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We grew BaSi» films on Ge(111) substrates by various growth methods based on molecular
beam epitaxy (MBE). First, we attempted to form BaSi> films directly on Ge(111) by MBE
without templates. We next formed BaSi. films using BaGe> templates as commonly used
for MBE growth of BaSi» on Si substrates. Contrary to our prediction, the lateral growth of
BaSi> was not promoted by these two methods; BaSi» formed not into a continuous film but
into islands. Although streaky patterns of reflection high-energy electron diffraction were
observed inside the growth chamber, no X-ray diffraction lines of BaSi> were observed in
samples taken out from the growth chamber. Such BaSi> islands were easily to get oxidized.
We finally attempted to form a continuous BaSi, template layer on Ge(111) by solid phase
epitaxy, that is, the deposition of amorphous Ba-Si layers onto MBE-grown BaSi> epitaxial
islands, followed by post annealing. We achieved the formation of an approximately 5-nm-
thick BaSi, continuous layer by this method. Using this BaSi, layer as a template, we
succeeded in forming a-axis-oriented 520-nm-thick BaSi; epitaxial films on Ge substrates,
although (111)-oriented Si grains were included in the grown layer. We next formed a B-
doped p-BaSi2(20 nm)/n-Ge(111) heterojunction solar cell. A wide-spectrum response from
400 to 2000 nm was achieved. At an external bias voltage of 1 V, the external quantum
efficiency reached as high as 60%, demonstrating the great potential of BaSi2/Ge
combination. However, the efficiency of a solar cell under AM1.5 illumination was quite
low (0.1 %). The origin of such a low efficiency was examined.
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1. Introduction

Photovoltaic solar cells have been studied worldwide as one of the new energy
sources. The mainstream material for photovoltaics is crystalline silicon (c-Si). Panasonic
Corp. achieved a record conversion efficiency # = 25.6% in a back-contact crystalline Si (c-
Si) heterojunction with intrinsic thin-layer solar cells.”) However, 7 is reaching close to the
performance limit. Thin-film solar cells, such as CulnGaSe,,>® CdTe,*> and perovskite
solar cells,®”) have also attracted much attention in studies to realize higher-# solar cells with
lower cost. However, these materials consist of critical raw materials. For photovoltaic solar
cells to be more widely available in ordinary homes, it is preferable to replace these materials
with semiconductors composed of earth-abundant and environment-friendly elements. Si
thin-film solar cells have also been studied extensively,2*®) however, it is not easy to attain

n higher than 20% because the absorption coefficient « of Si is relatively small. Among such
materials, we have been doing research on orthorhombic BaSi». It has an indirect band gap

Ey of 1.3 eV at room temperature (RT).!* Besides, a reaches 3.0 x 10* cmat 1.5 eV, which
is more than 30 times larger than that of c-Si.*>") In addition, a minority-carrier diffusion
length L of ca. 10 um and a minority-carrier lifetime of ca. 10 us of intrinsically n-BaSi» are
sufficiently large for thin-film solar cell applications.*®?” Impurity doping of BaSi. enables
the control of the carrier type and carrier concentration. For instance, we can control the hole
concentration p in a wide range between 10%* and 10* cm™ by boron (B) doping.??? For
these reasons, BaSiz could be a light absorber material for thin-film solar cells.?® BaSi, can
be grown epitaxially on a Si(111) surface with a small lattice mismatch.?*?®) We have
recently examined the performance of p-BaSi2/n-Si heterojunction solar cells?”) and realized
an 5 of approximately 10% and a short-circuit current density of 35.2 mA/cm?.2% In these p-
BaSi2/n-Si solar cells, a large conduction-band offset Ec = 0.85 eV and a valence-band offset
AEv = 0.65 eV due to the low electron affinity of BaSiz (3.2 eV)?® promote the separation
of photogenerated carriers in the layers. However, there are several problems in this structure
that hinder the achievement of a much higher 5. First, the band gap of BaSi> (1.3 eV) is
closer to that of Si (1.1 eV), thus their light absorption wavelengths overlap to a large extent.
Thus, the maximum short-circuit current density Jsc is limited. Second, the « of c-Si is small.
Hence, it is difficult to decrease the total thickness of p-BaSi2/n-Si layers when we utilize
both BaSi, and Si as absorber materials. Third, cracks are easily generated in the BaSi> layer
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owing to a large difference in thermal expansion coefficient between BaSi, and Si.3%3V
Replacing Si with Ge as a substrate is one of the solutions to these problems. Ge has the
same diamond structure as Si, and its lattice constant is close to that of Si. We thus anticipate
BaSi films to be grown epitaxially on Ge(111). Besides, Ge is an excellent bottom cell
material of a tandem-structure solar cell.323®) Therefore, BaSi, (Eq = 1.3 eV)/Ge (Eq =0.67
eV) heterojunction solar cells might absorb light with a wider wavelength range. Moreover,
Ge has large a and L. We thus expect to achieve a larger Jsc in p-BaSi2/n-Ge heterojunction
solar cells. Furthermore, the thermal expansion coefficient of Ge is closer to that of BaSi>
than that of Si; thus the crack formation in BaSi> might be suppressed.®* In addition, (111)-
oriented polycrystalline Ge can be formed on SiO, by Al-induced crystallization,® thereby
enabling the growth of highly oriented BaSi> films even on inexpensive substrates. However,
there have been no reports thus far about the formation of BaSi> films on Ge substrates.

In this work, we aim to achieve the epitaxial growth of BaSi> on Ge(111). First, we
focused on the formation of continuous BaSi> films on Ge(111). We employed three kinds
of growth methods for this purpose, that is, the growth of BaSi> (1) without any templates,
(2) with BaGe> templates, and (3) with solid phase epitaxy (SPE) BaSi. templates. Finally,
we formed B-doped p-BaSi2(20 nm)/n-Ge heterojunction diodes using the optimum growth

method and characterized their electrical and optical properties.

2. Experimental methods

In this study, we used an ion-pumped molecular beam epitaxy (MBE) systems (R-DEC)
equipped with a standard Knudsen cell for Ba and an electron-beam evaporation source for
Si. For the epitaxial growth of continuous BaSi: films on Ge(111), we fabricated samples A,
B, and C, using different templates. The growth procedures for samples A-C are
schematically shown in Fig. 1. For sample A, Ba and Si were codeposited on a heated p-
Ge(111) substrate (resistivity p < 0.01 Q-cm) at the substrate temperature Ts = 580 °C to
form 200-nm-thick BaSi, without any templates by MBE. For sample B, we employed the
two-step growth technique, which is the conventional growth method for BaSi> on
Si(111).25%0) We firstly deposited Ba on a heated-Ge(111) substrate at Ts = 500 °C to form a
30 nm BaGe; template by reactive deposition epitaxy (RDE). BaGe, has the same
orthorhombic crystal structure as BaSiz, and its lattice constants are close to those of
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BaSi».!>1") We thus anticipated BaGe; to act as a template layer for BaSi, overlayers and
grew 150-nm-thick BaSiz at 580 °C by MBE. For sample C, we utilized a BaSi layer grown
by SPE as a template for the subsequent BaSi> overlayers. First of all, we formed 2-nm-thick
BaSi> by MBE. This BaSi» was used as nucleus for the subsequent SPE layer. Next, we
codeposited 3-nm-thick Ba and Si amorphous layers at 200 °C at an atomic ratio of Si/Ba =
2, followed by post-annealing at 700 °C for 5 min. On this template, we fabricated 520-nm-
thick BaSi> films at 580 °C by MBE.

As described later, we succeeded to form BaSiz continuous films by the third method
used for sample C. Using this method, we next formed p-BaSi2/n-Ge(111) solar cells, sample
D. We grew a 20-nm-thick B-doped p-BaSi: layer on n-Ge(111) (p ~ 40 Q-cm). The growth
conditions of sample D were almost the same as those of sample C. During the MBE growth,
Ba, Si, and B were codeposited on the SPE-BaSi, templates. We set the B concentration to
2 x 10 cm3, at which the hole concentration p is close to B concentration, meaning that the
activation ratio of B atoms is approximately 1.2 After that, the BaSi, layer was capped in
situ with a 3-nm-thick amorphous-Si (a-Si) layer at 180 °C.%® In our previous studies, we
found that the minority-carrier lifetime of BaSi, was reproducibly improved by depositing
an a-Si capping layer.®”) Besides, the potential barrier height of a-Si for photogenerated holes
in n-BaSi, was found to be —0.2 eV, whereas that of native oxide was 3.9 eV.3®¥ Smooth
extraction of photogenerated carriers through the a-Si capping layer was proved
previously.?® For the evaluation of optical properties, 1-mm-diameter and 70-nm-thick
indium-tin-oxide (ITO) electrodes were sputtered on the front surface and Al electrodes were
formed on the back surface of the n-Ge substrate. The crystalline quality of grown films was
characterized by reflection high-energy electron diffraction (RHEED) and 6-26 X-ray
diffraction (XRD) with Cu Ka radiation. The composition of grown layers was analyzed by
high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
and energy dispersive X-ray (EDX) spectrometry. The surface morphologies were observed
by atomic force microscopy (AFM). We also conducted the current mapping of the sample
by conductive AFM (c-AFM) in order to find the current leakage paths. Current density
versus voltage (J-V) curves were measured under standard AML1.5, 100 mW/cm?
illumination at 25 °C. Photoresponse and reflectance spectra were measured at RT by the

lock-in technique using a xenon lamp with a 25-cm-focal-length single monochromator



Template for JJAP Regular Papers (Jan. 2014)

(Bunko Keiki SM-1700A and RU-60N). Light intensity was calibrated using a pyroelectric
sensor (Melles Griot 13PEMO001/J). All measurements were performed using a mask with 1-

mm-diameter holes.

3. Results and discussion
3.1 Growth of BaSi2 epitaxial films on Ge(111)

We first discuss the results of sample A, that is, BaSi» grown directly on the Ge(111)
substrate by MBE. Figure 2(a) shows the 6-26 XRD pattern of sample A. Hereafter the peak

labeled with an asterisk indicates diffraction from the substrate. The inset shows the RHEED

pattern taken after the MBE growth. The RHEED pattern was observed along the Ge[112 ]
azimuth. As can be seen in the RHEED pattern, a sharp streaky pattern was observed, which
indicates that a-axis-oriented BaSi> was grown on the Ge(111) substrate. However, we did
not observe any diffraction lines originating from BaSi. in the XRD pattern after exposing
the sample to air. These observations were not made in BaSi; epitaxial films on Si(111). In
order to determine the origin, we performed an AFM observation of sample A. A5 x 5 um?
topographic image and the cross-sectional profile along the white line are shown in Fig. 2(b).
The height of the grain is found to be approximately 260 nm from the cross-sectional profile.
This height is much larger than the deposited thickness (200 nm) monitored using a quartz
crystal microbalance, meaning that BaSi» formed not into a continuous film but into islands.
We also found that the surface color changed gradually after exposing sample A to air. We
thus speculate that oxygen and moisture in the air entered into the gaps between the BaSi:
islands, and the entire BaSi» was oxidized.

Next, we examined sample B, BaSi./BaGe; template/Ge(111). Figure 3(a) shows
the 6-20 XRD pattern of sample B. A streaky RHEED pattern was observed after the MBE
growth, indicating that a-axis-oriented BaSi> was also grown on the BaGe> template.
However, again, we observed no diffraction lines of BaSiz. As shown in the 5 x 5 um? AFM
image and the cross-sectional profile along the white line in Fig. 3(b), the height of BaSi:
islands (300 nm) was larger than the predicted grown thickness, suggesting that BaSi> was
not a continuous film. Hence, the entire BaSi> crystals were oxidized, leading to the
disappearance of diffraction peaks of BaSi; in Fig. 3(a). The results of samples A and B

indicate that the lateral growth of BaSi> is quite limited on Ge(111) and BaGe; surfaces,
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thereby the surface area of BaSi> on Ge(111) is quite large. This is the reason why BaSi: is
easily oxidized on a Ge(111) substrate than on a Si(111) substrate.

Here, we discuss the reason why BaSi> on Ge(111) formed into not a continuous
film but into islands. The growth of thin films can be divided into three modes, the Frank-
van der Merwe (FW) mode (layer-by-layer growth), the Stranski-Krastranov (SK) mode
[three-dimensional (3D) clusters on the first monolayer], and the Volmer-Weber (VW) mode
(island growth). These growth modes are determined by a surface or an interfacial energy
for the lattice-matched systems. According to the growth of InP1Shy on InP substrates, the
FM mode is dominant and InP1-xSbhx becomes a continuous film when the InSb composition
is small since the lattice mismatch between InP1-xShx and the InP substrate is small. In
contrast, the SK mode or the VM mode is dominant and 3D clusters of InP1-xShy are likely
to form when the InSb composition is large.*? The epitaxial relationship between BaSi; and
Si(111) is BaSi(100) || Si(111) with BaSi,[001] || Si[110]. BaSi, on Ge(111) shows the

same epitaxial relationship. The lattice mismatches of BaSi»> on Si(111) are small, that is,

0.1% along Si[110] and 1.1% along Si[ 1 12]; however, they are 3.4 and 1.7% for BaSi, on
Ge(111), respectively. Hence, we speculate that the island growth of BaSi; arises from a
large lattice mismatch between BaSi, and Ge(111).

In order to form continuous BaSi; films on a Ge(111) substrate, we focused on the
formation of a continuous BaSi, template layer in sample C using the SPE template shown
in Fig. 1. Figures 4(a) and 4(b) show the RHEED pattern after the MBE growth and the 6-
260 XRD pattern of sample C, respectively. We see the sharp streaky RHEED pattern of BaSio.
In addition, intense (100)-oriented diffraction peaks can be observed in Fig. 4(b). Contrary
to our prediction, however, we also observed the intense diffraction peak of Si(111). This
means that (111)-oriented Si grains were included in the grown layers. Figure 4(c) shows a
5 x 5 um? AFM image and the cross-sectional profile along the white line in sample C. The
grain height is approximately 30 nm at most, which is much smaller than the total growth
thickness of 520 nm. Therefore, we can state that we succeeded in growing a highly a-axis-
oriented BaSi» epitaxial film using the SPE-BaSi> templates. As mentioned above, (111)-
oriented Si grains were included in the grown layers. In order to confirm this, we performed
HAADF-STEM and EDX measurements on the same area of sample C, as shown in Figs.

5(a) and 5(b), respectively. The presence of Si grains in the grown layer was proved. Since
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these Si grains have the (111) orientation, as shown in Fig. 4(b), we speculate that these Si
grains stem from the (111)-oriented Ge surface, and exist in the form of pillars. The origin
of Si grains, namely, the excess Si in the grown layer, is the deviation from stoichiometry
due to evaporation of Ba atoms from the sample surface during the post annealing for SPE.
Now, we can surely form BaSi> epitaxial films on Ge(111), and the next step is to form p-

BaSi,/n-Si solar cells.

3.2 Evaluation of p-BaSi2/n-Ge(111) heterojunction diodes
Before discussing the properties of sample D, p-BaSiz (20 nm, p = 2 x 108 cm?®)/n-

Ge (n = 4 x 10% cm®), we describe the calculated band alignment in Fig. 6. The electron

BTz ) and Ge (%) are 3.2 and 4.0 eV, respectively.?®) As shown in

affinities of BaSi2 (qy
Fig. 6, AEc = 0.8 eV and AEv = 0.17 eV at the interface. The built-in potential Vp is given

by

. . N BaSi, Ge
Eg ™" + 07 —kgT In( Vp ) gz +kgT In( Nrf )
Vp = q - q ' @

where q is the elemental charge, ks is the Boltzmann constant, N\?aSiz is the effective density

of states in the valence band of BaSi», NS is that in the conduction band of Ge, p is the hole
concentration of p-BaSiz, and n is the electron concentration of the n-Ge. Assuming that
NSz = 2.0 x 1010 em3 D and NZ*=1.1 x 10' cm?, Vp is calculated to be 0.11 V. Note

that the separation of photogenerated electrons and holes is assisted by the band offsets,

although Vp is small.

Figure 7 shows the external quantum efficiency (EQE) spectra of sample D at
different bias voltages applied to the p-BaSi» with respect to n-Ge. We also show the EQE
spectra of a p-BaSiz/n-Si heterojunction solar cell for comparison.?” We found that the
spectral response extends in a longer-wavelength range in sample D. This means that the p-
BaSi»/n-Ge heterojunction diode can absorb lights in a wider wavelength range. However,
the EQE of sample D (V =0 V) is much smaller than that of p-BaSi./n-Si.

Figure 8(a) presents the first quadrant of the J-V curve under the illumination. We
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achieved solar cell operation. However, Jsc and the open-circuit voltage Voc were quite
small. Figure 8(b) shows the J-V curve in the dark and that under AML1.5 illumination with
bias voltages between —1.0 and 1.0 V. The blue broken line shows the photocurrent density
Jpn, that is, the difference between J in the dark and that under illumination. We obtained
large Jph values under negative bias voltages. This result indicates that p-BaSi>/n-Ge has
great potential for thin-film solar cell applications. However, the problem is that the reverse
current did not saturate. To accurately obtain the shunt resistance Rsy in the diode, we
adopted a technique described in Ref. 42. Using the photodiode equation, Rsy can be given

as

1
d_V — SRS + 7kBT 1- (SRSH) dV/Ele ) (1)
dJ q | I+ s —(SRey) IV

Here, S is the device area, Rs is the series resistance, y is the diode ideality factor, ks is the
Boltzmann constant, T is the absolute temperature, q is the elemental charge, and Jsc is the
short-circuit current density. Parameters are summarized in Table 1. The reverse-bias
saturation current density Jo was 5.43x102 mA/cm?. This value is 2—3 orders of magnitude
higher than that for p-BaSiz/n-Si heterojunction diodes,?®%®)suggesting the carrier
recombination via defects. Rsy was 1.57 kQ, which is more than one order of magnitude
smaller than those obtained for p-BaSi2/n-Si heterojunction diodes.?®® Small Rsy indicates

the presence of current leakage paths through the pn junction.

In order to investigate such leakage paths, we observed the sample surface by AFM
and c-AFM, and Figs. 9(a) and 9(b) show their respective images of the same area. The c-
AFM image was taken under a bias voltage of 1.5 V across the top and bottom electrodes.
We see some protuberances on the sample surface in Fig. 9(a). In addition, the current does
not uniformly flow across the junction in Fig. 9(b). There seems to be current leakage paths
in and around some protuberances. This is why the reverse current density did not saturate
in Fig. 8(b). Although there is no evidence showing that the protuberances in Fig. 9(a) are

Si grains, we speculate that the Si grains act as current leakage paths. This is because the Rsn
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of p-BaSi2/n-Ge solar cells was much smaller than that of p-BaSi./n-Si solar cells, and the
main difference between the two diodes is the presence of Si grains in the p-BaSiz layers. It
can safely be stated that we need to suppress the formation of protuberances observed in Fig.

9(a) in order to improve the properties of p-BaSi»/n-Ge heterojunction diodes.

4. Conclusions

We attempted to form a-axis-oriented BaSi epitaxial layers on Ge(111) substrates using
three kinds of growth methods. We firstly tried to grow BaSi» on Ge(111) at 580 °C by MBE
without any templates. We next attempted to form BaSi> at the same temperature using RDE-
grown BaGe; templates. BaSi» was surely grown on the Ge substrates by these two methods,
as shown by the streaky RHEED patterns, inside the growth chamber. It was proved by AFM
that BaSi> formed not into a continuous film but into islands and that these BaSi; islands
were easily oxidized in air. Highly (100)-oriented BaSi> continuous films were formed by
MBE at 580 °C using the BaSi> continuous template grown by SPE. (111)-oriented Si was
included in the grown layer. With this growth method, we fabricated B-doped p-BaSi2(20
nm)/n-Ge heterojunction diodes. We attained an extremely large Jpn at negative bias voltages
owing to a wide-spectrum response. The solar cell operation was achieved in p-BaSi2/n-Ge;
however, Jsc and Voc were quite limited partly because of the small Rsy (1.57 kQ). To

overcome this problem, we need to suppress the current leakage through the pn junctions.
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Table I. Solar cell properties of specifically for sample D.

Jsc Voc n Rs Rsw v Jo

(mA/cm?) (V) (%) () (k) (mA/cm?)

6.46 0013 0.1 139 157 3.83 b5.43x102
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Figure Captions

Fig. 1. Schematics of growth procedures for samples A-C.

Fig. 2. (a) #-20 XRD pattern of sample A, BaSi»/Ge(111). The inset shows the RHEED
pattern taken after the MBE growth along the Ge[112 ] azimuth. (b) 5 x 5 um? AFM

topographic image and cross-sectional profile along the white line in sample A.

Fig. 3. (a) #-260 XRD pattern of sample B, BaSi»/BaGe,/Ge(111). The inset shows the
RHEED pattern of sample B after MBE growth. (b) 5 x 5 um? AFM image and cross-

sectional profile along the white line in sample B.

Fig. 4. (a) RHEED pattern after MBE growth along the Ge[112] azimuth, (b) 6-26 XRD
pattern, and (c) 5 x 5 um? AFM image and cross-sectional profile along the white line in
sample C.

Fig. 5. (Color online) (a) HAADF-STEM and (b) EDX images of the same area in sample
C.

Fig. 6. Calculated band alignment of p-BaSi> (20 nm, p = 2 x 10 cm?)/n-Ge (n = 4 x 10*®

cm3) heterojunction.

Fig. 7. (Color online) EQE spectra of sample D, B-doped p-BaSi2/n-Ge, at various bias
voltages applied to p-BaSi, with respect to n-Ge. The blue line shows the EQE of p-BaSiz/n-

Si heterojunction solar cell.?”)
Fig. 8. (Color online) (a) First quadrant of the J-V curve of sample D, B-doped p-BaSi2/n-
Ge. (b) J-V characteristics in the dark and under AM 1.5 illumination with the voltage range

between —1 and 1 V. The blue broken line shows the photocurrent density.

Fig. 9. (Color online) (a) AFM topographic image and (b) c-AFM images of the same area
in sample D, B-doped p-BaSi2/n-Ge. c-AFM measurements were performed at the bias
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voltage of 1.5V across the top and bottom electrodes.
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