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Abstract SnSb4S7 thin films were deposited on glass

substrate by vacuum thermal evaporation method. The effect

of annealing on the structural and electrical properties of the

SnSb4S7 thin films was investigated. The X-ray diffraction

analysis revealed that the powder crystallized in monoclinic

structure with a preferred orientation along (�21�3) plane.

SnSb4S7 thin films are polycrystalline in nature and the

average grain size increases by increasing annealing tem-

perature. Atomic force microscopy and scanning electron

microscopy were used to characterize the surface morphol-

ogy of the layers. Electrical properties have been investigated

by ac impedance spectroscopy over a wide range of tem-

perature up to 673 K starting from room temperature in the

frequency range 5 Hz–13 MHz. The complex impedance

plots display one semicircle with equivalent circuit functions

as typical parallel RC. By increasing the temperature, the

Impedance spectroscopy analysis shows that the resistance

decreases from 107 X to 104 X. In addition, the analysis of

conductivity indicates that both AC and DC conductivities of

materials increase with increasing temperature The activa-

tion energy values calculated from DC conductivity and

angular frequency relaxation are almost identical, indicating

that the conduction mechanism was thermally activated and

was assured by hopping between localized states.

1 Introduction

In recent years, researchers paid particular attention to the

sulfosalt semiconductors which had many applications field.

Because of their excellent optical properties, sulfosalt

materials are very attractive for a wide variety of techno-

logical applications such as thin film photovoltaic applica-

tions [1], phase change memory devices [2], thermoelectric

energy conversion applications [3] and also it is promising

to use sulfosalt in the sensor technologies field. SnSb4S7 is

one member of the sulfosalt family SnxSbySz and is a very

promising semiconductor that possesses important and

advantageous properties for optoelectronic and solar cells

applications [4–6].

Impedance spectroscopy (IS) is a valuable means for

inquiring and has been extensively applied to study the

frequency-dependent electrical properties of materials. The

resistance and capacitance of crystallites and grain

boundaries, which is frequency and temperature dependent,

can be evaluated from IS spectra. This technique permits us

to separate the real and imaginary part of the complex

impedance and related parameters, and therefore provides

information of the structure-properties correlation in the

studied samples. We report in this work and for the first

time at our knowledge a study of the electrical properties of

the material SnSb4S7 by impedance spectroscopy. The

objective is the understanding of electrical conduction

mechanisms in this new semiconductor material. So, in the

present work, SnSb4S7 thin films were deposited by vac-

uum thermal evaporation on no heated glass substrates

after what they were annealed under nitrogen atmosphere

at 423, 523 and 625 K during 1 h. Therefore, the annealed

SnSb4S7 thin films were examined by the well-known

impedance spectroscopy method to investigate the electri-

cal properties and the conduction processes. The results of
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the electrical properties were correlated with those of

structural and morphological properties.

2 Experimental detail

The compound SnSb4S7 was synthesized by direct fusion

of the component elements weighted in the stoichiometric

proportions 1: 4: 7. The mixture was sealed in vacuum in a

quartz tube. In order to avoid explosions due to sulfur

vapor presses, the quartz tube was heated slowly (10 �C/h).
A complete homogenization could be obtained by keeping

the melt at 600 �C for 51 h.

The tube was then cooled at the rate 10 �C/h. Therefore
cracking, due to thermal expansion of the melt on solidi-

fication, was avoided. The compound obtained is gray

color [6]. X-ray diffraction of SnSb4S7 powder analysis

showed that only the SnSb4S7 phase was present in the

ingot. Crushed powder of this ingot was used as raw

material for thin films deposition (see Fig. 1).

SnSb4S7 thin films were deposited by single source

thermal evaporation from a Molybdenum boat onto no

heated glass substrates under vacuum of 10-5 Torr.

After what the as deposited thin films were annealed

under nitrogen atmosphere at 423, 523 and 625 K during

1 h.

The structural properties of the evaporated thin films

were determined by X-ray diffraction (XRD) using CuKa

radiation (k = 0.154056 nm). Impedance measurement is

made by the method of impedance spectroscopy with the

HP4192A impedance analyzer over a wide range of

temperature up to 673 K starting from room temperature

in the frequency range 5 Hz–13 MHz. The measurements

were performed using two-electrodes, which were pain-

ted on the two extremities of the sample using silver

paste.

3 Results and discussion

3.1 Structural analysis

3.1.1 X-ray diffraction of SnSb4S7 powder

Figure 2 shows the X-ray diffraction patterns of our syn-

thesized SnSb4S7 powder and the one taken from the ref-

erence (ICSD-169941) [7]. The concordance between both

patterns confirms that only the phase SnSb4S7 exists with a

privileged orientation along the (�21�3) plane located at

2h = 31.5�. We note that SnSb4S7 material crystallizes in

the monoclinic structure [6].

Fig. 1 a SnSb4S7 ingot, b SnSb4S7 powder
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Fig. 2 X-ray diffraction patterns of the SnSb4S7 powder
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Fig. 3 X-ray diffraction patterns of SnSb4S7 thin films after

annealing
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3.1.2 X-ray diffraction of SnSb4S7 thin film: effect

of annealing temperature under nitrogen atmosphere

Figure 3 shows XRD patterns of as-prepared and annealed

SnSb4S7 thin films. All the diffraction peaks could be

attributed to the monoclinic structure of SnSb4S7 (ICSD-

169941). All the films show preferred orientation along the

(�21�3) plane. By increasing annealing temperature it is clear

that more peaks appear which assigned to the SnSb4S7 phase.

So, the appearance of these peaks confirms the

enhancement of the crystallinity of the annealed films.

Indeed, to confirm this, the crystallite size was calculated

using the XRD patterns (see Table 1).

The crystallite size can be simply determined using the

Debye–Scherrer formula [8] (Eq. 1):

D ¼ 0:9k
bsizecosh

ð1Þ

where D is average crystallite dimension, k is the wave-

length of CuKa radiation, bsize is the integral breadth of a

Bragg peak located at 2h corrected for the broadening

caused by the instrumental setup of the diffraction exper-

iment and h is the diffraction angle of the peak. Peak

broadening in X-ray or neutron powder diffraction can be

attributed to one or more of the following sources: instru-

mental broadening, finite crystallite size, the presence of

micro-strain and/or extended defects (stacking faults,

micro-twinning, dislocations, etc.) [9, 10].

The total broadening bt is given by the Eq. (2)

Table 1 Structural and morphological properties of SnSb4S7 thin

films at various annealing temperature

Annealing

temperatures

(K)

Grain size (nm)

(Scherer’s

formula)

Crystallite size (nm)

(instrumental

broadening)

RMS

(nm)

As-deposited 25.30 – 1.98

423 16.80 – 1.03

523 41.38 30.9 2.74

623 44.30 38.5 4.78

Fig. 4 3D-AFM images of SnSb4S7 thin films at different annealing temperature
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b2t � b20 þ b2size þ 4e tanhf g2 ð2Þ

b2t � b20
� �

cos2h ¼ 0:9k
D

� �2

þ 4e sinhf g2 ð3Þ

where e is the strain and b0 the instrumental broadening

(b0 = 0.02�). When we plot ðb2t � b20Þ cos2 h versus sin2 h

we get a straight line with slope ð4eÞ2 and intercept 0:9k
D

� �2

(Eq. 3).

The average grain sizes of the layers were calculated

using the principal diffraction. Table 1 summarizes all these

values. We can note that the crystallite sizes were affected

by annealing. So, we conclude that the crystallinity of the

films was enhanced by increasing the annealing temperature.

3.2 Morphological properties

The morphology of SnSb4S7 thin films was investigated by

atomic force microscopy (AFM, Taping mode) and scan-

ning electron microscopy (SEM).

The surface morphology of SnSb4S7 thin films with and

without annealing was analysed by atomic force

microscope (AFM). Figure 4 shows the 3D AFM images

taken in 0.1 lm 9 0.1 lm area of the surface topography

for the evaporated SnSb4S7 thin films. These images reveal

that the surface morphology of the films changes by

increasing the annealing temperature. It’s clear that the as-

deposited film is formed by very small crystallites and the

annealed films show that the small crystallites have coa-

lesced because of the annealing temperature, resulting in

rougher surfaces with some additional big grains. The root

mean square roughness (RMS) values of the films are given

in Table 1

AFM analysis on the films annealed at different tem-

peratures reveal that the surface roughness increases with

the increase of the annealing temperature, suggesting an

increase in crystallite size with temperature.

As expected, the surface morphology of the films

changes when the annealing temperature increases, this is

in a good agreement with the XRD results and confirms

that the increase in annealing temperature changes the thin

film structure.

SEM images have been obtained for samples at different

annealing temperatures in order to study their effects on the

Fig. 5 SEM micrographsof SnSb4S7 thin films at different annealing temperature: a As-deposited, b 423 K, c 523 K, d 623 K
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film surfaces. Figure 5 shows the micrographs of SnSb4S7
thin films. It is clear from the micrographs that all films

surfaces are smooth and no isolated particles are observed.

We noticed, for 623 K, a mixture of grains with different

sizes and this morphology can explain the high values

obtained for roughness. The surface is much more homo-

geneous than as-deposited thin film. For this case, the par-

ticles were distributed homogeneously on the surfaces and a

difference in number and size with increasing annealing

temperatures is observed. Once again, these results confirm

those obtained by X-ray diffraction and by AFM.

3.3 Electrical properties

3.3.1 Impedance spectroscopy

Impedance spectroscopy technique consists in the applica-

tion of sinusoidal voltage v tð Þ ¼ V0exp jxtð Þ to the sample

and extract the value of current i tð Þ ¼ I0expðjxt � uÞ. The
complex impedance is defined as Z ¼ Z0eju; Z0 and u
allows defining imaginary and real part:

Re Zð Þ ¼ Z 0 ¼ Z0cosu ð4Þ

Im Zð Þ ¼ Z 0 ¼ Z0sinu ð5Þ

In general, in the case of non-isotropic material, the

response of excitation process is shown as a pure resistance

and a pure capacity in the case of an insulator. So, the

response of the sample can be modeled as a parallel RC

circuit (Debye model).

The spectra will present one or many semicircular arc

that we can retrieve all characteristics as relaxation time,

resistance and capacity. We should indicate that each

semi-circle was an equivalent circuit treated as a combi-

nation of resistance and capacitance usually placed in

parallel. The complex impedance of each arc is given by

[11]
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Fig. 6 Nyquist diagram of SnSb4S7 thin films at different annealing temperature
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Z xð Þ ¼ R=ð1þ jxRCÞ ð6Þ

We remind that Impedance measurements were per-

formed with the HP4192A impedance analyzer in the

measurable impedance range from 5 Hz to 13 MHz with

data taken at 20 points per decade. Real and imaginary

parts were measured and displayed in the complex plane.

Figure 6 Shows the Nyquist diagrams de of annealed

SnSb4S7 thin films. These spectra were obtained by plotting

Z’’ as function of Z’ in the temperature range for

593–673 K.

The obtained arcs present the response to excitatory

electric fields applied to the sample and corresponds to

intergranular polarization phenomenon intervening at

higher frequencies. This combination is characterized by a

time constant or characteristic relaxation time

s = RC = 1/xm where xm is the maximum angular pul-

sation. The top of arc was characterized by a maximum of

angular frequency. We note that the maximum in Z’’ peak

shifts to higher frequency with the temperature [12].

All spectra show a single semicircle slightly depressed

indicating the single relaxation process. We note that their

maximum shift to the higher frequencies as the temperature

increases. Also, the diameter and the maximum of this

semicircles decrease as the increasing of annealing tem-

perature. These observations lead to the conclusion that the

electrical conductivity is thermally activated well as the

relaxation times distribution [13, 14]. As well, semi circles

can indicate the homogeneity of evaporated SnSb4S7 thin

films that is in good agreement with the morphological and

structural results.

Tables 2, 3, 4, 5 shows the resistance values (Rp) of all

samples. It is clear that the resistance decreases by

increasing annealing temperature.

Figure 7 shows the dependence of imaginary part as

angular frequency at various temperatures.

Therefore, the presence of peak frequencies shows an

Arrhenius behavior which allows us to deduce the activa-

tion energy. Indeed, the relaxation time s of these samples

obeys to the well-known Arrhenius law [15]:

xm ¼ x0exp Ea=kBTð Þ ð7Þ

where xm is a constant. kB is the Boltzmann constant and

Ea is the activation energy. As shown in Fig. 5. the

expression of LnðxmÞ ¼ f 1000=Tð Þ leads to a linear

function, in good agreement with expression Eq. (7). Ea

values were given in Table 6.

3.3.2 DC conductivity and temperature dependence

To identify the conduction process in the annealed in

SnSb4S7 thin films, we can study the variation of DC

conductivity versus temperature. The experimental data of

Table 2 Properties of SnSb4S7 thin films at characteristic frequency

(As-deposited)

T (K) Rp (ohm) ln xm Ln(TrDC) s

633 3.07E6 10.58 1.65 0.92

643 2.3E6 10.7 1.95 0.82

653 1.84E6 10.93 2.19 0.78

658 1.44E6 11.27 2.45 0.76

663 1.3E6 11.39 2.56 0.73

668 8.49E5 11.85 2.99 0.76

673 6.44E5 12.19 3.27 0.75

Table 3 Properties of SnSb4S7 thin films at characteristic frequency

(Ta = 423 K)

T (�C) Rp (ohm) lnxm Ln(TrDC) s

603 4.37E6 10.81 1.25 1

613 3.76E6 11.16 1.42 0.97

623 2.96E6 11.27 1.68 0.87

633 2.26E6 11.39 1.96 0.88

643 1.73E6 11.73 2.24 0.82

653 9.88E5 12.42 2.82 0.83

663 7.44E5 12.77 3.12 0.85

Table 4 Properties of SnSb4S7 thin films at characteristic frequency

(Ta = 523 K)

T(K) Rp (ohm) lnxm Ln(TrDC) s

603 4.75E6 10.12 1.5 1

613 4.29E6 10.24 1.62 0.92

623 3.28E6 10.58 1.88 0.89

633 2.53E6 10.81 2.23 0.91

643 1.69E6 11.16 2.57 0.79

653 1.32E6 11.5 2.86 0.84

663 9.88E5 11.85 3.17 0.81

673 6.82E5 12.19 3.55 0.80

Table 5 Properties of SnSb4S7 thin films at characteristic frequency

(Ta = 623 K)

T (K) Rp (ohm) lnxm Ln(TrDC) s

593 1.00E6 11.73 2.94 0.83

603 8.85E5 11.85 3.08 0.81

613 7.68E5 11.96 3.24 0.79

623 6.67E5 12.08 3.40 0.80

633 6.37E5 12.19 3.46 0.76

643 5.32E5 12.31 3.66 0.80

653 4.79E5 12.42 3.78 0.80

663 4.01E5 12.65 3.97 0.78
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the DC conductivity was analyzed using the following

equations [13]:

rDC ¼ B=Tð Þ exp Ea=kBTð Þ ð8Þ

where B is a constant independent of temperature T, kB the

Boltzmann constant and Ea is the activation energy.

The values of specific DC conductivity have been cal-

culated (see Table 2) from the admittance data using relation

rDC ¼ l

s
� 1

RP

ð9Þ

where Rp is the intersection of the arc with real axis,

l presents sample thickness and S the sample area under

investigation [16].

Figure 8 shows the temperature dependence of DC con-

ductivity. It’s clear that DC conductivity is thermally acti-

vated and the values of the activation energy (Ea) have been

estimated from the plots. As seen, the activation energy

calculated from Eq. (8) is identical to the activation energy

obtained from the angular relaxation frequency and Ea values

decrease by increasing annealing temperature (see Table 6).
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Fig. 7 Angular frequency dependence of Z00 at different annealing temperatures

Table 6 Ea values of SnSb4S7
thin films at various annealing

temperature

Values obtained by Maximum angular pulsation Electrical conductivity

Activation energy (eV) Ea1 Ea2 Ea1 Ea2

As-deposited 2.34 0.62 2.03 0.96

423 K 1.74 0.61 1.46 0.78

523 K 1.06 – 1.03 –

623 K 0.42 – 0.48 –
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In this case, the dominant transport mechanism insure by

hopping conduction. Indeed, the localized charge carriers can

jump from one site to other by thermal excitation where s
present the time of hopping [12–14].

3.3.3 Dependence of AC conductivity on frequency

and temperature

AC conductivity measurements have been widely used to

investigate the nature of defect centers in disordered systems

since it is assumed that they are responsible for this conduction

type [14, 17]. Generally, rAC in most of the cases has been

observed to followauniversal power law [18] and dependence

of AC conductivity on frequency is as given below

rAC ¼ Axs ð10Þ

where A is the temperature dependant constant and s (in

general: 0\s\1) is the frequency exponent.
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The electrical conductivity r(x) of SnSb4S7 thin film at

a particular temperature over a frequency range can be

written in the combination of DC and AC part [19]:

r xð Þ ¼ rDC þ Axs ð11Þ

Figure 9 shows the dependence of conductivity as the

function of angular frequency at different temperatures. It

is clear that all plots present the same behavior. For all

plots the conductivity increases with increasing of fre-

quency showing a distinct change in slope from the critical

maximum angular pulsation xm. Indeed, it is obvious that

from Fig. 7 that for each plot, the linear region occurs from

the maximum angular pulsation xm, which can be a sign of

release of trapped charges in the disorder system. Whereas

for the pulsations lower than xm the conductivity remains

stable which may be due of free charge formation in the

films [19]. On the other hand the slopes of the curves

ln(rAC) versus ln(x) were calculated at different temper-

atures and the slope has been designated as ‘‘s’’ [19, 20].

The interaction between all the charge species participating

in the polarization process is characterized by the param-

eter ‘‘s’’ [19, 20]. The parameter s is used to describe the

AC component contributing to the dispersive region [19,

20] (see Fig. 9; Tables 2, 3, 4, 5).

The values of ‘‘s’’ found in this work are less the unity

and correlated to the charge carriers or extrinsic dipoles

arising from the presence of defects and impurities in the

film [21, 22]. Therefore, The AC conductivity shifts to

higher frequency with the temperature which agrees with

the observed shift of the relaxation frequency. It has been

shown [23, 24] that the observed shift is originated from a

thermally activated process. Then the conductivity depen-

dence on frequency is an indication of hopping conduction

at higher frequency between localized states [14, 17]. The

temperature behavior of s could determine the conduction

mechanism. In the CBH model that describes charge carrier

hops between sites over the potential barrier separating

them s decreases with the increment in temperature [25–

28]. It is worth mentioning that the calculated values of s

decrease with increasing rising temperature which is in

good agreement with CBH model proposed by Elliot et al.

[28, 29].

The results of the morphological properties indicate that

as-deposited thin film was composed by very small crys-

tallites containing grain boundaries. The free electrons

passing through these grain boundaries at risk to make

recombination [30]. With annealing treatment under

nitrogen, crystallite size increases by increasing annealing

temperature and the grain boundaries effect decrease.

Indeed, the possibility of recombination decreases also and

the number of charge carriers increases which promotes the

conduction [31].

4 Conclusion

In conclusion, we have studied the effect of annealing

under nitrogen atmosphere at 423, 523 and 625 K on

structure and electrical behavior of SnSb4S7 thin films

deposited on glass substrates by single source vacuum

thermal evaporation method. All samples have a typical

monoclinic structure and grown in a preferred orientation

along the (�21�3) plane located at 2h = 31.5�. The crys-

tallinity of the films was enhanced and the grain sizes were

increased from 25 nm to 44 nm by increasing the anneal-

ing temperature. The morphological properties have been

enhanced by annealing under nitrogen. Impedance spec-

troscopy analysis of SnSb4S7 thin film annealed under

nitrogen atmosphere was performed in this work. The DC

conductivity shows an increasing tendency with the

increase of the annealing temperature. The results of this

investigation reveal that the dielectric behaviour strongly

depends on the annealing temperature. The activation

energy obtained from both angular relaxation pulsation and

DC conductivity suggest that the carrier transport mecha-

nism is a hopping mechanism thermally activated in the

band gap. Additional, the temperature dependent AC con-

ductivity and the values of frequency exponent ‘‘s’’ suggest

that correlated barrier hopping model (CBH) is the most

suitable model to characterize the electrical conduction

mechanism of the obtained SnSb4S7 thin films. So, all these

electrical properties in addition of the optical ones of

SnSb4S7 material show the interest of this material in

optoelectronic applications [6].
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