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of compound semiconductors due to their important properties such us photosensitivity, 

photoconductivity and thermoelectric power [1, 2, 3, 4, 5]. This material has interesting in the 

modern technological application such as optoelectronic devices, photo-electrochemical cell, 

thermoelectric devices [6], photodiode arrays, photoconductors [7,8], IR detectors, and 

photovoltaic devices [9]. The direct optical gap of this compound is of 1.30eV [10,11], it 

varied from 1.60 to 1.70eV in form of thin films according to the preparation method. It is 

located in visible solar energy spectra making it useful for photovoltaic conversion. Based on 

these last application fields, for integrating the thin films of Bi2S3 into the conversion devices 

of the solar energy, it is necessary to understand their electrical properties. The direct current 

conduction studies provide an idea about the conduction of the free charges under the 

application of an external electric field and alternatif current conduction shows the 

dependance of conductivity with frequency, where the conduction occurs via the trap levels 

situated in the gap of the materials. There are many models and reports available on the 

mechanisms of conduction of different semi conductors materials in thin films, such as the 

quantum mechanical tunneling (QMT) [12] and the model of the correlated barrier hopping 

(CBH) [13,14], it have been proposed to explain the mechanism of AC conduction. 

Although, these investigations, the electric transport phenomena of the Bi2S3 in thin films are 

not available, so this investigation is the first.  

1.2 Techniques of Deposition of the Bi2S3 Thin Films:  

We can find several techniques in the literature illustrate the preparation of the thin films of 

Bi2S3: Chemical bath deposition method [15, 16], SILAR method [17], and spray pyrolysis 

[3,18]. Among these methods, spray pyrolysis is a truly low-cost technique which we were 

adapted in this investigation for the fabrication of our thin films from a solution of bismuth 

chloride and thiourea. 

 

2. RESULTS AND DISCUSSION   

2.1 Structural properties 

Our thin films obtained were opaque and of color of metallic gray, they were perfectly 

adhered to the substrate surfaces. The various diffractions peak existing in Fig.1 are narrower 
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and well intense indicating the crystallisation of the material with orthorhombic crystal 

structure. Highly satisfactory agreement was seen between the inter-reticular distance of our 

films and those of the powder standard card N°: 43-1471. 

The lattice parameters ‘a, ‘b’ and ‘c’ calculated are respectively of: 11.0696Å, 11.12 Å and 

3.968Å. The crystallite size evaluated from full width half maximum (FWHM) of the slow 

scan of XRD peak (310) at 2θ =25.24° is about of 222.76Å. This result confirms also that our 

films are of nanocrystalline structure (22.276nm). The crystallite size is influenced by the 

conditions of the preparation of the films. 

 

Fig.1. X- ray diffraction diagram of Bi2S3 film prepared at substrate temperature of 280°c. 

 

2.2 Optical properties 

Fig.2 shows the transmittance (T%) and the reflectance (R%) spectrum of Bi2S3 films in the 

range of 200-2500nm at room temperature. We can distinguish tree regions: the first situated 

in the visible wavelength range varied between 200-790nm, it is characterized by the very 

down transmission and the strong absorption (see Fig.3). The second region situated in the 

wavelengths range varied between 790-1720nm, the optical transmission of Bi2S3 film is 

higher, it presents the transmission threshold around λ=790 nm, the transmission of the film 

increases to 44%, this is caused by the lack of material in some places, a highly absorption 

coefficient values in Fig.3 (in order of 104 cm-1) are assigned of lacking or condensation 

nature in the material. Last region is of the decreasing transmission from the wavelength 

λ=1800nm, the value of the transmission of the film start to decrease which it present a loss in 

the material transparence. The reflectance spectrum of Bi2S3 films shows a sufficiently wide 
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band in the near red infrared wavelength range situated between 1476-1826nm presenting a 

minimum around λ=1615nm. The absorption coefficient spectrum provides information about 

electronic transition nature and the band gap of our material. Bi2S3 has a band structure E(k) 

where the maximum of the valence band and the minimum of the conduction band are aligned 

(direct band gap) [18]. The allowed direct transition is very appropriate in the transition nature 

of our material; consequently we evaluated the energy of the optical gap (Eg) using the curve 

(h)2, we extrapolated the linear portion of this curve cross the energy axis at Eg (see Fig.4), 

the value of the direct band gap was found to be 1.61eV. 

 

 

 

Fig.4. Variation of (αhʋ)2 versus (hʋ) for the Bi2S3 film prepared at Tsub=280°C. 

 

2.3. Electric Properties 

Complex impedance diagrams (Z” vs. Z’) of Bi2S3 in thin films are displayed in Fig.5. These 
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diagrams are for samples which were prepared at Tsub=280°C and were heated in the 

temperature range of 293-333°K. The diagram exhibit one semicircular for each heating 

temperature selected before. We can see that the semi circles are slightly inclined and their 

centers are shifted under the real axis. The presence of the semi circular arc was interpreted by 

the grain contribution. It indicates also a single relaxation process occurring in the film. The 

resulting semi circlar arc is equivalent to a parallel RC circuit [19, 20], where R and C are 

resistance and capacitance of the film, respectively; R was given by the diameter of 

semi-circular arc and C was determined by the relation: ������ = 1, which holds a 

maximum of semicircle, or by the fit of the curves (Z’ vs. fr) and (Z” vs. fr). The impedance 

in complex form associated at this case is expressed as: 

�∗ =
�

1 + ����
= �′ − ��′′                (2) 

�′ =
�

1 + (���)�
                                 (3) 

�′′ =
����

1 + (���)�
                               (4) 

Where, ‘ω’ is angular frequency. Fig.5 also shows that increase in temperature leads to 

decrease in size of the semicircle, corresponding to a shift in the center of the semicircle 

toward origin of the plot of the impedance spectrum. At each selected temperature, the 

diameter of the semicircle represent the value of the resistance R of the film; it decreases with 

increases in the temperature, result an increase in conductivity, indicating a semiconducting 

behavior of this component [21]. 

In the curve (-Z” vs. fr) of Fig.6, the variation in imaginary part of complex impedance versus 

frequency and temperature, shows that the values of the Z” reach a maximum indicating a 

single relaxation process. The maximum of peaks shifts toward high frequencies with the 

increase in the temperature indicates the increase in dielectric losses. The relaxation time ‘τ’ 

was evaluated (see table.1) by the angular relaxation frequency (����) at the maximum peak 

of Z” as given in the following formula: 

���� . � = 1                                               (5) 
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Fig.5. Complex impedance diagrams (-Z” vs. Z’) of Bi2S3 thin film. 
 

We notice a displacement of the relaxation peak towards the low frequencies with variation in 

the temperature. This phenomenon display that the frequency of the peak indicate behavior of 

Arrhenius type. In the curve (Z’ vs fr) of Fig.7, the real part of complex impedance decreases 

with the temperature showing behavior of a semiconductor [21,22]. 

The tangent of dielectric losses ‘tanδ’ is expressed as that given in formula (6). It’s a 

parameter of dielectric material; it quantifies the dissipation of electric energy in the material. 

���� =
���

�� =
���

��                            (6) 

In Fig.8, we draw ‘tanδ’ versus frequency and temperature. Relaxation peaks can not be seen 

in the frequency range used in this study. However, B.Ouni [21] has been verified that in the 

absence of a well defined tanδ peak, he can obtained ‘τ’ from the diagram of the complex 

impedance (Z”). 
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Fig.8. tanδ versus frequency and temperature 

 

2.3.1. Study of AC conductivity as a function of frequency and temperature: 

AC conductivity (σAC) of our thin films was calculated versus frequency and temperature 

from the complex impedance (Z*), we used the following formula: 

�∗ =
1

�∗

�

�. �
                                          (7) 

Where, ‘W’ is the length of the electrode; d is the thickness of the sample to be characterized, 
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and ‘L’ is the distance between the two electrodes. Fig. 9 shows the dependence of 

conductivity on frequency (5Hz–13MHz), at different selected temperatures (293°K, 313°K 

and 333°K) on a log–log scale. We observe that conductivity gradually increase with increases 

in frequency and temperature having different slopes over two frequency regions. The first 

region, in low frequency, the conductivity is independent of the frequency. In this region, σDC 

may be calculated (see table.1). While at higher frequency (second region), AC conductivity 

(σAC) follows an approximate behavior of power-law type [23]. This response is characteristic 

of ionic conductors [24, 25, 26]. The formula for conductivity is written as follows.  

���(�) = ��� + �. ��                        (8) 

Where ‘A’ is a constant, ‘ω’ is the angular frequency, and ‘S’ is the exponent of the frequency 

component which normally takes the value less than or equal to unity. This variation is 

indicative of localized conduction. In the case where the conductivity decreases with the 

frequency, the conduction model is said: free band conduction [27]. We can see also, that AC 

conductivity increases with increase in temperature. This rise of the σAC with temperature is 

attributed to thermal activation which allows the hopping of carriers between different 

localized states. Besides, this increases in the conductivity with the temperature, indicates the 

semiconductor nature of the films. It is due to the good crystallinity of the films, which 

increases the mobility of the charge carriers. Several authors have reported similar behavior 

by nanocrystalline materials prepared by different methods [28]. So our crystallites are 

nanometric also. In the literature there are various models which have been developed to 

explain the dependence of conductivity at frequency and temperature in materials and it is 

known that the low values of the frequency exponent 'S' indicate the multi-hop process, While 

the high values of 'S' indicate the single hop process [27]. For our studied sample, the values 

of the frequency exponent 'S' obtained from the slopes of the AC conductivity in the high 

frequency region are listed in Table 1. In our case, the parameter ‘S’ has smaller values, where 

0<S<0.5, indicating multihopping process, it decreases with the temperature in the range of 

293-333°K. Various models have been proposed by the investigators to discuss the behavior 

of ‘S’ of chalcogenide compounds [29]. The correlated barrier hopping (CBH) model is the 

most widely model used to describe the AC conductivity of amorphous semiconductors. This 
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model consider the electron pairs hope from doubly occupied D+ stated to a nearly D- center 

over the barrier separating the two sites. The expression for ‘S’ obeys the formula: 

� = 1 −
6���

�� + �����(���)
                      (9) 

Where WM is the maximum barrier height at infinite intersite separation, τ0 is the relaxation 

time which is in order of an atom vibrational period (τ0 ≈10-13 sec).The temperature 

dependence of σAC is most likely due to the hopping process. We can suggest that the 

conduction occurs by hopping assisted by phonon between localized states near the Fermi 

level ‘EF’. Consequently and according to the Austin and Mott theory [30], the AC 

conductivity is given by the formula (10): 

���(�) =
�

3
������(��)����� ��� �

Ω

�
��

�

   (10)  

Where ‘e’ is the electronic charge, ‘α’ describes the decay of the localized state wave function 

and Ω is the phonon frequency. By assuming Ω =1013 Hz and α =0.3 nm-1 [31]. �(��) is 

calculated from the plot of�(�) ��� �
Ω

�
��

��

versus the frequency. It’s found that it is of order 

of 1020 eV-1.cm-3, which increases as ���(�) with temperature as seen in table.1. The higher 

value of �(��) is related to the increase in the number of load carriers in the band gap under 

the temperature effect. 

 

Fig.9. AC conductivity versus frequency and temperature 

2.4. Dielectric Properties 
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material, the response is corresponding to the load carriers which are electrons in the 

conductors, or ions in the ionic conductors. In the insulating material, the response 

corresponds to the polarization which corresponds to the displacement local of electrons, and 

the orientation of the dipoles. Fig.10 shows the frequency and temperature dependence of the 

dielectric constant ԑ’ for Bi2S3, It is observed that the dielectric constant ԑ’ appears to be 

depend of temperature and frequency. So, the decrease of ԑ’ as function of frequency at the 

constant temperature can be attributed to the contribution of multi components of 

polarizability, like deformational which concerns the electrons or ions, and relaxation 

concerns the orientation or interfacial [32]. As the applied field frequency is increasing, the 

orientation polarization tends to decrease since it takes more time than those others 

polarizations, electronic or ionic polarization, and consequently ԑ’ tends to reduce, 

approaching a constant value, at high frequencies, due to the space charge polarization. On 

other hand, the increase of the dielectric constant ԑ’ with temperature can be assigned to the 

fact that the bound charge carriers get gradually an quantity of thermal excitation energy to be 

able to respond to the change in the external field more easily, their orientation is facilitate 

their orientation is facilitate when the temperature increases, the orientational polarization 

increases also, and in turn increases ԑ’. 

 

Fig.10. ԑ’ versus frequency and temperature 

 

Fig.11 shows the variation of ԑ” with frequency and temperature for our sample, we observe 

that ԑ” decreases with increasing frequency at constant temperature, and it increases by 
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increasing temperature at constant frequency. Dielectric constant is composed of two 

contributions: the first is from the DC conduction at low frequency and the second is from the 

dielectric polarization processes at high frequency. At low and moderate frequencies, as the 

temperature increases, the conductivity increases too, bringing to the high value of the 

dielectric constant, ε”(ω). This is in agreement with equation: (�" = ��� ���)⁄ . AC 

conductivity (σAC) can be mixed up with DC conductivity (σDC) like was given in formula (8). 

ε”(ω) decreases with increasing frequency which results in rapid polarization processes 

occurring in the Bi2S3 films under applied field. Indeed, when the frequency increases, AC 

conductivity follows a power law (�. ��) and then ε”(ω) can be written as a power law too 

(�" = �.
��

���
= �. �� ��� � = � − 1) whose exponent m is negative (see equation 12), this 

function decreases greatly, it depends on the values of the power. We can indicate these 

behavior in The shape of ln(ε″) vs ln(f) which shows straight lines with different slopes (Fig. 

12). It decreased linearly with temperature according to Giuntini [33]: 

�" = (�� − �∞)2���(�� ��⁄ )�����
���

����   (11) 

� = −
4���

��
                                                          (12) 

Where, WM is the maximum barrier height, its value calculated from equation (12), it is equal 

to 0.1eV. This value is in good agreement with that obtained by the theory of the hop of the 

charge carriers over a potential barrier such as that suggested by Elliott [34, 35] and Ghosh 

[14] in the chalcogenide glasses. 

 

Fig.11. ԑ’’ vs frequency and temperature  
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 Fig.12. ln ε″ vs. lnf 
 

2.4.2. Electric Modulus Studies: The relaxation mechanisms in the chalcogenide and 

amorphous materials are represented by several dielectric parameters: dielectric constant, loss 

tangent, and electric modulus. In the modulus formalism, which we are adopted in this part, 

the electric modulus (M*(f)) in the complex form (with their two parts: real and imaginary 

parts) is defined in the term of the complex permittivity (ԑ*(f)) as the equation (13): 

 �∗(�) =
�

�∗ =
�

�′���′′ =
�′

�′���′′�
+ �

�′′

�′���′′�
                         

 �∗(�) = �′(�) + ��′′(�)                                (13)  

Fig.13 and Fig.14 respectively display the frequency dependences of �′(�) and �′′(�) for 

Bi2S3 as a function of temperature. �′(�)  shows a dispersion region in the higher 

frequencies which �′(�) tend to the higher values (Fig.13), while �′′(�)  exhibits a 

maximum centered at this region of �′(�). In Fig.14, position of the peak shifts to higher 

frequencies as the temperature is increased. The frequency region below peak maximum 

detemines the range in which charge carriers are mobile on long distances. At frequency 

above peak maximum, the carriers are confined to potential wells, being mobile on short 

distances, The frequency fmax (corresponding to �′′
���) gives the most probable relaxation 

time ���� from the condition ����. ���� = 1. The relaxation time ���� is proportional to 

���(−�� ��. �⁄ ) with activation energy Ea ≈0.12eV, like it is shown in the inset of Fig.14. 

and tabeled in Table 1.  
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Table 1: Parameters of Bi2S3 in thin films 

 293°K 313°K 333°K 

τ  [NanoSec] 53 36.1 14.2 

R   [KΩ] 47.049 18.638 10.92 

C   [P.Farad] 1.0933 1.787 1.638 

σDC    [Ω
-1.cm-1] 0.29 0.82 3.22 

S 0.24 0.14 0.12 

�(��)  x1020 [eV-1.cm-3] 5.11 8.27 15.96 

Ea   [eV] 0.118 0.124 0.133 

 

Fig.13. M’ (Real part of the electric modulus) vs frequency and temperature 

 

Fig.14. M’’ (imaginary part of the electric modulus) vs frequency and temperature. 
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by a Bruker's X-ray Diffractomter (D8 Advance type) with CuKα radiation (λ = 0.15406 nm) 

over the 2θ collection of data from 5° to 88°. UV–vis–NIR spectra of the transmittance and 

reflectance were recorded at normal incidence. The range of the wavelengths of 200–2500nm 

operated, was offer by UV-Visible JASCO type V-570 double beam spectrophotometer. For 

the AC measurement, our samples were made in the coplanar configuration; the threads of 

Ohmic electrodes of copper were formed by sticking it on the film using the conducting silver. 

The dielectric and AC conduction measurements were performed on the Bi2S3 sample using 

an HP4192 impedance meter operating in the range of frequencies of 5Hz- 13MHz for 

different temperatures (293-333°K). Digital thermocouple was used for temperature controls. 

 

4. CONCLUSION  

Bi2S3 thin films have been successfully deposited by the spray pyrolysis technique at 

substrate temperature of 280°c. X-ray diffraction study of Bi2S3 thin film was confirmed 

orthorhombic Bi2S3 crystal structure. The analysis of optical data showed that the thin film of 

Bi2S3 is a semiconductor with the allowed direct transition and a direct band gap value of 

1.61eV. Consequently, the Bi2S3 is useful for fabrication of optoelectronic devices. 

Furthermore, the experimental results obtained in this work in the parts of electric and 

dielectric studies demonstrated good response to the applied electric field, indicating the fact 

that the film can be employed in photovoltaic conversion devices. 
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