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Abstract—This paper examines channel backscattering char-
acteristics for nanoscale strained and unstrained p-channel
MOSFETs (PMOSFETs) using the experimentally extracted
backscattering coefficients by our modified self-consistent
temperature-dependent extraction method. Through comparing
the gate voltage and temperature dependence, we demonstrate that
channel backscattering can be reduced by the uniaxial strain for
PFETs. Besides, we show that the strain-reduced conductivity ef-
fective mass may raise the thermal velocity, mean-free path, and
effective mobility. Contrary to previous studies, our results indi-
cate that the ballistic efficiency can be enhanced for compressive-
strained PFETs. In addition, the backscattering effect on the elec-
trostatic potential is discussed.

Index Terms—Ballistic transport,
CMOS, mobility, SiGe, strained silicon.

channel backscattering,

I. INTRODUCTION

HANNEL strain engineering has been actively pursued to
C enable the mobility scaling of CMOS devices. Especially,
for nanoscale MOSFETSs that suffer from mobility degradation
due to halo implantation, strain technology is an important mo-
bility booster. Several studies [1]-[3] have reported strain de-
pendence of carrier mobility. However, as the gate length (L)
scales into the nanoscale regime in which the carrier ballistic
transport prevails [4]—[6], strain-induced enhancement becomes
more complicated to predict [7], [8]. Characterizing nanoscale-
strained MOSFETs from the perspective of channel backscat-
tering becomes crucial to strain engineering [8]—[12].

Due to the uncertainty in the amount of the strain and the
associated band structure modification [13], most studies re-
garding the impact of strain on backscattering characteristics
relied on experiments [8]-[12]. Among the experimental meth-
ods [12], [14], [15], the temperature-dependent technique [14],
[15] is suitable for providing guidelines in process monitor-
ing [8]-[11]. For example, using the temperature-dependent
method, Lin et al. [9], [10] found that uniaxially compres-
sive strain increases the channel backscattering of p-channel
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MOFETs (PMOSFETs). Nevertheless, this method assumes that
the low-field mobility (p) is phonon-limited and proportional
to T-1-°, which is questionable for state-of-the-art nanoscale
PMOSFETs [13]. Moreover, the temperature dependence of the
critical length [ may change with device size [16] and has not
been considered. In other words, the accuracy of the reported
backscattering characteristics for strained PMOSFETS [9], [10]
is under suspicion.

In this paper, we examine the impact of uniaxial strain
on backscattering characteristics of nanoscale PMOSFETs us-
ing a modified temperature-dependent method that can self-
consistently determine the temperature sensitivity of g and
l. Through comparing the extracted backscattering coefficients,
we demonstrate that assuming constant temperature dependence
of o and [ in the extraction may result in unphysical gate bias
and temperature dependence of backscattering characteristics.
This paper is organized as follows. In Section II, we describe
our devices with and without uniaxially compressive strainers.
In Section III, we present the modified temperature-dependent
method and the experimental extraction. Then, the impact of
strain on the extracted backscattering coefficients and possible
error sources are discussed in Section VI. Finally, the conclusion
will be drawn in Section V.

II. DEVICES

PMOSFETs with channel direction (110) were manufac-
tured based on state-of-the-art CMOS technology on 300-mm
p-type (1 0 0) silicon substrate. Fig. 1 shows that process-
induced uniaxial-strained silicon technologies featuring com-
pressive SiGe source/drain and compressive contact etch stop
layer (CESL) were employed in this study [2], [3], [17].
Coprocessed strained and unstrained PMOSFETs were im-
planted by the same pocket condition and showed similar drain-
induced barrier lowering (DIBL) characteristics. Devices with
Ly = 50nm were characterized at T' = 223,298, and 373 K.
As shown in Fig. 2, the saturated drain current (I s,¢) and the
linear drain current (4 3;,) of the strained device are improved
by about 2.1 x and 2.9 x as compared with its unstrained coun-
terpart, respectively. The threshold voltage of 1 1in, V7 1in, Was
determined by the maximum transconductance method. The
threshold voltage of I gat, V7 sat, Was calculated from Vr i,
with DIBL consideration, i.e., V7 g = Vr1in—DIBL. DIBL
was characterized from the subthreshold characteristics. In or-
der to exclude the parasitic source/drain series resistance ()
effect, the constant-mobility method is adopted [18]. The ex-
tracted R, values are about 125 and 214 Q- um for strained and
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Fig. 1. Schematic diagram of channel backscattering phenomena in a
nanoscale device. The impact of compressive strain on backscattering
coefficients is investigated.
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Fig. 2. Measured drain—current versus gate voltage characteristics for

50-nm-L, PMOSFETs with and without uniaxially compressive strain at
T = 233,298,373 K for (a) |Vys| = 1.3 V and (b) |Vys| = 0.05 V.

unstrained devices, respectively. Based on the measured
I sat—T and Vp go¢—T characteristics, the following backscat-
tering extraction can be carried out.

III. CHARACTERIZATIONS AND EXTRACTION

According to the channel backscattering theory [4], [5], the
transistor ballistic current in saturation region can be expressed
as Id,sat = WCo« (V;;s_VT:sat)Vinja where Cox(‘/gs_VTﬁsat) is
the inversion-layer charge density and v4,; is the average veloc-
ity of carriers at the beginning of the channel (Fig. 1) [19]-[21].
The maximum value of v4,; is approximately the equilibrium

unidirectional thermal velocity vierm. Backscattering from the
channel determines how close to this upper limit the device oper-
ates. Therefore, 1/,; can be related to the channel backscattering
coefficient 7y, according to Vinj = Vinerm (1 — 7sat) /(1 + Tsat)
[19]-[21]. The 7.+ depends on the mean-free path A and the
critical length [ as 755y = 1/(1 + A /1) [19]. In other words, the
ratio A/l controls the channel backscattering of the transistor
ballistic current.

Based on the temperature-dependent version of backscatter-
ing model [9], [14], [15], 1./I has been expressed as

A

l
_ —2(1+ By = B) =) 9
Y= ((aId,sat /Id,sataT) +{8VT,Sa,t/(‘/gs - V]“'sm)aT}) T
ey

where (3, 3;, and -y are defined as the temperature sensitivity of
1o, 1 and Vperm, respectively [19]:

po x T B (2a)
T ng
lx (kB) (2b)
q
2kpT (S
Vtherm = - * { J;/Q <77F) } o I (2¢)
™ So(nr)

where S, is the Fermi—Dirac integral of order n, and np =
(Er — E;)/kpT. The second factor of (2c) describes the effect
of degeneracy on +/2kpT/mm* [19]. The variable (3, in (2a)
represents the temperature dependence of carrier mobility. It
has been shown that 3, may change from 3, = 1 for Coulomb
scattering to 3, = —1.7 for phonon scattering [22], [23]. Since
l is roughly the distance over which the channel potential drops
by kT /q [19], [20], the (5, in (2b) is determined by the po-
tential gradient within the kg7 layer. It has been calculated
in [19] that 3; = 0.66 and 0.75 for diffusive and ballistic trans-
port, respectively. Besides, 3; was observed to be 0.7-1.24 for
different L, by Monte Carlo simulation [16]. From (2a) to (2¢)
and A o< 2kpT o /qVtherm [19], the temperature dependence of
A/l can be derived as [24], [25]

A 2kBTuo< q

B
-~ kBT> o T+ B =B1) =7 | 3)

14 = qVtherm

Equation (1) reveals an opportunity to experimentally extract
A/l as well as rg,q from the measured I so4—7 and Vi gop—T
characteristics. However, the accuracy of the extracted A /[ relies
on the values of (5, — ;) and 7. From (2¢), we know that
ranges from 0.5 (nondegenerate limit) to O (degenerate limit).
To a first approximation, v = 0.5 is assumed as in [9], [14],
and [15]. (The error due to the «y assumption will be discussed in
the next section.) For the value of (8, — (3;), the previous method
[9], [14], [15] assumes constant 3, and 3; (e.g., B, = —1.5 and
B = 1)in (1) to determine A/l and 7y .

Fig. 3 shows the extracted A/l of the unstrained PFET using
constant (5, — 3;)(A). It can be seen that when using constant
B, and (3, the constraint on the temperature dependence of
A/lin (3) cannot be satisfied. Therefore, we propose to use (1)
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Fig. 3. Extracted A/l versus T characteristics showing the need of self-
consistent (3, — 3;). Note that values of I .4 and V7 ¢, were considered at
the corresponding 7.
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Fig.4. (a)Extracted (3, — ;) and (b) rs,¢ versus |V s — Vp gag | character-
istics for 50-nm- L, PMOSFETs with and without uniaxially compressive strain.
V1 sat is determined by maximum transconductance method with DIBL con-
sidered. The R, effect has been corrected. (Rgq ~ 125 Q-pum for the strained
device and 214 Q-pm for the unstrained device).

and (3) to determine (3, — 3;) and A/l self-consistently. As
shown in Fig. 3, notable discrepancy in the extracted (3, — 5;)
and A/l between the self-consistent (3, — (3;) and the constant
(B, — B1) can be found. Besides, the decreasing A/ (i.e., the
increasing 75,1 ) With increasing T" can be explained by reduced
A and increased [ as T increases. Most importantly, using the
self-consistent (3, — G;), the temperature dependence of A/!
can satisfy (3).

IV. RESULTS AND DISCUSSION

Fig. 4 shows the extracted (8, —3) and 7y, versus
|Vgs — VI sat| characteristics for the unstrained and strained
PMOSFETs with L, = 50 nm, respectively. It can be seen that
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the self-consistently determined (3, — ;) is far from —2.5 and
shows significant V,, dependence for both devices. The in-
creased (8, — ;) with decreasing V, manifests the impor-
tance of Coulomb scattering in the weak inversion region [2].
We have also noted that the rg,; value extracted from the
self-consistent (3, — 3;) increases with decreasing V. Be-
sides the Coulomb scattering effect [2], such V;, dependence
of 74, can be explained by the decreased potential gradi-
ent of the source—channel junction barrier (i.e., increased [)
with decreasing V,, [15]. It is worth noting that the assump-
tion of (3, — ;) = —2.5 [9], [14], [15] results in insensitive
Tsat — Vs dependence.

Fig. 4(a) also shows that the value of (3, — ;) for the strained
PFET is smaller than that of the unstrained one. This result is
consistent with the measured I ¢,—Vys [Fig. 2(a)], in which
the I;sa¢ of the strained device shows more phonon-limited
behavior (i.e., I, decreases as temperature increases), and
thus, (8, — (;) decreases. Moreover, as shown in Fig. 4(b), 7.
is actually reduced in the compressive-strained PFET, which is
contrary to previous studies [9], [10] using (5, — ;) = —2.5.

To further consider the impact of the v = 0.5 assumption
on the extracted ry,; behavior in Fig. 4(b), drs.;/dy can be
expressed [from (1)]

aTsat

Oy

— rsa‘t(l_rsat)
v ((8Id,sat /IdmtaT)+{aVTqat/(the *VT.,sat)aT}) T

“

Note that the right-hand side of (4) is positive, so an overes-
timated ~y(dy) results in an overrated 7, . Since the degenerate
effect increases with V;; and is enhanced by strain effects, v de-
creases faster for the strained device than that for the unstrained
one. In other words, v as well as rg,¢ is more overestimated in
Fig. 4(b) for the strained device. Note that the extracted rg,¢
[with self-consistent (3, — ;) in Fig. 4(b)] for the strained
device is already smaller than that of the unstrained one. There-
fore, the v = 0.5 assumption will result in underestimation of
the impact of compressive strain on the reduction of r,¢.

To further understand the strain effect, we have investigated
Vtherm, &, and effective mobility p for both strained and un-
strained PFETs. Based on the self-consistent extracted 7.
[Fig. 4(b)] and the measured I;q.¢ [Fig. 2(a)], Viherm Was
calculated from Iy ga¢ = W Cox (Vys—V7 sat )Vinerm (1 — Tsat)/
(1 + 7r5at ). In addition, A can be extracted [from (6)]

_ (Vos = Viain)(g/2k T) (A /(A + Ly ))
(V.fis - VT,sat)((l - rsat)/(l + rsat))

where the ratio of I(wn/ Vs is determined from the slope of
141in—Vys characteristics at Vg, = 0 V. The effective mobility
w was measured using the split C-V method with R4 cor-
rection, as presented in our previous study [2]. Fig. 5 shows
the extracted Viperm, A, and o versus Vg characteristics, re-
spectively. It can be seen that the strain-reduced conductiv-
ity effective mass m* leads to an increase of Ve, A, and
. Although the effective mobility p extracted from the split

I 3in
Vds Id,sat

&)
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Fig. 5. Extracted (a) thermal velocity Vperm, (b) mean-free path A, and (c) ef-
fective mobility . versus |V, — V| characteristics for 50-nm-L, PMOSFETs
with and without uniaxially compressive strain at 7" = 298 K. A is extracted
from the slope of I; 1;,—Vys characteristics at V;; = —20 to 20 mV. Effective
mobility is extracted from the split C-V method at V;; = 50mV with R,
correction [2].

C-V method may not be exactly equivalent to the low-field
mobility p as the definition of A [4]-[6], it is worth noting
that the enhancement of backscattering coefficients follows the
relation of A o (2kp T 10 /qViherm ), i-€., 1.9% (A enhancement)
~3.3x (penhancement)/1.5% (Viherm enhancement). The strain
effect on the enhancement of 1/m* and the relaxation time
7 can also be obtained ~2.3x from (Vjperm €nhancement)?
and ~1.3x from (A enhancement)/(¥herm €nhancement), re-
spectively. Besides, the A enhancement is the main reason for
the reduction of 74, and pushes the transport of carriers closer
to the ballistic regime. Contrary to previous reports [9], [10],
our study indicates that the ballistic efficiency can be enhanced
by compressive strain for nanoscale PFETs.

From the extracted rs,; and X, the critical length [ can be
calculated through r,; = 1/(1 + 1/1) [6]. Since 75,¢ and A are
strongly dependent on V[ is extracted under the same gate
overdrive for strained and unstrained PFET at different tempera-
tures. Fig. 6(a) shows the potential —kpT'/q versus (Ir — lo33K)
characteristics, which can be viewed as the potential gradient
of the source—channel junction barrier (Fig. 1). It can be seen
that the potential gradient is smaller for the unstrained device.
Similar variation in electrostatic potential has been simulated
by Svizhenko et al. [26] for different scattering conditions. It
can be understood that more backscattering events for the un-
strained device with smaller A raise the electrostatic potential
to higher energy to maintain the same carrier density. Our ex-
perimentally observed backscattering effect on the electrostatic
potential supports the prediction in [26]. It is, to the best of
our knowledge, the first experimental demonstration. In addi-
tion, the V,; dependence of the potential gradient is shown
in Fig. 6(b). It is clear that the potential gradient decreases
with decreasing V. The decreased potential gradient of the
source—channel junction barrier (i.e., increased [) can explain
the V,, dependence of 7, for the self-consistent (3, — 3) in
Fig. 4(b).
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Fig. 6. Extracted potential —kp T'/q versus (I7 — lag3xk ) characteristics for
(a) strained and unstrained PMOSFETSs with L, = 50 nm at ’Vys = V7 sat
0.8 V and |V;5| = 1.3 V, and (b) the strained PMOSFET with L, = 50 nm at
Vgs =V sar| = 04-0.8 Vand [V = 1.3 V.

V. CONCLUSION

We have examined characteristics for strained and unstrained
PMOSFETs using the experimentally extracted rg,¢, A, ut, and
Vtherm DY Our modified temperature-dependent extraction method
with self-determined (3, — 3;). Through comparing the ex-
tracted backscattering coefficients, we demonstrate that assum-
ing constant temperature dependence of 1 and [ in the extrac-
tion may result in unphysical V;; and temperature dependence
of backscattering characteristics. Contrary to previous studies,
our results indicate that the ballistic efficiency can be enhanced
for compressive-strained PFETs because A is enhanced. Be-
sides, the v = 0.5 assumption will result in underestimation of
the impact of compressive strain on the reduction of rg,. In
addition, the backscattering effect on the electrostatic potential
has been discussed.
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