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Abstract

In this project we conduct a
comprehensive study of variability and carrier
transport for  advanced  silicon-based
nanodevices. In task |, we investigate and
anayze the mismatching properties of
nanoscale strained MOSFETs. This study is
important not only for circuit designs using
advanced CMOS devices, but also for the
fundamental understanding of intrinsic
parameter fluctuations in nanodevices. In task
[1, we conduct a comprehensive study of

dependence of carrier mobility and the carrier-
mobility-fluctuation low-frequency noise have
unveiled several puzzles regarding carrier
transport in ultra-scaled strained devices, and
provided insights for future mobility scaling.
In task |11, we investigate the impact of surface
orientation on the threshold-voltage sensitivity
to process variations for Si and Ge FInFETs
using an anaytical solution of Schrédinger
equation. Our theoretica model considers the
parabolic potential well due to short-channel
effects and therefore can be used to assess the
quantum-confinement effect in short-channel
FINFETs. Our study has provided insights for
device design and circuit optimization using
advanced FinFET technologies.
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In this project, we conduct a
comprehensive study of variability and carrier
transport for  advanced  silicon-based
nanodevices [1]. This report describes our
three main tasks:

Task |: Investigation and analysis of
mismatching properties for nanoscale strained
MOSFETs[2]

Task I1: Impact of uniaxial strain on the
temperature dependence of carrier mobility [3]
and the carrier-mobility-fluctuation low-
frequency noise [4] in nanoscale pMOSFETs

Task Il1l: Impact of surface orientation
on the threshold-voltage variability of ultra-
scaled FiNFETs [5]



Task |

With the scaling of device dimensions,
the device mismatching that stems from
stochastic fluctuations is becoming a concern
for nanoscale MOSFETs [6]-[8]. Device
mismatch may limit the achievable accuracy in
anal og applications such as multiplexed analog
systems, digital-to-analog converters,
reference source, and the SRAM. Since
strained silicon is widely used in state-of-the-
art CMOS technologies to enable the mobility
scaling [9]-[10], a comprehensive study
regarding the impact of strain on device
mismatch is needed.

In this work, we conduct a systematic
comparison of the mismatching properties of
nanoscale strained MOSFETs  between
strained and unstrained devices.

Task Il

Uniaxial strained-Si  technology is
crucial to transistor performance in state-of-
the-at CMOS development [11]-[12]. The
temperature effect on strain-enhanced mobility
is of specid importance because it may
provide insights for the underlying
mechanisms responsible for the performance
enhancement. Although several studies have
investigated the temperature effect on strain-
enhanced mobility in the past [13]-[16], the
temperature effect of process-induced uniaxial
strain for nanoscale pMOSFETS is still not
clear and merits investigation.

In addition, low frequency noise in
nanoscale CMOS devices is becoming
increasingly important because it may limit the

functionality of analog and digital circuits [17].

Our pervious study showed that the carrier-
number-fluctuations  origin  input-referred
voltage noise of the uniaxial compressive
strained pMOSFETs can be improved
intrinsicaly by reducing the tunneling
attenuation length through the strain-increased
out-of-plane effective mass and tunneling
barrier height [18]. Nevertheless, the carrier-
number-fluctuations origin low frequency

noise only dominates in the low gate voltage
overdrive (Vgs) regime. Whether there exists
an intrinsic strain effect on the low frequency
noise characteristics in the high Vg« regime is
still not clear and merits investigation.

In this work, we conduct an
experimental assessment for the impact of the
process-induced uniaxial strain on the
temperature dependence of carrier mobility
and the carrier-mobility-fluctuations origin
low frequency noise in nanoscale pM OSFETS.

Task I11

Because the carrier mobility of
MOSFET depends on surface orientation, it
has been proposed that the circuit performance
of FinFET can be enhanced with the optimized
surface orientation [19]-[21]. However, the
immunity of FINFET structure with various
surface orientations to process variations has
rarely been examined. As the channel
thickness (i.e., fin width) of FInFET scales
down, the quantum confinement effect may
become significant. This 1-D confinement
effect may result in the threshold voltage (Vi)
shift and impact the V, variability. Moreover,
the impact of quantum confinement may show
surface-orientation dependence.

In this work, we investigate the Vi,
variability of Si- and Ge-channel FinFET with
various surface orientations using anaytical
solution of Schrodinger equation. The
theoretical model provides us a physical and
efficient method to explore the impact of
quantum-confinement effect. In addition, to
validate the results predicted by the theoretical
model, we also perform the 3-D atomistic
simulation to assess the Vi, dispersion due to
fin line-edge-roughness (fin-LER) for FINFET
with various surface orientations.
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1. Investigation and
mismatching properties
strained MOSFETS|[2]

analysis  of
for nanoscale

Fig. 1 (a) and (b) show the V4 dependence
of the extracted standard deviations of
normalized drain current mismatch (o(41g)/14)
for strained and control devices with Lgae =
54nm and gate width (W) = 0.3um in the linear
region (JVg4|=0.05V) and saturation region
(IVd|=1V), respectively. It can be seen that, for
gate voltage overdrive (|Vgsl=|Vgl-Vin]) below
0.4V, the o(Alg)/ly of the strained device is
larger than that of the unstrained one. On the
other hand, for |Vg«| above 0.4V, the o(Alg)/1q
of the strained device is smaller than that of
the unstrained one.

The normalized drain current mismatch in
the low |Vge| regime (e.g., |Vg«<0.4V) is
dominated by the threshold voltage mismatch,

and can be expressed as:
A_Id:_%x(AVth) @
Id Id ,

Fig. 2 shows that the g./lq4 of the strained
device is significantly larger than the control
device. It is the enhanced g,/l4 that increases
the drain current mismatch in the low |V
regime (see EqQ. (1)). The gn/lq4 for the strained
device is higher than its control counterpart
because of the higher Vy sensitivity of carrier
mobility (ue) present in the strained device, as
shown in Fig. 3. It can be seen from Fig. 3 that
Uerr increases with Vg in the low |Vgg| regime.
This is because in the low |Vg«| regime, the
mobility is mainly determined by Coulombic
scattering [22]. The mobile carrier screening
makes uer increases with V. The larger slope
of the mobility for the strained device is
responsible for the higher gn/lq observed in
Fig. 2.

Nevertheless, for a given gn/lg, the
o(41g)ll4 for the strained and control devices
are nearly identical. In other words, the Vi,
mismatch for the strained and control devices

are nearly the same, as demonstrated in Fig. 4.
Note that a linear dependence of o(AVy) on
1/(WLgate) 2 in the Pelgrom plot indicates a
random-dopant-fluctuations origin  of Vi
mismatch [23]. Moreover, the increase of
o(AVy) with increasing |V4 due to drain
induced barrier lowering (DIBL) can also be
observed in Fig. 4[24].

In the high |Vgg| regime (e.g., |Vg«/>0.4V),
Fig. 1(a) and (b) show smaller o(Alg)/14 for the
strained device as compared with the
unstrained one. In the high [Vy«| regime, the
variance of the o(Alg)/l4 can be expressed as.

ool ¥

where gn and S are the transconductance and
current factor, respectively. Fig. 5(@) and (b)
show a comparison of the measured o%(Alg)/1q
with Eg. (2) a [V¢=0.05V and |V4=1V,
respectively. It can be seen that the 6%(Alg)/lq
can be modeled well by considering the
contribution from both AV, and Ap.

Fig. 5(a) indicates that the Al4/l4 in the
high |Vg«| linear regime is dominated by Ag/S.
The Pelgrom plot of o(AS)/f shown in Fig. 6(a)
further demonstrates that it is the reduced
o(Ap)Ip that reduces the linear drain current
mismatch in the high |Vyg| regime. 1t should be
noted that although the c(Ap)/f of the strained
device is smaller than that of the unstrained
one, the o(Ap) is actualy larger for the
strained device as shown in Fig. 6(b). It is
plausible that the increased o(Ap) results from
the strain enhanced mobility fluctuation. As
compared with Fig. 1(a), Fig. 1(b) shows
larger discrepancies in o(Alg)/ly between
strained and unstrained devices in saturation
region. In other words, the improvement in
o(Alg)/ly for the strained device is further
enhanced in saturation region. Fig. 5(b)
indicates that the Vi, mismatch is still relevant
to the overal o(Alg)/lg in the high [V
saturation region. In other words, the excess
improvement of o(Alg)/lq for the strained
device in saturation region results from the
reduced Vi, mismatch. Since the Vi, mismatch




for the strained and control devices are nearly
the same, as demonstrated in Fig. 4, the
reduced Vi, mismatch can be explained by the
strain-reduced gn/lqin the high |Vg«| saturation
region (e.g. [Vy[=1V) as shown in Fig. 7. The
reduced gn/la in the high |Vg«| saturation
region for the strained device can be attributed
to the strain-reduced Eg;. The strain- reduced
Es: results from the enhanced mobility in the
strained device. The enhancement in mobility
corresponds to an increase in slope of the
carrier  velocity versus lateral  field
characteristic and a reduction in the critical
field (Es) for velocity saturation.

In conclusion, we have investigated and
anayzed the mismatching properties of
nanoscale strained PMOSFETS under various
bias conditions. In the low |V regime, the
o(Alg)/ly4 for the strained device is enhanced
while the threshold voltage mismatch of the
strained device is nearly identical to that of the
control one. The increased o(Alg)/ly4 for the
strained device can be attributed to the
enhanced gq/l4. In other words, the o(Alg)/14 of
the strained device is amost the same as the
unstrained one at a given gy/lg. In the high
|Vgsl| linear region, the smaller o(Alg)/14 for the
strained device results from its smaller o(AS)/f,
albeit the o(Ap) for the strained device is
larger than that of the unstrained one. In the
high |Vg«| saturation regime, the improvement
in o(Alg)/l4 for the strained device is further
enhanced because of the strain-reduced Eg;;.

2. Impact of uniaxial strain on the
temperatur e dependence of carrier mobility
[3] and the carrier-mobility-fluctuation low-
frequency noise [4] in nanoscale
pPMOSFETs

Fig. 8 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. 9.

It can be seen from Fig. 9 that the short
channel mobility in PMOS (Lerr = 95 nmM)
shows significant dependence on the uniaxial
strain.  The PMOS mobility prefers
compressive stress because of the strain-
reduced conductivity effective mass [9]. In
addition, Fig. 9 shows that the mobility is
degraded when temperature increases in the
high vertical-field region, where phonon
scattering is important [25]-[26]. 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. Fig.
10 shows the temperature sensitivity (log u/
log T) of the hole mobility versus the vertical
effective electric field (EEFF). For a given
stressor, it can be seen that the temperature
sensitivity increases (i.e., more negative) and
then saturates as EEFF 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 the PMOS
device becomes more phonon limited [25]-[26]
under compressive 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. 8. Fig. 11 shows the hole-mobility
enhancement (Auw/u) versus temperature at
EEFF = 1.5MV/cm. It shows that for both
compressive and tensile stressors, the
magnitude of Aw/u decreases as temperature
increases. Our result from the process-induced
uniaxia stressors is consistent with the study
in [16], in which an external compressive
uniaxial mechanical stress was applied. Based
on the model proposed in [16], 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.



The drain current noise spectral densities
(Sq) for the strained and unstrained devices
with Lgae=65nm biased at gate overdrive
[Vg«/=0.8V are shown in Fig. 12. The spectra
show typical 1/f" noise type with the frequency
index y close to one. Fig. 13 shows the
normalized drain current noise spectral density
(Sd/l) versus [Vgs| from the average of 10
devices. It can be seen that the strained device
shows larger S/l ¢ than its control counterpart
in this high gate-voltage overdrive regime.

Fig. 14 shows the input-referred noise
gpectral density for the strained and unstrained
devices. The gate bias dependent Syg as [V gl
larger than ~0.2V for both the strained and
unstrained devices indicates the carrier-
mobility- fluctuations origin of low frequency
noise. According to Hooge’s carrier-mobility-
fluctuations noise model [27], Hooge
parameter ay is a figure of merit for low
frequency noise comparison. Fig. 15 shows the
extracted Hooge parameter [27] versus Vg«
from the average of 10 devices. It can be seen
that the ay shows weak Vyg dependence,
which is aso a signature of the carrier-
mobility- fluctuations origin  1/f noise.
Moreover, the strained device shows larger ay
than the unstrained one. It indicates that the
carrier mobility for the strained device, as
compared with the unstrained one, is more
phonon-scattering limited [27]. Through
Monte-Carlo analysis, Fischetti et al. [28] has
reported that the only scattering mechanism
that is sufficiently sensitive to strain is the
scattering from surface roughness [29]. It is
plausible that the larger enhancement in the
surface roughness mobility results in the more
phonon- scattering limited carrier mobility for
the strained device.

Fig. 16 compares the oy of the strained
and unstrained devices with various gate
length at [Vge[=0.8V. It can be seen that the
impact of strain on ay increases as gate length
decreases. This is because the process-induced
strain has a local nature, and the strain

increases with decreasing gate length [9].

In conclusion, we have investigated the
temperature dependence of carrier mobility
and the low frequency noise characteristics,
respectively, for advanced short-channel
strained PMOS devices. By accurate split C-V
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 pPMOSFETs. Our study indicates
that the strain sensitivity of hole mobility
becomes less with increasing temperature, and
it is consistent with previous uniaxia
mechanical-bending result. Furthermore, the
carrier-scattering  mechanism  for  the
PMOSFET under uniaxial compressive strain
tends to be more phonon limited at a given
vertical electric field, which explains the larger
drain current sensitivity to temperature present
in  the compressively strained PFET.
Regarding the low frequency noise
characteristics in nanoscale PMOSFETS, It is
found that the normalized drain current noise
of the strained device in the high gate
overdrive (Vgs) regime is larger than its
control counterpart. In addition, the enhanced
carrier-mobility-fluctuations origin 1/f noise
for the strained device in the high |Vgg| regime
indicates that the carrier mobility in the
strained device is more phonon-limited, which
represents an intrinsic strain effect on the low
frequency noise.

3. Impact of surface orientation on the
threshold-voltage variability of ultra-scaled
FinFETs[5]

Fig. 17 shows a schematic sketch of a
FNFET structure. For long-channel undoped
FINFET, the conduction band edge Ec(X) was
treated as a flat well with potential energy £ in
the past [30]. However, to account for the
source/drain coupling due to short-channel
effects, the conduction band edge Ec(X) in (1)
should be treated as a parabolic well [31] with



potential energy Ec(X) =ax¢ +8. a and 8 are
length-dependent coefficients and can be
obtained from the channel potential solution of
Poisson’s equation under subthreshold region
[32]. Using the parabolic-well approximation,
an anaytical solution of (1) can be obtained.

Note that as a=0 (i.e, Ec is spatiadly
constant), ¥j(X) will return to the form of
sinusoidal functions, which is the solution for
the flat-well approximation [30]. The jth
eigen-energy E can be determined by the
boundary condition ¥ (X = tew/2) = 0. Thus, the
eigen-energy and egenfunction of short-
channel FinFET under subthreshold region can
be derived.

Fig. 18 shows that for a short-channel
lightly-doped FnFET, the conduction band
edge Ec is bended from a flat well to a
parabolic-like well due to source/drain
coupling, and the E; calculated by our model
considering the parabolic-well approximation
agrees well with the TCAD simulation that
numerically solves the self-consistent solution

of Poisson and Schrodinger equations [33]. Fig.

19 shows the channel length (L) dependence
of the energy difference of Ey and the bottom
of well Ec(x = 0). In contrast to the constant Eg
calculated from the flat-well approximation,
both the TCAD simulation and our model
show that the Eq increases with decreasing L.

To assess the impact of quantum
confinement on Vy, the Vy, is defined as the
Ves a which the average electron density of
the cross-section at y = Lgt /2 (highest
potential barrier for low Vps) exceeds the
channel doping concentration. Fig. 20 verifies
the electron density distribution calculated
from the classica (CL) model and the
guantum-confinement (QC) model with the
TCAD simulations.

Besides theoretical model, we also
perform atomistic simulation to assess the
problem. We employ the Fourier synthesis
approach that generates the line edge patterns
using the Gaussian autocorrelation function as
the power spectrum [34], and then the Monte

Carlo ssimulations. The parameters used for the
fin-LER simulations in this study are the rms
amplitude (A) = 1.5nm and the correlation
length (A) = 20nm [35]. Fig. 21 shows the
nomina 3-D FinFET structure and some of the
150 samples used in our atomistic simulation.

For FinFET structure, different surface
orientations such as (100), (110), and (111)
can be achieved by rotating the device layout
in the wafer plane [20]. Fig. 22 shows that for
Si-FnFET with a small te, the Vi, and its
sensitivity to channel thickness (t.,) variation
considering the quantum-confinement effect is
larger than that predicted by the CL model.
Moreover, the V, of (111)- and (110)-surface
increases more rapidly than that of (100)-
surface with decreasing ten. Thisis because the
quantum-confinement  effect depends on
surface orientation, as indicated by the inset of
Fig. 22. For high-mobility channel such as Ge-
FINFET, the Vy, dispersion due to quantum-
confinement becomes more significant. Fig. 23
shows that the Vi, of (100)-surface increases
more rapidly than (110)- and (111)- surface
with reducing tc,. Thisis because the quantum-
confinement effect of (100)-surface is larger
than that of (110)- and (111)-surface, as
indicated by the inset of Fig. 23.

Fig. 24 shows the V, variability of (100)-
and (110)- surface Si-FINFET derived from the
atomistic simulation. It can be seen that the
mean value as well as its spread of Vy, for
(110)-surface are larger than those of (100)-
surface due to quantum confinement. The
result is consistent with the Vi, sensitivity to
teh calculated by our theoretical model (Fig.
22). More results from atomistic simulation
will be presented.

Besides the Vi, sensitivity to te, the
quantum-confinement effect also affects the
Vi sengitivity to the L variation. Fig. 25
shows that for Ge-FInFET, the degree of V,
roll-off predicted by our QC model is (100) <
(110) < (111) < CL, which is opposite to the
V, sensitivity to the tq, variation (Fig. 23). In
other words, while the quantum-confinement



effect enhances the Vi, sengtivity to tg, it
reduces the Vi, sensitivity to the L variation.
In conclusion, we have investigated the
impact of surface orientation on the Vg
variability of Si- and Ge-FinFET using both
the analytical solution of Schrédinger equation
and atomistic simulation. Our study indicates
that, for ultra-scaled FINFET, the importance
of t., variation increases due to the quantum-
confinement effect. The Si-(100) and Ge-(111)
surface show lower Vg sensitivity to te
variation as compared with other orientations.
On the contrary, the quantum-confinement
effect reduces the Vy, senditivity to L, and
Si-(111) and Ge-(100) surface show lower V,
sensitivity as compared with other orientations.

TR AEAE

In this project we have conducted a
comprehensive study of variability and carrier
transport  for  advanced  silicon-based
nanodevices. We have investigated and
anayzed the mismatching properties of
nanoscale strained MOSFETs. This study is
important not only for circuit designs using
advanced CMOS devices, but also for the
fundamental understanding of intrinsic
parameter fluctuations in nanodevices. In
addition, our studies regarding the impact of
uniaxia strain on the temperature dependence
of carrier mobility and the carrier-mobility-
fluctuation low-frequency noise have unveiled
several puzzles regarding carrier transport in
ultra-scaled strained devices, and provided
insights for future mobility scaling. Besides,
we have investigated the impact of surface
orientation on the threshold-voltage sensitivity
to process variations for Si and Ge FinFETs
using anaytical solution of Schrédinger
equation. Our theoretical model can provide
insights for future device design and circuit
optimization using advanced FinFET
technologies.

Under the support of this NSC project, we
have published 9 IEEE journa papers [2]-[5],

[36]-[40]. These research works have aso
been crucia to the education of our graduate
students to become leading researchers in the
areas of dlicon-based nanoelectronics,
modeling and design for advanced CMOS
devices, and device/circuit interaction and co-
optimization in nano-CMOS.
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Introduction

Because the carrier mobility of MOSFET depends on
surface orientation, it has been proposed that the -circuit
performance of FinFET can be enhanced with the optimized
surface orientation [1]-[3]. However, the immunity of FinFET
structure with various surface orientations to process variations
has rarely been examined. As the channel thickness (i.e., fin
width) of FinFET scales down, the quantum confinement effect
may become significant. This 1-D confinement effect may result
in the threshold voltage (Vy,) shift and impact the Vy, variability.
Moreover, the impact of quantum confinement may show
surface-orientation dependence.

In this work, we investigate the Vy, variability of Si- and
Ge-channel FinFET with various surface orientations using
analytical solution of Schrddinger equation. The theoretical
model provides us a physical and efficient method to explore the
impact of quantum-confinement effect. In addition, to validate
the results predicted by the theoretical model, we also perform
the 3-D atomistic simulation to assess the Vy, dispersion due to
fin line-edge-roughness (fin-LER) for FinFET with various
surface orientations.

Analytical Solution of Schrodinger Equation

Fig. 1 shows a schematic sketch of a FinFET structure. To

consider the quantum-confinement effect along the fin-width
(i.e., x) direction, the Schrédinger equation can be express as
w2 dh(x) (1)
dx?
where E; is the jth eigen-energy, W(x) is the corresponding
wavefunction, and m, is the carrier quantization effective mass.
For long-channel undoped FinFET, the conduction band edge
E(x) was treated as a flat well with potential energy f in the
past [4]. However, to account for the source/drain coupling due
to short-channel effects, the conduction band edge E(x) in (1)
should be treated as a parabolic well [5] with potential energy
Eq(x) =axx* +f. x and f3 are length-dependent coefficients and
can be obtained from the channel potential solution of Poisson’s
equation under subthreshold region [6].Using the parabolic-well
approximation, an analytical solution of (1) can be obtained.

Note that as 0=0 (i.e., Ec is spatially constant), ¥;(x) will
return to the form of sinusoidal functions, which is the solution
for the flat-well approximation [4]. The jth eigen-energy E; can
be determined by the boundary condition ¥; (x = t,/2) = 0. Thus,
the eigen-energy and eigenfunction of short-channel FinFET
under subthreshold region can be derived.

Fig. 2 shows that for a short-channel lightly-doped
FinFET, the conduction band edge E is bended from a flat well
to a parabolic-like well due to source/drain coupling, and the E;
calculated by our model considering the parabolic-well
approximation agrees well with the TCAD simulation that
numerically solves the self-consistent solution of Poisson and
Schrodinger equations [7]. Fig. 3 shows the channel length (L.g)
dependence of the energy difference of E, and the bottom of
well Eq(x = 0). In contrast to the constant £, calculated from the
flat-well approximation, both the TCAD simulation and our
model show that the £, increases with decreasing L.

To assess the impact of quantum confinement on Vy,, the
Vi is defined as the Vg at which the average electron density
of the cross-section at y = L.g /2 (highest potential barrier for
low Vps) exceeds the channel doping concentration. Fig. 4
verifies the electron density distribution calculated from the
classical (CL) model and the quantum-confinement (QC) model
with the TCAD simulations.

Atomistic Monte Carlo Simulation
Besides theoretical model, we also perform atomistic
simulation to assess the problem. We employ the Fourier

om0 +Ec(x)“~I"j(x):Ej“I’j(x)

synthesis approach that generates the line edge patterns using
the Gaussian autocorrelation function as the power spectrum [8],
and then the Monte Carlo simulations. The parameters used for
the fin-LER simulations in this study are the rms amplitude (A)
= 1.5nm and the correlation length (A) = 20nm [9]. Fig. 5 shows
the nominal 3-D FinFET structure and some of the 150 samples
used in our atomistic simulation.

Impact of Surface Orientation on V¢, Variability

For FinFET structure, different surface orientations such
as (100), (110), and (111) can be achieved by rotating the device
layout in the wafer plane [2]. Fig. 6 shows that for Si-FinFET
with a small t., the Vi, and its sensitivity to channel thickness
(t;y) variation considering the quantum-confinement effect is
larger than that predicted by the CL model. Moreover, the Vy, of
(111)- and (110)-surface increases more rapidly than that of
(100)-surface with decreasing ty. This is because the
quantum-confinement effect depends on surface orientation, as
indicated by the inset of Fig. 6. For high-mobility channel such
as Ge-FinFET, the Vy, dispersion due to quantum-confinement
becomes more significant. Fig. 7 shows that the Vy of
(100)-surface increases more rapidly than (110)- and (111)-
surface with reducing tg. This is because the quantum-
confinement effect of (100)-surface is larger than that of (110)-
and (111)-surface, as indicated by the inset of Fig. 7.

Fig. 8 shows the Vy, variability of (100)- and (110)-
surface Si-FinFET derived from the atomistic simulation. It can
be seen that the mean value as well as its spread of Vy, for
(110)-surface are larger than those of (100)-surface due to
quantum confinement. The result is consistent with the Vy
sensitivity to ty, calculated by our theoretical model (Fig. 6).
More results from atomistic simulation will be presented.

Besides the Vy, sensitivity to t., the quantum-confinement
effect also affects the Vy, sensitivity to the Lg variation. Fig. 9
shows that for Ge-FinFET, the degree of Vy, roll-off predicted
by our QC model is (100) < (110) < (111) < CL, which is
opposite to the Vy, sensitivity to the t,, variation (Fig. 7). In
other words, while the quantum-confinement effect enhances
the Vy, sensitivity to ty, it reduces the Vy, sensitivity to the Leg
variation.

Conclusions

We have investigated the impact of surface orientation on
the Vy, variability of Si- and Ge-FinFET using both the
analytical solution of Schrodinger equation and atomistic
simulation. Our study indicates that, for ultra-scaled FinFET, the
importance of ty, variation increases due to the quantum-
confinement effect. The Si-(100) and Ge-(111) surface show
lower Vy, sensitivity to t., variation as compared with other
orientations. On the contrary, the quantum-confinement effect
reduces the Vy, sensitivity to L.y and Si-(111) and Ge-(100)
surface show lower Vy, sensitivity as compared with other
orientations. Our study may provide insights for device design
and circuit optimization using advanced FinFET technologies.
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Fig. 1. Schematic sketch of FinFET structure investigated EO 0.01
in this paper. Les is the channel length, ty, is the channel 14
thickness, and t; is the gate insulator thickness.
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e Fig. 2. Conduction band edge and quantized eigen- state eigen-energy for lightly-doped FinFET with
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Fig. 4. Comparison of the e[lectron density distribution with
and without considering the quantum-confinement (QC)

effect. The electron density is calculated from the 2-D DOS,

eigen-energies, and wavefunctions
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Fig. 5 The geometry of the nominal device used in our fin-LER simulation is Wg, = 7nm,

Hgn = 20nm, Loy = 25nm, EOT = 0.65nm. The sample number is 150.

0.25 :
(1 1 1) Si-NMOS
P2 (10) A, Lt = 25nm
_ 015+ (100) Ck\ Vpg=0.05V
Z 0.10 \‘\'
c Y- r
> cL —~
005F %2 —"
%0'05 /L.ﬁ=25nm
0.00 - :.? :7;:::"1‘v symbols: simulatio
005 o.en1po) {T70) (11 lines: Imodel
0 3 6 9 12
ton [Nm]

15

Fig. 6. Comparison of the ts, dependence of Vy, for Si-FinFET with
various surface orientations and the classical model (CL). The Vy, shift
due to quantum confinement is mainly determined by the ground-state

energy as indicated by the inset.
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Fig. 7. Comparison of the t,, dependence of Vy, for Ge-FinFET with various
surface orientations and the classical model (CL). The inset shows the
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0.00

-0.05

Vi, roll-off [V]
o
o

-0.15

-0.20

-~
- Ge-NMOS
| (10009 »° t., = 4nm
(110) & Vps=0.05V
F(11) v
Symbols: simulation
CL Lines: model
é 1|0 1|2 1I4 1|6 1I8 20
Lo [Nm]
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Ge-FinFET with various surface orientations and the classical model (CL).
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