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The optical properties, absorption in the domain 2.50-4.30 eV and the optical functions, n, k, ε1, and ε2, in the range              
1.24-6.50 eV, for bismuth oxide films prepared by reactive magnetron sputtering, onto glass and amorphous quartz, at room 
temperature, have been investigated. Sputtered films (d=0.05-1.80 µm) are preponderantly amorphous, also containing 
Bi2O3 nanocrystallites, in incipient phase. From optical absorption date the optical band gaps of investigated sputtered films 
have been determined: Ega=2.68-2.73 eV (amorphous phase) and Ego=3.55 eV (optical direct gap). By studying the 
dispersion of optical functions, a series of particularities at 3.60 eV, 4.30 eV, 4.80 eV, 5.55 eV, and 6.20 eV are evidenced 
for sputtered films; they correspond to direct band-to-band transitions in the nanocrystalline Bi2O3.  
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1. Introduction 
 
Bismuth oxide is a representative oxidic 

semiconducting material, with various physical and 
chemical properties determined by its numerous 
modifications [1,2]. In form of thin films, it possesses 
significant values of band gap, refractive index and 
dielectric permittivity. Besides, it shows remarkable (UV) 
photosensitivity and photoluminescence [3-7]. 

The physical properties of bismuth oxide thin films 
are strongly dependent on the preparation technology, 
which moulds the phase composition of the samples; thus, 
the optical gap, Ego, is seen to vary from about 2 eV, to 
3.96 eV [2-4,7-10].  

The peculiar characteristics of bismuth oxide 
recommend it for a wide range of applications in the solid-
state technology: from optical coatings [11], to 
optoelectronics [12] and ceramic glass manufacturing                
[13-18]. 

A series of technological applications of bismuth 
oxide thin films uses its photocatalytic properties and the 
caption of polar gases in the gas sensors [19, 20]. They are 
based on the spectrum of surface states that can be 
determined, in the case of submicron films, by analyzing 
the dispersion of optical constants in the domain of 
fundamental absorption band.  

The study of optical properties of bismuth oxide thin 
films, which is of great experimental and theoretical 
interest, have been reported by a number of authors [2-4, 
8,9,12,21-27]. 

In this paper we investigate the optical properties of 
bismuth oxide films prepared by reactive magnetron 
sputtering. 

 
2. Experimental 
 
Bismuth oxide films were deposited by magnetron 

reactive sputtering onto glass and amorphous quartz at 

temperature of about 300 K, at a chamber pressure              
p = 4 mTorr, using Bi2O3 (000) pellets, in an atmosphere 
Ar:O2 (9:1). The thickness of respective films, determined 
by a TENCOR P-2 Long Scan profilometer, ranged 
between 0.05 and 1.80 µm.  

The crystalline structure and growth dynamics were 
investigated by means of XRD (Cu K∝ radiation) and 
AFM techniques. As revealed by X-rays diffraction 
analyses, the use of sputtering method resulted in films 
with mixed structure, amorphous (preponderante) and 
crystalline, the last one consisting of nanocrystallites of 
Bi2O3.  

In the study of transmission and reflection spectra in 
the range 2.50-6.50 eV, a SPECORD M40 
spectrophotometer was used, equipped with a device for 
reflectance measurements at small incidence angles, θ≤8 o.   

In the region of the fundamental absorption threshold, 
the dispersion of optical constants, n and k (the refraction 
index and the extinction coefficient, respectively), was 
determined by means of the ellipsometric method (a 
VASE ellipsometer was used).  

 
 
3. Results and discussion 
 
3.1. Basic equations 
 
In the region of fundamental absorption edge, the 

absorption coefficient, ∝, of a plan-parallel sample with 
thickness d, can be calculated by using the equation [28]: 
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n denoting the refraction index. 

In the region within fundamental absorption band, the 
optical constants of the material, n and k, were calculated 
from R(ħω) spectra (ħω is the photon energy), registered 
at normal incidence, by means of equations [29]: 
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In the above expressions, ∆ is the phase angle 

considerated at frequency ω0, which is determined by 
Kramers-Kronig equation [29]: 
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3.2. Optical absorption in the vicinity of  
       fundamental absorption edge 
 
In Fig. 1 typical absorption spectra for sputtered 

micron bismuth oxide films are presented. As can be easily 
observed, the dependence ∝(ħω) shows two distinct 
portions, separated at ħω∼3 eV.  

 
Fig. 1. Typical absorption spectra of sputtered films. 

 
 

For photon energies ħω≤3 eV, the absorption 
coefficient is slowly decreasing at increasing wavelengths, 
irrespective of film thickness (between 0.05 and 1.50 µm). 
This behavior can be generally explained by phonon 
scattering on structural defects-in the present case, on 

granules of micrometric dimensions, which are 
characteristic to film structure (Fig. 2).  

In the spectral domain ħω≥3 eV, the absorption 
coefficient increases at increasing photon energies. This 
rise is well fitted by a power law with an exponent equal to 
1/2. Linear dependences of ∝1/2=f(ħω) can be observed in 
both amorphous films and for indirect transitions in 
crystalline films [27, 28, 30]. The XRD examination 
shows only weak lines characteristic to Bi2O3. Taking into 
account the above results, as well the relatively slow 
increase of ∝ (less than 5 times, when the photon energy is 
increased from 3 eV to ∼3.35 eV), we can state that the 
sputtered films are characterized by a preponderant 
amorphous phase, which also contains crystallization 
germs of bismuth oxide, in incipient phase. 
 

 
Fig. 2. AFM image of a sputtered film: sample SP4  

   (d=0.07 µm). 
 
 

The width of optical gap, Ega, for respective 
(amorphous) films, lies between 2.68 eV and 2.73 eV  
(Fig. 1). The band gap of amorphous bismuth oxide films 
is about 0.1 eV smaller than Ego value of monocrystalline 
Bi2O3 at the same temperature [4, 24]. The mentioned 
decrease can be explained by the presence of band tails for 
the conduction and valence bands, which show an 
exponential decrease of the density of states (DOS) within 
the forbidden band [31].  

For sputtered bismuth oxide films, at energies 
corresponding to the depth of the absorption band, the 
absorption spectrum evidences a very marked increase 
(Fig. 3): in an energy range of only 0.07 eV, beginning to 
3.52 eV, the absorption coefficient increases more than 4 
times. Since short-distance order, characteristic to 
nanocrystalline phase of bismuth oxide, maintains in the 
case of amorphous films, the threshold by 3.52 eV has to 
be interpreted as electron interband transition 
corresponding to an optical gap of 3.55 eV (Fig. 3). 
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Fig. 3. Optical absorption of films from SP series. 
 
 

3.3. Dispersion of optical constants 
 
Fig. 4 presents the dependences n(ħω) and k(ħω) in 

the case of sputtered bismuth oxide films, calculated from 
reflectance spectra, on the basis of equations (3) and (4). 
The film thickness varies from 0.07 to ∼1.80 µm. As can 
be ascertain from mentioned figure, the refraction index, n 
(curves 1, 2, and 3), tends to decrease at increasing photon 
energies in the range ħω>3.20 eV, irrespective of sample 
thickness, while the extinction coefficient, k (curves 4, 5 
and 6), shows a similar behavior for energies above           
∼3.60 eV.   

As was demonstrated by studying the spectral 
dependence of ∝ in the domain ∼3.20-3.50 eV, for 
submicron films deposited onto quartz and sapphire, the 
absorption quite slowly increase with photon energy. The 
mentioned saturation of absorbance can be explained by 
the particularities of the spectrum of energy bands in the 
case of bismuth oxide. The slow decrease of n and k at 
increasing photon energies, corresponding to the depth of 
fundamental absorption band, can be explained by a 
decrease of DOS in the electronic bands, in different high 
symmetry points of Brillouin zone, as well as by a high 
density of surface states for as-prepared films. 

On the decreasing part of the spectral curve for the 
extinction coefficient, k (Fig. 4), one evidence four 
particularities in form of thresholds localized in the range 
3.50-6.20 eV. In the case of thinnest films (curve 4), three 
particularities, A (ħω=4.30 eV), B (ħω=4.85 eV), and A* 
(ħω=3.55 eV), are evidenced, while supplementary higher 
energy maximums, C (ħω=5.50 eV) and D (ħω=6.20 eV), 
are characteristic to films with larger thickness (curve 5). 
At increased film thickness, the structure of k (ħω) 
spectrum simplifies, so that for films of about 1.80 µm 
thick two particularities are shown: a broad maximum by 
3.60 eV and a threshold localized at ∼5.55 eV (curve 6).  

 

 

Fig. 4. Dispersion of optical constants, n(ħω) and k(ħω) 
for as-prepared films. 

 
Highly relevant informations concerning the structure 

of electron energy bands and DOS in semiconducting and 
dielectric materials can be obtained by analyzing the 
dispersion of dielectric function, ε(ħω). In the domain of 
fundamental absorption band, ε=ε1+iε2 is a complex 
quantity, whose imaginary part, ε2, is determined by the 
band structure according to the expression [32]: 
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where m is the electron effective mass, dS is an element of 
an energy surface, Mij denotes the matrix element of the 
transition between states i and j, and Eij is the energy 
difference between these states. 

The real part, ε1(ħω), is determined through ε2(ħω) by 
means of Kramers-Kronig relation [32]: 
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Fig. 5 shows the spectral dependences ε1(ħω) and 
ε2(ħω) for sputtered bismuth oxide films whose thickness 
ranges between 0.07 and 1.34 µm. It is relevant to first 
mention that the slow decrease registered on both curves at 
increasing photon energies is characteristic to the films 
showing low levels of crystallization. However, two 
pronounced thresholds, A (ħω1≈4.20 eV) and B                
(ħω2=4.80 eV), can be evidenced on the ε2(ħω) contour, 
for a film thickness d≈0.07 µm (curve 4). An analogous 
structure is registered in the case of ε1(ħω) spectrum 
(curve 1). At increased film thickness up to about 0.60 µm 
(curve 5), these particularities maintain, besides two new 
maximums, C (ħω3≈5.52 eV) and D (ħω4=6.15 eV) are 
evidenced. For further increase of film thickness up to 
∼1.30 µm (curve 6), the general tendency of spectral 
dependences ε1(ħω) and ε2(ħω) maintains, besides ε2(ħω) 
spectrum contains the particularities A, B and A*, located 
in the same spectral range like that of thinner films (curves 
4 and 5).  
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Fig. 5. Optical functions ε1(ħω) and ε2(ħω) of sputtered 
films. 

 
Consequently, one can state that as-prepared sputtered 

films are preponderantly amorphous. At the same time, the 
presence of weak maximums on the ε2 spectrum certifies 
the formation of crystallization germs belonging to Bi2O3 
nanocrystalline incipient phase. 

 
4. Conclusions 
 
In the vicinity of fundamental absorption edge, the 

optical absorption of sputtered bismuth oxide films is 
characterized by an optical gap, Ega= 2.68-2.73 eV.  The 
nanocrystalline phase shows a direct optical gap                   
Ego=3.55 eV.  

The spectral dependences of the optical functions n, k, 
ε1, and ε2 are determined by prevailing amorphous bismuth 
oxide phase; besides, the particularities evidenced at about 
3.60 eV, 4.30 eV, 4.80 eV, 5.55 eV, and 6.20 eV are due 
to direct optical transitions between electronic bands 
formed by bismuth oxide nanocrystallites, whose growth is 
just initiated. 
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