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Abstract
Photoluminescence (PL)measurements were carried out on 0.5-μmthick BaSi2 epitaxial films grown
on Si(111) substrates with various Ba-to-Si deposition rate ratios (RBa/RSi) in the range of 1.7–5.1. The
samples were excited fromboth the frontside (BaSi2) and the backside (Si substrate), at temperatures
in the range of 8–50 K. Thesemeasurements have highlighted the existence of localized states within
the bandgap that result fromdefects in the BaSi2 films. The PL intensity is highly dependent on the
excitation power, temperature, andRBa/RSi. Of those studied, the BaSi2 film atRBa/RSi=4.0 showed
themost intense PL andweak photoresponsivity, whereas the PL intensity wasweaker for the other
samples. Therefore, we chose this sample for a detailed PL investigation. Based on the results we
determined the energy separation between localized states, corresponding to PL peak energies. The
difference in PL spectra excited from the BaSi2-side and Si-side is attributed to the difference in kinds
of defects emitting PL. The photoresponsivity of the BaSi2 was drastically enhanced by atomic
hydrogen passivation, and the PL intensity of the sample decreased accordingly.

1. Introduction

Si thinfilm solar cells have been studied extensively in the past decade [1–6]; however, with thismaterial it is not
easy to attain a high efficiency (η), such as at the level of 20%. Thus,many researchers have beenworking on
Cu(In,Ga)(S,Se)2, CdTe, and perovskite solar cells to drive improvements in η at lower cost. However, these
materials contain nonabundant and/or toxic elements [7–11]. Thus, exploring alternativematerials for thinfilm
solar cells is very important.We have paid considerable attention to bariumdisilicide (BaSi2), which is a new
alternative for next generation solar cell applications [12]. The unit cell of BaSi2, shown infigure 1, contains eight
barium atoms (Ba) and 16 silicon atoms (Si). BaSi2 is composed of abundant elements and it can be grown
epitaxially on both Si(111) and Si(001) substrates with its a-axis normal to the substrate surface [13]. It hasmany
attractive features,making it a good candidate for solar cell applications, such as those requiring a suitable
bandgap of 1.3 eV; a large optical absorption coefficient of 3×104 cm−1 for a photon energy of 1.5 eV,which is
more than 40 times higher than that of crystalline Si [14–17]; a longminority carrier lifetime of about 10 μs
[18–20]; and a largeminority carrier diffusion length of about 10 μm [21]. Recently, with the help of a-Si
passivation layers, we achieved an η approaching 10% in p-BaSi2/n-Si heterojunction solar cells [22, 23], and
demonstrated the operation of BaSi2 homojunction solar cells [24]. To further improve the η of BaSi2 solar cells,
it is important to fabricate high-quality BaSi2 epitaxialfilms. Deep level transient spectroscopy (DLTS) revealed
that undoped-BaSi2films contain electrically active defect levels [25, 26]. DLTS is, however, available only to
defects in a depletion region.We, therefore, need to form a junction to expand the depletion region towards the
regionwhere defects exist. In contrast toDLTS, there is no such restrictions in photoluminescence (PL).Many
studies have been carried out on the defects characterization of crystalline Si using PL [27–32]. However, to the
best of our knowledge, there has been only one report on the PL of BaSi2 bulk [33]. The goal of the present study
is to evaluate the defects properties, such as the energy levels in BaSi2films. Previous research shows that the Ba-
to-Si deposition rate ratio (RBa/RSi) duringmolecular beam epitaxy (MBE)has an enormous impact on carrier
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concentration and photoresponsivity of BaSi2 [34].We therefore decided to analyze BaSi2 films grownwith
different values ofRBa/RSi by PL.We also investigate the effect of atomic hydrogen on the PL spectra of BaSi2
films because it enhancesmarkedly the photoresponsivity of the BaSi2 films [35, 36]. In this way, wewill be able
to gain improved understanding of the origin of these defects and find away to suppress or reduce them.

2. Experimental

The fabrication process for BaSi2 thinfilm is as follows: First, a Czochralski (CZ)n- Si(111) substrate (resistivity
ρ<0.01Ωcm)was cleaned by organic cleaning, which is the standard cleaning process to remove substances
such as grease. Then, the Si substrate underwent thermal cleaning (TC) in an ultrahigh vacuumchamber
maintained at 900 °C for 30 min. A 3-nm thick BaSi2 template layer was then deposited by reactive deposition
epitaxy [26], which is the deposition of Ba atoms on heated Si substrates under high vacuum, commonly 10−7 Pa
at 500 °C. This layer works as a seed crystal to control the crystal orientation of BaSi2 for subsequent fabrication.
Then, Ba and Si atomswere simultaneously codeposited byMBE at 580 °C to form a 450-nm thick
undoped-BaSi2. An important parameter duringMBE growth isRBa/RSi, which has a significant effect on the
performance of BaSi2 solar cells and forwhich the photoresponsivity reaches amaximumatRBa/RSi=2.2 [34].
In this experiment, we varied theRBa/RSi from1.7 to 5.1. Finally, a 3-nm thick a-Si layer was deposited on the
BaSi2 thinfilm at 180 °C.The a-Si capping layer suppresses the surface oxidation and behaves as a surface
passivation layer [35]. For another sample, we supplied atomicHproduced by a radiofrequency plasma gun for
15 min to a 0.5-μmthick BaSi2 epitaxial layer (RBa/RSi=2.2) at 580 °C, followed by cappingwith a 3-nm thick
a-Si layer deposited at 180 °C [35]. 80-nm thick indium-tin-oxide (ITO) electrodes of 1 mm in diameter were
sputtered on the front surface and 150-nm thick Al electrodes were put on the back surface of the Si substrate for
the photoresponsemeasurements.

Sample preparation details are summarized in table 1.
Photoresponse spectraweremeasured at RT using a lock-in techniquewith a xenon lamp and a 25 cm focal

length singlemonochromator (BunkoKeiki SM-1700A andRU-60N). The light intensity was calibrated using a
pyroelectric sensor (Melles Griot 13PEM001/J). PLmeasurements were carried out at various temperatures
ranging from8 to 50 Kby exciting the samples from the BaSi2 side and the Si side. The excitationwavelengthwas
442 or 552 nm. The PLwas analyzed by a 25 cm focal length singlemonochromator, detected by a liquid
nitrogen cooledGe pin (AppliedDetector 403L) or InP/InGaAs photomultiplier (PMT) (Hamamatsu
Photonics R5509-72) and amplified by the lock-in technique. In the Si-side excitation, the laser linewas
introduced from the Si substrate; photoexcited carriers were generated there andwere transferred to the
BaSi2/Si interface, and the PLwas detected from the BaSi2 side. The depth profile ofH atoms in 0.3-μmthick
BaSi2 epitaxial layers (RBa/RSi=2.2)was evaluated by secondary ionmass spectrometry (SIMS) using 5.0 kV
Cs

+ primary ions.

3. Results and discussion

Figure 2(a) shows the relationship betweenRBa/RSi and carrier concentration as evaluated byHall
measurements onBaSi2films grown on high-resistivity floating-zone Si(111) substrates (resistivity>103Ωcm)

Figure 1.Crystal structure of BaSi2.
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[34]. In a previous work, it was found that the carrier type of the BaSi2 films grownwithRBa/RSi=2.0 and 2.2
was p-type, and that the hole concentration of BaSi2filmswithRBa/RSi=2.2 reached aminimumof
approximately 1×1015 cm−3 [34]. Furthermore, other samples showed n-type conductivity, and the electron
concentration increases for both increasing and decreasingRBa/RSi values. The electron concentration of BaSi2
filmswithRBa/RSi=4.0was approximately 7×1017 cm−3. According tofirst-principles calculation byKumar
et al [37] Si vacancy (VSi) ismost likely to exist among point defects in BaSi2, giving rise to localized states within
the bandgap. Thus, it is considered that BaSi2films in sample E (RBa/RSi=4.0)would containmanyVSi because
it was grown under Si poor conditions.

Photoresponse spectraweremeasured for samples A–Fwith differentRBa/RSi ranging from1.7 to 5.1. A bias
voltage (Vbias) of−1 Vwas applied to the front ITO electrodewith respect to the backside Al electrode, with
results presented infigure 2(b) [34]. Samples B (RBa/RSi=2.0) andC (RBa/RSi=2.2), they being in the vicinity
of stoichiometry, present themost intense photoresponsivity. The photoresponsivity increases sharply for
photon energies higher than the bandgap of BaSi2. Low photoresponsivitymeans that photoexcited carriers
recombine before they reach the electrodes. Therefore, it is reasonable to consider that all of the samples, except
2.0 and 2.2, containmore defects. Figure 2(c) shows the PL spectra of samples A–Fmeasured at 9 Kby the
BaSi2-side excitation using a 532 nm laser. The PL intensity differs depending onRBa/RSi. Sample E
(RBa/RSi=4.0) shows themost intense PL peak, while the PL intensity is weaker for the other samples. BaSi2 is
an indirect bandgap semiconductor; therefore, intense PL is obtained onlywhen the localized states are
generated.With an increase inRBa/RSi from2.2 to 4.0, the PL increases,meaning that the localized states are
formed.However, any further increase inRBa/RSi degrades the crystalline quality toomuch, and therefore PL
could not be obtained for sample F (RBa/RSi=5.1). On the basis of these PL results, we chose sample E
(RBa/RSi=4.0) to perform a detailed PL investigation for detecting localized states within the bandgap. Please
note thatDLTSmeasurement is difficult to perform for sample E because the electron concentration of the BaSi2
films is close to 1018 cm−3 as shown infigure 2(a), and thus it is difficult to expand the depletion region towards
the BaSi2films to evaluate defect levels there.

The PL intensity against the excitation power (P) for sample E at 9 K is shown infigure 3. The inset shows the
PL spectrum atP=240 mW cm−2,measured at 9 K. The PL spectrumwaswell reproduced by fourGaussian
curves as denoted by peaks 1–4 at 0.86, 0.98, 1.04, and 1.12 eV, respectively. For the low excitation range up to
around P=10 mW cm−2, the PL intensity increases almost proportionally withP. The proportionality factor,
γ, for each spectrum is close to 1.However, for the higher excitation range, γ becomesmuch smaller than 1. This
result suggests that the PL can be ascribed to the transition of electrons between localized states within the
bandgap. In the low excitation range, as the excitation power increases, the number of electrons at higher
localized states increases, leading to an increase in PL intensity. However, formuch higher excitation, such
localized states saturate, and therefore the PL intensity also begins to saturate.

Beforemoving on to discussing the differences in PL spectra by BaSi2-side excitation versus Si-side
excitation, we refer to the band alignment of the BaSi2/Si heterostructure infigure 4. Because of the small
electron affinity of BaSi2 (3.2 eV) [38], there are large conduction band and valence band offsets at the
heterointerface. Thismeans that the transfer of holes generated in BaSi2 into Si by the BaSi2-side excitation are
blocked by a large valence band discontinuity,ΔEV, at the heterointerface. Similarly, the transfer of electrons
generated in Si into BaSi2 by the Si-side excitation are blocked by a large conduction band discontinuity,ΔEC.
Figure 5 shows the temperature dependence of the PL spectra of BaSi2filmwithRBa/RSi=4.0 excited by a
442 nm laser for (a)BaSi2-side excitations and (b) Si-side excitations. For the BaSi2-side excitation, themost
intense peak is at around 1.01 eV, and broad PL spectra consisting of several luminescence peaks are observed.
The absorption coefficient,α, at this wavelength reaches 6×105 cm−1 in BaSi2 [14], meaning that the

Table 1. Sample preparation: BaSi2 layer
thickness (d),RBa/RSi, and atomic hydrogen
supply duration (tH).

Sample d (μm) RBa/RSi tH (min)

A 0.5 1.7 0

B 0.5 2.0 0

C 0.5 2.2 0

D 0.5 3.1 0

E 0.5 4.0 0

F 0.5 5.1 0

G 0.5 2.2 15

Η 0.3 2.2 15

Ι 0.3 2.2 0
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penetration depth of the laser light is estimated to be 3/α∼50 nm. Therefore, in the case of BaSi2-side
excitation the photogenerated carriers (electron and holes) recombinewithin the BaSi2films. The PL intensity
decreases with an increase in temperature because of the increase in the nonradiative recombination rates. On
the other hand, for backside excitationwe see several peaks, including one that is very sharp at around 0.76 eV.
The quantum efficiency of the detector (InP/InGaAs PMT) is known to decrease significantly for wavelengths
beyond 1.6 μm (<0.77 eV). To confirm the presence of the sharp PL peak at around 0.76 eV, wemeasured PL
spectra using theGe pin detector, which detects wavelengths well above 1.6 μm.We alsomeasured the PL
spectrumof sample B (RBa/RSi=2.0) for comparison. As shown infigure 5(c), the sharp PL surely exists,
meaning that such sharp PL is attributed to defects around the BaSi2/Si interface. This is because
photogenerated electrons cannot be transferred into the BaSi2 film because of the largeΔEC as shown infigure 4.

Figure 2. (a)Carrier concentration and (b)photoresponse spectra of samples A-F at RT [34] and (c) their PL spectra at 9 K for BaSi2
filmswith various values ofRBa/RSi, excited from the BaSi2 side.
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Another sharp peak at around 1.08 eVwas observed infigure 5(b), which is associatedwith the Si substrate.
Compared to a significant difference in PL spectra between samples B and Ewhen excited by the BaSi2 side in
figure 2(c), there is notmuch difference in their PL spectra infigure 5(c), whichwere obtained by the Si-side
excitation. These results indicate that the defects properties around the BaSi2/Si interface such as defect levels
and their densities are almost the same in BaSi2films regardless of theRBa/RSi.

To have an in-depth understanding of localized states, we analyze the PL properties inmore detail using
figures 6 and 7. First,figure 6(a) shows theGaussian fitting curves to reproduce the PL spectrumof sample E,
BaSi2 filmswithRBa/RSi=4.0, by the BaSi2-side excitation at 8 K. The excitation powerwas 60 mW cm−2. The
spectrum is composed of three integrated peaks at 0.943 eV (peak F1), 1.016 eV (peak F2), and 1.111 eV (peak
F3), all of which have different origins. The photon energy associatedwith the PL peak corresponds to the energy
separation between two localized states within the bandgap of the BaSi2. According to theDLTSmeasurement
onBaSi2 epitaxial films [26], a hole trap level, caused byVSi, is located approximately 0.27 eV above the valence
bandmaximum (VBM). Therefore, we speculate that PL peaks F1 and F2 infigure 6(a) are related to transitions
via this hole trap level in BaSi2. Figure 6(b) shows the PL spectrumof theCZ-Si(111) substrate at 8 K, composed
of a sharp and intense peak at around 1.08 eV (red), and two small peaks at around 1.04 eV (blue), and 1.12 eV
(light blue) due to exciton-related luminescence [28]. In the case of Si-side excitation, in addition to the above
three peaks originating from the Si substrate, three peaks at 0.761 eV (peak B1), 0.843 eV (peak B2), and 0.957 eV
(peak B3) appear infigure 6(c). In our previous work [39], we found that an electron trap level located at 0.33 eV
below the conduction bandminimum (CBM) in the n-Si substrate near the BaSi2/n-Si interface, which is caused
by the TC at 900 °C for removal of oxide layers on the Si substrate.We also found that a hole trap level at 0.19 eV
above theVBMof Si, caused by the diffusion of Ba into the n-Si substrate, and an electron trap level at 0.1 eV
from theCBMof Si [40]. From the information obtained in this study, we are able to draw the diagramof a

Figure 3.BaSi2-side excitation power dependence of PL intensity for each peak for sample E (RBa/RSi=4.0) at 9 K.

Figure 4.Band alignment of BaSi2/Si.
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bandgap structure of sample E, as shown infigure 7. Thisfigure shows the energy levels and the energy
separation between two localized states within the bandgap in the BaSi2. However, we do not know the precise
location of these defect levels in the bandgap.Moremeasurements, such asDLTS, would have to be performed
to obtainmore precise results about this study.

We next discuss the effect of atomic hydrogen supply on the PL and photoresponse spectra of BaSi2films.
Figure 8(a) shows the photoresponse spectra of samples C (RBa/RSi=2.2without atomicH) andG
(RBa/RSi=2.2with atomicH) atVbias=−0.3 V at RT. To our surprise, byHpassivation the photoresponsivity
of sampleG increased drastically by a factor of 6 comparedwith that of sampleC, as shown infigure 8(a). The

Figure 5.Temperature dependence of PL spectra of sample E, BaSi2filmwithRBa/RSi=4.0 for (a)BaSi2-side excitation and. (b) Si-
side excitationmeasured using the InP/InGaAs PMT. (c)PL spectra excited from the Si side for samples B and E using theGe PIN
detector at 9 K.
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Figure 6.Gaussian fitting of PL spectra of sample E, BaSi2filmwithRBa/RSi=4.0,measured at 8 K for. (a)BaSi2-side excitation and
(c) Si-side excitation. (b)PL spectrumofCZ-Si(111) substrate at 8 K.

Figure 7.Defect levels observed in a bandgap structure of BaSi2.
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SIMS depth profiles ofH and the secondary ion (Ba+Si) intensities in sampleH, approximately 0.3-μmthick
BaSi2 films, are shown infigure 8(b). The concentration ofH atoms reached about 1×1019 cm−3 at depths of
20–320 nm from the surface. ThisH concentration is higher than that of sample I without atomicH, inwhich
theH atoms seem to diffuse from the surface into the deeper bulk region of BaSi2.We cannot distinguishH from
H2 by SIMS. Thus, there is a possibility thatH2molecules exist in sample I. This is becauseH2molecules are
difficult to evacuate from the ion-pumpedMBE chamber.We, therefore, consider thatH2moleculesmight
enter BaSi2 films during sample fabrication. As shown infigure 8(c), the sub-bandgap PL decreased significantly
in sampleG, in accordance with the photoresponse enhancement, as shown infigure 8(a). The PL in BaSi2
originates from the transition between localized states within the bandgap. Consequently, these resultsmean
that the BaSi2 active localized states in sample C are decreased by theH introduction in sampleG, leading to the
enhancement of photoresponsivity. Therefore, it is reasonable to consider that the defect levels in the BaSi2 films
become inactive byH treatment and that these defects are passivated by atomicH.On the basis of these results,
wemay reasonably conclude that PL is an effectivemeans of understanding the presence of defects in BaSi2.

Figure 8. (a)PR spectra of samples C andG at RT, showing the significant improvement of photoresponsivity in sampleG. (b) SIMS
depth profiles ofH atom and ions (Ba+Si) of BaSi2films in sampleH.Hdepth profile in sample I is also shown for comparison. (c)
PL spectra of samples C andG at 9 K. Sub-bandgap PL disappeared after the introduction of atomicH in sampleG.
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4. Summary

We fabricated 0.5-μmthick undoped BaSi2 epitaxial films on Si(111) substrates byMBEwith various values of
RBa/RSi ranging from1.7 to 5.1 and characterized thembyPLmeasurement. Results have highlighted that the PL
can be ascribed to the transition of electrons between the localized states within the bandgap, as a result of defects
contained in the semiconductors. The PL is highly dependent on power excitation, temperature, andRBa/RSi. Of
all the films studied, the BaSi2film atRBa/RSi=4.0 showed themost intense PL intensity. From the results
obtained on this sample, the energy between the localized states within the bandgapwere obtained. Differences
in PL spectra fromBaSi2-side and Si-side excitation are attributed to the different kinds of defects. The bandgap
structure with various defect levels in BaSi2filmswithRBa/RSi=4.0was also drawn. Finally, BaSi2films
passivatedwith atomicH showed high photoresponsivity but the PL intensity was veryweak.We, therefore,
conclude that defects in the BaSi2 structure become inactivated by atomicH, leading to the enhancement of
photoresponsivity.
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