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BaSi, is one of the emerging materials for thin-film solar cell applications; hence the conductivity control by impurity doping is of great importance.
The formation of B-doped p-BaSi, films has been achieved by molecular beam epitaxy and vacuum evaporation. We fabricated B-doped BaSi,
films on Si substrates at 600 °C by co-sputtering BaSi,, Ba, and B-doped Si targets, followed by post-annealing at 900 °C or 1000 °C for 5 min in an
Ar atmosphere. Contrary to expectations, as-grown sample and the sample annealed at 900 °C showed n-type conductivity, while the sample
annealed at 1000 °C showed p-type conductivity. The reason for the n-type conductivity was discussed based on first-principles calculation
considering the presence of oxygen atoms in the order of 10?' cm~2. The n-type conductivity for B-doped BaSi, is possible only when both the B
and O atoms being a substitution impurity are in the same Si, tetrahedron. © 2022 The Japan Society of Applied Physics

1. Introduction

Currently, the majority of solar cells in the market is made
from wafer-based crystalline Si (c-Si), and the conversion
efficiency of c-Si solar cells exceeded 26%." However, the
installation of c-Si solar panels is limited to rooftops and
other flat areas. To further deploy the solar panels to achieve
a decarbonized society, thin-film solar cells are of particular
importance. There have been lots of studies on thin-film solar
cell materials with high absorption coefficients such as
chalcopyrite, CdTe, and perovskite thus far.>~'> However,
they contain nonabundant and/or toxic elements. Under such
circumstances, semiconducting barium disilicide (BaSi,) has
drawn increasing attention.'*™'® BaSi, is composed of Earth-
abundant Ba and Si, and has a band gap of 1.3 eV,'? close to
the ideal value for solar cells.'® The most attractive feature of
BaSi, is its high absorption coefficient'” in spite of an
indirect transition semiconductor, caused by a large matrix
element across the band gap.?>*" In addition, bipolar doping
is possible.'**? Thus far, various types of BaSi, solar
cells have been proposed'***® and fabricated in the form
of BaSi»/Si,**? BaSi,-pn,”” and n-ZnO/p-BaSi,,***> and
SnS/BaSi,*® by thin-film growth methos such as molecular
beam epitaxy, sputtering, and vacuum evaporation. For large-
area deposition of BaSi, thin-films, vacuum evaporation and
sputtering have been developed.®'**

The control of carrier type and carrier concentration of
BaSi, by impurity doping is very important for device
applications. Thus far, the formation of B-doped p-BaSi,
films has been achieved by molecular beam epitaxy,”*"
and vacuum evaporation,32’52’53) and ion implantation;54’55)
however, there have been no reports on sputter-deposited
impurity-doped BaSi,. In this work, we aim to form B-doped
p-BaSi, films by sputtering. As for the formation of impurity-
doped semiconducting films by sputtering, ZnO and Al,0O3
targets are employed to form Al-doped n-ZnO films by
sputtering.”®>® This is to avoid the reaction of the Al target
with O, to form Al oxides, leading to a sudden change in

SD1010-1

sputtering rate during deposition. For the formation of As-
doped p-ZnO films by sputtering, ZnO and Zn3As, targets are
used.”

2. Experiment

2.1. Formation and characterizations of BaSi, films

We used a 2-inch diameter polycrystalline stoichiometric
BaSi, target, a l-inch diameter Ba target, and a 2-inch
diameter B-doped Si target. The BaSi, target was manufac-
tured by Tosoh Corporation. B-doped BaSi, films were
fabricated on floating-zone n-Si(111) substrates (resistivity
p > 1000 Q cm) by a helicon wave plasma sputtering system
(ULVAC MBO00-1040). The substrate temperature was set at
600 °C during deposition. The Ar pressure was set at 0.5 Pa.
The radio-frequency (RF) power of the BaSi, target, Ba
target, and B-doped Si target was set at 70 W, 40 W, and
50 W respectively. Subsequently, 3 nm thick a-Si was
deposited on each sample to prevent oxidation of the B-
doped BaSi, films.®” The B concentration of the grown
sample was 1 x 108 cm™3. As described later, since the as-
grown samples were n-type, post-annealing was performed in
an Ar atmosphere using a rapid-thermal annealing system
(ULVAC MILA-5000UHV). For comparison, we also pre-
pared B-doped BaSi, films by MBE. To prevent oxidation of
the samples, two samples were put face-to-face, and sur-
rounded by several sacrificial BaSi»/Si samples.®” In the
post-annealing, pre-annealing was conducted at 200 °C for
30 min to eliminate moisture in the furnace, followed by the
main annealing for 5 min at temperatures (7;,) at 900 °C or
1000 °C. The heat-up and cool-down rates of the furnace
temperature was set at 5 °C s '. After post-annealing,
150 nm thick Al electrodes with a diameter of 1 mm were
deposited on the sample surface for hole measurement using
an RF magnetron sputtering system. The crystalline quality
was evaluated by grazing-incidence (GI) x-ray diffraction
(XRD: Rigaku Smart Lab) using a Cu K« radiation source
and a Raman spectroscopy (JASCO NRS- 5100) with a
frequency-doubled Nd:YAG laser (A = 532nm, 5.1 mW).
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The incident angle of x-rays was 0.4° from the sample plane to
enhance the penetration depth in the BaSi, films x-rays travel.
In addition, Hall measurements using the Van der Pauw
method were conducted for electrical characterization. Depth
profiles of B and O atoms were evaluated by secondary ion
mass spectrometry (SIMS) measurements using Cs™ ions. For
the SIMS measurements, standard samples for B and O atoms
in BaSi, were fabricated for quantitative evaluation. x-ray
photoelectron spectroscopy (XPS: JEOL, JPS-9010) measure-
ments were also conducted to investigate the bonding state of
atoms in the depth direction.

2.2. Computational details

In order to detect the conductivity type and to trace the
appearance of localized states in the gap of BaSi, doped with
O and B atoms we utilized the first-principles total energy
projector-augmented wave method (VASP code).>*" The
full structural optimization (i.e. lattice parameters and atomic
positions) was first performed, followed by calculations of
the density of states. We used a2 x 3 x 2 increased unit cell
of BaSi,, where one of its structural peculiarities was the
formation of Si, tetrahedra,®® to avoid relatively strong
defect-defect interaction. For the exchange and correlation
potentials the generalized gradient approximation of
Perdew—Burke—Ernzerhof® was implemented. The energy
cutoff was set at 400 eV, which was sufficient to ensure total
energy convergence within a few meV per cell. For the
Brillouin zone integration, a 5 X 5 x 5 mesh of Monkhorst—
Pack points was used. Further increase in the k-point mesh
did not lead to a change in the total energy of more than
0.001 eV per cell. The atomic relaxation was stopped when
forces on the atoms were smaller than 0.05 eV A", The total
DOS was calculated by the tetrahedron method with Blochl
corrections.

3. Result and discussion

The Raman spectra of samples are shown in Fig. 1(a). For all
of the samples, A, E, and F, peaks were observed, which
originate from the vibrational modes of the Si tetrahedra in
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Fig. 1.
BaSi,. (b) GI-XRD patterns of B-doped BaSi,.
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the lattice of BaSi2,67) and it was confirmed that the BaSi,
crystallized. Regarding the Raman spectra of the post-
annealed samples, the full-width at half maximum
(FWHM) of the A, mode peak was 12.3 and 11.8 cm ! at
T, =900 and 1000 °C, respectively. These values are smaller
than 15.7 cm ™' for the as-grown sample, suggesting that the
crystalline quality of the post-annealed samples has im-
proved.

Figure 1(b) shows the GI-XRD patterns of the samples.
For comparison, the calculated powder diffraction pattern of
orthorhombic BaSi, is also shown. All of the obtained peaks
were assigned to BaSi,, suggesting that randomly oriented
polycrystalline BaSi, films were formed for the as-grown
sample and the sample annealed at 7, = 900 °C. When the T,
was increased to 1000 °C, the XRD pattern changed
drastically, and 301 and 402 reflections of BaSi, became
dominant. This means that the migration of Ba and/or Si
atoms was promoted at temperatures higher than somewhere
between 900 °C and 1000 °C. This result is different from
those obtained for a-axis-oriented BaSi, epitaxial films,®®
wherein a-axis crystal orientation started to degrade sharply
at T, > 800 °C, and there was not much difference in the
FWHM of XRD BaSi, 600 peak as well as photoresponsivity
of samples annealed at between 900 °C and 1000 °C. This
result suggests that the migration of atoms is less likely to
occur in the sputter-deposited BaSi, polycrystalline films
than that in a-axis-oriented BaSi, epitaxial films.

Figure 2 shows the optical microscopy images of samples.
For post-annealed samples, cracks were observed on the
surface. We speculate that a much higher thermal expansion
coefficient of BaSi, than that of c-Si might induce these
cracks. The Young’s modulus and Poisson’s ratio are
reported to be 50 GPa and 0.201 for BaSi,, respectively.®”
BaSi, films might expand during the high-temperature
annealing, and shrink at the cooling process, generating
cracks.

Figure 3 shows the carrier concentration and carrier
mobility of the samples. For comparison, the post-annealing
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(a) Raman spectra of B-doped BaSi,. The peaks denoted by A,, E,, and F, originate from the vibrational modes of the Si tetrahedra in the lattice of

© 2022 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 62, SD1010 (2023)

H. Hasebe et al.

As-grown |T, =900 °C

1000 °C

Fig. 2. (Color online) Optical microscopy images of B-doped BaSi,
samples.
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Fig. 3. (Color online) Carrier concentration and carrier mobility of

B-doped BaSi, films fabricated by sputtering and by MBE.”®

effect on the hole concentration of B-doped p-BaSi, epitaxial
films grown by molecular beam epitaxy (MBE) is shown.””
The hole concentration of p-BaSi, films by MBE remained
almost unchanged in the range p = 3 —4 x 107 cm™ even
after the post-annealing at T, = 900 °C.”” As for the sputter-
deposited samples, however, the as-grown sample and the
post-annealed sample at 7, = 900 °C showed n-type
conductivity with an electron concentration in the range
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10" —10"°cm™. In contrast, the post-annealed sample at
T, = 1000 °C showed p-type conductivity with p = 2.1 X
10'7 em™ and a hole mobility of 40 cm® V! s~!. Since the
top of the valence band maximum of BaSi, mainly consists
of Si p states, the replacement of some of Si atoms in BaSi,
by group 13 elements like B form p-type BaSi, """
Considering that the drastic change in GI-XRD pattern
observed for this sample in Fig. 1(b), it is considered that
the activation of B occurred by the diffusion and substitution
of B atoms for Si sites.

We next discuss the origin of n-type conductivity of
sputter-deposited BaSi, films. It is noted that even B-doped
BaSi, epitaxial films grown by MBE show n-type conduc-
tivity when the Ba/Si ratio in the BaSi, films departs from
stoichiometry.”® In this work, we explore another possibility,
which is the effect of O atoms in BaSi,. Figure 4 shows the
depth profiles of B and O atoms, and (Ba + Si) ion intensity
in the as-grown samples fabricated by (a) sputtering and by
(b) MBE. The B concentration was 1 X 108 cm 2 for the
sputter-deposited sample and 1 x 10'"®ecm™ in the MBE-
grown sample. To our surprise, the O concentration differed
by three orders of magnitude between them: it was as much
as 5.0 x 10" cm ™2 and 4.0 x 10"® cm ™3, respectively.

Figure 5 shows the depth-dependent Si 2s core-level
XPS spectra of the sputter-deposited as-grown sample. The
etching duration (fo,) was varied from 12 to 372s. At
tech = 68, the capping layers were completely etched, and
the BaSi, films remained at f.., = 372s. The peaks were
normalized to the peak intensity of the Si 2s orbitals at
around 148.5eV. At the left shoulder of the Si 2s orbital, a
peak indicating the presence of oxidized Si was detected.
These results mean that the O atoms in BaSi, films formed
bonding with Si atoms.

Since there is such a high concentration of O atoms in our
samples, as a first step we have carefully checked the
influence of an O atom being both a substitution and
interstitial impurity on electronic properties of BaSi,. The
concentration of O impurities in the increased unit cell of
BaSi, under consideration is about 1.2 x 10*°cm™>.
Previously the effect of O doping of BaSi, was investigated
by us primarily as a possibility to tune the band gap value and
shift the absorption edge via changes in the lattice
parameters’> without going into detail on a possible appear-
ance of localized states in the gap. Thus, depending on a
number of first neighbors and the corresponding interatomic
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(Color online) SIMS depth profiles of B and O concentrations and secondary ions (Ba + Si) of BaSi, films fabricated by (a) sputtering and (b) MBE.
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Fig. 5. (Color online) Etching duration (f..n)-dependent normalized Si 2 s

core-level XPS spectra of the sputter-deposited as-grown sample. The in situ
etching duration (f,) was varied from 12 to 372 s.
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Fig. 6. (Color online) The total density of states of BaSi, with an O atom

as a substitution impurity. The vertical dashed line indicates the Fermi level
(Er). Atomic configurations in the vicinity of the O atom are also shown. The
large green spheres indicate Ba atoms, medium blue and red spheres stand for
Si and O atoms, respectively.

distances three distinct cases were detected for an O atom in
BaSi, acting both as a substitutional and interstitial impurity
(see Figs. 6 and 7). In the case of the substitutional impurity
localized states appear in the gap which can be filled and located
close to (or even merged with) the conduction band [n-type
conductivity, Fig. 6(a)] or to the valence band [a deep donor
level, Fig. 6 (b)]. In addition, the empty states are also formed in
the gap [acting as a trap Fig. 6(b) or deep acceptor level
Fig. 6(c)]. The latter cases [namely (b) and (c)] are found to be
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Fig. 7. (Color online) The total density of states of BaSi, with an O atom
as an interstitial impurity. The vertical dashed line indicates the Fermi level
(Er). Atomic configurations in the vicinity of the O atom are also shown. The
large green spheres indicate Ba atoms, medium blue and red spheres stand for
Si and O atoms, respectively.

rather close in the total energy (~0.2 eV cell ') whereas the case
(a) is higher by ~2.0 eV cell ' indicating that an O atom prefers
to have only one Si atom as the first neighbor. The localized
states can be seen for an interstitial O atom: the filled state close
to the valence band [a deep donor level, Fig. 7(a)] and the empty
state near the middle of the gap [a trap, Fig. 7(c)]. It is also
possible that an interstitial O atom does not cause the formation
of a localized state at all [Figs. 7(b)] and this case (b) is more
energetically preferable (by ~2.0eV cell ') with respect to the
other two cases (a) and (c) also following the same tendency to
have only one Si—O bond. Since intrinsic BaSi, usually displays
n-type conductivity,”” it is evident that doping O atoms into
BaSi, should not affect the conductivity type.

Even though doping of BaSi, by B atoms (acting as a
substitution impurity) leads to the clear p-type
conductivity,”” the observed n-type conductivity with a
sizable concentration of O (1.5 x 10*! cm73) and B (3 x
10" cm ™) atoms seems unreasonable. However, it is pos-
sible for the n-type conductivity of B- and O-doped BaSi, to
appear only in the cases when both B and O atoms are the
substitution impurity in the same Siy tetrahedron. Here, a
half-filled state is formed in the gap close to the bottom of the
conduction band [acting as a donor Fig. 8(a)] or this half-
filled state is merged with (or very close to) the conduction
band [Fig. 8(b)]. The case (a) is lower in the total energy (by
~2.0eV cell!) with respect to the case (b). Any variant
when one of the impurity atoms is a substitution impurity
whereas another one occupies an interstitial position
[Fig. 8(c)] results in a half-filled state lying between the
middle of the gap (trap) and the top of the valence band
(acceptor level). In terms of the formation energy, the cases
with O and B atoms acting as substitutional impurities are

© 2022 The Japan Society of Applied Physics
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Fig. 8. (Color online) The total density of states of BaSi, doped with O and

B atoms: (a) and (b) both O and B atoms as a substitution impurity in the

same Siy tetrahedron, (c) one of the impurity atoms is a substitution impurity
whereas another one occupies an interstitial position. Zero at the energy scale
corresponds to the top of the valence band. The vertical dashed line indicates
the Fermi level (Er). Atomic configurations in the vicinity of the O atom are
also shown. The large green spheres indicate Ba atoms, medium blue spheres
stand for Si atoms and small red and magenta spheres are O and B atoms,

respectively.

slightly energetically favorable (0.2 eV cell ') than the cases
where they are substitutional and interstitial impurities
simultaneously. On the basis of the above discussions, it is
considered that the as-deposited B-doped BaSi, films ex-
hibited n-type conductivity and became p-type by the post-
annealing at 1000 °C because of the following reasons. In the
as-deposited B-doped BaSi;, the B and O atoms were
positioned in the same Si, tetrahedron in terms of formation
energy, as shown in Fig. 8(a), indicating n-type conductivity.
By the high-temperature annealing, O atoms migrated to
interstitial sites, while B atoms remained at the substitutional
sites, creating the situation in Fig. 8(c) and thus the p-type
BaSi, formed. How to reduce the O atoms in the sputter-
deposited BaSi, films is a future challenge.

4. Conclusion

In this study, B-doped BaSi, films were fabricated by
simultaneous sputtering BaSi, target, Ba target, and B-doped
Si target, followed by post-annealing at 900 °C and 1000 °C.
The diffraction peaks obtained by GI-XRD and Raman
spectra showed that B-doped polycrystalline BaSi, films
were fabricated on Si substrates. The as-grown sample and
the annealed sample at 900 °C showed n-type conductivity,
while the annealed sample showed p-type conductivity. The
reason for the n-type conductivity of the as-deposited sample
is thought to be that the sample fabricated by sputtering has
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excess O, and the B and excess O replace the Si in the same
Si tetrahedron composed of BaSi,.
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