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Fabrication and characterization of CMOS devices with strained channel
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Abstracts

In this work, we have investigated the

channel backscattering  characteristics  of
uniaxially strained nanoscale CMOSFETs.
Channel backscattering ratio increases and
decreases under uniaxial tensile and compressive
strain, respectively. It is found that in sub-100
nm devices, strain-induced modulation of carrier
mean-free-path for backscattering and reduction
in kgT layer thickness are responsible for the
different behaviors of backscattering ratio.
Nevertheless, the source-side injection velocity
improves irrespective of the strain polarities. The

impact of channel backscattering ratio on drive

I 94#7%31p

RN A &S

current is also analyzed in terms of ballistic

efficiency and injection velocity.

Keywords: MOSFETs - scattering * uniaxial

strain.
Introduction

Recently various strain techniques are
actively pursued to give the device performance
a much needed boost in 90 nm node and beyond
[1]-[3]. Mobility enhancement induced by strain
in the channel has been widely characterized,
however, only half of the mobility enhancement
is all that needed to account for the observed
saturation drain current increase [4]. To
reconcile with this discrepancy and to
understand ballistic transportation in nanoscale
transistor, carrier backscattering theory has been
proposed. As illustrated in the inset of Fig. 1,
some of the injected carriers are backscattered
near the source end of channel region within a
ksT layer which has a potential drop of kg7 / g
and thickness of /). Since the transmitted carriers
ultimately determine the drive current, carrier
backscattering ratio 7 and injection velocity viy;
at the top of source-channel barrier are both
critical in determining the drive current /g5 For
higher Iy, reducing r and increasing vi, are
desirable [5]. It has been reported that biaxial
tensile strain results in backscattering ratio

reduction with Sig;Geps virtual substrate from



simulation [6]. However, the influence of
uniaxial strain on backscattering ratio has not
been clarified yet. In this paper, we report the
impact of uniaxial process-induced tensile and
compressive strains on channel backscattering
ratio for the first time. In addition, the impact of
channel backscattering ratio on drive current is
also analyzed in terms of mean-free-path (MFP),
ksT layer thickness, ballistic efficiency, and

injection velocity.

Experimental

Process-strained Si  (PSS) MOSFETs
fabricated by state-of-the-art CMOS process are
studied in this work [2]. Schematic structure
with uniaxial strain engineering is illustrated in
Fig. 1, where uniaxial tensile strain for
nMOSFETs and uniaxial compressive strain for
pMOSFETs are achieved. To minimize barrier
height modulation from drain-induced barrier
lowering (DIBL), PSS and control devices with
nominally identical DIBL and subthreshold
swing are characterized (inset of Fig. 2). Drive
current improvement of both PSS devices
relative to control devices is shown in Fig. 2, all
devices  with  identical inversion C-V
characteristics. From scattering theory in [6],
drive current in saturation region (|Vg]= 1 V) can

be expressed as

1-r

= }Cox (Vg - VT,sat ) (1)

1+7

sat

]dsat = innj|:

where i, Fsa, and Vi represent injection
velocity, backscattering ratio, and threshold
voltage, respectively. The ratio g is a function
of carrier mean-free-path for backscattering A
and kgT layer thickness /o (ra=1/[ 1+ 40/ lh])

[8]. The Vree 1s determined by maximum

transconductance (Gmmax) method with DIBL
consideration ( AVpipr= Vrin@|Ve=10 mV —
Visat@|V4|=1 V, where Vr is defined as the gate
voltage when |lg= 0.1W/L pA ), ie., Visa—=
Vrlin(Gmmax@|Va=10 mV) — AVppL. Then, a
temperature-dependent  analytical model is
employed to extract the Ay / [y ratio using the

following analytic expression

a=t|l__4 1 _ 7 )
T2 2+4/l,| V,~V,

,sat

where o and 7 represent temperature sensitivity
of lysat and Vg, 1.€., 0= ( Lgsat1 — lasarr ) / ( T1— T2)
and 7= ( Vrsati — Vrsaz ) / ( Ti— T>) [8]. The
measurement temperature is decreased from 298
K to 228 K at a step of 15 K. a and 7 are
extracted from the best-fitted slopes of Alys,: and
AV s at different temperatures. The Ag / [y ratio
can then be calculated by (2). Lastly,
backscattering ratio and ballistic efficiency B (=
[1—rs]/[1+ra]) can be deduced.

Results and Discussion

The  gate  length  dependence  of
backscattering factors, |a|, Ao / o, 7sa, and B are
shown in Figs. 3 and 4. In Fig. 3, |a| is the
dominant factor in determining Ao / Iy of
MOSFETs since the ratio n / (Vy — Vrsa) (In7]=
0.5 to 0.9 mV/K) is ten times smaller than |a|.
Compared with control devices, PSS nMOSFET
demonstrates slight increase in 4o / /o, while PSS
pMOSFET  shows
Comparing to rg of control devices, the
tensile-strained PSS nMOSFET has smaller rg

whereas compressive-strained PSS pMOSFET

significant ~ decrease.

has larger ry This phenomenon indicates that
injected electrons in tensile-strained nMOSFET

exhibit less channel backscattering while



injected  holes in
pMOSFET suffer more backscattering. The 7y

compressive-strained

difference between control and PSS devices
becomes more dramatic as Lphysical 1S shorter than
0.1 pum. It is also shown that the ballistic
efficiency of tensile-strained PSS nMOSFET is
improved but that of compressive-strained PSS
pMOSFET is degraded. Qi, for characterized
devices is extracted from MOSFETs with an area
of 100 um® under strong inversion, taking into
account V't roll-off and DIBL [9]. viy; can then be
calculated by lgsa= W0iniBOinyv. As shown in Fig.
5, the injection velocity is improved in both PSS
devices, which is ascribed to process-strained
induced reduction in carrier effective mass [1].
As shown in the inset of Fig. 5, Aljs can be
related to the sum of Aoy, and AB. Slight
underestimation of Aly: in NMOS is due to
minor Qi,, difference between PSS and control
devices. To further investigate the mechanism of
strain-induced backscattering modulation, Ay is
deduced from the expression A= ( 2 kgT/ q ) po/
Uiy [4], where the low field mobility xo is

extracted by the resistance slope-based method

[10]. From the ratio of Ay / /o, Iy can be calculated.

It is found that/y of both PSS devices is reduced
to about 90% of that of control devices, and the
thinning of /y may be due to the strain-induced
bandgap shift causing sharper potential profile.
In addition, Agis increased in PSS nMOSFETs,
which is consistent with the simulation results of
[11]. Contrary to nMOSFETs, PSS pMOSFETs
exhibit smaller Ay than that of control devices,
which is probably due to the compressed lattice
in the channel inducing much severe carrier
scattering. Hence, it is essential to improve not
only injection velocity but also ballistic

efficiency in order to further enhance the

performance of uniaxial-strained MOSFETs in
nanoscale regime. Although /4, of PSS
pMOSFETs is through  the

enhancement of injection velocity at the expense

improved

of ballistic efficiency loss, ultimate PSS
performance boost should therefore be expected
if one could conceive a clever method to
enhance ballistic efficiency without sacrificing

injection velocity.

Conclusions

In this letter, the influence of uniaxial strain
on channel backscattering ratio in nanoscale
MOSFETs 1s Channel
backscattering ratio is reduced in tensile-strained
nMOSFET but

compressive-strained

investigated.

increased in

pMOSFET,
notwithstanding the increased carrier injection
velocity in both cases. Drive current is
determined not only by backscattering ratio but
also injection velocity. Strain techniques or
device structures with simultaneous
improvement of channel backscattering ratio and
injection velocity are therefore favorable for
ultimate performance boost in mesoscopic

regime.
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Fig.1. Schematic structure of process-strained Si
(PSS) MOSFETs. Various stress -engineered
processes are employed to achieve uniaxially
tensile and compressive strains for nMOSFETs
and pMOSFETs, respectively. The inset
illustrates that carrier in kg7 layer region is with
a backscattering ratio » where the thickness of
ksT layer is .

pMOSFET nMOSFET
Lphysi:al= 75 nm Lphysi:al= 55 nm
e )Laad | _—-—:._ gg; MOSFET
LE 102 n
1250 5‘101 —&— PSS pMOSFET

| S 10

o =0 Al I~19%

§'1 000 _E 10‘ dsa

§ i 010

= Ew"

T 750 [Sqp° 10 mV]

g 40 -05 00 05 1.0 o e

8 Gate voltage (V) e

% 500 -I'J\Idsatl@l Vg i VT.sat|= v .._-;-‘":_f;:.-. |

(=] _-\|dga“"'35% N ,_.,-.-.1-:!.-'::'.'1'-"-'-"""_'":;

250 ¢

0 " S . EREL L LI L
-1.0 -0.5 0.0 0.5 1.0
Drain voltage (V)

Fig.2. I4-V4 characteristics of control and PSS
MOSFETs. With identical subthreshold swing
and DIBL to those of control devices (as shown
in the inset), both PSS nMOSFET and
pMOSFET exhibit about 19% and 36%
improvement of drive current at [V, — Vrgl=
|Vd|= 1V.
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Fig.3 Comparison of temperature sensitivity of
drive current |a|, and ratio of mean-free-path
(MFP) for backscattering over kg7 layer
thickness Ay / lop between control devices, and
PSS (a) nMOSFETs, (b) pMOSFETs.
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Fig. 4 Effects of uniaxial (a) tensile-strained
nMOSFETs, and (b) compressive-strained
pMOSFETs on channel backscattering ratio 7
and ballistic efficiency B.
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Fig. 5 Aviyj and AB as a function of Alyg, for PSS
nMOSFETs (square symbol) and pMOSFETs
(triangle symbol). The solid line indicates that
Aviy; (or AB) varies linearly with Alyg. For PSS
nMOSFETs, both carrier injection velocity and
ballistic efficiency are higher than control
devices. While for PSS pMOSFETs, slightly
lower B and much higher viy; are obtained. The
inset shows the variation percentage of
parameters of PSS devices (nMOSFETs,
Lphysical: 55 nm, pMOSFETS, Lphysical: 75 nm)
relative to those of control devices. Aly,: can be
related to the sum of Aviy; and AB.



