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We grow 0.5-μm-thick a-axis oriented BaSi2 films on Si(111) substrates by a conventional two-

step growth method and compare their properties with those grown by a three-step growth 

method. Both grow methods consist of the initial growth of a BaSi2 template layer and the 

following molecular beam epitaxy (MBE) to form BaSi2 films. In the two-step growth method, 

Ba-to-Si deposition rate ratios (RBa/RSi) were varied in the range 0.4−4.7 during MBE. On the 

other hand, in the three-step growth method, MBE-grown BaSi2 layers are composed of BaSi2 

films grown first under Ba-rich conditions (RBa/RSi = 4.0), followed by those grown under Si-

rich conditions (RBa/RSi = 1.2). The grain size of BaSi2 films by the three-step growth method 

was much smaller than those grown by the two-step growth method. To our surprise, however, 

much higher photoresponsivity was obtained for BaSi2 films grown by the three-step growth 

method. 
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I. INTRODUCTION    
Wafer-based crystalline Si solar cells account for approximately 80% of the market share, and 

are still the main technology.1) Thin-film solar cell materials such as chalcopyrite and cadmium 

telluride have also been attracting much attention because of their cost effective growth 

procedure and high efficiency beyond 22%.2-6) By utilizing an efficient light trapping systems, 

thin-film Si has also been studied for years.7-17) Under these circumstances, we have focused on 

semiconducting barium disilicide (BaSi2)18,19) because it is composed of safe, stable, and 

abundant elements. Furthermore, it possesses attractive properties such as a suitable bandgap 

for single-junction solar cells (~1.3 eV), a high optical absorption coefficient α = 3 × 104 cm−3 

at 1.5 eV (more than 40 times as large as that of c-Si), a large minority-carrier diffusion length 

L ≈ 10 μm, and bipolar doping properties.19-24) Furthermore, BaSi2 has a small lattice mismatch 

with Si(111), i.e., 0.1% and 1.1% along the b- and c-axis, respectively, allowing for epitaxial 

growth on an inexpensive Si substrate.25) For these reasons, BaSi2 is considered a promising 

material for solar cell applications. We have achieved conversion efficiency (η) values 

approaching 10% in p-BaSi2/n-Si heterojunction solar cells,26) which are among the highest 

reported for solar cells based on semiconducting silicides. Recently, we have demonstrated the 

operation of homojunction solar cells.27) Our final goal is to achieve operations of BaSi2-pn/Ge-

pn tandem solar cells. For this purpose we have also studied the epitaxial growth of BaSi2 films 

on a Ge substrate,28) enabling us to realize flexible solar cells by using mono-like Ge films on 

an insulator.29) 

To achieve solar cells having a high-η requires the formation of high-quality BaSi2 light 

absorbing layers with a low defect density. Previously, we found that the Ba-to-Si deposition 

rate ratio (RBa/RSi) during molecular beam epitaxy (MBE) has a significant impact on crystalline 

quality, electrical, and optical properties of BaSi2 films.30,31) Defect characterizations of BaSi2 

have been conducted by deep level transient spectroscopy (DLTS),32) positron annihilation 

spectroscopy,31) Raman spectroscopy,33) and electron paramagnetic resonance,34) wherein we 

detected vacancy-type defects, which are considered to be Si vacancies (VSi). First-principles 

calculations also show that VSi are most likely to occur in BaSi2,24) and that these vacancies give 

rise to localized states within the bandgap of BaSi2. We have used photoresponsivity as a 

measure to investigate the optical properties of BaSi2 films. This is because the 

photoresponsivity is sensitive to carrier lifetime. In our previous paper, we found that the 

photoresponsivity of BaSi2 films grown by the two-step growth method became higher when 

grown at higher temperatures like 650 °C than those at 580 °C.31) Among them, for BaSi2 films 
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grown at RBa/RSi = 1.2, namely under Si-rich conditions, the photoresponsivity reached a 

maximum, and decreased as RBa/RSi decreased or increased from this value. This is because the 

density of VSi in BaSi2 films, which is reflected by the full-width at half maximum of the Ag 

mode peak by Raman spectroscopy, decreased when grown under Si-rich conditions. 

Furthermore, the photoresponsitivity was further improved by the three-step growth method.35) 

However, the crystalline quality of these samples have yet to be evaluated. In this study, we 

compared the crystalline quality of BaSi2 films grown by the two-step growth method with 

those by the three-step growth method, especially from the viewpoint of grain size and strain 

induced in BaSi2 films. 

 

II. EXPERIMENTAL METHOD 
We used an ion-pumped MBE system equipped with an electron-beam evaporation source for 

10N-Si and a standard Knudsen cell for 3N-Ba. We used Czochralski (CZ) n-Si(111) substrates 

(resistivity ρ < 0.01 Ωcm). The Si substrates were cleaned by RCA procedure, followed by 

thermal cleaning (TC) at 900 °C for 30 min in an ultra-high vacuum chamber to remove the 

protective oxide layer on the surface. Afterwards, we grow 0.5-μm-thick a-axis oriented BaSi2 

films on Si(111) substrates by a two-step growth method or by a three-step growth method. 

Both grow methods consist of the initial growth of a BaSi2 template layer by deposition of Ba 

on a heated Si substrate by reactive deposition epitaxy (RDE) and the following MBE, that is 

codeposition of Ba and Si to form BaSi2 films. In both cases, we first evaporated Ba onto the 

heated Si substrate at TS = 500 °C to form a 5-nm-thick BaSi2 template layer as a 1st layer by 

RDE. This layer acts as a seed for subsequent BaSi2 layers. In the RDE process, the Ba 

deposition rate RBa was fixed at 1 nm/min. Then, Ba and Si were codeposited by MBE on the 

template to form 0.5-μm-thick a-axis oriented BaSi2 layers at TS = 650 °C. During MBE, in the 

two-step growth method, RBa/RSi was fixed throughout the layer for each sample. RSi was fixed 

to be 0.9 nm/min and RBa was varied from 0.3 to 4.2 nm/min to form 0.5-μm-thick BaSi2 2nd 

layers, giving a variation of RBa/RSi from 0.4 to 4.7. On the other hand, in the three-step growth 

method, a 0.5-μm-thick BaSi2 layer consisted of a 0.18-μm-thick BaSi2 2nd layer grown under 

Ba-rich conditions (RBa/RSi = 4.0), followed by a 0.32-μm-thick BaSi2 3rd layer grown under Si-

rich conditions (RBa/RSi = 1.2). In both cases, we then formed a 3-nm-thick a-Si capping layer 

in situ at 180 °C, which acts as a surface passivation layer.36) Finally, indium-tin oxide (ITO) 

electrodes with a diameter of 1-mm and a thickness of 80 nm were sputtered onto the surface, 
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and Al electrodes were formed on the entire back surface. Sample preparation details are 

summarized in Table 1.  

The crystalline quality of the grown films was characterized by X-ray diffraction (XRD; 

Rigaku Smart Lab) using a Cu Kα radiation source. Out-of-plane (θ-2θ) and in-plane (φ-2θχ) 

XRD measurements were taken to determine the lattice constants using the Nelson-Riley 

equation.37) Ge crystals were used to make x-rays monochromatic. Electron backscatter 

diffraction (EBSD) analyses, cross-sectional transmission electron microscopy (TEM; Topcon 

EM-002B), reflection high-energy electron diffraction (RHEED), and x-ray diffractionanalyses 

have been used to characterize the crystalline quality of the grown layers. Photoresponsivity 

was evaluated with the use of a lock-in technique with a xenon lamp and a 25-cm-focal-length 

single monochromator (Bunko Keiki SM-1700A and RU-60N). The light intensity was 

calibrated with a pyroelectric sensor (Melles Griot 13PEM001/J). All measurement was 

performed at room temperature (RT). 

 

Table I. Sample preparation details. Si substrate, values of RBa/RSi for BaSi2 2nd layers by the 

two-step growth method, and 2nd and 3rd layers by the three-step growth method. 

 
3. Results and discussion 
Figure 1(a) shows the θ-2θ XRD and RHEED patterns of BaSi2 films grown by the two-step 

growth method (samples A-E) and those by the three-step growth method (samples F). RHEED 

patterns were observed after the growth of BaSi2 films along the Si[1110] azimuth. Streaky 

RHEED patterns and a-axis oriented XRD peaks revealed that a-axis-oriented BaSi2 films were 

grown for samples C-F. On the other hand, with the decrease of RBa/RSi, the diffraction peak 

Sample Si substrate 1st layer RBa/RSi (2nd layer) RBa/RSi (3rd layer) 
A CZ n+-Si(111),  

ρ < 0.01 Ωcm 
5 nm 0.4 − 

B CZ n+-Si(111),  
ρ < 0.01 Ωcm 

5 nm 0.9 − 

C CZ n+-Si(111),  
ρ < 0.01 Ωcm 

5 nm 1.2 − 

D CZ n+-Si(111),  
ρ < 0.01 Ωcm 

5 nm 2.3 − 

E CZ n+-Si(111),  
ρ < 0.01 Ωcm 

5 nm 4.7 − 

F CZ n+-Si(111),  
ρ < 0.01 Ωcm 

5 nm 1.2 4.0 
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intensity decreased significantly for samples A-C. Figure 1(b) shows the FWHM of BaSi2 600 

peak measured by the x-ray rocking curves as a function of RBa/RSi. We should note that the 

FHWM of sample F, grown by the three-step growth method, was as small as approximately 

0.4 deg. This value is much smaller than that for sample C (RBa/RSi = 1.2).   

 Figure 2 shows the internal quantum efficiency (IQE) spectra of sample F (RBa/RSi = 1.2 

+ 4.0), grown by the three-step growth method and sample C by the two-step growth method 

(RBa/RSi = 1.2) at a bias voltage of −0.1 V applied to the front ITO electrode with respect to the 

Al rear electrode. Sample C shows the highest IQE every achieved for BaSi2 films by the two-

step growth method.31) The IQE of sample F overcomes that of sample C and reached 90% 

around a wavelength of 600 nm. This value is approximately five times higher than those in 

sample C. To investigate the difference in crystalline quality between these samples, we 

performed EBSD analysis on samples A-F.  

Figure 3 shows the EBSD orientation mappings of BaSi2 films with various values of 

RBa/RSi. The EBSD measurement was carried out at intervals of 80 nm. Figures 3(a) – 3(f) are 

EBSD images taken in the transverse direction (TD), and Figs. 3(g) – 3(l) are those in the 

normal direction (ND) with respect to the sample surface. We see three colors represented by 

red, blue, and green in the TD images, indicating that there are three crystal variants of a-axis 

oriented BaSi2 films on Si(111).38) The crystal grain size increased from 0.1 μm to several μm 

as the RBa/RSi increased, namely when grown under Ba-rich conditions. Among these samples, 

the photoresponsivity reached a maximum at RBa/RSi = 1.2.31) Regarding sample F, grown by 

the three-step growth method (RBa/RSi = 4.0, followed by 1.2), however, the crystal orientation 

normal to sample plane was not identified for almost half the area as shown in Fig. 3(I). In the 

EBSD analyses, Kikuchi patterns are used to determine the crystal orientation. It is therefore 

difficult to determine the crystal orientation when crystalline grains are small, and there are 

more than one grains within the spot size of the electron beam, and thus multiple Kikuchi 

patterns exist. Small grains of BaSi2 were observed in the TEM image of sample F as discussed 

next. 

We performed TEM observations on sample F. Figures 5(a) – 5(c) are the bright-field 

(BF) TEM image, the dark-field (DF) TEM image, and the selected area electron diffraction 

(SAED) pattern taken from the region of the BaSi2 layers, respectively. We can see that grain 

boundaries (GBs) of BaSi2 extend straight and perpendicular to the Si substrate. The horizontal 

grain size is approximately 0.2 μm or smaller. These a-axis-oriented BaSi2 films possess three 

crystal variants rotated around the surface normal at 120° with respect to one another.19) In Fig. 
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5(b), brighter regions are one of the three crystal variants, showing that small grains are also 

aligned laterally the same as larger grains. In general, GBs act not only as recombination 

centers but also diffusion paths for impurity atoms.39,40) On the other hand, in a-axis oriented 

BaSi2 epitaxial films, the GBs do not behave as recombination centers from viewpoints of 

experiment41) and first-principle calculation.42) The experimental results show that there are 

much more GBs in sample F than in sample C from Fig. 3, but BaSi2 films in sample F shows 

higher photoresponsivity in Fig. 2. This means that the GBs in sample F do not work as 

recombination centers like in a-axis oriented epitaxial films. 

We next discuss the influence of the reduction of the grain size of BaSi2 by the three-stage 

growth method. Figure 6 shows lattice constants a, b, c and volume V of BaSi2 films for samples 

A-F. Both the out-of-plane and in-plane lattice constants were calculated from the peak 

positions in the θ-2θ and φ-2θχ XRD patterns, respectively. Measurement errors were minimized 

by using the Nelson-Riley equation for the calculation.37) Lattice constants b and c increased 

for BaSi2 films grown under Si-rich conditions, meaning the expansion of the lattice occurs in 

the in-plane direction. On the other hands, all the lattice constants decreased significantly for 

sample F, grown by the three-step growth method, compared to those by the two-step growth 

method, and V decreased accordingly. This volume is smaller than that of bulk BaSi2.18) Those 

results mean that the BaSi2 lattice is under a compressive strain in both the perpendicular and 

the in-plane directions in sample F. We therefore speculate that the grain size of BaSi2 films 

decreased to mitigate the stress contained in the film. We recently explored a possibility to 

manipulate the energy band structure of BaSi2 by changing a, b, and c lattice parameters,43) 

wherein the band gap reduction occurs by ab initio calculations when one of the lattice 

parameters decreases while the other two are kept constant. However, we did not anticipate 

what happens when all the lattice parameters a, b, and c decrease like in sample F. Therefore, 

we investigate the absorption edge of sample F. For this purpose, we derived the absorption 

edge of BaSi2 films in samples C and F. The generation rate G of electron-hole pairs per unit 

time and volume at a distance x from the surface of BaSi2 is described by  

( )x
P

G α
ω

α −∝ expopt


,          (1) 

where Popt is the incident optical power per unit area, α is the optical absorption coefficient, and 

�ω is the photon energy. The photocurrent Ip is proportional to G. Since α is small around the 

band edge, exp (−αx) in Eq. (1) is much less dependent on phonon energy. Thus, the 

photocurrent per incident photon, Ip/(Popt/�ω), is likely to be proportional to α. 
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Figures 7(a) and 7(b) show plots of [Ip/(Popt/�ω)]1/2 and [Ip/(Popt/�ω)]2 vs �ω for a bias 

voltage of −0.1 V for BaSi2 of sample C (RBa/RSi = 1.2), and F (RBa/RSi = 4.0, followed by 1.2), 

respectively. In the lower-energy region, the [Ip/(Popt/�ω)]1/2 vs �ω plot is linear. Each indirect 

absorption edge is derived to be approximately 1.176 and 1.237 eV, respectively, from the 

intersection of straight line with the abscissa. Furthermore, in the higher-energy region, the 

[Ip/(Popt/�ω)]2 vs �ω plot can be well approximated by a straight line, resulting in a direct 

absorption edge of approximately 1.388 and 1.412 eV, respectively. Therefore, the absorption 

edge of BaSi2 formed by the three-step method is larger than that of BaSi2 films grown by Si-

rich conditions, suggesting that it was caused by compressive strain. These results indicate that 

much further expansion of Eg in a-axis oriented BaSi2 films can be anticipated by controlling 

the degree of compressive strain.  

 

IV. CONCLUSION 
We fabricated 0.5-μm-thick a-axis oriented BaSi2 films at 650 °C by MBE using the three-step 

growth method and compared their crystalline quality and optical properties with those grown 

by the two-step growth method. EBSD and TEM observations showed that the grain size of 

BaSi2 films significantly decreased from several μm to 0.1 μm as the RBa/RSi decreased, and 

that of BaSi2 films grown by the three-step growth techniques was also approximately 0.1 μm. 

The BaSi2 films grown by the three-step growth method showed higher IQEs by approximately 

five times than those by the two-step growth method; it reached 90% at a bias voltage of −0.1 

V to the ITO front electrode with respect to the Al rear electrode. XRD measurement showed 

that the BaSi2 films were under compressive strains in in the a-, b-, and c-axis directions. The 

absorption edge of BaSi2 grown by the three-step method was expanded compared to BaSi2 

films grown by the two-step growth method. This is probably caused by the compressive strain 

in BaSi2 films. 
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Fig. 1 (a) θ-2θ XRD pattern of BaSi2 films grown by the two-step growth technique (samples 
A-E) and those by the three-step growth technique (samples F). RHEED patterns were observed 
after the growth of BaSi2 films along the Si[1110] azimuth. (b) FWHM of the x-ray rocking 
curve of the BaSi2 600 peak intensity as a function of RBa/RSi.  
 
Fig. 2 IQE spectra of samples C and F at a bias voltage of −0.1 V applied to the front ITO 
electrode with respect to the backside Al electrode. 
 
Fig. 3 EBSD crystal orientation maps of (a) – (e) TD images and (g) – (k) ND images of BaSi2 
grown by the two-step growth method under several values of RBa/RSi. (f) and (l) are those for 
sample F, grown by the three-step growth method. 
 
Fig. 4 Cross-sectional TEM characterization of sample F, BaSi2 films grown by the three-step 
growth technique. (a) Bright-field TEM image. (b) Dark-field TEM image using the 
BaSi2{010} plane reflection. (c) SAED pattern taken from the region including BaSi2 layers.  
 
Fig. 5 Dependence of lattice constant (a) a, (b) b, (c) c and (d) lattice volume V on RBa/RSi. 
 
Fig. 6 Dependence of the square root and square of the photocurrent per incident photon on 
photon energy for BaSi2. A bias voltage of −0.1 V was applied to the front ITO electrode with 
respect to the bottom Al electrode to extract photogenerated holes to the ITO electrode. 
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Fig. 5 
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Fig. 6 
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