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1.Introduction 

beta-FeSi2 film has been attracted for the solar cell and 
infrared diode because it shows the quasi-direct energy 
band-gap (Eg, 0.85eV) and highly optical absorption 
coefficient (α(hν)) (105cm-1 at 1.0eV) in previous reports 
[1-3]. The band transition of beta-FeSi2 film is assumed to 
be a direct one from experimental α(hν) spectrum, however 
indirect-transition has been reported from band calculation 
for beta-FeSi2 crystal [2]. It is difficult for judging to direct- 
or indirect-transition about beta-FeSi2 because strong 
Urbach-tail has been observed around band-edge in 
experimental α(hν) spectrum [3]. Therefore, solving 
simultaneous equations (SEs) of reflection (R(hν)) and 
transmmission (T(hν)), we tried to estimate for obtaining 
the optical constants of beta-FeSi2 film on Si substrate with 
removing Urbach-tail in order to discuss the origin of 
Urbach-tail and band-transition of beta-FeSi2 film. 
 
2.Experimental 

The Si substrate was selected for Si(100) wafer (1kρcm, 
P-type, 0.5mm for thickness). The surface treatment of 
Si(100) substrate was done with a HF and a pure water. The 
base pressure of growth chamber was kept to 10-9Torr. 
beta-FeSi2 film was prepared by the molecular beam 
epitaxy (MBE) method using a Fe molecular beam 
evaporated by an electron-beam gun [4]. The Si(100) 
substrate was heated up to 550oC with electron 
bombardment (EB) from reverse side [5]. The crystallinity 
of sample was checked by x-ray diffraction (XRD, Rigaku 
diffractometer RINT2000). The microstructure of sample 
was observed by the scanning electron microscopy (SEM) 
for surface morphology and cross-section. The resistivity 
and mobility of samples were characterized by Hall 
measurement. The optical properties of sample were 
measured with a Fourier transport infrared (FTIR) 
spectrometer (Hitachi U-4000) at room temperature. The 
FTIR measurement was carried out with T(hν) and R(hν) 
configurations. The optical constants, i.e. refractive index 
(n(hν)) and extinction coefficient (κ(hν)) of beta-FeSi2 film 
were calculated by solving the simultaneous equations 
(SEs) of R(hν) and T(hν) experimental data using a 
software (Mathematica, Wolfram Research) [6].                                                                      

 Figure 2 shows the SEs 
analysis model with 
incidence (I

3.Results and Discussion 
3.1 Crystallinity of beta-FeSi2 film on Si(100) substrate 

Figure 1 shows the XRD pattern and SEM images of 
sample. The orientation of sample was changed to random 
one with increasing the film thickness, for example, 
random oriented pattern is shown in Fig.1(a). The XRD 
pattern of sample showed partially [100] orientation with 
(202)/(220) peak [4,5]. The grain size and film thickness of 
sample were estimated to be about 100nm and 900nm, 
respectively, from SEM image in Figs.1 (b) and (c). 
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Fig.1 XRD pattern (a) and SEM images (b), (c) of sample. 

 
3.2 Theoretical analysis model 

o), R(hν) and 
T(hν) light. The model was 
defined with the beta-FeSi2 
film surface (z=0), boundary 
between beta-FeSi2 film 
(d0=900nm) and Si substrate 
(d1=0.5mm) at z=d0 and 
reverse side of Si substrate 

IoR 

z=d0

z=0 
beta-FeSi2

n1*

n2*z=d0+d1Si sub. 

T 
Fig.2 The model for analysis.
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at z=d0+d1. The Io, R(hν) and T(hν) light are also defined in 
Fig.2. The optical constants were also defined to 
n1*=n1+iκ1 for beta-FeSi2 film, n2*=n2+iκ2 for Si(100) 
substrate. From Fig.2, the boundary conditions for electric 
(E) and magnetic  (H) fields are considered at z=0, d0 and 
d0+d1, as below, 
 
{E+exp(ik+r)+E−exp(ik−r)}||={Etexp(iktr)}||            (1a) 

nj*2{E+exp(ik+r)+E−exp(ik−r)} =n⊥ j+1*2{Etexp(iktr)}    (1b) ⊥

{H+exp(ik+r)+H−exp(ik−r)}||={Htexp(iktr)}||             (1c) 
{H+exp(ik+r)+H−exp(ik−r)} ={H⊥ texp(iktr)} ,  (1d) ⊥
 
where || and  indicate the s− and p−polarized lights to 
the surface of sample. In this study, I

⊥
o was irradiate 

perpendicular to sample surface as a s-polarized light, 
hence, Eqs.(1a) and (1c) were used for analysis at z=0 (j=0) 
and z=d0 (j=1) boundary conditions [6]. 
 
3.3 Experimental results and SEs analysis 

Figure 3 shows the results of R(hν) and T(hν) spectra of 
sample. The onsets of optical absorptions of sample are 
observed at 1234nm (Si substrate) and 1594nm (beta-FeSi2 
film) from T(hν). 
 
 
 
 
 
 
 
 
 
 

Fig.3 The reflection and transmission spectra of sample. 
 

Figure 4 shows n(hν) and κ(hν) spectra of beta-FeSi2 
film obtained by the SEs analysis using Eqs.(1a)-(1d) (open 
circles with dashed lines), and κ(hν) spectrum of beta-FeSi2 
film directly calculated result from experimental data 
(Exp.): (λ/4π)[−(1/d1)ln(Tbeta(hν)/Tsi sub(hν))]) (solid line). 
The SEs analysis was carried out with inputting the result 
of SEs analysis for Si substrate (about nSi(hν)=3.6). In Fig.4, 
κ(hν) obtained from SEs analysis is exhibited the abrupt 
onset of absorption at 0.85eV in comparison with Exp. 
 
 
 
 
 
 
 
 
 
 
 
 

From Fig.4, the model in Fig.2 and SEs analysis are useful 
to obtain optical constants of beta-FeSi2 film itself with 
removing the effect of interface between beta-FeSi2 film 
and Si substrate, and its results can be discuss about origin 
of Urbach-tail and band-transition [7]. The origin of 
Urbach-tail was caused from shallow impurity level and 
defect. Particularly, defect is caused from crystallinity of 
sample. As shown in Fig.1(c), the interface of sample is not 
sharp one, and the defect is assumed to be caused from 
local inclusion of Fe or Si atoms at interface between 
beta-FeSi2 film and Si substrate [3]. 
 
4.Conclusion 

beta-FeSi2 film was formed by molecular beam epitaxiy 
method by a Fe deposition using electron beam. The 
crystallinity of sample was measured with x-ray diffraction, 
and the orientation of sample was changed as a function of 
film thickness. The reflection and transmission of sample 
was measured by a Fourier transformed infrared 
spectroscopy. The analysis of simultaneous equations using 
obtained reflection and transmission data was carried out, 
optical constant of beta-FeSi2 film was exhibited. From 
obtained optical constants, the origin of band -transition can 
be investigated in future study. 
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 Fig.4 Refraction and extinction coefficient spectra of

sample obtained by simultaneous equations analysis
with comparison of directly calculated result from
experimental data. 
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