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Epitaxial germanium metal–oxide–semiconductor capacitors (MOSCAP) were fabricated on GaAs sub-
strate using atomic layer deposited Al2O3 gate dielectric with surface treatments including pure HF
and HF plus rapid thermal oxidation (RTO). The electrical characteristics of 10 nm Al2O3/Ge MOSCAP
showed p-type behavior with excellent C–V responses and low leakage current. Interface state density
in the order of 1011 eV�1 cm�2 was determined from the conductance method and the HF plus RTO treat-
ment exhibits better Al2O3/Ge interface quality than that of pure HF treatment.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Device scaling is a major effort to enhance device performance
for silicon industry in recent years. With continued transistor scal-
ing, new materials and device architectures are being introduced at
a rapid pace to sustain an aggressive operating voltage scaling
roadmap in a persistent effort towards enhancing the energy effi-
ciency of the transistors. Metal–oxide–semiconductor field-effect
transistor (MOSFET) based on III–V material has attracted a lot of
attention due to their higher carrier mobility compared to that of
Si devices, for example, InAs has an electron mobility of more than
20,000 cm2 V�1 s�1 [1,2]. However, III–V materials still suffer from
lower hole mobility, it is very critical to explore a novel channel
material with higher hole mobility that would provide an
energy-efficient nanoscale FET for future complementary struc-
tures [3]. In general, Ge is a good candidate for p-channel material
because of its high hole mobility (1900 cm2 V�1 s�1). Typically, the
Ge p-channel devices are usually fabricated on bulk Ge substrate
[4,5], however, for post CMOS applications, the growth of Ge on
GaAs is a possible solution for materials integration since GaAs
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material has high resistivity, thus reduce the parasitic effect of
the Ge device.

The Ge epitaxial film grown on GaAs is of immense interest due
to very low lattice mismatch (�0.08%) which ensures larger critical
thickness and lower dislocation density [6]. Furthermore, the Ge
film grown on GaAs is anti-phase boundary (APB) free, unlike the
growth of GaAs film on Ge where APB is usually detected [7]. Only
a few groups have been investigated the growth of Ge film on GaAs
by molecular beam epitaxy [8–10]. Due to the advantages of Ge
epitaxial film on GaAs substrate as indicated above, recently Ge/
GaAs material system has become gained lot of interest for p-
channel option [11,12]. The high quality Ge film grown on GaAs
substrate with low defect density and smooth surface morphology
can be used for the fabrication of the p-channel MOSFET, and thus
the p-channel MOSFET can be integrated with n-channel III–V
material devices on the same GaAs template for complimentary
architecture for beyond-the-CMOS-roadmap logic applications. In
this letter, high quality epitaxial Ge film was grown on (100) GaAs
wafer using ultrahigh vacuum chemical vapor deposition
(UHVCVD). The MOS capacitors were fabricated on Ge film grown
on GaAs using atomic layer deposited (ALD) Al2O3 as gate dielectric
and the capacitance–voltage, conductance measurements were
performed to investigate the quality of the gate dielectric on Ge
film. The measurement results in this letter clearly evidenced
excellent capacitance–voltage characteristics and lower interface
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Fig. 1. XRD measurement of 250 nm Ge film on GaAs substrate. The fringes on both
sides indicates a sharp Ge/GaAs heterointerface.

Fig. 3. The current–voltage characteristics of Al2O3/Ge/GaAs MOSCAPs.
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induced defects achieved from Al2O3/epitaxial Ge MOS capacitor
structures. This demonstrates the great potential of Ge for p-type
transistor applications and thus future integration of beyond-
CMOS logic applications.
2. Experimental

In this study, 250 nm high quality Ge epitaxial film was grown
on (100) GaAs substrate by UHVCVD system. The metal–
oxide–semiconductor capacitor (MOSCAP) was fabricated on the
Ge film grown on GaAs using ALD Al2O3, and the quality of the
interface properties were determined by the interface trapping
density (Dit) using conductance measurement. Prior to the deposi-
tion of Al2O3, Ge epitaxial films were surface treated, (i) including
HF etching and (ii) HF etching plus rapid thermal oxidation (RTO),
to reduce the Dit value. Several reports have been demonstrated
reduction of interface Dit value by introducing GeO2 interlayer be-
tween the high-k and Ge substrate by RTO method [13–15]. In this
paper, the material properties and detailed electrical characteris-
tics of the Ge MOSCAP devices are investigated.

Epi-ready (100) GaAs substrates were used for the growth of Ge
epitaxial film. The as-received GaAs wafer was loaded into the
UHVCVD without any pre-clean. The GaAs substrate was baked
for 90 s at �600 �C. The purpose of the bake is to remove the native
oxide (As2O3 and Ga2O3) on the GaAs surface without arsenic over-
pressure. The baking time was carefully controlled to prevent the
decomposition of GaAs surface [6] followed by GeH4 flow at a rate
of 10 sccm at a fixed pressure of 20 mTorr. The 250 nm Ge epitaxial
film was deposited on GaAs substrate at the growth temperature of
600 �C. Prior to fabrication of MOSCAP, the Ge/GaAs wafer was de-
Fig. 2. The AFM measurement of Ge epitaxial film on GaAs substrate: (a) b
greased in acetone and isopropanol followed by removal of native
oxide using HF (49%): H2O = 1:100 solution and finally rise with
deionized (DI) water. After the HF treatment, one sample went
through RTO to grow a thin GeO2 film prior to the deposition of
Al2O3. The RTO was performed at 400 �C for 3 min in oxygen atmo-
sphere and 10 nm ALD Al2O3 was deposited at 250 �C as the MOS-
CAP dielectric. Post deposition annealing (PDA) was carried out at
450 �C for 5 min in forming gas [16] followed by e-beam evapo-
rated Pt/Au (500 Å/1000 Å) gate metal and Ti/Au (500 Å/1000 Å)
ohmic contact, respectively. Finally, post metal annealing was per-
formed at 250 �C for 30 s in forming gas.
3. Results and discussion

The quality of 250 nm Ge epitaxial film deposited on GaAs at
600 �C was determined by high-resolution X-ray diffraction
(HRXRD), as shown in Fig. 1. Fig. 1 shows the experimental (black)
and the simulated curve (red line), respectively. The HRXRD result
and the simulated curve are in agreement with each other, indi-
cates the closely lattice match Ge epitaxial film grown on GaAs
substrate. Moreover, the appearance of the fringes on both sides
of Ge and GaAs peaks indicates a very sharp Ge/GaAs heterointer-
face [11].

The surface morphologies of the samples without and with the
deposited Al2O3 were measured by tapping mode atomic force
microscopy (AFM), as shown in Fig. 2. The root mean square rough-
ness (rms) and the mean surface roughness (Ra) of a bare Ge film
were 0.19 and 0.15 nm, and that of Al2O3/Ge were 0.21 and
0.16 nm, respectively. It indicates that the surface of these samples
were quite smooth even with 10 nm Al2O3 film deposited on the
lank Ge epitaxial film and (b) with Al2O3 on top of Ge epitaxial layer.



Fig. 4. The capacitance–voltage measurement of Al2O3 Ge/GaAs MOSCAPs (a) with HF treatment and (b) with HF plus RTO treatment.

Fig. 5. The Gp/qxA versus frequency measurement for Al2O3/Ge/GaAs samples (a) with HF treatment (b) with HF plus RTO treatment.
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surface of Ge epitaxial film. Additionally, a smooth surface is essen-
tial for deeply scaled p-channel devices.

Fig. 3 shows the I–V characteristics of MOSCAP samples treated
by HF and HF plus RTO process. In the gate bias range of �5 to
3.5 V, leakage current smaller than 10�8 A/cm2 was obtained. The
I–V characteristics for both samples were very similar; it implied
that the Al2O3 deposited by ALD had a very good quality and RTO
process does not create any surface damage prior to deposition
of gate dielectric.

Fig. 4 shows the capacitance–voltage curves of Al2O3/Ge/GaAs
MOSCAP without and with RTO treatment measured at the fre-
quencies from 100 Hz to 100 kHz. The C–V responses show p-type
behavior, it represents that the Ge epitaxial layer exhibits n-type
doping which is in agreement with the previous study and is re-
lated from the arsenic auto-doping effect during the growth of
Ge epitaxial film on GaAs [6]. Excellent C–V curves with good
inversion behaviors were observed for both the samples, and the
sample with HF plus RTO treatment shows smaller frequency dis-
persion in accumulation region and depletion region as compared
with the samples with HF treatment.

For high performance MOSFET, the interface quality of the MOS
capacitor is very important, and the lower Dit is needed. The higher
Dit value has a significant effect on the transistor performance by
increasing the transistor sub-threshold slope, drain-induced bar-
rier lowering, etc. The values of Dit of these samples were extracted
by conductance method [17]. The relationship between the parallel
conductance Gp and Dit can be expressed through Eq. (1):

Dit ¼ 2:5
Gp

qxA

� �
max

ð1Þ

From Eq. (1) and the Gp/qxA–f curves at different gate voltages
in the depletion region Fig. 5(a) and (b), the Dit values estimated at
near Ge midgap by conductance method are 7.75 � 1012 and
5.5 � 1012 eV�1 cm�2 for samples with HF treatment and HF plus
RTO treatment samples, respectively. According to the paper re-
ported by Martens et al. [18] with the weak inversion response ta-
ken into consideration, the Dit estimation by conductance method
is usually overestimated. For more accurate estimation of Dit, full
conductance method needs to be applied and the true values
should be one order lower than the above values, i.e. about in
the mid 1011 eV�1 cm�2 range for the case of the HF plus RTO sam-
ple [18].

4. Summary

In conclusion, high quality, smooth Ge epitaxial film was suc-
cessfully grown on GaAs substrate. The film exhibits very low
rms even after 10 nm dielectric oxide Al2O3 was deposited on the
250 nm Ge epitaxial layer. The Al2O3/Ge/GaAs MOSCAP treated
with HF plus RTO showed good inversion behavior with lower Dit

value. The frequency dispersions in the accumulation and deple-
tion regions were effectively improved and the interface Dit was re-
duced to the order of mid 1011 eV�1 cm�2 range at near the Ge
midgap. Thus, Ge epitaxial film with Al2O3 gate dielectric shows
a great promise for p-channel MOSFET which can be integrated
with III–V n-channel MOSFET on the same GaAs template for be-
yond Si-CMOS logic applications.
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