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a b s t r a c t

Aggressive scaling of transistors leads to an ever-increasing amount of process variations. In this work,
we studied the gate length dependency of on-current (Ion), off-current (Ioff), effective drive current (Ieff),
saturation threshold voltage (Vth,sat), and temperature independent point (TIP). Experimental evidence
show that the gate length dependency of TIP in nanoscale transistors is related to the Vth,sat versus L char-
acteristics rather than velocity saturation. We found that Ion, Ioff and Ieff of nanoscale transistors in the
transition between reverse short channel effect (RSCE) and short channel effect (SCE) are less sensitive
to gate length variation and temperature variation.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The aggressive scaling of metal–oxide-semiconductor (MOS)
transistors inevitably leads to an ever-increasing amount of pro-
cess variations. Specifically, leakage power consumption, including
its variability, is one of the major constraints in chip design [1]. The
equation of the subthreshold off-current (Ioff) can be expressed as
[2]:

Ids ¼ lsubCox
W
L
ðm� 1Þ kBT

q

� �2

� exp
q VGS � V th;sat
� �

mkBT

� �
1� expð�qVDS=kBTÞ½ � ð1aÞ

where lsub is the low-field mobility in the subthreshold regime [3–
5]. Cox is the gate oxide capacitance per unit area. W is the mask
gate width. L is the mask gate length. kB, T and q are the Boltzmann’s
constant, the absolute temperature and the electron charge, respec-
tively. VGS, VDS and Vth,sat are the gate-to-source voltage, the drain-
to-source voltage, and the saturation threshold voltage, respec-
tively. The body-effect coefficient (m) can be expressed as [2]:

m ¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0eSiqNch=ð4wBÞ

p
Cox

ð1bÞ

where e0 is the permittivity of free space. eSi is the dielectric con-
stant of silicon. Nch is the channel doping concentration. wB is the
difference between the Fermi level in the channel region and the
intrinsic Fermi level. In general, the equation for subthreshold
swing (Sts) can be expressed as follows [2]:

Sts ¼ 2:3
mkBT

q
ð1cÞ

As shown in Eq. (1c), Sts increases with an increase in tempera-
ture, resulting in increase in Ioff with temperature. For very short
MOS transistors, the equation of Sts has to be modified to account
for the degradation of Sts when short channel effects are strong [6]
but qualitatively Sts still decreases when Cox increases.

The application of halo implant will cause a maximum point in
the Vth,sat versus L characteristics owing to the opposing effects of
the reverse short channel effect (RSCE) [7] and the short channel
effect (SCE). Hence, transistors located at the transition regime be-
tween SCE regime and RSCE regime is expected to be the least sen-
sitive to the statistical variation in the effective channel length
(Leff) [8]. From Eq. (1a), transistors in the transition regime is ex-
pected to have the smallest variation in Ioff. In addition, simulations
have shown that halo implants will result in a minimum point in
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the Ioff versus L characteristics [9]. Despite the lack of experimental
data, Thompson et al. pointed out that halo implants are used in
the sub-100 nm MOS technologies to engineer the shape of the Ioff

versus L characteristics [10]. Our previous work showed experi-
mentally that the minimum Ioff occurs at gate length that lies be-
tween the RSCE and SCE regimes [11,12]. Hence, we expect the
nanoscale transistors that lie between RSCE and SCE regimes to
have the smallest variation in both Vth,sat and Ioff.

Besides Ioff variation, the reversal in temperature dependency of
the drain current (Ids) across the temperature independent point
(TIP) also has detrimental effects on the open loop gain of opera-
tional amplifier as each of its transistors responds differently to a
change in temperature [13]. When the transistor is biased with
VGS that is below the TIP, Ids will increase with increasing temper-
ature owing to thermionic emission between the source and the
channel (i.e. decrease in threshold voltage [14]). When the transis-
tor is biased with VGS that is above TIP, Ids will decrease with
increasing temperature owing to the degradation of phonon-lim-
ited mobility [15]. Here, we would like to point out that the drain
current of nanoscale transistor in the linear operation is limited by
surface roughness scattering rather phonon scattering. Hence, it is
important to mention that an increase in temperature will bring
about a decrease in mobility regardless if Ids is limited by Coulomb
scattering [16], phonon scattering [15] or surface roughness scat-
tering [17]. For long-channel MOS transistor, the saturation drain
current (Ids) is related to the low-field mobility in the above thresh-
old voltage regime (leff) as follows [18]:

Ids ¼
leff Cox;invW

2L
ðVGS � V th;satÞ2 ð2Þ

where Cox,inv is the gate oxide capacitance at inversion per unit area.
Unlike long-channel transistors, the drain current transport of the
nanoscale transistors is not clearly understood. Concepts involving
velocity saturation [19,20] and ballistic transport [21] regard mobil-
ity irrelevant in the nanoscale transistors. However, stress engineer-
ing techniques [22–25] are able to increase the on-current (Ion) of
nanoscale transistors through the strain-induced mobility enhance-
ment [26,27]. By unifying the merits of quasi-ballistic theory
[28,29] and ballistic theory [21], we have proposed a simplified
equation for the saturation drain current of the nanoscale MOS
transistor that can account for the strain-induced Ion enhancement
but comprise of electrical parameters that are easily obtained from
standard electrical measurement [30]:

Ids ¼ vsat eff WCox;invðVGS � V th;sat IVÞ ð3aÞ

where Vth,sat_IV , which is a fitting parameter, can be extracted from
the saturation Ids versus VGS characteristics [30]. vsat_eff is the aver-
age value of the carrier velocity (veff) when VGS is close to VDD. For n-
channel MOS (NMOS) transistor with the conventional h1 1 0i chan-
nel orientation on (1 0 0) p–Si substrate, the application of tensile
stress along the channel direction will increase both electron leff

and vsat_eff [30]. For p-channel MOS (PMOS) transistor with h1 1 0i
channel orientation, the application of compressive stress along
the channel direction will increase both hole leff and vsat_eff. In fact,
Tatsumura et al. has experimentally established a correlation be-
tween the low-field mobility and the high-field velocity [31]. Hence,
Eq. (3a) can account for the strain-induced Ion improvement in
nanoscale transistors by various strain engineering techniques
[22–25]. The saturation transconductance method can be used to
extract veff [32]. The analytical expression of veff can be expressed
as follows [30]:

veffðleff ; VGS; TÞ ¼ 1
v injðVGS; TÞ þ

1
leff ðVGS; TÞeð0þÞ

� ��1

ð3bÞ

where the injection velocity (vinj), which is a concept introduced by
Natori’s 1994 ballistic theory, increases with increasing VGS and
increasing temperature [21]. leff e(0)+, which is introduced by Lund-
strom’s 1997 quasi-ballistic theory [28], decreases with increasing
temperature. The analytical expression for the lateral electric field
near the top of the potential barrier is [30]: eð0þÞ ¼ vsat eff=leff .
The experimental e(0+) of a NMOS transistor (L = 60 nm) is around
8.588 � 104 V/cm at VGS of 1.2 V [30]. According to Lee et al. [33],
the simulated e(0+) of a PMOS transistor (L = 50 nm) is between
8 � 104 V/cm and 3 � 105 V/cm for various gate overdrives. In our
previous work, we have shown that the second term of Eq. (3b)
dominates over the first term because veff decreases with increasing
temperature. However, vinj can be used to account for the Ion

enhancement at very low temperature such as liquid helium tem-
perature [34–36] because vinj increases with increasing VGS [21].

From Eqs. (2) and (3a), TIP is expected to occur in both long-
channel MOS transistor and nanoscale MOS transistors because
both leff and vsat_eff decrease when temperature increases. In addi-
tion, Yan et al. reported that TIP has gate length dependency owing
to the onset of velocity saturation [37]. However, Monte Carlo sim-
ulation indicates that velocity overshoot will occur in sub-100 nm
MOS transistor [38]. Furthermore, velocity overshoot has been ob-
served experimentally in bulk NMOS transistor (L = 32 nm) at room
temperature [39]. This shows that the gate length dependency of
TIP is unlikely to be caused by velocity saturation. Hence, the sug-
gestion put forward by Goel et al. seems to be more appropriate
[40]: the roll-off of TIP at smaller gate length is caused by the
threshold voltage roll-off at shorter gate length. However, their
simulation does not consider the effects of halo implants [40]. As
opposed to Goel and Tan [40], the effects of halo implants are con-
sidered in this study. In this paper, we will provide experimental
evidence to show that it is possible to fabricate nanoscale MOS
transistors that are less sensitive to both statistical variation in
gate length and temperature variation. We will also discuss the
relationship between the TIP versus L characteristics and the Vth,sat

versus L characteristics. This allows us to tune TIP of the transistor
so as to reduce the temperature sensitivity of Ion.

2. Experimental description

The relationship between the TIP versus L characteristics and
the Vth,sat versus L characteristics were studied using MOS transis-
tors fabricated using 65 nm CMOS technology. The channel orien-
tation was h1 1 0i. The power supply voltage (VDD) is 1.2 V.
Shallow trench isolation (STI) was first formed on the p-type
(1 0 0) Si substrate, followed by well implants, threshold adjust-
ment implant, the formation of silicon oxynitride gate dielectric,
and the patterning of the polycrystalline silicon gates. Halo im-
plants were used to control SCE. Next, source/drain (S/D) exten-
sions, and deep S/D regions were formed. Subsequently, S/D
spike anneal was done. After nickel salicidation, 0.7 GPa tensile
stressed contact etch stop layer (CESL) was used to boost the Ion

performance of the NMOS transistors and then the conventional
backend process followed.

It is well-known that the stress transfer of CESL has a gate
length dependency: shorter channel transistor has a bigger tensile
stress than longer channel transistor [41]. In order to decouple the
effects of halo implants on Ioff from the effects of CESL-induced ten-
sile stress, we performed a CESL split for two adjacent wafers in the
same lot: (i) neutral CESL, and (ii) tensile stress. The transistors
were fabricated using 45 nm CMOS technology and had h1 0 0i
channel orientation on (1 0 0) p-type silicon substrate. The power
supply voltage (VDD) is 1.1 V. Unlike the tensile stressed CESL, neu-
tral CESL will only consider the gate length dependency of halo
implants.
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