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Experimental Investigation of Carrier Mobility
considering Various Scattering Mechanisms for Uniaxial

Strained MOSFETSs
Student : William Po Nien Chen Advisor : Dr. Pin Su
Department of Electronics Engineering and
Institute of Electronics

National Chiao Tung University

Abstract

This dissertation provides: a comprehensive study on the impact of
process-induced uniaxial strain on the carrier mobility considering various scattering
mechanisms. First, we introduce a BSIM-based method for the Rgy extraction. This
BISM-based method is more accurate than the conventional Channel-Resistance and
Shift & Ratio method because it considers the gate-length dependence of mobility
caused by local uniaxial stress and laterally non-uniform channel doping. This method
was verified using samples with different process conditions and good agreement with
experimental data has been obtained. The accuracy of BSIM Rgy extraction method has
also been verified by TCAD simulations.

In addition, the short channel mobility extraction method by using split-CV is
introduced to investigate the strain impact on short channel mobility. Then the uniaxial
strain dependence of Coulomb mobility extracted by Matthiessen’s rule is

experimentally investigated for both nMOSFETs and pMOSFETs under various



temperatures. Our study indicates that the stress sensitivity of the Coulomb mobility
shows strong temperature dependence. It is due to the competition result of the stress
sensitivity between bulk charge scattering and interface charge (Nj) scattering.
Therefore, in order to optimize the strain efficiency on Coulomb mobility, it is
necessary to suppress the formation of Nj;.

Besides, through He-based low temperature measurement, the uniaxial strain
dependence on surface roughness mobility (usg) of pMOSFETs is also studied.
Moreover, we compare the strain sensitivity between ppy and psg. Our measured data
indicates that pusg can be significantly enhanced by the uniaxial compressive strain.
Furthermore, the upsg has higher strain dependence ppy. Our experimental results
confirm the previously reported simulation results. In addition, a wavefunction
penetration perspective is proposed..to-explain. the possible physical origin of the
uniaxial strain dependence of ugg.

Moreover, we experimentally assess the impact of process-induced uniaxial strain
on the temperature dependency of carrier mobility in nanoscale pMOSFETS. Our study
indicates that the strain sensitivity of hole mobility becomes less with increasing
temperature and it is consistent with previous uniaxial mechanical bending result. It is
because the less hole repopulations at energy band edge induce less strain sensitivity as
temperature increases. Furthermore, through decoupling psg and ppy, We investigate the
impact of uniaxial strain on the temperature dependence of phonon-scattering limited
mobility in nanoscale PMOSFETSs. The vertical electric field dependence (Egrr) and
temperature dependence of the extracted usg and ppy are consistent with the reported
data in the literature. The temperature sensitivity of the extracted phonon mobility
becomes higher when compressive strain is applied. It is contributed by the higher

optical phonon energy induced by uniaxially-compressive strain. Our new findings also



explain the higher temperature sensitivity of drain current presented in uniaxial strain

PMOSFETSs.

Keywords: MOSFET, Uniaxial strain, Coulomb, Surface roughness, Phonon, External

series resistance, mobility
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Chapter 1

Introduction

1.1 Background and Motivation

For the past 50 years, the geometry scaling of silicon complementary metal-oxide
semiconductor (CMOS) continues keep Moore’s law effective by increasing in circuit
integration density and also boosting transistor performance. In order to maintain
Moore’s law in nanoscale regime, the optimizations on the parasitic external resistance
reduction and carrier mobility enhancement becomes more critical for the transistor
design. For the past 25 years, global biaxial tensile strain technology has been widely
developed to boost transistor mobility for both NMOSFET and PMOSFET [1]. This
global biaxial strain technology is using a wafer-based approach of a thin strained Si
layer on a thick relaxed Silicon-Gemanium (SiGe) virtual substrate. It is known that
strain can improve phonon scattering limited mobility (upy) by reducing inter-valley
phonon scatterings and effective conduction mass [2]. However, the benefits of mobility
enhancement only occur at low electric field and high stress level by this global strain
[2]. Furthermore, the junction leakage induced by the lattice mismatch from silicon (Si)
and gemanium (Ge) is also a barrier to implement the technique into mass production.

Recently, local uniaxial strained-Si technology becomes the preferred method to
boost transistor mobility in nanoscale CMOS development and has been considered as a
key process knob beyond 90nm technology [2-4]. The uniaxial strain process has the
following advantages comparing with biaxial strain process: (a) Uniaxial strain provides
more flexibility from the perspective of CMOS integration process since it may apply
different strain polarity for NMOSFET and PMOSFET separately. (b) Uniaxial strain

has no same junction leakage issue with biaxial strain. (c) Uniaxial strain provides



significant mobility enhancement at both high field and low field region. (d) The
uniaxial strain results in significantly smaller stress-induced threshold shift due to less
bandgap narrowing. (e) Uniaxial strain provides better mobility enhancement than
biaxial strain due to different band engineering mechanism and high stress levels.

Nevertheless, since the series resistance (Rsg) may counteract the actual mobility
enhancement in these strained devices, an accurate Ry value has to be used in the
extraction of intrinsic effective mobility (uer). The most popular methods in the
determination of Rgy are the conventional Channel-Resistance method [5] and Shift &
Ratio method [6]. However, both methods are no longer suitable to nano-scale
strained-silicon MOSFETs with halo implants because the laterally non-uniform halo
doping as well as the uniaxial stress may result in a total resistance (R) which does not
scale linearly with gate length [7,8]. It is difficult to determine Ryy accurately from the
non-linear Ry vs. gate length characteristics. Therefore, an adequate method that may
accurately determine Rgy for nano-scale strained-silicon MOSFETSs with halo implants is
sorely necessary.

It is known that uniaxial strain can improve phonon scattering limited mobility
(upn) from band engineering and carrier repopulations [2]. However, because Coulomb
mobility (ucoulomp) and surface roughness mobility (usg) dominate at low and high
vertical electric field (Egrr) respectively, whether uniaxial strain can improve pcoulomb
and psr is still not clear and merits of further investigation.

Recently, several studies [9-12] reported degraded carrier mobility for short
channel devices and pointed out the increasing importance of Coulomb scatterings due
to halo implantations. Although Gamiz et al. [11] and Nayfeh et al. [10] have shown
that Coulomb mobility is not enhanced in strained-Si NMOSFETS, Weber and Takagi [9]

have demonstrated that the mobility limited by substrate impurity scattering is still



enhanced in long-channel strained devices (L=10um). These findings seem to be
inconsistent for biaxial strained MOSFETSs, and further examination on pcouiomp IS

needed, especially for state of the art uniaxial strained MOSFETSs.

Recently, the biaxial strain dependence of psg has been examined by Bonno et al.
[13] and Zhao et al. [14]. These studies show psg has strong strain sensitivity for both
NMOSFETs and pMOSFETs with biaxial strain. However, the observed psg data by
Zhao et al. [14] showed opposite trend between NFET and PFET and cannot be easily
explained by the micro-roughness of Si/SiO; interface. Furthermore, the uniaxial strain

dependence of usg has not been studied until now.

Besides, the temperature effect on strain-enhanced mobility is of special
importance because it may provide insights for.the underlying mechanisms responsible
for the performance enhancement.-Several studies have investigated the temperature
effect on strain-enhanced mobility~“in ‘the past [15-18]. For NMQOS, the temperature
effect of process-induced biaxial strain [15,16], uniaxial strain [15] and mechanical
uniaxial strain [17] applied on devices has been experimentally studied. The results all
indicated less strain sensitivity in carrier mobility with decreasing temperature due to
less contribution of the intra valley scatterings in the 4-fold valleys. For PMQOS, the
temperature effect of process-induced biaxial strain [16] and mechanical uniaxial strain
[18] has also been investigated. The results showed higher strain sensitivity in carrier
mobility with decreasing temperature due to lighter effective conduction mass, i.e., the
opposite trend with NMOS. However, the temperature effect of process-induced

uniaxial strain in nanoscale PMOS devices is still not reported and merits investigation.

Furthermore, the temperature sensitivity of drain current for the

compressively-strained PFET is larger than that of the unstrained counterpart. Our new



finding in this work [19], the strain-enhanced temperature sensitivity of ppy, has

unveiled the underlying mechanism responsible for these observations.

1.2 Organization

This dissertation includes six chapters.

In Chapter 1, the background and the motivation of this thesis are discussed.

In Chapter 2, we introduce the BSIM-based method for the Ry extraction [20].
Using this method, Rgy can be well extracted in nano-scale strained devices. We have
verified this method using samples with different process conditions and good
agreement with experimental data has been obtained. This BSIM-based method is also
verified by TCAD simulated current-voltage (IV) characteristics [21]. The extracted Ry
will be used in the following chapters for the extraction of carrier mobility.

In Chapter 3, by using the split-C\V.method [22], the channel mobility in the short
channel devices can be extracted by calibrating the extracted Rsy values from Chapter 2,
as a shown in Fig. 1.1. Then we assessed-the-impact of process-induced uniaxial strain
on Coulomb mobility in short-channel nMOSFETs and pMOSFETs under various
temperatures [23,24]. We also utilized the four-point mechanical bending technique on
both short and long channel devices in PMOSFETSs. Our study indicates that the stress
sensitivity of the Coulomb mobility shows strong temperature dependence due to the
competition result of the stress sensitivity between bulk charge scattering and interface
charge scattering [9,25]. In order to improve the strain efficiency on Coulomb mobility,
it is necessary to suppress the formation of interface charges (Niy).

In Chapter 4, we examined the impact of strain on surface roughness mobility
(usr) of pPMOSFETS by process-induced uniaxial strain with He-based low temperature

system and compare the strain sensitivity between ppy and psg [26]. Our measured data

indicates that psg can be significantly enhanced by the uniaxial compressive strain.



Furthermore, the usg has higher strain dependence than the phonon scattering limited
mobility (upy). Our experimental results confirm the previously reported results based
on simulations [27,28] In addition, a wavefunction penetration perspective [29,30] is
proposed to explain the possible physical origin of the uniaxial strain dependence of
UsR-

In Chapter 5, we conduct an experimental assessment for the impact of
process-induced uniaxial strain on the temperature dependency of carrier mobility in
nanoscale pMOSFETSs [31]. Furthermore, through cryogenic temperature measurement
from Chapter 4, we investigate the impact of uniaxial strain on the temperature
dependence of phonon-scattering limited mobility in nanoscale PMOSFETSs [19]. The
Eerr and temperature dependence of the extracted psg and ppy Will be discussed and
benchmarked with published data [32,33]. Our study indicates that the strain sensitivity
of hole mobility becomes less with ‘increasing temperature and it is consistent with
previous uniaxial mechanical bending result [18]. The temperature sensitivity of phonon
mobility becomes higher when compressive strain is applied. It can be explained by the
higher optical phonon energy induced by uniaxially-compressive strain. Our new
findings also explain the higher temperature sensitivity of drain current presented in
uniaxial strain PMOSFETSs.

In Chapter 6, we summarize the key research results and the contribution of this

thesis.
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Figure 1.1. The flowchart of the short channel mobility extraction.
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Chapter 2
A New Series Resistance Extraction Method for

Nanoscale MOSFETSs

2.1 Introduction

As strained-silicon and USJ (Ultra Shallow Junction) techniques are widely used to
optimize the carrier velocity and parasitic resistances in the MOSFET, an accurate
determination of the parasitic source/drain series resistance (Rsg) for these nano-scale
MOSFETs becomes a crucial issue. Since the series resistance may counteract the
mobility enhancement in these strained devices, an accurate Rsy value has to be used in
the extraction of intrinsic effective mobility (uer) during process development.
Furthermore, the Ry parameter is critical to evaluate the performance of USJ
engineering works.

Among several studies regarding the Rsg:€xtraction in the past [1]-[4], Kim et al. [1]
proposed an integrated methodology to separate Rsy components and utilized the
conventional Channel-Resistance method in the determination of Rg. Although the
Channel-Resistance method has been widely used [1]-[2], it is no longer suitable to
nano-scale strained-silicon MOSFETs with halo implants because the laterally
non-uniform channel doping as well as the uniaxial stress may result in a total resistance
(Ret) which does not scale linearly with gate length (Ltem) [5]. It is difficult to
determine Ry accurately from the non-linear Ry vS. Ltem Characteristics.

Another popular method, Shift & Ratio, is also unsatisfactory because its basic
assumption that pes is independent of Lrgym is no longer valid [3]. The uni-axial stress
that may increase as Lrgm decreases tends to increase the mobility of short-channel

devices, while the halo overlapping profile may degrade the mobility of short-channel
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devices [6]. Therefore, an adequate method that may accurately determine Rgy for
nano-scale strained-silicon MOSFETSs with halo implants is sorely needed.

In this work, we tackle this problem by a BSIM-based method [7]. Using this
method, Rsy can be well extracted in nano-scale strained devices. The extracted Ry will

be used in the following chapters for the extraction of carrier mobility.
2.2 Devices and Experimental Setup

The devices used in this experiment were fabricated by state-of-the art IC
manufacturing technology [10], which provides transistors with gate lengths ranging
from 4um down to 41nm with same channel width (W = 1um) on 300mm bulk
substrate. A 1.2nm nitrided gate oxide was used as a gate dielectric. Processes with ultra
low HDE (Highly Doped Extension) energy and unique Spike Rapid Thermal
Annealing condition were used to maintain good SCE (Short Channel Effect) control
and high activation rate simultaneously. In this study, devices with different extension
dosage and various stressors (Tensile/Compressive/Neutral) in NMOS were adopted to
verify this extraction methodology. The testkeys constituted by the transistor arrays and
calibration patterns are designed for CV measurement. Transistor arrays with
Source/Drain tied together can provide enough area to characterize the capacitance in
nano-scale devices. Moreover, we have used a high frequency probing system to

improve the accuracy and stability of CV characterization results.
2.3 Methodology and Discussion

Fig. 2.1 shows the main procedure of our proposed BSIM-based Rgy and pes
extraction methodology. Table 2.1 provides the related information for key parameters.
Please note Apyik is one parameter in BSIM3 which is used to take into account bulk
charge effect. As the drain bias is large or the channel length is long, the depletion width

is not uniform. This will cause a non-uniform distribution of the threshold voltage along
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the channel. This effect is so called bulk charge effect. Apux is very close to 1 if the
channel length is short. Since the effective channel length (Le) plays a crucial role in
the extraction of Ry, it needs to be adequately determined first. Less can be calculated by
(Lyem - 2Lov) as depicted in Fig. 2.2 Lyem may be obtained from the in-line SEM

(Scanning Electron Microscopy) measurement (with accuracy within £ 2nm) at poly

patterned stage and the etching-induced length bias(AL). Lo, represents the overlap
distance between source/drain and gate and can be extracted from CV
(Capacitance-\Voltage) measurement [11,12]. Fig. 2.3 shows the CV curves of different
Lrem in NMOS. Cy and C,y can be extracted at gate bias equal to 1.0V and —0.5V
respectively [11]. The gate length dependency of extracted Cyc and Coy is shown in Fig.

2.4. Loy can be easily obtained from the intercept of Cyc and Coy [11,12].

Since the conventional Ry extraction-methods, which do not consider the gate
length dependency of pes, need to-conduct the Ryy extraction using devices with gate
length ranging from short to long channel; their extraction errors are significant.
Therefore, in this work, we carried out the Rgy extraction based on the nano-scale

devices with Ltgp from 50nm to 83nm.

For these short-channel devices, the impact of Ry on the drain current (lg) in the

linear region (V4 = 20mV) can be modeled by Eqg. (1):

W (Vg —Vin —Vq 12)Vy
w
et 1+ Ry et Cox ng —Vin V4 12)
eff

lg = s Cox 1)
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Note that Eq. (1) can be derived from the BSIM drain current model [7] under the
assumption that the carrier velocity saturation and the bulk-charge effect are negligible.

The effective mobility (ues) in Eq. (1) can be modeled by [7]

Hy

Heit =———
v (2)
1+ ( Ee%o j

where po, Eq and v are model fitting parameters. E¢ represents the average electric field
experienced by the carriers in the inversion layer and is given by (Vg + Vi) / 6T for an

NMOS transistor with n-type poly-silicon gate.

Since the accuracy of Eq. (1) in fitting the experimental data strongly depends on

Rsg, We propose to determine Ry by-the following objective function:

o 16 (Lyew ) = 1ot (Lrem s £, Eo' 0" R
5min ( ’ E U Rs ) — |[ Si\—TEM model T'EM . 0 ' 0 ‘ sd 3
Hoo o ‘ LTEM—520~83nm{| IdmodeI(LTEM o' By U Ry ) | )

where Ids; and Idmegel represent the measured drain current and the calculated I by Eq.
(1), respectively. po, Eq and v are the optimized model parameters that may result in
a minimum model-hardware discrepancy ( & min) for a given Rgy. The correlation of &
min and Ry shown in Fig. 2.5 indicates that & nmin IS sensitive to the change in Ry and we
may therefore determine the true Rgy value by finding the local minimum, i.e.,

aé‘m i (del)

= =0. For our NMOS devices, the extracted Rsq value based on this method is
sd

~165 Q*um, which follows the ITRS projection for this technology generation [13].
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Note that if the Ry value is not accurate, the drain current ratio of devices with different
Lrem will not be correct, as shown in Fig. 2.6. Fig. 2.7 provides the Rsy sensitivity with
variations on different key parameters, where Rgq IS the most sensitive to Les but this
can be overcome by careful in-line measurement. It is worth noting that the variation in
et has to be limited to within £ 5% if + 4% Ry variation is the maximum tolerance
level. In this work, we carried out the Rgy extraction based on the devices with Ltgm

from 50nm to 83nm, where the variation of i is within £ 5%.

To test our Ry extraction methodology, NMOS and PMQOS transistors with various
extension conditions have been used. Fig. 2.8 shows the relationship between Ry and
the measured overlap capacitance (C,,) for these devices. It can be seen that when we
increase the extension dose and hence the overlap distance (Loy), the extracted Ry

indeed decreases as Coy increases. Rsg values.of PMOS are around two times of NMOS.

We assume Ry is independent of Lirgm due-to the following observations: (i) In Fig.
2.8, Ry is very sensitive to overlap capacitance (Co,). However, Fig. 2.4 shows that C,,
is independent of Ltgwm. (ii) Based on our Tsupremé4 simulation results incorporated with
halo implants, the Lo, (Extension overlap distance under the poly) is independent on

Ltem, as shown in Fig. 2.9.

Once Ry Is accurately determined, the intrinsic pes may be obtained using Eqg. (1).
Fig. 2.10 shows the gate-length dependency of mobility (ues(Ltem)) in our NMOS
devices with various stressors. Although the extracted Ryy values for both tensile and
compressive stressors are almost identical to the sample with zero stress (difference <
10 Q2 *um), the local tensile stressor enhances the mobility as Ltgm decreases, while the

compressive stressor degrades the mobility. For devices with Ltgy shorter than 90nm,

however, the mobility shows significant degradation with Lygy for all of the stressors.
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Several explanations regarding the mobility degradation behavior in the short channel
regime were proposed in the past, including halo implants and quasi-ballistic transport
characteristics performed in these nano-scale devices [2,14,15]. This issue, nevertheless,
deserves further study in the future. Using the extracted pes (Ltem) in Eq. (1), good
agreement with the silicon data over a wide range of Ltgm (41nm to 4um) can be seen,
as shown in Fig. 2.11.

Please note s extracted here is based on the charge density (Qin) approximated
by Cox*(Vg-Vin). However, some channel charge still exists in the sub-threshold region.
The better approach to obtain the Qjny result is a direct measurement of Qi (split-CV
method) from capacitance measurement, with the mobile channel charge density

determined from the gate-to-channel capacitance (Cg), as shown in Eq. (4):
Vs
Qinv - Lm Cgcdvgs (4)

We will leave it for the detail discussions in chapter 3.
2.4 Verification by TCAD Simulation

To verify the proposed BSIM Rgy extraction method, we extract Rgg from simulated
l4¢-Vg curves by Medici simulator [16] and compare with Rsy obtained from the ohmic
drop in the source region of the simulated device structures. The drain bias condition is
set to 50mV. Three values of specific resistivity (7x10®, 1x10”" and 1.3x107Q*cm?) are
input to modify Rsy values and then the related 14-V characteristics are generated for
BSIM fitting method.

The inset of Fig. 2.12 shows simulated device structure with potential contour. The
voltage drop in the source region is extracted directly from point A on the silicide region
(Va) and point B on the extension boundary (Vg). By using Ohm’s law, Rsd can be

easily obtained and Rsy offset (ARyy) in different specific resistivity values can be
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extracted directly. ARy here is defined as Rsg (pc)- Rsa (Pe=1x10"Qx*cm?). As shown in
Fig. 2.12, ARy extracted from potential contour with different specific resistivity values
shows the consistent trend with ARgy extracted by BSIM fitting method. It indicates that
the proposed BSIM method can accurately quantify the difference of Ry and be a
suitable monitor tool for USJ (Ultra Shallow Junction) and strained process

development.

2.5 Conclusion

We have proposed a BSIM-based method for Rgg and pies extraction which applies
to nano-scale strained-silicon MOSFETSs with halo implants. This Rgy extraction method
may serve as a suitable process monitor tool for USJ (Ultra Shallow Junction) and
strained process development. This method is more accurate than the conventional
Channel-Resistance and Shift & Ratio method because it considers the gate-length
dependence of mobility caused by local uniaxial stress and laterally non-uniform
channel doping. We have verified .this method using samples with different
stressor/doping conditions and good agreement with experimental data has been
obtained. Significant mobility degradation in short channel regime has been observed
for various uniaxial stressors. The accuracy of BSIM Rgy extraction method is also
verified by simulated IV characteristics with different external resistant values in short
channel region. Therefore, this method may serve as a suitable process monitor tool for
USJ and strained process development. The extracted Rsg will be used in the following

chapters for the carrier mobility extraction.

18



References

[1] S.D. Kim, S. Narasimha, K. Rim, “An Integrated Methodology for Accurate
Extraction of S/D Series Resistance Components in Nanoscale MOSFETSs,” IEDM Tech.
Dig., pp. 149-152, December, 2005.

[2] K. Romanjek, F. Andrieu, T. Ernst, G. Ghibaudo, “Characterization of the effective
mobility by split C(V) technique in sub 0.1 um Si and SiGe PMOSFETSs,” Solid-State
Electronics, vol. 49(5), pp. 721-726, May 2005.

[3] Yuan Taur, “MOSFET Channel Length: Extraction and Interpretation,” IEEE
Transactions Electron Devices, vol. 47(1), pp. 160-170, January 2010.

[4] Abhisek Dixit, Anil Kottantharayil, Nadine Collaert, Mike Goodwin, Malgorzata
Jurczak, Kristin De Meyer, “Analysis of the Parasitic S/D Resistance in Multiple-Gate
FETSs,” IEEE Transactions Electron Devices, vol..52(6), pp. 1132-1140, June 2005.

[5] D. Esseni, H. lwai, M. Saito,~and B. Ricco, “Nonscaling of MOSFET’s Linear
Resistance in the Deep Submicrometer  Regime,” IEEE Electron Device Letter, vol.
19(4), pp. 131-133, April 1998.

[6] Hans van Meer, Kirklen Henson, Jeong-Ho Lyu, Maarten Rosmeulen, Stefan
Kubicek, Nadine Collaert, and Kristin De Meyer, "Limitations of Shift-and Ratio Based
Less Extraction Techniques for MOS Transistors with Halo or Pocket Implants,” IEEE
Electron Device Letters, vol. 21(3), pp. 133-136, March 2000.

[7] Y. Cheng and C. Hu, “MOSFET Modeling & BSIM3 User’s Guide,” KAP (1999)
[8] William P.N. Chen, Pin Su, K. Goto, C. Diaz, “Series Resistance and Mobility
Extraction Method in Nanoscale MOSFETSs,” Journal of The Electrochemical Society,
vol. 156(1), H34-H38, 20009.

[9] William P.N. Chen, P. Su, J.S. Wang, C.H. Lien, C.H. Chang, K. Goto, C.H. Diaz,

“A New Series Resistance and Mobility Extraction Method by BSIM Model for

19



Nano-Scale MOSFETs”, VLSI-TSA-Tech, pp.143-144, April 2006.

[10] Samuel K. H. Fung et al., “65nm CMOS High Speed, General Purpose and Low
Power Transistor Technology for High Volume Foundry Application,” Symp. VLSI
Tech., pp. 92-93, June 2004.

[11] K. Romanjek, F. Andrieu, T. Ernst, and G. Ghibaudo, “Improved Split C-V
Method for Effective Mobility Extraction in sub-0.1-um Si MOSFETS,” IEEE Electron
Device Letters, vol. 25(8), pp. 583-585, August 2004.

[12] Dieter K. Schroder, “ Semiconductor Material and Device Characterization,” 3rd
edition, A John Wiley & Sons, INC., Publication (2006).

[13] http://www.itrs.net/Links/2006Update/2006UpdateFinal.htm, ITRS 2006 Update,

Process Integration, Devices, and Structures, p.9 (2006)

[14] Chu Hao, B. Cabon-Till, S. .Cristoloveanu, G. Ghibaudo, “Experimental
Determination of Short-Channel MOSFET Parameters,” Solid-State Electronics, vol.
28(10), pp. 1025-1030, October 1985,

[15] Antoine Cros, Krunoslav Romanjek, Dominique Fleury, Samuel Harrison, Robin
Cerutti, Philippe Coronel, Benjamin Dumont, Arnaud Pouydebasque, Romain Wacquez,
Blandine Duriez, Romain Gwoziecki, Frederic Boeuf, Hugues Brut, Gerard Ghibaudo,
Thomas Skotnicki, “Unexpected mobility degradation for very short devices: A new
challenge for CMOS scaling,” IEDM Tech. Dig., pp. 1-4, December 2006.

[16] SYNOPSYS Medici User‘s Manual, CA, 2004.

20


http://www.itrs.net/Links/2006Update/2006UpdateFinal.htm

| Leee Extraction |

v

Characterization
(Linear I;Vg, to,, Vi)

v

| Input Initial Ry |

4

Fit 1,Vg in small range of L by
tuning pes(Ko.Eov)

Adjust
de

Optimized R 4, &
Hett (R0 EgiV)?

Unique R, obtained

L, dependency of intrinsic
Heri(Ho,Eq,v) Obtained

Figure 2.1. Flow chart of the BSIM-based Rsy & pieff €xtraction method.

21



Parameter Table | Symbol Definition
I Drain currentin linear region
Cyc Gate oxide capacitance
Lov Gate-extension overlap distance; extracted from C ;. and C ,
Lra Obtéined fromL gem- AL. L ggy is fromin-line measurement.
AL is aconstant offset between L tgy and L ggym
Input Parameter Lor L ey 2L oy
Heft Effective mobility; Need to calibrate with R ¢4 by iterations
Vin Threshold voltage from measurement
Abuik Bulk charge parameter; A,k ~1 in short channel region
Esat Saturation electrical field; Set E 54~ 2 so that V 4o/E gat *L o1 <<1
Ho
Fitting Parameter Eo Mobility fitting parameter
\%
Rsq Source/Drain series resistance

Table 2.1. Definition table of key parameters.
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Chapter 3
Investigation of Coulomb Mobility in Nanoscale

Strained MOSFETSs

3.1 Introduction

Uniaxial strained-Si technology is critical to transistor performance in nanoscale
CMOS development [1-2]. The improvement of current drive shows strong correlation
with the low-field mobility enhancement by uniaxial strain [3]. However, in order to
suppress the short channel effect for device scaling, halo implantation is widely used.
With shrinking gate length, halo profiles begin to merge and result in higher effective
bulk concentration. Recently, several studies [4-9] reported degraded carrier mobility
for short channel devices and pointed out ‘the ‘increasing importance of Coulomb
scatterings. Whether or not the Coulombscattering mobility can be enhanced by

process-induced strain is crucial to device design and merits investigation.

Although Gamiz et al. [6] and Nayfeh et al. [5] have shown that Coulomb mobility
is not enhanced in strained-Si nMOSFETs, Weber and Takagi [4] have demonstrated
that the mobility limited by substrate impurity scattering is still enhanced in
long-channel strained devices (L=10um). These findings seem to be inconsistent, and
further examination on Coulomb mobility is needed. Furthermore, similar studies have
not been performed in PMOSFET, especially for short channel devices. Therefore,
further examination on Coulomb mobility is needed for PMOSFET.

In this work, we tackle the problem using advanced short-channel strained devices
[10-13]. By accurate mobility extraction under various temperatures, we assess the

impact of process-induced uniaxial strain on Coulomb mobility in short-channel

34



NMOSFETs and pMOSFETs. The Coulomb mobility in the short channel region under
compressive and neutral uniaxial local stress conditions is carefully characterized by
split C-V (Capacitance-Voltage) method and Matthiessen’s rule. In order to further
verify our experimental results, we have also utilized the four-point mechanical bending

technique on both short and long channel devices in PMOSFETs.
3.2 Devices and Experimental

For comparison purpose, N-channel and P-channel MOSFETs with channel
direction <110> with neutral and compressive uniaxial Contact Etch Stop Layer (CESL)
were manufactured based on state-of-the-art CMOS technology on 300mm (100) silicon
substrate, as shown in Fig. 3.1. The compressive film may transfer significant
compressive stress to the channel region, modulating silicon subbands and carrier
populations, and altering carrier mobility [14]./In Fig. 3.2 (a) and (b), the device on-off
performance is boosted —36% and +35% by compressive uniaxial stressors in the short

channel region for NMOSFETs & PMOSFETS, respectively.

The devices with neutral and compressive CESL films were implanted by the same
pocket conditions. Shallow Trench Isolation (STI) was patterned to define the active
region. Then an ultra thin oxide was grown on the surface of wafer. The poly gate was
implanted with heavily doped N/P type species after poly deposition and post annealed
to increase gate activation rates. Then ultra shallow HDD (Highly Doped Drain) implant,
spacer formation, source and drain implant, post implantation annealing, and back-end
process were implemented sequentially.

The devices with effective channel length (Lere) ranging from 975 nm to 90 nm
were examined for NMOSFETs and 950nm to 45nm for PMOSFETSs with gate width
equal to 1pm. Special transistor arrays were designed to provide sufficient area for split

C-V measurement. In addition, it is known that parasitic capacitance components play
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an important role in short channel devices and affect the accuracy of the extraction
result. Therefore, calibration test keys were also designed to exclude the parasitic
effects.

In order to reproduce the stress environment by local compressive stressors, a
four-point mechanical bending tool was used to apply external stress on both long and
short channel devices in PMOSFETSs. The compressive stress level is around -230MPa

based on the meter reading.
3.3 Mobility Extraction

In order to extract the short channel mobility, 3 types of special transistor testkeys
were designed. The first type of testkey is MOSFET array. The purpose of MOSFET
array is for Capacitance-Voltage (C-V) characterizations. Because the gate capacitance
of short channel single MOSFET cannot meet the measurement resolutions of HP4284,
the array type of MOSFET are necessary to provide sufficient gate area for CV
characterizations. The second type-of ‘testkey .is calibration array. The purpose of
calibration array is for the calibrations of inter-metal parasitic capacitance. This testkeys
has exactly the same layout with the MOSFET arrays but the Active Region Layer (OD
layer) is excluded. The third type of testkey is a single MOSFET designed for
Current-Voltage (I-V) characterizations. Please note 3 types of testkeys are designed for
each dimension.

In chapter 2, we have mentioned that the p.s extracted by the BSIM method is
based on the charge density (Qin) approximated by Cox(Vg-Vin). However, some
channel charges still exist in the sub-threshold region. The better approach to obtain the
Qinv result is a direct measurement of Qi (by split-CV method) from capacitance
measurement, with the mobile channel charge density determined from the

gate-to-channel capacitance (Cqyc), as shown in Eq. (1):
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Vgs
Q= |, (Cye = Co )V, )

Moreover, in order to calculate the vertical effective field, the inversion charge density
(Qinv) and bulk charge density (Qp) are also crucial for each dimension. Therefore, this
work used split C-V measurement [15-17] to characterize the Qi and Qy, respectively,
for long and short channel devices.

First, the extracted capacitance from MOSFET arrays needs to be calibrated by the
MOSFET calibration arrays. In Fig. 3.3, it shows the contribution of inter-metal
parasitic capacitance on Gate-to-Channel capacitance (Cy) is significant. Then the
characterized Gate-to-Channel capacitance with floating bulk terminal (Cy) is
calibrated by considering the parasitic. components such as overlap capacitance (Cyy)
and fringing capacitance (Cof) [15,18,19], as shown-in Fig. 3.4. Fig. 3.5 (a) & (b) show
the Cyc characteristic by Co, and Cor calibrations. In-Fig. 3.5(a), it shows Co,y, and Cys are
independent of gate length and considered as parasitic capacitance. Moreover, it is
worth noting that the inner fringing capacitance (Cinov) in Fig. 3.5(b) shows significant
dependency on Vg, which is consistent with [18]. The Gate-to-Channel capacitance with
source/drain/bulk tied together (Cyg) is also calibrated using the same calibration
procedure with Cy. After Cycand Cyy Were obtained, the Qiny and Qyp can be obtained by
integrating the whole Cy and (Cyg-Cyc) from flat-band voltage by Eq. (1) and Eq. (2), as

shown in Fig. 3.6.
Vs
Qb = J.Vfg (ng _Cgc)dvgs (2)

Fig. 3.7 shows the extracted Qjn and Qp and Quotal(=Qinvt Qp) Versus gate bias. It shows
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that Qjny becomes dominate in Quw When Vg>Vy, and strong dependency on V.
Furthermore, the Qp becomes constant above the threshold voltage because the
depletion width is saturated in strong inversion region.

By using split-CV method, the effective vertical electric field (Egrr) can be calculated

by Eg. (3):

+71-Q.
£ - M .

5

Sl

Where 7 are 1/2 and 1/3 for NFET and PFET, respectively [19], «s; is the permittivity of
Si.

The effective bulk doping concentration (N;) from long to short channel is
extracted by the NCSU fitting program :[20]. In order to exclude the parasitic
source/drain series resistance (Ryq) effect, the BSIM Ry extraction method in Chapter 2
Is adopted [21,22]. After Ry is obtained, ideal drain current can be derived from Eq. (4):

1, (int) = — ¢ &V @)

R
1—1, (ext) x —3
MCORS

where l4(int) represents the intrinsic drain current, lg(ext) represents the extrinsic drain
current which includes the Ry effect, and Rgy is the parasitic source/drain series
resistance.

Fig. 3.8 shows the drain current versus gate voltage with Rgq calibrations. It shows
that the Rsd is crucial to extract intrinsic drain current, especially for short channel
devices because Rsg becomes more important in this regime. Fig. 3.9 shows the drain
current enhancement vs Ly by considering Rsy calibrations. It shows that the drain

current enhancement may be underestimated if Rsy effect is not calibrated in short
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channel devices.

The physical poly gate length (Lyny) can be obtained from the in-line SEM
(Scanning Electron Microscopy) measurement (with accuracy within £ 2nm) at poly
patterned stage and the etching-induced length bias(AL), as shown in Eq. (5):

Lony = Leew — AL ()
The overlap distance between poly and LDD region (L) is extracted by split CV
method [15,16], as shown in Fig. 3.10. Then the effective channel length (Lere) can be

derived by subtracting Loy from Lyny,. Finally, the total mobility can be extracted by Eq.
(6):

= I, (int) - L
W 'Qinv 'Vd

(6)
W represents the device width. Eq. (6) represents the total mobility and Coulomb
mobility is extracted from it by using Matthiessens’s rule. It is worth noting that the
total mobility is inversely proportional to Qjn-at high vertical field region where the
surface roughness scattering mechanism dominates.

Fig. 3.11 shows the extracted mobility by considering asymmetry spatial
distribution of Qj,, due to Vp bias [23]. Because Vp is 5mV only, the impact on mobility
caused by the asymmetry spatial distribution at low Qi region is negligible.

3.4 Stress Simulation

In order to explain how CESL stressor transfer stress to the channel region, two
dimensional stress profiles induced by strained CESL were determined by TCAD stress
simulation. In order to accurately reconstruct the device scheme, all major front-end
processes from the shallow trench isolation to the rapid thermal annealing were
included. The thermal budget and temperature profiles during processing have been well

calibrated. The corresponding simulation geometries were also calibrated from TEM
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cross-section images. The layout effects (e.g. Poly Spacing Effect) have been considered
in this simulation. In order to investigate the stress dependence on device geometry,
MOSFET schemes at different gate lengths have been constructed.

The compressive CESL induces stronger compressive stress along the silicon
channel direction as gate length becomes shorter. This is mainly attributed to the corner
and the direct CESL effect [24]. The corner effect is due to the interaction of the
lateral-CESL and the bottom-CESL, resulting in compressive stress along the channel
direction. The direct CESL effect is dominated by the bottom-CESL effect. Both corner
and direct CESL effect have higher stress efficiency on shorter channel devices. Note
that the stress level represents the average stress over the volume of the silicon channel
(depth = 10A and length = gate length).

For PMOSFETs, Fig. 3.12 (a) and:(b):show the simulated stress contours with
intrinsic and compressive CESL films respectively.-The gate length for both devices is
54nm. The average stress levels along the channel direction (Sxx) are -0.153GPa and
-0.662GPa for neutral and compressive CESL nitride films, respectively. The Sxx of
neutral CESL is mainly contributed by the STI effect instead of the CESL effect. For
compressive CESL, the corner effect and the direct CESL effect are responsible for Sxx
in the short channel device [24].

Fig. 3.13 (a) and (b) show the stress level (Sxx and Syy, as shown in the inset of
Fig. 3.13(a)) between long and short channel devices. In Fig. 3.13 (a), the compressive
CESL induces stronger compressive stress (Sxx) in the Si channel as gate length
becomes shorter. It is mainly attributed to the corner and the direct CESL effect [24].
The corner effect is due to the interaction of the lateral-CESL and the bottom-CESL,
resulting in compressive stress along the channel direction. The direct CESL effect is

dominated by the bottom-CESL effect. In Fig. 3.13 (b), the compressive CESL induces
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stronger tensile stress (Syy) vertical to the Si surface as gate length becomes shorter. It
is mainly due to the indirect CESL effect [24]. For long channel devices, the indirect
effect arises from the top-CESL; for short channel devices, 49% of the total stress
amount comes from the lateral-CESL, 29% from the top-CESL and 21% from the
bottom-CESL [24].

For NMOSFETs, based on TCAD stress simulation, the average stress levels for
Lc=90nm along the channel direction are -0.165GPa and -0.599Gpa (“-“ means
compressive stress) for neutral and compressive CESL nitride films, respectively. The
average stress levels vertical to the silicon surface are -0.079GPa and 4.120GPa for
neutral and compressive CESL nitride films, respectively. The average stress levels
along the width direction are -0.684GPa and -0.522GPa for neutral and compressive
CESL nitride films, respectively. The ways to control the stress level of CESL films are
to modify film compositions or thickness by different deposition parameters. In general,
stronger compressive CESL film or. thicker compressive CESL film means stronger
compressive stress applied along the silicon channel.

S. Thompson et al. [14] have shown that the mobility of PMOSFET with <110>
channel direction on (001) wafer prefers compressive Sxx (Longitudinal) and tensile
Syy (Out-of-Plane) based on piezoresistance, and vice versa for NMOSFETs. The
simulation results of Fig. 3.12 and Fig. 3.13 can explain how the compressive CESL

affects on hole and electron mobility.

3.5 Results and Discussion

3.5.1 NMOSFETSs

Fig. 3.14 shows the extracted mobility of long and short channel devices versus the
vertical electrical field (Egrr). It can be seen that the short channel mobility significantly

depends on the stress level. Fig. 3.15 shows the temperature dependence of the mobility
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at Egrr=1.2MV/cm. As gate length decreases, the temperature sensitivity of the mobility
changes. It has been known that the importance of Coulomb mobility also increases as
gate length decreases [4-9].

To extract the Coulomb mobility, we use the Matthiessen’s rule and assume that the
universal mobility curve (UMC) follows the measurement data in the high-field region
[5]. In order to verify the accuracy of the extracted Coulomb mobility, we have

compared the extracted Coulomb mobility under various UMC (+10%) as shown in Fig.

3.16. It can be seen that the extracted Coulomb mobility curves remain almost the same
when Qiny is smaller than 5x 10* cm, at which Vg is about 1.1 V.

Fig. 3.17 shows the Coulomb mobility for the short-channel devices with different
stressors under various temperatures. It can be seen that in the low vertical field region,
the Coulomb mobility decreases with temperature. This is because slower electrons are
more susceptible to Coulomb scattering [25].-Moreover, the Coulomb mobility shows
significant stress dependency. In ‘other words, the strain engineering can still be
employed to modulate the Coulomb scattering mobility of short-channel nNMOSFETs. It
is worth noting that our result is inconsistent with the results in [5] and [6].

Fig. 3.18 shows the stress sensitivity of the short-channel Coulomb mobility at
various temperatures. It can be seen that in the low vertical field region, the stress
sensitivity decreases as temperature increases. It is plausible that two competing
mechanisms, bulk impurity scattering and interface scattering, are responsible for our
observation. As pointed out in [4], the mobility limited by bulk impurity scattering ()
shows opposite stress sensitivity to the mobility limited by interface scattering (uit).
Although the bulk impurity scattering of the short-channel nFET increases under the
compressive stress, the interface scattering becomes less because there are more

electrons in the 4-fold valley. These two mechanisms counteract each other and
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determine the overall stress dependency of Coulomb mobility. As temperature increases,
the importance of interface scattering increases [25]. As a result, the stress dependency
of the overall Coulomb mobility decreases.

Fig. 3.19 shows the fitting result of pcouomp data [23] with first principle 2-D
model. Eq. (7) represents the Coulomb mobility model that includes screened and

unscreened effect [26]:

L — T ynscreened . Zsub r — 6407[3h852i‘9§kaL
screened F ((Z) Z v Funscreened G(P)m*eg N aZSUb

inv

(7)

Where F(a) and G(P) represent the screening function and the correction factor for
repulsive Coulombic potential respectively. Fig. 3.20 shows the enhancement of
screened and unscreened pcoulomb When:m*-is:reduced 20% by applying tensile stress
along <110> channel direction on NFETS.  The screened Apicoutomb 1S +13% higher than
the unscreened Apcoulomp- This means the bulk screening effect also has strain
dependency:. It is plausible that the strained device has thinner inversion thickness due to
subband splitting effect [4] and better bulk screening effect caused by higher Qiny, as
explained in the inset of Fig. 3.21. Fig. 3.21 shows that +13% pcoulomb IS €nhanced by
+10% Qinv due to higher Vg bias and better screening effect. Our Si data also shows that
Qinv is increased +7% at the same V¢ bias when 14% m is enhanced by tensile stress.
The finding supports our hypothesis of the stress dependence of the bulk screening
effect.

Table 3.1 shows the summary table of stress dependence of Coulomb mobility
limited by different mechanisms and scattering sources with compressive stress applied
along <110> channel direction: (a) N, scattering limited pcouomp Shows degradation due

to heavier effective mass (m*) [4] (b) N;; scattering limited pcouiomp ShOWs enhancement
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due to thicker inversion layer thickness (Zin) [4] (C) Na screening limited pcouiomp Shows
degradation due to lower electron density (This work) (d) N;; screening limited pcoutomb

shows no stress sensitivity on pcoulomp due to the Quantization effect caused by high Na
[6].
3.5.2 PMOSFETs

Fig. 3.22 shows the characterized mobility with neutral stressors at room
temperature where Lgrrequals to 950nm, 190nm, 45nm, respectively. It can be seen that
the high vertical field mobility is degraded as Legr shrinks. The abnormal behavior can
be explained by halo pile-up, interface states, oxide charges, neutral defects, and remote
Coulomb scattering [4-9].

Fig. 3.23 shows the temperature dependence of the total mobility when the
effective vertical field is equal to 0.8MV/cm. When temperature is decreased, the
thermal velocity of carriers becomes reduced. Therefore, the interaction time between
moving carriers and ionized impurity. charges becomes longer. This means higher
Coulomb scattering probability and lower Coulomb mobility. As gate length shrinks, the
temperature sensitivity of the mobility increases, indicating that the Coulomb mobility
plays a critical role in the short channel region.

In order to extract the Coulomb mobility, we assume that the universal mobility
curve follows the measurement data in the high-field region [5] from long to short
channel lengths. Matthiessen’s rule can then be used to extract the Coulomb mobility
[5]. The extracted PMOS Coulomb mobility versus Qi,y is shown in Fig. 3.24. It can be
seen that the Coulomb mobility decreases with channel length. The length dependence
of Coulomb mobility comes from the non-uniform halo profiles. As channel length
becomes shorter, the effective bulk charges increases and the Coulomb mobility

decreases because of halo merge effect. To verify our mobility data, we fit it using the
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equation  £2,,0m = AQ, N7 [5], where A is a constant, o and S are both equal to

1, and N, is extracted from NCSU fitting programs. The result shows a fairly good fit
between the data and the Coulomb mobility model.

Fig. 3.25 (a) shows that the long channel total mobility with Lgrr=950nm agrees
with the model equation. Since the uniaxial stressor is only effective for short channel
devices, the long channel mobility is almost the same between neutral and compressive
stressors. Weber and Takagi used SiGe strained material under the silicon substrate and
the stress is effective from both long to short channel devices because of global stress
effect [4]. Fig. 3.25 (b) shows that for the short channel device with Lgrr =45nm, our
extracted total mobility agrees with the model. The 71% mobility enhancement for the
compressive stressor in the high vertical field region is mainly due to the uniaxial stress
effect [14].

Fig. 3.26 shows the total mobility versus Q.. It is observed that the PMOS
mobility in the high vertical field region shows strong stress dependence. However, very
little stress dependence is observed in the low vertical field region. The inset of Fig.
3.26 shows the extracted Coulomb mobility for neutral and compressive stressors using
Matthiessen’s rule. It indicates that the Coulomb mobility has almost no stress
dependence at room temperature.

To further verify our observation, we have also utilized the four-point wafer
bending measurement. The advantage of this method is that it can provide the same
global stress level to devices with various dimensions. Based on the extracted mobility
data under varying mechanical stress, we can determine whether the Coulomb mobility
shows stress dependency and verify the result obtained from the local stressors. The
inset of Fig. 3.27 shows the schematic of the mechanical bending tool. In this case,

230MPa compressive stress is applied to the test device based on instrument reading.
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Fig. 3.27 shows the mobility versus effective vertical field for devices under global
compressive bending stress. Unlike the behavior of local stressors, significant mobility
improvement can be observed in long and short channel devices in the high vertical
field region because of the global stress effect. It should be noted that Rgy has been well
calibrated during mobility extraction.

Fig. 3.28 shows the total mobility enhancement percentage from long channel to
short channel devices in the wafer bending experiment. In the high vertical field region,
the mobility enhancement is around 15% and is independent of the channel length. It
indicates that devices with various dimensions have similar stress level under the global
stress and that phonon scattering mechanism still dominates in this higher vertical field
region. However, the total mobility enhancement decreases with Qj,,.. Moreover, the
total mobility enhancement decreases. with:the channel length for a fixed Qjny. It
indicates that the Coulomb mobility has less stress dependence. In Fig. 3.29, the
extracted Coulomb mobility indeed shows negligible stress dependency for either long
channel or short channel devices, verifying our previous observation in Fig. 3.28.
According Takagi’s explanation [4], it is plausible that it is due to the competition result
of the stress sensitivity between bulk charge scattering and interface charge scattering
for our PMOSFET samples.

In order to support previous assumption for PFET, we extract the temperature
dependency of strain impact on Coulomb mobility, as shown in Fig. 30. It shows that no
strain sensitivity of Coulomb mobility at T=25C. However, the compressive uniaxial
strain may further degrade Coulomb mobility as temperature increased. Similar with
NFET, although the bulk impurity Coulomb scattering of the short-channel PFET
decreases under the compressive stress, the interface Coulomb scattering rate becomes

higher because there are more holes occupied in the lower subband. These two
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mechanisms counteract each other and determine the overall stress dependency of
Coulomb mobility. As temperature increases, the importance of interface scattering
increases [25]. As a result, the Coulomb mobility degraded under uniaxial compressive

strain.
3.6 Conclusion

By using the split-CV method and careful calibration of parasitic components on
the short channel devices with local stressor, we have examined the impact of
process-induced uniaxial strain on Coulomb mobility for short-channel NMOSFETSs and
PMOSFETs. For nMOSFETs, our study indicates that the Coulomb mobility has
significant stress dependency. Moreover, the stress sensitivity of the Coulomb mobility
shows strong temperature dependence. Since it is the interface scattering that
counteracts the stress sensitivity of the bulk impurity limited mobility, further reducing
the interface charges will be crucial-to-future mobility scaling.

For pMOSFETSs, we have observed that the Coulomb mobility in PMOS shows
almost no stress dependency at room temperature. This observation has also been
verified by the four-point wafer bending measurement. However, the strain sensitivity
of the Coulomb mobility shows strong temperature dependence, similar with NFET’s
result. It is due to the competition result of the stress sensitivity between bulk charge
scattering and interface charge scattering for our PMOSFET samples. Therefore, in
order to boost Coulomb mobility by strain technology, it is necessary to suppress the

formations of interface charges (Nj).
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Figure 3.1. MOSFET schematic with neutral and compressive stressor.
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Figure 3.3. Capacitance calibrated with inter-metal parasitic capacitance.
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Figure 3.4. Direct overlap capacitance (C,,) and outer fringing capacitance (Cy) .

These parasitic capacitance needs to be calibrated for Qj,, extraction.

55



1.0E-14
—=—0.24
—4—0.1 B
< 0.08 /
[y ——0.06 Vs;;;;;g:;
= 1.0E-15 O
O
COv + Cinov(vg) + Cof
1.0E-16 | |
-1 -05 0 0.5 1
Vs (V)
(b)
1.0E-14
—=—0.24 P
—h— 0 1 / -
LOBS )~ 008 s iR
m ——0.06 (s )
3)
1.0E-16 - /
= Cinov(V )
I % g I
1.0E-17 |
-1 05 0 0.5 1
Vs (V)

Figure 3.5. (a) Direct overlap capacitance (C,,) and outer fringing capacitance
(Cor). These parasitic capacitance needs to be calibrated for Qjn, extraction. (b) Cqyc
characteristic after C,/Cy calibrations. Ci,, shows strong Vg dependence,

consistent with [18].
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the Ryq is crucial to extract intrinsic drain current.
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(a) Neutral CESL (b) Compressive CESL

Figure 3.12. Stress contours by TCAD simulation: (a) Neutral CESL (b) Compressive
CESL. The gate length equals 54nm. Average stress levels along the channel direction

are —0.153 GPa and —0.662 GPa for (a) and (b) respectively.
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Figure 3.13. Gate length dependence of (a) Sxx and (b) Syy show compressive CESL

contributes stronger compressive Sxx and stronger tensile Syy as Lg becomes shorter.
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Figure 3.14. Our extracted short-channel mobility shows significant dependence

on the uniaxial stressor applied.
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Figure 3.15. Temperature dependence of the mobility at (Egrr=1.2MV/cm) versus

Lerr. [Inset: du/dT is extracted in the temperature range from 233K to 358K]
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Figure 3.16. We have varied the UMC (Universal Mobility Curve) by +10% to

verify the accuracy of our extracted Coulomb mobility.
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Figure 3.17. NFET Coulomb mobility for short-channel devices with different
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Figure 3.19. Coulomb mobility versus Qi, Wwith different bulk
concentrations. It shows model fits well with published data [23]. Both
screened and unscreened Coulomb scattering effects are included in this

model.
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prior one shows +13% better than the latter one because of better screening effect by strain.
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Mechanism/Scatterning Source N, (Bulk Charge) N;; (Interface Charge)
Scatterning Effect -(@), m*t + (b), Ziy *
Screening Effect - (), Q! = (d) , no effect @ High N,

NFET <110> Channel Direction; AH-Cou\ombzl/'Coulomb,Comprese;ivte'l'lCoulctmb,Neutral

Table 3.1. Summary table of stress-dependence of Coulomb mobility limited by
different mechanisms and scattering sources; (&) Hcoulomb degradation due to higher
effective mass (m*) (b) pcouomp €nhancement due to thicker inversion layer
thickness (Zin) (C) mcoulomp degradation due to lower electron density (d) Minor

stress sensitivity on pcouomy due to Quantization effect caused by high N,.
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Figure 3.22. PFET low field mobility versus the vertical electric field at different Lggr with

neutral stressor.
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Figure 3.23. Vertical field mobility sensitivity to temperature (Egrr=0.8MV/cm) versus
Lerr in PMOS. It shows that Coulomb mobility plays an important role in the short
channel region. When temperature is increased, the thermal velocity of carriers becomes
faster. It means Coulomb scattering probability becomes lower and causes higher Coulomb

mobility.
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Figure 3.24. Coulomb mobility data versus model in PMOS for long and short channel
regions. Coulomb mobility becomes smaller as Lgrr shrinks because of higher N,. A is a

constant, ¢ and [ are both equal to 1, N, is extracted from NCSU fitting programs.
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Figure 3.25. (a) PFET long channel mobility (Lgrr=950nm) with neutral and compressive
CESL stressors. The mobility model matches with silicon data very well. Since the
uniaxial stressor is only effective for short channel devices, the long channel mobility is
almost the same under different neutral and compressive stressors. (b) PFET short channel
mobility (Lgrr=45nm) with neutral and compressive CESL stressors. The extracted total
mobility agrees with the model quite well. The 71% mobility enhancement for
compressive stressor in the high vertical field region is mainly due to the uniaxial local

compressive stress.

77



100,

| —e— Neutral
| —— Compressive

u (cm?/V-s)

Figure 3.26. PFET total mobility at low vertical field versus Qi,y under various stressors.
Very little stress dependence is observed in the low field region, where Coulomb scattering
mechanism dominates. (Inset: PFET Coulomb mobility extracted by Matthiessen’s rule

between neutral and compressive stressors. No stress dependence is observed in short

=
o

]]:Oll

® Neutral
— A  Compressive Lt -
gloo . aleee
" oot
o
Less stress dependence = ‘C ot
g 10¢ N ® No stress dependence
3 .
A
* L =45nm
i 11 I12
L =45nm b 10
G , Q,, (cm?)
12 13
107 10
Q. (€M)

channel region at room temperature.)

78



® Ctrl
—— Compressive Bending Stress

Carrier Flow Direction <110>
45nm

|

Press Direction DUT (Compressive)

5.0x10° 1.0>(<1/o6 ) 1.5x10°
V/cm

EEFF

Figure 3.27. PFET total mobility versus Egrr after applying 230Mpa compressive bending
stress on devices with different Lgre. Unlike the behavior of local stressors, significant
mobility improvement can be observed from long to short channel devices in the high
vertical field region because of global stress effect. (Inset: The schematic of the

mechanical bending tool)
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Figure 3.29. PFET Coulomb mobility versus Qin by applying compressive mechanical
stress on the devices with different Lerr. NO stress dependence is observed for both long
and short channel Coulomb mobility, which is consistent with the findings from local

stressors.
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Figure 3.30. PFET Coulomb mobility for short-channel devices with

different stressors under various temperatures.
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Chapter 4
Impact of Uniaxial Strain on the Surface Roughness

Scattering Limited Mobility in Nanoscale p-MOSFETSs

4.1 Introduction

Strain technology has been considered as a key process knob beyond 90nm
technology [1,2]. It is known that strain can improve phonon scattering limited mobility
(upH) by reducing inter-valley phonon scatterings and effective conduction mass [2].
Whether strain can improve the surface roughness limited mobility (usg) is still not

clear and demands more experimental investigations.

Recently, the biaxial strain dependence of usg has been examined by Bonno et al.
[3] and Zhao et al. [4]. These studies show usg has strong strain sensitivity for both
NFETs and PFETs with biaxial strain..However, the observed sk data by Zhao et al.
[3,4] showed opposite trend between NFET and PFET and cannot be easily explained
by the micro-roughness of Si/SiO, interface. The temperature dependences of hole
mobility by mechanical uniaxial strain [5] and process-induced uniaxial strain [6] have
also been studied experimentally. However, the temperature range was higher than 87K
and the phonon scattering mechanism was not fully suppressed. To investigate the
uniaxial strain dependence of surface roughness mobility, it is necessary to extract

mobility with temperature down to 20 K to suppress the phonon scattering mechanism.

In this work, we examine the impact of strain on usg of pMOSFETs by
process-induced uniaxial strain with He-based low temperature system and compare the
strain sensitivity between ppy and psg [7,8]. In addition, a wavefunction penetration

perspective [8,9] is proposed to explain the possible physical origin of the uniaxial
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strain dependence of pgr.
4.2 Experimental Setup

PMOSFETs with channel direction <110> under neutral, tensile and compressive
uniaxial Contact Etch-Stop Layer (CESL) [8] were investigated. In this study, the carrier
mobility of PMOS devices with Lggr =95nm and conventional silicon oxynitride gate
was examined. The equivalent oxide thickness is about 17A. The estimated stress is
-2.8GPa for compressive film and +1.6GPa for tensile film [10]. The drain bias
condition is -5mV.

Split C-V measurement [11,12] was used to characterize the inversion charge
density (Qinv). After the gate-to-channel capacitance with floating bulk terminal (Cyc)
was calibrated by considering the parasitic components such as overlap capacitance and
fringing capacitance [13,14], Qi,y was.obtained by integrating the entire Cy curve from
flat-band voltage [15].

Since external resistance (Rgg). ‘1S crucial to the mobility extraction for
short-channel devices [16,17], the intrinsic drain current (lIg) was calibrated by
considering the series-resistance effect using the methodology introduced in Chapter 2.
The Rgy values considered constant as a function of temperature are 201, 208 and 185
ohms-um, respectively, for neutral, compressive and tensile stressors. The physical poly
gate length (Lpyy) was obtained by inline SEM measurement. The LDD overlap region
under the gate (Lov) was extracted by the split-CV method [19]. The effective channel
length (Lerr) can then be derived by subtracting Loy from Lpyy. Finally, the carrier
mobility can be extracted [6].

In order to extract the surface roughness mobility usg, cryogenic temperature
measurements were carried out using liquid He as cooling source. The measurement

temperature ranges from 10K to 300K. HP4156 and HP4285 were adopted to measure
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the IV and CV characteristics.

Fig. 4.1 shows the drain current with constant voltage overdrive 1V with 21
samples for PFET. The drain current with constant voltage overdrive can exclude the
variations of threshold voltage of the samples. It shows that the variations of constant
overdrive drain current are <4% for neutral, compressive and tensile stressors
respectively. Sample #7 was chosen for the following surface roughness mobility
extraction at cryogenic temperature.

4.3 Impact of Uniaxial Strain on the Surface Roughness Mobility

Fig. 4.2 shows the drain current versus gate voltage at various temperatures for
PFETs with neutral stressor. It can be seen that the drain current increases with
decreasing temperature. Fig. 4.3 shows the characteristic of capacitance versus gate
voltage (CV) with various temperatures.-It-shows that CV characteristic are almost
independent of temperatures. Fig. 4.4.shows the corresponding carrier mobility versus
vertical electric field (Egrr) with various temperatures. It can be seen that under high
Eerr, the mobility tends to increase as temperature decreases due to suppressed phonon
scattering. At temperature lower than 60K, the mobility at high Egrr saturates because
the phonon scattering mechanism is fully suppressed. In other words, the mobility at
high Egrr within this temperature range can be viewed as the surface roughness limited
mobility.

Fig. 4.5 shows the extracted carrier mobility versus temperature at
Eerr=1.6MV/cm for various stressors. It can be seen that the compressive uniaxial strain
results in significant mobility enhancement due to band engineering and carrier
repopulations [2]. In addition, usg dominates the total mobility for temperature <60K
for all kinds of stressors. Fig. 4.6 shows the mobility enhancement percentage (Aw/p)

versus temperature with compressive and tensile stressors. As temperature decreases, it
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can be observed that the mobility enhancement increases and saturates at temperature
<60K where surface roughness scattering dominates. It indicates that pusg has stronger
stress sensitivity than upy. Furthermore, the surface roughness mobility enhancement
tends to saturate and shows little sensitivity to temperature. It is worth noting that our
experimental results are consistent with the reported results by Monte-Carlo simulations
[20,21]. Specifically, it was reported in [20] that the scattering rate with interfacial
roughness can be reduced by smoother interfaces in biaxial strained NFET. In addition,
the atomic scale model in [21] also indicates weaker surface scattering potential in
strained Si due to the nature of primitive defects. For the uniaxially strained PFET case,
it is plausible that the lighter effective conduction mass [5] induced by compressive
strain may result in pusg enhancement. Besides, the strain dependence of usg may also be
explained from the perspective of the.carrier wavefunction penetration model. We will
keep this part for detail discussions:in-Chap 4.4 later.

Fig. 4.7 shows the extracted carrier-mobility versus effective vertical electric field
(Eerr) for neutral and compressive stressors at 20K. Within this temperature range, both
the Coulomb scattering and surface-roughness scattering mechanisms are crucial in the
determination of the overall carrier mobility. It can be seen that the mobility is
dominated by the surface roughness scattering mechanism for Egrr higher than
1.2MV/cm. The inset of Fig. 4.7 shows that psg enhancement increases with Eggr in the
high Egrr regime, where the carrier mobility is dominated by surface roughness
scatterings. Based on the assumption that usg is independent of temperature [22], we

i 1 1
Heu (T) Mo (T) 45 (< 60K)

adopt Matthessien’s rule ( ) to extract ppy and

decouple the usgr and ppy enhancement with different temperatures, as shown in Fig.

4.8. Please note Aupy With T<140K is not reliable because usg is quite close to pioar. It

86



shows the strain dependence of psg indeed is stronger than ppy at Egpr=1.6MV/cm from

experimental data.
4.4 Discussion — A Wavefunction Penetration Perspective

In order to explain the observed strain dependence of surface roughness mobility,
the possible root causes are list in the followings:

1. It is known that the scattering rate with interfacial roughness is reduced for
smoother interfaces in biaxial strained MOSFET [3,4]. Therefore, better surface
roughness morphology may contribute to the higher surface roughness mobility.

2. The atomic scale model in [21] indicates weaker surface scattering potential in
strained Si due to the nature of primitive defects. Uniaxial strain Si should also
show the same behavior.

3. Lighter conduction effective mass may alsa.contribute to better surface roughness

limited mobility [5] in uniaxially-strained MOSFETS.

Besides, a wavefunction penetration picture previously proposed by Polishchuk
and Hu [9] is shown in Fig. 4.9. The penetration level depends on carrier attenuation

length (X) [9] and can be modeled as (1) [23]:

2
1= | )
2rnz¢b

with h the reduced Planck’s constant, m, the out-of plane effective mass, @y the Si/SiO;

potential barrier height. Since longer A causes more roughness scatterings [9], the stress
sensitivity of usg (Apsr/usr) is determined by the strain engineering on m; and ®y,. The
model was originally proposed to explain the impact of gate stack on the surface

roughness mobility. Here we would like to extend the model to explain the impact of
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strain on the surface roughness scattering mechanism.

From the angle of the wavefunction penetration perspective, compressive uniaxial
strain on <110> pMOSFETs contributes heavier out-of-plane effective mass (m;) and
higher barrier height (®p) [24-27], which cause shorter electron attenuation length and
then lower surface roughness scattering rates. Therefore, lower surface scattering rates
should be responsible for psg enhancement in uniaxial pPMOSFETS.

The wavefunction penetration model may also explain previous works on biaxial
strain dependence of usg [3,4,28]. Fig. 4.10 shows the Ausg/usr of NFET and PFET
extracted from [3,4,28] under biaxial tensile strain.

For NFET with biaxial tensile strain, Fig. 4.11 shows most electrons repopulate
into the D2 valley under biaxial stress, which may result in higher ®y, [24-27], heavier
m; [24-27], shorter A and thus higher pusg. FOr:NFET with uniaxial tensile strain, Fig.
4.12 shows most electrons repopulate into the D4’ and D4” valleys under uniaxial
tensile stress, which may also result'in higher @y, [24-27], heavier m, [24-27], shorter A
and thus higher ugg, too.

For PFET, the biaxial strain dependence on psg is quite different with the uniaxial
strain case. In order to explain the different behaviors, the uniaxial and biaxial strain
dependence on energy band diagram and m, of each subband are referred to [24], as
shown in Fig. 4.13. It can be seen that uniaxial compressive and biaxial tensile present
different subband splitting behavior. Fig. 4.14 shows the PFET energy band diagram
[2,24] and hole repopulations with uniaxial compressive stress and biaxial tensile stress,
respectively. Both types of stressor result in higher @y, but opposite trend for m.,.
Uniaxial compressive stress increases m,, decreases A, and consequently improves psg.
For biaxial tensile stress, A is initially increased by the strain-reduced m,, but is then

decreased with increasing strain due to the strain-increased ®y. Both the strain-reduced
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m, and strain-increased ®, compete with each other. This explains the PFET
non-monotonic behavior of Ausr/usr versus strain level in Fig. 4.10.

Table 4.1 summarizes the polarities of stress sensitivity for m, [24-27], @y [24-27],
L and psgr respectively. In order to verify the strain dependence on wavefunction
penetration level, a 1D QM Sivalco simulator [29] is modified to examine the polarities
in Table 4.1. Fig. 4.15 shows the electron wavefunction penetration into gate dielectric
from the exact solution, where m,=0.3mg, V4=1.4V and Tx=50A. In Fig. 4.16, higher
@, and heavier m, show lower fraction f of carrier penetration [9] from 1D QM
simulations. The definition of f is the ratios of the carriers penetrating into dielectric.
Typically lower f means less wavefunction penetrations, which means shorter A and
lower surface roughness scattering rates [9]. The result is consistent for the case of
uniaxial NFET shown in Table 4.1.

4.5 Conclusion

By accurate split C-V mobility-extraction; the strain dependence of usg in short
channel pMOSFETS is investigated under cryogenic temperatures. Our measured data
indicates that pusg can be significantly enhanced by the uniaxial compressive strain.
Furthermore, the usg has higher strain dependence than the phonon scattering limited
mobility (upn). Our experimental results confirm the previously reported results based
on simulations [20,21]. Furthermore, from the angle of the wavefunction penetration,
compressive uniaxial strain results in shorter electron attenuation length and thus lower
surface roughness scattering rates. In addition, the wavefunction penetration model also
successfully explains the strain dependence of psg for both uniaxial and biaxial strain

silicon.
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Figure 4.1. Drain current with constant overdrive 1V with 21 samples for
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scattering limited mobility (usr).
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penetration from 1D QM simulations. It is consistent with uniaxial-Tensile NFET

in Table 4.1.
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Chapter 5
Impact of Uniaxial Strain on the Temperature
Dependence of Carrier Mobility in Nanoscale

p-MOSFETS

5.1 Introduction

Uniaxial strained-Si technology is crucial to transistor performance in
state-of-the-art CMOS development [1-3]. The temperature effect on strain-enhanced
mobility is of special importance because it may provide insights for the underlying
mechanisms responsible for the performance enhancement. Several studies have
investigated the temperature effect on strain-enhanced mobility in the past [4-7]. For
NMOS, the temperature effect of process-induced-biaxial strain [4,5], uniaxial strain [4]
and mechanical uniaxial strain [6] applied on devices has been experimentally studied.
The results all indicated less strain sensitivity in carrier mobility with decreasing
temperature. For PMOS, the temperature effect of process-induced biaxial strain [5] and
mechanical uniaxial strain [7] has also been investigated. The results showed higher
strain sensitivity in carrier mobility with decreasing temperature, i.e., the opposite trend
with NMOS. However, the temperature effect of process-induced uniaxial strain in
nanoscale PMOS devices is still not reported and merits investigation. Moreover,
recently several studies have reported that the temperature sensitivity of drain current
for PMOSFETS increases by uniaxially-compressive strain [8-9,20-22]. In addition, the
carrier scattering mechanism in the strained PMOS devices becomes more
phonon-limited [8-9,20-22]. However, the underlying mechanism is still no clear and

merits investigation.
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In this work, we conduct an experimental assessment for the impact of
process-induced uniaxial strain on the temperature dependency of carrier mobility in
nanoscale pMOSFETSs [8]. Furthermore, through cryogenic temperature measurement to
decouple the surface roughness limited mobility (usg) and the phonon-scattering limited
mobility (upn), We investigate the impact of uniaxial strain on the temperature

dependence of phonon-scattering limited mobility in nanoscale PMOSFETS [9].
5.2 Experimental Setup

PMOSFETs with channel direction <110> with neutral, tensile and compressive
uniaxial Contact Etch Stop Layer (CESL) were manufactured based on state-of-the-art
CMOS technology on 300mm (100) silicon substrate [10,11]. Shallow Trench Isolation
(STI) was patterned to define the active region. A uniform channel doping was
implanted to define the PMOS devices and maintain reasonable threshold voltage. Then
an ultra thin nitride oxide was grown on the surface of wafer. The poly gate was
implanted with heavily doped P+ “species and post annealed to increase the gate
activation rates. Then the ultra shallow HDD (Highly Doped Drain) implant, spacer
formation, source and drain implant, post implantation annealing, and back-end process
were implemented sequentially. The effective channel doping is around 2x10'® cm™ for
short channel devices based on TCAD simulation. The equivalent oxide thickness is
about 17A . For comparison purpose, nitride films with neutral, compressive and tensile
stress were deposited on pMOSFETSs at the CESL deposition stage.

Since external resistance (Rsq) is crucial to the short channel mobility extraction
[12,13], the intrinsic drain current (lIp) was calibrated by considering the
series-resistance effect [14]. The physical poly gate length (Lyny) was obtained using
in-line SEM measurement. The LDD overlap region under the gate (Lo,) was extracted

by the split CV method [15]. The effective channel length (Lgrr) can then be derived by
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subtracting Loy from Lpny. Finally, the mobility for short channel devices can be
determined [10]. In order to decouple the surface roughness mobility (usg) and the
phonon scattering limited mobility (upy), Cryogenic temperature measurements were
carried out using liquid He as cooling source. The measurement temperature ranged
from 20K to 300K. HP4156 and HP4285 were adopted to measure the transistor 1V and

CV characteristics.
5.3 Results and Discussion

Fig. 5.1 shows the drain current (Ip) versus gate voltage characteristics at various
temperatures for the PMOS devices under test. The drain current shows strong
correlation with stressor types, and can be explained by the extracted carrier mobility as
shown in Fig. 5.2. It can be seen from Fig. 5.2 that the short-channel mobility in PMOS
(Lerr=95nm) shows significant dependence on the uniaxial strain. The PMOS mobility
prefers compressive stress because of the strain-reduced conductivity effective mass
[11].

Also shown in Fig. 5.2 is that the mobility is degraded when temperature increases
in the high vertical field region, where phonon scattering is important [16,17]. Moreover,
the temperature dependence of mobility shows strong sensitivity to strain. In other
words, as the mobility is enhanced by compressive strain, its temperature dependence
also increases. The root cause will be discussed later.

Fig. 5.3 shows the temperature sensitivity (logu/logT) of hole mobility versus the
vertical effective electric field (Egrr). For a given stressor, it can be seen that the
temperature sensitivity increases (i.e., more negative) and then saturates as Egrr
increases. More importantly, the logu/logT for the PFET under compressive strain is the
highest in absolute value among the three stressors. In other words, the scattering

mechanism of PMOS device becomes more phonon-limited [16,17] under compressive
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strain. This also explains why the temperature sensitivity of drain current for the
compressively-strained PFET is the largest among the three stressors, as shown in Fig.
5.1.

Fig. 5.4 shows the hole mobility enhancement (Au/p) versus temperature at
Eerr=1.5MV/cm. It shows that for both compressive and tensile stressors, the magnitude
of Ap/u decreases as temperature increases. Our result from process-induced uniaxial
stressors is consistent with the study in [7], in which an external compressive uniaxial
mechanical stress was applied.

Based on the model proposed in [7], it is plausible that as temperature increases,
the compressively-strained PFET has less holes to populate states near the band edge
where the conductivity effective mass along the channel direction is smaller. Therefore,
the observed mobility enhancement decreases with increasing temperature.

In order to explain why the scattering mechanism of PMOS device becomes more
phonon-limited under compressive “strain, cryogenic temperature measurements were
carried out to decouple ppy and psg. Fig. 5.5 shows the measured carrier mobility under
compressive and neutral uniaxial strain with temperature ranging from 20K to 60K. It is
known that the phonon scattering mechanism is fully suppressed and the surface
roughness scattering mechanism may dominate within this temperature range
(especially for Egre>1.3MV/cm). It can be seen that the usg shows little temperature
dependence, which is consistent with the reported data in the past [17,18].

In order to extract the phonon scattering limited mobility (upn), it is assumed that
the usg is independent of temperature [17,18], and then the Matthiessen’s rule can be

adopted:

Hop (T) = prga (T) — 1155 (T = 20K) (1)
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where o IS the total mobility including Coulomb, phonon, and surface roughness
scattering mechanisms, and psg (20K) is the surface roughness mobility at Eggr larger
than 1.3MV/cm. Fig. 5.6 shows the extracted ppy at 300K, 250K and 225K for neutral
stressors. It can be seen that the ppy increases when temperature is decreased because of
decreased phonon scattering rate [17].

Fig. 5.7 and Fig. 5.8 show the Egrr dependence of usgand ppy. The extracted psgr
and pppare proportional to E. and E.%°, respectively, which is consistent with the
reported data in the past [17,18]. Fig. 5.9 shows the temperature dependences of ppy
(Kpy oc T7*) versus Eggr for neutral and compressive stressors. It can be seen that the o

is close to 1.75 for the neutral stressor, which is consistent with the reported data in the
literature [17]. It also shows that, .with-compressive uniaxial strain, the temperature
sensitivity of ppy is increased (o ~ 2.3).

Note that although the o is determined by both acoustic and optical phonon
scattering mechanisms, the impact of uniaxial strain lies mainly in the optical phonon
scattering [11]. Fig. 5.10 (a) and (b) show the empirical temperature dependence of
acoustic and optical phonon scattering mobility for both NFET and PFET, respectively
[19]. Phonon temperature sensitivity should range from —1.5 to —3.13 for NFET and
from —-1.5 to —-3.25 for PFET [19]. Moreover, Fig. 5.10 (a) and (b) both show that
optical phonon mobility dominates in the total phonon mobility at room temperature.
Therefore, it is reasonable to investigate the strain impact on the temperature
dependence of phonon mobility from the optical phonon scattering mechanism. To
explain the strain dependence of a in Fig. 5.9, the optical-phonon limited mobility can

be expressed as Eq. (2) [19]:
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_1 oo 2
Mo = AT *e" @
where 14 is the optical phonon mobility, A, is a constant, T is the temperature, K is the
Boltzmann constant; and %@, represents the optical phonon energy. Eq. (2) indicates
that the temperature sensitivity of the optical phonon mobility depends on the optical

phonon energy (7@, ).

In order to derive the formula of the temperature dependence of optical phonon

mobility, the logarithm of 14, needs to be obtained as Eq. (3):

log 1, = Iog(A)T _éehkﬁo) =log A, —%IogT + hkc'!l)'o log(e) 3)

Then take the differentiation of Eq. (3) with respect to temperature as Eq. (4):

-\ | -1
M:_l+h&|og(e)xm:_1+h&|og(e)x5(-r )X or

ologT 2 k ologT 20k or ologT

(4)

Set x=log T and based on the derivative of Exponential function (aiaX =In(a)a*), then
X

Eqg. (5) is obtained:

of 010
ologT X

= In(10) x10* = In(10) x T ()

Feedback the result of Eq. (5) into Eq. (4) and Eq. (6) is derived:

O100 s _ 5, 1% o) ()T 2 xIn(L0) xT = —0.5— % (6)
ologT k KT

116



From Eq. (6), it shows that the temperature sensitivity depends on the optical

phonon energy (%wm,). Higher 7w, shows stronger temperature sensitivity of optical

phonon scattering limited mobility.
The schematic plot of E-k band diagram in Fig. 5.11 shows the impact of uniaxial

compressive strain on 7w, . The strain induces the light-hole (LH) and heavy hole (HH)

band-split and most of the holes repopulate into the light hole band [11]. In other words,

the 7w, is increased due to band splitting as the compressive strain is applied.

Therefore the a value is increased (Fig. 5.9) for the compressively-strained PMOSFETSs.

From previous reports [8,20-22], it has been found that the temperature sensitivity
of drain current for the compressively-strained PFET is larger than that of the unstrained
counterpart. Furthermore, the scattering mechanism in PMOS devices is more
phonon-limited [8,20-22] under compressive strain. Our new finding in this work [9],
the strain-enhanced temperature -sensitivity of ppey, has unveiled the underlying
mechanism responsible for these observations. It also provides insights for future

mobility scaling using advanced strain technologies.
5.4 Conclusion

We have investigated the temperature dependency of mobility for advanced
short-channel strained PMOS devices. By accurate split-CV mobility extraction under
various temperatures, we examine the impact of process-induced uniaxial strain on the
temperature dependence of mobility and mobility enhancement in nanoscale
PMOSFETSs. Our study indicates that the strain sensitivity of hole mobility becomes less
with increasing temperature and it is consistent with previous uniaxial mechanical
bending result. It is because the hole repopulations at energy band edge induce less
strain sensitivity as temperature increases. Furthermore, the carrier scattering

mechanism for the PMOSFET under uniaxial compressive strain tends to be more
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phonon-limited at a given vertical electric field, which explains the larger drain current
sensitivity to temperature present in the compressively-strained PFET.

Through cryogenic temperature measurement, the extracted psg and ppy are
proportional to E.° and E_Z;, respectively, which is consistent with the reported
data in the literature. The temperature sensitivity of phonon mobility is proportional to
T for neutral stressor and becomes higher when compressive strain is applied. It
can be explained by the higher optical phonon energy induced by
uniaxially-compressive strain. Our new findings also explain the higher temperature

sensitivity of drain current presented in uniaxial strain PMOSFETSs.
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Figure 5.1. Drain current versus gate voltage at various temperatures for

PFETs with various stressors. The drain bias (Vps) is -5mV. The temperature

dependence of drain current shows strong correlation with stressor types.
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Chapter 6

Conclusion

In this dissertation, we systematically investigate the impact of process-induced

uniaxial strain on the carrier mobility considering various scattering mechanisms. First,

we introduce a BSIM-based Rgy extraction method and split CV method to extract short

channel mobility [1,2]. Then the uniaxial strain dependence of Coulomb mobility is

experimentally investigated for both nMOSFETs and pMOSFETSs [3-4]. In addition,

through cryogenic temperature measurement, the uniaxial strain dependence of surface

roughness mobility (usg) for pMOSFETS is also studied [5]. By decoupling psg and

phonon scattering limited mobility (upy), we examine the impact of uniaxial strain on

the temperature dependence of ppy [6,7]:

Several important results have been-obtained and summarized as follows:

1.

In Chapter 2, the BSIM-based method. is introduced for the Rgy extraction. This
BISM-based method is more accurate than the conventional Channel-Resistance
and Shift & Ratio method because it considers the gate-length dependence of
mobility caused by local uniaxial stress and laterally non-uniform channel doping.
This method has been verified using samples with different process conditions and
good agreement with experimental data has been obtained. The accuracy of BSIM
Rsg extraction method has also been verified by TCAD simulations.

In Chapter 3, the short channel mobility extraction method by using split-CV is
introduced to investigate the strain impact on short channel mobility. Then the
impact of process-induced uniaxial strain on Coulomb mobility in short-channel
NMOSFETs and pMOSFETSs is investigated under various temperatures. Our study

indicates that the stress sensitivity of the Coulomb mobility shows strong
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temperature dependence. It results from the competition between bulk charge
scattering and interface charge scattering. Therefore, in order to optimize the strain
efficiency on Coulomb mobility, it is necessary to suppress the formation of
interface charges (Nj).

In Chapter 4, we examine the impact of strain on surface roughness mobility (usgr)
of pMOSFETS by process-induced uniaxial strain with He-based low temperature
system. Moreover, we compare the strain sensitivity between ppy and psg. Our
measured data indicates that pusg can be significantly enhanced by the uniaxial
compressive strain. Furthermore, the psg has higher strain dependence than the
phonon scattering limited mobility (upy). Our experimental results confirm the
previously reported results based on simulations. In addition, a wavefunction
penetration perspective is proposed to explain the possible physical origin of the
uniaxial strain dependence of pigg.

In Chapter 5, we conduct an .experimental assessment for the impact of
process-induced uniaxial strain on the temperature dependency of carrier mobility
in nanoscale pMOSFETSs. Furthermore, through decoupling psg and ppy, we
investigate the impact of uniaxial strain on the temperature dependence of
phonon-scattering limited mobility in nanoscale PMOSFETSs. Our study indicates
that the strain sensitivity of hole mobility becomes less with increasing temperature
and it is consistent with previous uniaxial mechanical bending result. It is because
the less hole repopulations at energy band edge induce less strain sensitivity as

temperature increases. The extracted psr and pp are proportional to Egz® and

E22, respectively, which is consistent with the reported data in the literature [8].
The temperature sensitivity of the extracted phonon mobility is proportional to

T [12] for neutral stressor and becomes higher when compressive strain is
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applied. It can be explained by the higher optical phonon energy induced by
uniaxially-compressive strain. Our new findings also explain the higher

temperature sensitivity of drain current presented in uniaxial strain PMOSFETSs.
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