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ABSTRACT

Barium di-silicide (BaSi,) is a very promising absorber material for high-efficiency thin-film solar cells, due to its suitable bandgap, high
light absorption coefficient, and long minority-carrier lifetime. In this study, we compare the nanostructure, layer composition, and point
defects of BaSi, thin films deposited by Radio Frequency (RF) sputtering, Thermal Evaporation (TE), and Molecular Beam Epitaxy (MBE),
using Doppler Broadening Positron Annihilation Spectroscopy (DB-PAS) depth profiling, Raman spectroscopy, and x-ray diffraction. Our
DB-PAS study on thermally annealed RF-sputter deposited and on TE-deposited BaSi, layers, in a comparison with high quality BaSi, films
produced by MBE, points to the presence of vacancy-oxygen complexes and Si or Ba mono-vacancies, respectively, in the (poly)crystalline
BaSi, films. The degree of near-surface oxidation increases, going from MBE and TE to the industrially applicable RF-sputtered deposition
synthesis. The use of a-Si capping layers on the thermally annealed RF-sputtered BaSi, films leads to a clear reduction in sub-surface
oxidation and improves the quality of the BaSi, films, as judged from DB-PAS.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126264

I. INTRODUCTION attainable conversion efficiency of BaSi, homojunction solar cells
is ~25%" and an experimental conversion efficiency of 9.9% has
already been reported for p-BaSi,/n-Si heterojunction solar cells
where the BaSi, film was grown by Molecular Beam Epitaxy
(MBE)." MBE-grown samples currently lead to the best solar cell

performances, as the resulting BaSi, films exhibit the most defect-

Barium di-silicide (BaSi,) is a promising absorber material for
high-efficiency thin-film solar cells. BaSi, has an orthorhombic
structure that is stable in ambient conditions, and both constituent
elements, silicon and barium, are abundant and of low toxicity.
This semiconducting material possesses a suitable bandgap

(Eg~ 1.3 eV) for solar energy conversion,' a high optical absorp-
tion coefficient (o) reaching 10°cm™ for photon energies above
1.5eV,> a large minority-carrier diffusion length of ~10um, and a
long minority-carrier lifetime T~ 10—27us.” Theoretically, the

free structures as judged by Transmission Electron Microscopy
(TEM). However, MBE is a costly and time-consuming technique,
limiting its applicability in industrial solar cell production pro-
cesses. Other techniques, such as Thermal Evaporation (TE) and

J. Appl. Phys. 127, 085304 (2020); doi: 10.1063/1.5126264
Published under license by AIP Publishing.

127, 085304-1


https://doi.org/10.1063/1.5126264
https://doi.org/10.1063/1.5126264
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5126264
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5126264&domain=pdf&date_stamp=2020-02-27
http://orcid.org/0000-0001-7127-3338
http://orcid.org/0000-0002-7399-6043
http://orcid.org/0000-0003-0042-5896
http://orcid.org/0000-0002-7643-8768
http://orcid.org/0000-0001-6012-4986
http://orcid.org/0000-0002-0602-2847
http://orcid.org/0000-0002-1710-360X
http://orcid.org/0000-0002-1477-5515
http://orcid.org/0000-0001-7673-0163
mailto:S.W.H.Eijt@tudelft.nl
mailto:O.Isabella@tudelft.nl
https://doi.org/10.1063/1.5126264
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

Radio Frequency (RF) magnetron sputtering, have been used in
previous studies to successfully produce BaSi, thin films.’
Polycrystalline BaSi, thin films can be synthesized through indus-
trially applicable RF-sputtering processes followed by a post-
annealing treatment. Nevertheless, previous research shows that
this technology faces relevant issues related to material synthesis
and quality control, since the high temperature annealing in the
range of 600-700°C, that is necessary for the crystallization of
deposited BaSi, films, also leads to the appearance of an inhomoge-
neous and layered structure.” Besides, the formation of a sub-
surface oxide layer during annealing was observed.”

In this study, we apply Doppler Broadening Positron
Annihilation Spectroscopy (DB-PAS) as a sensitive, non-destructive
technique to examine the presence of open volume defects and
local oxidation of the layers in a depth-resolved manner.™"
Samples produced by MBE, TE, and RF-sputtering were compared
using Raman spectroscopy, x-ray diffraction (XRD), and DB-PAS.
The RF-sputtered samples were capped with a-Si layers of varying
thickness in order to examine their effectiveness in mitigating
oxidation.

-7

Il. EXPERIMENTAL

BaSi, films were deposited on Si(111) substrates using MBE,
TE, and RF magnetron sputtering, and an a-Si cap layer was depos-
ited on top of each BaSi, sample. For the MBE samples, a 20-nm
template layer of BaSi, was first deposited on a Si(111) wafer by
reactive deposition epitaxy. Subsequently, Ba and Si were
co-evaporated on the BaSi, template at 600 °C until a thickness of
500 nm was reached. The ratio of Rg,/Rs; = 2.2 of Ba and Si deposi-
tion rates was used in the MBE growth in order to minimize the
formation of Si vacancies, leading to p-type BaSi, films with resid-
ual hole concentrations below 10*® cm™>.'> For the TE samples,
BaSi, granulates were melted in a tungsten boat in a vacuum
chamber and evaporated by resistive heating. The vapor was depos-
ited on a Si(111) substrate at 600 °C. For the RF-sputtering samples,
an RF magnetron sputtering setup (Kurt J. Lesker) was used with a
stoichiometric ceramic BaSi, target (Tosoh). The background pres-
sure was maintained at 0.10Pa during deposition with Ar gas.
Subsequently, a capping layer of a-Si was deposited, following the
same procedure as for the BaSi, film, using a Si target instead of a
BaSi, target. Finally, the RF-sputter deposited BaSi, films were
annealed at 600 °C. All samples were characterized by Raman spec-
troscopy and x-ray diffraction (XRD) to examine the presence of
orthorhombic BaSi, and other crystalline phases. Raman spectra
were acquired by an InVia Raman microscope (Renishaw) with an
excitation wavelength of 633 nm and collected under top side illumi-
nation of the sample. XRD patterns were determined using an X Pert
Pro x-ray diffractometer equipped with an ultrafast linear semicon-
ductor PIXcel detector, using Cu Ko radiation (A=0.154 nm). The
x-ray incidence angle @ was fixed at 0.5°. This small angle of inci-
dence was chosen to maximize the interaction of the x-ray beam
with the BaSi, thin films with thicknesses of up to 1 um. The pres-
ence of open volume defects and the layered structure of the samples
was studied by Doppler Broadening Positron Annihilation
Spectroscopy (DB-PAS) using the mono-energetic low energy posi-
tron beam VEP.*>'’ The momentum windows used to extract the

ARTICLE scitation.org/journalljap

Doppler S- and W-parameters are, respectively, p; < 3.0 x 107> mc
and 8.2x 1072 myc < prL<23.4x 1072 mec, with longitudinal momen-
tum pp =2AE/c and AE the Doppler shift in energy of the detected
annihilation y-ray. The S-parameter is a measure of positron annihi-
lation with valence electrons, which provides sensitivity to the pres-
ence of open volume defects such as vacancies or vacancy
clusters.””"" The W-parameter is a measure of annihilation with
(semi-)core electrons, providing chemical sensitivity to the positron
trapping site.””'" A liquid-nitrogen-cooled high-purity Ge (HPGe)
detector with an energy resolution of 1.3 keV was used to determine
the energy of the emitted annihilation y-rays.'” The Doppler depth
profiles collected in the range of 0.1-24 keV were fitted using the
VEPFIT software."’

I1l. RESULTS AND DISCUSSION
A. Raman spectroscopy

Figure 1(a) presents the Raman spectra for the RF-sputter, TE,
and MBE samples. All the samples show the presence of the five
Raman bands characteristic of orthorhombic BaSi,,”'* correspond-
ing to the three vibrational modes E; (~295 cm™! and ~360 cm™),
Fg (~276 cm™ Y, ~355cm™Y, and ~376 cm_l), and Ag (~486 cm_l),
indicating successful deposition of crystalline BaSi, in the ortho-
rhombic structure that is suitable for photovoltaic applications. The
MBE and TE samples, as well as some of the RF-sputter deposited
samples, show the presence of two additional but low intensity
peaks at ~560 cm™* and ~580 cm ™" that could stem from Ba-Si-O
phases such as Ba;SisO;3, Ba,Si;Og, or BaO-Si0,'>'® that can also
be discerned in some of the collected XRD patterns. The Raman
spectra of the TE sample show two additional peaks at around
260cm™ and 315cm™" that may arise from BaO-SiO, and/or
Ba,Si;0;' "¢ indicating a higher degree of oxidation than the MBE
sample. In turn, RE-sputter deposited samples reveal the presence
of a sharp 250 cm™" peak that diminishes with increased thickness
of the a-Si cap layer and that can be attributed to the presence of
oxides in the sub-surface layer, namely, BaO (242 cm™"),"” SiO,
(245cm™),'® and/or BaSiO; (247 cm™)."” Moreover, a pro-
nounced Raman peak at 520 cm™ is present in this case, increasing
in intensity with thickness of the a-Si cap layer. The presence of
this Raman peak is caused by the formation of Si nanocrystals™ in
the top part of the sample or at the interface between the a-Si cap
layer and the BaSi, film, induced by the high temperature thermal
annealing at 600 °C required for recrystallization of the BaSi, layer.”
For the MBE sample, the synthesis procedure used in our study
includes the same processing step as in Ref. 6 to deposit a 5nm
a-Si on top of the BaSi, film, as evidenced by TEM.’

B. X-ray diffraction

Figure 1(b) shows the measured XRD patterns for each type of
sample. The dashed lines together with the Miller indices for dif-
fraction peaks of orthorhombic BaSi, show that in all three
samples, the orthorhombic BaSi, phase is the dominant crystalline
fraction, in accordance with the Raman analysis. The MBE sample
clearly shows a less polycrystalline character and more preferred
orientation than the other samples. We note that, since a grazing
incidence XRD geometry (with @=0.5°) was used in the present
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study rather than a 6-20 geometry that is suitable to detect pre-
ferred orientation, the present BaSi, film may still exhibit the
expected (200), ie., a-axis, preferred orientation parallel to the
sample surface normal as determined in Ref. 12. The additional
diffraction peak at 20 =55.5° can be attributed to the Ba;Si;O;;3
phase. The TE and RF-sputtered samples are clearly more oxidized,
as they show additional diffraction peaks that can be linked to
Ba-Si-O compounds, such as Ba;SiOs, Ba;Sis, Ba,Si;Og, BaO,
SiO,, and BaSiOs, even when the large majority of diffraction peaks
stem from orthorhombic BaSi,. Figure 1(b) shows that SiO, is also
observed for the TE and RF-sputtered samples, indicative of surface
and sub-surface oxidation.

C. Positron annihilation spectroscopy

Subsequently, we applied positron Doppler broadening depth
profiling in order to compare the quality of the BaSi, films and
the layered structure of the samples resulting from the MBE,
TE and thermally annealed RF-sputter deposition methods.
Figures 2(a) and 2(b) show the collected positron Doppler broaden-
ing S-parameter and W-parameter depth profiles of the MBE
sample as a function of positron implantation energy. In the S and
W depth profiles, three regions can be recognized as a function of
average depth below the surface, namely, (1) the near-surface
region dominated by contributions of the a-Si cap layer and surface
annihilation (in blue), (2) the BaSi, layer (in yellow), and (3) the Si
(111) substrate (in green). The apparently gradual (instead of
sharp) transition between the layers stems from the spread in
depth at which positrons are stopped in the material at a given
implantation energy, that approximately follows a Makhovian
implantation profile.””"" The top layer of this sample consists of

10 nm of a-Si, which is very thin compared with the thickness of
the BaSi, layer of ~500 nm. For this reason, the Doppler depth pro-
files show a fast transition between the surface value for the S (W)
parameter at the lowest energies toward the high S (low W) param-
eter of the bulk BaSi, film, which is finally reached at about 5 keV.
The S and W values characteristic of the 10 nm thin a-Si layer are
thus hidden in the fast change of S and W in the low energy range
of 0-1.5 keV. At high energies beyond 5 keV, an increasingly larger
fraction of the implanted positrons is stopped in the Si(111) sub-
strate, leading to a gradual transition between the BaSi, film and
the substrate due to the broad Makhovian implantation profiles at
high energies.

A good agreement of the VEPFIT analysis using a three-layer
model [a-Si, BaSi, and a semi-infinite Si(111) substrate] and
the measured data could be obtained, with S- and W-parameters
of the Si(111) that are consistent with extracted values of
Seubstrate = 0.5681 £0.0003 and  Wupsirate = 0.0293 £ 0.0005 from
independent measurements on bare substrates. In Fig. 2(c), the cor-
responding S-W diagram is shown, which provides a facile way to
identify S-W points of individual layers, since to first approxima-
tion most of the S-W points of the depth profiles are positioned on
straight lines connecting the S-W points of neighboring layers in
the S-W diagram.'’ Figure 2(c) shows that at low energy, most pos-
itrons annihilate at the surface leading to a high W and low
S-parameter (top-left corner). As the positron implantation energy
increases, more positrons annihilate, first, in the a-Si layer, and sub-
sequently, at higher energies, annihilate in the underlying BaSi,
layer, with the S-W data point moving from top-left to the bottom-
right corner, at which the S-parameter reaches its maximum value.
The S-W point corresponding to annihilation in the BaSi, layer is
represented by the yellow star in the S-W diagram, with
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the VEPFIT analysis and corresponds to the energy where the fractions of positrons annihilating in the two neighboring layers are equal.

Spasi, =0.596 £ 0.003 and Wg,g;, = 0.0237 +0.0005 extracted from
the VEPFIT analysis. The BaSi, film produced by MBE is consid-
ered to be almost defect-free, since MBE growth of BaSi, films
using Rp,/Rg; ratios in the range 2.0-2.6 leads to suppression of Si
vacancy formation, with vacancy concentrations well below typical
residual hole concentrations of 10°-10'® cm™3,'? i.e., below the
detection limit of PAS of ~10'®cm™."" Since the formation energy
of Ba vacancies in BaSi, is generally higher than for Si vacancies in
BaSi,,”' we assume that the MBE-grown BaS$i, film contains a low
concentration of Ba vacancies that is not detected by PAS either.
We note that a rigorous test of this conjecture requires positron
annihilation lifetime studies in combination with ab initio calcula-
tions.'""** In this study, we take the extracted S and W values of the
MBE-grown BaSi, film as reference parameters characteristic for
defect-free (high quality) BaSi, as a comparative tool in the further
analysis of the samples produced by the TE and RF-sputter deposi-
tion methods.

In Figs. 3 and 4, the same type of analysis was applied to the
DB-PAS depth profiles obtained for the thermally evaporated (TE)
and the RF-sputtered samples. A similar three-layer structure as for
the MBE sample is visible for the TE sample, but quantitative dif-
ferences are observed. A much broader plateau in the S-parameter
and W-parameter depth profiles is present, which results from the
larger thickness of ~1000 nm for the BaSi, layer [Fig. 3(d)]. Most
importantly, the S-parameter of the TE BaSi, film is about 2%
higher than the reference value deduced from the MBE sample,
while the W-parameter has decreased by ~8% (Table I). This sug-
gests the formation of Ba or Si mono-vacancies (and possibly also
di-vacancies) in the BaSi, crystal lattice. In particular, previous
studies on c-Si indicate an estimated increase of 3% in S and
decrease of 20% in W for mono-vacancies in c-Si compared to

defect-free c-Si, while di-vacancies lead to somewhat larger changes
of +4% in S and -25% in W (see Ref. 23 and references therein).
Furthermore, ab initio calculations indicate moderate formation
energies of Si mono-vacancies in BaSi,, in the range of 1.11-
1.24 eV for the Si located at 3 inequivalent positions in the BaSi,
unit cell.'”” The moderate formation energies suggest that such Si
vacancies in BaSi, may play an important role in deterioration
of the performance of BaSi, solar cells, as they will lead to the
presence of defect states within the bandgap.'” However, since
Si is more electronegative than Ba, it may exhibit a local effec-
tively negative charge in BaSi,, similar to the case of Mg,Si.”* Si
vacancies thus might relatively easily carry a net positive charge,
leading to repulsion of the positron and a very small positron
trapping probability. Indeed, recent ab initio calculations”' show
that the dominant vacancy in BaSi, is a positively charged Si
mono-vacancy under most conditions, while negatively charged
Si mono-vacancies may still occur at high Fermi energy condi-
tions. Therefore, the changes in S and W might also be related
to the formation of Ba mono-vacancies in the TE BaSi, film,
albeit that the formation energy of Vg, is rather high (in the
range of 1.5-3.5eV according to Ref. 21). Given the typical
grain sizes in TE BaSi, films of 50-100 nm,”” a minority frac-
tion of positrons trapping and annihilating in grain boundaries
may also occur.

Figure 4 shows the Doppler depth profiles collected for two
thermally annealed RF-sputter samples, with a-Si capping layers of
10 nm and 50 nm, respectively. The samples were deposited on dif-
ferent substrates; the sample with 10 nm of a-Si was deposited on a
Si(111) wafer and the sample with 50 nm a-Si on a Corning glass
substrate. The shapes of the depth profiles show pronounced differ-
ences, particularly at low energies in the range of up to 3 keV. The
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FIG. 3. (a) S-parameter and (b) W-parameter depth profile of TE grown BaSi, on a Si(111) wafer. Full lines are best-fit curves obtained using the VEPFIT program.
(c) S-W diagram of TE grown BaSi, on Si(111). (d) Schematic layered structure of the TE sample.

S-parameter in this energy range is clearly lower than for all layers
of the MBE and TE samples, and it is also much lower than charac-
teristic values for a-Si:H and c-Si layers. The W-parameter, on the
other hand, is large. This indicates the presence of an oxide sub-
surface layer with a thickness of around 70 nm in both cases,

consistent with Auger Electron Spectroscopy (AES) and TEM
results obtained in a previous study on thermally annealed
RF-sputtered BaSi, films.” This points to the formation of an oxide
top layer that consists of SiO,, BaO and Ba-Si-O compounds, in
accordance with Raman spectroscopy and XRD (Fig. 1).

(a) : ; (c)
0.60 st data a-Si 10 nm 000 : _ ; :
5 ~—— fitting a-Si 10 nm Surfage ' ; ¢ (e)" sonmasi
8 038 \ Corning glass
o : [ : : 500 nm BaSi,
£ 056 AR : '
8 054 ‘ , . 0.05 | R S Qornlnsslafs
* 052 ______é_,_data a-Si 50nm Surface a- §I
——fiting a-Si 50nm H 5 - i :
0'500 5 10 15 20 25 @ §
Energy (keV) E004F
(b) 008 ‘ S 5
‘4 data a-Si 50 nm @ :
5 0.05 —— fitting a-Si 50 nm__ A T [ (d) é
go ;' : = " 10nmassi BaSi,
= : ; 003}
€ 004 ~-----i- @ data a-Si 10 nm - 500 nm BaSi, , : :
Q ; fitting a-Si 10 nm - 5 : : @ o
i : 3 Si(111 : : : .
= 003 atat eyt — =
i 0.50 0.52 0.54 0.56 0.58 0.60

0o 5 10 15 20 25

Energy (keV) S-parameter

FIG. 4. (a) S-parameter and (b) W-parameter depth profile of two RF-sputtered BaSi, films capped with, respectively, 10 nm and 50 nm a-Si layers on, respectively, a Si
(111) wafer and a Corning glass substrate. Full lines are best-fit curves obtained using the VEPFIT program. (c) S-W diagram of the two RF-sputtered BaSi, samples. (d)
Schematic layered structure of the RF-sputtered samples with a top a-Si layer of 10 nm. (e) Schematic layered structure of the RF-sputtered samples with a top a-Si layer
of 50 nm.
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TABLE |. Best-fit values of the S- and W-parameters of the BaSi, films grown by MBE, TE, and RF-sputter deposition extracted using VEPFIT. The S and W values of the
MBE BaSi, film are taken as reference to determine the percentage differences of, respectively, S and W for the BaSi, layer of the other samples.

AS/S, (%)

W-parameter AW/W (%)

Sample S-parameter
MBE deposited So=10.596 £ 0.003
TE deposited 0.610 + 0.003
RF-sputtered, 10 nm a-Si 0.589 + 0.003
RF-sputtered, 50 nm a-Si 0.612 +0.003

W, =0.0237 £ 0.0005
+2.3 0.0217 +0.0005 -8

-1.2 0.0277 +0.0005 +17
+2.7 0.0258 +0.0005 +9

The depth profiles could be satisfactorily fitted using a three-
layer model [oxide top layer, BaSi, layer, and semi-infinite Si(111)
or Corning glass substrate”’]. The fitted S- and W-parameters for
the two BaSi, layers are given in Table I. The S-parameter of the
BaSi, layer of the sample with 50 nm of a-Si is ~3% larger than
that of the MBE reference layer, ie., even higher than that of the
TE sample. This indicates the formation of more or larger vacan-
cies (vacancy clusters) than that for the case of TE. However, the
increase in S is now accompanied by a clear increase in W, indicat-
ing the formation of vacancy-oxygen complexes that are character-
ized by relatively high values of W due to the presence of the
neighboring oxygen electron orbitals and correspondingly modified
local chemical environment of the positron annihilation site cen-
tered at the vacancy.

In the case of the sample with a 10nm a-Si top layer, the
S-parameter of the BaSi, layer is lower and the W-parameter much
higher than that for the MBE reference sample, strongly indicating
that compositional changes due to local oxidation and barium dif-
fusion are the dominating factors over the presence of vacancies
that are likely present in this case as well. The clear difference with
the sample with the 50 nm a-Si top layer shows that the application
of a thicker a-Si top layer aids to reduce oxidation of the layers.
This is furthermore supported by the strong reduction in intensity
of the 250 cm™' Raman peak with thickness of the a-Si top layer
and indicates a viable route to mitigate oxidation processes that is
essential in order to progress toward industrially applicable synthe-
sis of BaSi, films for photovoltaic applications. Notably, previous
studies showed that the application of (thin) cap layers, such as
AlOy and a-Si, is also beneficial for surface passivation of BaSi,
films and the enhancement of the minority-carrier lifetimes and
solar efficiencies.”*”’

IV. CONCLUSIONS

In conclusion, BaSi, films deposited by three different tech-
niques, MBE, TE, and RF-sputtering, were compared using Raman
spectroscopy, XRD analysis, and positron annihilation spectro-
scopy. All these deposition methods lead to (poly)crystalline BaSi,
films with thicknesses relevant for future high-efficiency photovol-
taic devices. Raman spectroscopy and XRD showed that oxidation
of near-surface layers and the formation of Ba-Si-O phases plays
an increasingly important role when moving toward films depos-
ited by the industrially applicable RF-sputtering method. Oxidation
can be mitigated by the application of suitable cap layers such as
a-Si and by tailoring synthesis procedures that remove oxygen from
the solar cell processing steps. MBE-grown BaSi, films present

excellent crystallinity and may serve as a benchmark to gauge the
presence of open volume defects. Our DB-PAS study shows that
TE-deposited and RF-sputter deposited BaSi, films contain, respec-
tively, Si or Ba vacancies and vacancy-oxygen complexes, which
may play an important role in limiting solar cell efficiencies as
these may give rise to unwanted defect states within the band gap.
PAS can serve as a valuable and highly sensitive tool to monitor
the presence and evolution of the vacancies in the development of
synthesis pathways for high-efficiency BaSi,-based solar cells.
Future Positron Annihilation Lifetime Spectroscopy (PALS) studies
and comparison with ab initio calculations will be beneficial to
quantify defect concentrations and the nature of vacancies in high
quality BaSi, films. Detailed insight into defect formation in BaSi,
films grown by various deposition techniques is important to
improve the material quality, constituting a crucial step on the
promising road towards high-efficiency BaSi, solar cells.
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