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Abstract—This paper investigates the impact of quantum con-
finement (QC) on the backgate-bias (Vbg) modulated subthresh-
old and threshold-voltage (Vth) characteristics of ultra-thin-body
germanium-on-insulator (UTB GeOI) MOSFETs using an ana-
lytical solution of the Schrödinger equation verified with TCAD
numerical simulation. Our study indicates that the QC effect
reduces the sensitivity of the subthreshold swing to Vbg. In addi-
tion, the sensitivity of Vth to Vbg can be enhanced by the QC effect
particularly for electrostatically well-behaved UTB MOSFETs
with triangular potential well. Aside from that, the sensitivity
of Vth roll-off to Vbg is reduced by the QC effect. Since Ge
and Si channels exhibit different degrees of QC due to different
quantization effective mass, the impact of QC has to be considered
when one-to-one comparisons between GeOI and SOI MOSFETs
regarding the backgate-bias modulated threshold-voltage and sub-
threshold characteristics are made. Our study may provide in-
sights for multi-Vth device/circuit designs using advanced UTB
GeOI technologies.

Index Terms—Backgate bias, germanium-on-insulator (GeOI),
quantum confinement (QC), ultra-thin body (UTB).

I. INTRODUCTION

B ECAUSE of the enhanced carrier transport property and
current drive, germanium as a channel material has been

proposed to enable the mobility scaling for CMOS devices
[1]–[3]. The higher permittivity however makes Ge more sus-
ceptible to short-channel effects (SCEs). One of the promising
solutions is to use the ultra-thin-body (UTB) structure with thin
buried oxide (BOX). In addition to better control of SCEs, com-
patibility with mainstream planar CMOS technology, and small
threshold voltage (Vth) variability due to the use of undoped
(or lightly-doped) channel [4]–[6], using the UTB with thin
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Fig. 1. Schematic sketch of a UTB structure with thin BOX. The origin point
is located at the channel/BOX interface of the source/channel junction. L is
the channel length. Tch, Tox, and TBOX are the thicknesses of the channel,
the gate oxide, and the BOX, respectively. The doping concentration of the Si
ground plane is 1 × 1020 cm−3 (p-type).

BOX structure also enables more efficient Vth modulation and
power/performance optimization through backgate bias Vbg [7],
[8]. With the scaling of channel thickness Tch, the quantum-
confinement (QC) effect along the channel-thickness direction
may become significant and impact pertinent backgate-bias
modulated Vth and subthreshold characteristics of scaled UTB
devices. In this paper, using an analytical solution of the
Schrödinger equation [9] verified with TCAD numerical sim-
ulation, we investigate the impact of QC on the backgate mod-
ulation of UTB germanium-on-insulator (GeOI) MOSFETs.
Our results will be also compared with the silicon-on-insulator
(SOI) counterparts.

This paper is organized as follows: In Section II, we present
the analytical solution of the Schrödinger equation for UTB
MOSFETs with thin BOX under the subthreshold region. In
Section III, we investigate the impact of QC on the backgate-
bias modulated subthreshold swing (SS) of GeOI devices. The
examination of the backgate-bias modulated Vth characteris-
tics considering the QC effect for UTB GeOI MOSFETs is
presented in Section IV. Finally, the conclusions are drawn in
Section V.

II. QUANTUM-CONFINEMENT MODEL AND VERIFICATION

Fig. 1 shows a schematic sketch of a UTB structure with
thin BOX and ground plane. To consider the QC effect along
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the channel-thickness (i.e., x) direction, the 1-D Schrödinger
equation can be expressed as

− �
2

2mx
· d2Ψj(x)

dx2
+ EC(x) · Ψj(x) = Ej · Ψj(x) (1)

where Ej is the jth eigenenergy, Ψj is the corresponding wave
function, and mx is the carrier quantization effective mass [10].
For long-channel undoped UTB MOSFETs, the conduction
band edge EC(x) was usually treated as a triangular well in the
past [11]. However, to account for the drain–source coupling
for short-channel UTB MOSFETs, the conduction band edge
EC(x) in (1) should be treated as a parabolic well [12] with
potential energy EC(x) = αx2 + βx + γ, where α, β, and γ
are channel-length-dependent coefficients and can be obtained
from the channel potential solution of Poisson’s equation under
the subthreshold region [13]. Using the parabolic-well treat-
ment, the solution of (1) can be expressed as [14]

Ψj =
∑

n

dn · xn (2)

by using the power series method with the following coeffi-
cients dn:

d2 = −mx

�2
(Ej − γ) · d0

d3 = − mx

3�2
[(Ej − γ) · d1 − β · d0]

dn = − 2mx

n(n − 1)�2

× [(Ej − γ) · dn−2 − β · dn−3 − α · dn−4] , n ≥ 4. (3)

The jth eigenenergy Ej can be determined by the bound-
ary condition Ψj(x = 0) = Ψj(x = Tch) = 0 with x = 0 and
x = Tch defined as the interfaces of BOX/channel and
channel/gate-oxide, respectively. Thus, the eigenenergies and
the wave functions of short-channel UTB MOSFETs under
the subthreshold region can be derived. Using the calculated
eigenenergies and wave functions, we can calculate the channel
electron density by [10]

n(x, y)

= NC,QM(x, y) · exp
(

EF (y) − EC(x, y)
kT

)
(4a)

NC,QM(x, y)

=
∑

ν

{
dνmd,νkT

π�2

·
∑

j

[
exp

(
EC(x, y) − Ej,ν

kT

)
· |Ψj,ν(x, y)|2

]}

(4b)

where ν is the type of valley, dν is the degeneracy of the valley,
md,ν is the corresponding density-of-state effective mass [10],

Fig. 2. Conduction band edge and quantized eigenenergies of UTB GeOI
MOSFETs. (a) Short-channel devices with parabolic well at Vbg = 0 V. Vth =
0.18 V. (b) Long-channel devices with triangular well for Vbg = −1 V and
Vbg = 1 V. The corresponding Vth = 0.66 V for Vbg = −1 V and Vth =
0.33 V for Vbg = 1 V. ymin is where the minimum potential occurs for the
carrier flow along the channel-length direction.

and EF (y) is the quasi-Fermi level along the channel-length
(i.e., y) direction. In other words, the impact of quantized
eigenenergies and wave functions on the electron density is
incorporated into the effective density of state for the conduc-
tion band (NC,QM ) [15]. Using NC,QM , the subthreshold drain
current can be derived by [16], [17]

IDS =
qμnW

(
kT
q

)
·
[
1 − exp

(
− qVDS

kT

)]
∫ L

0
dy∫ T ch

0
NC,QM(x,y)·exp

(−EC (x,y)
kT

)
dx

(5)

where μn is the electron mobility, W is the channel width, and
kT/q is the thermal voltage.

We have verified our QC model using TCAD simulation
that numerically solves the self-consistent solution of the 2-D
Poisson and 1-D Schrödinger equations [18]. Fig. 2(a) and (b)
show that, for both the parabolic potential well of short-channel
devices and the triangular well of long-channel devices with
forward and reverse Vbg, the Ej values calculated by our model
are fairly accurate. It should be noted that a scalable QC model
with accurate channel-length and backgate-bias dependence is
crucial to this study.
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Fig. 3. Subthreshold Swing dependence on the backgate bias. (a) Impact of
QC on the SS of the Ge device. (b) Impact of QC on the SS of the Si device.

III. IMPACT OF QC ON BACKGATE-BIAS

MODULATED SUBTRESHOLD SWING

Fig. 3 compares the impact of QC on the backgate-bias
modulated SS characteristic for GeOI and SOI devices. It can
be seen that the SS significantly increases with increasing Vbg

(i.e., from reverse to forward backgate bias) under the classical
(CL) condition. However, as the QC effect is considered, the
sensitivity of SS to Vbg reduces. This can be explained by Fig. 4.
In Fig. 4(a) with Vbg = −1 V, the electron conduction path
under the CL condition is located at the frontgate interface.
After considering the QC effect, the electron conduction path
is shifted toward the channel center so that the SS increases.
In Fig. 4(b) with Vbg = 1 V, on the contrary, the electron con-
duction path under the CL condition is located at the backgate
interface, whereas the QC effect brings the carriers toward the
channel center and thus reduces the SS. As a consequence,
the GeOI device shows reduced sensitivity of SS to Vbg when
the QC effect is considered [see Fig. 3(a)]. Although the SOI
device also shows reduced sensitivity of SS to Vbg due to the
QC effect [see Fig. 3(b)], it should be noted that the GeOI de-
vice exhibits less sensitivity of SS to Vbg than the SOI counter-
part because Ge possesses smaller quantization effective mass
than Si.

Fig. 4. Electron density distribution for the GeOI device in the subthreshold
region under (a) reverse backgate bias with Vbg = −1 V and (b) forward
backgate bias with Vbg = 1 V. The arrow tip indicates the electron conduction
path.

IV. IMPACT OF QC ON BACKGATE-BIAS

MODULATED Vth CHARACTERISTICS

Fig. 5 compares the impact of QC on the backgate-bias mod-
ulated Vth characteristic for UTB GeOI and SOI devices with
L = 100 nm. It can be seen that, as the QC effect is considered,
the sensitivity of Vth to Vbg increases for both the GeOI and SOI
devices. This is because an electrostatically well-behaved UTB
MOSFET possesses a triangular channel potential well. As
indicated in Fig. 2(b), the slope of the triangular well increases
as Vbg changes from forward to reverse bias. In other words,
the impact of QC increases with decreasing Vbg. It is also worth
noting that the GeOI device exhibits higher sensitivity of Vth to
Vbg than the SOI counterpart because of its smaller quantization
effective mass.

Fig. 6(a) shows the impact of QC on the backgate-bias
modulated Vth roll-off characteristic for GeOI devices with
various channel thicknesses. It can be seen that the Vth roll-off
substantially increases with increasing Vbg under the CL con-
dition. This is because the carrier centroid is moved toward the
backgate interface when Vbg changes from reverse to forward
bias for a GeOI NFET. As the QC effect is considered, however,
the sensitivity of the Vth roll-off to Vbg is significantly reduced
for the devices with Tch = 10 nm and Tch = 5 nm. This can be
explained as follows. The QC-induced Vth shift (ΔV QM

th ) can
be approximated as

ΔV QM
th ≈ SS

/(
ln 10 · kT

q

)
· ΔφQM

s (6)
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Fig. 5. Comparison of the Vth sensitivity to Vbg with and without considering
the QC effect for (a) Ge-channel and (b) Si-channel UTB devices with L =
100 nm.

with ΔφQM
s being the equivalent surface potential shift [19] due

to the QC effect. For the devices with Tch = 10 nm, although
the SS of the long-channel device (L = 100 nm) is smaller than
that of the short-channel one (L = 30 nm), the ground-state
eigenenergy (E0 − EC,min) (and, hence, ΔφQM

s ) of the long-
channel device is essentially much larger than that of the short-
channel one at Vbg = −1 V, as shown in Fig. 6(b), due to its
sharp triangular potential well (see Fig. 2). This results in larger
ΔV QM

th for the long-channel device and explains why the QC
increases the Vth roll-off of the GeOI devices with Tch = 10 nm
at Vbg = −1 V in Fig. 6(a). However, (E0 − EC,min) as well as
ΔV QM

th of the long-channel device substantially decrease with
increasing Vbg, as shown in Fig. 6(b), because of the strong Vbg

modulation of its triangular well [see Fig. 2(b)]. This explains
why in Fig. 6(a) the sensitivity of the Vth roll-off to Vbg with
Tch = 10 nm decreases as the QC effect is considered.

For the devices with Tch = 5 nm, it can be seen from
Fig. 6(a) that the Vth roll-off considering the QC effect is
smaller than the CL one at Vbg = 1 V. This is because the
short-channel device (L = 19 nm) possesses larger SS and,
hence, larger QC-induced Vth shift (ΔV QM

th ) than that of the
long-channel device (L = 100 nm). However, (E0 − EC,min)
as well as ΔφQM

s of the long-channel device increase as Vbg

decreases from forward to reverse bias [see Fig. 6(b)] and

Fig. 6. (a) Sensitivity of Vth roll-off to Vbg is significantly reduced by
the QC effect for UTB GeOI devices. The SS of the device designed with
(Tch = 5 nm, L = 19 nm) is comparable with that of the device with (Tch =
10 nm, L = 30 nm) at Vbg = 0 V under the CL condition. (b) Calculated Vbg

dependence of the ground-state eigenenergy for long- and short-channel UTB
GeOI devices with Tch = 10 nm and Tch = 5 nm, respectively.

counterbalances the impact from SS. Therefore, the sensitivity
of the Vth roll-off to Vbg for the GeOI devices with Tch = 5 nm
is reduced as the QC effect is considered.

V. CONCLUSION

Using an analytical solution of the Schrödinger equation
verified with TCAD numerical simulation, we have demon-
strated that the QC effect can significantly impact the pertinent
backgate-bias modulated subthreshold and threshold-voltage
characteristics of UTB GeOI devices. Our study has indicated
that the QC effect reduces the sensitivity of SS to Vbg. In
addition, the sensitivity of Vth to Vbg can be enhanced by the
QC effect especially for electrostatically well-behaved UTB
MOSFETs with triangular potential well. Aside from that,
the sensitivity of Vth roll-off to Vbg is reduced by the QC
effect. Since Ge and Si channels exhibit different degrees of
QC due to different quantization effective mass, the impact
of QC has to be considered when one-to-one comparisons
between GeOI and SOI MOSFETs regarding the backgate-bias
modulated threshold-voltage and subthreshold characteristics
are made.
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