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We investigated the effect of a 3-nm-thick amorphous Si (a-Si) capping layer on the hole transport

properties of BaSi2 films. The contact resistance decreased with decreasing resistivity of p-BaSi2 and

reached a minimum of 0.35 X�cm2. The effect of the a-Si layer was confirmed by higher photores-

ponsivities for n-BaSi2 films capped with the a-Si layer than for those without the a-Si layer, showing

that the minority carriers (holes) were extracted efficiently across the a-Si/n-BaSi2 interface. Under

AM1.5 illumination, the conversion efficiency reached 9.9% in a-Si(3 nm)/p-BaSi2(20 nm)/n-Si solar

cells, the highest value ever reported for semiconducting silicides. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4961309]

Extensive research has been carried out on numerous

solar cell materials other than silicon, such as chalcopyrite,

cadmium telluride, and perovskite, to realize higher effi-

ciency solar cells with lower cost. However, these materials

contain scarce and/or toxic elements. Thus, the exploration

of alternative materials is very important. Among such mate-

rials, we have paid special attention to semiconducting

BaSi2,1–3 which is composed of earth-abundant elements.

It has a bandgap of 1.3 eV,4,5 matching the solar spectrum.

One of the most attractive features of this material is that

a large absorption coefficient a,5–7 comparable to those

of Cu(In,Ga)Se2, and a large minority-carrier lifetime

s � 10 ls,8,9 giving a large minority-carrier diffusion length

L � 10 lm,10 can be utilized. An energy conversion effi-

ciency g of over 25% can be expected for a 2-lm-thick

BaSi2 pn junction diode.11 For device application, surface

passivation is very important for materials like BaSi2 which

have large a. This is because the short-wavelength light is

absorbed in the region close to the surface. Hence, a defec-

tive surface deteriorates the solar cell performance.

Microwave-detected photoconductivity decay measurements

reveal that an a-Si capping layer ensures s can reach approxi-

mately 10 ls with an excellent repeatability for intrinsically

doped n-BaSi2.12 Intrinsically doped BaSi2 shows n-type

conductivity, with an electron concentration n on the order

of 1016 cm�3.4,13 A first-principles density functional theory

supercell approach revealed that this n-type conductivity

arises from Si vacancies.14 Hereafter, we denote intrinsically

doped n-BaSi2 simply as n-BaSi2. As a next step, a deep

understanding of the carrier transport properties across the a-

Si/BaSi2 heterointerface is very important. For the a-Si/n-

BaSi2 interface, we found from hard X-ray photoelectron

spectroscopy (HAXPES) that the barrier height of the a-Si

for the minority-carriers, holes, in the n-BaSi2 is �0.2 eV,15

meaning that the transport of holes across the interface is not

blocked, whereas this value is approximately 3.9 eV at the

native oxide/n-BaSi2 interface.16 It was also found that the

oxidation of BaSi2 is suppressed significantly by the a-Si

capping layer. The alignment of the valence-band maximums

of BaSi2 (EBaSi2
V ), its native oxide (Eoxide

V ), and a-Si (Ea-Si
V ) is

schematically shown in Fig. 1. Because of the a-Si capping

layer, we recently achieved g¼ 9.0% in p-BaSi2/n-Si solar

cells.17 However, we have only limited information about

the hole transport properties across the a-Si/p-BaSi2
interface.

In this study, we aim to investigate the hole transport

properties across the a-Si/BaSi2 interface. We first evaluated

the effect of a-Si capping layer on the contact resistance of

boron (B)-doped p-BaSi2. Contact resistance RC is one of the

most important parameters that directly affects the fill factor

(FF), thereby leading to the reduction of g. Many studies

have been conducted about RC for solar cell materials.18–24

However, there have been no reports on BaSi2. Coaxial

impact-collision ion scattering spectroscopy revealed that

the surface of an a-axis-oriented BaSi2 epitaxial film is ter-

minated by Si tetrahedra.25 We next investigated its effect on

FIG. 1. The alignment of valence-band maximums of BaSi2 (EBaSi2
V ), its

native oxide (Eoxide
V ), and a-Si (Ea�Si

V ).15,16 Sample structures used for

HAXPES measurements are schematically shown.
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the transport of photogenerated holes in n-BaSi2 across the

a-Si/n-BaSi2 interface, and finally checked it using p-BaSi2/

n-Si solar cells, where we achieved the highest value of

g¼ 9.9% under AM1.5 illumination.

A molecular beam epitaxy (MBE) system (R-DEC Co.,

Ltd.) equipped with an electron-beam evaporation source for

Si and standard Knudsen cells (K-cell) for Ba and B was

used in this investigation. Details of the growth procedure of

n-BaSi2 and B-doped p-BaSi2 have been reported previ-

ously.26,27 For RC measurements, we used high-resistivity

floating-zone n-Si(111) substrates (resistivity q> 1000

X cm) to avoid current flowing via the substrate. 250-nm-

thick n-BaSi2 and 500-nm-thick B-doped p-BaSi2 layers

were epitaxially grown by MBE, followed by in situ 5-nm-

thick a-Si capping layers deposited at a substrate temperature

TS¼ 180 �C. The hole concentration p, measured by the van

der Pauw method, was varied from 5.7� 1017 cm�3 to

5.0� 1018 cm�3 by changing the temperature of the B K-cell

crucible from 1170 �C to 1350 �C. After that, 200-nm-thick

stripe-shaped Al or ITO electrodes with dimensions of

7� 0.6 mm2 were formed by sputtering at an interval of

1 mm. Contact resistance was measured by the transfer

length method (TLM).28

To determine the photoresponse properties, a 500-nm-

thick n-BaSi2 layer was epitaxially grown on Czochralski

n-Si(111) (q< 0.01 X cm), and a 3-nm-thick a-Si capping

layer was deposited at TS¼ 180 �C. Regarding the a-Si layer

thickness, it was found from recent experiments that 5-nm-

thick a-Si induces absorption loss, especially in the

wavelength range below approximately 730 nm, which is

equivalent to the bandgap energy of a-Si. That is why we

adopted 3 nm as the a-Si layer thickness. Next, 200-nm-thick

ITO surface electrodes with diameters of 1 mm and Al rear

electrodes were fabricated by sputtering. Photoresponse and

reflectance (R) spectra were evaluated at room temperature

by a lock-in technique using a xenon lamp with a 25-cm-

focal-length single monochromator (Bunko Keiki SM-

1700A and RU-60N). The light intensity was calibrated

using a pyroelectric sensor (Melles Griot 13PEM001/J).

Finally, we formed a 20-nm-thick B-doped p-BaSi2 layer on

CZ-n-Si(111) (q¼ 1–4 X cm), followed by a 3-nm-thick a-Si

capping layer; 80-nm-thick ITO surface electrodes with

diameters of 1 mm and Al rear electrodes were fabricated by

sputtering. The hole concentration p was set to approxi-

mately 2.0� 1018 cm�3. In this device structure, photogener-

ated carriers are expected to separate efficiently because of

the large conduction-band offset (0.9 eV) and valence-band

offset (0.7 eV) at the p-BaSi2/n-Si interface.17 For compari-

son, a p-BaSi2/n-Si solar cell without the a-Si capping layer

was also formed. Current density versus voltage (J-V) curves

were measured under standard AM1.5, 100 mW/cm2 illumi-

nation at approximately 25 �C. For all the samples, epitaxial

growth of BaSi2 layers was confirmed by reflection high-

energy electron diffraction and h-2h x-ray diffraction.

Figure 2(a) shows examples of the relationship between

resistance and electrode distance for ITO electrodes on n-

BaSi2 (n¼ 3.6� 1016 cm�3) and p-BaSi2 (p¼ 5.7� 1017

cm�3). The resistance increases almost linearly with elec-

trode distance for all the samples. The linear extrapolation to

the vertical line gives 2�RC. The RC was drastically

decreased by capping with the a-Si layer, as shown in Fig.

2(b). This is because the a-Si layer prevents surface oxida-

tion of the BaSi2 layers.15 It was found from our previous

study that the native oxide layer thickness is approximately

8 nm.16 This native oxide layer disturbs the current flow and

leads to an increase in RC.

We next focus on the transport of majority carriers

(holes) of p-BaSi2 across the a-Si/p-BaSi2 interface and then

move on to the transport of photogenerated minority carriers

(holes) of n-BaSi2 across the a-Si/n-BaSi2 interface. Figure 3

shows the relationship between RC and resistivity for p-

BaSi2. There is a tendency for RC to decrease as the resistiv-

ity decreases. The RC reached a minimum of 0.35 X cm2 for

Al/p-BaSi2 when p was 4.0� 1018 cm�3. In Ref. 28, the

dependence of RC on the sheet resistance is given by

RC ¼ Rsheet � L2
t ; (1)

where Rsheet is the sheet resistance and Lt is the transfer

length. Rsheet is proportional to the resistivity. Therefore, the

decrease in resistivity causes a decrease in Rsheet, leading to

FIG. 2. (a) Relationship between resistance and electrode distance for

n-BaSi2 (n¼ 3.6� 1016 cm�3, 250 nm) and B-doped p-BaSi2 (p¼ 5.7� 1017

cm�3, 500 nm) capped with or without a 5-nm-thick a-Si layer. (b) Effect of

the a-Si capping layer on RC in BaSi2.

072103-2 Yachi et al. Appl. Phys. Lett. 109, 072103 (2016)
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a decrease in RC. The result shown in Fig. 3 is consistent

with Eq. (1).

Figures 4(a) and 4(b) show the photoresponse and reflec-

tance spectra of 500-nm-thick n-BaSi2 capped without or

with the a-Si layer, respectively. The bias voltages were

applied so that the photogenerated holes in the n-BaSi2 were

transferred to the surface electrode (ITO) across the a-Si/n-

BaSi2 interface. The reflectance was almost the same for

both samples, regardless of the a-Si capping layer. Hence,

the influence of the a-Si on R is negligible; therefore, the

number of photogenerated carriers should be almost the

same. The photoresponsivity was drastically improved, by

approximately five times, for BaSi2 capped with the a-Si

layer compared with that without the a-Si layer. This distinct

difference is ascribed to the difference in hole transport

properties between a-Si/n-BaSi2 and native-oxide/n-BaSi2
interfaces; hole transport in n-BaSi2 is not blocked across the

a-Si/n-BaSi2 interface, whereas it is blocked at the native-

oxide/n-BaSi2 interface. The results presented in Fig. 4 are

consistent with the band lineups shown in Fig. 1, obtained by

HAXPES.

Figure 5(a) shows the J-V characteristics under AM1.5

illumination for the p-BaSi2(p¼ 2.0� 1018 cm�3, 20 nm)/n-Si

solar cell with or without the a-Si capping layer. The sample

capped with the a-Si layer shows g¼ 9.9%, a short-circuit cur-

rent density JSC of 35.2 mA/cm2, and an open-circuit voltage

VOC of 0.47 V. This efficiency is the largest ever reported forFIG. 3. Dependence of RC on resistivity of B-doped p-BaSi2 (500 nm) using

Al or ITO electrodes. p was varied in a range between 5.7� 1017 cm�3 and

5.0� 1018 cm�3.

FIG. 4. Photoresponse and reflectance spectra of n-BaSi2 (500 nm) (a) with-

out and (b) with a 3-nm-thick a-Si capping layer. The bias voltages were

applied so that the photogenerated minority carriers (holes) in the n-BaSi2
were transferred to the surface electrode (ITO) across the a-Si/n-BaSi2
interface.

FIG. 5. (a) J-V characteristics of p-BaSi2 (p¼ 2.0� 1018 cm�3, 20 nm)/n-Si

solar cells with or without the a-Si capping layer under AM1.5 illumination;

(b) EQE, EQE(BaSi2), IQE, and 1-R spectra for sample capped with the a-Si

layer; and (c) those for sample without the a-Si layer.
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solar cells using semiconducting silicides. In contrast, the

sample without the a-Si capping layer showed a very small g
of only 0.1%. Solar cell parameters such as series resistance

RS were derived using the following equation:29

dV

dJ
¼ SRS þ

ckBT

q

1� SRSHð Þ�1dV=dJ

J þ JSC � SRSHð Þ�1V

" #
; (2)

where J0 is the reverse-bias saturation current density, S is

the device area, RSH is the shunt resistance, and c is the diode

ideality factor. Parameters including FF are shown in Table

I. Almost all parameters were improved by the a-Si capping

layer. Figures 5(b) and 5(c) show the external quantum effi-

ciency (EQE), internal quantum efficiency (IQE), and 1-R
spectra for samples capped with or without the a-Si layer,

respectively. The contribution of BaSi2 to EQE is given by

EQE(BaSi2). There is no much difference in 1-R spectra

between the two samples, whereas the values of EQE,

EQE(BaSi2), and IQE differ so much, demonstrating the

impact of the a-Si capping layer on the solar cell perfor-

mance. The small VOC (0.47 V) is caused by a small built-in

potential of approximately 0.1 V, whereby photogenerated

carriers are not separated by the electrostatic field around the

pn junction but by the large band offset at the heterointer-

face. Once photogenerated electrons are accumulated in the

n-Si, for example, the Fermi level EF of the n-Si goes up

with respect to the EF of the p-BaSi2, giving rise to the band

bending in the n-Si. This band bending acts to prevent the

transport of minority carriers (holes) in the n-Si toward the

p-BaSi2 across the interface. The same thing occurs in the

p-BaSi2 region. Another cause might be the defects at the

heterointerface arising from the difference in crystal struc-

ture between Si and BaSi2. In this sense, a classic homojunc-

tion diode is necessary to improve the VOC. On the basis of

these results, we conclude that the capping of p-BaSi2 with

a-Si layers is a very effective means to ensure good hole

transport across the a-Si/p-BaSi2 interface, together with sur-

face passivation with sufficiently large s for thin-film solar

cell applications.

In summary, we examined the effect of an a-Si capping

layer on the carrier transport properties of n-BaSi2 and

B-doped p-BaSi2 layers grown by MBE. The RC significantly

decreased with the a-Si capping layer for both n-BaSi2 and

p-BaSi2 layers and reached a minimum of 0.35 X cm2 for Al/

p-BaSi2 at p¼ 4.0� 1018 cm�3. The effect of the a-Si cap-

ping layer was also confirmed by the transport of minority

carriers (holes) photogenerated in n-BaSi2 across the a-Si/

n-BaSi2 interface. The photoresponsivity of n-BaSi2 was

improved drastically, by a factor of five, by the a-Si capping

layer. Finally, we achieved g¼ 9.9% in p-BaSi2(20 nm)/n-Si

solar cells. This study demonstrates the impact of the a-Si

capping layer on the carrier transport properties of BaSi2.
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