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Abstract

A simple one-step «Spray Pyrolysis» technique was developed for preparing Cu,NiSnS, (CNTS) thin film followed by
an annealing treatment process. Originally, the spray technique was successfully used to deposit the thin film onto glass
substrate at 250 °C for 60 min spray duration. Again, the deposited thin film was annealed in a sulfur atmosphere at a tem-
perature of 500 °C during 30 min. The sulfured thin film exhibits (111), (220) and (311) orientations correspond well to the
cubic CNTS structure and other impurity compounds. The SEM data exhibit a uniform, rough and compact topography of
CNTS thin films with an average-thickness of 1.36 um. The absorption coefficient is found to be higher than 10* cm™" in
the visible region while the direct band energy of 1.62 eV, which is eminently suitable for use as an absorber in the solar
cell. The complex impedance diagrams indicate the decrease of resistance by increasing temperature, which attributes to a
semiconductor behavior. The close values of activation energies 0.63 and 0.54 eV determined from both angular frequency

and DC conductivity indicate that the carrier transport mechanism is thermally activated.

1 Introduction

Copper—nickel-tin—sulfur (Cu,NiSnS,), one of the qua-
ternary semiconductor materials, has been the focus of
attention in recent years since its constituent elements are
inexpensive, environmentally benign and widely existing
in nature. Other important advantages, the CNTS material
with p-type conductivity [1] has a high optical absorption
coefficient [10*~10° cm™'] in the visible region and suitable
direct optical band gap in the range of 1.1-1.5 eV [2]. These
excellent properties enable to CNTS material to be used as
an absorber in low-cost solar cells. In the literature, CNTS
materials have been synthesized by several methods such as
electrodeposition [3, 4], solvothermal [5-7], hydrothermal
[1], hot injection [2], electrospinning [8], spin coating [9]
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and spray pyrolysis [10, 11]. This study focused on describ-
ing the chemical spray pyrolysis technique.

Generally speaking, the spray pyrolysis method for thin
film deposition involves spraying a precursor solution simul-
taneously or sequentially [12]. For example, in our previous
works [10, 11], we studied the structural, morphological,
optical and electrical properties of CNTS thin films prepared
by spray sandwich without any annealing treatment. This
method «spray sandwich» consists of spraying the precur-
sor solutions sequentially from NiS, SnS,, and Cu,S onto
glass substrates at high temperatures. In the present work,
we have investigated the effect of sulfurization on structural,
morphological, optical and electrical properties of CNTS
thin films prepared by a single step of spray. As is implied
by the name, this method is based on spraying the precursor
solutions simultaneously on heated glass substrates.

2 Experimental details

2.1 Synthesis of CNTS thin films

CNTS thin films were prepared by two different growth tech-
niques: a spray process and an annealing treatment process.
These two processes are described in the following.
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For the spray process, the CNTS precursors were pre-
pared by dissolving the following constituents: 0.02 M
Ni(NO;),'6H,0, 0.02 M SnO,, 0.02 M CuSO, and 0.02 M
Na,S,05-5H,0 in 100 mL distilled water. The main deposi-
tion parameters of the spraying system such as the substrate
temperature, the spray duration, the spray deposition rate,
the gas flow rate, the distance nozzle-substrate and the hot
plate rotation speed were set at: 250 °C, 60 min, 2 mL/min,
10 L/min, 20 cm, and 14 rpm, respectively. Figure 1 presents
the usual equipment of spray pyrolysis.

For the annealing treatment process, the samples were
sulfurized in a tube furnace under nitrogen flow at a tem-
peratures of 450 and 500 °C for 30 min. During the heating
process, the sulfur powder (0.035 g) was transformed into
vapor and diffused into the layer to ensure the full-sulfuri-
zation of precursors using a nitrogen flow (1.5 L/min) which
was used to prevent the oxidation of the CNTS thin films.
This process is schematically presented in Fig. 2.

2.2 Characterization of CNTS thin films

X-ray diffraction (Philips X’Pert diffractometer) was used
to analyze the crystalline structures of the CNTS thin films
using Cu-Ka radiation (41=1.5418 A) operated in the scan-
ning angle 20 from 10° to 70°. Further information, the
operation voltage, and current were 40 kV and 30 mA,
respectively. Using electron microscopy (Hitachi S-4800),
the surface morphology of the CNTS thin films was inves-
tigated. UV-Vis spectrophotometer (type Shimadzu UV
3100S) was applied to ascertain the transmittance and reflec-
tance measurements for determining the optical parameters
such as the absorption coefficient and the band gap energy.
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Fig.2 Schematic diagram of the sulfurization furnace

Impedance spectroscopy was carried to measure the real and
imaginary components of impedance parameters (Z’' and Z”)
over a wide range of temperature (713-773 °K) with a fre-
quency of (1-13,000 kHz) through Hewlett-Packard 4192
analyzer. The results of measurements of the electrical
properties of CNTS thin films give information concerning
other electrical parameters, namely the conductivity or, the
resistance R, the frequency w,,, and the activation energy
E,. For electrical measurements, the contact was performed
using two electrodes, which were painted on both ends of
the sample using a conductive silver paste.

3 Results and discussions
3.1 Structural analysis

Figure 3 depicts the XRD pattern of the as-deposited and
the annealed layers. From this graph, both of the thin films
deposited at 250 °C and annealed at 450 °C present an
amorphous character. Whereas, the thin films annealed at
500 °C show an improvement crystallinity. Indeed, the char-
acteristic peaks at 28.59°, 47.97° and 56.39° corresponding
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Fig.3 X-ray spectra of the as-deposited and the annealed thin films

to the (111), (220) and (311) planes related to the CNTS
phase, respectively. Apart from these peaks, there were
additional peaks including impurity phases such as binary
compounds (NiO,, Cu,S, Na,S, and SnS) and ternary com-
pound (Na,SO,). Besides, the CNTS thin films exhibit a
cubic structure in the space group F-43m. The above results
coincide with the values reported by the Joint Committee on
Powder Diffraction Standards (JCPDS) card number 00-026-
0552 and also agree with the previous works reported by
other authors [1, 6, 13].

The structural parameters such as reticular distance (d},),
lattice parameters (a, b and c), full width at half maximum
(), the average crystallite size (D), microstrain (¢) and dis-
location density (6) were determined. Using (111), (220)
and (311) planes of CNTS thin films, the reticular distance
d,,; values, were calculated according to the Bragg equation
[14]:

nA = 2d,,sin 6, €))

As mentioned above, the CNTS thin films represent a
cubic structure which leads to (a=b =c). Therefore, the lat-
tice parameters were determined using the reticular distance
formula:

Ay = —9 |
M Er D @

The Gaussian fit of the main peak (111) is shown in
Fig. 4. The average crystallite size (D) is calculated using
the Debye—Scherrer formula [15]:
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Fig.4 The detailed measurement of (111) peak

where £ is the shape factor (k=0.9), 4 is the X-ray wave-
length (1.5406 A), p is the full width at half maximum
(FWHM) and @ is the Bragg diffraction angle.

The microstrain (¢) can be expressed as follows [16]:

P
©= Fan@) @)

The dislocation density (6) can be evaluated by William-
son and Smallman’s formula [17]:

1

(S:E.

Q)]
Then, the detailed data, including the main structural
parameters are listed in Table 1.

3.2 Morphological analysis

The surface image of the CNTS thin films was determined
by scanning electron microscopy (SEM), as shown in Fig. 5a
The surface of CNTS thin films is found to be uniform,
rough and compact. No voids are observed throughout the
whole glass substrate. As also seen, the SEM image dem-
onstrates that several grains are agglomerated to each other.
From the cross-sectional micrograph (Fig. 5b), the average-
thickness is measured to be 1.36 um (+0.05). This value
is close to the thickness of CNTS material established by
Kamble et al. [18].

3.3 Optical analysis
The optical absorption coefficient (a) is evaluated from the

transmittance (7) and reflectance (R) measurements using
the following relation [19]:
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Fig.5 a SEM micrograph of
top surface and b cross section
of CNTS thin films
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Fig.6 Variation of absorption coefficient (@) versus photon energy
(hv) of CNTS thin films

1 (1-R)?
=) n(5)
where d is the thickness. The variation of the absorption
coefficient () with respect to photon energy (hv) for CNTS
thin films is displayed in Fig. 6. It is observed that the
absorption coefficient (a) increases slightly as the photon
energy increases from 0.68 to 3.85 eV and afterwards con-

tinues to increase rapidly with the photon energy. Thereby,
the evaluated value of (a) for CNTS thin films exceeds

(6)

@ Springer

considerably 10* cm™! in the visible region, indicating its
use as an absorber layer in the solar cells.

On the other hand, the optical band gap energy (E,) is
obtained according to the Tauc’s relation [20]:

(ahv) = A(hv — E,)", @)
where A is proportionality constant, / is Planck’s constant,
v is the frequency of the incident photon and n equal to
1/2 or 2 for the direct and indirect band gap semiconduc-
tors, respectively. In our case n=1/2, the optical band gap
is determined by extrapolating the tangent line of the curve
(ahv)? to the photon energies axis (hv). Figure 7 shows two
linear portions which lead to two band gap values. And
related to the XRD analysis, the band gap of 1.62 eV attrib-
utes to the CNTS phase and the second band gap of 2.06 eV
can be correspond to Na,S phase (~2 eV) or to Cu,S phase
(~2.37eV) present in film [21, 22]. To conclude, the CNTS
band gap energy of 1.62 eV is near with the optimal values
for solar cell applications reported by other authors [4, 13,
23].

3.4 Electrical analysis

The complex impedance diagrams (Z' versus Z”) of CNTS
thin films at different temperatures of 713-773 °K, were
shown in Fig. 8. On the one hand, the single semicircular
arcs, observed in complex impedance diagrams, are slightly
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2,0x10° Table 2 Electrical parameters of CNTS thin films
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Fig.8 Complex impedance diagrams (Z' versus Z”) of CNTS thin
films at different temperatures

depressed and their centers shift towards higher frequency
with the rise of temperature. The obtained of each semi-
circular arc presents the response of the grain contribution
in materials. Figure 8 also interprets that each semicircular
arc is an indicative of an electrical equivalent circuit, which
comprises a capacitive element C placed in parallel with a
resistive element R. On the other hand, the size of all semi-
circular arcs shrinks with the increase in temperature refer-
ring to pronounced reduce in the electrical resistivity [24].
As a result, these features correspond to a semiconductor
behavior. Furthermore, the electrical conductivity and relax-
ation times are thermally activated. Similar results have also
been reported by Bitri et al. for Cu,ZnSnS, thin films [25].

As shown in Fig. 8, the resistance «R» values are ascer-
tained from the intercept of semicircular arcs to the real
axis and the associated capacitance «C» values are deter-
mined using the relation (8). Therefore, the main electrical
parameters are collected in Table 2. From this table, the

ature. While the frequency w,, value increases with the
temperature.

The spectra in Fig. 9 give the variation of the imaginary
part of impedance Z” with the frequency of CNTS thin
films. The magnitude of imaginary impedance Z” increases
initially up to reach a maximum peak and afterwards begin
to decrease with frequency. In the same line, the maximum
in Z” peak merges in the higher frequency region with the
increase in temperature. Besides, the frequency @,, matching
at Z” maximum is given by the reciprocal of the relaxation
time 7:

1_ L
oy =~ = 2o ®)

The temperature dependence of angular frequency w,, is
found to follow the Arrhenius equation [26]:

—Eq

wm = C()OekB_T, (9)

where ,, is constant, E, is the activation energy, and ky is
the Boltzmann constant. As shown in Fig. 9b (inset graph),
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Fig. 10 a Plot of In(oy) versus In(w), and b In(op) versus (1000/7) of
CNTS thin films

the slope of the linear fit obtained from the plot of In(w,,)
versus (1000/7) leads to the activation energy.

The CNTS thin films present two activation energies
E, =0.63 eV and E,,=1.21 eV. The presence of second
activation energy can be attributed to the formation of sec-
ondary phases in film.

Figure 10 presents the variation of total conductivity
op in the low- and high-frequency regions (I and II) of
CNTS thin films at different temperatures. Region I dem-
onstrates that the total conductivity is almost unchanged
with frequency, which can be attributed to DC contribu-
tion. While, region II proves that the total conductivity
increases linearly with frequency, which corresponds to
the AC conductivity. A distinct change in the slope of total
conductivity from frequency independent (region I) to fre-
quency dependent (region II) suggests the phenomenon of
conductivity relaxation [27, 28]. Subsequently, the total
conductivity «op» is given by:

0y = 0pc + Opcs (10)

where «op» is the DC conductivity obtained by extrap-
olation of the curves of «op» to zero frequency at different
temperatures and «o,c» is the AC conductivity as well
defined via Jonscher’s universal power law:

opc(®) = Aw®. a1

Here A is a complex proportionality constant and «s»
is an exponent, which has a value less than or equal to the
unity.

The temperature dependence of DC conductivity is
found to follow the Arrhenius equation [26]:

@ Springer
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where ¢ is constant.

As illustrated in Fig. 10b (inset graph), the activation
energy is determined from the slope of the In(opc) ver-
sus (1000/T). The activation energies E,; =0.54 eV and
E,,=1.32 eV are consistent with those deduced from
angular frequency. The values obtained from the angular
frequency and DC conductivity indicate that the carrier
transport mechanism is thermally activated in the band gap.
These results are in agreement with our DRX and optical
results.

4 Conclusions

In summary, CNTS thin films were successfully prepared,
for the first time, by the «Spray pyrolysis» technique fol-
lowed by an annealing treatment process. XRD studies
reveal that the CNTS thin films present a cubic structure
with preferential orientation along (111) direction. SEM
micrograph reveals that the surface of CNTS thin film uni-
form, rough and compact. UV/Vis absorption spectra indi-
cate that CNTS thin films have a high optical absorption
(10* cm™!) in the visible region and the direct band energy of
1.62 eV. Impedance spectroscopy studies show single semi-
circular arcs, which can be described by an electrical equiva-
lent R—C circuit. Thereby, it is shown in complex impedance
diagrams that the resistance R decreases with increasing
temperature, which corresponds to a semiconductor behav-
ior. In the end, the activation energy value esteemed from
angular frequency is identical to this calculated from DC
conductivity, indicating that the carrier transport mechanism
is thermally activated in the band gap. These results open
the possibility to use the CNTS material as an active layer
in thin film solar cells.
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