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Abstract

We formed phosphorous(P)-ion-implanted n-BaSi2 films on p-Si(111) substrates and

demonstrated solar-cell functionality of the n-BaSi2/p-Si heterojunction under

AM1.5 illumination. The BaSi2 films were grown by molecular beam epitaxy, followed

by implantation of P ions to the BaSi2 films using PF3 gas at an energy of 10 keV and

a dose of 1 � 1014 cm�2. Subsequent postannealing was conducted at 500�C in Ar

for different durations (t = 30–480 s) to activate the P atoms. The diffusion coeffi-

cient for P atoms in BaSi2 was evaluated from the depth profiles of P atoms by

secondary-ion mass spectrometry. The activation energies of lattice and grain bound-

ary diffusion were found to be 1.1 ± 0.6 and 2.5 ± 0.6 eV, respectively. From the

analysis of Raman and photoluminescence spectra, the ion implantation damage was

recovered by the postannealing. For one treated sample with t = 120 s, the internal

quantum efficiency reached 67% at a wavelength of 870 nm. This is the highest ever

achieved for n-BaSi2/p-Si heterojunction solar cells. Ion implantation is thus applica-

ble to BaSi2 films grown by any other method. This achievement thereby opens a

new route for the formation of BaSi2 solar cells.

K E YWORD S

BaSi2, ion implantation, solar cell

1 | INTRODUCTION

Photovoltaic systems consisting of safe, stable, and earth-abundant

materials play an important role in realizing a decarbonized society.

Crystalline Si (c-Si) solar cells currently account for approximately

95% of the solar cell market1; their conversion efficiency (η) exceeds

26% at laboratory levels.2–5 However, the installation of c-Si solar

panels is limited to mostly flat and stable places due to their weight

and nonflexibility. For further deployment of solar cells, thin-film and

flexible solar-cell materials such as Cu(In,Ga)(Se,S)2, CdTe, and perov-

skite have attracted a growing interest through low-cost growth pro-

cesses and high η of over 22%.6–12 Under these circumstances, we

have paid special attention to BaSi2, which is a semiconducting silicide

composed of only earth-abundant elements.13,14

BaSi2 is an indirect band-gap semiconductor with a band gap of

1.3 eV, which is suitable for solar-cell applications. Because BaSi2 has

a direct transition edge only 0.1 eV above the band gap,15 both a large

absorption coefficient (3 � 104 cm�1 at 1.5 eV) and an excellent

minority carrier diffusion length (10 μm) are achievable.16–18 Solar-cell

materials possessing such features are quite limited. These properties

meet the requirement for high-efficiency thin-film solar cells. To date,

solar-cell functionality of p-BaSi2/n-Si heterojunctions,19–21 BaSi2

homojunction,22 and n+-AZO/p-BaSi2 heterojunction23 has been

demonstrated on Si substrates. Among them, p-BaSi2/n-Si solar cells

formed by molecular beam epitaxy (MBE) and by vacuum evaporation

exhibited η = 9.9%19 and 10.62%,24 respectively. In regard to BaSi2

homojunction solar cells, however, the highest η ever achieved is as

small as 0.28%25 although simulations expected η > 25%.26 Since
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polycrystalline BaSi2 films with high-photoresponsivity can now be

formed on glass substrate by sputtering,27 BaSi2 thin-film solar cells

can be targeted. The problem with BaSi2 homojunction solar cells is

the difficulty in forming an abrupt pn-junction because of their large

diffusion coefficient and the high vapor pressure of Sb adopted as an

n-type impurity for BaSi2.
28 Therefore, the low-temperature MBE

growth of Sb-doped n-BaSi2 at �500�C, �150�C lower than that for

BaSi2 light-absorber layers, is indispensable to ensure an electron con-

centration of over 1018 cm�3.29 These factors degrade the crystalline

quality of layered structure, resulting in low η. Therefore, it is necessary

to explore other n-type dopants instead of Sb and doping method.

The valence band maximum of BaSi2 primarily consists of Si 3s

and 3p orbitals30–33; therefore, replacement of some of the Si atoms

in BaSi2 with group 15 elements such as P, As, and Sb increases the

electron concentration of BaSi2. We have also succeeded in control-

ling electron concentrations through MBE using As in the role of n-

type impurity34,35 and achieved high photoresponsivity of As-doped

n-BaSi2 films by atomic H treatment.36,37 However, the conductivity

type of As-doped BaSi2 films sometimes switches from n-type to p-

type.37 Among P, As, and Sb, P is not easy to handle by sputtering or

MBE methods because of its high vapor pressure and reactivity. This

has led to very limited research on P-doped BaSi2 films. For this rea-

son, we chose the ion implantation method and P as an n-type dopant

for BaSi2 in this work. Implantation of P ions is also useful to control

electron concentrations in BaSi2,
38,39 yielding concentrations up to

1018 cm�3.38,40 However, the solar-cell application of P-ion-implanted

n-BaSi2 has not been reported. We also chose a simple BaSi2/Si het-

erojunction structure so that we could focus our discussion only on

the implanted BaSi2 layers. For these reasons, we fabricated P-ion-

implanted n-BaSi2/p-Si heterojunction solar cells as the first applica-

tion of P-ion-implanted n-BaSi2 to an electron transport layer in this

work. It is noted that the η of n-BaSi2/p-Si is intrinsically quite limited.

Figure 1A shows the band alignment of BaSi2 and Si with respect to

the vacuum level, and Figure 1B shows the band alignment of an n-

BaSi2 (60 nm, n = 1.5 � 1018 cm�3)/p-Si (p = 1.0 � 1016 cm�3) diode

calculated using AFORS-HET.41 For the calculations, parameters such

as the effective density of states of the conduction band for BaSi2

(NC = 2.0 � 1019 cm�3)30 were used. The electron concentration (n)

and hole concentration (p) are tailored to the experiment described

later. At the BaSi2/Si heterointerface, there is a large conduction band

offset for photogenerated electrons in the p-Si substrate to travel to

the n-BaSi2 layer due to a small electron affinity of BaSi2 (�3.2 eV)42

and a large valence band offset for photogenerated holes in the

n-BaSi2 layer to be transferred into the p-Si substrate. Such large band

offsets hinder the transport of photogenerated carriers across the

hetero-interface.22 The goal of this study is therefore not to achieve

high η but to form the n-BaSi2/p-Si diode to assess the feasibility of

ion implantation in BaSi2 solar cells.

2 | EXPERIMENTAL METHOD

Prior to the fabrication of P-ion-implanted n-BaSi2/p-Si heterojunc-

tion solar cells, we evaluated the diffusion coefficient of P atoms in

the lattice and grain boundary (GB) of BaSi2. For this purpose, we fab-

ricated 570-nm-thick undoped BaSi2 films on floating-zone (FZ) n-Si

(111) substrates (resistivity ρ > 1000 Ω cm) through MBE (AVC Co.,

Ltd.) with a Knudsen cell for Ba and an electron-beam gun for

Si. Details of the growth procedure have been reported

previously.43–45 After that, a-Si capping layers with a thickness of

3 nm were formed in situ to suppress oxidation of BaSi2.
46 P ions

were implanted in the BaSi2 films using PF3 gas at an ion injection

energy of 5 keV and a dose of 1015 cm�2. These samples were

annealed at 500–600�C for 3–30 min in an Ar atmosphere using a

rapid-thermal-annealing system (ULVAC MILA-5000UHV). The depth

profile of the P atoms in BaSi2 was investigated in secondary-ion mass

spectrometry (SIMS) employing Cs+ ions.

Next, we formed undoped BaSi2 films on FZ p-Si(111) substrates

(ρ > 1000 Ω cm) to characterize the properties of P-ion-implanted

BaSi2 films and the Czochralski p-Si(111) substrate (ρ = 1–4 Ω cm)

used in fabricating the BaSi2/Si heterojunction solar cells by the pro-

cedure described above. The thicknesses of the BaSi2 films were

200 and 60 nm, respectively. P ions were implanted in the BaSi2 films

using PF3 gas at an ion injection energy of 10 keV and a dose of

1014 cm�2. Preannealing and sacrificial BaSi2 films on the Si substrates

were employed to prevent oxidation of the BaSi2 films using the same

procedure reported previously.47–49 Postannealing was performed at

500�C for 30–480 s in Ar to activate the implanted P atoms and

remove the ion implantation damage. For the Hall measurements,

150-nm-thick front Al electrodes with a diameter of 1 mm were

F IGURE 1 (A) Band alignment of BaSi2 and Si
with respect to the vacuum level. (B) Calculated
band alignment by AFORS-HET for an n-
BaSi2(60 nm, n = 1.5 � 1018 cm�3)/p-Si
(p = 1.0 � 1016 cm�3) diode
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formed by sputtering; to investigate solar-cell performance, 80-nm-

thick front ITO electrodes with a diameter of 1 mm and a rear Al

electrode with a thickness of 150 nm were formed by sputtering. The

crystalline quality of the P-ion-implanted BaSi2 films was evaluated

using a laser Raman spectrometer (JASCO, NRS-5100) employing a

frequency-doubled Nd:YAG laser (532 nm). The Raman shift was

calibrated using the transverse optical (TO) phonon line of c-Si

(520.2 cm�1).

The optical properties were characterized from photolumines-

cence (PL) measurements at 8 K. An excitation laser light of 442 nm

illuminated the BaSi2 side and the PL spectra was recorded by an

InP/InGaAs photomultiplier (Hamamatsu Photonics R5509-72) and

amplified using the lock-in-technique. The Van der Pauw method was

performed to determine the resistivity and Hall coefficient and thus

the conductivity type and carrier concentration.50 The current density

versus voltage (J–V) curves under AM1.5 illumination were measured

to evaluate the P-ion-implanted n-BaSi2/p-Si solar-cell performance.

We performed photoresponsivity measurements of the P-ion-

implanted n-BaSi2/p-Si solar cells using a Xenon lamp with a 25-cm-

focal-length single monochromator (Bunko Keiki SM-1700A and

RU-60N) under no bias voltage and reflectance measurements using a

reflection measurement system with the xenon lamp and an integrat-

ing sphere to obtain the internal quantum efficiency (IQE) spectra. The

incident light intensity was calibrated using a pyroelectric sensor

(Melles Griot 13PEM001/J). The capacitance versus voltage (C-V)

characteristics were measured using a 1-MHz capacitance meter

(HP 4280A). All measurements except for the PL spectra were

conducted at room temperature.

3 | RESULTS AND DISSCUSSION

3.1 | Diffusion coefficient of P atoms in BaSi2

As for the depth profiles of P atoms in BaSi2 films after postannealing

at 500�C for 30 min, 550�C for 15 min, and 600�C for 3 min

(Figure 2A), we note that the measured P atoms concentration was

not precise. Reference sample of BaSi2 controlled P atoms concentra-

tion is necessary to calibrate the matrix effect; however, it has not yet

been prepared. We therefore adopted for this study P-doped Si

instead of BaSi2 as a reference sample; the following analysis is

however not affected. We evaluated the coefficient of diffusion P

atoms in the lattice (Dl) and the GB (DGB) of BaSi2 by fitting the depth

profiles of the P atoms (Figure 2) using fitting functions:

C x, tð Þ¼ Sffiffiffiffiffiffiffiffiffi
πDlt

p exp � x�dð Þ2
4Dlt

" #
, ð1Þ

sδDGB ¼1:322
Dl

t

� �1=2

� ∂ lnC x, tð Þ
∂x6=5

� ��5=3

, ð2Þ

which give the concentration distributions of impurity atoms that

arise through lattice and GB diffusion, respectively; here, x = d is the

center of the as-implanted distribution, S the total amount of impuri-

ties, t the annealing time, C0 the impurity concentration at the initial

point of GB diffusion, s the segregation factor of GB, and δ the width

of the GB.51–55 We used Equation (1) to calculate Dl because the total

amount of the implanted P atoms in BaSi2 films does not change after

annealing. Equation (2) matches the Harrison Type-B kinetics regime

corresponding to a condition that the average lattice diffusion length

of the impurity atoms is less than the grain size.51,53,54 According to

previous research, the grain size of BaSi2 is approximately 4 μm,56

much larger than the lattice diffusion length of P atoms in BaSi2 films

(�60 nm) calculated from Equation (1), and thus Equation (2) is valid

F IGURE 2 (A) SIMS depth profiles of P atoms concentration in
BaSi2 films annealed at 500�C for 30 min, 550�C for 15 min, and
600�C for 3 min. (B) Fitting curve by Equations (1) and (2). (C) Lattice
and GB diffusion coefficients of P, As, and Sb atoms in BaSi2 [Colour
figure can be viewed at wileyonlinelibrary.com]

AONUKI ET AL. 3
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in this study. We adopted La Claire's equation55 to analyze the parallel

GB model, which used for the analysis of lattice and GB diffusion

coefficient of B, Al, As, and Sb in BaSi2.
28,57–59 We set δ for the BaSi2

films to 0.5 nm because this value is commonly adopted in GB diffu-

sion studies.60,61 Sharp GBs of the BaSi2 epitaxial films were observed

in transmission electron microscopy,18 indicating that this hypothesis

is reasonable.

All the experimental depth profiles of P atoms in BaSi2 films mea-

sured by SIMS are well reproduced by Equations (1) and (2), as exem-

plified in Figure 2B. We performed fittings using Equations (1) and (2)

at the same time. Figure 2C shows the Arrhenius plots using the

obtained Dl and sDGB of P, As, and Sb atoms in BaSi2.
28,59 The P atoms

display the smallest Dl of all studied n-type impurities for BaSi2,

whereas the sDGB of P atoms greatly depends on the postannealing

temperature, suggesting that the diffusion of P atoms is suppressed

by annealing at low temperature compared with As and

Sb. Furthermore, we calculated the activation energy Ea of lattice and

GB diffusions for P atoms in BaSi2 using

Dl ¼D0
l exp � Ea

kBT

� �
, ð3Þ

sδDGB ¼D0
GB exp � Ea

kBT

� �
: ð4Þ

Here, kB denotes the Boltzmann constant, and T the absolute

temperature. The activation energies for P atoms undergoing lattice

and GB diffusion are 1.1 ± 0.6 and 2.5 ± 0.6 eV, respectively. These

values are relatively higher than those of As (0.91 and 0.88 eV) and Sb

(0.77 and 0.65 eV).28,59 Generally, activation energies of 0.5–2 eV cor-

respond to interstitial diffusion, whereas those of 3–5 eV relate to

vacancy diffusion.62 This is because the energy of formation for

vacancies is also taken into account in determining vacancy diffusion.

According to previous research, the energy of formation for Si vacan-

cies is �1.0 eV15; therefore, we speculate that the diffusion of P

atoms in BaSi2 corresponds to interstitial diffusion and vacancy diffu-

sion in lattice and GB, respectively. It is noted that the magnitude rela-

tionship between the two activation energies for P is different from

those for As and Sb. Since it was found that the deposition rate ratio

of Ba to Si (RBa/RSi) during BaSi2 film deposition significantly affects

the electrical and photoresponse properties,63 we have set the value

of RBa/RSi at 2.2, which is different from 3.0 in the previous work.28,59

This may affect the GB character in BaSi2 films and thereby the mag-

nitude relationship between the two activation energies related to

diffusion.

3.2 | Characteristics of P-ion-implanted n-BaSi2
films

From the Raman spectra of P-ion-implanted BaSi2 films (Figure 3A),

vibration modes such as Ag, Eg, and Fg stemming from Si tetrahedra in

BaSi2 were observed for all samples.64 After ion implantation, the

intensity of these peaks decreased because ion implantation damages

F IGURE 3 (A) Raman spectra of P-ion-implanted and undoped as-
grown BaSi2 films annealed for different durations. (B) Full-width at
half maximum of Ag mode peak for these samples

F IGURE 4 PL spectra of P-ion-implanted BaSi2 films with or
without postannealing at 500�C for different durations [Colour figure
can be viewed at wileyonlinelibrary.com]

4 AONUKI ET AL.

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3658 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [28/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


the crystal structure of BaSi2. Subsequent annealing at 500�C for

more than 30 s recovered the intensity of these peaks. The full-width

at half-maximum of the Ag mode (Figure 3B) first increases after ion

implantation and then decreases after postannealing to almost the

same value as that of the as-grown sample. From these results, we

infer that the damage from ion implantation is reversible by postan-

nealing at 500�C for at least 30 s.

From the PL spectra of these samples (Figure 4), the PL inten-

sity of the as-implanted sample is almost invisible. From the PL

spectra of these samples (Figure 4), the PL intensity of the as-

implanted sample is almost invisible. The excitation laser light of

442 nm is mostly absorbed within the 200-nm-thick BaSi2 films due

to its high optical absorption coefficient beyond 5 � 105 cm�1.

Therefore, the PL spectra in Figure 4 reflect how the photogener-

ated electrons and holes recombine in BaSi2. Since the BaSi2 films

with high photoresponsivity exhibit intense PL originating from elec-

tron transitions between localized states within the band gap,35,65

we can state that the as-implanted sample contained a lot of nonra-

diative defects. After the postannealing, the PL increased, meaning

that such nonradiative defects decreased drastically. Based on these

results, postannealing is an effective means to not only improve the

crystalline quality of BaSi2 films but also decrease nonradiative

defects in the P-ion-implanted BaSi2 films. The broad spectra can be

deconvoluted into four peaks, and the PL at around 0.9 eV is asso-

ciate with Si vacancies.66 We therefore speculate that the reduction

of the 0.9-eV PL is attributable to the occupation of Si vacancies by

P atoms.

From the annealing duration dependences of carrier concentra-

tion and mobility of P-ion-implanted BaSi2 films (Figure 5), all samples

showed n-type conductivity except for the sample annealed for 30 s.

We infer that the annealing duration of 30 s was insufficient to acti-

vate P atoms. For samples annealed for 30, 120, and 480 s, carrier

concentrations were (14.0, 1.5, and 0.93) � 1018 cm�3, respectively.

These values are acceptable for electron transport layers of BaSi2

solar cells. The mobility of P-ion-implanted BaSi2 films shows a much

lower value than that of MBE-grown Sb- and As-doped BaSi2

films.29,34

F IGURE 5 Annealing time dependence for carrier concentration
and mobility of P-ion-implanted BaSi2 films. Open square and
triangle indicate p-type conductivity while full symbols show

n-type conductivity. [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 6 IQE spectra of P-ion-implanted n-BaSi2/p-Si
heterojunction solar cells under no bias voltages [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 7 (A) J-V curves under AM1.5 illumination of P-ion-
implanted n-BaSi2/p-Si heterojunction solar cells. The annealing
duration is 120 s or 480 s. The inset shows a magnified view at
around V = 0 V. (B) The first quadrant of the J-V curves in (A) [Colour
figure can be viewed at wileyonlinelibrary.com]

AONUKI ET AL. 5
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3.3 | Solar-cell application of P-ion-implanted n-
BaSi2

The IQE reached 67% at a wavelength of approximately 900 nm and

originated from the Si substrate (see Figure 6). This value is the high-

est of all the n-BaSi2/p-Si heterojunction solar cells ever reported.22,67

In addition, the IQE in the short wavelength range (< 600 nm) is

greater than that for Sb-doped n-BaSi2/p-Si heterojunction solar

cells.22 Because the absorption coefficient of BaSi2 is very high at

these wavelengths, most of the short wavelength photons are

absorbed in the BaSi2 films. Therefore, this result implies that the

photogenerated carriers in the P-ion-implanted n-BaSi2 were

extracted in the external circuit.

Figure 7A,B presents the J–V curves for P-ion-implanted n-BaSi2/

p-Si heterojunction solar cells under AM1.5 illumination. Rectification

is observed for the ion-implanted n-BaSi2/p-Si diode. To understand

what occurs in these devices in more detail, we calculated the solar-

cell parameters such as series resistance RS and the reverse-bias satu-

ration current density J0 using
68

dV
dJ

¼ SRSþ γkBT
q

1� SRSHð Þ�1dV=dJ

Jþ JSC� SRSHð Þ�1V

" #
, ð5Þ

where S denotes the device area, γ the diode ideality factor, and RSH

the shunt resistance. All the solar-cell parameters and values including

fill factor FF are listed in Table 1. The samples annealed for 120 and

480 s exhibited η values of 0.28 and 0.15%, respectively. These values

are much smaller than that for MBE-grown Sb-doped n-BaSi2/p-Si

heterojunction solar cells (1.5%).22 The main reasons for such small η

are defects at the n-BaSi2/p-Si interface, large RS, and small RSH. As

shown in the inset of Figure 7A, the S-shaped J-V characteristics

became noticeable. Such behavior could be due to interface defects

and/or band alignment mismatch, preventing the carrier transport

across the interface and thus restricting the VOC and the JSC.
69–71 To

investigate this point in more detail, the C-V characteristics of the

diode were measured.

Figure 8A shows the measured C�2-V plot of P-ion-implanted n-

BaSi2/p-Si heterojunction solar cells annealed at 500�C for 120 s

together with that simulated by AFORS-HET from the band alignment

shown in Figure 1B. The intercept of the linear plot corresponding to

the built-in voltage (Vbi) in the case of a one-sided abrupt junction was

thus measured to be 0.52 V. This value was much smaller than the

simulated value of 0.82 V. Therefore, the actual band alignment is

different from that in Figure 1B probably due to defects at the n-

BaSi2/p-Si heterointerface. As discussed later, since the P concentra-

tion was not uniform in the BaSi2 film, the case of a linearly graded

junction was also investigated. Figure 8B shows the measured and

simulated C�3-V plots. The measured Vbi of 0.28 V was also much

smaller than that simulated (0.48 V). Hydrogen passivation may be

one way to improve interface properties; however, we have no infor-

mation to discuss further at present, and thus further studies are man-

datory. We next discuss the values of RS and RSH. The RS of the diode

in this work is about one order of magnitude greater than that of n-

TABLE 1 Solar-cell parameters and values for the P-ion-implanted n-BaSi2/p-Si heterojunction solar cells annealed for 120 and 480 s. Short-
circuit current density JSC, open-circuit voltage VOC, fill factor FF, conversion efficiency η, series resistance RS, shunt resistance RSH, ideal factor γ,
and reverse saturation current density J0 are all tabulated.

t (s) JSC (mA cm�2) VOC (V) FF η (%) RS (Ω) RSH (Ω) γ J0 (mA cm�2)

120 10 0.11 0.23 0.28 1.1�103 4.1�104 1.6 6.7� 10�1

480 6.7 0.10 0.22 0.15 1.4�103 5.7�103 2.0 1.1 � 100

F IGURE 8 (A) C�2-V and (B) C�3-V plots of P-ion-implanted n-
BaSi2/p-Si heterojunction solar cells annealed at 500�C for 120 s.
Simulation results by AFORS-HET are also shown. [Colour figure can
be viewed at wileyonlinelibrary.com]
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BaSi2/p-Si solar cells using MBE-grown Sb-doped n-BaSi2 layers

(�100 Ω).22 The electron concentration of P-ion-implanted n-BaSi2

films (n = 1.5 � 1018 cm�3) is one order of magnitude smaller than

that of the Sb-doped n-BaSi2 (n = 1.0 � 1019 cm�3),22 leading to a

large contact resistance. In addition, the RSH is 20–30 times smaller

than that of the MBE-grown n-BaSi2/p-Si solar cells (�1 MΩ).22 From

the depth profiles of P atoms (Figure 9) in the n-BaSi2/p-Si hetero-

junction solar cells annealed for 120 s, the averaged P atoms concen-

tration at depths of 10–60 nm from the surface was �1019 cm�3.

Therefore, the activation rate of P atoms was approximately 10%.

From this activation rate of P atoms and the NC of BaSi2,
30 the donor

level of P atoms is calculated to be positioned approximately 0.12 eV

from the conduction band minimum. The segregation of P atoms

occurred in the surface region and around the BaSi2/Si hetero-inter-

face. We presume that these segregated P atoms deteriorate both the

series resistance and shunt resistance. Therefore, a uniform distribu-

tion of P atoms in BaSi2 films appears mandatory if these parameters

are to be improved.

4 | CONCLUSION

We fabricated P-ion-implanted n-BaSi2 films for use as BaSi2/Si het-

erojunctions in solar cells. First, we determined the diffusion coeffi-

cient of P atoms in the lattice and GB of BaSi2 and subsequently the

activation energies, which we found to be 1.1 ± 0.6 and 2.5 ± 0.6 eV,

respectively. Raman and PL spectra revealed that postannealing

improved the crystalline quality and the optical properties of P-ion-

implanted BaSi2 films. The IQE reached a maximum of 67% at a wave-

length of approximately 900 nm, which is the highest value of n-

BaSi2/p-Si heterojunction solar cells. Rectification in the J–V charac-

teristics was achieved by these P-ion-implanted n-BaSi2/p-Si hetero-

junction solar cells. We demonstrated that ion implantation is possible

in the fabrication of BaSi2 solar cells.
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