E 0.20 || —o— a-Si-500/poly1500 AA§00002 L
10'7 /A’ /O/. :é" . —A— a-i-700/poly1300 /Aégoo._- "
-8 A /C)/. g /éé:«'-
1 0 A/ (:)/. O 910 A/é o
1 1 o
10° e s
A &
10-10 A/ O;. %% 0.5\Aﬁ 10 5 2.
7 O/. Gate Voltage (V)
-11 /
10 A~
O
105/ I L/W = 04 1 m/10 ;2 m
-13 ||
10 . . .
0.0 0.5 1.0 1.5 2.0

Gate Voltage (V)
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Fig. 3-4 13-V, characteristics for different thickness of a-Si layer.
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Fig. 3-5 Threshold voltage for different thickness of a-Si layer.
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Fig. 3-7 DIBL for a-Si layer with different channel length.
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Fig. 3-8 Transconductance for different thickness of a-Si layer.
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Fig. 3-10 14-V4 characteristics for different thickness of a-Si layer.
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of a-Si layer. The saturation current was defined at Vg-Vy, =1.5 V and Vpg =2.5 V.
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Chapter 3-2 Summary of strain proximity free technique ( SPFT )
Now, we would describe the strain effect by using Strain Proximity Free Technique
(SPFT). The poly-Si gate with two different technique of the SPFT (Strain Proximity
Free Technique) and PAI (Poly Amorphous Implantation) with fixed thickness of
Si3Ns  capping layer has been fabricated as shown in Table II and Fig3-12. Fig 3-13
illustrates measured C-V profile that the accumulation capacitance in long channel
devices (100 pum) is almost the same as that of the conventional devices and the EOT
is about 26.5 A. The dependence of Id-Vg characteristics with Vd = 0.1V with
different technique of poly gate isishown in Fig. 3-14. The dependence of Id-Vg
characteristics was measured at-Vd= 1V on different-technique of poly gate is shown
in Fig. 3-15. The improvement of:current (linear curve) drivability by using SPFT and
PAI SPFT technique was enhanced. In Fig. 3-16 and Fig. 3-17 show the threshold
voltages were measured at Vd = 0.1V and Vd = 1V with different techniques. It found
the threshold voltage has slight roll-off characteristics among the devices and the
control sample describes a pronounced reverse short channel effect (RSCE). By using
SPFT and PAI _SPFT technique, the Vth are smaller than control sample. This is
related to the bandgap narrowing effect caused by the channel strain. Fig 3-18
indicates there are no significant differences of DIBL (Drain Induced Barrier Lowing)

effect among all samples. Fig. 3-19 shows the Gm increases with the SPFT and
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PAI SPFT technique. The SPFT sample improves 19% and the PAI SPFT sample

improves 21% compare to control sample in the channel length as 0.35 pum. A simple

model is presented to explain the mechanism of PAI SPFT technique. As in Ref.

[30-31], it was reported that the vertical compressive stress is the major part of stress

in SMT process. However, SPFT process and conventional SMT technique are

different as the implant process. From the report [28] that it is very interesting in

SMT2 sample which was fabricated with high temperature stress memorization during

the final RTA-requires differential process, but not necessarily S/D amorphization. It

found the SMT2 sample in NMOS 'saturated drive current improve 20%. The SMT2

sample process is similar to the-SPFT technique. We advance simple model to explain

the mechanism of SPFT technique. The polysilicon film is a temperature dependent

elastic-plastic material [31]. When increasing temperature the polysilicon is elastic

upto the yielding point and then is plastic beyond the yielding point [32]. The

polysilicon in plastic region will cause residual strain and deformation, as showed in

Fig. 3-20. During the RTA process, the changes in the poly silicon film microstructure

re-crystallization and grain change can account for some of the stress variation

[33-34]. In our sample the poly-silicon grain size with SPET process and without

SPFT is compared by AFM and SEM in Fig. 3-21 and Fig. 3-22. Mean grain size for

poly silicon without SPFT is 94nm, while the size with SPET becomes smaller down
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to 72nm. There is possibility that grain size changes during SPET process may induce

tensile stress memorization phenomena in the channel region [35]. It will provide a

high vertical compressive strain on poly-Si after RTA process and a residual strain

will be induced in poly-Si. This mechanism could be explained the stress elevation by

using SPFT to enhance electron mobility. In Fig. 3-23, as the gate length is scaling the

percentage increase of Gm with the SPFT and PAI SPFT samples compared to the

control sample. Fig. 3-24 shows the drain current enhancement reaches 13% in the

SPFT samples and 15% in the PAI_SPFT samples compare to the control samples at a

channel length of 0.35 um. As the’gate length is scaling the percentage increase of

drive current of the SPFT and PAI__SPFT samples compared to the controls sample in

Fig. 3-25.

-37-



split PAI SisN, RTA Remove
(S:As / E:10kev | (1500 A) (1050°C) | SizNy
Gate structure / D:1E15)
Poly 2000
Poly 2000 \% \% A%
Poly 2000 Vv v \% \%
SPFT process

v

&
<

Table. I Poly gate with SPFT and PAI SPFT technique.
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Fig. 3-13 C-V characteristics for SPFT and PAI SPFT technique.
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Fig. 3-16 Threshold voltage for SPFT and PAI SPFT technique.

-43 -



o
o
[

=)
3]
~

o
o
=)

0.54

0.53

Threshold Voltage (V)
3

0.52

Vt (sat) measured at Vd=1 V

/I I\./IiI\.
//I
O
0——O0 A
O/A/A A/ —A—A
RN

—n:'Poly2000
“o—Poly'2000 SPFT
~«2— Poly 2000: PAl_SPFT

04 06 08 1.0
Channel Length (um)

Fig. 3-17 Threshold voltage for SPFT and PAI SPFT technique.

-44 -




L/W=0.35/m/10 um

B PP o eaf
1E—4;- Vd=1v 3 1E_4i. Vd=1v p 1
1E5f & 1 1E-5y &£ 1
= & / { ES) g / i
1E7f N Vd=0.1v { _ 1E7} 0 Vd=0.1v .

< E8fp  ° { < esfp O 1

T B9 o 13 B 0 i

1E-10 I' QQ -‘ 1E-10 |' g@ '|
E1) 0 Swing=85.1mv/dec 1 M o Swing=85 mv/dec 1
1124 | 1E2p0 :
1E-13 . 1 . 1 . 1 . 1 . 1 1E-13 o, 1 I 1 I 1 I 1 1
00 05 1. 5 20 25 00 05 10 15 20 2
Vg (v) Vg (V)
(a) Poly 2000 (b) Poly 2000 SPFT
3 v ) ) ) 10 ' ) ) )
=13 .
1g4f VA=1v ¥ EH = Poly 2000
1E-5f g _ : 5T o Poly 2000+SPFT
1E6F g Vd=0.1v -~ . ~ Poly 2000+PAI+SPFT
— 1E7} 0 JEEZ 6k
< E Q >
< 18 Q { & .
S 1E9 |- Q@ 1 1 4F 2 n n
1E-10 [ Q@ 1 “EJ T\ 1) [ LI |
ENf _ 1 ok 2 s o
1E-12 Swing=85mv/dec 1
1E-13 n 1 n 1 n 1 n 1 1 NP B EPEPE EPEPEPEPEPEPIPE I IPIPIPY P
00 05 10 15 20 25 0 0.4 0.6 08 1
Va (V) Channel Length (um)
(c) Poly 2000 PAI SPFT (d) DIBL for SPFT and PAI SPFT.

Fig. 3-18 DIBL for SPFT and PAI SPFT technique.

- 45 -



L/W=0.35/m/10 um

a ) ) )
= 500 ]
Q
o
S 400 ]
el
Q
S 300 ]
c
o
9 200 - ]
c —u— Poly[2000 " |
o —o— Poly 2000 SPFT "~-.§A_@%
— 100} —»— Poly2000_PAl_SPFT "
0 " [ 2 [ " [ "
0.0 0.2 0.4 0.6 0.8
V,,-V, ()

Fig. 3-19 Transconductance for SPFT and PAI SPFT technique.

- 46 -



i failure
elastic “
'L
N Yield Stress
/
Y i +
. plastic
c .

€

Fig. 3-20 Stress—strain curve showing the elastic and plastic regimes.[32]

-47 -



3523

[hm]

0.00

2000 sample.

(b) 3-D AFM image for Poly

(a) AFM image for Poly 2000 sample.

3297

[rim]

0.00

ple.

2000 SPFT sam

ple (d) 3-D AFM image for Poly

2000 SPFT sam

(c) AFM image for Poly

21 AFM image for Poly 2000 sample and Poly 2000 SPFT sample.
- 48 -

2000 sample mean grain size is 94 nm and Poly 2000_SPFT sample

mean grain size is 72 nm.

Fig. 3
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(a) SEM image for Poly 2000 sample.
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Fig. 3-22 SEM image for Poly 2000 and Poly 2000 SPFT samples. The grain size is
between 77 nm and 106 nm in Poly 2000 sample and grain size is between 64 nm and
79 nm in Poly 2000 SPFT sample.
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Fig. 3-23 Transconductance increase versus channel length with SPFT and
PAI SPFT technique.
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Chapter 3-3 Summary of stacked a-Si gate structure with SPFT

In this section we would describe the local strained technique by using stacked a-Si
gate structure with SPFT. The dependence of Id-Vg and transconductance
characteristics with SPFT and a-Si-700/poly1300 SPFT gate structure technique are
shown in Fig. 3-26. It found that the SPFT can further increase Gm 16% compare to
the control sample. Moreover, the Gm increases 23% could be achieved when
a-Si-700/poly1300 SPFT gate structure. The mechanism of the stress enhancement in
stacked a-Si-700/poly1300 gate could be as follows: the re-crystallization of
amorphous region during SPFT process leads:to shrinkage of total thickness of
stacked a-Si/poly-Si gate and tesults in the residual tensile strain to channel. The
stacked gate structure with optimization of a-Si/poly-Si thickness will provide more
vertical compressive stress and longitudinal tensile stress into channel region. By
using SPFT process and a-Si-700/poly1300 SPFT gate structure that the Vth is small
than the control sample, as showed in Fig. 3-27. The shift of Vth may cause to the
bandgap narrowing effect caused by the channel strain. In Fig. 3-28, as the gate length
is scaling the percentage increase of transconductance of the SPFT and
a-Si-700/poly1300 SPFT gate structure compared to the control sample. Fig. 3-29
shows the drain current enhancement reaches 11% in the SPFT and 16% in

a-Si-700/poly1300 SPFT samples compare to the control sample at a channel length
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of 0.4 um. As the gate length is scaling the percentage increase of drive current of the

SPFT and a-Si-700/poly1300 SPFT gate structure samples compared to the control

sample in Fig. 3-30.
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Fig. 3-26 Id-Vg and transconductance characteristics with SPFT and
a-Si-700/poly1300 SPFT gate structure.
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Fig. 3-28 Transconductance increase versus channel length with SPFT
and a-Si-700/poly1300 SPFT gate structure.
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Fig. 3-29 14-V, characteristics for SPFT and a-Si-700/poly1300 SPFT
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Fig. 3-30 Saturation current increase versus channel length with SPFT and

a-Si-700/poly1300 _ SPFT gate structure. The saturation current was defined at
Ve-Vau=1.5Vand Vps=2.5V.
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3-4 Hot carrier reliability

One of the serious reliability problems posed by continued shrinking of MOSFETSs
into the submicron regime is the hot-carrier effect . If device channel length in scaling
and the power-supply voltage remains constant, the internal lateral electric field is
increasing so much. This would cause the inversion layer charge acquire energy (or a
high effective temperature, thus called hot carriers) enough to impact ionization that
generates electron-hole pairs in silicon (as shown in Fig. 3-31), and leads to a number
of harmful devices phenomena. The most important hot carrier effect is the damage
inflicted to the gate oxide and Si/SiO2 interface. This causes a time dependent
degradation of various MOSFET characteristics, “for example, threshold voltage,
linear region transconductance, subthreshold slope (swing), and saturation current.

The substrate current of the SPFT and PAI'" SPFT samples with various channel
lengths are shown in Fig. 3-32. It significant seen the SPFT sample substrate current
is much larger than the control sample with reducing channel length. And PAI SPFT
sample substrate current has slightly larger than SPFT sample at the same channel
length. In Fig. 3-33, the a-Si-700/poly1300 SPFT sample substrate current is larger
than the other splits with reducing channel. The results indicates that the channel
strain enhance mobility and impact ionization rate [36-37]. An empirical expression
for substrate current is Iy, @ exp (-¢i/ g AE), where A is the mean-free path of

electrons and E is the electric field. ¢ : is the minimum energy for impact ionization,
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which is shown to be about the magnitude of the bandgap [38-39]. Therefore, the

bandgap narrowing will act on substrate current. In Fig. 3-34 shown the substrate

current with three splits of samples at Vds = 3.5 V and channel length is 0.35um. The

devices were stressed at Vds = 3.5 V and Vgg at maximum substrate current. The

Id-Vg and transconductance characteristics with three samples at Vds=0.1 V were

measured before and after stress 5000 seconds as shown in Fig. 3-35. The stress

degradation caused by the hot electrons. We found that the shift of threshold voltage

(AVa) and degraded peak transconductance (A Gm) are slightly higher in SPFT

sample as a function of the stress.time. This result is attributed by improving drain

current and induced higher substrate current, as shown in the inset in Fig. 3-36 and

Fig. 3-37. In Fig. 3-38 shown “the substrate current with another three splits, hot

carrier were stressed at Vds = 3.5 V and Vgs at Iy mex, the 1d-Vg and

transconductance characteristics were measured at Vds = 0.1V before and after stress

5000 seconds. We found that the shift of threshold voltage (A Vw) higher in SPFT

sample as a function of the stress time (shown in Fig. 3-39). But degraded peak

transconductance (A Gm) higher in a-Si-700/poly1300 _ SPFT sample as shown in

Fig. 3-40.
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Fig. 3-31 Schematic showing electron-hole pairs generation by impact
ionization due to hot electrons.
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Fig. 3-32 Substrate current versus gate voltage with the three splits in
different channel lengths of 0.4, 0.7, 1.0 um.
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Fig. 3-33 Substrate current versus gate voltage with SPFT and
a-Si/poly1000 SPFT splits in different channel lengths of 0.4, 0.7, 1.0
um.

-65 -



—_ | ' ' ' f'lf Il"oly 'ZOOOI
< 0.06 ) —o— Poly 2000_SPFT
é - Y\—2— Poly 2000_PAl_SPFT
0.05 J
e
el 0.04 W/L=10/0.35 um
5|
&
o 0.03
)
© !
7 0.02
o !
& 0.01
0 L /-~ 1 " 1 . 1 . 1 4
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Gate Voltage (V)
(a) Substrate current
10°
10* Poly 2000_SPFT = 5 700
F W/L=10/0.35 u . i
10° O stress_10s.] 600
Py . stress_100s
< 10° —v—'stress_200s |
: 7 stress. 500s7] 500
c 10 —<— stress_1000s]
[<}] 8 stress_2000s| 400
t 10 —O— stress_30009
8 10° o 7 siress_5000 309
c 10"
& 10" 200
a 1072 pat 100
10k
0.0 0.5 1.0 1.5 2.0
Gate Voltage (V)

(c) Before and after 5000s hot electron
stress hot electron stress for the SPFT
sample.

Drain Current (A)

Drain Current (Ae)

Transconductanc

&

10° ¥ Poly 2000 ,:
10™ f W/L=10/0.35 um =7 et 600
10° —o— stress_10s

6 stress_100s 4 500
10 —v— stress_200s |

7 stress_500s
10 —<— stress_1000s] 400
1 0'8 stress_2000s 1

9 —0— stress_3000s4 300
10 3 +— stress_5000s |
107 LS {200
10™ %& ]
10™2 SRS -4 100
10" ke : 1o

0.0 0.5 1.0 1.5 2.0

Gate Voltage (V)
(b) Before and after 5000s hot
electron stress for the control
sample.

10° .

4 Poly 2000 PAI_SPET.- i 700
10°F W/L=10/0.35 u e

-5 —O0— stress_10s
10 stress_100s - 600
10° —v— stress_200s |

7 stress_500s - 500
10 —<— stress_1000s]
1 0-3 stress_2000s{ 400

9 _ —O— stress_3000s]
10 —— stress_5000s| 59
10" 1
1 0-11 200
10" § 4 100
10™ g

0
0.0 0.5 1.0 1.5 2.0
Gate Voltage (V)

(d)Before and after stress 5000s
stress hot electron stress for the
PAI SPFT sample.
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Fig. 3-35 Subthreshold and transconductance characteristics for
the SPFT and PAI_SPFT samples before and after stress 5000 sec.
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Summary and Conclusion

In summary, we have proposed strain proximity free technique (SPFT) in
nMOSETs, it could be solve etch processes problems with dense structure in logic
CMOS circuit. We found that the transconductance (Gy) exhibits an 16% increase and
drain current improve 10% at channel length 0.4  m of nMOFETs with SPFT and the
hot carrier stress would not serious damage. A multiple strain-gate engineering that
utilizes the SPFT and a stacked a-Si/poly-Si gate structure. The Gy and current
drivability could be improved by controlling the SPFT process and the thickness of
stacked gate structure. Without the limitation ©of stressor volume in high density
CMOS circuits, we believe this-scheme, by using both SPFT and stacked a-Si/poly-Si
gate structure will provide us a guide line to Keep. continuous improvement in future

CMOS technology.
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