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Heterojunction solar cells that consist of 15 nm thick molybdenum trioxide (MoOx, x < 3) as a hole

transport layer and 600 nm thick unpassivated or passivated n-BaSi2 layers were demonstrated.

Rectifying current-voltage characteristics were observed when the surface of BaSi2 was exposed to

air. When the exposure time was decreased to 1 min, an open circuit voltage of 200 mV and a short

circuit current density of 0.5 mA/cm2 were obtained under AM1.5 illumination. The photocurrent

density under a reverse bias voltage of �1 V reached 25 mA/cm2, which demonstrates the signifi-

cant potential of BaSi2 for solar cell applications. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916348]

Thin-film solar cell materials such as CdTe,

Cu(In,Ga)Se2, Cu(In,Al)Se2, and non-toxic alternatives such

as Cu2ZnSnS4 have attracted much attention due to their

high efficiency and low cost.1–7 Perovskite-based solar cells

have also gained increasing attention due to their rocket-like

increase in efficiency and their simple fabrication process.8,9

Thin-film Si solar cells have also been studied extensively

for achieving high efficiencies by utilizing an efficient light-

trapping system; however, it has been difficult to achieve

efficiencies as high as 20%. Therefore, there is significant in-

terest in other Si-based materials for thin-film solar cell

applications. Among such materials, we have focused on

barium disilicide (BaSi2),
10,11 which is composed of abun-

dant Si and Ba, and has a band gap of approximately

1.3 eV,12,13 which matches that of the solar spectrum much

better than crystalline Si. In spite of its indirect band gap,

both theoretical and experimental studies have revealed that

BaSi2 has a large absorption coefficient exceeding

3 � 104 cm�1 for photon energies higher than 1.5 eV.13–15

The large absorption coefficient originates from the band

structure of BaSi2, where the localized Ba d-like states form

flat energy bands in the conduction band.14–16 One of the

most attractive features of BaSi2 is that both the high absorp-

tion coefficient and large minority-carrier diffusion length

can be utilized. This feature facilitates the collection of pho-

togenerated carriers in an external circuit. Recent experimen-

tal results, such as the large minority-carrier diffusion length

(ca. 10 lm)17 and long minority-carrier lifetime (ca.

10 ls),18,19 even in multidomain a-axis-oriented BaSi2 epi-

taxial layers, have confirmed that BaSi2 could be a candidate

for thin-film solar cells. The six-fold symmetry of Si(111)

means that a-axis-oriented BaSi2 can be grown epitaxially

on Si(111) with its three epitaxial variants rotating around

the surface normal at 120� with respect to each other.17 The

grain size in BaSi2 can be controlled from 0.1 to 4 lm,

according to the growth conditions.20 Grain boundaries

(GBs) in polycrystalline semiconductors often degrade their

electrical and optical properties. However, Kelvin probe

force microscopy measurements indicate that the band struc-

ture at BaSi2 GBs leads to repulsion of the minority car-

riers,21–23 which reduces the charge carrier recombination at

GBs. This band bending at GBs contributes to a long

minority-carrier diffusion length in BaSi2.

In this article, we demonstrate the solar cell perform-

ance for BaSi2 heterojunction diodes based on 15 nm thick

transparent substoichiometric molybdenum trioxide (MoOx,

x < 3) deposited on undoped n-BaSi2 by thermal evapora-

tion. In our previous studies, undoped BaSi2 layers exhibited

n-type conductivity with electron concentrations of approxi-

mately 1016–1017 cm�3.12,24 Transition metal oxides have

been studied extensively for the hole transport layer in or-

ganic solar cells and organic light emitting diodes, which

has led to significant improvements in device performance

and stability.25,26 Javey’s group applied MoOx to crystalline

Si (c-Si) solar cells and reported a conversion efficiency of

14.3% for an unpassivated MoOx/n-c-Si solar cell and then

18.8% for a passivated MoOx/a-Si:H/n-c-Si solar cell, in

which the MoOx layer functioned as a hole transport

layer.27,28 Undoped BaSi2 also exhibits n-type conductivity

and a work function that is smaller than that of n-Si;29 there-

fore, we aimed to fabricate similar MoOx/n-BaSi2 structure

solar cells by thermal evaporation of MoOx on an unpassi-

vated or passivated undoped n-BaSi2 layer. Open circuit

voltage (VOC) and short circuit current density (JSC) meas-

urements of indium tin oxide (ITO)/MoOx/n-BaSi2 hetero-

junction diodes were then conducted under AM1.5

illumination.

An ion-pumped molecular beam epitaxy (MBE) system

equipped with standard Knudsen cells for Ba and MoO3, and

an electron-beam evaporation source for Si was used for the

growth of BaSi2 films. First, the low resistivity nþ-Si sub-

strate (q < 0.01 X cm) was heated at 900 �C for 30 min for

thermal cleaning, and a thin BaSi2 template layer was grown

by reactive deposition epitaxy (RDE) at 500 �C for 5 min.

0003-6951/2015/106(12)/122104/5/$30.00 VC 2015 AIP Publishing LLC106, 122104-1
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This template was used to control the crystal orientation of

the BaSi2 epitaxial overlayers.30 Second, an approximately

600 nm thick a-axis-oriented undoped BaSi2 layer was

grown epitaxially by MBE at 600 �C for 8 h. The sample was

then removed from the chamber and exposed to air to form a

native oxide layer on the BaSi2 (except for sample A)

because long minority-carrier lifetime is ensured by the for-

mation of oxides on the surface of BaSi2.
31 The duration of

exposure was 1 h, 5 min, and 1 min for samples B, C, and D,

respectively. A 15 nm thick MoOx (x < 3) layer was then

formed on the BaSi2 surface at room temperature (RT).

Finally, 1 mm diameter, 200 nm thick ITO front electrodes

were formed at RT by radio frequency (RF) magnetron sput-

tering using a mask. Al back contacts were also formed on

the n-Si(111) substrate by RF sputtering. The sample cross

section was observed using scanning electron microscopy

(SEM). The crystalline quality of the films was evaluated by

reflection high-energy electron diffraction (RHEED) and

h–2h x-ray diffraction (XRD) measurements with a Cu Ka
source. The photoresponse was evaluated using a lock-in

technique that employed a xenon lamp with a 25 cm focal-

length single monochromator (Bunko Keiki, SM-1700A).

The electrical properties were characterized on the basis of

current density versus voltage (J-V) and capacitance versus

voltage (C–V) characteristics. The voltages were applied to

the ITO electrode with respect to the nþ-Si substrate. C-V
curves were measured by a parameter analyzer (Keysight

B1500A) for frequencies ranging from 1 to 100 kHz. To

investigate the grain size of BaSi2, a 2 lm thick BaSi2 layer

was grown on Si(111) (sample E). The sample cross section

was polished with a cross-section polisher using Ar ions, and

electron backscatter diffraction (EBSD) measurement was

performed. As described later, the grain size in BaSi2 was

approximately 2 lm. Thus, much thicker BaSi2 layers than

those in samples A–D were necessary. All the measurements

were performed at RT.

Figures 1(a) and 1(b) show the RHEED patterns taken

for sample A after growth of the BaSi2 and MoOx layers,

respectively. The streaky RHEED pattern in Fig. 1(a)

changed to the halo pattern in Fig. 1(b), which indicates that

the MoOx layer was amorphous. In the h–2h XRD pattern in

Fig. 1(c), diffraction peaks were observed only from (100)-

oriented BaSi2 planes, such as (200), (400), and (600) planes,

which indicates that the BaSi2 epitaxial film was highly a-

axis oriented. No diffraction peaks from ITO were observed,

probably because of the amorphous MoOx underlayer.

Figure 1(d) shows a cross-sectional SEM image of sample A

with the layered structure of ITO/MoOx/BaSi2/Si. Similar

cross sections were observed for the other samples. To inves-

tigate the grain size in BaSi2 and its crystal orientation in

more detail, EBSD measurements of sample E were

conducted.

Figure 2(a) shows a cross-sectional SEM image of sam-

ple E, and Figs. 2(b) and 2(c) present EBSD crystal orienta-

tion maps measured within the green rectangular area shown

in Fig. 2(a) along the transverse direction (TD), and the

direction between normal direction (ND) and reference

direction (RD), respectively. The green color in Fig. 2(b)

indicates that the BaSi2 layer has the same (100) orientation

in the surface normal as those in samples A-D. Figure 2(c),

FIG. 1. RHEED patterns observed along Si[11�2] after the growth of (a)

BaSi2 and (b) MoOx layers in sample A. (c) h-2h XRD pattern and (d) cross-

sectional SEM image of sample A. The asterisk in (c) indicates the diffrac-

tion from the Si substrate.

FIG. 2. (a) Cross-sectional SEM image of sample E, Au/BaSi2 (2 lm)/Si(111).

EBSD crystal orientation maps along the (b) TD and (c) the direction between

ND and RD. The inset shows TD, RD, and ND, in addition to a color key.

122104-2 Du et al. Appl. Phys. Lett. 106, 122104 (2015)
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where the different colors correspond to different grains,

shows that the BaSi2 grains have grown in the normal direc-

tion and the grain size is approximately 2 lm. Thus, it seems

reasonable to think that the BaSi2 grain size in samples A-D

is as large as approximately 2 lm.

The J-V characteristics are discussed beginning with

sample A, the ITO/MoOx/BaSi2 structure without air expo-

sure. No rectifying properties were observed, as shown in

Fig. 3(a), which is totally different to the situation reported

for MoOx/n-Si solar cells.27,28 In contrast, rectifying J-V char-

acteristics were observed for sample B, as shown in Fig. 3(b),

in which the undoped BaSi2 layer was exposed to air for a

long time (1 h). This difference between samples A and B is

attributed to the difference in the surface states of the

undoped BaSi2, i.e., exposure of the BaSi2 surface to air or

not. A large amount of surface defects, such as dangling

bonds, may be present in the BaSi2 surface region of sample

A, which causes significant recombination at the MoOx/BaSi2
interface and thereby deteriorates the J-V characteristics.

During air exposure, oxides such as SiOx and BaOx are likely

to form, which function like a passivation layer on the surface

of BaSi2.
31 It was thus speculated that the J-V characteristics

would therefore be improved in sample B. SiOx is more likely

to form because measurements using coaxial impact-collision

ion scattering spectroscopy and atomic force microscopy sug-

gest that the surface of a-axis-oriented BaSi2 film grown on

Si(111) is terminated by Si.32 However, the formation of

BaSi2 surface oxides seems fast in air. Figure 3(b) shows that

the forward J was very small in sample B; J started to

increase after the bias voltage reached approximately 4 V.

This small J was ascribed to the thick oxides on the BaSi2
surface, which block the current flow at the MoOx/BaSi2
interface. Therefore, to decrease the thickness of this oxide

layer, the exposure duration was shortened from 1 h to 5 min

(sample C). Figure 3(c) shows the J-V characteristics for sam-

ple C under dark and illumination (AM1.5) conditions. The

photocurrent was observed under reverse bias conditions. The

photocurrent density JL started to increase at a reverse bias

voltage, V � �0.3 V, and became saturated at approximately

25 mA/cm2 with V � �1 V. According to the total number of

photons above 1.3 eV in the AM1.5 spectrum, the maximum

JL is estimated to be approximately 30 mA/cm2.33 JL for

the 600 nm thick BaSi2 active layer reached 25 mA/cm2;

therefore, this material has significant potential for thin-film

solar cell applications. However, in the present device, JL

decreased down to 0 for V > �0.3. It was speculated that the

oxide layer was still sufficiently thick for photogenerated car-

rier transport. Therefore, the duration of air exposure was fur-

ther shortened from 5 min to 1 min (sample D).

Figure 3(d) shows typical J-V characteristics for sample

D under dark and illumination conditions. VOC is approxi-

mately 200 mV and JSC is around 0.5 mA/cm2. The external

quantum efficiency (EQE) obtained by the built-in electric

field in the MoOx/n-BaSi2 junction, i.e., V ¼ 0 in Fig. 4,

showed a peak value of 3% at 2.0 eV. The EQE began to

increase sharply for photon energies larger than 1.3 eV,

which is in good agreement with the band gap of BaSi2 and

our previous results.34,35 The valley-like structure at around

2.5 eV (ca. 500 nm) in the spectrum was caused by light in-

terference in the ITO layer. Although these values (VOC, JSC,

and EQE) are still very small and far from the requirements

for a solar cell, they provide strong evidence that BaSi2 is a

very promising material for thin-film solar cell applications.

The EQE increased significantly under small reverse bias

voltages, as shown in Fig. 4. The peak EQE reached approxi-

mately 55% at �0.5 V and 75% at �1 V, which indicates

that the electric field stretched into the undoped BaSi2 layer

under reverse bias voltages and photogenerated carriers were

FIG. 3. J-V characteristics for samples

(a) A, (b) B, (c) C, and (d) D under

dark and illumination (AM1.5) condi-

tions. The bias voltage was applied to

the ITO with respect to the nþ-Si. The

duration t of BaSi2 exposure to air was

0, 1 h, 5 min, and 1 min for samples

A-D, respectively.

122104-3 Du et al. Appl. Phys. Lett. 106, 122104 (2015)
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extracted efficiently. This phenomenon was mainly due to

the short minority-carrier lifetime in the undoped BaSi2 layer

caused by incomplete passivation of the BaSi2 surface.

C-V curves for samples B-D are presented in Fig. 5 to

discuss electron traps at the MoOx/BaSi2 interface. The mea-

surement frequency was varied from 1 to 100 kHz. With

increasing the bias voltage, the capacitance increases. This is

because the majority carriers (electrons) are accumulated at

the native oxide/n-BaSi2 interface as in the case of a metal-

oxide-silicon diode.36 It is considered that some of the elec-

trons are trapped at the BaSi2 surface states. The measured

capacitance is a series combination of the capacitance related

to defect states at the interface and the others related to

oxides. The former is much smaller than the others; there-

fore, it is safe to state that the measured capacitance roughly

reflects the capacitance related to the defect states at the

interface. At lower frequencies, the BaSi2 surface states can

follow the ac voltage swing; therefore, the capacitance

increases with decreasing frequencies. The fact that capaci-

tances are smaller for sample B, in which the BaSi2 surface

was exposed to air for a longer time than those in samples C

and D, suggests that the air exposure reduces the trapped

electrons; thereby, the surface defect states of BaSi2. At pres-

ent, the formation of oxides on the BaSi2 surface is highly

dependent on many parameters, such as exposure duration,

temperature, and humidity. Therefore, a reliable means to

achieve both sufficient surface passivation and formation of

a thin passivation (oxide) layer is still required.

In summary, an ITO (200 nm)/MoOx (15 nm)/n-BaSi2
(600 nm) heterojunction solar cell was fabricated by thermal

evaporation of a 15 nm thick MoOx layer. When the BaSi2
surface was exposed to air for 1 min to achieve surface

passivation, rectifying J-V characteristics were observed at

RT. Solar cell performance with VOC ¼ 200 mV and JSC

¼ 0.5 mA/cm2 was obtained under AM1.5 illumination. JL

was saturated at approximately 25 mA/cm2 when the bias

voltage was �1 V. Rectifying J-V characteristics were

ensured by longer exposure of the BaSi2 to air; however,

J was then decreased due to thicker oxide formation, which

blocked the current flow. Thus, control of the passivation

process with more precision would enable the efficiency of

BaSi2 solar cells to be improved.

C-V measurements were conducted with the help of

Professor R. Hasunuma of the University of Tsukuba. This
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Japan Science and Technology Agency (JST).
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