Chapter 1

Introduction
1-1 General Background

As the scaling of CMOS structure reaches its fundamental limits, the improvement
of carrier mobility has been intensively studied by introducing strain in the channel
region. This has been demonstrated in a strained Si devices on SiGe substrate which
have been used the lattice mismatch between Si and SiGe. Theoretical calculations
indicate that Si strained in biaxial tension should exhibit a higher mobility than bulk
Si. The tensile strain induced quantization in the.MOS inversion layer formed by the
triangular potential well splits the;six-fold degenerate Si conduction band minimum
into a two-fold (/\,) and a four-fold (/\4) degenerate band. A self-consistent
Schrodinger-Poisson solution was used to determine the sub-band splitting. The
population of the /\, and /\4 bands is then the total number of electrons in all of their
respective sub-bands. The energy difference /AE between A, and A4 bands will
determine the total relative population of the bands. Since electrons preferentially
populate the A\, band, which is lower in energy, the electron mobility enhancement
due to the stronger population primarily reflects the reduction in inter valley phonon
scattering, and the reduced in-plane effective mass in this band [1-7]. However, the

fabrication of the strained Si devices is more complicated, such as forming a relaxed



SiGe buffer layer. Recent studies have shown that the uniaxial strained channel from a

contact etch-stop silicon nitride (SiN) layer affects the current drivability [5-6].

Depending on the deposition condition, the SiN layer which is placed directly over the

transistor can generate high level internal stress that is either tensile or compressive.

In general, SiN layer with tensile stress produced by thermal CVD and with

compressive stress produced by PECVD. Unfortunately, uniaxial tensile strain only

improves the electron mobility but degrades the hole mobility and the compressive

strain is in the opposite direction. The drive currents of NMOSFETs and pMOSFETSs

are therefore in trade-off relationship in terms ef mechanical strain. In order not to

degrade either of them, Local Mechanical-Stress Control (LMC) technique has been

demonstrated [7-8]. It utilized a"SilN layer with high mechanical stress and selective

Ge-ion implantation into the SiN layer, can improve the performance of nMOSFETSs

and pMOSFETs simultaneously. Ge-ion implantation which destroyed many bonds

can relax the stress in SiN layer. The stress level of SiN layer decreased as the Ge-ion

implantation energy is increased. However, additional Ge implantation process has to

increase one more photo alignment in CMOS process. This kind of strained Si devices

has many difficulties in manufacturing and increases the total cost in CMOS process.

For this reason, the local strained channel (LSC) technique is proposed which

provides highly tensile strained channel only in nMOSFETs by forming



compressively strained poly silicon (poly-Si) gate electrodes [9]. Compressive stress
of n*-poly gate, which is enhanced by cap high tensile SiO, and annealing process,
derives from expansion of arsenic implanted poly-Si. On the other hand, p-channel is
not strained, because boron implanted poly-Si is hardly expanded. Therefore, the
improvement of current drivability of nMOSFETSs without degrading the performance
of pPMOSFETSs has been realized.

In this study, we proposed a local strained channel technique that using deposition
of SiN layer with high mechanical stress and demonstrated the stack of amorphous
silicon (a-Si) and poly-Si gate which compare.to that of the single-poly-Si gate
structure. It was found that, the-stack of a-Si-and poly-Si gate is estimated to increase
tensile strain in the channel region compare to that of the single-poly-Si gate structure.
The mechanism of the stress elevation could be as follows: before the dopant
activation process, the n*-poly gate is in amorphous phase due to the stack of a-Si and
high dose implantation of arsenic. The re-crystallization of amorphous region during
rapid thermal annealing leads to n*-poly gate expansion, and resulting in residual
compressive stress [9]. Furthermore, thermal CVD SiN-capping layer with highly
tensile stress enhances compressive strain in the n*-poly gate. Therefore, the highly
compressive stress in n*-poly gate provides high tensile strain to the channel region.

We experimentally demonstrate the improvement of current drivability of NMOSFETSs



with control the stress to the channel region. The drain current is improved 17%

compared to that of the conventional devices. The current drivability can be enhanced

by controlling the thickness of the a-Si stack and SiN-capping layer. We believe that

the performance changes are caused by changes of the electron mobility. We also

demonstrated the threshold voltage can be tunable with different thickness of the SiN

layer. We found that the strain dependence of mobility enhancement will become

significant by using both SiN-capping layer and stack of a-Si gate structures.

1-2 Thesis Organization

This dissertation is divided inta fourchapters 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 and motivation of our study. The organization throughout this

dissertation is described here.

In chapter 2, we report the process flow with the stack gate poly-Si and

SiN-capping layer for fabricating n-channel metal oxide semiconductor field effect

transistors.

In chapter 3, we demonstrate the characteristics of local strained channel devices



with the stack gate poly-Si and SiN 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
SiN-capping layer 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.



Chapter 2

Device fabrication

The local strained structure with the stack of a-Si and SiN-capping layer has been
fabricated. The schematic cross section is illustrated in Fig. 2-1. After BF;
implantation for p-well region, CVD SiO, for oxidation enhanced diffusion (OED) in
well drive-in process. Active region alignment follows pad oxide and SisN4 deposition.
After SizsN4 etch, BF;, implantation for the sake of channel stop. Then, field oxidation
was carried out in high temperature ambient for LOCOS isolation. Two sacrificial
oxide deposition followed SizN, removal process to eliminate Kooi effect. Then,
threshold voltage adjustment: form by drsenic -implantation and phosphorus
implantation was performed in“.order*to anti-punch through. After RCA cleaning
process, 2.5nm gate oxidation was carried out in vertical furnace (800°C, O, ambient).
a-Si (550°C, 20-70nm) and in-situ doped n* poly-Si (550°C) were deposited in the
same ambient followed by gate oxidation. The total thickness of poly-gate for all
samples is 200nm. Then, poly-Si and a-Si etch followed gate alignment process. After
sidewall polymer removal, wafers underwent n*-source / drain implantation (As, 20
kev, 5E15) followed alignment process. Rapid thermal annealing was carried out in
nitrogen ambient at 1050°C for 10 seconds followed p*-substrate implantation (BF»,

50 kev, 2.5E15). Thermal CVD SiN layer (at 780°C) with different thickness,



20-280nm, was directly deposited on the transistor and followed by TEOS (at 700°C,

350-550nm) deposition. After contact alignment, TEOS and SiN etch were carried out

in the same system. This step is the key to this experiment. In the first place, we used

the dry etching process to remove the upper TEOS and dipped in BOE solution to

confirm that the TEOS was completely removed. Then, we used another recipe to etch

the lower SiN layer in the same system. In order to protect the Si surface without

plasma etching damage, SiN layer was etched in two-step. We calculated the SiN etch

rate and kept 20nm after dry etching process. Then, we used H3PO, solution to etch

the residual SiN layer. In order to.confirm the contact hole without SiN residual, an

over-etching (100%) step in the wet etching process was used. After these processes,

(Ti/ TiN / Al / TiN) four-level metallization were carried out in PVD system and final

alignment was followed this process. After the metal etching 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.



T

Fig. 2-1 Schematic cross section of the local strained channel nNMOSFET.



Chapter 3

Results and Discussion
3-1 Single-poly-Si gate structure with different thickness of SiN-capping layer

nNMOSFETs with four different structures of the stack of a-Si and four different
thickness of SiN-capping layer has been fabricated as shown in Table I. In the first
place, we discussed the characteristics of the single-poly-Si gate structure with
different thickness of SiN layer. The dependence of 13-V characteristics on different
thickness of SIN layer is shown in Fig. 3-1. The improvement of the drain current is in
proportion to the thickness of SilNilayer. The transconductance increases with the
increase of thickness of SiN layeris shown-in Fig. 3-2. This result implies that the
increase of electron mobility is the cause of the observed enhancement of the drain
current. The mechanism could be as follows: CVD SiN layer with highly tensile stress
provides compressive strain in the poly-Si gate and induces highly tensile strain to the
channel region. The strain induced quantization in the inversion layer formed by the
triangular potential well, splits the conduction band and increases the total relative
population energy. The electron mobility enhancement due to the stronger population
primarily reflects the reduction in inter valley phonon scattering, and the reduced
in-plane effective mass in this band. However, if the thickness of SiN layer is not

thick enough, the strain effect is not clear and obvious, even cause the performance



degradation. The pronounced enhancement of drain current with capped SiN layer is
shown in Fig. 3-3. The drain current of nMOSFETs with capped 2800A SiN layer
shows 15% increased compare to that of the conventional device. The dependence of
threshold voltage on different thickness of SiN layer is shown in Fig. 3-4. The
threshold voltage decreases as the thickness of SiN layer is increased. This result
indicates that we can tune the threshold voltage by different thickness of SiN-capping
layer for other device applications. Fig. 3-5 illustrates a measured C-V profile with
different thickness of SiN layer. The inversion capacitance and flat band voltage in
long channel devices (10 um) are almost the same as that of the conventional devices.
However, if the threshold voltageidepends on SiN thickness, we should observe the
difference in C-V characteristics. To see What happens, we measured the C-V
characteristics for short channel devices (5 um). Fig. 3-6 illustrates a measured C-V
profile of 5um channel length devices with different thickness of SiN layer. We
observed that the flat band voltage shift increases with the increase of thickness of
SiN layer. This fact means that the strain dependence of performance enhancement is
only pronounced in short channel devices. Based on this result, we suspected the
threshold voltage decreases with the increase of SiN thickness is due to the short
channel effect. The effective channel length could be reduced during SiN deposition.

The threshold voltage roll-off characteristics are illustrated in Fig. 3-7. The short
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channel effect increases with the increase of thickness of SiN layer. However, even
though the short channel effect is getting serious, the threshold voltage in the strained
devices is still larger than the conventional device except the sample with capped
2800A SiN layer. This maybe is due to a long processing time for deposition of
thicker SIN film. However, the short channel effect is not serious in the observed
results. Therefore, we believe that the improvement of current drivability is
dominated by introduced tensile strain to the channel region. The dependence of
junction resistance by capping SiN layer of different thickness is shown in Fig. 3-8. It
shows that the enhancement of current drivability is not due to the reduction of
junction resistance. This implies that the junction profile is almost the same during
SiN deposition. Fig. 3-9 shows the~dependence: of junction leakage current on
different thickness of SiN layer. The leakage current increases with the increase of
thickness of SiN layer. The stress elevation could generate more leakage path in the
junction area. However, it is not serious and results in little difference with the
increase of SiN thickness. Fig. 3-10 ~ Fig. 3-12 illustrate the charge pumping
measurement to define the quality of oxide / Si interface after the strain is introduced
to channel region. The dependence of charge pumping current on different thickness
of SiN layer is shown in Fig. 3-10 and Fig. 3-11. The charge pumping current

decreases as the thickness of SiN layer is increased. This result implies that the
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decrease of charge pumping current is the cause of the observed reduction of

threshold voltage. Fig.3-12 shows the dependence of interface state density on

different thickness of SiN layer. It shows that the interface state density decreases as

the SiN thickness is increased. This means that the strain elevation in the channel

region is prone to improve the quality of oxide / Si interface even though still inferior

quality than conventional devices. Fig. 3-13 and 3-14 illustrate the effects of device

reliability with different thickness of SiN layer. The dependence of channel hot carrier

effect on different SiN thickness is shown in Fig. 3-13 and Fig. 14 (Stress Condition:

3.75V, for 10000sec). The deviatiomof threshold:voltage in conventional device is the

largest among these samples (Fig.13). This might'be-a different mechanism in change

of oxide quality in local strained channel devices. However, the degradation of

transconductance is become more significant by increasing the thickness of SiN layer

(Fig. 3-14). It might be decreased the fixed oxide charge but increased the electron

traps near the oxide / Si interface. Therefore, the improvement of oxide / Si interface

quality is an important issue while we attempt to enhance carrier mobility by

introducing strain in the channel region on device fabrication.
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SiN-capping layer

SiN-200 SiN-500 | SiN-1000 | SiN-2800
Gate structure
Poly-2000 JAN yAN yAN A
a-Si-200+Poly-1800 JAN
a-Si-500+Poly-1500 AN | 3 YA A
a-Si-700+Poly-1300 A

Table. 1 Gate structures and SiN conditions for local strained channel devices.
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Fig. 3-1 14-Vy characteristics for different thickness of SiN-capping layer.
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Fig. 3-2 Transconductance for different thickness of SiN-capping layer.
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Fig. 3-3 Output characteristics for different thickness of SiN-capping layer.
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Fig. 3-4 Threshold voltage for different thickness of SiN-capping layer.
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Fig. 3-5 Measured C-V profile for different thickness of SiN layer in 10 um
channel length devices.
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Fig. 3-6 Measured C-V profile for different thickness of SiN layer in 5 pm
channel length devices.
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Fig. 3-7 Vy, roll-off characteristics for different thickness of SiN layer.
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Fig. 3-8 Junction resistance for different thickness of SiN-capping layer.
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Fig. 3-9 Junction leakage current for different thickness of SiN capping layer.

22



Poly-2000+Si3N4 split--Charge pumping-lcp-ZM HZ

400x10° | | ®  Without Si3N4 006 i
O  Si3N4-200 vVYvyO :
v Si3N4-500 v
o[ | v Si3N4-1000 ]
300x10 ®  Si3N4-2800 S
< [ 3
o 200x10° f i
ol - T
: w w
100x10° | " o ]
I | |
i % 0000, o, |
ol senssse® ‘gi--- -
2.5 -2.0 -1.5 -1.0 0.5 0.0 0.5

Fig. 3-10 Charge pumping current for different thickness of SiN layer (2MHZ).
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Fig. 3-11 Charge pumping current for different thickness of SiN layer (1IMHZ).
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Fig. 3-12 Interface state density for different thickness of SiN-capping layer.
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Fig. 3-13 Channel hot carrier characteristics for different SiN thickness.
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Fig. 3-14 Channel hot carrier characteristics for different SiN thickness.
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3-2 Stack of a-Si and poly-Si gate with fixed thickness of SiN-capping layer

In this section, we would introduce the strain effect of the stack of a-Si and poly-Si
gate structure. For comparison, all of the samples are capped a 500A SiN layer. The
dependence of 13-V characteristics on different thickness of a-Si layer is shown in
Fig. 3-15. The improvement of current drivability is in proportion to the thickness of
a-Si layer. Fig. 3-16 shows the transconductance increases with the increase of
thickness of a-Si layer. This result implies that the strain dependence of mobility
enhancement by stack of a-Si gate structure is similar to the result of SiN-capping
layer. The mechanism of the stressselevation could be as follows; before the dopant
activation process, the n*-poly gate'is in amorphous phase due to the stack of a-Si and
high dose implantation of arsenic. The*re-crystallization of amorphous region during
rapid thermal annealing leads to n*-poly gate expansion and residual compressive
stress. Therefore, the compressive stress in the n*-poly gate provides high tensile
strain to the channel region. The dependence of output characteristics on different
thickness of a-Si layer is shown in Fig.3-17. The drain current of nMOSFETs with
700A a-Si layer shows 19% increased compare to that of the poly-Si stack with 200A
a-Si layer. Fig. 3-18 shows the dependence of threshold voltage on different thickness
of a-Si layer. The threshold voltage is proportional to the thickness of a-Si layer. This

result is in the opposite direction to the result of SiN-capping layer. It is very
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interesting since the improvement of current drivability increases as the thickness of

a-Si layer is increased. This means that the strain effect causes the improvement of

current drivability is larger than the effect of increases the threshold voltage. Fig. 3-19

~ Fig. 3-21 illustrate the charge pumping measurement to define the quality of oxide /

Si interface after the strain is introduced to channel region. The dependence of charge

pumping current on different thickness of a-Si layer is shown in Fig. 3-19 and Fig.

3-20. The charge pumping current increases as the thickness of a-Si layer is increased.

This result implies that the increase of charge pumping current is the cause of the

observed elevation of threshold voltage. Fig.3-21. shows the dependence of interface

state density on different thickness of a-Si~layer. It shows that the interface state

density is almost the same with.different thickness of a-Si layer. It means that the

stack of a-Si gate structure would not degrade the quality of oxide / Si interface. Fig.

3-22 shows the dependence of junction leakage current on different thickness of a-Si

layer. No significant difference was found when we increase of thickness of a-Si layer.

The dependence of channel hot carrier effect on different thickness of a-Si layer is

shown in Fig. 3-23 and Fig. 3-24 (Stress Condition: 3.75V, for 10000sec). It is similar

to the result of SiN-capping layer. The deviation of threshold voltage and the

degradation of transconductance are getting serious as the increase of thickness of

a-Si layer. What will be happened while we use SiN-capping layer and stack gate
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poly-Si on device fabrication at the same time? We found that the strain dependence
of mobility enhancement will become significant by using both SiN-capping layer and

stack of a-Si gate structures. The detail results will be demonstrated in the next

section.
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Fig. 3-15 14-Vy characteristics for different thickness of a-Si layer.
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Fig. 3-16 Transconductance for different thickness of a-Si layer.
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Fig. 3-18 Threshold voltage for different thickness of a-Si layer.
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Fig. 3-19 Charge pumping current for different thickness of a-Si layer (2MHZ).
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Fig. 3-20 Charge pumping current for different thickness of a-Si layer (1IMHZ).
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a-Si split+Si3N4-500--Junction leakage
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Fig. 3-22 Junction leakage current for different thickness of a-Si layer.
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Fig. 3-23 Channel hot carrier characteristics for different thickness of a-Si layer.
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Fig. 3-24 Channel hot carrier characteristics for different thickness of a-Si layer.
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3-3 Stack of 500A a-Si gate structure with different thickness of SiN layer

Now, we would describe the strain effect by using both SiN-capping layer and stack
of a-Si gate structures. All of the samples are been with stack of 500A a-Si layer in
this stage. The dependence of 13-V, characteristics on different thickness of SiN layer
is shown in Fig. 3-25. The drain current increases with the increase of thickness of
SiN layer. The pronounced improvement of transconductance on different thickness of
SiN layer is shown in Fig. 3-26. We found that the strain dependence of mobility
enhancement will become significant by using both SiN-capping layer and stack of
a-Si gate structures. Fig. 3-27 shows the dependence of output characteristics on
different thickness of SiN layer.-The improvement of-current drivability by using both
SiN-capping layer and stack of @-Si gate structure-is more conspicuous. We believe
that the tensile strain in the channel region by using both SiN-capping layer and stack
gate poly-Si is larger than only use either of them. The mechanism of the stress
elevation could be as follows: before the dopant activation process, the n*-poly gate is
in amorphous phase due to the stack of a-Si and high dose implantation of arsenic.
The re-crystallization of amorphous region during rapid thermal annealing leads to
n*-poly gate expansion and residual compressive stress. Furthermore, thermal CVD
SiN-capping layer with highly tensile stress enhances compressive strain in the

n*-poly gate. Therefore, the highly compressive stress in the n*-poly gate provides
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highly tensile strain to the channel region. The threshold voltage decreases as the

thickness of SiN layer is increased (Fig. 3-28). It is similar to the result of only capped

SiN layer in section 3-1. Fig. 3-29 ~ Fig. 3-31 illustrate the charge pumping

measurement to define the quality of oxide / Si interface after the strain is introduced

to channel region. The dependence of charge pumping current on different thickness

of SiN layer is shown in Fig. 3-29 and Fig. 3-30. The charge pumping current

decreases with the increase of thickness of SiN layer. This result implies that the

decrease of charge pumping current is the cause of the observed reduction of

threshold voltage. Fig.3-31 showg:'the dependence of interface state density on

different thickness of SiN layer. It:shows that the interface state density decreases as

the SiN thickness is increased. Itimeans that the strain elevation in the channel region

is prone to improve the quality of oxide / Si interface even though still inferior quality

than conventional devices. The dependence of junction leakage current on different

thickness of SiN layer is shown in Fig. 3-32. The leakage current increases with the

increase of stress in the junction area. However, it is not serious and results in little

difference with the increase of SiN thickness. The dependence of channel hot carrier

effect on different thickness of SiN layer is shown in Fig. 3-33 and Fig. 34 (Stress

Condition: 3.75V, for 10000sec). The deviation of threshold voltage and the

degradation of transconductance are getting serious as the increase of SiN thickness.
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Therefore, the improvement of oxide / Si interface quality is an important issue while
we use either SiN-capping layer or stack of a-Si gate structures to enhance carrier
mobility on device fabrication. How to improve the device reliability while we

introduce strain to the channel region is what we suppose to do in the future.
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Fig. 3-25 14-Vy characteristics for different thickness of SiN capping layer.
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Fig. 3-26 Transconductance for different thickness of SiN capping layer.
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Fig. 3-27 Output characteristics for different thickness of SiN capping layer.
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Fig. 3-28 Threshold voltage for different thickness of SiN capping layer.
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Fig. 3-29 Charge pumping current for different thickness of SiN layer (2MHZ).
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Fig. 3-30 Charge pumping current for different thickness of SiN layer (LIMHZ).
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Fig. 3-31 Interface state density for different thickness of SiN capping layer.
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Fig. 3-32 Junction leakage current for different thickness of SiN capping layer.
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Fig. 3-34 Channel hot carrier characteristics for different SiN thickness.
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3-4 Comparison of mobility enhancement in different strained structures

Finally, we would describe the comparison of local strained channel technique by
using SiN-capping layer or stack of a-Si gate structures compared to that of the
conventional devices. The dependence of 14-Vy characteristics on different strained
structures is shown in Fig. 3-35. It shows that the improvement of current drivability
by using 2800A SiN-capping layer is larger than the conventional device. Based on
previous result, we have found that the stack of a-Si gate structures can increase the
strain in the channel region. Therefore, the pronounced enhancement of current
drivability can be realized by usingsboth SiN“layer and stack of a-Si gate structures.
The increase of transconductance hy using both SiN layer and stack gate poly-Si is the
largest among these three samples (Fig. 3-36). We believe that the strain dependence
of mobility enhancement will become significant by using both SiN-capping layer and
stack of a-Si gate structures. Fig. 3-37 shows the dependence of output characteristics
on different strained structures. The improvement of drain current becomes
conspicuously by using both SiN layer and stack of a-Si gate structures. Fig. 3-38 ~
Fig. 3-40 illustrate the charge pumping measurement to define the quality of oxide /
Si interface after the strain is introduced to channel region. The dependence of charge
pumping current on different strained structures is shown in Fig. 3-38 and Fig. 3-39.

The charge pumping current increases as the thickness of SiN layer or stack of a-Si
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layer is increased. Fig.3-40 shows the dependence of interface state density on

different strained structures. It shows that the interface state density increases as the

increase of strain in the channel region. The dependence of channel hot carrier effect

on different strained structures is shown in Fig. 3-41 and Fig. 42 (Stress Condition:

3.75V, for 10000sec). The deviation of threshold voltage in conventional device is the

largest among these samples (Fig. 41). This might be a different mechanism in change

of oxide quality in local strained channel devices. However, the degradation of

transconductance is become more significant in either SiN capping layer or stack of

a-Si gate structures (Fig. 3-42). Itsmight be decreased the fixed oxide charge but

increased the electron traps near the oxide /- Si interface. Therefore, the improvement

of oxide / Si interface quality is"an important issue while we use either SiN-capping

layer or stack gate poly-Si to enhance carrier mobility in local strained channel

devices.
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Fig. 3-36 Transconductance for different strained structures.
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Fig. 3-38 Charge pumping current for different strained structures (2MH2Z).
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Fig. 3-39 Charge pumping current for different strained structures (1IMHZ).
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Fig. 3-40 Interface state density for different strained structures.
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Fig. 3-41 Channel hot carrier characteristics for different strained structures.
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Chapter 4
Summary and Conclusion

In summary, we proposed a local strained channel technique that using deposition
of SiN layer and stack of a-Si gate structures. The drain current is improved 17%
compared to that of the conventional devices. The current drivability can be enhanced
by controlling the thickness of stack-gate poly-Si and SiN-capping layer. We believe
that the performance changes are caused by changes of the electron mobility. We
found that the strain dependence of mobility enhancement will become significant by
using both SiN-capping layer and ‘stack of a-Si gate structures. However, the
improvement of oxide / Si interface quality.iS an“important issue while we use local
strained channel technique to eémhance carrier mebility on device fabrication. We
believe that the mobility enhancement by controlling the stress in the channel region

will be crucial to future CMOS technology.
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