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Abstract— In this letter, we comprehensively study the
carriers’ mobility and the effect of back-gate bias (V bg)
in Ge-on-insulator (GeOI) MOSFETs with various working
modes, including accumulation mode (AM) nMOSFET,
inversion mode (IM) nMOSFET, AM pMOSFET, and IM
pMOSFET. The results show that the AM nMOSFETs
and pMOSFETs have higher drain currents and carriers’
mobility. The electron mobility increases under positive V bg
and decreases under negative V bg. While the hole mobility
has the opposite V bg dependence. The carriers’ mobility
of AM MOSFETs is proved to benefit more from V bg due
to the increase of carriers’ densities. The peak mobility
enhancements of more than 100% for holes and 35% for
electrons are achieved in GeOI MOSFETs by applying V bg.

Index Terms— Ge-on-insulator, accumulation mode,
inversion mode, mobility, back gate bias.

I. INTRODUCTION

THE conventional device scaling down is facing the
difficulties associated with MOSFET’s performance,

including on current, power consumption and short-channel
effects [1]–[5]. An effective way to realize high perfor-
mance and low power consumption MOSFETs is to use
the high channel mobility material [5], [6]. Because Ge
has high and balanced electron and hole mobility, good
compatibility with Si large-scale-integration technologies and
good potential of voltage scaling [7]–[9], it is considered as
one of the most promising candidates to replace Si. Both
Ge nMOSFET and pMOSFET have been intensively studied
in the past decade [10]–[13]. High-performance accumulation
mode (AM) Ge planar CMOS circuits were realized on
Ge-on-insulator (GeOI) substrate [14]. The MOSFET fabri-
cated on GeOI substrate has been regarded as one of the
intriguing solutions to improve the electrostatic integrity on
Ge [15]–[17]. In addition to its immunity to short channel

Manuscript received November 28, 2017; revised December 15, 2017;
accepted December 17, 2017. Date of publication December 25, 2017;
date of current version January 25, 2018. The review of this letter was
arranged by Editor V. Moroz. (Corresponding author: Peide D. Ye.)

W. Wu was with the Birck Nanotechnology Center, School of Elec-
trical and Computer Engineering, Purdue University, West Lafayette,
IN 47907 USA. He is now with the National ASIC System Engineering
Research Center, Southeast University, Nanjing 210096, China.

H. Wu, J. Zhang, M. Si, and P. D. Ye are with the Birck Nanotechnology
Center, School of Electrical and Computer Engineering, Purdue Univer-
sity, West Lafayette, IN 47907 USA (e-mail: yep@purdue.edu).

Y. Zhao is with the Department of Information Science and Electronic
Engineering, Zhejiang University, Hangzhou 310027, China.

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2017.2787023

effects and reduced random dopant fluctuation [18]–[20],
using the GeOI substrate with buried oxide structure also
enables more efficient threshold voltage (Vth) modulation
through back-gate bias (Vbg) for power/performance optimiza-
tion [21], [22] and global variability compensation [23]–[26].

Though the AM Ge MOSFETs have been proved to have
superior on-state performance compared with the IM MOS-
FETs [14], the difference in carriers’ mobility has not been
thoroughly studied. In the meanwhile, the introduced Vbg will
affect the carriers’ density profiles along the channel thickness
direction and then also modify the carriers’ mobility. Thus the
study of the mobility dependence on Vbg is of great importance
for the understanding and application of Vbg in the GeOI
MOSFETs.

In this letter, we investigate carriers’ mobility in the
four types of GeOI MOSFETs, including AM nMOSFET,
IM nMOSFET, AM pMOSFET and IM pMOSFET. The
carriers’ density profiles are studied through TCAD simulation
as well as the self-consistent calculation to explain difference
in mobility among MOSFETs with different working modes.
The effect of Vbg on carriers’ mobility is also studied in the
four types of GeOI MOSFETs. The results show that the AM
MOSFET’s mobility benefits more from the applied Vbg.

II. EXPERIMENT

The GeOI substrate is from Soitec, which consists of
90-nm undoped Ge(100) layer, 400-nm buried oxide layer,
and a Si(100) substrate. Fig. 1(a) shows the key process of
fabrication of the GeOI MOSFETs with recessed channel and
source/drain. The pMOSFETs and nMOSFETs were fabri-
cated in parallel for better comparison. A ZEP 520A hard
mask was used to define the channel of IM MOSFET. The
channel thickness of 40 nm was achieved by controlling the
etch time. 1-nm Al2O3 capping layer was grown first and
then post oxidation was carried out. Afterwards 8-nm Al2O3
was deposited. The total equivalent oxide thickness (EOT)
is about 5 nm. Ni was deposited as the contact metal in
the recessed source/drain region. Finally, gate metal was
deposited using Ni/Au. Fig. 1(b) shows the cross section
views of AM nMOSFET, IM nMOSFET, AM pMOSFET and
IM pMOSFET used in this study. The channel doping con-
centration is about 5 × 1016 cm−3 in the AM MOSFETs. The
channel area of the IM devices was covered hard mask during
ion implantation, keeping the channel as i-type. Devices with
gate length (Lch) of 10 μm and width (Wch) of 100 μm were
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Fig. 1. (a) Key fabrication process of the GeOI MOSFETs with recessed
channel and source/drain; (b) Cross section views of devices with four
types of operation mode: AM nMOSFET with n-channel, IM nMOSFET
with i-channel, AM pMOSFET with p-channel and IM pMOSFET with
i-channel.

Fig. 2. (a) Id-Vg curves of AM and IM Ge nMOSFETs with 10μm Lch and
100 μm Wch at Vds of 0.05 V; (b) Electron mobility versus Ninv curves of
AM and IM Ge nMOSFETs. AM MOSFET shows better ON-state current
and higher electron mobility.

studied to carefully evaluate the carriers’ mobility using split-
CV method.

III. RESULTS AND DISCUSSION

Fig. 2(a) compares the transfer curves of the AM and IM
Ge nMOSFETs with the identical device geometry. The AM
nMOSFET has a smaller threshold voltage and enhanced drain
current (Id). The phosphorus dopants inside the channel of AM
nMOSFET make the device easier to turn on, thus, resulting in
a negatively shifted Vth. Similar results have been reported in
Ge MOSFETs with scaled channel length [14]. The electron
mobility was obtained in devices with two different operation
modes [Fig. 2(b)]. It is found that the AM nMOSFETs have
higher peak and high field mobility. The peak electron mobility
of AM nMOSFET is about 400 cm2/Vs. To further validate the
experimental results, TCAD simulation using Sentaurus was
executed. Figs. 3(a) and (b) show the simulation results of the
electron distribution in AM and IM nMOSFETs. It is clearly
shown that AM nMOSFET has more conducting carriers under
the same gate overdrive of 1 V, which results in higher Id in
the on-state. Also, considering the quantum confinement in the
inversion layer, the envelope function (�(z)) and the carrier
distribution in the channel depth (z) direction can be calculated
by solving the Schrödinger-Poisson equations self-consistently

Fig. 3. Simulated on-state (Vg-Vth = 1 V) electron distribution inside
the channel in (a) AM and (b) IM nMOSFET; (c) self-consistent result of
|Ψ (z)|2 versus z in AM and IM nMOSFETs with Ninv of 5 × 1012 cm−2.
AM nMOSFET has higher electron concentration and larger zav.

Fig. 4. Id-Vg curves of (a) AM and (b) IM nMOSFETs under various
Vbg (from −5 V to 5 V) at Vd of 0.05 V; Electron mobility vs. Ninv
in (c) AM and (d) IM nMOSFET under various Vbg (from −5 V to 5 V).
Id and electron mobility increase under positive Vbg.

based on the effective mass approximation [10]. Fig. 3(b)
shows the | �(z) |2 versus z in the bottom subband of AM
and IM nMOSFETs with the same inversion layer carrier
concentration (Ninv) of 5×1012 cm−2. It is clearly shown that
the electrons in AM nMOSFETs populate further away from
the interface with an average depth (zav) of 3.4 nm. It is also
shown that the electrons in IM nMOSFETs populate closer to
the interface (zav = 3 nm) and the carriers are more localized.
Thus the surface roughness scattering and phonon scattering
would be stronger in the IM nMOSFETs [27]. This is the
main reason that IM nMOSFETs have lower peak and high
field mobility. The electrons’ density distribution also indicates
that the front gate control of IM nMOSFET is stronger and it
would be less affected by the back gate bias.

Fig. 4 shows the Id-Vg curves and electron mobility of
AM and IM MOSEFTs when being applied back gate biases.
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Fig. 5. Hole mobility vs. Ninv in (a) AM and (b) IM pMOSFETs
under various Vbg (from −5 V to 5 V). Hole mobility decreases under
positive Vbg.

Fig. 6. (a) Peak carrier mobility and (b) the change of high field carrier
mobility (Ninv = 5 × 1012 cm−2.for electron, Ninv = 2 × 1012 cm−2 for
hole) in AM nMOSFET, IM nMOSFET, AM pMOSFET and IM pMOSFET
under Vbg from −5 V to 5 V.

For both AM and IM nMOSFETs, the Vth shifts to negative
value when Vbg changes from −5 V to 5 V. At the same
time, the drain current increases. Considering the electron
mobility, both peak mobility and high field mobility decrease
under negative Vbg and increase under positive Vbg. This is
because the electrons populate closer to the interface when
we applied negative Vbg. In this case, there exhibit stronger
surface roughness scattering and phonon scattering. The effect
of Vbg on hole mobility in AM and IM pMOSFETs are studied
as well as shown in Fig. 5. In the contrast to nMOSFETs, the
peak and high field hole mobility decrease under positive Vbg
and increase under negative Vbg. This is because the holes
populate closer to the dielectric interface under positive Vbg
and further away from the interface under negative Vbg.

Fig. 6 illustrates the carriers’ peak mobility and the change
in high field mobility of all the four types MOSFETs under
back gate bias conditions. The AM MOSFETs have higher
mobility because of the carriers’ broader distributions. The
effects of Vbg are different in MOSFETs with different oper-
ation modes because the front gate control ability is different.
The front gate control of IM MOSFETs is stronger and the
effect of Vbg is smaller. In the contrast, Vbg affects more
in AM MOSFETs because of the relatively weaker front
gate control. In the other words, the AM MOSFETs would
benefit more from the Vbg in perspective of drain current
and mobility. In AM MOSFETs, peak mobility enhancement
of more than 100% for holes and 35% for electrons is

achieved by applying Vbg as demonstrated in these fabricated
GeOI MOSFETs.

IV. CONCLUSION

We have comprehensively studied the carriers’ mobility
in AM and IM GeOI MOSFETs with and without Vbg.
It is shown that the AM MOSFETs have higher drain cur-
rent and carriers’ mobility. Electron and hole mobility has
the opposite Vbg dependence. Electron mobility increases
under positive Vbg and decreases under negative Vbg. The
carrier mobility of AM MOSFETs gains significantly under
Vbg biases.
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