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We studied the surface passivation effect of hydrogenated amorphous silicon (a-Si:H)
layers on BaSi2 films. a-Si:H was formed by an electron-beam evaporation of Si, and
a supply of atomic hydrogen using radio-frequency plasma. Surface passivation effect
was first investigated on a conventional n-Si(111) substrate by capping with 20 nm-
thick a-Si:H layers, and next on a 0.5 µm-thick BaSi2 film on Si(111) by molecular
beam epitaxy. The internal quantum efficiency distinctly increased by 4 times in a wide
wavelength range for sample capped in situ with a 3 nm-thick a-Si:H layer compared to
those capped with a pure a-Si layer. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5025021

It is important for solar cell materials to have a large absorption coefficient (α), a suitable band
gap, and superior minority-carrier properties to give a high conversion efficiency (η). Semiconducting
barium disilicide (BaSi2),1,2 composed of earth-abundant elements, has all these properties such as
a band gap of 1.3 eV,3 a large α of 3 × 104 cm-1 at 1.5 eV,3–6 inactive grain boundaries,7 and a large
minority-carrier lifetime (τ ∼ 10 µs).8,9 Since BaSi2 can be grown epitaxially on a Si substrate10 and
its band gap can be increased by adding other elements such as Sr and C,11,12 BaSi2 is a material of
choice for targeting η > 30% in Si-based tandem structure solar cells. We have achieved η approaching
10% in a p-BaSi2/n-Si heterojunction solar cell capped with a pure amorphous Si (a-Si) layer by an
electron-beam (EB) evaporation.13,14 The a-Si capping layer prevents oxidation of the BaSi2 surface
and acts as a good electrical contact for hole transport in the a-Si/BaSi2 structure, which was evidenced
by hard x-ray photoelectron spectroscopy.15 Surface passivation is very important for materials like
BaSi2, which possess large α, because the short-wavelength light is absorbed in the region close to the
surface. For example, α reaches 5× 105 cm-1 at a wavelength of 400 nm for BaSi2,5 meaning that most
of the photons at this wavelength are absorbed as they pass only 60 nm (1/α × 3 = 60 nm) through the
BaSi2 layer, and electrons and holes are generated. Therefore, defective surface deteriorates the solar
cell performance. According to surface structure analysis of BaSi2 epitaxial layers using Coaxial-
Collision Ion Scattering Spectroscopy by Katayama et al.,16,17 an a-axis-oriented BaSi2 epitaxial film
is terminated by Si4 tetrahedra. First-principle calculations revealed that Si vacancies in Si4 tetrahedra
are most likely to exist as native point defects in BaSi2,18 and induce localized states within the band
gap. Actually, the photoresponsivity, carrier type, and carrier concentration of undoped 0.5 µm-thick
BaSi2 epitaxial films are quite sensitive to Si vacancies.19 Therefore, the capping of a BaSi2 layer
with a hydrogenated a-Si (a-Si:H) layer rather than a pure a-Si layer is considered preferable for
BaSi2 from the viewpoint of surface passivation of topmost Si4 tetrahedra. However, there has been
no report on how effective an a-Si:H capping layer behaves on BaSi2. By using a-Si:H to passivate
crystalline Si (c-Si) surface, the outstanding carrier lifetime and surface recombination velocity were
obtained.20 The most common method to form a-Si:H layers is plasma-enhanced chemical vapor
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deposition (PECVD),21 where silane is decomposed by radio frequency (RF) plasma. In this paper,
we form a-Si:H layers by an easier method than PECVD, that is an EB evaporation of Si with a
simultaneous supply or a subsequent supply of atomic hydrogen using RF plasma. Internal quantum
efficiencies (IQE) of BaSi2 films capped with a-Si:H layers were drastically improved by a factor of
4 compared to those capped with pure a-Si layers.

An ion-pumped molecular beam epitaxy (MBE) system equipped with a standard Knudsen cell
for Ba, an EB gun for Si, and an RF plasma source for atomic hydrogen was used in this experiment.
The details of all samples are summarized in Table I. Regarding the substrate temperature (TS) during
the deposition of a-Si, a-Si:H depositions at TS = 180�200 ◦C are recommended in PECVD.22 Besides,
even a pure a-Si capping layer deposited at TS = 180 ◦C acts as a passivation layer for BaSi2.13,14 We
hence set TS at 180 ◦C in many samples.

Firstly, we formed approximately 150 nm-thick a-Si:H layers on Al(200 nm)-covered n-Si sub-
strate to confirm the presence of Si-H bonds in the grown layers (sample B�G). The Al layer eliminates
the Raman signals related to the Si substrate. We set the RF power at 70 W and the vacuum level at
10-3 Pa for atomic hydrogen, and applied two different growth methods, that is the post-deposition
(PD) method and the co-deposition (CD) method. The difference between these two methods is
whether the hydrogen plasma was supplied to the a-Si layer subsequently or simultaneously. TS and
hydrogen supply duration (tH) were the parameters to be controlled. For comparison, we deposited
a pure a-Si layer at TS = 180 ◦C on Al/c-Si (sample A). Raman spectra were measured by Raman
spectrometer (JASCO, NRS-5100) using a frequency doubled Nd: YAG laser (532 nm, 5.1 mW).
The spectral resolution was not worse than 4.2 cm-1. Secondly, we confirmed the passivation effect
of approximately 20 nm-thick a-Si:H layers in samples H and I by measuring the effective carrier
lifetime (τ) of a medium-doped Czochralski (CZ) n-type Si(111) substrate (resistivity ρ = 6�9Ωcm)
using a quasi-steady-state photoconductivity method (QSSPC; Sinton Instruments, WCT-120 lifetime
tester). For this purpose, we mirror-polished both front and back surfaces of the Si(111) substrate, and
deposited a-Si:H layers on both sides at 180 ◦C. Thirdly, we applied a-Si:H layers to approximately
0.5 µm-thick undoped-BaSi2 epitaxial films on a low-ρ CZ n+-Si(111) substrate (ρ < 0.009 Ωcm)
for photoresponse measurement. Such a low-ρ substrate makes the contribution of photogenerated
carriers in the Si substrate negligible. After the MBE growth, 3 nm-thick a-Si or a-Si:H capping layers
were deposited at 180 ◦C for sample K�N. Then, 80 nm-thick indium-tin-oxide (ITO) electrodes with
a diameter of 1 mm were sputtered on the front side and 150 nm-thick Al was sputtered at the back
side. Photoresponse spectra were evaluated by a lock-in technique using a xenon lamp with a 25-cm-
focal-length single monochromator (Bunko Keiki, SM- 1700A and RU-60N). The light intensity of
the lamp was calibrated using a pyroelectric sensor (Melles Griot, 13PEM001/J). Reflectance spectra
were evaluated with a reflection measurement system using a xenon lamp with an integrating sphere.
The depth profile of H atoms was characterized by secondary ion mass spectrometry (SIMS) by using
3.0 kV Cs+ primary ions. All measurements were performed at room temperature.

TABLE I. Sample preparation details: structure, a-Si thickness (da-Si), fabrication method, substrate temperature (TS),
hydrogen irradiation duration (tH), a-Si deposition duration (tSi), and peak position of SiTO are specified.

Sample Structure da-Si (nm) Method TS (◦C) tH (min)/tSi (min) SiTO (cm-1)

A a-Si/Al/c-Si 150 Deposition 180 0/180 468.2
B a-Si:H/Al/c-Si 150 CD 180 180/180 470.2
C a-Si:H/Al/c-Si 150 PD 180 60/180 470.9
D a-Si:H/Al/c-Si 150 PD 180 90/180 470.9
E a-Si:H/Al/c-Si 150 PD 180 180/180 471.8
F a-Si:H/Al/c-Si 150 CD 280 180/180 471.9
G a-Si:H/Al/c-Si 150 CD 80 180/180 501.3
H a-Si/c-Si/a-Si 20 Deposition 180 0/20
I a-Si:H/c-Si/a-Si:H 20 PD 180 10/20
K a-Si/BaSi2/Si 3 Deposition 180 0/3.5
L a-Si:H/BaSi2/Si 3 PD 180 1.75/3.5
M a-Si:H/BaSi2/Si 3 PD 180 5/3.5
N a-Si:H/BaSi2/Si 3 CD 180 3.5/3.5
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FIG. 1. (a) Representative emission spectrum of hydrogen plasma set at 70 W and 10-3 Pa. (b) Raman spectra of Al(200 nm)/
c-Si sample and approximately 150 nm-thick a-Si and a-Si:H layers formed on Al(200 nm)/c-Si in samples A�G.

Figure 1(a) shows a representative emission spectrum of hydrogen plasma obtained at 70 W. In
the hydrogen plasma spectrum, three peaks denoted by E32, E42, and E52 correspond to electron tran-
sitions from excited states (n=3, 4, and 5) to the first excited state (n=2), respectively, belonging to the
Balmer series.23 The Raman spectra of samples A�G are shown in Fig. 1(b). Raman peaks due to Si-Si
bonds in a-Si such as transverse acoustic (TA) phonon and transverse optical (TO) phonon can be seen
at around 180 and 480 cm-1,24 respectively, in all the samples except the Al/Si sample. No evidence
of the peak at 520 cm-1 indicating scattering from TO-like phonons in crystalline Si was observed.
These Raman scattering results confirm that thin films are a-Si layers. Table I summaries the peak
position at around 480 cm-1 in samples A-G. The nanocrystalline volume fraction of a-Si increases
upon hydrogen exposure,25 leading to the peak shift to higher wavenumbers. S. Sriraman et al. inves-
tigated hydrogen-induced crystallization of a-Si upon exposure to hydrogen through a combination
of molecular-dynamics simulations and in situ attenuated total-reflection Fourier-transform infrared
spectroscopy.26 They found that hydrogen atoms rearrange the a-Si network to crystallize even at very
low temperatures. This is in contrast to thermal annealing, which leads to crystallization as a result of
thermal fluctuations at high temperatures. In samples B�F, Raman peaks corresponding to vibrations
of Si-H bonds were observed at around 2000 cm-1,27 meaning that Si-H bonds were formed by the irra-
diation of hydrogen by both the CD and PD methods. Raman peaks due to the vibrations due to Si-H2

bonds were observed at 2090 cm-1 in samples B and F. In contrast, the formation of Si-H2 bonds was
not detected in samples C�E formed by the PD method regardless of tH. These results imply that the Si-
H2 bonds were formed only by the CD method. In sample G, however, both Si-H and Si-H2 bonds did
not exist, meaning that TS = 80 ◦C is not sufficient to form Si-H bonds. It was reported by Nakamura
et al.,28 that the Si-H2 bonds are responsible for light-induced degradation of a-Si solar cells. On the
basis of these results, we chose the PD method rather than the CD method and went forward to the next
experiment. Figure 2 shows the SIMS depth profile of hydrogen and secondary ions (Si, Al) intensities
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FIG. 2. SIMS depth profile of hydrogen atoms and secondary ions (Si, Al) in sample C.

in sample C, formed by the PD method. The hydrogen concentration was found to be approximately
1 × 1021 cm-3 in the a-Si:H layer. Please note that the hydrogen concentration was corrected only in
the a-Si layer in Fig. 2 using a reference sample, where controlled number of hydrogen atoms was
doped.

The values of τ of samples H and I were measured by QSSPC and compared with that of the
same Si substrate without a-Si capping layers in Fig. 3. The density of photoexcited electron-hole
pairs was approximately 1 × 1015 cm-3. The τ increased distinctly from approximately 8 µs for the
bare Si substrate to 12 µs for sample H, capped with pure a-Si layers, and further to 17 µs for sample
I, capped with a-Si:H layers, demonstrating that the capping with a a-Si:H layer formed by the PD
method is an effective means to passivate the defective surface states of the c-Si substrate. It should
be noted that these measured values of τ were smaller than those reported for conventional c-Si with
a similar ρ. Among many factors which affect recombination losses, we suppose that the surface
recombination is dominant because we ourselves mirror-polished the back surfaces of the Si(111)
substrate used.

Next, we discuss the photoresponse spectra of samples K�N as shown in Fig. 4(a). The bias
voltage of �0.3 V was applied to the ITO electrode with respect to the Al electrode so that the
photogenerated holes would be extracted to the ITO electrode. The measured photoresponsivities
were converted into IQE values using the reflectance spectra. The IQE began to increase sharply for
wavelengths λ shorter than approximately 1000 nm, which corresponds to the band gap of BaSi2.
The IQE was the smallest for sample K, BaSi2 capped with a pure a-Si layer, and was improved by
capping with a a-Si:H layer formed by the CD method in sample N. Much further improvement was
achieved for samples L and M, BaSi2 capped with a-Si:H layers by the PD method. We note here that
the IQE was higher for sample M (tH = 5 min) than sample L (tH = 1.75 min). These results provide

FIG. 3. Effective carrier lifetimes of c-Si(111) substrate (ρ = 6�9 Ωcm), and the c-Si(111) substrates covered on both front
and back mirror surfaces with approximately 20 nm-thick pure a-Si (sample H) and a-Si:H layers (sample I). The density of
photoexcited electron and hole pairs was approximately 1015 cm-3.
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FIG. 4. (a) IQE spectra of approximately 0.5 µm-thick BaSi2 layers capped with approximately 3 nm-thick pure a-Si (sample
K) and a-Si:H layers (samples L�N). The bias voltage of �0.3 V was applied to the front ITO electrode with respect to the
n-Si substrate. (b) IQE improvement ratio of samples L�N normalized using those of sample K.

strong evidence that a-Si:H is more preferable than pure a-Si for BaSi2. As for the CD method, we
speculate that the hydrogen atoms stroke the BaSi2 surface at the initial formation stage of the a-Si:H
layer and hence the IQE was suppressed in sample N compared to those of samples M and L formed
by the PD method.

Figure 4(b) shows the IQE improvement ratio of samples L�N normalized using that of
sample K. The IQE values of sample M were larger by a factor of 4 than those of sample K. The IQE
improvement was pronounced especially in the short wavelength region (λ < 400 nm). This is inter-
preted to originate from reduced interface states at the a-Si:H/BaSi2, suppressing the recombination of
photogenerated carriers in the region close to the surface. The IQE was improved over the wide λ range
in contrast to our prediction. We suppose that the diffused hydrogen atoms might passivate the defect
levels in the bulk region of BaSi2, leading to the improvement of IQE spectra in a wide wavelength
range.

In summary, we have formed a-Si:H layers by an EB evaporation of Si and a supply of atomic
hydrogen using RF plasma. The Si-H bonds were confirmed by Raman spectroscopy and the density
of hydrogen atoms was approximately 1021 cm-3 by SIMS. a-Si:H layers formed by the CD method
contained both Si-H and Si-H2 bonds, whereas those by the PD method did not contain Si-H2 bonds.
That’s why we chose the PD method. Surface passivation effect of a-Si:H layers formed by the PD
method at 180 ◦C was confirmed by the increase of the τ of c-Si (ρ = 6�9 Ωcm) capped with a-Si:H
layers. It was increased from approximately 8 for the bare c-Si substrate to 17 µs by QSSPC. The
IQE of a 0.5 µm-thick BaSi2 film capped in situ with a 3 nm-thick a-Si:H layer by the PD method
at 180 ◦C was improved by a factor of 4 compared to those capped with a pure a-Si capping layer
especially in the short wavelength region λ < 400 nm. Thereby, the capping of a BaSi2 film with a
a-Si:H layer is a very effective means to improve the photoresponsivity of BaSi2. This is an important
achievement for solar cell applications of BaSi2.
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