Journal of Materials Science: Materials in Electronics (2018) 29:2907-2914
https://doi.org/10.1007/5s10854-017-8221-7

@ CrossMark

Investigation on the AC and DC electrical conductivity of Sn;Sb,S thin
films prepared by glancing angle deposition

A.Larbi' - I. Trabelsi' - H. Dahman? - M. Kanzari'3

Received: 17 August 2017 / Accepted: 6 November 2017 / Published online: 13 November 2017

© Springer Science+Business Media, LLC, part of Springer Nature 2017

Abstract

Sn,;Sb,S, thin films were deposited by single source vacuum thermal evaporation using glancing angle deposition technique.
The incident angle o between the particle flux and the normal to the substrate was varied from 0° to 85°. The structural,
morphological and electrical properties were investigated by X-ray diffraction, scanning electron microscopy, and imped-
ance spectroscopy, respectively. The effect of these properties as a function of the incident angle has been studied. The AC
conductivity exhibited a Jonscher’s universal power law. It is observed that exponent s decreases with increasing measure-
ment temperature. Further analysis revealed that, samples AC conductivity follows the correlated barrier hopping model. The
Cole—Cole plot showed a single semicircle, indicating an equivalent circuit with a single parallel resistor R and capacitance
C network. The activation energy obtained from both angular relaxation frequency and DC conductivity suggests that the
carrier transport mechanism is a hopping mechanism thermally activated in the band gap.

1 Introduction

The ternary semiconductor Sn;Sb,S¢ appears to be one of
the most promising candidates owing to their important
properties for film solar cell [1]. Indeed, it has potential for
high conversion efficiency due to its high absorption coef-
ficient of approximately 10° cm™ and it direct band gap of
1.47-1.18 eV [1], which matches well to the solar spec-
trum. Sn;Sb,S¢ has an orthorhombic system with space
group Pnma and lattice parameters a=23.18, b=3.965,
c=34.94 A [2]. Considerable efforts have been made to
obtain a surface with varying topography on the nanom-
eter length scale for various applications. The deposition
at oblique angles is one of the solutions. The oblique angle
configuration has emerged as an invaluable tool for the dep-
osition of nanostructured thin films. The last 20-25 years
have witnessed the systematic application of oblique angle
deposition (OAD) procedures for the development of a large
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variety of devices in fields such as sensor technology, photo-
voltaic cells, magnetism, optical devices, electrochemistry
and catalysis [3]. This method has been applied to produce
films with various microstructures. In this article we chose
to prepare the Sn;Sb,S, thin films by thermal evaporation
method onto glass/silicon substrates with the glancing angle
deposition (GLAD) technique. This paper describes the
microstructure and electric properties of Sn;Sb,S thin films.

2 Experimental details

Sn;Sb,S, crystal has been synthesized by direct reaction of
high purity elemental materials of tin, antimony and sulfur.
Thin films of Sn;Sb,S, were prepared by thermal evapora-
tion from a molybdenum boat using the GLAD technique at
a pressure of 107 Torr at room temperature. The substrates
were placed directly above the source at a distance of 10 cm.
The deposition angle o was fixed at 0°, 40°, 60°, 75° and
85°. A schematic drawing of the film deposition system is
shown in Fig. 1.

The crystallographic structure of the films was exam-
ined by Philips X’Pert X-ray diffractometer using CuKa
radiation (A=0.154056 nm). The high tension and cur-
rent were 40 kV and 30 mA. The cross-sectional structure
was examined by field emission scanning electron micros-
copy (Zeiss Ultra 40 microscope). A Hewlett-Packard
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Fig.1 Schematic diagram of the GLAD technique

4192 analyzer was used to measure the impedance com-
ponents (Z' and Z") over a wide range of temperatures
(420-500 °C); frequencies (1 KHz—13 MHz). Configura-
tion for electrical measurements was performed using two
electrodes painted at both ends of the sample, in coplanar
mode, using a conductive silver paste as shown in Fig. 2.

For in-depth study of the synthesized films, the micro-
structural parameters such as crystallite size, strain and
dislocation density of Sn;Sb,S¢ thin films particles are
studies by taking the slow scan X-ray diffraction (XRD)
pattern around the (416) orientation. The crystallite size
(D) of the Sn;Sb,Sg films is calculated by using Scherrer’s
formula [4].

kA
" Bcosf M

where D is the crystallite size in A, 1 is the wavelength
of the used X-ray in A, S is the full width at half maxi-
mum (FWHM) of diffraction peak in radians, 6 is the

Ag electrodes

N

Glass substrate

Fig.2 Sample configuration for electrical measurements
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corresponding Bragg angle in degree and K is a constant of
approximate 0.9.

The lattice strain (&) was calculated by using the Scher-
rer’s relation [4].

£ = b
4tan @

@

The dislocation density (8), defined as the length of
dislocation lines per unit volume (A7?) of the crystal, was
evaluated from the formula [5]:

1

6= 3

3 Results and discussion

3.1 XRD and SEM study

Figure 3 presents XRD diffraction patterns of the syn-
thesized thin films. For all diffractograms, the major
XRD diffraction peak that appeared at angular position
of 20=31.71° is attributed to (416) reflection plane of
orthorhombic Sn;Sb,S, phase according to (JCPDS, card
no. 38-0826). Minor secondary diffraction lines may be
observed at 20 =15.61° for glancing angle a=0° and
20 =39.17° for o =40° witch correspond respectively to
(106) and (813) planes of Sn;Sb,S, material. No peak
related to impurity was observed; furthermore, the diffrac-
tion lines were sharp, which indicate the good crystalline
quality and purity of the as obtained Sn;Sb,S, films.

As can be seen from Fig. 3, the peak intensity decreases
when deposition angle increases from O to 85° and then
drops sharply to present only few traces. This behavior
can be linked to the shadowing effects and limited adatom

Intensity (a. u.)

10 20 30 40 S0 60

Fig.3 X- ray diffraction patterns of Sn;Sb,S¢ thin films deposited at
different incident angles



Journal of Materials Science: Materials in Electronics (2018) 29:2907-2914

2909

diffusion, which prevents the diffusivity of deposited
atoms at room temperature [6].

Therefore, the structural properties of Sn;Sb,S¢ are
affected by the flux incident angle especially for the higher
oblique angles. This result is in agreement with that
observed for other materials developed under the same con-
ditions [7, 8].

The microstructural parameters D, € and 6 of Sn;Sb,S¢
thin films are summarized in Table 1.

It can be shown that the crystallite size decreases from
330 to 165 A with increasing incident angle o.. This implies
that the increased incident angle will lead to degradation in
the crystallinity of the films. In addition, the decrease in the
crystallite size indicates an increase in the lattice defects,
which in turn grow internal strain and dislocation density
(Table 1).

Figure 4 shows the top-view and cross-sectional scanning
electron microscopy (SEM) images of Sn;Sb,S¢ thin films
deposited with an incidents angles of a=0°, 40°, 60°, 75°
and 85°.

As can be seen, the microstructure of thin film is formed
by homogenously distributed columns, and it was affected
by modifying the glancing angle from 0° to 85°. Indeed
when increasing the incident angle, the materials exhibit a
porous surface and the columns were separated by an accen-
tuated voids. This change may be explained by the shadow-
ing geometry and limited diffusion during film growth [6].
Moreover, greater incident deposition angle produces more
voids in the surface and in volume of thin films materials and
larger separations between neighboring nanocolumns [9].

Cross section SEM images of the specimens with the
different glancing angles (= 0°, 40°, 60°, 75° and 85°)
is shown in Fig. 4. As can be seen, at normal incidence
(x=0°), the film shows a dense and compact structure.
However, at «=40°, 60°, 75° and 85° the SEM micrographs
showed a nanocolumnar structure separated by voids. Voids
are known to be formed as a consequence of both surface
roughness and shadowing effects [10]. Thus, the structure
passes from densified columnar structure to a porous colum-
nar one at high incident angle due to the shadowing effect
and limited adatom diffusion. This behavior may be used in

Table1 Structural parameters derived from XRD patterns for
Sn;Sb,S, thin films deposited at different incident angles

Incident angle Grain size (A) 5(x10" m™) £(x107%)
a(®)

0 330 11 21.7

40 277 13 30.9

60 213 22 335

75 198 25 36.2

85 165 37 43.8

several optoelectronic applications such as distributed Bragg
reflectors films [11, 12], photonic crystals [13] and rugate
filters [14, 15]. Deeper analysis of cross-section micrographs
shown in Fig. 4, exhibited systematically a strange phenom-
enon, i.e. after about 300 nm thick, column angle seems
to be changed. This angle is even more accentuated as the
glancing angle increases. This behavior may be related to
the coupling of both strains and voids effects. By increas-
ing glancing angle, more voids were observed and further
growth, induces higher strain on grown columns which may
affect their orientation. This behavior was also observed by
Parra-Barranco et al. [16] on thin ITO films fabricated by
e-beam evaporation technique at oblique angle condition.

3.2 Impedance study

In this item, the conductivity in terms of both temperature
and frequency has been carried out to investigate the con-
ducting state in Sn;Sb,S, thin films for different glancing
angles (a=0°, 40°, 60°, 75° and 85°). Typical complex
impedance curves of Z" as a function of Z' in temperatures
range (420-500 °C) are displayed in Fig. 5 for glancing
angles «=0°, 60°, and 85°.

The analysis of experimental data of all samples, show
that when temperature increases, the semi-circles are slightly
depressed and their maximum shift to higher frequencies.
Moreover, the diameter and the maximum of semi-circles
decreases with increasing temperature as well as with glanc-
ing angle. These observations lead to the conclusion that
the electrical conductivity is thermally activated well as the
relaxation times distribution [17]. The Cole-Cole plot of
impedance at different glancing angle, showed the presence
of one semi-circular arc, indicating parallel RC elements
originating from the grains. In order to investigate the relax-
ation time as a function of temperature, we plot Z" versus
frequency at different temperatures Fig. 6.

It is known that Z" passes through a maximum at @, =1,
where T represents the mean value of the relaxation time
distribution. We spotted that the maximum in Z" peak shifts
to higher frequency with the temperature [18]. This phenom-
enon reveals that the peak frequency indicating Arrhenius
behavior and then we can determine the activation energy.
The relaxation frequency of these samples obeys to the well-
known Arrhenius law [19]:

Ea

w,, = wye KT 4)

where w, is a constant, K is the Boltzmann constant in
(eV K and E, is the activation energy in (eV).

In this case, E, represents the difference between the
trap level and the conduction band. Thus and as shown
in Fig. 7, the expression of Ln(w,,) =f(1000/T) leads to a
linear function, in good agreement with expression Eq. (4).
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Fig.4 Top-view and Cross-
sectional SEM images of the
Sn;Sb,Se thin films: a x=0°, b
a=40°% ca=60°,da=75°e
a=_85°
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Fig.5 Complex impedance spectra at various temperatures of
Sn;Sb,S¢ thin films deposited at different flux angle (a=0°, 60° and
85°), inset (a=0°) equivalent circuit diagram

The calculated values of the activation are summarized in
Table 2. We note that the calculated values of the activa-
tion energy seem to vary softly for glancing angles under
75° and significant decrease may be observed for o= 85°.

On the other hand AC conductivity measurements have
been broadly used to investigate the nature of defect cent-
ers in disordered systems since it is assumed that they are
responsible for this type of conduction. Figure 8 exhibits
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Fig.6 Frequency dependence of Z" at different temperatures of
Sn;Sb,Sq thin films deposited at different flux angles (a=0°, 60° and
85°)

the total conductivity (o) as a function of applied fre-
quency and can be written:

Or = Opc t 0xc

&)
where o, and o, are respectively the DC and AC
conductivities.
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Table 2 Calculated values of activation energy E, =
L 4
Incident angle o (°) E, 7z (meV) E,pc) (meV) 5
0 195 199 7
40 192 197 6
60 191 163
75 188 153 -7
85 149 147 8
0 NG
o= 85° ...:AA “}’
The AC conductivity is related by a simple expression -1 X :ﬁﬂ‘:’
given by Jonscher’s power law [20]: I
24
opc = A’ ©
where A is a pre-exponential constant, ® = 2xf is the angular E 77
frequency and s is the power law exponent where 0 <s < 1. % 4
At low angular frequency; o has a small variation with % m T=420°C
frequency then it increases with increasing frequency. = s : if:gg:g
which is calculated by extrapolation of the curves of o, v T=480°C
to zero frequency for different temperatures. In the higher 7 < T=490°C
. . . . . . =! 0
frequency domain, conductivity increases linearly with fre- , > T=500°C
quency. This frequency behavior in this type of materials is § 9 1 n 12 1B 4 15

proportional to * (s < 1). Figure 8 shows the typical plot of
Ln(op) versus Ln(w) at various temperatures for thin films
synthesized at «a=0°, 60° and 85°.

In the higher frequency domain, conductivity increases
linearly with frequency for all samples, while at low frequen-
cies it is almost independent on frequency, which could be
assigned to DC contribution. It is found that AC conductiv-
ity shifts to higher frequency with the temperature, which
agrees with the observed shift of the relaxation frequency.
The result leads to the conclusion that the observed shift
originated from a thermally activated process.

@ Springer

Ln ()

Fig.8 Angular frequency dependence of o conductivity at different
temperatures

Furthermore, this conductivity dependence on fre-
quency is an indication of hopping conduction at higher
frequency between localized states [21]. The high-
frequency dependence of the AC conductivity may be
observed in varieties of semiconductors and can be
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Fig.9 Temperature dependence of the angular frequency exponents

explained by hopping of charge carriers between local-
ized sites over the potential barrier [19].

The study of the temperature dependence on the angu-
lar frequency exponent s can be used to validate if the
hopping pattern is consistent with the correlated barrier
hopping (CBH) model [18]. The variation of angular fre-
quency exponent s as a function of temperature for differ-
ent samples is shown in Fig. 9. It is clear from this figure
that, s decreases with increasing temperature.

The variation of DC conductivity with the reciprocal
temperature for these films is investigated in order to iden-
tify the origin of the conduction process. The experimental
data of the DC conductivity is analyzed using the follow-
ing formula:

_
opc = Ae 5T @)

where E, is the activation energy for the hopping conduc-
tion in (eV), Kj is the Boltzmann constant in (eV K_l), T
the measurement temperature in (K) and A is a constant in
(Qm)L.

Figure 10 shows the variation of DC conductivity as
Ln(opc) with the reciprocal of the temperature for all
samples.

The activation energy, E,pc, is determined from the
slope of Ln(opc) versus 1000/T. The obtained values of
E,(pc) are summarized in Table 2 and they are in consist-
ent with the value deduced from the relaxation frequency
(E,zr)- This confirms that it is the same conduction mech-
anism where localized charge carriers are involved in both
transport phenomena. Indeed, the perusal of experimental
data suggests that the DC conductivity is thermally acti-
vated hopping of localized charge carriers in the band gap.

n o =0°
2 o o =40°

34

Ln(c,)

4

-5

-6

T T T T T T T
1.29 1.32 1.35 1.38 1.41 1.44

1000/T(K")

Fig. 10 Plot of Ln (o) versus 1000/T

4 Conclusion

In summary, we have studied the effect of GLAD technique
on structural, morphological and electrical behaviors of
Sn;Sb, Sy thin films prepared by single source vacuum ther-
mal evaporation method. XRD results show that the crystal-
linity of the film disproves as the incident angle increases.
SEM micrographs of the GLAD Sn;Sb,S, films show a
highly orientated microstructure composed of slanted col-
umns and separated by voids. The advantages of possible
control and easy monitoring of material porosity, makes
the GLAD technique very promising for optical and opto-
electronic device applications such as the distributed Bragg
reflectors films, photonic crystals and rugate filters. Using
impedance spectroscopy technique, the electrical micro-
structures of the Sn;Sb,S, thin films were investigated. This
method offers an approaching and easy way to explain the
phenomena of the conduction mechanism within the thin
film materials. In conclusion this study allowed us to under-
stand some aspects of the electrical behavior of the new high
absorbent Sn;Sb,S, semiconductor material.
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