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Impact of Process-Induced Strain on Coulomb
Scattering Mobility in Short-Channel n-MOSFETs

William P. N. Chen, Pin Su, Member, IEEE, and K. Goto, Member, IEEE

Abstract—This letter provides an experimental assessment of
Coulomb scattering mobility for advanced short-channel strained
devices. By accurate mobility extraction under various tempera-
tures, we examine the impact of process-induced uniaxial strain
on Coulomb mobility in short-channel nMOSFETs. This letter
indicates that the Coulomb mobility has significant stress depen-
dency. Moreover, the stress sensitivity of the Coulomb mobility
shows strong temperature dependence. Because it is the inter-
face scattering that counteracts the stress sensitivity of the bulk-
impurity-limited mobility, further reducing the interface charges
will be crucial to future mobility scaling.

Index Terms—Coulomb mobility, MOSFET, strained silicon.

I. 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]. Recently, several studies [4]–[9] reported degraded car-
rier mobility for short-channel devices and pointed out the
increasing importance of Coulomb scatterings. Whether or not
the Coulomb scattering mobility can be enhanced by process-
induced strain 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 that is limited by substrate impurity scattering is still
enhanced in long-channel strained devices (L = 10 µm). These
findings seem to be inconsistent, and further examination on
Coulomb mobility is needed.

In this letter, we tackle the problem by using advanced
short-channel strained devices. By accurate mobility extraction
under various temperatures, we assess the impact of process-
induced uniaxial strain on Coulomb mobility in short-channel
nMOSFETs.
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II. EXPERIMENTAL

N-channel MOSFETs with channel direction 〈110〉 with
neutral and compressive uniaxial Contact Etch Stop Layers
(CESLs) were manufactured based on state-of-the-art CMOS
technology on 300 mm (100) silicon substrate. The devices
with neutral and compressive CESL films were implanted by
same p-pocket conditions. The effective bulk concentrations are
2 × 1018 cm−3 and 3 × 1017 cm−3 at short- and long-channel
devices, respectively, based on TCAD simulation.

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 [18]. The corner effect is due to the interaction of
lateral and bottom CESLs, resulting in compressive stress along
the channel direction. The direct CESL effect is dominated
by the bottom-CESL effect. Both corner and direct CESL
effects have higher stress efficiency on shorter channel devices.
Based on TCAD stress simulation, the average stress levels for
LG = 90 nm along the channel direction are −0.165 and
−0.599 GPa (“−” means compressive stress) for neutral and
compressive CESL nitride films, respectively. The average
stress levels vertical to the silicon surface are −0.079 and
4.120 GPa for neutral and compressive CESL nitride films,
respectively. The average stress levels along the width direction
are −0.684 and −0.522 GPa for neutral and compressive CESL
nitride films, respectively. The way to control the stress level of
CESL films is to modify film compositions or thicknesses by
different deposition parameters. In general, stronger compres-
sive CESL or thicker compressive CESL film means stronger
compressive stress applied along the silicon channel.

The devices with effective channel length (LEFF) ranging
from 975 to 90 nm were examined. In order to extract the short-
channel mobility, special transistor arrays were designed. Split
C–V measurement [10], [11], [15] was used to characterize
the inversion charge density (Qinv) and the bulk charge density
(Qb) for long- and short-channel devices, respectively. After the
gate-to-channel capacitance with floating bulk terminal (Cgc)
was calibrated by considering the parasitic components such as
overlap capacitance and fringing capacitance [12], [13], Qinv

was obtained by integrating the entire Cgc curve from the
flatband voltage. When the gate-to-channel capacitance with
source/drain/bulk tied together (Cgg) was calibrated by using
the same procedure, Qb can be obtained [16].

The intrinsic drain–current (Id) was calibrated by consider-
ing the series-resistance (Rsd) effect [14]. The physical poly
gate length (Lphy) was obtained by using inline SEM mea-
surement. The LDD overlap region under the gate (Lov) was
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Fig. 1. Our extracted short-channel mobility shows significant dependence on
the uniaxial stressor applied.

Fig. 2. Temperature dependence of the mobility at (EEFF = 1.2 MV/cm)
versus LEFF. (Inset) dµ/dT is extracted in the temperature range from
233 ◦K to 358 ◦K.

extracted by the split CV method [7]. The effective channel
length (LEFF) can then be derived by subtracting Lov from
Lphy. Finally, the mobility can be extracted by Eq. (1):

µ =
Id · LEFF

W · Qinv · Vds
. (1)

III. RESULTS AND DISCUSSION

Fig. 1 shows the extracted mobility of long- and short-
channel devices versus the vertical electrical field (EEFF).
It can be seen that the short-channel mobility significantly
depends on the stress level. Fig. 2 shows the temperature
dependence of the mobility at EEFF = 1.2 MV/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 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 UMCs
(±10%), as shown in Fig. 3. It can be seen that the extracted

Fig. 3. We have varied the UMC by ±10% to verify the accuracy of our
extracted Coulomb mobility.

Fig. 4. Coulomb mobility for short-channel devices with different stressors
under various temperatures.

Coulomb mobility curves remain almost the same when Qinv is
smaller than 5 × 1012 cm−2, at which VG is about 1.1 V.

Fig. 4 shows the Coulomb mobility for the short-channel de-
vices with different stressors under various temperatures. It can
be seen that, in the low vertical field region, the Coulomb mobil-
ity decreases with temperature. This is because slower electrons
are more susceptible to Coulomb scattering [17]. Moreover, the
Coulomb mobility shows significant stress dependency. In other
words, strain engineering can still be employed to modulate the
Coulomb scattering mobility of short-channel nMOSFETs. It is
worth noting that our result is inconsistent with the results in
[5] and [6].

Fig. 5 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, namely, bulk impurity scattering and interface
scattering, are responsible for our observation. As pointed out
in [4], the mobility that is limited by bulk impurity scattering
(µb) shows opposite stress sensitivity to the mobility that is
limited by interface scattering (µit). Although the bulk im-
purity 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
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Fig. 5. Stress sensitivity of Coulomb mobility under various temperatures.
The ∆µCoulomb represents µCoulomb_strain − µCoulomb_neutral.

mechanisms counteract each other and determine the overall
stress dependency of Coulomb mobility. As temperature in-
creases, the importance of interface scattering increases [17].
As a result, the stress dependency of the overall Coulomb
mobility decreases.

IV. CONCLUSION

We have examined the impact of process-induced uniaxial
strain on Coulomb mobility for short-channel nMOSFETs. This
letter indicates that the Coulomb mobility has significant stress
dependency. Moreover, the stress sensitivity of the Coulomb
mobility shows strong temperature dependence. Because it is
the interface scattering that counteracts the stress sensitivity of
the bulk-impurity-limited mobility, further reducing the inter-
face charges will be crucial to future mobility scaling.
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