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ABSTRACT
Research to synthesize a high-quality GaAs ﬁlm on an inexpensive substrate has been continuing for decades in the quest to develop a solar
cell that achieves both high efﬁciency and low-cost. Here, we applied a large-grained Ge layer on glass, formed by Al-induced layer exchange,
to an epitaxial template for a GaAs ﬁlm. The GaAs ﬁlm, grown epitaxially from the Ge seed layer at 520  C, became a pseudosingle crystal
(grain size > 100 lm) with high (111) orientation. Reﬂecting the large grain size, the internal quantum efﬁciency reached 70% under a bias
voltage of 1.0 V. This value approaches that of a simultaneously formed GaAs ﬁlm on a single-crystal Ge wafer and is the highest for a GaAs
ﬁlm synthesized on glass at a low temperature. The application of a Ge seed layer formed by layer exchange offers excellent potential to
develop high-efﬁciency thin-ﬁlm solar cells with III–V compound semiconductors based on low-cost glass substrates.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5091714

The highest conversion efﬁciency of solar cells has been updated
with III–V compound semiconductors.1–3 However, since these solar
cells use expensive single-crystal Ge or GaAs-based wafers, their applications have been limited to space use. If those substrates can be
replaced with an inexpensive substrate, such as glass or a ﬂexible substrate, III–V compound semiconductor solar cells will be the best candidate for the next generation of solar cells used for area-limited
devices requiring a large amount of power, such as vehicles and mobile
terminals.4,5 Although such solar cells have been achieved using transfer techniques so far,6–8 further cost reduction is still necessary for consumer applications.
Conversely, the direct synthesis of polycrystalline GaAs thin ﬁlms
on low-cost substrates has also been vigorously studied. The conversion efﬁciency of solar cells based on polycrystalline GaAs strongly
depends on the grain size because the grain boundaries act as recombination centers.9,10 In a polycrystalline solar cell, if the grain size is sufﬁciently larger than the thickness of the light-absorbing layer, the
conversion efﬁciency shows a value approaching that of a single crystal
solar cell. Such a polycrystalline thin ﬁlm can be called a pseudosingle
crystal. So far, researchers have been investigating various techniques
including vacuum depositon,11–17 crystallization of amorphous
ﬁlms,18–20 and chemical synthesis.21,22 However, it is still difﬁcult to
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synthesize a large-area GaAs thin ﬁlm with large grains (>1 lm) on
inexpensive amorphous substrates. In line with this, research to form a
large-grained Ge thin ﬁlm on an inexpensive substrate and epitaxially
grow GaAs has been investigated for decades because Ge is lattice
matched to GaAs.23,24 Dutta et al. sequentially grew Ge and GaAs
ﬁlms on a biaxially textured oxide layer formed on metal tape and
demonstrated a conversion efﬁciency of 11.5%,25 which is currently
the highest efﬁciency for a low-cost GaAs thin-ﬁlm solar cell. Because
the grain size of the GaAs ﬁlm is still small (a few micrometers), its
enlargement will further improve the efﬁciency.
Metal-induced layer exchange is known as a method for forming
a large-grained Ge thin ﬁlm at low temperature on inexpensive substrates such as glass26–32 and even plastic.33–35 We achieved highly
(111)-oriented Ge thin ﬁlms with large grains (>100 lm) using Alinduced layer exchange (ALILE).28,32 Because the light absorption
thickness for GaAs is approximately 3.5 lm owing to its large absorption coefﬁcient, GaAs grown epitaxially on the ALILE-Ge layer will
behave as a pseudosingle crystal. In this study, a pseudosingle crystal
GaAs thin ﬁlm is formed below the heat proof temperature of glass
(<550  C) using ALILE-Ge on glass as a seed layer. The resulting
GaAs ﬁlm exhibits a photoresponsivity comparable to a single-crystal
GaAs ﬁlm grown on a Ge wafer.

114, 142103-1

Applied Physics Letters

Figure 1(a) shows the sample preparation procedure. A 50 nmthick Ge seed layer was prepared on a glass substrate using ALILE.28,32
In the ALILE process, 50 nm-thick Al and 70 nm-thick amorphous Ge
(a-Ge) thin ﬁlms were sequentially prepared on a SiO2 glass substrate
at room temperature using RF magnetron sputtering (base pressure:
3  104 Pa) with Ar plasma. A diffusion-controlling AlOx layer was
prepared between the Al and a-Ge layers by air exposure (5 min). The
sample was annealed at 350  C for 50 h in N2. Although the annealing
time is too long for the manufacturing process, it can be shortened by
initially doping Ge in Al and by facilitating Ge diffusion into Al (e.g.,
modulating the Ge/Al interlayer).30 After annealing, the sample was
treated in an H2O2 (50%) solution followed by an HF solution (1.5%)
to remove “Ge islands” and the Al layer and obtain a good Ge surface.32 The resulting ALILE-Ge seed layer was highly (111)-oriented
and large-grained (>100 lm) as shown in the electron backscatter diffraction (EBSD) images in Figs. 1(b) and 1(c). The (001) orientation
control of Ge is also possible using ALILE, while it reduces the grain
size of Ge to approximately 10 lm.31 Some previous studies reported
that Ge(111), especially with a few degrees of angle, is effective in suppressing antiphase domains in GaAs.36 Figure 1(d) shows that the
ALILE-Ge is fortunately self-organized in the off angle (111) plane.
Figure 1(e) shows that the ALILE-Ge consists mainly of high-angle
grain boundaries because the grains are randomly oriented in the inplain direction. A GaAs layer was formed by molecular beam epitaxy
(MBE, base pressure: 5  108 Pa) where Ga and As atoms were supplied by Knudsen cells with a GaAs deposition rate of 200 nm/h.
Because this study focused on the demonstration of the potential of
ALILE-Ge as a seed layer of GaAs, we used the MBE system and set
the GaAs thickness to 500 nm. The seeding technique will be applicable to thicker GaAs and mass production techniques such as chemical

FIG. 1. (a) Schematic of the sample preparation. EBSD images of the ALILE-Ge
seed layer in the (b) normal direction (ND) and (c) transverse direction (TD). The
coloration indicates the crystal orientation, refer to the legend in the inset. The black
solid lines in (c) indicate random grain boundaries. Distribution histograms of the
(d) angles from the h111i direction and (e) relative rotation angles of the grains.
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vapor deposition. The GaAs layers were prepared at a growth temperature, Tg, ranging from 200 to 520  C. For comparison, GaAs layers
were formed on a single-crystal p-type Ge(111) substrate (c-Ge, resistivity <102 X cm) and a bare SiO2 glass substrate. For the photoresponse measurement, ITO electrodes (1 mm in diameter) were
prepared on the GaAs surface using RF magnetron sputtering at room
temperature.
Raman spectroscopy (spot diameter: 1 lm and wavelength:
532 nm) was used to determine the crystal state of the GaAs ﬁlms.
Figure 2(a) shows that the samples with ALILE-Ge for Tg  370  C
exhibit sharp peaks corresponding to the transverse optical mode
(270 cm1) and the longitudinal optical mode (290 cm1) of crystalline GaAs, while that for Tg ¼ 200  C exhibits broad peaks corresponding to amorphous GaAs.14,15,18 These results indicate that the
GaAs ﬁlm crystallizes at Tg  370  C. Figure 2(a) also shows that the
GaAs ﬁlms grown on c-Ge and bare glass substrates are crystalline at
Tg ¼ 520  C. The Raman peaks of the samples with ALILE-Ge are
almost as sharp as those of the c-Ge sample, while those of the glass
sample are relatively broad. These results indicate that the GaAs ﬁlm
on ALILE-Ge has high crystallinity. Compared to the c-Ge sample, the
samples with ALILE-Ge and the glass sample have the GaAs peaks
slightly shifted to the lower wavenumber. This is likely due to the stress
derived from the difference in the thermal expansion coefﬁcient
between GaAs and glass. The EBSD images in Figs. 2(b) and 2(f) show
that the Tg ¼ 420  C sample with ALILE-Ge has lower (111) orientation and a smaller grain size than those of the ALILE-Ge layer [Figs.
1(b) and 1(c)], indicating the incomplete epitaxial growth of GaAs.
Conversely, Figs. 2(c) and 2(g) show that the (111) orientation fraction
and the grain size of the Tg ¼ 520  C sample with ALILE-Ge are the
same as the ALILE-Ge layer [Figs. 1(b) and 1(c)]. These results suggest
that the GaAs ﬁlm was epitaxially grown from the ALILE-Ge seed
layer at Tg ¼ 520  C. The epitaxial growth of GaAs at Tg ¼ 520  C is
also conﬁrmed for the c-Ge sample from Figs. 2(d) and 2(h). Figures
2(e) and 2(i) show that the GaAs ﬁlm directly grown on glass has very
small grains (<100 nm) which are below the detection limit of the
EBSD system. Thus, the pseudosingle crystal GaAs layer (grain
size > 100 lm) was achieved below the heat proof temperature of general soda-lime glass (560  C).
After preparing ITO electrodes, we evaluated the detailed crosssectional structure of the sample with ALILE-Ge for Tg ¼ 520  C using
a transmission electron microscope (TEM; FEI Tecnai Osiris) operating at 200 kV, equipped with an energy-dispersive X-ray spectrometer
(EDX). Figures 3(a) and 3(b) show the stacked structure of ITO/GaAs/
Ge/glass as intended. The surface of the GaAs ﬁlm is ﬂatter than that
of the ALILE-Ge layer likely due to the appearance of a (111) facet
during MBE. The selected-area electron diffraction (SAED) pattern in
Fig. 3(c) indicates that the GaAs ﬁlm is epitaxially (111) oriented and
single crystalline in this area (800 nm in diameter). Figures 3(d) and
3(e) show that the GaAs ﬁlm contains dislocations and stacking faults,
whereas the Ge seed layer is free from extended defects.28 Such defects,
mostly extended from the epitaxial interface, were also found in the
Ge ﬁlm homoepitaxially grown on ALILE-Ge at 500  C.32 Figures
3(f)–3(h) show that (111) planes are in an orderly line up from the
Ge/glass interface to the GaAs ﬁlm. The GaAs/Ge interface is so continuous that it is difﬁcult to identify from the lattice image [Fig. 3(g)].
The cause of the defects in GaAs is presumed to be the rough surface
of the ALILE-Ge layer, the low growth temperature of GaAs, and/or
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FIG. 2. Characterization of the crystal
quality of the GaAs ﬁlms grown on ALILEGe, c-Ge, and glass at Tg ¼ 200–520  C.
(a) Raman spectra. EBSD images in the
(b)–(e) normal direction (ND) and (f)–(i)
transverse direction (TD), where Tg and
the substrate are labeled in each image.
The coloration indicates the crystal orientation, refer to the legend in the inset in (i).

the difference in the thermal expansion coefﬁcients between GaAs
and the SiO2 glass substrate. To form a thick GaAs ﬁlm, it seems
important to select a speciﬁc glass substrate in consideration of
the thermal expansion coefﬁcient. To evaluate the minority carrier lifetime of GaAs directly related to solar cell performance, microwave

FIG. 3. Cross-sectional TEM characterization of the sample with ALILE-Ge for Tg
¼ 520  C. (a) Low-magniﬁcation bright-ﬁeld TEM image. (b) EDX elemental mapping. (c) SAED pattern taken from a region including all layers with a selected area
of diameter 800 nm. (d) High-magniﬁcation bright-ﬁeld TEM image. (e) Dark-ﬁeld
TEM image using the (111) plane reﬂection. High-resolution lattice images showing
the (f) Ge/glass interface, (g) GaAs/Ge interface, and (h) GaAs ﬁlm.
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photoconductivity decay measurements (excitation wavelength
349 nm microwave frequency 26 GHz) were performed. The results
indicated that the minority carrier lifetimes of the GaAs layers on both
ALILE-Ge and c-Ge were lower than the time resolution (5 ns) of the
microwave photoconductivity decay system. To improve the minority
carrier lifetime, further optimization of the growth conditions of GaAs
is necessary.
Photoresponsivity was measured for the sample with ALILE-Ge
for Tg ¼ 520  C using the structure illustrated in Fig. 4(a). The resistivity of ALILE-Ge is low enough (<103 X cm) to be used as a bottom
electrode due to highly Al doping.35 The bias voltages were applied to

FIG. 4. Photoresponse properties of the samples with Tg ¼ 520  C. (a) Schematic
of the sample for the measurement. (b) SEM image of ITO electrodes patterned on
the GaAs ﬁlm grown on ALILE-Ge. (c) Bias voltage-dependent photoresponsivity
and (d) IQE of the sample with ALILE-Ge. (e) Photoresponsivity and (f) IQE of the
samples with ALILE-Ge, c-Ge, and glass where the bias voltage is 1.0 V.
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the ALILE-Ge layer with respect to the ITO electrode, prepared as
shown in the scanning electron microscopy (SEM) image in Fig. 4(b).
Because the current sample does not have a PN junction in GaAs, the
photogenerated holes in GaAs are transferred to the surface ITO electrode via drift. Figure 4(c) shows clear photoresponse spectra rising
near a wavelength of 900 nm corresponding to the GaAs bandgap
with each bias voltage. Figure 4(d) shows that internal quantum efﬁciency (IQE) reaches 70% with a bias voltage of 1.0 V. Figures 4(e) and
4(f) show that the sample with ALILE-Ge exhibits photoresponsivity
which is comparable to that of the c-Ge sample, while the glass sample
exhibits no photoresponsivity. The high photoresponsivity of the sample with ALILE-Ge is owing to the GaAs ﬁlm being pseudosingle crystal. Compared to the c-Ge sample, the sample with ALILE-Ge exhibits
the rising edge of the photoresponsivity slightly shifted to the longer
wavelength, suggesting that the bandgap of GaAs becomes pseudonarrower due to the shallow level defects. In addition, the photoresponsivity of the sample with ALILE-Ge begins to decrease at the short
wavelength side (<850 nm) likely because of the defects in the region
close to the surface of the GaAs ﬁlm. Therefore, further investigation
of low temperature growth of GaAs will be able to improve the photoresponsivity, which is the largest currently for the GaAs ﬁlm grown on
a glass substrate.
In conclusion, we demonstrated the great potential of ALILE-Ge
as a seed layer for GaAs thin-ﬁlm solar cells. The GaAs ﬁlm grown epitaxially from ALILE-Ge on glass at 520  C became a pseudosingle
crystal (grain size > 100 lm) with high (111) orientation. Reﬂecting
the large grain size, the IQE reached 70% under a bias voltage of 1.0 V.
This value approached the simultaneously formed GaAs ﬁlm on c-Ge
and is the highest value for a GaAs ﬁlm synthesized on glass. The
achievements will open up the possibility of developing high-efﬁciency
thin-ﬁlm solar cells with III–V compound semiconductors based on
low-cost glass substrates.
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