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Abstract—This paper investigates the impact of surface ori-
entation on V4, sensitivity to process variations for Si and Ge
fin-shaped field-effect transistors (FinFETs) using an analytical
solution of the Schrodinger equation. Our theoretical model con-
siders 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 indicates that, for ultrascaled
FinFETs, the importance of channel thickness (¢.,) variations
increases due to the quantum-confinement effect. The Si-(100) and
Ge-(111) surfaces show lower V3, sensitivity to the t.;, variation as
compared with other orientations. On the contrary, the quantum-
confinement effect reduces the V;}, sensitivity to the L g variation,
and Si-(111) and Ge-(100) surfaces show lower V;,, sensitivity as
compared with other orientations. Our study may provide insights
for device design and circuit optimization using advanced FinFET
technologies.

Index Terms—Fin-shaped field-effect transistor (FinFET),
quantum effects, surface orientation, variation.

I. INTRODUCTION

S THE carrier mobility of a MOSFET depends on surface

orientation [1]-[3], it has been proposed that with an
optimized surface orientation, the circuit performance of a fin-
shaped field-effect transistor (FinFET) structure can be en-
hanced [3], [4]. However, with the scaling of device geometry,
process variation has become a crucial issue. The immunity of
a FinFET structure with various surface orientations to process
variations is an important issue. In our previous work [5],
we have investigated the threshold voltage (Vi) sensitivity to
process variations for lightly doped FinFETSs using an analytical
solution of Poisson’s equation. As the channel thickness of the
FinFETs scales down, nevertheless, the quantum-confinement
effect may become significant. This 1-D confinement effect
may result in a V4 shift and impact the V;p, sensitivity to
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Fig. 1. Schematic of the FinFET structure investigated in this paper. Leg is
the channel length, ¢}, is the channel thickness, and i, is the gate-insulator
thickness.

process variations. Moreover, the impact of quantum confine-
ment may show surface-orientation dependence.

In this paper, we investigate the Vi, sensitivity to process
variations for Si- and Ge-channel FinFETs with various channel
orientations using an analytical solution of the Schrodinger
equation. For long-channel undoped devices, the quantum-
confinement effect is often considered to be independent of the
carrier-flow direction (i.e., channel-length direction), and the
potential well in the Schrodinger equation is usually assumed to
be flat [6]. For short-channel devices, however, the center of the
potential well is altered by source/drain coupling due to short-
channel effects, and flat-well approximation is no longer valid.
Therefore, an accurate solution of the Schrodinger equation that
considers the short-channel effect is crucial to the determination
of Vi, for ultrascaled FinFETs.

This paper is organized as follows. In Section II, we ana-
lytically derive the solution of the Schrodinger equation for
the short-channel FinFETs under the subthreshold region, and
the model results are verified with technology computer-aided
design (TCAD) simulation. In Section III, we calculate the
electron density and Vi, using our theoretical model. Then, we
investigate the V4, sensitivity to process variations for Si- and
Ge-channel FinFETs with various surface orientations. Finally,
the conclusion is drawn in Section IV.

II. ANALYTICAL SOLUTION OF THE SCHRODINGER
EQUATION AND VERIFICATION WITH TCAD

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 Schrodinger equation can be expressed as

_ hz dQ\I/j (T)
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TABLE 1
QUANTIZATION EFFECTIVE MASS (M) AND THE DENSITY-OF-STATE
EFFECTIVE MASS (mg) FOR THE ELECTRONS IN Si AND Ge CHANNELS
WITH VARIOUS SURFACE ORIENTATIONS [8]

Si Ge
Surface
orientation |, my | degeneracy | m, my | degeneracy
0916 | 0.191 2
(100) 0191 | 0418 4 0.120 | 0.299 4
(110) 0316 | 0.325 4 0223 | 0.219 2
0.191 | 0.418 2 0.082 | 0.361 2
1.590 | 0.082 1
(111) 0.260 | 0.359 6 0,092 | 0342 3

where E; is the jth eigen-energy, ¥,;(x) is the corresponding
wave function, A is the reduced Planck constant, and m,
is the carrier-quantization effective mass. For electrons in
the Si and Ge channels, m, for various surface orientations
are listed in Table I. If the conduction band edge Ec(x) is
treated as a flat well with a potential energy /3, the solution of
(1) is U (2) = (2/ten)/?sin[(j + 1)7(z + ten/2)/ten] and
Ej =B+ (j +1)?7%h?/(2m,t3,) [6]. However, to account
for the source/drain coupling due to short-channel effects, the
conduction band edge Ec(z) in (1) should be treated as a
parabolic well with potential energy Ec(z) = ax?® + 3 [7]. «
and ( are length-dependent coefficients and can be obtained
from the channel potential solution of Poisson’s equation under
the subthreshold region.

In our previous work [5], we have derived the 3-D channel
potential solution ¢(x,y,z) for multigate MOSFETs in the
subthreshold region. For the FinFET structure in this study, the
potential solution can still be applied after neglecting the top-
gate potential coupling along the fin-height direction. In other
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words, the channel potential solution for the FInFET structure
in Fig. 1 can be expressed as ¢(z,y) = ¢1(x) + p2(z,y), as
given in (2a)—(2f), shown at the bottom of the page, where
West = ten + 2(€ch/Ein ) tin With £, and &5, being the dielectric
constants of the channel and the gate insulator, respectively. t;,
is the thickness of the gate insulator. IV, is the channel doping,
Vs is the voltage bias of the gate terminal, Vi, is the flat-band
voltage, Vpg is the voltage bias of the drain terminal, and ¢y,
is the built-in potential of the source/drain to the channel.

After further reducing ¢ to a parabolic form, E¢c can be
expressed as Ec(x) = ax? + (3 with

o =(—q) @? {Ci sinh (;ﬁy>

Csinh | < (Lo —
+C’LSIH |:W ( ff y)

(3a)

i
+ ¢ sinh [
Weff

X sin m lﬂ—k
2 2 q

where kT'/q is the thermal voltage, E, is the bandgap of the
channel material, and N, and N, are the effective density of

(L)}
0 (3)])

E 7 In
(3b)

Va1 1
p1(z) = . <x + ztch> +a (a: + ztch> +b (2a)
_ (qNa/ZECh> {tgh + 2 (5ch/51n) [t?;h + 2 (5ch/51n) tintch} }
Weff
(2b)
b=(Vas — Vi) + ~tina 20)
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Fig. 2. Conduction-band edge and quantized eigen-energies of a short-

channel lightly doped FinFET.

states for conduction and valence bands, respectively. Using
the parabolic-well approximation, the solution of (1) can be
expressed as [9]

U(x) = Z dpa™ (4a)
n=0

with the coefficient d,, being determined by the following
recurrence relationship:

my(E;: — my(E; —
d2:_ (h]2 ﬁ)do d3:_ (37;2 ﬁ)dl
L amu(B - )R
e (n+1)(n+2)
2
xd, +  2maa/h n>2.  (4b)

(n+Dn+2) ">

It should be noted that as a = 0 (i.e., E¢ is spatially constant),
W, («) will return to the form of sinusoidal functions, which
is the solution for the flat-well approximation [6]. The jth
eigen-energy [/; can be determined by the boundary condition
U (x = ten/2) = 0. Thus, the eigen-energy and the eigenfunc-
tion of the short-channel FinFET under the subthreshold region
can be derived.

To validate the accuracy of our model, we compare the
calculation results with the TCAD simulation that numerically
solves the self-consistent solution of the 2-D Poisson’s and
1-D Schrédinger equations [10]. The Schrodinger equation is
solved along the fin-width x-direction to consider the quantum-
confinement effect. The effective masses used for various
surface orientations in the TCAD simulations are listed in
Table I. We assume that the barrier height across the gate
insulator/channel is infinite, and the wave functions vanish
at the interface. In this study, we focus on FinFETs with
lightly doped channel N, = 10'® cm~3. The equivalent oxide
thickness is 0.5 nm to sustain the electrostatic integrity, and
a midgap-gate work function (4.5 eV) is used. Fig. 2 shows
that for a short-channel lightly doped FinFET, the conduction
band edge E is bent from a flat well to a parabolic-like well
due to the source/drain coupling. It can be seen that the eigen-
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Fig. 3. Channel-length dependence of Ej, for lightly doped FinFETs with
various ¢}, showing the accuracy of our model.
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Fig. 4. Comparison of the square of W{, for long- and short-channel FinFETs.

energy calculated by our model considering the parabolic-well
approximation agrees well with the TCAD simulation. Since
FE¢ is not spatially constant along the x-direction for short-
channel devices, we choose F¢ at the channel center (i.e.,
x = 0) as the reference energy. Fig. 3 shows the channel-length
(Legr) dependence of the energy difference of E, (ground-state
energy in a fourfold valley) and the bottom of well E¢(z = 0).
In contrast to the constant Ej, — E¢(x = 0) calculated from
the flat-well approximation, both the TCAD simulation and our
model show that E|, — Ec(z = 0) increases with decreasing
Leg. In addition to eigen-energy, the bent potential well due
to the short-channel effect also affects the shape of the wave
function. Fig. 4 shows that |W{|? for lightly doped FinFETs
with shorter Log (i.€., Leg = 15 nm) is more centralized to the
channel center. This is because the E¢ barrier at the channel
center (z = 0) is lower than that near the insulator/channel
interface (x = 0.5t.y,), and, thus, the electron density becomes
larger at z = 0.

III. RESULTS AND DISCUSSION

To assess the impact of the quantum confinement on the
threshold voltage Viy, Viy is defined as the Vg at which the
average electron density of the cross section at y = Leg/2



WU AND SU: IMPACT OF SURFACE ORIENTATION ON FinFETs TO VARIATIONS

1015
o
E, 1014
2>
o o simulation
2 101} our model
£ —-— flat-well approx.
R}
o 1012
Si~(100), Lg=20nm, t, =10nm
Vae =0V, V. .=0.05V,y=0.5"L
1011 | GS 1 DS 1 y 1 eff 1

5.0 -2.5 0.0 25 5.0
X [nm]

Fig. 5. Comparison of the electron density calculated from our model and the
model using the flat-well approximation.

(the highest potential barrier for low Vpg) exceeds the critical
concentration 1 x 10'® ¢m™> [11]. The electron density is
determined by the eigen-energy and eigenfunction as

Ec—-FE
n(x,y) = No,qm exp <_CkT F) (5a)
kT ;
Ne.w = 5 > g | Wui(,9)
v,J
E,; - Ec
exp (—kT) (5b)

where g, is the valley degeneracy, and m; is the density-of-
state effective mass of valley v. g, and my for Si and Ge
channels are listed in Table I. It can be seen from (5b) that the
flat-well approximation may overestimate the electron density
for short-channel devices because it underestimates the eigen-
energy IJ; (as shown in Fig. 3). Fig. 5 compares the electron
density distribution calculated from the flat-well approximation
and our model. The electron density predicted by our model
agrees well with the TCAD simulation, whereas the flat-well
approximation shows higher electron density in both sides of
the channel.

For the FinFET structure, different surface orientations such
as (100), (110), and (111) can be achieved by rotating the
device layout in the wafer plane [3]. Fig. 6 shows that for Si
FinFETs with a small ¢.,, Vin and its sensitivity to channel
thickness (%) variations considering the quantum-confinement
effect is larger than that predicted by the classical model (CL).
Moreover, the Vi of the (111) and (110) surfaces increase
more rapidly than that of the (100) surface with decreasing
ten. This is because the quantum-confinement effect depends
on the surface orientation, as indicated by the inset in Fig. 6.
For a FiInFET with a small t¢,, V;;, is mainly determined by
Ey. In addition, as m, and, thus, the ground-state energy of
twofold and fourfold valleys for (100) and (110) surfaces are
different (see Table I), the overall lowest state occurs for the
valley with larger m, because (to the first order) the eigen-
energy is inversely proportional to m,. Therefore, the m, of
the twofold valley determines the Ej for the (100) surface, and
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Fig. 6. Comparison of the t.}, dependence of Vi, for Si FinFETs with various
surface orientations and the CL. The V4, shift due to quantum confinement is
mainly determined by Ey, as indicated by the inset.
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Fig. 7. Comparison of the t., dependence of Vi}, for Ge FinFETs with
various surface orientations and the CL. (Inset) Comparison of E for various
surface orientations.

the m, of the fourfold valley determines the F for the (110)
surface. Since the dominant m, of various surface orientations
for the Si channel is (111) < (110) < (100), the Ey and, thus,
Vin is (111) > (110) > (100), as shown in Fig. 6.

For a high-mobility channel such as Ge FinFETs, V}y, dis-
persion due to quantum confinement becomes more significant.
Fig. 7 shows that the V;}, of the (100) surface increases more
rapidly than the (110) and (111) surfaces with reducing t,.
This is because the quantum-confinement effect of the (100)
surface is larger than that of the (110) and (111) surfaces, as
indicated by the inset in Fig. 7. Since the dominant m, of
the various surface orientations for the Ge channel is (111) >
(110) > (100), the Ey and Vi, is (100) > (110) > (111).

Besides V4, sensitivity to tq, variation, the quantum-
confinement effect also affects V4, sensitivity to Leg varia-
tion. Fig. 8 shows that for Ge FinFETs, the degree of Vi,
rolloff predicted by our quantum-confinement model is (100) <
(110) < (111) < CL, which is opposite to Vi, sensitivity to
ten variations (Fig. 7). In other words, while the quantum-
confinement effect enhances V;;, sensitivity to t., variation, it
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Fig. 8. Comparison of the L.g dependence of Vi, (Vi rolloff) for Ge
FinFETs with various surface orientations and the CL. The V;} rolloff is
defined as Vi, (Legr) — Vin (Lo = 100 nm). (Inset) Devices with smaller
Log show larger Vip, shift due to the quantum-confinement effect than the
devices with larger Log.

reduces V4, sensitivity to Leg variation. This can be explained
as follows. The V;y, shift due to the quantum-confinement effect
can be expressed as AVJ}?M = S/(In10 kT/q) AUSM with S
being the subthreshold swing and AWSM being the equivalent
surface potential shift [12]. The S for a short-channel device
is larger than that for a long-channel device because of the
enhanced drain coupling with decreasing L.g. Therefore, for
devices with a given surface orientation, the AVth (which
increases Vi) of the short-channel device is larger than that
of the long-channel one, as indicated by the inset in Fig. 8.
The discrepancy in AVEM between short- and long-channel
devices reduces the V;y, rolloff, and the V4, rolloff considering
the quantum-confinement effect becomes smaller than the CL.
In addition, as A\IJ?M is determined by Ej, a larger Ey (and,
thus, AUSM) results in a larger AVJ}?M and, hence, smaller V;},
rolloff. This explains why the degree of V;y, rolloff is (100) <
(110) < (111) for Ge FinFETs.

In addition to the eigen-energies (Fig. 3) and the electron
density (Fig. 5), V4, calculated by our model is physically more
accurate than that calculated by the flat-well approximation.
Fig. 9 shows that V};, calculated using our model and the flat-
well approximation are fairly close for devices with a small Z,.
However, the discrepancy between the two models increases
with ¢., because the impact of short-channel effects becomes
more significant for devices with a larger t.,. Compared with
the flat-well approximation, V;;, calculated by our model is
more physical because it returns to the classical one for devices
with larger ¢.,, in which the quantum-confinement effect is
negligible.

IV. CONCLUSION

We have investigated the impact of surface orientation on
Vin sensitivity to process variations for Si and Ge FinFETs
using an analytical solution of the Schrédinger equation. Our
theoretical 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
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Fig. 9. Comparison of the t., dependence of V; of the short-channel
FinFETs calculated from the CL, our model, and the model using flat-well
approximation.

study indicates that, for ultrascaled FinFETs, the importance
of channel thickness variations increases due to the quantum-
confinement effect. The Si-(100) and Ge-(111) surfaces show
lower Vi, sensitivity to t., variation as compared with other
orientations. On the contrary, the quantum-confinement effect
reduces Vi;, sensitivity to L.g variation, and Si-(111) and
Ge-(100) surfaces show lower Vi, 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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