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Detection of local vibrational modes induced by intrinsic defects in undoped
BaSi, light absorber layers using Raman spectroscopy

Takuma Sato," Hirofumi Hoshida,? Ryota Takabe,! Kaoru Toko," Yoshikazu Terai,?
and Takashi Suemasu’
'Institute of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan

*Department of Computer Science and Electronics, Kyushu Institute of Technology, lizuka, Fukuoka 820-8502,

Japan
(Received 13 March 2018; accepted 16 June 2018; published online 10 July 2018)

We fabricate BaSi, epitaxial films on Si(111) substrates by molecular beam epitaxy and investigate
point defects inside the films using Raman spectroscopy with the help of first-principles calcula-
tion. Point defects such as Ba substituted for Si antisites, Si vacancies, and Si interstitials are
considered as candidates for native point defects in BaSi,. Vibration analysis based on first-
principles calculation suggests that local vibrational modes caused by these point defects appear
at around 430, 480, and 560cm ™', respectively, and are in good agreement with Raman peak
positions. Comparing calculations with Raman spectra of the films formed with different Ba to Si
deposition rate ratios Rg,/Rs; from 1.0 to 5.1, we conclude that the density of point defects reaches
a minimum at R,/Rs; = 2.2. Furthermore, the position of Raman peaks at approximately 490 cm ™'
shifts to a lower wavenumber, depending on Rgp,/Rs; and thereby the density of point defects.

Published by AIP Publishing. https://doi.org/10.1063/1.5029320

I. INTRODUCTION

At present, wafer-based silicon (Si) solar cells have
approximately 90% of the market share, and their conversion
efficiency (1) has exceeded 26%." The achieved y is already
very close to the theoretical limit.> Hence, there is little
room for further improvement in 7. Under these situations,
various materials have been studied as candidates for novel
solar cells as a solution to future energy demand.”® Among
these materials, we have paid special attention to barium dis-
ilicide (BaSi,) consisting of earth-abundant Ba and Si.’
BaSi, possesses an indirect bandgap of 1.3eV, which is
more suitable than crystalline Si for a single-junction solar
cell. Recent experiments have revealed that BaSi, has a suf-
ficiently large minority-carrier diffusion length (L ~ 10 pum)
and a large minority-carrier lifetime (t ~ 10 us) for thin-film
solar cells.* " In addition, BaSi, has high absorption coeffi-
cients exceeding 3 X 10*cm ™" at 1.5 eV,12 since its direct
transition edge is located higher by only 0.1eV than the
bandgap.'>~'® Thus, # exceeding 25% is expected by utiliz-
ing outstanding properties of BaSi, for the light absorber
layers in thin-film solar cells.'” As BaSi, can be grown epi-
taxially on Si substrates'® and its bandgap can be increased
by adding other elements like Sr and C,'”° BaSi, is a mate-
rial of choice for targeting 1 > 30% in a Si-based tandem
solar cell. We have achieved # approaching 10% in p-BaSi,/
n-Si heterojunction solar cells*'*** and recently demonstrated
the operation of BaSi, homojunction solar cells.** BaSi, thin
films have been grown by various methods’ such as molecu-
lar beam epitaxy (MBE) using solid Si and Ba sources,”*
vacuum evaporation using BaSi, granules,”” and radio-
frequency sputtering using a BaSi, target.”® Among them,
vacuum evaporation and sputtering are practical methods for
large-area solar cells, while MBE is more suitable to study
the fundamental physical properties of BaSi,.

0021-8979/2018/124(2)/025301/8/$30.00

124, 025301-1

Currently, we have been focusing our research on fur-
ther improvement in minority-carrier properties of BaSi,
absorber layers grown by MBE. Among them, photorespon-
sivity is a decisive parameter which significantly affects .
According to our previous work,?’ the photoresponsivity of
500-nm-thick undoped BaSi, films is fairly sensitive to the
Ba to Si deposition rate ratios (Rp./Rs;) during the MBE
growth and reached a maximum at around Rp,/Rsi=2.2
(Fig. 1). When Rg,/Rs; is deviated from 2.2, the photorespon-
sivity decreases significantly. In these samples, we confirmed
by Rutherford backscattering spectrometry (RBS) that the
Ba to Si atomic ratios vary with RBa/RSi.27 We attribute these
results to silicon vacancies (Vg;) forming localized states
within the bandgap and thus working as recombination
centers for photogenerated carriers. The first-principles cal-
culation by Kumar er al.*® suggested that native point defects
including Vg; form localized states within the bandgap of

1.2 Vs =—1V

Photoresponsivity [A/W]
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FIG. 1. Photoresponse spectra of 500-nm-thick BaSi, grown with various
Rg./Rs; values measured under a bias voltage of —1 V applied to the front
ITO electrode with respect to the back Al electrode. Reprinted with permis-
sion from Takabe et al., J. Appl. Phys. 123, 045703 (2018). Copyright 2018
AIP Publishing LLC.”’

Published by AIP Publishing.
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BaSi,. Actually, we have detected electrically active defect
levels in BaSi, films by deep-level transient spectroscopy
(DLTS).ZQ*31 In DLTS, however, we need to form a junction
to expand the depletion layer towards the region, where
defects exist. In contrast to DLTS, there is no such restriction
in Raman spectroscopy. In addition, Raman spectroscopy
enables us to access the atomic structure of defects in BaSi,
with the help of first-principles calculation because vibra-
tional frequencies are specific to a molecule’s chemical
bonding and symmetry. There have been several defect stud-
ies using Raman spectroscopy such as Se vacancies in Cu(In,
Ga)Se, and Si precipitations in f-FeSi, films.*>* However,
there has been no such discussion about defects in BaSi,
although there have been several reports on Raman spectra
of BaSi, from both experimental and theoretical viewpoints
so far.*37

In this work, we first estimate residual stresses in the
a-axis-oriented BaSi, epitaxial films grown on a Si(111) sub-
strate based on the lattice constants deduced from x-ray dif-
fraction measurements. This is to qualitatively understand
the shift of the Raman peak position and discuss their ori-
gins. We next calculate the wavenumber of phonons in
BaSi, possessing point defects introduced at the I" point
using the first-principles calculation and compare them with
experiment.

Il. EXPERIMENTAL METHODS

An ion-pumped MBE system equipped with an electron-
beam evaporation source for Si and a standard Knudsen cell
for Ba was used for the growth. Before growth, Czochralski
(CZ) n-Si(111) (resistivity p = 0.01 Qcm) substrates were
first cleaned according to standard RCA (Radio Corporation
of America) procedure, followed by thermal cleaning at
900°C for 30min in the ultra-high vacuum chamber to
remove a protective oxide layer on the surface. We then
deposited Ba on a Si substrate heated at 500 °C by reactive
deposition epitaxy to form a 3-nm-thick BaSi, template
layer.®® This template acts as a seed crystal for the
subsequent layer. Subsequently, we grew approximately
600-nm-thick undoped BaSi, on the templates at 580 °C by
MBE.?* In order to investigate the relationship between Rg,/
Rs; and Raman peak positions, Rg; was fixed at 0.9 nm/min
and Rg, was varied from 0.9 to 4.6 nm/min during the MBE
growth, meaning that Rg,/Rs; was varied from 1.0 to 5.1. We
then formed a 3-nm-thick amorphous Si layer at 180°C,
which works as a surface passivation layer for ensuring a
good electrical contact.''***° Out-of-plane (/-26) and in-
plane (p-20,) x-ray diffraction (XRD) measurements with a
Cu Ko radiation source were performed to determine the lat-
tice constants using the Nelson—Riley equation.*' Raman
spectra were measured with a laser Raman spectrometer
(JASCO, NRS-5100) using a frequency doubled Nd:YAG
laser (532 nm) at room temperature (RT). The time of acqui-
sition for each Raman spectrum was 100 s. The absolute
Raman shift was corrected by the transverse optical (TO)
phonon line (520.2cm ') of crystalline Si. In order to make
assignment of local vibrational modes (LVM), polarized
Raman spectra were also measured at the X(YZ)X geometry
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of the typical Porto notation using a polarizer. The X-axis
was parallel to BaSi,[100]. In the X(YZ)X geometry, the
Raman intensity of the A, mode at around 490 cm ' can be
suppressed since there are only the diagonal components in
the Raman tensor of the A, mode.*? So, we can expect that
LVM at around 490cm ' is observed in the X(YZ)X
geometry.

The crystal structure of orthorhombic BaSi, (Z=28) is
shown in Fig. 2. BaSi, belongs to the Pnma space group, and
its unit cell contains eight formula units. The stoichiometric
description of the unit cell is BagSijg. In the unit cell of
BaSi,, there are two crystallographically inequivalent sites
for Ba [Ba(1l) and Ba(2)] and three inequivalent sites for Si
[Si(3), Si(4), and Si(5)]. In addition, there are four distinct Si
tetrahedra with varying directions and positions that can be
mutually translated by symmetric operations. In each Si tet-
rahedron, the two Si(5) atoms (blue spheres in Fig. 2) and
the single Si(4) atom (red sphere in Fig. 2) have similar a-
axis coordinates. Two intrinsic point defects, Si vacancy
(Vs;) and Ba substituted for Si antisites (Bag;), were intro-
duced into one of the four Si(3) sites as previously
reported.””*® We adopted a previously reported interstitial
site, the fractional coordinate of which is (0.5841, 0.25,
0.2251), as an initial configuration for Si interstitials
(Sii).43’44 The vibrational frequency calculation at the I
point was performed with QUANTUM ESPRESSO code*’
within the framework of ab initio pseudopotential density
functional perturbation theory.*® We employed the norm-
conserving pseudopotentials with generalized gradient
approximation in Troullier-Martins type,*’ and the cut-off
energy of the plane-wave basis sets was 45 Ry. For &k points
in the Brillouin zone, a 3 x 4 x 2 Monkhorst-Pack mesh was
used for a perfect crystal (with an orthorhombic cell). The
estimated energy error in self-consistency was less than
10~'* a.u. Relaxation was performed until the total energy
changed by less than 10> a.u., and the components of forces
were smaller than 10~* a.u. during geometry optimization.

lll. RESULTS AND DISCUSSION
A. Lattice constants and residual stress

The peak shift of the Raman spectrum Aw is propor-
tional to the magnitude of the residual stress o, in the
film.***° Hence, we estimate ¢, by using lattice constants

FIG. 2. Crystal structure of BaSi, (Z=8). There are two crystallographically
inequivalent sites for Ba [Ba(l) and Ba(2)] and three inequivalent sites for
Si [Si(3), Si(4), and Si(5)] in the orthorhombic unit cell of BaSi,.
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of the a-axis-oriented undoped BaSi, epitaxial film. The lat-
tice constants as a function of Rg,/Rs; are shown in Fig. 3.
We calculate the lattice constants from the XRD peak posi-
tions obtained from out-of-plane (a) and in-plane (b and c¢)
XRD patterns by using the Nelson-Riley relationship.*' As
can be seen in Fig. 3, a becomes larger as Rg,/Rs; increases
and then decreases with a further increase in Rg,/Rs; after
reaching a maximum in the vicinity of 2.2. On the other
hand, b and ¢ show the tendency opposite to a. From the
obtained lattice constants, we evaluate the strain g; in the
directions of a, b, and ¢ based on the following equation:

d — do(nk
(hkl) — Qo(hki) (i=1,2,3), 1)

&ijp =

do k)

where d) is the measured lattice spacing of BaSi, and
doniry 1s the lattice spacing of unstrained BaSi,. As the lattice
constants of the relaxed sample, those of powdered XRD are
used.”® Following Hooke’s law, the residual stress in the film
is obtained from the evaluated strain as

Ojj = Sijkl Ekl (i, j7 k, = 1, 27 3)7 (2)
where s;;; are the compliance constants of single crystal
BaSi,, and the values calculated by Peng et al. are used for
them.?® Evaluation of the residual stress in the film by XRD
is carried out assuming an in-plane stress condition (o
=01,=013=0) as applied to, for example, (111)-oriented
Al thin films on a Si(001) substrate.”’ However, in this work,
it was difficult to obtain diffractions of sufficient intensity
from the asymmetric planes of BaSi,. Hence, diffractions
such as (0k0) and (00/) obtained in the in-plane XRD mea-
surement were used. The stress gy, (Jfa,,) and o33 (Jo.) in
the plane were roughly estimated by assuming that the prin-
cipal axes of stress coincided with the crystal axes. Figure
4(a) shows the result of the calculated strain &;; (=¢,) in the
direction perpendicular to the film from the obtained
in-plane stress using Eq. (2). The Rp./Rs; dependence of the
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FIG. 3. Lattice constants (a, b, and ¢) and a unit cell volume (V) as a func-
tion of Rg,/Rs; for 600-nm-thick undoped BaSi, films.
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a-axis lattice constant of the BaSi, film on Si(111) can be
qualitatively understood by the above model, that is, the in-
plane stress model assumed the principal axes of stress coin-
cides with the crystal axes. On the other hand, the residual
stress 0, in the film is expressed by the sum of thermal stress
O, INLTINSic Stress oy, and external stress gy, given by

Ores = Oth + Oint + Oext- 3)

Using the following equation, we calculate the thermal
stress:

E
l_Uf

Oh = (o — o5)AT, )
where o, and oy are the linear thermal expansion coeffi-
cients of Si and BaSi,, and AT is the difference between
the Si substrate temperature during MBE growth and room
temperature. E; and vy are the Young’s modulus and
Poisson’s ratio of BaSi,, respectively. We employ the val-
ues of 50 GPa and 0.201°% for them, respectively. Figure
4(b) shows that the Rp./Rs; dependence of the intrinsic
stress oj,; subtracted the thermal stress oy from the in-
plane residual stress o,cs. 05, and ¢, are the intrinsic stresses
in the b-axis and c-axis directions, respectively, assuming
the external stress o.,=0. Intrinsic stress is caused by
extinction of point defects and/or vacancies,> formation of
grain boundaries,54 and interface lattice mismatch between
the substrate and the film.>*>> There is not so much differ-
ence in the effect of grain boundary and lattice mismatch
among the BaSi, films grown with different Rp./Rg; values.
Therefore, we consider that the contribution of defects in
undoped BaSi, films is mainly responsible for the variation
of intrinsic stress on Rg,/Rs;.

B. Calculation results

In order to discuss the effects of point defects mentioned
in Sec. IIT A on the Raman spectrum, we calculate the vibra-
tional frequencies of BaSi, including point defects by the
first-principles calculation. First, we confirm the reproduc-
ibility of this calculation. Table I shows the calculation
results of the Raman active modes at the I point
[¢ =(0,0,0)] in a BaSi, perfect crystal. The relative magni-
tudes of displacement of the Siy cluster and Ba for each
mode are also shown. As reported previously by Peng
et al.,35 lattice vibrations of Ba atoms are hardly observed at
wavenumbers higher than 200 cmfl, and all the calculated

(a) (b)
0.002 - Y ‘. 1 %‘370.67 L ]
0.000 * = v,
g . ) 204 4 v v 1
'§-0.002 18 v ¢
7 o_00- a
~0.004+ 20
B
—0.006 . . e *;—;' 0.0- . . v
1 2 3 4 5 = 1 2 3 4 5
RBa/RSi RBa/RSi

FIG. 4. (a) Strain in the g-axis direction and (b) intrinsic stress in the b-axis
and c-axis directions as a function of Ry,/Rs;.
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TABLE I. Calculated Raman active optical phonon frequencies (cm ') of
BaSi, at the I' point. The modes are categorized to external modes (ext)
including the translation of the Si cluster (t) and rotation of that (r), internal
modes of the Si cluster (int), and the modes of Ba. Their relative magnitudes
of displacement are also shown as vs = very strong, s = strong, m = medium,
and w = weak.

Freq. (em™h Si Ba  Freq. (cm™ D) Si Ba
51.2 ext m S 134.7 ext(t,r) S
52.7 ext S Vs 141.0 ext(r) S w
63.4 ext(t) S Vs 145.5 ext(t,r)  vs w
64.1 ext(t,r) m N 149.8 ext(r) Vs A
66.2 ext(t,r) m Vs 154.8 ext(r) Vs w
71.0 ext(r) m S 156.7 ext(r) Vs m
71.7 ext(t,r) m S 267.9 int S
73.3 ext(t,r) w Vs 268.9 int S
75.8 ext(t) S Vs 282.3 int Vs
75.9 ext(r) m Vs 286.7 int Vs
82.0 ext(t,r) S Vs 361.0 int Vs
939 ext(r) m Vs 362.0 int Vs
103.3 ext(r) Vs w 364.6 int Vs
113.2 ext(r) Vs - 365.1 int Vs
118.9 ext(t,r) S w 384.9 int Vs
124.1 ext(r) S w 387.6 int Vs
127.8 ext(t,r)  vs w 499.8 int Vs
130.6 ext(tr) vs W 502.5 int Vs

modes are internal vibrations of Siy clusters. On the other
hand, the modes observed below 200 cm ™! are the external
vibrations (rotation and translation) of the Si, clusters and/or
the lattice vibrations of Ba. For comparison, Table II summa-
rises the Raman peak positions due to a Siy cluster in BaSi,
by experiment®>**®*7 and by calculation.® Terai et al. also
pointed out such a feature of modes in the measurement of
the angle dependencies of polarized Raman spectra of
a-axis-oriented undoped BaSi, epitaxial films on Si(OOl).z’7
Comparing the present calculated peak positions of Raman
active modes to the experimental result in powdered BaSi,,**
we confirm that the peak positions are almost reproducible.
In particular, with respect to the internal vibrations of Siy
cluster, the reproductivity is within £ 2-3%. In Raman scat-
tering experiments, the A, modes at around 500 em ! as
shown in Fig. 5 are the most intense peak. Hereafter, we pay
attention to the A, modes of each sample.

We next investigated the effect of point defects in
BaSi, on the Raman peak position. Based on the report by
Kumar et al.,”® we adopted three native defects such as

TABLE II. Raman peak positions due to a Sis cluster in BaSi, reported in
Refs. 34-37. They are based on the results of powdered BaSi,,** phonon
density of states (DOS),*® BaSi, film on Si(001) by vacuum evaporation,36
and BaSi, film on Si(001) by MBE.*’

J. Appl. Phys. 124, 025301 (2018)

(a) 499.8 cm™!

FIG. 5. Schematics of Raman active A, modes calculated at the I" point in a
BaSi, perfect crystal at (a) 499.8 cm ™' and (b) 502.5cm ™"

Vi, Bag;, and Si;. As shown in Fig. 1, BaSi, has three crys-
tallographically inequivalent Si sites in the unit cell; Si(3)
and Si(4) occupy the 4c site, and Si(5) occupies the 84 site.
Table IIT shows the calculated total energy of compounds
including one vacancy (Ba) into each Si site, which is
described as Bagsi15VSi(3), B388115V5i(4), and BaSSi15VSi(5)
(Ba85115BaSi(3), BagSiISBaSM), and Ba88115Ba51(5)). From
the viewpoint of total energy, both Vg; and Bag; seem to be
easily introduced into the Si(3) site. This trend is consistent
with previous reports.”’*® On the other hand, there are 16
sites into which interstitial impurities can be introduced.
According to Imai and Watanabe,** the most probable
insertion sites are the 4c sites, where an impurity atom is
surrounded by three Si atoms, one of which is at a peak of
one Si-tetrahedron and the other two of which are com-
posed of an angle of the other Si-tetrahedron. Thus, we
employed one of the 4c sites as the initial configuration of
Si;, the fractional coordinate of which is (0.5841, 0.25,
0.2251). Table IV shows the initial configurations of the
three native point defects used to calculate the vibrational
frequencies. Interstitial oxygen (O;) is also included in
Table IV for later discussion. The calculated phonon

TABLE III. Calculated total energies [Ry] for compounds. Vg; or Bag; is
introduced into one of the crystallographically inequivalent Si sites in the
unit cell.

Powdered BaSi,®  Phonon DOS*  BaSi,/Si(001)*®  BaSi,/Si(001)*’ Compounds Total energy
276 282 278 280 BagSiisVsics) —139.97
293 296 292 295 BagSisVsiu —139.95
355 355 358 BagSiysVsics) —139.96
363 362 BagSilgBaSi@) —142.33
376 381 376 380 BagSi;sBagi) —142.20
486 486 486 486 BagSi;sBagics) —142.25
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TABLE 1IV. Fractional coordinates of three intrinsic defects as an initial
configuration.

Fractional coordinates

Intrinsic defects X y V4

Si vacancy Vi, 0.424 0.25 0.091
Ba antisite Bag;(3) 0.424 0.25 0.091
Si interstitial Si; 0.5841 0.25 0.2251
O interstitial O; 0.5841 0.25 0.2251

frequencies of A, modes are shown in Table V together
with that of perfect crystal. We predict the local vibrational
modes shown in Figs. 6(a)—6(c) to emerge at certain wave-
numbers presented in bold in Table V. The appearance of
local vibrational modes by the introduction of point defects
has been confirmed by Raman spectroscopy, for example,
in B doped bulk Si.°° On the other hand, as shown in Table
V, the peak position of the main peak (A, mode) shown in
Fig. 5 is expected to shift to lower wavenumbers because
of the formation of native defects.

C. Effects of native defects on the Raman Spectrum

Based on the discussions in Secs. III A and IIIB, we
attempted to detect native defects by Raman spectroscopy in
undoped BaSi, with different Rg,/Rs;. Figure 7 shows the
Raman spectra of undoped BaSi, in the range between 200
and 650cm ' at RT. Peaks due to the internal vibration of
the Siy cluster can be observed at wavenumbers ranging
from 250 to 500cm~'. The Raman lines originate from Si
tetrahedra with 7}, symmetry in the lattice of BaSi,. In the
past, they were assigned based on Si tetrahedra with Ty
symmetry;>**%?7 however, we found very recently that T},
symmetry is more suitable on the basis of experiments by
polarized Raman spectroscopy and by infrared absorption
spectroscopy. Besides, the Si—Si distances within each Si
tetrahedron are different as in 0.234, 0.237, 0.237, 0.241,
0.248, and 0.248nm,”” meaning that Ty symmetry is not
valid. Details will be reported elsewhere.

Figure 8(a) presents an enlarged view of the main peak
due to the A, mode at approximately 490 cm ™. Figure 8(b)
shows a plot of the peak wavenumber of the Ag mode in Fig.
8(a) against Rg,/Rs;, showing that it reaches a maximum in the
vicinity of Rg,/Rs;=2.2. From the calculation results in Sec.
III B, it is expected that the shift of this main peak to a lower
wavenumber is ascribed to the influence of native defects.

TABLE V. Calculated phonon frequencies of Raman active A, modes of
perfect crystal (BagSijq) and defective crystals such as BagSijsVsia),
BagSi;sBag;(s), BagSi6Si;, and BagSi;60;. Frequencies in boldface are local
vibrational modes (LVM).

BagSi;s  BagSi;sVg3)  BagSijsBag;s) BagSi;¢Si; BagSi; O;
499.8 469.5 436.8 (LVM) 442.7 447.2
502.5 474.1 457.1 465.7 478.7
477.1 472.1 477.1 484.7
477.7 (LVM) 486.6 556.7 (LVM) 597.3 (LVM)

J. Appl. Phys. 124, 025301 (2018)

(@) Vg; 477.7 cm™!

(c) Si; 556.7 cm’!

= é\?

FIG. 6. Schematics of local vibrational modes of (a) Vs;, (b) Bag;, and (c) Si;.

Therefore, the shift of the main peak was examined from the
viewpoint of the atomic ratio of Ba to Si, Ng,/Ng;, in these
samples. Using the depth profile of Np,/Ns; obtained by
RBS,”” we calculated Ng,/Ns; in the film surface weighted by

=)
5
. 1.7
=
S
> 2.2
=1
w
5
= 3.1
P

200 300 400 500 600

Wavenumber [cm!]

FIG. 7. Raman spectra of 600-nm-thick undoped BaSi, films with different
Rp./Rs; values in the range of 200-650 cm ' at RT.
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ent Rp,/Rs; values in the range of 450-530 cm ™! at RT. (b) A main peak (A,
mode) position in (a) as functions of Rg,/Rs;.

the optical absorption coefficient of BaSi, at a wavelength of
the incident light A =532 nm used in this Raman measurement

Nia JNRBS (Z)ef“zdz

N Je""zdz

where Ngps(2) is the measured N,/Ng; at a depth z by RBS,
and =3 x 10°cm ™" is used as the light absorption coeffi-
cient at A =532 nm. Substituting these values for Eq. (5), we
calculated the weighted Ng,/Ng; values to be 0.477, 0.499,
and 0.510 for Rg,/Rs;=1.0, 2.2, and 4.0, respectively.
Figure 9 plots the peak position of A, mode of the present
Raman spectra against weighted Np,/Ns;. From the view-
point of stoichiometry, we consider that native point defects
in the film are least abundant at Rp,/Rg; =2.2 because it is
the closest to stoichiometry (Ng,/Ns; =0.5). Thus, the main
peak shift in Fig. 8(b) is considered to reflect the influence of
native point defects. In order to further confirm the validity
of this interpretation, we discuss the appearance of local
vibrational modes accompanying the formation of native
defects shown in Figs. 6(a)—6(c).

First, we examine Vg;, which is most likely to occur
according to Kumar et al*® Although the local vibrational
mode of Vy; is expected to appear at approximately 480cm ™',
it is very close to the peak position of the most intense peak of
the A, mode. Figure 10 shows the full width at half maximum
(FWHM) of the peak intensity of Ag mode as a function of
Rgy./Rs;. The FWHM value increased with Rg,/Rs;. Polarized
Raman spectra measured at RT on samples prepared with
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FIG. 9. A main peak (A, mode) position [shown in Fig. 8(a)] as a function
of weighted Ng,/N§; for Rg,/Rs; = 1.0, 2.2, and 4.0.
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Rpa/Rsi=1.0 and 5.1 are also shown. One Lorentzian curve
located at around 486 cm ™' is enough to reconstruct the mea-
sured spectrum at Rp./Rs; = 1.0. However, another Lorentzian
curve located at around 480cm ™" is necessary to reconstruct
the experimental data at Rg,/Rs;=5.1. As the contribution of
this peak increases with Rg,/Rs;, this peak is assumed to origi-
nate from Vg;.. We thus speculate that the number of Vg;
increases with Rp,/Rs;. Further analyses using the positron
annihilation method, which is sensitive to vacancies, help us
further confirm the validity of this interpretation.

Figure 11 presents the highlighted Raman spectra of
BaSi, films with different Rp,/Rs; values. Additional peaks
denoted by broken lines at 430, 560, and 590 cm~ ! are
observed. Figure 12 presents the Rp./Rs; dependence of the
peak intensity at 430cm™ ' normalized using the A, mode
intensity at 490cm™'. The dotted lines are guides to the eye.
The peak intensity increases with increasing Rp,/Rs;. In addi-
tion, the calculated phonon frequency caused by the vibrational
mode of Bag; (436.8 cmfl) shown in Table V is close to this
wavenumber. Hence, we interpret this broad peak as being due
to the local vibrational mode of Bag;. To investigate the other
two Raman peaks at around 560 and 590cm ™' in Fig. 11, we
measured the Raman spectrum at 78 K on the sample with
Rp./Rsi=2.2 as shown in Fig. 13(a). In the range between 560
and 600cm ', three peaks appear at 561.3, 576.0, and
590.2cm ™', The wavenumbers 561.3 and 590.2cm ™" almost
double 279.8 and 296.6cm ™', respectively. Hence, there is a
possibility that the second order vibrational modes were
observed. However, this assumption is not valid because of the
following reasons. Figure 13(b) shows the Raman spectra mea-
sured at 78 K on samples with different Rp,/Rs; values. Note
that the spectra were normalized using the peak intensity of the
A, mode at 490 cm™ '. As shown in Fig. 13(b), the signal inten-
sities in the range between 500 and 600cm ™' are quite sensi-
tive to Rp,/Rs;, whereas there is not so much difference in the
other range. Besides, they become higher as Rp,/Rs; is deviated
away from the vicinity of 2.2. These results suggest that the
Raman peaks at around 560 and 590 cm " in Fig. 11 originate
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FIG. 10. FWHM values of the peak intensity at around 490cm ™' as a func-
tion of Rg./Rs; at RT. Polarized Raman spectra measured at the X(YZ)X
geometry on samples at Rg,/Rs; = 1.0 and 5.1 are inserted.
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FIG. 11. Highlighted Raman spectra of BaSi, films with different Rp,/Rs;
values. Additional peaks are observed along the broken lines.

from defects. It is considered that Si; is considered one of the
origins because the calculated phonon frequency of Si;
(556.7cm ™) is close to 560cm ™. O; (597.3cm ™)) is also a
candidate because it is close to 590 cm ™', and the oxygen con-
centration in BaSi, films grown by MBE is more than
10" em ™ according to Ref. 58. At present, we do not have
sufficient data to discuss further. Thus, further studies are man-
datory; however, we may reasonably conclude that Raman
spectroscopy is an effective means to understand the presence
of native point defects in BaSi,.

IV. CONCLUSION

In this study, the residual stress in the a-axis-oriented
BaSi, epitaxially films grown on Si(111) substrates was esti-
mated by the lattice constants a, b, and ¢ deduced from the
measured XRD peak positions, and it was found that the
native defects are responsible for the stress. Analysis of the
vibrational frequency using Quantum Espresso indicates that
the local vibrational modes of Bag;, Vg;, and Si; appear at
around 430, 480, and 560 cm_l, respectively, and the main
Raman peak at around 490 cm ™' shifts to a lower wavenum-
ber by the presence of these defects. Comparing the experi-
mental results with the calculated ones, we observed peaks

[T ' I T ' ]
Bag; 430 cm™! i
2 0.10- -
: |
O
E | |
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ot adog
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:
o
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0.00 | | | | | | |
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FIG. 12. Rp,/Rs; dependence of the peak intensity at around 430 cm ™" nor-
malized using the peak intensity of the Ag mode at around 490 cm~'. The
dotted lines are guides to the eye.
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FIG. 13. (a) Raman spectrum of the sample with Rp,/Rs; = 2.2 at 78 K. (b)
Normalized Raman spectra of samples with different Rp,/Rs; values at 78 K.

due to local vibrational modes of Vg; and Bag; and those
probably caused by Si; and/or O;.
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