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Germanium-based materials and device architectures have recently appeared as exciting material systems
for future low-power nanoscale transistors and photonic devices. Heterogeneous integration of germanium
(Ge)-based materials on silicon (Si) using large bandgap buffer architectures could enable the monolithic
integration of electronics and photonics. In this paper, we report on the heterogeneous integration of
device-quality epitaxial Ge on Si using composite AlAs/GaAs large bandgap buffer, grown by molecular
beam epitaxy that is suitable for fabricating low-power fin field-effect transistors required for continuing
transistor miniaturization. The superior structural quality of the integrated Ge on Si using AlAs/GaAs was
demonstrated using high-resolution x-ray diffraction analysis. High-resolution transmission electron
microscopy confirmed relaxed Ge with high crystalline quality and a sharp Ge/AlAs heterointerface. X-ray
photoelectron spectroscopy demonstrated a large valence band offset at the Ge/AlAs interface, as compared
to Ge/GaAs heterostructure, which is a prerequisite for superior carrier confinement. The
temperature-dependent electrical transport properties of the n-type Ge layer demonstrated a Hall mobility
of 370 cm2/Vs at 290 K and 457 cm2/Vs at 90 K, which suggests epitaxial Ge grown on Si using an AlAs/
GaAs buffer architecture would be a promising candidate for next-generation high-performance and
energy-efficient fin field-effect transistor applications.

S
hrinking the feature size of silicon (Si) metal-oxide-field-effect transistors (MOSFETs) has enabled the
doubling of transistor densities every two years1,2 and has been central to the realization of cost-effective and
powerful computing systems. Further downscaling of Si nanoscale transistor size for performance per

function and lower supply voltage operation for lower dynamic/leakage power faces three critical issues: i) lower
supply voltage leads to an increase in the leakage current of a transistor that degrades the switching current ratio
between the ON and OFF states, ii) lower operating electric field results in lower carrier velocity and hence, less
transistor ON current, and iii) lower gate voltage swing available to turn-off the transistor results in increased
leakage power. Monolithic heterogeneous integration of new materials and novel device architectures on Si are
required to continue transistor miniaturization and enable low-power (,0.5 V) transistor operation in order to
reduce power consumption. One attractive approach is changing the transistor design, from planar to fin field-
effect transistors (FinFETs), where the ‘‘fin’’ design allows the gate to control the channel from three sides as
opposed to one3. Utilizing the benefits of high hole mobility along two (110) Ge sidewall surfaces, the FinFET
design allows for the continued scaling of operating voltages below 0.5 V while maintaining transistor perform-
ance. Due to the increased electron and hole mobility, as compared to Si, Ge is an attractive candidate for the
future generation of high-performance, low-power and high-speed nanoscale logic transistors.

While attempts have been made to obtain high-performance transistors using bulk Ge4–6, Ge directly deposited
on Si7,8, Ge on graded Si1-xGex buffers9,10, Ge-on-insulator-on-Si (GeOI) by wafer bonding11, and compressively
strained Ge quantum well on Si12, all of these methods have failed to achieve a high valence band offset required
for carrier confinement to the active Ge channel, and elimination of parallel conduction within the buffer layer.
There are no prior reports on the heterogeneous integration of epitaxial Ge on Si, through the use of a large
bandgap III–V buffer architecture for FinFET applications where the epitaxial Ge thickness is the fin height. In
order to achieve device-quality Ge epilayers on such a buffer, careful design of the various aspects of the buffer
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growth must be considered, including: i) buffer architecture selection
and its impact on defect and dislocation propagation, ii) lattice-
matched or strained Ge epilayer selection and its influence on fin
height, and iii) valence band offset selection and its influence on
carrier confinement within the active Ge epilayer. In this paper, we
demonstrate an Si-compatible heterogeneous integration process of
device-quality and low dislocation density epitaxial Ge layer on Si
using a composite AlAs/GaAs metamorphic buffer, grown using
solid source molecular beam epitaxy (MBE), and further, we com-
prehensively investigate the surface and interface properties, band
alignment properties, and electrical transport properties of this
structure. This study shows the suitability of the AlAs/GaAs meta-
morphic buffer approach for epitaxial Ge on Si by evaluating the
band alignment properties at the Ge/AlAs heterointerface. The val-
ence and conduction band discontinuities, DEV and DEC, at the Ge/
AlAs heterojunction were larger than 0.5 eV and 1 eV, respectively,
which is sufficient to serve as a blocking barrier for holes as well as a
blocking barrier for electrons, in low-power device applications, i.e. if
the driving voltage of the transistor is less than 0.5 V. Another fas-
cinating role of the large bandgap AlAs buffer layer is to prevent a
parallel conduction path to the active Ge channel, thus enabling an
increase in transistor ON current when used in Ge FinFET device
architectures. Moreover, the larger bandgap AlAs layer, when com-
pared to GaAs13, will provide a higher DEV and hence increased
carrier confinement in the active Ge layer. The importance of using
wide bandgap materials for the buffer layer lies in reducing the resid-
ual carrier concentration, providing a high resistivity buffer for
device isolation and reduced junction leakage, minimizing disloca-
tion density at the end of buffer grading and virtual substrate forma-
tion, and maintaining a smooth surface template for active layer
growth. In the past, Ge/AlAs or Ge/GaAs semiconductor heterojunc-
tions and their band alignments have been of considerable inter-
est14–16. Integrated on an Si substrate using a large bandgap buffer,
they could enable the monolithic integration of electronics and
photonics.

Structural analysis. Figure 1a, b presents a schematic illustration of a
3-dimensonal Ge vertical FinFET device on an Si substrate using an
AlAs/GaAs metamorphic buffer architecture, and the layer structure
used for this study, respectively. The structural quality and the
relaxation state of the 240 nm Ge/170 nm AlAs/2.2 mm GaAs/Si
structure were evaluated using a high-resolution (004) x-ray
rocking curve as shown in Fig. 2a, the structure of which is shown
in Fig. 1b. The peak positions of Ge, AlAs, GaAs and the Si substrate

are clearly visible in this figure. The angular separation, Dh, between
the (004) diffraction peaks of GaAs and Si resulting from the
difference in lattice plane spacing Dd/d shows the full relaxation of
the GaAs layer, which can serve as a ‘‘virtual’’ substrate for epitaxial
Ge growth. Moreover, both the AlAs and Ge peak positions with
respect to GaAs are indicative of the lattice matched nature of the
layer structure, as expected. The entire layer structure was further
investigated by triple axis x-ray diffraction measurements by
collecting both (004) and (115) reciprocal space maps (RSMs),
which can provide the perpendicular and parallel lattice constants
of each layer, highlight defect induced broadening or mosaic spread,
quantify the lattice tilt due to misfit dislocations, identify the degree
of film relaxation, and precisely determine the position of each layer
along the omega axis. The (004) RSM exhibited two distinct
reciprocal lattice point (RLP) maxima corresponding to the Si
substrate and the Ge/AlAs/GaAs epilayer, as shown in Fig. 2b.
Precisely tuning the scan range of the triple axis diffractometer to
match that of the epilayer peak positions allowed in the de-
convolution of the individual epilayer peaks, i.e., the RLPs of Ge,
AlAs, and GaAs shown in Fig. 2b become separate contours of
intensity as shown in Fig. 2c. The intensity of the AlAs contour is
lower due to the thickness of this layer used for this study. Figure 2d
shows the (115) RSM of this structure where the Ge/AlAs/GaAs RLPs
follow the relaxed line as indicated in the figure, implying that the
buffer layer, AlAs/GaAs as well as the epilayer Ge are fully relaxed with
respect to the Si substrate. The degree of relaxation of the Ge epilayer
was evaluated by measuring the perpendicular lattice constant from
(004) and the parallel lattice constant from (115) and it was found to be
less than 5% with respect to the GaAs ‘‘virtual’’ substrate, owing to the
lattice matching of the AlAs and GaAs layers. Such minimal relaxation
is expected due to the quasi-lattice matched nature (,0.07% lattice
mismatch) of the Ge/GaAs heterostructure. Furthermore, there is a
minimal lattice tilt observed from the (004) RSM, as shown by a
vertical line in the figure, which implies that the buffer layer, AlAs/
GaAs and the Ge epilayer surfaces were parallel to the surface of (100)/
6u-offcut Si substrate. The minimal lattice tilt aids prospective device
engineering, allowing for the design of the carrier transport direction in
future FinFET devices based on such material systems.

The structural quality and the defect properties of the structure
were examined by cross-sectional transmission electron microscopy
(TEM). Figure 3a shows the cross-sectional bright field TEM micro-
graph of the entire layer structure, showing the interfaces between Ge
and AlAs, AlAs and GaAs, and GaAs and Si. The image of Fig. 3a
shows a high contrast at each interface and the observed threading
dislocation density (TDD) decreases along the growth direction,
indicating that the bulk of the dislocations were confined within
,0.5 mm of the GaAs buffer layer. Beyond this region, the TDD
decreases abruptly due to annihilation of dislocations with opposite
Burgers vectors resulting in a ‘‘virtually’’ dislocation-free Ge channel
layer. It can be also seen that the composite AlAs/GaAs buffer layer
effectively accommodates the lattice mismatch between the active Ge
layer and the Si substrate. The composite buffer provided a high-
quality ‘‘virtual’’ substrate platform for the active Ge layer, which
could be used to fabricate Ge-based FinFET devices. Further invest-
igation of the Ge layer and each heterointerface was performed by
recording high-resolution TEM micrographs of each interface. The
relative long range uniformity of each interface is visible in the high-
resolution TEM micrographs of the Ge/AlAs and AlAs/GaAs hetero-
junctions, as shown in Figures 3b and 3c, respectively. As shown in
Fig. 3c, the active Ge channel layer is lattice matched with the AlAs
metamorphic buffer and the lattice line is extended from the Ge layer
to AlAs layer. No dislocations were observed at the heterointerface as
well as within the Ge layer at this magnification, suggesting the lattice
matched nature of the Ge, which is consistent with the results from
the XRD analysis. The results from the TEM analysis indicate the
high-quality of the film with atomic smoothness reflecting the overall

Figure 1 | Schematic cross-section of the (a) Ge based nanoscale fin field-
effect transistor structure on Si using a composite AlAs/GaAs
metamorphic buffer architecture where the thickness of the Ge layer is
the fin height and (b) the layer structure studied in this paper.
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defect-free active Ge channel layer. The TDD of this Ge layer is
,107 cm22 at this magnification. This optimization of the growth
parameters in conjunction with the atomic scale imaging is a signifi-
cant advancement towards demonstrating the correlated synthesis –
structure – property behavior. The Ge layer in this structure can be
used as the ‘‘fin’’ in a next-generation FinFETs, where the 240 nm Ge
thickness serves as the fin height. Moreover, in the next generation
nanoscale Ge FinFET transistor structure, a smooth and uniform
AlAs layer is essential. This AlAs layer can also be used as an etch
stop layer for fabricating nanoscale Ge FinFETs. In conjunction with
the absence of defects inside the Ge layer at this scale (Fig. 3b, c), the
intended property such as, the band alignment and the electrical
transport properties, was obtained.

Band alignment properties. Quantification of the energy band
alignment at the Ge/AlAs heterojunction is indispensable since a
sufficient barrier for holes and electrons is needed for carrier
confinement. The valence band offset, DEv, at the Ge/AlAs
heterointerface was measured using x-ray photoelectron
spectroscopy (XPS) to collect core level (CL) spectra and angle
integrated photoelectron energy distribution curves for the valence
band maxima (VBM). Using these methods, Ge 3d and As 3d CL
spectra were recorded and the binding energy was corrected by
adjusting the carbon 1 s CL peak position to 285.0 eV for each
sample surface. Figures 4a, 4b, 4c, and 4d show XPS spectra of (a)

Ge 3d core level EGe
Ge3d

� �
and VBM EGe

VBM

� �
from a thick Ge epilayer,

(b) As 3d EAs
As3d

� �
core level and VBM EAs

VBM

� �
from a thick AlAs

layer, (c) Ge 3d core level and As 3d core level spectra from the
interface of ,1.5 nm Ge on AlAs, and (d) the corresponding band
alignment of the Ge/AlAs heterointerface, respectively. The Ge layer
was thinned down carefully by a combination of wet etching and in-
situ sputtering performed during the XPS measurement in order to
acquire a precise signal from the Ge/AlAs interface. The DEv for the
Ge/AlAs heterojunction was determined using the measured CL
spectra from the following equation17,

DEV~ EGe
Ge3d{EGe

VBM

� �Ge
{ EAs

As3d{EAs
VBM

� �AlAs
{ EGe

Ge3d{EAs
As3dÞ

interface:
�

Finally, the conduction band offset, DEc, for the Ge/AlAs hetero-
junction was calculated using the following equation, DEC~

EAlAs
g {EGe

g {DEV , where EAlAs
g and EGe

g are the bandgaps of AlAs
and Ge, respectively. Using these measured data and the equation
above, the measured value ofDEv for Ge on AlAs was found to be 0.54
6 0.05 eV and the calculated DEc was found to be 0.96 6 0.05 eV,
using the 2.17 eV bandgap of AlAs and 0.67 eV bandgap of Ge. We
have carefully analyzed the interface between the AlAs and the Ge
layer using high-resolution TEM, and have approximated the inter-
mixing at the heterointerface to be 1.0–2.0 monolayers (ML).

Figure 2 | X-ray diffraction analysis of Ge on Si: (a) X-ray rocking curve from the 240 nm thick Ge grown on an Si substrate using an AlAs/GaAs buffer,
(b) symmetric (004) reciprocal space map of the Ge/AlAs/GaAs/Si structure, (c) reciprocal lattice point of GaAs, Ge and AlAs layer precisely
determined using triple axis proportional detector, and (d) asymmetric (115) reciprocal space map of the structure.
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Although the atomic arrangement at this interface is not known
experimentally, the microscopic arrangement of atoms in the 1.0–
2.0 ML transition layer might affect the value of valence band offset.
It has been reported18,19 that the interdiffusion affects the band offset

modification at semiconductor heterojunctions and it was found that
the DEv increases with the intermixing of 1.0 ML and then decreases
with 2.0 ML of intermixing. In fact, the interdiffusion makes for a
smooth interface, rather than an abrupt heterointerface, and result-
ing from interdiffusion, the DEv should reduce the barrier for carrier
transport. In our case, the intermixing is about 1.0–2.0 ML and thus,
the measured DEv in this present work is in the lower limit. Hence,
these band alignment values are important design parameters for Ge-
based nanoscale transistors at 0.5 V operation.

Electrical transport properties. To further investigate the device-
quality of the epitaxial Ge film on Si using an AlAs/GaAs composite
buffer, the carrier mobility of the Ge film was measured using Hall
measurement by the Van der Pauw method in a temperature range
from 90 K to 315 K. Figure 5 shows the Hall mobility and carrier
density as a function of measurement temperature. The Hall effect
measurements were carried out to assess the quality and control of
doping in the semiconductor layer with the Hall mobility as an
important figure-of-merit. Additionally, the Hall mobility and the
sheet carrier density as a function of measurement temperature are
the most important design parameters for next generation nanoscale
transistors. It is important that carrier freeze-out is minimal at lower
temperatures, otherwise, the device will be normally ON during
room temperature operation. The Hall mobility was measured to
be ,370 cm2/Vs at 290 K for a sheet carrier concentration (n-
type) of 1.4 3 1014 cm22 and approximately 457 cm2/Vs at 90 K
for a sheet carrier concentration of 1.1 3 1014 cm22. This room
temperature mobility value is in agreement with the Ge film grown
on a (100)/2u GaAs substrate also utilizing a 170 nm AlAs buffer
layer. The high mobility of Ge at this doping concentration on an Si
substrate can be explained by a low dislocation density inside the Ge
layer, which is supported by our structural results.

Figure 3 | Cross-sectional TEM micrographs: (a) Cross-sectional TEM

micrograph of the entire Ge/AlAs/GaAs/Si structure, high-resolution TEM

micrograph of (b) Ge/AlAs and (c) AlAs/GaAs heterointerfaces. Sharp

heterointerfaces between Ge/AlAs and AlAs/GaAs were demonstrated.

Figure 4 | Band offsets using x-ray photoelectron spectroscopy: XPS spectra of (a) Ge 3d core level EGe
Ge3d

� �
and valence band maximum, VBM EGe

VBM

� �
from thick Ge film, (b) As 3d EAs

As3d

� �
core level and VBM EAs

VBM

� �
from thick AlAs film, (c) As 3d, Ge 3d core levels from ,1.5 nm Ge/AlAs interface,

and (d) energy-band alignment of the Ge/AlAs heterointerface, respectively.
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Discussion
In summary, the heteroepitaxial integration of Ge on Si using a large
bandgap intermediate composite metamorphic AlAs/GaAs buffer
architecture by solid source MBE opens up the opportunity for a
new class of nanoscale transistors. We demonstrate that the GaAs,
Ge and AlAs epilayer peaks were well defined, suggesting the suit-
ability of epi-Ge as a channel material in next generation fin
field-effect transistors heterogeneously integrated onto Si. Sharp het-
erointerfaces between the epitaxial Ge, AlAs, and the GaAs layers
were achieved on Si. The valence band offset, DEV 5 0.54 6 0.05eV
and conduction band offset, DEC 5 0.96 6 0.05eV were demon-
strated at the Ge/AlAs heterointerface. Although band alignments
of Ge/SiGe12 and Ge/Si12 have been reported for 0.5 V transistor
operation, it is important to modulate and increase the valence band
offset between Ge and the bottom barrier material (e.g., AlAs) in
order to increase the carrier confinement inside the Ge channel.
Here, we demonstrate a DEv of 0.54 eV at the Ge/AlAs heterointer-
face, which is almost 23 higher than the DEv of Si/Ge system12. Hall
mobilities of greater than 370 cm2/Vs at 290 K were obtained from a
240 nm thick Ge layer at a ,1 3 1014 cm22 sheet carrier density with
minimal carrier freeze out at 90 K, demonstrating the effectiveness of
the AlAs metamorphic buffer underneath the Ge layer grown on Si.
The temperature dependent mobility peaked at about 125 K, with
the mobility values comparable with those of bulk Ge for a similar
doping concentration. This further demonstrates the effectiveness of
the composite metamorphic buffer on Si, thereby paving the way for
designing Ge-based nanoscale fin transistors and photonic devices.

Methods
Material Synthesis. The undoped epitaxial 80–240 nm thick Ge layers were grown
using an in-situ growth process on GaAs and Si substrates using separate solid source
molecular beam epitaxy growth chambers for the Ge and III–V materials, connected
via an ultra-high vacuum transfer chamber. The growth temperature and growth rate
of epitaxial Ge were 400uC and 0.1 Å/s, respectively. The details of the epitaxial Ge
growth procedure on GaAs are reported elsewhere13. The GaAs nucleation and the
buffer layer were grown on (100) Si substrates that are 6u off towards [110] direction
using a two-step growth processes: i) low temperature ,450uC and low growth
rate 0.25Å/s and ii) high temperature $600uC and high growth rate 2.5 Å/s. The low
temperature growth creates two-dimensional growth and the high temperature
growth reduces the dislocations due to the lattice mismatch between the GaAs and the
Si substrate. After the growth of the GaAs layer, a lattice matched large bandgap
170 nm AlAs layer was grown at a growth temperature of $600uC. After the growth
of the AlAs layer inside the III–V compound semiconductors MBE chamber, the
sample was cooled down to below 200uC. Thereafter, the AlAs/Ge/Si sample was
transferred to a separate MBE growth chamber for Ge growth using an ultra-high
vacuum transfer chamber ,5 3 10210 torr. The base pressure of the Ge chamber was

4–5 3 10211 torr and ,2.4 3 1029 torr during the Ge growth at 400uC at a growth
rate of 0.1Å/s. After the Ge layer growth, the sample was slowly cooled down at 5uC/
min ramp rate to prevent thermal cracking of the structure.

Microscopic and band alignment measurements. To determine the structural
quality and the relaxation state of epitaxial Ge on Si using a composite AlAs/GaAs
buffer layer, high-resolution triple axis x-ray rocking curves and reciprocal space
maps were recorded by a Panalytical XpertPro system using both PIXel and
proportional detectors. Cross-sectional high-resolution transmission electron
microscopy (HR-TEM) was used to characterize the entire layer structure on Si and
each interface. HR-TEM imaging was performed using a JEOL 2100 transmission
electron microscope. For this purpose, the electron transparent foils of thin film
cross-sections of Ge/AlAs/GaAs/Si were prepared by a standard polishing technique,
i.e. mechanical grinding, dimpling and low temperature (,150 K) Ar1 ion beam
milling. The band alignment between the Ge and AlAs layers was investigated using a
PHI Quantera SXM XPS system with a monochromatic Al-Ka (energy of 1486.7 eV)
x-ray source. The Ge 3d and As 3d5/2 core level (CL) binding energy spectra as well as
Ge and As valence band binding energy spectra were collected with a pass energy of
26 eV and an exit angle of 45u. The binding energy was corrected by adjusting the
carbon 1 s CL peak position to 285.0 eV for each sample surface. Curve fitting was
performed by CasaXPS 2.3.14 using a Lorentzian convolution with a Shirley-type
background. The CL energy position was defined to be the center of the peak width at
half of the peak height. The VBM values were determined by linear extrapolation of
the leading edge to the base line of the valence band spectra recorded for the 240 nm
Ge and 170 nm AlAs layers. The VBM value is sensitive to the choice of points on the
leading edge used to obtain the regression line. The uncertainty of DEv and DEc values
were found to be in the range of 0.05–0.1 eV by the regressions analysis of selected
data over the linear region.

Carrier transport measurement. Au/Ti (600Å/200Å) ohmic contacts required for
the Hall mobility measurements were made on Ge/AlAs/GaAs/Si in a Kurt J. Lesker
PVD 250 physical vapor deposition system. The four corner contacts were defined
using positive photoresist and prebaked at ,85uC prior to the deposition of Au and Ti
metals. The deposited contacts were annealed at 350uC for 4 minutes under a mixture
of N25H2 (9555 volume ratio). The carrier density and the Hall mobility were
measured as a function of temperature from 90 K to 315 K with a fixed magnetic field
of 0.55T using an Ecopia HMS5000 Hall measurement system.
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