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p-BaSi2/n-Si heterojunction solar cells consisting of a 20 nm thick B-doped p-BaSi2 epitaxial layer
(p ¼ 2.2  1018 cm3) on n-Si(111) (q ¼ 1–4 X cm) were formed by molecular beam epitaxy. The
separation of photogenerated minority carriers is promoted at the heterointerface in this structure.
Under AM1.5 illumination, the conversion efficiency g reached 9.0%, which is the highest
ever reported for solar cells with semiconducting silicides. An open-circuit voltage of 0.46 V, a
short-circuit current density of 31.9 mA/cm2, and a fill factor of 0.60 were obtained. These results
C 2016 AIP Publishing LLC.
demonstrate the high potential of BaSi2 for solar cell applications. V
[http://dx.doi.org/10.1063/1.4945725]

Crystalline silicon (c-Si) solar cells have been the mainstream of photovoltaics. In 2014, Panasonic Corp. achieved a
record energy conversion efficiency g of 25.6% for a heterojunction with intrinsic thin layer solar cells,1 and g is
approaching the performance limit for c-Si solar cells as
determined by their bandgap (Eg). To realize higher efficiency
solar cells with lower cost, many studies have been conducted
on various thin-film solar cell materials, such as chalcopyrite
and cadmium telluride, in efforts to exploit their higher
absorption coefficient, a, and more suitable Eg than c-Si.2–7
Thin-film Si solar cells have also been studied extensively to
achieve higher g with the use of efficient light-trapping systems;8–18 however, it is difficult to obtain g as high as 20%.
Thus, the exploration of alternative materials for thin-film
solar cell applications is very important. Among such materials, we have focused on semiconducting BaSi2. BaSi2 is an
indirect bandgap semiconductor with Eg ¼ 1.3 eV.19,20 This
value is based on the optical absorption edge of BaSi2 films
we formed. It is also consistent with a recent first-principles
calculation using the Heyd–Scuseria–Ernzerhof screened
hybrid functional21 and photon energies obtained from photoresponse measurements, above which the photoresponsivity
of BaSi2 begins to increase, regardless of the BaSi2 layer
thickness.22–24 One of the most striking features of this material is that both a large a and large minority-carrier diffusion
length, L, can be utilized. This facilitates the collection of
photogenerated carriers in an external circuit. a exceeds
3  104 cm1 for photon energies higher than 1.5 eV,20,21,25,26
despite its indirect bandgap nature. The large a is a result of
the direct transition, which starts at energies slightly larger
than Eg. In addition, L is as large as approximately 10 lm in
undoped n-BaSi2, which is much larger than its grain size of
approximately 0.2 lm.27 Thus, a and L are sufficiently large
for thin-film solar cell applications. We can expect g to be
larger than 25% only in a 2 lm thick BaSi2 pn junction
diode.28 Impurity doping of BaSi2 with group-III or group-V
elements enables control of the carrier type and carrier concentration. For example, the hole concentration, p, can be
controlled in a wide range between 1016 and 1019 cm3 by
0003-6951/2016/108(15)/152101/5/$30.00

boron (B) doping.29,30 A pn homojunction diode is the most
straightforward structure of a solar cell. However, we have
only limited information regarding the electrical and optical
properties of p-BaSi2 in contrast to those of undoped n-BaSi2.
A p-BaSi2/n-Si heterojunction diode would be a suitable configuration to assess the quality of p-BaSi2 and the potential of
BaSi2 for thin-film solar cell applications because the device
structure is quite simple and there is no barrier height at the
heterointerface for the transport of photogenerated minority
carriers, as discussed later.
According to our previous study, the activation rate of B
in BaSi2 by molecular beam epitaxy (MBE) was only around
103 when the substrate temperature, TS, was 600  C.30 This
is probably because the B concentration, NB, in the layer was
too large at more than 1020 cm3. This assumption was supported by the fact that the B precipitates in the B-doped
BaSi2 layers, as observed using transmission electron microscopy (TEM).30,31 Such precipitates in B-doped p-BaSi2 could
degrade the solar cell performance. Therefore, in this study,
we first aimed to lower the temperature of the B Knudsen cell
crucible, TB, from that in our previous studies to reduce NB
and then investigated the dependence of the activation rate on
TB to find an appropriate TB. We next adopted the optimum
TB and fabricated p-BaSi2 (20 nm)/n-Si heterojunction solar
cells by MBE, whereby g reached 9.0%, which is approximately 100 times larger than those ever reported for BaSi2
solar cells24,32 and is much higher than any other solar cell
consisting of semiconducting silicides.33,34
An ion-pumped MBE system equipped with an electronbeam evaporation source for Si as well as standard Knudsen
cells for Ba and B was used in this investigation. To investigate the activation rate of B atoms doped in BaSi2, 200 nm
thick p-BaSi2 epitaxial films were formed on high-resistivity
n-Si(111) (q > 1000 X cm) substrates at TS ¼ 600  C with TB
varied from 1200  C to 1500  C. Amorphous Si (a-Si)
capping layers with thicknesses of a few nanometers were
formed on all samples at TS < 200  C to prevent oxidation of
the BaSi2 surface and to passivate the BaSi2 surface.
Microwave-detected photoconductivity decay measurements
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showed that the minority-carrier lifetime reached approximately 10 ls with excellent repeatability for undoped
n-BaSi2 by capping the BaSi2 surface with the native oxide
or the a-Si layer.35 However, the barrier height of the native
oxide/undoped n-BaSi2 interface for the minority-carriers
(holes) in n-BaSi2 is 3.9 eV.36 Therefore, the transport of
holes generated under solar radiation is blocked at the interface, which results in a limited conversion efficiency of
g  0.1% for a solar cell with the native oxide/n-BaSi2 interface.24 For this reason, a-Si was selected as a capping layer
in this work. NB was determined from secondary ion mass
spectrometry (SIMS) measurements for several samples. p
was measured at temperatures around 22  C by the van der
Pauw method for other samples. The details of the growth
procedure have been reported previously.30 For p-BaSi2/n-Si
solar cells, TB was set to 1230  C, and a 20 nm thick B-doped
p-BaSi2 epitaxial layer was formed on n-Si(111) (q ¼ 1–4 X
cm) at TS ¼ 600  C, followed by a 4 nm thick a-Si capping
layer (sample A). For comparison, a sample without the a-Si
capping layer was prepared (sample B). Finally, 1 mm diameter and 70 nm thick indium tin oxide (ITO) electrodes were
sputtered on the front surface and Al electrodes were deposited on the backside of the n-Si substrate.
The crystalline quality of the grown films was characterized using reflection high-energy electron diffraction
(RHEED) and X-ray diffraction (XRD) with Cu Ka radiation. Cross-sections of the samples were observed using
TEM (Hitachi, H-9000NAR) with an acceleration voltage
of 300 kV. Current density versus voltage (J-V) curves
were measured under standard AM1.5, 100 mW/cm2 illumination at 25  C. Photoresponse and reflectance spectra
were also evaluated at this temperature using a lock-in
technique with a xenon lamp and a 25 cm focal-length
single monochromator (Bunko Keiki, SM-1700A and
RU-60N). The light intensity was calibrated with a pyroelectric sensor (Melles Griot, 13PEM001/J). White-bias
light was not used. All measurements were performed
using a mask with 1 mm diameter holes.
Figure 1 shows Arrhenius plots of NB (䊉) and p (ⵧ).
SIMS measurements revealed that as TB increases, NB
increases exponentially with an activation energy Ea  6.2 eV.
p measured for three samples of B-doped BaSi2 layers grown
at TB ¼ 1230, 1300, and 1400  C were 2.2  1018, 5.0  1018,
and 2.0  1018 cm3, respectively. Note that the activation rate
of B atoms is close to 1 for B-doped p-BaSi2 formed at
TB ¼ 1230  C. Therefore, this TB was selected for the fabrication of p-BaSi2/n-Si solar cells.
Figure 2(a) shows a h–2h XRD pattern for sample A,
and the inset shows a streaky RHEED pattern taken for
sample A after growth of the p-BaSi2 layer. The diffraction
peaks were observed only from the (100) oriented BaSi2
planes, such as (200), (400), and (600), which indicates that
the a-axis-oriented B-doped BaSi2 epitaxial film was formed.
Figure 2(b) shows a bright-field cross-sectional TEM
image of sample A, a-Si (4 nm)/B-doped p-BaSi2 (20 nm)/
n-Si(111). Both the a-Si/BaSi2 and BaSi2/n-Si interfaces are
very clear and there are no B precipitations observed in the
BaSi2 layer.
Before investigation of the solar cell properties, we
describe the expected band alignment of the pn junction
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FIG. 1. Arrhenius plots of B concentration (NB, 䊉) and hole concentration
(p, ⵧ) measured for B-doped BaSi2 layers grown at TS ¼ 600  C. The activation energy, Ea, was 6.2 eV. The ratio of p/NB is close to 1 for the sample
grown at TB ¼ 1230  C.

diode shown in Fig. 3. The hole concentration of the p-BaSi2
was measured to be 2.2  1018 cm3, which is much larger
than the electron concentration of n-Si (n  2  1015 cm3).
Hence, the depletion region stretches in the n-Si region.
The electron affinities of BaSi2 and Si are qvBaSi2 ¼ 3.2 eV

FIG. 2. (a) h-2h XRD and RHEED patterns for sample A. RHEED was
observed along Si[11
2] after the growth of p-BaSi2. The asterisk (*) indicates the peak for the Si substrate used. (b) Cross-sectional TEM image of
sample A, a-Si(4 nm)/p-BaSi2 (20 nm)/n-Si heterojunction.
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FIG. 3. Expected band alignment of the p-BaSi2/n-Si heterojunction. Due to
the difference in the carrier concentration between the p-BaSi2 (p ¼ 2.2
 1018 cm3) and n-Si (n  2  1015 cm3) in sample A, the depletion region
stretches in the n-Si region.

(Ref. 37) and qvSi ¼ 4.05 eV, respectively, and their bandgaps are Eg;BaSi2 ¼ 1.3 eV and Eg,Si ¼ 1.1 eV. There is a conduction band offset DEC ¼ 4.05  3.2  0.9 eV and a valence
band offset DEV ¼ (4.05 þ 1.1)  (3.2 þ 1.3)  0.7 eV at
the heterointerface. Assuming that the effective density of
states at the conduction band of Si, NCSi , is 2.8  1019 cm3,
and that at the valence band of BaSi2, NVBaSi2 , is 2.0
 1019 cm3,25 the built-in potential, VD, is calculated by
!!
NVBaSi2
q
VD ¼ Eg; BaSi2 þ qvBaSi2  kB T ln
p

 
N Si
q
 qvSi þ kB T ln C
n
¼ ð1:3 þ 3:2  0:06Þ  ð4:05 þ 0:25Þ  0:1 V: (1)
Here, q is the elemental charge and kB is the Boltzmann constant. The depletion region widths in the p- and n-layers are
estimated to be approximately 3 and 110 nm, respectively,
by considering the permittivity of BaSi2, eBaSi2 , which is
14,25,38 and that of Si, eSi , which is 11.9 for photon energies
much smaller than their bandgaps. The band offsets DEC and
DEV in Fig. 3 promote the separation of photogenerated electrons and holes in p-BaSi2, as well as those in n-Si, which
leads to the operation of a solar cell. Therefore, we anticipate
that BaSi2 is useful as a hole selective contact for c-Si solar
cells. At present, there is insufficient data to discuss the band
alignment of the a-Si/p-BaSi2 interface, so that the a-Si layer
is excluded in Fig. 3.
Figure 4(a) shows J-V curves under AM1.5 illumination
for the two samples: sample A capped with the a-Si layer
and sample B without the a-Si capping layer. Sample A
showed g ¼ 9.0%, a short-circuit current density JSC of
31.9 mA/cm2 and an open-circuit voltage VOC of 0.46 V.
This efficiency is the largest among those ever reported for
solar cells using semiconducting silicides. In contrast, the
solar cell performance was degraded for sample B with
g ¼ 0.2%, VOC ¼ 0.14 V, and JSC ¼ 14.6 mA/cm2. To investigate what happened in the diodes, the J-V curves were fitted
using the following equation:




qðV  SJRS Þ
V  SJRS
 1 þ JSC þ
; (2)
J ¼ J0 exp
RSH
ckB T

FIG. 4. (a) J-V characteristics under AM1.5 illumination measured for samples A and B. p-BaSi2 was not capped with a-Si in sample B. (b) IQE, EQE,
and R spectra for sample A. The EQE spectrum was resolved into contributions from the p-BaSi2 layer, EQE(BaSi2), and the n-Si substrate, EQE(Si),
using the absorption coefficients of BaSi2.

where J0 is the reverse-bias saturation current density, S is
the device area, RS and RSH are the series resistance and
shunt resistance, respectively, and c is the diode ideality
factor. Parameters including a fill factor (FF) obtained by
the fitting are shown in Table I. In all of the J-V characteristics, the data points represent the measured data and solid
lines represent the fitted curves using Eq. (2).
We first discuss the effect of the a-Si capping layer
on the solar cell performance. According to our previous
studies,35 the a-Si capping layer suppresses oxidation of the
surface and behaves as a surface passivation layer. This was
confirmed by the minority-carrier lifetime, which reached
up to approximately 10 ls with excellent repeatability in
undoped n-BaSi2 by capping with a few nanometers thick
a-Si layer. An approximately 8 nm thick native oxide layer is
formed on BaSi236 if the bare BaSi2 is exposed to air, and
this layer blocks the carrier transport.24 The main difference
between the two samples is J0; specifically, J0 is three orders
of magnitude smaller for sample A compared to sample B.
In addition, JSC is larger for sample A. It is thus reasonable
for VOC to become larger for sample A than for sample B
because, in an ideal case, VOC is given by


kB T
JSC
exp 1 þ
:
(3)
VOC ¼
J0
q
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TABLE I. Solar cell properties for samples A and B are specified.
Sample
A
B

a-Si (nm)
4
0

JSC (mA/cm2)
31.9
14.6

J0 (mA/cm2)
4

3.1  10
6.0  101

VOC (V)

RS (X)

RSH (X)

FF

c

Efficiency (%)

0.46
0.14

50
879

9830
6866

0.60
0.25

1.59
1.57

9.0
0.2

Therefore, the formation of a-Si capping layer is a very
effective means to improve the solar cell performance.
Next, we discuss the contribution of p-BaSi2 and the
n-Si substrate to the measured JSC. Figure 4(b) shows spectra
for the internal quantum efficiency (IQE), external quantum
efficiency (EQE), and reflectance (R). The EQE is resolved
into the contribution of BaSi2, EQE(BaSi2), and that of Si,
EQE(Si), using Eqs. (4) and (5)
EQEðBaSi2 Þ ¼ EQE  ð1  ead Þ;

(4)

EQEðSiÞ ¼ EQE  EQEðBaSi2 Þ:

(5)

Here, a is the wavelength-dependent absorption coefficient
of BaSi220 and d is 20 nm, the layer thickness of p-BaSi2.
The contribution of photogenerated electrons in the p-BaSi2
layer to JSC, i.e., the area ratio of the EQE(BaSi2) spectrum
to the EQE spectrum in Fig. 4(b), was calculated to be 18%;
therefore, the remaining 82% was caused by photogenerated
holes in the n-Si substrate. Note that the contribution of
EQE(BaSi2) is distinct, even for such a thin (20 nm) BaSi2
layer. This is attributed to the large absorption coefficients of
BaSi2, which are comparable to those of chalcopyrites.21
This result also clearly demonstrates that the p-BaSi2/n-Si
heterointerface does not hinder the transport of photogenerated electrons in p-BaSi2 to the n-Si side, and photogenerated
holes in n-Si migrate to the p-BaSi2 side as expected in
Fig. 3. There are many other approaches to improve g even
further, e.g., making J0 much smaller, which would result in
a larger VOC. At present, we do not have sufficient data to
discuss the causes for the large J0, but we speculate that it is
due to defects at the p-BaSi2/n-Si heterointerface. In addition, R should be suppressed, especially for wavelengths
around 400 nm and 1100 nm, as shown in Fig. 4(b). RS
should also be reduced much further to improve the FF.
EQE(BaSi2) could be increased with a thicker p-BaSi2 layer.
Based on the present results, we conclude that BaSi2 is an
attractive material for thin-film solar cell applications.
In summary, B-doped p-BaSi2 films were formed by MBE,
and an activation rate of B atoms close to 1 was achieved at
temperatures around 22  C for a sample grown at TB ¼ 1230  C
and TS ¼ 600  C. TEM observations indicated that no B precipitates were present in the film. p-BaSi2/n-Si solar cells were then
fabricated with a 20 nm thick B-doped p-BaSi2 epitaxial film
using MBE and the potential of BaSi2 for thin-film solar cell
applications was assessed. g was improved significantly by capping the p-BaSi2 surface with a 4 nm thick a-Si layer. The device showed g ¼ 9.0% with VOC ¼ 0.46 V, JSC ¼ 31.9 mA/cm2,
and FF ¼ 0.60. This is the highest g ever reported for solar cells
fabricated with semiconducting silicides. The contribution of
p-BaSi2 to the measured JSC was estimated to be 18%.
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