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Abstract: 
Thin films of Boron antimode (BSb) have been successfully deposited on FTO coated glass substrate 

by PLD technique at 673K. The band gap was calculated to be ~0.55eV. Dielectric constant and dielectric 

loss factor were investigated with frequencies at various temperatures. The dielectric constant showed various 
natures arising due to the defects, impurities and space charge formation at the interface layers. The 

maximum dielectric loss was recorded at an applied a.c. frequency equal to the hopping frequency of the 

electrons, we obtained maximum dielectric loss factor. The energy per unit volume per unit time was 
calculated from the dielectric loss factor. Cole-Cole plots indicated two semi-circles in the high temperature 

domain (150K - 250K) while those measured in the lower temperature domain (10K - 125K) indicated one 

semicircle. 
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1. Introduction: 
The huge demand of finding alternate sources 

of energy has made the development of highly 

efficient solar cells demanding. Hot-carrier solar 

cells (HCSCs), which offer greater conversion 
efficiencies, are one of the main alternatives to the 

non-renewable energy sources. In this context the 

binary compounds like BSb perhaps has the 
greatest potential.[1] 

For the above reasons, BSb has become a 

promising material platform for hot carrier 
absorber (HCA). Despite the advances of theories 

on BSb, the successful synthesis techniques of the 

compound were less reported. In our previous 

publication, we have discussed about the inherent 
difficulties in the synthesis procedure and 

achieved by the pulsed laser deposition process, 

the successful synthesis of BSb thin film with 
exact molar ratio.[2]The importance of study the 

temperature dependence of the complex 

impedance lies in understanding of the material 

and the mechanism involved in the electron 
conduction with respect to applications in HCSC. 

Amorphous B12Sb2 was first grown by molecular 

flow physical vapour deposition technique. The 

high mobility of 100cm2/V s and high 

thermoelectric constant value of 10-4/K observed 

by them revealed B12Sb2 a promising candidate for 

device fabrication.[3] In another report, the BSb 
films were synthesized by co-evaporation method. 

They explored the temperature dependent (210K - 

360K) electrical conductivity of the films. 
However, they did not show the exact molar ratio 

of boron and antimony. [4] 

Researchers should modulate the phononic 

band gap of the absorber material during the 
fabrication of HCSC. The localized density of 

states imped the thermalization of the material in 

nanocrystalline form. As a result, in the tandem 
cells, the hot electrons are extracted maintaining 

their position for their constructive 

implementation of conversion of energy. [5]The 
electrical polarization under very low a.c. bias 

voltage with different temperature provides us 

very useful information related to the electron 

transport process in the hopping region in any 
disorder material. In our previous study, we 

demonstrated for the first time the possible 

electron transport procedure for the material BSb 
with the investigation of a.c. conductivity in a long 

temperature range (10K – 275K). Temperature 

independent conductivity was observed from 10K 
to 75K indicating insulating behaviour of BSb, 

Metal insulator transition around was observed at 

75K. Beyond 75K the a.c. conductivity was 

decreased up to 125K like metal and after 125K 

the conductivity increased sharply showing 
semiconductor nature. The electron conduction of 

BSb was regulated by the thermal activation in the 

whole temperature range.[6] However, the 
complex electrical impedance properties of BSb 

thin film has not been explored till now by any 

researchers. This would give a clear picture on the 
density of states modulating the electron transport 

processes in these films especially in the sub-band 

gap region. Here, we have reported our 

measurements on the complex electrical 
impedance properties within a suitable range of 

temperature (10K -275K) and frequency (50 Hz- 

100 kHz). 
 

2. Experimental Procedure: 

We grew the boron antimonide thin films on 

FTO coated glass through PLD technique. The 
details of the technique have been described in 

detail elsewhere.[2] The films were deposited on 

to the substrates kept at 673K under identical 

deposition conditions indicated in reference2. The 
film thickness was ~500 nm. We examined 

surface morphology of the films by FESEM (Carl 

Zeiss AURIGA system). HIOKI-3532-50 
impedance analyzer was employed during 

impedance measurements in the frequency range 

of 50 Hz to 100 kHz under the controlled 
temperature (10K - 275K). The temperature 

variation was achieved using a liquid helium 

cryostat and Lakeshore temperature controller. 
 

Figure 1: Schematic diagram of closed vacuum 

chamber for measurement of temperature 

dependent impedance spectroscopy. 

 

Proper electrode configuration is crucial for 
recording the data for electrical conductivity of a 

thin film. We thermally deposited aluminum dots 

of diameter 1 mm on the BSb thin film as top 
electrode using proper mask under a vacuum 

pressure 10-6 Torr. FTO acted as bottom electrode 

during measurement. An a.c. voltage of 3mV was 
biased onto the sample during the dielectric 

polarization measurement. We mounted the 

sample on the cold finger into a helium cryostat 

and measured the impedance using several top 
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𝑔 

electrode dots on the BSb film (Fig.1). The results 
were consistence (varied within ±2%). 

 

3. Results and discussion: 

3.1. Microstructural and band gap studies: 

Fig.2a portrays the electron microscopy images of 

BSb thin film. The FESEM picture shows distinct 

grains in the sample. Agglomeration of grains can 
also be observed along with some secondary 

nucleation sites. The histogram (inset of Fig.2a) 

shows a wide distribution of grain sizes ranging 
from 5 nm to 10 nm. 

 

 
Figure 2: (a) FESEM picture of BSb film deposited at temperature 673 K and (b) Transmittance spectra of the 

BSb film. Top inset and bottom inset show the plot of ln (h) versus ln (h- Eg) and the plot of (h)0.5 versus 

h  respectively. 

Fig. 2b shows the transmission spectra of the same 

sample recorded in the wavelength range 300 nm 

to 3200 nm. The good crystal structure of the 
sample led a sharp trip at the band gap region of 

transmittance spectra. The absorption coefficient 

has been calculated with the help of the 
formula:[7, 8] 

𝛼 = 
𝐴 
(ℎ𝜈 − 𝐸 )𝑚 (1) 

ℎ𝑣 

 

The value of A and m depend on the nature of 

transition (‘direct or indirect’). When hν is equal 

to Eg, the plot of d[ln(αhν)]/d[hν] with respect to 

hν diverges. This diverged point gives us abroad 

estimation of Eg. The value of m is calculated 

from the slope of the plot of ln(αhν) versus ln(hν-

Eg) putting the rough estimated value of Eg(top 

inset of Fig.2b). Then the band gap can be 
calculated as shown in the bottom inset of Fig. 2b. 

We calculated the band gap as 0.55 eV for indirect 

transition. The band gap value obtained by us 

matched well with the predicted value by density 
functional theory.[9] 

 

3.2. Impedance spectroscopy: 

The inter-dependency of the electrical 
properties on micro-structure of a material can be 

explored with the help of the complex 

impedance 

spectroscopy (CIS). The electrical properties 

along with the electrochemical features of 

polycrystalline material can be characterized 
through CIS technique. There is a very close 

relation between the electrical response and 

microstructure. 
 

3.2.1 Complex Impedance Studies: 
  Conventionally, the impedance data are 

exhibited in a complex plane. Involvement of 
various mechanisms related to a.c. conduction and 

polarization relaxation  can be explained by studying 

the impedance over a frequency range. We can 
clearly separate the contribution of bulk, grain 

boundaries and interfaces separately from the graph 

depicted the variation of impedance with

 frequency. In case of polycrystalline material, the 
impedance and capacitance arise due to the 

existence of inter-granular/ grain boundary. 

Different values of resistivity and dielectric 
constant can be observed for a material consisted 

of grain and grain boundaries, both.  Impedance 

data are presented in the form of imaginary, 
Z”(capacitive)  against real, Z’ (resistive) 

impedances.[10] 

Fig.3a and Fig.3b show the variation of real 

portion of impedance (Z′) with frequency at 
various temperatures from 10K to 125K and from 
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150K to 275K, respectively. One may observe 
(Fig.3a) that the real portions of impedance (Z′) 

are nearly frequency independent up to ~1.5kHz 
and after that Z′ started increasing with frequency. 

 

 

Fig. 3: Variation of Z′ with frequencies when the temperature was varied: (a) from 10K to 125K and (b) from 150K to 

275K. Variation of Z′′ with frequencies when the temperature was swept: (d) from 10K to 125K and (d) from 150K to 

275K.  Plots of ln () vs. 1000/T: (e) at temperature 10K to 125K and (f) at temperature range 150K to 275K. 
 

Z′ attains maximum at ~5.5x104Hz. In this 

temperature range (10K to 125K), the 
conductivity initially appears frequency 

independent, increases in the mid frequency range 

and later, decreases at higher frequencies (Fig.3a). 

The above frequency independent region indicates 
purely resistive part of the sample. The dispersive 

region signifies the reactive part of the sample. In 

the temperature range of study, Z ′remained quite 
invariant with temperature in the plateau region 

and started decreasing with increment in 

temperature after the plateau region. The values of 

Z′ nearly overlapped with one another in the 
higher frequency region at all temperatures (10K 

to 125K). The elevation in conduction due to the 

space charge release with increase of temperature 

at high frequencies causes this above discussed 
variation. 

The behaviour of Z ′at a broad frequency range in 

the temperature range 150K - 275K is shown in 
Fig.3b. The free movement of released space 

charge lowers the energy barrier, which causes the 
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decrease in Z′ when the temperature stays in 
between 150K to 275K (Fig.3b).[11-13] This is 

totally different from the previous one. The values 

of Z′ decreased with temperature. The behaviour 
of Z′ shows a decreasing trend with frequency 

(region-I) followed by an almost frequency 

independent plateau (region-II) and again 
increasing with frequency (region-III). 

Fig.3c and Fig.3d depict the trend of complex 

impedance (Z′′) with frequencies in two different 

temperature domains of 10K-125 K and 150 K - 
275K, respectively. In Fig.3c one may observe 

that the frequency independent trend of Z′′ upto 

~1kHz. No significant variation except the peak 

height was observed with temperature. Beyond 

1kHz, Z′′ increased sharply with frequency 
reaching a peak value at ~8x103 Hz. It decreased 

again due to the existence of relaxation 

phenomena. The accumulation of space charge in 
the material leads merging the values of Z′′ for all 

temperatures at high frequencies. [14]The 

existence of relaxation properties could be 
ascribed to the appearance of peaks. The 

appearance of immobile ions/electrons and defect 

or vacancy states cause the relaxation peaks at low 

and high temperature, respectively, at the 
particular a.c. biased frequency when it is equal to 

the localized electrons, hopping frequency. Spread 

of the relaxation time would culminate in lack of 
symmetry in the peak broadening. The peak value 

of maxima of Z′′ versus frequency plots also 

decreased with the increase in temperature 
(Fig.3c). Slight broadening of Z′′ peaks was 

observed with the increase in temperature due to 

thermal relaxation process. The immobile ions and 

the defects results the above relaxation at lower 
temperatures and higher-temperature, 

respectively.[15] The variations of Z′′ with 

frequencies in the temperature range 150K-275K 
are indicated in Fig.3d. This variation is much 

more complex than that has been observed in the 

lower temperature (10K -125K) region (Fig.3c). 

Shift of the peak position towards higher 
frequency indicates decrease in relaxation time 

with the increase of temperature. [12] The 

observed peak broadening with increasing 
temperature would suggest that the electrical 

relaxation phenomenon in this material depends 

on temperature. [16] The relaxation process may 
be ascribed to the existence of space charges and 

mobility of the above space charges is increasing 

with increasing temperature. 

A significant broadening of peaks with 
temperature indicates the appearance of 

temperature dependent relaxation process in the 
materials. [17]We already have discussed the role 

of electrons, immobile ions and defect states in 

relaxation process in different temperature 

regions. The relaxation time () is determined 

from the peak of Z′′ versus frequency plot 

(Fig.3e and 3f) following the relation 2𝜋𝑓𝑟𝑟 = 1 

where 𝑓𝑟 is the relaxation frequency. It is note 

worthy to mention that this peak position does not 

depend on the geometrical parameters of the 
sample during measurement. The linear 

dependency of τ with 103/T which can be fitted 

through an equation τ = τo exp(−Ea/kBT) where τ0, 

Ea and kB are the pre - exponential factor, the 
activation energy and the Boltzmann constant, 

respectively.[18] Figs.3e and 3f portray the 

dependency of relaxation time with inverse of 

temperature. The calculated activation energies of 
BSb are 7.75 eV in the temperature range 10 K -

125K (Fig. 3e) and 50.08 meV in the temperature 

range 150 K -275K (Fig. 3f). This value matches 
well with that obtained from a.c. conductivity 

measurement. [6] 

 

3.2.2 Dielectric constant and dielectric loss 

factor: 

The complex dielectric permittivity is given 

by the relation: [19] 

𝜀 = 𝜀′ − 𝑗𝜀′′ (2) 
 

where, 𝜀′ and 𝜀′′ are the dielectric constant of the 

material and dielectric loss factor, respectively. 

Dielectric constant of the material (𝜀′) and 

dielectric loss factor ( 𝜀′′ ) were measured as a 

function of frequencies at different temperature 

ranging from 10K to 275K. Fig.4a and Fig.4b 

depict the variation of 𝜀′ and 𝜀′′   with frequencies 

at various temperatures (10K -275K), respectively. 

It may be observed (Fig.4a) that the dielectric 

constant (𝜀′) dropped down when frequency 

increased. Values of both dielectric constant and 

loss factor were higher at higher temperature 

especially in the decreased frequency ranges. One 

may see that 𝜀′ and 𝜀′′ measured at lower 

temperatures is nearly invariant with frequency in 

this system. The large number of charge 
accumulation at the interface of electrode and 

sample could lead the deviation. In the high 

frequency region, 𝜀′drops down due to the fast 

repetitive switching speed of applied filed at 
particular interface. The high speed of changing 

biased field reduces the contribution from the 

charge carriers to the dielectric constant. [20] 
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Figure 4: Variation of (a) dielectric constant (ε′) and (b) loss factor (ε′′) with frequencies when the temperature range 

varies from 10 K to 275K. Variation of (c) ε′ and (d) ε′′ with different temperatures at particular frequencies of 102 Hz, 

103 Hz, 104 Hz and 105 Hz. (e) tan ( ) with frequencies in the temperature range 10-275K. 
 

 

Variation of dielectric loss factor (𝜀′′) with 

frequencies is depicted in Fig.4b. In a.c. fields, the 
energy loss (W) per unit volume per unit time may 

be calculated from the equation: [21] 

𝑊 = 
𝜔𝗌0𝐸

2 

𝜀′′ (3) 
8𝜋 

W values, computed using eqn.3 and 𝜀′′ 
shown in Fig.4b, are shown in Table-1. 

 
 

value as 

 

Table-1: Energy loss W at frequencies 1 kHz and 10 kHz in the temperatures 10K, 100K, 200K and 275K 

 

 
Temperature (K) 

Energy loss (Watt) 
At 1kHz At 10kHz 

10 19.61 60.33 
100 4.15 24.05 
200 335.63 16.23 
275 11422.05 25.59 

 

At all temperatures, one may observe that energy 

loss is invariant when the frequency domain is 
higher. But loss is significantly higher at lower 

frequency domain especially in the higher 

temperature region. This is basically due to the 

defects, impurities and space charge generation at 

the interface layers which would induce an 
absorption current causing dielectric loss in this 

granular material. More specifically, the property 

of interest may generally be related to the grain 



Inspection Of Boron Antimonide Thin Film Deposited By Pulsed Laser Deposition Process 

Through Complex Impedance Spectroscopy Studies Section A -Research paper 

Eur. Chem. Bull. 2022, 11(Regular Issue 06), 273 – 282 279 

 

 

boundaries in polycrystalline materials. Therefore, 
the more conducting grains and the comparatively 

less conducting grain boundaries regions acted as 

interfaces provide the dielectric structure together. 
Due to the applied electric field, this dielectric 

structure leads the accumulation of charges at the 

interface regions and results in interfacial 
polarization. In order to characterize the 

microstructures and electron transport properties 

of materials like BSb films under consideration, 

which consist of various resistive domains, 
impedance spectroscopy techniques would 

provide the required provisions that would probe 

the different regions according to their electrical 
relaxation times or time constants. 

The appearance of peaks with different 

intensities in dielectric loss factor (𝜀′′) especially at 

higher temperatures may be due to the presence 
of various relaxation processes induced at 

different temperature. Origin of different 

relaxation processes is generally for the existence 
of defects, vacancies at higher temperatures. [16, 

22] With increasing temperature, the dielectric 

loss increased and the peaks shift gradually 
towards higher frequency. The curves, then merge 

together in high frequency region. The 

conductivity in this granular material would 

mainly be governed by hopping of electrons. [4] 
Dielectric behaviour of any sample is correlated 

with conductivity through hopping of electrons. 

With increasing temperature, the probability of 
hopping of the electrons per unit time would 

increase culminating in an increase in loss factor. 

When the frequency of the applied a.c. field equals 
the hopping frequency, one would expect a 

maximum loss factor. At higher frequencies, the 

loss factor would be reduced due to the low value 

of absorption current. [23] The loss factor is 
mainly due to the vibration of the lattices 

(phonons) at high frequency region. [24] 

Fig.4c and Fig.4d show the temperature 

dependence of 𝜀′ and 𝜀′′  with temperature for 

four different frequencies (100 Hz, 1 kHz, 10 kHz, 

100 kHz), respectively. The values of dielectric 

constant (𝜀′) start increasing with temperatures at 

and above 125K. The temperature dependence of 

the dielectric constant (𝜀′) was found to be less 

pronounced in the higher frequency domain. The 

rate of increment of𝜀′ with temperature is 

significantly higher at 100Hz-1kHz region than 

10kHz-100kHz region. Disorder in cation 
sublattices would arise from shifting of a cation 

from one side to another which may cause this 

kind nature of variation. The increase in 𝜀′ would 

weaken the coulomb interaction between cations. 
Due to this type of weak interaction, the cations 

would jump to another unit cell creating a vacancy 

behind. This may be the possible reason of shift 

from a state of low dielectric constant (𝜀′) in an 

ordered cation sublattice to a state of high 

dielectric constant (𝜀′) in a disordered cation 

sublattice with increasing temperature. [25]Two 

components: the capacitive (IC) and the resistive 

(IR) coming from impurities, dirt, moisture etc. 

comprise the total current component in a 
capacitor during current flow. The impurities 

cause the developments of conductive paths 

through insulating regions. Conventionally, the 

capacitive current (IC) leads the applied voltage by 

a phase difference of 90° and the resistive current 
continues same phase with the applied voltage. 

Therefore, we define the ratio (IR/IC) as tan () or 

dissipation factor. The Fig.4e demonstrates the 

behaviour of dissipation factor with frequencies in 

all temperatures. We recorded low magnitudes of 
dissipation factor. From this observation we 

conclude the greater presence of the capacitive 

current component over the resistive one. Thus, 
we can say this material provides a good capacitive 

path during A.C. conduction. 
 

 

Fig. 5: Cole-Cole plot (Z′′vsZ′) in different temperatures:(a) at 225K, 250K, 275K and (b) at 10K,   25K, 50K, 75K. 
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Fig.5a and Fig.5b show the Cole-Cole plots of the 
BSb system under study for two temperature 

domains: 225K-275K and 10K -75K, respectively. 

In the high temperature region 225K to 275 K, the 
Cole-Cole plots indicated two semi- circles 

(Fig.5a) while those measured in the low 

temperature domain (10K -75K) (Fig. 5b) 
indicated one semicircle. At higher temperature 

domain, the BSb films behaved like a typical 

semiconductor whose electron transport 

phenomenon was mainly controlled by Mott’s 
hopping.[26, 27] The semicircle with larger radius 

would contain information on granular BSb film 

in the semiconducting domain. The contributions 
of bulk and interface in impedance result the 

semicircular arcs separately in high and low 

frequency regions, respectively(Fig.5a).[10]As 

BSb shows semiconducting property in the high 
temperature region, so when we increased 

temperature the resistance decreased which led to 

the shortening the diameters of semicircular arcs. 
The point where the semicircular arc met the real 

axis moved toward the origin point of the graph 

with increment of temperature due to the low 
resistance of the BSb compound. The difference in 

diameters of the semicircles could be seen to 

decrease as the measurements are carried out at 

lower temperatures (Fig.5a). One single semicircle 
was obtained when the measurements were carried 

out at relatively lower temperatures (Fig.5b). The 

corresponding second short semicircle (Fig.5a) in 
the lower frequency region may represent the 

contact effect arising out of top aluminium and/or 

bottom FTO contact to the BSb material. The 
radius of the short semicircle gradually increased 

and tended to merge with the larger one and 

ultimately became indistinguishable at lower 

temperature (Fig.5b).It has been observed here 
that the BSb films would behave like an insulator 

and in the low temperature domain (10 K -125 

K), the electron transport phenomenon would 
likely be controlled by Efros-Shklovskii model for 

hopping within the Coulomb gap.[6, 28-30]The 

collapsing of the Coulomb gap was happened, as 

the critical point for the transition was reached as 
described by Pollak and Zabordskii et al.[31-

33]The electrical conductivity was nearly 

invariant at temperature 10 K to 75 K for all 
frequencies. This is a typical characteristic of 

variable range hopping (VRH) in the low 

temperature regime. The presence of one 
semicircle in the Cole-Cole plot in the lower 

temperature domain would be represented by 

nearly similar semicircles for all the 

measurements carried out in the lower temperature 
domain. The departure from the low resistance 

state to the high resistance state culminates in 
significant increase in the bulk impedance. The 

interface impedance then increases 

simultaneously. The difference in the interface 
component would over shadow the effect 

associated in the bulk component. This single 

semicircular arc would be due to the predominant 
high resistance state of the samples at lower 

temperatures. Single semi- circular arc generally 

reflects the dominant influence of the bulk 

conduction in BSb and has been expressed by an 
equivalent parallel R–C circuit (Fig. 5b). The 

combined influence of grain and grain boundaries 

in impedance are modeled through an equivalent 
circuit containing series connection of two parallel 

R-C circuits due to the presence of two 

semicircular arcs in Cole-Cole plot, as shown in 

(Fig. 5a). 

 

4. Conclusion: 

BSb film, deposited successfully through PLD 

technique at 673K reported a band gap of ~ 
0.55eV for indirect transitions. The low 

temperature impedance behaviour of BSb has 

been investigated for the first time. Two types of 

impedance (𝑍′) properties were observed with 

frequency at various temperatures from 10K to 

125K and from 150K to 275K. Dielectric constant 

of the material (𝜀′) and dielectric loss factor ( 𝜀′′ ) 
were measured with frequencies in various 

temperatures. The dielectric constant shows 

various types of nature due to the defects, 
impurities and space charge formation in the 

interface layers in sublattices. Maximum dielectric 

loss factor ( 𝜀′′ ) was achieved when the applied 
a.c. frequency was equal to the hopping frequency 

of the electrons. The energy per unit volume per 

unit time was calculated from the dielectric loss 

factor. This study indicated maximum loss at 
1kHz at 200K and 275K. Cole-Cole plots 

indicated two semi-circles when measured in the 

high temperature domain (150-250 K) while those 
measured in the lower temperature domain (10- 

125 K) indicated one semicircle. We can firmly 

say that our study will help the researchers 

devoted to the materials studies related to solar 
cell and other electronic application to get a clear 

idea of electrical polarization behaviour under a 

small a.c. bias from in low temperature range. 
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