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In this study, 900 nm of BiI3 thick films were prepared using the thermal evaporation 
technique. There were exposed to different doses (0, 50, 100, 150, 200, 250, and 300 kG) 
of γ-radiation. The microstructure properties (Crystallite size and lattice strain) were 
calculated in terms of Scherrer’s equation. With increasing γ-radiation doses, the 
Crystallite size increases, Both the refractive index and the film thicknesses have been 
calculated using Swanepoel's method. The optical band gap was measured in terms of 
transmittance and reflection spectrum in the high region of the absorption. The possible 
optical transition in the as-deposited and treated films are found to allow direct transition 
with energy gap increases with increasing γ-radiation doses. Dielectric constant, volume-
energy-loss function (VELF), and surface-energy-loss function (SELF) for as-deposited 
films were discussed in terms of γ-radiation doses. The change in optical parameters has 
been interpreted in terms of the change in microstructure parameters. In terms of changes 
in energy gap and optical constants as a function of γ-radiation doses, BiI3 thick films are 
recommended to use in optical devices and solar cells.  
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1. Introduction 
 
BiI3 has the space group R-3 and is a layered compound. That is, it possesses a 

rhombohedral/trigonal lattice with iodine atoms in the lattice points and bismuth cations filling 
two-thirds of the octahedral holes [1]. Because the trigonal crystal system is a member of the 
hexagonal crystal family, joining BiI3 unit cells results in a hexagonal crystal system. A hexagonal 
structure is formed in three dimensions. layered semiconductor nanoparticles such as BiI3, PbI2, 
HgI, and MoS2 are potential uses in photovoltaics, detectors, sensors, photocatalysis, lubrication, 
nonlinear optics, and photo-electrochemistry. They have benefits such as improved transport 
characteristics (inside a layer), fewer defects due to virtually perfect surfaces with almost no 
dangling bond perpendicular to the layer, and significant visual absorption due to tiny band gaps 
[2– 4]. Many works have been done on BiI3 based on its structural [5], electronic [6, 7] and optical 
[8– 11] features. Krylova et al. [12], studied the absorption and luminescence spectra of BiI3 
crystals in a low-temperature range (1.6 – 77 K). H. Kondo et al[13] also investigated the 
luminescence characteristic of BiI3.  Thick films of BiI3 have been studied for hard radiation 
detection and X-ray imaging because of the quite wide bandgap (1.67 eV)[14] and great mass 
density [15–17]. Also, BiI3 has been utilized as a nanoscale pressure sensor[18] and a 
photodetector[19]. The current work reports the investigation of structural and optical features of 
BiI3 nanocrystalline thick films with different thicknesses. Since the thermal evaporation technique 
is used to obtain different thicknesses of BiI3 thick films. XRD is used to investigate the structural 
parameters of the studied thick films. The optical characterization is obtained using a double beam 
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UV/Vis Spectrophotometer. The film's thicknesses and subsequently the other optical constants are 
measured accurately according to the Swanepoel method.   

The current work focuses on (1) using the Scherrer and Wilson equations to calculate 
structural parameters (crystallite size and lattice strain) of different doses (0, 50, 100, 150, 200, 
250, and 300 kG) of γ-radiation, (2) using the developed envelope equations for maximum and 
minimum to calculate the refractive index, as suggested by Swanepoel, (3) calculating the 
dielectric constants, volume energy, surface energy, energy gap and nonlinear refractive index for 
photovoltaic and nonlinear optics and (4) interpreting changes in optical parameters in terms of 
structural parameters. 

 
 
2. Experimental details 
 
BiI3 was acquired from Sigma Aldrich and utilized exactly as given, with no further 

purification. Thermal evaporation equipment was used to evaporate BiI3 thick films of different 
doses (0, 50, 100, 150, 200, 250, and 300 kG) of γ-radiation (Type E-306A, England). The base 
pressure was around 10-6 Pa., During the evaporation process, a quartz crystal screen (FTM4, 
Edwards) is outfitted with coating equipment to determine the deposition rate and control the film 
thickness. The substrate temperature was kept constant at room temperature. To avoid any heating 
impact during the evaporation of BiI3, the films were bombarded with 60 °C gamma rays. The 
source is in Indian groom form 4000/A (available at Atomic Energy Authority, Nasr City, Cairo, 
Egypt). Average dosage rate from room 1 Gy/s. Dosages have been adjusted to be in the range is 
(0, 50, 100, 150, 200, 250, and 300 kG). Optical transmittance (T) and reflectance (R) for 
radioactive films were measured in a normal incident using a double spectroradiometer (UV-vis-
NIR JASCO-670). The measurements were performed at room temperature at the wavelength The 
X-ray diffraction (XRD) pattern range 200 - 2500 nm was obtained using a Philips X-Ray Diffract 
meter (Model-X'Pert) with Monochromatic Cuk radiation at wavelength = 1.5418. 

 
 
3. Results and discussion 
 
3.1. XRD analysis 
Figure 1 shows XRD patterns with different γ-radiation doses for a BiI3 thick film with a 

thickness of 900 nm. The presence of significant peaks in this picture indicates that all of the films 
analyzed are crystalline. The Rietveld polishing method was used to characterize the examined 
crystalline material[9]. Figure 1 displays the diffraction peaks of BiI3 films deposited with 
different γ-radiation doses in the XRD mode belonging to the rhombic (JCPDS data file: 00-048-
1795) structure with the preferred orientation along the (1 1 3) plane. For diffraction angle values 
2θ = 12.825, 27, 39.125, 41.645, 46.285, 50.325, 55.765, 58.325 and 63.905 corresponding to (0 0 
3), (1 1 3), (1 1 6), (0 0 9), (0 0 3), (1 1 9), (2 2 3) ), (2 2 6), (3 0 9) and (2 2 9) planes respectively, 
and this is in good agreement with the literature[10, 11]. Figure 1 also shows that as the BiI3 thick 
films that are treated with γ-radiation pulses the diffraction resistance increases by (1 1 3) levels, 
revealing the improvement in the crystallization efficiency of the deposited films with the increase 
of γ-radiation. 
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Fig. 1. XRD patterns of BiI3 with different γ-radiation doses at a thickness of 900 nm. 
 
 
The instrumentation factor and structure factor, which are ascribed to the crystallite size 

and lattice strain, are responsible for the peak broadening. Both crystallize size (D) and lattice 
strain (e) were evaluated using the Scherrer and Wilson equations [12][13]: 

 
  
                                                                                                   

(1) 

 

                                                                           (2)    

 
where β is the structural width that is equivalent to the difference between the sample and the 
standard (silicon) in the integral X-ray peak profile width and is given as: 
 

. 

 
Figure 2 depicts the microstructural characteristics (D and e) of BiI3 films exposed to 

various γ-radiation doses. With the same film doses, the average crystal size rises from 27 nm to 
47 nm, while the lattice strain reduces. Figure 2 compares the microstructure characteristics (D and 
e) of six BiI3 films with thicknesses varying from 900 nm. The observed behavior of the microchip 
might be attributed to the larger size of the crystals. This reduction in network strain indicates a 
reduction in the concentration of network faults. 
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Equation: 
y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

R^2 =  0.99938
  
A1 0.01377 ±0.00005
A2 0.0019 ±0.00005
x0 148.34381 ±0.58104
dx 38.56266 ±0.61624

 
 

Fig. 2. Variations of the microstructural parameters on BiI3 thick films. 
 
 
3.2. Effect of g-irradiation on the refractive index (n) and energy gap 
The spectrum dependency of the optical transmittance (T) and reflectance (R) of as-

deposited and treated films was determined using a double beam spectrophotometer. The 
fluctuation of the absolute values of T(λ) and R(λ) vs wavelength is seen in Figure 3. The 
existence of interference fringes and peaks and minima in the transmission spectrum verified the 
high quality and homogeneity of these BiI3 thick films. Swanepoel's technique was used to 
calculate the refractive index. This approach comprises recording envelopes centered on the 
highest interference and the transmission spectrum's minimum [20] [15]. 
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Fig. 3. Transmission and reflection spectra of BiI3 with different γ-radiation doses. 
 
 
New functions have been introduced to express mathematically the maximum 

transmission  and the minimum transmission/construction envelopes  are: 
 

( )MT λ
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The constants values of the two equations namely, (T01, A11, t11, A12, and t12) equation (3) 

and (T02, A21, t21, A22, and t22) equation (4). According to this method, the refractive index value can 
be calculated at a given wavelength using the following expression[16][17]: 

 
2 2( ) ( )1 1 2 2( ) 2. . ] {2. .[ ] [ ]}
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j
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T T T Ts sm mn s s s
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 − −+ +
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                  (5) 

 
at a given wavelength, TM and Tm represent the maximum and lowest transmittance. Furthermore, 
one of these values represents a severe experimental interference, while the other is determined 
from the equivalent envelope; both envelopes were constructed by computer using the Origin 
version 7 (Origin Lab Corp.) program and drawn around the extreme of each transmittance 
spectrum. Furthermore, using the well-known equation, the needed values for the refractive index 
of the substrate are determined from the spectrum of transmission of the substrate, Ts [18]. 
 

                                                             (6) 

 
where  ( ) 2 3[ ]sT A B C Dλ λ λ λ= + + +  and constants  A, B, C, and D equal to 0.901414, 
8.02369x10-5, 6.13838x10-8 and 1.38877x10-11, respectively. 

The initial values of the refractive index are deduced and fitted according to the two-term 
Cauchy dispersion relationship, which can be used to extrapolate the complete 
overall wavelengths[18]  

Figure 4 shows the differences in refractive index n as a function of the wavelength of BiI3 
thick films with different pulses.  
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Fig. 4. The spectral dependence of refractive index, n for BiI3 thick films. 
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It is seen in Figure 4 that the refractive index decreases with increasing wavelength for all 

the thick films investigated but also that the refractive index decreases with increasing γ-radiation 
pulses at all values which can explain the increase in crystal size of these films. Moreover, if nl and 
n2 have refractive indices at the adjacent maximum (or minimum) at 1 and 2, then the expression 
gives the film thickness as follows[19]: 

 

1
1.( . ) [ ]1 2 1 2 2 12

Ad n nλ λ λ λ −= × −                                                               (7) 

 
Experimental data for transmittance and reflectivity in the strong absorption area was also 

used to calculate the optical absorption coefficient using the following relationship [2]: 
 

                                               (8) 

 
where d is the sample thickness. Figure 5 shows the reliance of the absorption coefficient α(hν) on 
photon energy as a function of film thickness. It is clear in Figure 5 that the fundamental 
absorption edge related to the optical band gap has higher values greater than 105 cm-1 for all the 
investigated films which confirms the ability to use these films in various optoelectronic 
applications.  
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Fig. 5. The dependence of the absorption coefficient on the incident photon energy for BiI3  
as-deposited and treated films with γ-radiation doses. 

 
 
It is known that the absorption coefficient is described in the vicinity of the fundamental 

absorption edge, for allowing direct band-to-band transitions, neglecting exciton effects as 
follows[20]: 
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where K is a characteristic (independent of photon energy) parameter for the respective transitions 
[20], hν denotes photon energy, is the optical energy gap, and m is a number that 
characterizes the transition. m = 2 for the majority of amorphous semiconductors (indirect 
transition) and m = 1/2 for the majority of crystalline semiconductors (direct transition). In the 
case of nanocrystalline BiI3 thick film, the direct transition is valid. The absorption coefficient, α 
(where the absorption is related to interband transitions) can be calculated for higher values (α ≥ 
104 cm-1). Figure 6 is a typical best fit of (αhn)2 vs. photon energy (hn) for BiI3 films with different 
γ-radiation doses.   
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Fig. 6. The plot of (α.hν)2 versus photon energy, (hν) for BiI3 as-deposited and treated films 
 with γ-radiation doses. 

 
 
The direct optical band gap  was taken as the intercept of (α. hn)2 vs. (hn) at (αhn)2 

= 0 for the allowed direct transition.  The determined optical energy gap was about 2.2 eV. Now, 
we will deal with the so-called second absorption constant, namely the extinction coefficient, (kex.). 
The values of extinction coefficient, (kex.) have been computed using the following relation [20]  
 

4k αλ π=                                                                          (10) 
 
The values of the extinction coefficient, (kex), of the investigated films, first increase with 

increasing wavelength until reaching 500 nm, then decrease with increasing wavelength up to 
2500 nm, which is related to the increasing probability of absorption processes in the lower 
wavelength range (Figure 7).  
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Fig. 7. Variation of extinction coefficient, (k) vs. wavelength, (λ) for BiI3 as-deposited  
and treated films with γ-radiation doses. 

 
 

 
3.3. Dielectric constant 
The dielectric constant is highly reliant on the electronic structure of the material and is 

directly connected to the density of states inside the forbidden band, which determines the 
electromagnetic radiation that flows through the material. This feature may be examined using the 
complex dielectric function, as shown below [20]: 

 

                                                                    (11) 
 
where 1 denotes the real part of the dielectric constant connection with the process of slowing the 
light speed in the material 2 is the imaginary component of the dielectric constant that allows 
dipole movement to absorb energy from the electric field. This also holds for the refractive index 
and extinction coefficient. 
 

                                                                     (12) 
 

                                                                         (13)  
 
The differences between ε1 and ε2 versus the wavelength are shown in Figure 8 and Figure 

9 respectively. It is proved that the dielectric constants decrease with the height of the wavelength 
while increasing with the increase of the γ-radiation doses on the film, which may be attributed to 
the increase in the crystal size. 

 

1 2ie e e= +

2 2
1 n ke = −

2 2nke =



1257 
 

400 800 1200 1600 2000 2400

5

10

15

20

25

30

35

BiI3
d=900nm

 without dose
 50 kG
 100kG
 150kG
 200kG
250 kG
300 kG

e1

Wavelength(nm)  
 

Fig. 8. Variation of real dielectric constant, ε1 on wavelength, λ for BiI3 as-deposited  
and treated films with γ-radiation doses. 
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Fig. 9. Variation of imaginary dielectric constant, ε2 on wavelength, λ for BiI3 as-deposited  
and treated films with γ-radiation doses. 

 
 
3.4. Determination of the optical conductivity 
Figure 10 shows the variation of optical conductivity, .optσ as a function of photon energy. 

The absorption coefficient, α can be used to compute the optical conductivity, .optσ as follows[20]:  
 

. 4opt
ncα
π

σ =                                                                       (14) 
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Fig. 10. Dependence of optical conductivity, σopt as a function of wavelength λ for BiI3  
as-deposited and treated films with γ-radiation doses. 

 
 
3.5. Energy loss functions 
During the inelastic scattering process in semiconductors, energy is transmitted to or from 

the uppermost atomic layers. This energy shift implies that electrons are excited both at the surface 
and at the interface (i.e., in bulk). The spectrum response of this inelastic scattering may be 
specified using the dielectric theory system as volume energy loss function (VELF) and surface 
energy loss function (SELF), which are supplied by the following equations[21]. 

 

                                                                   (15) 

 

                                                                 (16) 

 
Figure 11 and Figure 12 demonstrate the energy dependency of BiI3 films on the volume 

and surface energy loss functions, respectively. The graphic shows that the energy loss incurred by 
free charge carriers when traveling through the volume and the surface are identical. Furthermore, 
the highest value of the loss functions is close to the absorption edge of the BiI3 films, which is 
where the interband transition is thought to occur. According to their findings, Al-Mudhaffer et al. 
[21] found that the maximum value of VELF and SELF falls around the absorption edge of the 
film. 
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Fig. 11. Dependence of VELF as a function of photon energy, (hν) in the fundamental  
absorption region for investigated thick films. 
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Fig. 12. Dependence of SELF as a function of photon energy, (hν) in the fundamental absorption  
region for investigated thick films. 

 
 
3.6. Determination of non-linear refractive index 
Non-linear effects occur when high-intensity light propagates across a medium. The 

incident intensity has a large influence on the non-linear refractive index. When the matter is 
subjected to a strong electric field from incoming light, polarisation no longer varies 
proportionally to the electric field, and the change in polarizability must be extended by terms 
proportional to the square of the electric field [22]. The nonlinear refractive index was deduced in 
terms of the Tichy and Ticha relationship[23]. Tichy and Ticha relationship is a combination of 
Miller’s popularized rule and static refractive index obtained from the WDD model as[21]: 

 
(3)

2
12[ ]

o

n
n

π χ=                                                                       (17) 

 
where χ(3) is third-order non-linear susceptibility. χ(3) is obtained from the equation[24]  
 

(3) (1) 4[ ]Bχ χ=                                                                 (18) 
 
where  χ(1) is linear susceptibility and is given as: 
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where B= 1.7×10-10 (for χ(3) in esu). χ(3) is given as: 
 

( )4(3) 2
4 1

(4 ) o
B nχ
π

= −                                                                    (20) 

 
Figure 13 and Figure 14 plot the nonlinear refractive index, n2 versus wavelength, λ. From 

these figures, we found that the value of the nonlinear refractive index n2 decreases with increasing 
wavelength for all BiI3 thick films while n2 increases with increasing γ-radiation pulses for the 
film. 
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Fig. 13. 1χ  vs wavelength, (λ) for BiI3 as-deposited and treated films with γ-radiation doses. 
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Fig. 14. Dependence of non-linear refractive index, n2 on the wavelength for investigated films. 
 
 
4. Conclusions 
 
BiI3 thick films with a thickness of 900 nm were successfully synthesized using the 

thermal evaporation technique. Structural parameters such as crystallite size and microstrain were 
calculated. The results indicated that the size of the crystals increases while the fine stress 
decreases with the increase of γ-radiation doses, which indicates the improvement of the 
crystallization of these films. The effect of γ-radiation doses on the optical properties of BiI3 thick 
films was studied. The refractive index and thus the extinction coefficient and segregation 
constants decreased slightly with increasing γ-radiation doses. These slight decreases were 
explained in terms of increasing crystallite size with increasing γ-radiation doses. The nonlinear 
refractive index was calculated for the studied samples. The nonlinear refractive index n2 of the 
studied films is closely related to the linear refractive index n (o). The low optical transmittance 
and small bandgap of BiI3 films make them a hopeful candidate for optoelectronic devices as well 
as numerous light detection, modulation, and processing functions. 
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