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We have fabricated approximately 0.5-um-thick undoped n-BaSi, epitaxial films with various
average grain areas ranging from 2.6 to 23.3 um” on Si(111) by molecular beam epitaxy, and
investigated their minority-carrier lifetime properties by the microwave-detected photoconductivity
decay method at room temperature. The measured excess-carrier decay curves were divided into
three parts in terms of decay rate. We characterized the BaSi, films using the decay time of the
second decay mode, tsry, caused by Shockley-Read-Hall recombination without the carrier
trapping effect, as a measure of the minority-carrier properties in the BaSi, films. The measured
Tsru Was grouped into two, independently of the average grain area of BaSi,. BaSi, films with
cloudy surfaces or capped intentionally with a 3nm Ba or Si layer, showed large tsry (ca. 8 us),
whereas those with mirror surfaces much smaller tgry (ca. 0.4 us). X-ray photoelectron
spectroscopy measurements were performed to discuss the surface region of the BaSi, films.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878159]

. INTRODUCTION

In recent years, photovoltaic solar cells have received
much attention. Although approximately 90% of solar cells
are Si-based because of its earth-abundance and developed
technologies, thin-film solar cell materials, such as chalco-
pyrites and CdTe, have been gaining increased attention
from the viewpoint of their high optical absorption and cost
effective growth procedure.'® Thin-film Si solar cells have
also been studied extensively to achieve high efficiencies by
utilizing an efficient light trapping system;’~'” however, it is
not easy to achieve high efficiencies as large as 20%.
Exploring alternative materials for thin-film solar cell appli-
cations is also very important. Among such materials, we
have focused much attention on barium disilicide (BaSi,).
BaSi, has a large absorption coefficient of 3 x 10*cm ™" at
1.5eV."® Besides, the band gap was found to be approxi-
mately 1.3eV,"®2! and increase up to 1.4eV by replacing
half of the Ba atoms with isoelectric Sr atoms.** %
Regarding the carrier concentration of BaSi,, undoped BaSi,
shows n-type conductivity with electron concentrations of
about 10'°cm>.*° High hole concentrations exceeding
1 x10*cm ™ were achieved in B-doped p-type BaSi,.”°
Thus, we aim to realize a BaSi, pn diode using the undoped
n-BaSi, as an optical absorption layer, and form the diode on
a SiO, substrate capped with (111)-oriented Si layers by
Al-induced crystallization.””*® Since a-axis-oriented BaSi,
can be grown epitaxially on a Si(111) surface,”**° it is im-
portant to examine the minority-carrier properties of
undoped n-BaSi, on Si(111). a-Axis-oriented BaSi, epitaxial
films on Si(111) have three epitaxial variants rotated by 120°
with each other around the surface normal.* The grain size
of these BaSi, variants can be expanded from about 0.2 to
Spum by adjusting the growth conditions for template
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layers.31 Grain boundaries (GBs) in a semiconductor film of-
ten behave as recombination (:enters,32 and thus deteriorate
electrical and optical properties of the film. According to our
previous work, we found that the minority-carrier lifetime in
post-annealed undoped n-BaSi, was about 14 us by the
microwave-detected photoconductivity decay (u-PCD)
method.?* This value is large enough for thin-film solar cell
applications. We also evaluated the potential variations at
the GBs in undoped n-BaSi, epitaxial films by Kelvin probe
force microscopy (KFM), and presented that the concave
band structure at the GBs may reduce the carrier recombina-
tion at the GBs.>* On the basis of these results, we think that
the GBs in undoped n-BaSi, do not act as recombination
centers for photogenerated minority carriers (holes).
However, we do not have sufficient data about GBs in BaSi,.
In this paper, we attempted to clarify whether the GBs affect
the minority-carrier lifetime in the BaSi, films. For this pur-
pose, we grew approximately 0.5-um-thick undoped n-BaSi,
epitaxial films with various grain areas on Si(111), namely,
various densities of GBs. We use the term GBs to denote the
boundaries of the epitaxial variants in this article.

Il. EXPERIMENTAL METHOD

An ion-pumped molecular beam epitaxy (MBE) system
equipped with an electron-beam evaporation source for Si
and a standard Knudsen cell for Ba was used in this investi-
gation. The details of the growth procedure are described in
Ref. 35. Briefly, a BaSi, template layer was first grown by
reactive deposition epitaxy (RDE), that is, Ba deposition on
a hot floating-zone n-Si(111) substrate (p > 1000 Q-cm).*®
The template layer works as a kind of seed crystals for subse-
quent layers. Next, Ba and Si were co-deposited on the tem-
plate layer at 580°C by MBE to form approximately

© 2014 AIP Publishing LLC
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TABLE I. Sample preparation: BaSi, layer thickness, surface condition, and
BaSi, average grain area by EBSD are specified.

Sample Thickness (nm) Surface Average grain area (um?)
A 570 Mirror 2.6
B 420 Cloudy 8.3
C 450 Mirror 5.8
D 490 Cloudy 21.1
E 510 Cloudy 20.0
F 500 Cloudy 23.3

0.5-um-thick undoped n-BaSi, epitaxial films. We prepared
8 samples with different grain sizes by changing the growth
temperature during RDE and the Ba deposition rate.’'
Samples A-F were prepared as summarized in Table 1. BaSi,
films capped in situ with a 3nm Ba (sample G) or Si (sample
H) were also prepared as shown in Table II. The crystalline
quality of the films was characterized by reflection
high-energy electron diffraction (RHEED), x-ray diffraction
(XRD) with Cu Ko radiation. RHEED patterns were
observed along the Si[112] azimuth. In the XRD measure-
ments, Ge(220) single crystals were used to make x-rays
monochromatic. Electron backscatter diffraction (EBSD)
analyses were performed in order to analyze the grain size of
BaSi,. The minority-carrier lifetime was measured by
1-PCD method. Electron-hole pairs were generated by a 5ns
laser pulse with a wavelength of 349 nm and photoconduc-
tivity decay was measured by the reflectivity of microwave
with the frequency of 26 GHz.*” The excitation laser inten-
sity was varied from 1.1 x 10% to 1.3 x 10° W/cm?, corre-
sponding to the area photon density in the range 9.8 x 10"
to 1.1 x 10 em™2, assuming no reflection on the BaSi, sur-
face. X-ray photoelectron spectroscopy (XPS) was per-
formed to analyze the composition of the surfaces.
Monochromatic Al Ko radiation (1486.6eV) was used for
x-ray radiation source. The probing depth was set to be
about 3 nm.

lll. RESULTS AND DISCUSSION

Figure 1 shows the 12 x 12-um?* EBSD orientation maps
and distribution histograms of grain area fraction in samples
A-F. Average grain areas calculated from the histograms are
also presented. We see three colors represented by red, blue,
and green in the EBSD orientation maps, indicating that
three epitaxial variants of a@-axis-oriented BaSi, exist on
Si(111).3°35 The average grain area of BaSi, ranged from
about 2.6 to 23.3 um?, depending on the growth conditions.
It seems reasonable to suppose that the density of BaSi, GBs
decreases with increasing average grain area.

TABLE II. Sample preparation: BaSi, layer thickness, capping, surface con-
dition, and BaSi, average grain area by EBSD are specified.

Thickness Capping Average grain
Sample (nm) (nm) Surface area (,umz)
G 450 Ba (3) Mirror 3.8
H 450 Si (3) Mirror 5.9

J. Appl. Phys. 115, 193510 (2014)

Sample A

0.5 D
.S 0.4 5 0.4
503 503
= o=
S 0.2 e ) S 0.2
<0.1 =0 KM <0.1
0.0
10° 10" 10" 10' 10° 107 10" 10" 10' 10’
Grain area (um’) Grain area (umz)
0.5 le C 0.5 Sample D
=0.4 =0.4
.2 .2
503 503
3= 3=
S 0.2 S 0.2 5
201 Zoq ]2 pm
0.0 0.0
10° 10" 10" 10' 10" 107 10" 10" 10" 10’
Grain area (um") Grain area (um’)
Sample E
0.6 0.5
503 E
‘g 0.4 g 0.3
L; 0.3 t; 0.2
©0.2 (&
= =
<0.1 <0.1
0.0 0.0

2 2

107 10" 10" 10'_10
Grain area (umz)

107 10" 10" 10'_10
Grain area ( pmz)

FIG. 1. 12 x 12-um?* EBSD crystal orientation maps of the BaSi, epitaxial
films and distribution histograms of BaSi, grain area fraction in samples
A-F. Average grain areas calculated from the histograms are also presented.

According to our previous work,?” decay can be sepa-
rated into three modes from the viewpoint of decay rate, and
the decay curve was fitted well using Eq. (1)

t t
I(r) =1 exp o + I exp -
uger

t
+hexp(———). (1)
TSRH—trapping

Here, I, I5, and I3 are the coefficients, and Tayger» Tsru» and
TSRH-trapping the time constants for the three decay modes,
that is, Auger recombination, and Shockley-Read-Hall
(SRH) recombinations without and with the carrier trapping
effect, respectively. Figure 2(a) shows the normalized
u-PCD decay curve of sample H. This is an example of typi-
cal decay curve. The inserted dotted lines correspond to the
exponential decays of these three modes. Figures 2(b) and
2(c) shows the normalized u-PCD decay curves of samples
A and C, and samples B and D-F, respectively, when the
excess carrier density, An, is 2.4 x 10" cm 3. An was calcu-
lated from the absorption coefficient of BaSi, at a wave-
length of 349nm, and irradiated laser intensity. BaSi, in
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FIG. 2. (a) Normalized u-PCD decay curves of (a) sample H, (b) samples A
and C, and (c) samples B and D-F when An is 2.4 x 10" cm . The dotted
lines in (a) correspond to the exponential decays with Taygers Tsrp, and
TSRH-trapping- 1N€ solid line in (c) shows the exponential decay with gy for
sample E.

samples A and C showed much faster decay than the others
as shown in Fig. 2(b). In Fig. 2(c), the decay curve in blue
(sample E) was shifted downwards a little to be seen clearly.
The inserted solid line shows the exponential decay with
Tsru- In the SRH recombination, we assume a trap level in
the band gap, where the recombination of electrons and holes
occur via this level.”® Since BaSi, is an indirect bandgap

J. Appl. Phys. 115, 193510 (2014)

semiconductor, radiative recombination is less probable than
the others. Slow decay with the carrier trapping effect corre-
sponding O TsrH-irapping Nas been reported in silicon.**™*! Of
the three decay modes, the first and second decay modes
denoted by Taueer and Tgrpy, respectively, are dominant.
Basically what happens upon laser irradiation is that Auger
recombination occurs in the initial stage because of a large
absorption coefficient of BaSi, for the 349 nm light, and a
high excitation in the u-PCD measurement. The initial An at
the surface reaches the range of 10'® to 10*! cm . Thus, it is
difficult to avoid the Auger recombination in the present
1-PCD measurement. Since there is an electric field in BaSi,
due to the difference in electron affinity between BaSi,
(3.2 eV)42 and Si (4.0eV), carrier separation occurs at the
same time as Auger recombination, followed by the SRH
recombination. In this work, we used Tgry as a measure to
investigate the minority carrier properties of BaSi, films.
This is because the first decay mode, Auger recombination, is
not likely to happen in the actual AM 1.5 irradiation. Thus,
the second decay mode is very important; tsgy should be
larger enough to achieve high solar-cell efficiency. We meas-
ured the decay curves with changing irradiated laser intensity,
and An was varied from 1.5 x 10'® to 2.4 x 10'"®*cm ™ on av-
erage. Figures 3(a) and 3(b) show examples of the dependen-
ces of tgry On excess-carrier density measured on samples B
and C, respectively. tgry decreased with increasing An. This
is because the An is orders of magnitude higher than the
majority-carrier (electron) density, which is approximately
10" cm 2, at equilibrium in undoped n-BaSi,. Such high car-
rier injection leads to multicarrier recombination. Therefore,
we should use a low injection value when discussing the
minority-carrier lifetime. As can be seen in Fig. 3, tsry
becomes almost independent of excess-carrier density when
the An approaches 10'°cm >, This result makes sense
because the electron concentration of undoped n-BaSi, is
about 10'®cm =320 We, therefore, adopted the Tsry when An
was about 10'®cm >,

Before we go into detailed discussions about tggry, we
need to mention a little about the difference between the
bulk minority-carrier lifetime (14 us) in our previous work™”
and tgry in this work. The BaSi, layer thicknesses in sam-
ples A-H are around 0.5 um. Thus, band bending is supposed
to occur in the BaSi, films due to the difference in electron
affinity between BaSi, and Si as described before. The

9
8.6 0.42

@7F 00 @), @0 ©
~ 8 03} .
2 .
5 ; = u 0.2+
. - 0.1} = .

Sample B = . Sample C

16]6 1617 1(')|g 0.0 1016 1017 1018

Excess carrier density (cm)

FIG. 3. Dependence of tsry on excess-carrier density for (a) sample B and
(b) sample C.
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depletion width in BaSi, is estimated to be less than 0.4 um.
The photoexcited carriers are, therefore, expected to be sepa-
rated in the BaSi,, which makes tgryy larger. In contrast, the
bulk minority-carrier lifetime of 14 us was obtained for
BaSi, films exceeding 1 ym in thickness. Thus, we cannot
directly compare tsgy with this value (14 us).

Figure 4 shows the dependence of tsry on BaSi, aver-
age grain area. As can be seen in Fig. 4, tsgy values can be
divided into two groups denoted by dotted circles, that is,
approximately 0.4 and 8 us. In each group, tgry becomes
almost the same, independently of BaSi, average grain area.
This result implies that tgry is not determined by GBs. This
is consistent with what we expected from the potential varia-
tions around the GBs by KFM.** The important point here is
that BaSi, with large tsgy had cloudy surfaces, whereas
those with smaller gy mirror surfaces. In order to find out
what caused this difference, we next investigated the crystal-
line quality of BaSi, in samples A-F.

Figure 5 shows the RHEED patterns of samples A and B
taken just after the MBE growth of BaSi,. Sharp streaky pat-
terns are seen, and we do not see any distinct difference
between them. Similar streaky RHEED patterns were
observed for the other samples. For evaluation of the crystal-
line quality of the epitaxial films, full width at half maximum
(FWHM) values obtained from an w-scan x-ray rocking
curve using a BaSi,(600) diffraction peak were measured.
We also evaluated the a-axis lattice constants of the BaSi,
films from the XRD peak positions of BaSi,(200), (400), and

FIG. 5. RHEED patterns observed along the Si[112] azimuth for (a) sample
A and (b) sample B just after the MBE growth of BaSis,.

J. Appl. Phys. 115, 193510 (2014)

(600) diffractions. Figures 6(a) and 6(b) show the relation-
ships between tgry and FWHM of BaSi,(600) peak inten-
sity, and tgry and a-axis lattice constant of BaSi,,
respectively. We see that tsgy neither depends on FWHM of
BaSi,(600) peak intensity nor on a-axis lattice constant,
meaning that the crystallographic difference does not influ-
ence significantly on tsgry. We can thereby safely state that
the difference in tgry is attributed to sample surfaces.
Actually, it was when the samples were exposed to air that
their surfaces started to become cloudy in samples B and
D-F. Since a large number of carriers are generated in the
width of 50nm from the surface with an ultraviolet excita-
tion source (349 nm) in the u-PCD measurements, Tsry 1S
supposed to be sensitive to the BaSi, surfaces.

In order to clarify the surface composition and bonding
states we performed XPS measurements. The XPS spectra of
Ba 3dsp, O 1s, Si 2p, and C 1s states for sample A (mirror
surface) and sample B (cloudy surface) are shown in Figs.
7(a)-7(d), respectively. Similar results were obtained for
samples C-F. The peak position of Ba 3ds, state for not oxi-
dized BaSi, due to in situ CaF, capping was also shown in
Fig. 7(a).* The broad peak around 532 ¢V in Fig. 7(b) origi-
nates from Ba-related oxides such as BaO and BaCOs;, and
BaOH.***® Hydrocarbons due to surface contaminations
also exist. We attribute the broad peak around 103eV to
Si-related oxides such as SiO, and SiO.(x <?2), and that
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10' -( )g‘.- m m
. Cloudy surface
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3 10 :_ --IIIIIII.I..
Ng ':,.. ° ‘::'
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FIG. 6. Relationships between (a) tsgy and BaSi>(600) FWHM, and (b)
Tsry and a-axis lattice constant of BaSi,.
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FIG. 7. Normalized XPS spectra of (a) Ba 3ds,, (b) O 1s, (c) Si 2p, and (d)
C s states for samples A (mirror surface) and B (cloudy surface). The peak
position of not oxidized BaSi,* is also shown in (a).

around 99 ¢V to Si.*’ However, we see no distinct difference
in XPS spectra between samples A and B, in contrast to our
prediction. Another problem with these BaSi, films in sam-
ples A-F was that we were not able to control the surface of
BaSi, regarding whether it became cloudy or remained mir-
ror after we exposed them to air. This means that the forma-
tion of BaSi, films with longer tsgy; was out of control.

In order to control the BaSi, surface, we next grew two
samples G and H, that is, 450 nm-thick BaSi, epitaxial films,
followed by capping with a 3nm Ba or Si layer at low tem-
peratures (100 °C), respectively. These BaSi, films showed
mirror surfaces. Figure 8 shows the 12 x 12-um? EBSD ori-
entation maps and distribution histograms of grain area frac-
tion in samples G and H. Average grain areas calculated
from the histograms are also presented, which were 3.8 and
5.9 um?, respectively. The important result is that the u-PCD
measurements revealed that tgry was approximately 10 and
7 us, respectively, as shown in Fig. 9. This means that the

Sample G

Sample H

2 2

107 10" 10” 10" 10
Grain area (umz)

-2 -1 0 1
107 10 10" 10 , 10
Grain area (um")
FIG. 8. 12 x 12-um* EBSD crystal orientation maps of the BaSi, epitaxial

films and distribution histograms of BaSi, grain area fraction in samples G
and H. Average grain areas calculated from the histograms are also presented.
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FIG. 9. Dependence of tsgry on average grain area of BaSi, for all the
samples.

Tsru Was almost the same as those with cloudy surfaces.
This result is a significant progress because the capping with
a Ba or Si layer enabled us to intentionally form BaSi, films
with large tsgy. In order to investigate the surface of these
BaSi, films, XPS measurements were also performed as
shown in Fig. 10. The distinct peaks in the Ba 3ds;, O s,
and C ls states suggest the existence of oxides such as
BaCOj; and BaO, and others like BaOH and hydrocarbons in
sample G, BaSi, capped with the Ba layer. On the other
hand, oxidation of Si was promoted in sample H, BaSi,
capped with the Si layer. These results seem reasonable to
suppose that the topmost Ba and Si layers got oxidized after
the exposure of samples to air. However, it is difficult to
identify the origin of large tsgy in samples B, G, and H from
the XPS spectra shown in Figs. 7 and 10. Table III presents

—— Ba capping (sample G)
— Si capping (sample H)

(a) Ba 3ds,

Intensity (arb. unit)

785 780 775

= 1(c) Si2p| [(d) Cls
- |
S C-C
) | C-H
z co)
w)
5
kE i

Si0,  §i-si C=0,0=C-O0 .

110 105 100 95295 290 285 280
Binding energy (eV)

FIG. 10. Normalized XPS spectra of (a) Ba 3ds, (b) O 1s, (c) Si 2p, and (d)
C s states for samples G (mirror surface) and H (mirror surface).
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TABLE III. Relative elemental compositions of Ba, O, Si, and C in the sur-
face regions of BaSi, in samples A, B, G, and H, measured by XPS.

Sample Ba (6] Si C

A 6.3 33.8 7.4 52.5
B 9.7 45.8 17.0 27.5
G 15.6 49.3 13.0 22.1
H 3.7 46.3 31.6 18.3

the relative elemental composition of Ba, O, Si, and C atoms
in the surface region of BaSi, in samples A, B, G, and H. We
see that the O ratio is smaller only in sample A than those in
the other three samples. Considering the fact that tgry was
much smaller only in sample A among the above four sam-
ples, one explanation is that O atoms have something to do
with large tsgy. Our previous finding of extremely low sur-
face recombination velocity (8.3 cm/s)> of annealed BaSi,
films may also be attributed to the existence of thin oxidized
layer, which was formed by annealing. Surface passivation is
widely known in Si capped with oxides such as SiO, and
ALO;. 7% At present, we do not have sufficient data to dis-
cuss with further. Thus, further studies are mandatory; how-
ever, we may reasonably conclude that it is not the GBs but
the surface that significantly influence the tggry, thereby
minority-carrier lifetime in the BaSi, epitaxial films on
Si(111). It is also safely stated that the capping with a Ba or
Si layer enables us to form BaSi, films with large tsry.

IV. SUMMARY

We fabricated approximately 0.5-pm-thick g-axis ori-
ented undoped n-BaSi, epitaxial films with various average
grain areas ranging from 2.6 to 23.3 um* on Si(111) by
MBE, and measured their 7tggy as a measure of
minority-carrier properties. BaSi, films with mirror surfaces
showed small tqry (ca. 0.4 us), while those with cloudy
surfaces much larger tsgry (ca. 8 us). tsgy did not depend on
the average grain area of BaSi,, but significantly on the sur-
face condition of these films. The problem was that we were
not able to control the surface of BaSi, films to become ei-
ther mirror or cloudy after exposed to air. This problem was
solved by the in situ capping with a 3nm Ba or Si layer on
BaSi,, enabling us to intentionally form BaSi, with large
Tsry- The Tsry Was as large as those in BaSi, films with
cloudy surfaces. This is an important achievement for solar
cell applications of BaSi,. The XPS analyses implied that the
O atoms may play an important role to make tgry large.
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