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Abstract

In this paper, we report the electrical properties of Al/p-Cu,ZnSnS, thin film Schottky diode fabricated by a two-step method.
Cu,ZnSnS, ingot was successfully grown by direct melting of the constituent elements, then (CZTS) thin film was grown
using thermal evaporation method onto heated Mo substrate temperature at 100 °C. After that, the as-deposited CZTS sam-
ple were annealed in a sulfur atmosphere at 400 °C for 30 min. X-ray diffraction analysis reveals a polycrystalline CZTS
preferentially oriented along a (112) plane in kesterite structure. For bulk material, the band gap energy is about 1.39 eV,
the complex impedance plots display a semicircle with an equivalent circuit consisting of a parallel RC circuit connected
to a series resistor. The CZTS thin film was investigated in the way of structural and electrical properties. Raman spectra
ensured formation of kesterite CZTS phase. Dense and polycrystalline surface features were observed in SEM images of
CZTS thin film. The I-V characteristics showed that a Schottky contact was obtained between Aluminum and p-Cu,ZnSnS,
absorber layer. Characteristic parameters such as saturation current, ideality factor and series resistance were calculated from
the experimental I-V data. These parameters showed significant electrical properties such as low series resistance and an
ideality factor between 1 and 2. Finally, the Arrhenius diagram provided a very low activation energy of about 2.03 meV.
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1 Introduction

Over the past few years, Cu(In, Ga)(S, Se), (CIGS) polycrys-
talline solar cells and CdTe solar cells have witnessed con-
siderable progress to attain a rapid mass production [1-3].

The conversion efficiencies of the thin film solar cells
such as chalcogenide-based CIGS-based have almost
reached 23% [4]. Although both technologies present con-
siderable progress technically, they are hampered by the tox-
icity of cadmium (Cd) and scarcity issues of tellurium (Te),
indium (In) and gallium (Ga) [5-7].
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To overcome this problem, CZTS-based thin films appear
as a promising alternative to CIGS technology because of
their abundant, no expensive and non-toxic composition for
the environment [8—11]. Therefore, CZTS thin films have
been extensively studied for many applications [12—16].
And, with p-type conductivity, an optimum bandgap rang-
ing from 1.45to 1.6 eV [17, 18] and a high absorption coef-
ficient (10* cm™"), CZTS-based thin films can be used as an
absorber layer in a solar cell [17, 18].

An extensive research program is also devoted to
metal-semiconductor (MS) structures, because of their sig-
nificant contribution to the design of efficient technological
components [19-23]. Metal-semiconductor contacts are
a key component of almost all semiconductor electronic
[24-27] and optoelectronic devices. They are applied in
integrated circuits, photovoltaic devices, light detectors
[28], microwave diodes, field effect transistors (FETs) [29]
and organic field effect transistors (OFETs) [30]. Among the
most interesting properties of an MS interface is the height
of the Schottky barrier (SBH). Electronic transport across
the MS interface is controlled by the SBH, and is there-
fore of major importance for the proper operation of any

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-023-07195-8&domain=pdf

40 Page2of12

M. Sebai et al.

semiconductor device [31]. In particularly for thin film solar
cells based CZTS absorber, Schottky diodes based on a Mo/
CZTS/Al structure have proved to be a suitable candidate for
determining the characteristics of the absorber layer [32, 33].

Although there are some of studies focused on Mo/p-
CIGS/Al Schottky diode [34-36], there has been limited
works on Mo/CZTS/Al Schottky diodes [37, 38]. Atasoy
et al. [37] and Touati et al. [38] have recently fabricated
Al/p-CZTS/Mo Schottky diodes and evaluated the perfor-
mance of these diodes by I-V analysis measured at room
temperature.

Table 1 provides a partial list of device properties esti-
mated from the well-known Cheung function for several
multi-component copper-based structured thin-film Schottky
diodes. It can be noticed that the electrical properties of the
diodes were significantly affected by the processing method,
the intermediate layer at the metal-semiconductor junction,
the total device resistance, the film quality, and the thermal
processing parameters [39]. It has also been reported that
increasing the deposition temperature can improve the physi-
cal properties of the deposited CZTS thin films [39].

The investigation of the I-V characteristics of CZTS
Schottky diodes deposited at 100 °C can reveal interesting
aspects about the current conduction or metal-semiconduc-
tor barrier formation mechanism. To our knowledge, it is the
first study on the I-V properties of Mo/CZTS/Al Schottky
diode processed at 100 °C.

Here, we describes the synthesis of CZTS powder by
solid-state reaction. This process is simple to perform, the
starting materials are often available at low cost and the
reactions are “clean” [40—43]. This research aims to develop
Al/p-CZTS/Mo Schottky junctions by thermal vacuum
evaporation (PVD) technique at 100 °C. Structural prop-
erties were evaluated using X-ray diffraction and Raman
spectroscopy, morphological properties were studied by
scanning electron microscopy (SEM). The band gap energy
value (E,) was determined using a diffuse reflectance spec-
trum. The electrical properties of CZTS bulk materials were
investigated for the first time using impedance spectroscopy
measurements. Finally, in order to further establish the inter-
facial response and thermionic emission mechanisms in the
Schottky junctions, current—voltage (I-V) characteristics and
impedance spectroscopic measurements of Al/p-CZTS/Mo

Schottky diode were performed. This provides an under-
standing of the influence of substrate temperature on thin
film characteristics.

2 Experimental details
2.1 Synthesis of CZTS powder

Cu,ZnSnS, was obtained by reacting stoichiometric quanti-
ties of elements of 99.999% purity, namely copper (Cu),
zinc (Zn), tin (Sn) and sulfur (S), using the direct fusion
components. The ingot was grown in a quartz tube. The tube
containing the pure elements was sealed under a 107 Torr
vacuum, then placed in a programmable furnace (type
Nabertherm-Germany).

By following an appropriate thermal profile, we obtained
a gray Cu,ZnSnS, ingot, Fig. la. It was then crushed into
a fine powder [48]. The powder was then pressed to form
a 1 cm diameter cylindrical pellet, which was then used
for characterization. As described, this technique is useful,
very simple and does not involve other chemical elements
[40-43].

2.2 Schottky junction fabrication

The Molybdenum (Mo) back contact was obtained by DC
magnetron sputtering. The p-CZTS thin films were depos-
ited under vacuum at a pressure of 10~° Torr by thermal
evaporation on the Mo-coated glass substrates. In order to
avoid ejection during evaporation, the material (0.15 g) was
placed in a molybdenum crucible in boat form with uni-
form distribution. The substrates were placed at 15 cm above
the source, so that their surfaces were perpendicular to the
vapour flow, Fig. 1b. Typical as-deposited film thicknesses
were in the 400 nm range. To improve film crystallinity, the
p-CZTS/Mo thin films were then sulfurized under nitrogen
flow at 400 °C for 30 min. The use of nitrogen allowed for
minimal oxidation, while sulphur was used to avoid defects.

Once the CZTS/Mo films were formed, an aluminium
Schottky contact was deposited on top of the CZTS sample
by thermal evaporation in vacuum. Figure 1c describes the
device thus formed (Al/p-CZTS/Mo).

Table 1 Summary of device

. . . Device structure Processing technique Rs (Q) 1] Is (pA) Ref

parameters including series

resistance, ideality factor and ITO/p-CZTS/Ag  Direct-ink-coating techniques 261 223 824 [39]

saturation current estimated Mo/p-CZTS/Al  Thermal evaporation method (PVD) 21.61 146  0.829 [38]

from the Cheung function for

Schottky diodes ZnS/p-CZTS/Al Spray pyrolysis 2100 114 30 [44]
Mo/p-CZTS/Al Sputter deposition 2099 534 211 [37,45]
Al/p-CFTS/Mo Thermal evaporation of CFTS 22 1.48 0.489 [46]
FTO/CIGS/Al Close-spaced vapor transport technique 93.7 347 190 [47]
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Fig.1 a Schematics of the direct fusion method, b a schematic dia-

gram of the PVD technique and, ¢ schottky junction structure (Al/p-
Cu,ZnSnS/Mo)

2.3 Characterization

The X-ray diffraction analysis was carried out using
Philips X’Pert X-ray diffractometer with monochromatic
CuKa radiation (A=1.5406 A). The band gap energy
of the CZTS powder was obtained from diffuse reflec-
tance spectroscopy (DRS) analysis over the wavelength
range of 300-1800 nm at room temperature. Film thick-
ness was determined by the interference fringe method
[49]. Impedance measurements were carried out over a
wide range of temperatures (573-653 K) and frequencies
(5 Hz-13 MHz) using a Hewlett-Packard HP 4192 imped-
ance analyzer. The measurements were carried out using
two electrodes painted on both ends of the CZTS pellet
with silver paste.
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Fig.2 X-ray diffraction pattern of CZTS powder

CZTS thin film was examined by X-ray diffraction (XRD)
and Raman spectroscopy. The conductivity type was estab-
lished by the hot probe method [49]. I-V characteristics of
the Al/p-CZTS/Mo Schottky junction were recorded using
an Agilent N6762A, and C-V measurements were made at
room temperature using a low-frequency impedance ana-
lyzer (HP 4192A). The Schottky junction capacitance was
also studied using a low-frequency impedance analyzer (HP
4192A).

3 Results and discussion

3.1 Structural properties of powder/X-ray
diffraction

The XRD pattern of the synthesized Cu,ZnSnS, is shown
in Fig. 2, with clear diffraction peaks indicating that CZTS
powder is polycrystalline. The main peaks are located at
28.58°,33.01°,47.41°,56.11°, 58.94° and 69.18°, related to
the (112), (200), (220), (312), (224) and (008) planes, corre-
sponding to the kesterite structure according to JCPDS sheet
No.: 00-026-0575. In addition, a peak located at 20=31.95°
derived from the (004) plane is observed, which could be
attributed to the secondary SnS phase (JCPDS sheet N°:
00-053-0526). The average grain size (D) is determined
using the Debye—Scherrer formula from the total width at
half-maximum (FWHM) corresponding to the lattice planes
of preferred orientation (112) and (220) [38].

_ 0.94 |
pcosh’ @)
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Table 2 The position of (112)
and (220) peak, FWHM and the

112 peak position

220 peak position

average crystallite size of CZTS 20(°) FWHM (°) D (nm) 20(°) FWHM (°) D (nm)
powder and Schottky diode
Powder 28.51 0.15 51.2 47.41 0.23 37.84
Schottky diode 28.39 0.70 11.72 46.99 0.77 11.27
Table 3 Estimated values of dislocation density (8y;) and the strain 300
(¢) of CZTS powder and thin film wl
CZTS 2011 ° 845 (107 nm2) £ (1072 2504«
Powder 28.51 1230 3.63 o % ol
Schottky diode 28.39 2.956 0.295 = 20|
E ] 139
> 150 4
,"E 0, oo 0 25
. . . & hv(eV)
where D is the average crystallite size and A is the wave- = 1004
length of X-ray employed. The parameters f# and 0 are the -
full-width at half maximum (FWHM) and the Bragg angle
50
of (112) and (220) peaks of the CZTS compounds. Table 2
gives the calculated values of (D) and (FHWH) for the (112)
0 T T T T

and (220) peaks respectively. Crystal size values reported for
the (112) plane are very close to those observed in the used
standard cards and in the previous works [50-53], with a
small variation explained by the different elaboration meth-
ods. Moreover, the decrease in crystal size between the (112)
and (220) planes can be explained by the decrease in peak
intensity.

Lattice deformation (¢) and dislocation density (8dis) are
defined respectively as the lattice disarrangement created
during the deposition process and the length of dislocation
line per unit crystal volume, and were determined using the
relation of Scherrer [53].

pcosé
£E=——

R 2
1
bais = ek 3

Strain and dislocation density were found to be 3.63 1072
and 1.23 10~ nm~2 respectively (see Table 3).

3.2 Determination of band gaps of CZTS powder
by Kubelka—Munk model:

The band gap energy value (E,) of the CZTS bulk material
was determined by exploiting the diffuse reflectance spec-
trum according to the Kubelka—Munk function [54, 55]:

1-R,)*
F(R,) = % )
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Fig.3 Direct band gap of CZTS powder

The optical gap value Eg can be approximated based on
the Kubelka—Munk model associated with the Tauc relation
[56]:

((F(Ry)hv)’ = A(hv — Eg), ®)

hv represents the energy of the incident photon and A is a
constant. The direct determination of the bandgap energy is
described elsewhere [57]. The resulting Eg value is 1.39 eV
for CZTS compounds, Fig. 3. This value is in good agree-
ment with the literature [58].

3.3 Electrical properties of CZTS powder

Impedance spectroscopy offers interesting information to
understand the different relaxation phenomena and to corre-
late the electrical properties with the material structure [59].

The prepared pellet was then subjected to a series of com-
plex impedance studies over a wide range of frequencies and
temperatures to determine its relative electrical conductiv-
ity. To provide a more detailed illustration of the electrical
conduction and transport mechanism, Nyquist diagrams are
shown in Fig. 4a as a function of temperature, by plotting
the complex impedance Z' versus Z"'. The observed diagrams
reveal two distinct phases: a high-frequency phase due to
the contribution of grain boundaries, and a low-frequency
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Fig.4 Electrical properties of CZTS powder, a Nyquist diagram at different temperatures, b angular frequency dependence, ¢ variation of In(w,,)
versus (1000/T) and d frequency dependence of the total conductivity of the CZTS material

phase due to the contribution of grains in the conductivity
mechanism [60-62].

The evolution of the imaginary part Z"” shown in Fig. 4b
involves the appearance of one peak at each temperature
with a particular frequency f,,, which can be considered
as the relaxation (resonance) frequency [58]. For low tem-
perature values, the relaxation is predominant. A shift of the
maximum peak Z" to a higher frequency is also observed
with increasing temperature. The maximum of the angu-
lar frequency is directly correlated to the relaxation time =
according to the formula nf , t=1.

Such results represent additional proof of the semicon-
ducting nature of the CZTS material and the contribution of
carriers to the relaxation process [63]. The electrical con-
ductivity and the relaxation time of CZTS compounds are
thermally activated and appear to follow Arrhenius' law, as
shown in Fig. 4b. The variation of the maximum peaks of the
relaxation angular frequency o, =2xnf,,,, with temperature
complies with the Arrhenius law according to the following
formula [64]:

“Ey
—_ TK;
w,, = wge ™,

(6)

where @, is a constant, E, is the activation energy, 7T is the
temperature and K, is the Boltzmann constant. Figure 4c
illustrates the variation of In(w,,) as a function of 1000/T. As
indicated, the spectra of In (w,,) =f (1000/T) show a linear
characteristic. Using the same Eq. (6), the activation energy
was found to be around 0.29 eV.

The measurement of AC conductivity was widely
exploited to study the nature of defect centers in disor-
dered systems, since they are assumed to be the origin of
this conduction. The total conductivity (o) as a function
of the applied frequency is shown in Fig. 4d and can be
written as follows [65, 66].
or(®) = opc + 04¢s

@)

where o,c and op are respectively the AC and DC
conductivities.
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At low angular frequency, o shows a low frequency
dependence and then it increases with increasing frequency,
suggesting a DC contribution. The typical plot of In(o;)
versus In(w) at different temperatures is shown in Fig. 4d.
It can be seen that the AC conductivity shifts to a higher
frequency with temperature, which is consistent with the
observed change in relaxation frequency. This suggests that
the conductivity is thermally activated. It is also an indica-
tion of high frequency hopping conduction between local-
ized states [67].

3.4 Structural and morphological properties
of Al/p-CZTS/Mo Schottky diode

The X-ray diffraction pattern of CZTS thin film is presented
in Fig. 5a. It can be recognized that the diffraction pattern of
the film is highly predominated by the (112) (20 =28.39°)
and (220) (260=47.07°) peaks at the expected locations
of the CZTS kesterite phase planes (JCPDS 26-0575)
[68]. Two diffraction peaks were found at 20=13.97° and
20=40.64° associated with the MoS, phase (JCPDS 98-004-
3560) [69] and (Mo) (JCPDS card no. 42-1120), respec-
tively. Actually, Mo has mainly served as a back contact
for Cu-based chalcogenides (Table 1). However, the main
problem associated with Mo is the formation of MoS, at the
interface [70, 71]. During the sulfurization process by high-
temperature annealing [72—74], an interface layer of MoS,
is formed between the CZTS absorber and the Mo electrode
[75]. The presence of MoS, peaks shows that sulfur has been
deeply incorporated into the precursor film, suggesting sig-
nificant sulfurization [37].

Table 2 shows an increase in FWHM and a decrease in
crystallite size between the (112) and (220) planes for CZTS
thin film. This decrease in crystallite size can be explained
by the decrease in peak intensity and the widening of the
(220) peak.

In the other hand, we report a decrease in crystallite
size between CZTS bulk materials and CZTS thin films
(Table 2). Actually, several basic factors explain the main
differences between films and bulk materials, such as the
variation in microstructures produced by deposition, nuclea-
tion and growth processes, the effect of interfaces on the film
surface, and in particular, the nature of the substrate. Milton
Ohring reported that the very high nucleation rate of grains
that develop from condensed vapour at low temperatures
leads to thin film grain sizes hundreds to thousands of times
smaller than those that form in typical bulk materials [76].
Also, the powder diffractogram of a polycrystalline mate-
rial does not show lattice stress and the peaks are very fine.
In the case of CZTS thin-film materials, lattice variations
caused by stress and structural defects due to the appearance
of secondary Mo and MoS, phases result in a larger diffrac-
tion profile and degraded crystallinity.
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Fig.5 Structural and morphological properties of CZTS thin films, a
XRD pattern, b Raman spectra and d SEM top view of CZTS sample

As shown in Table 3, the dislocation density (dy;,) and strain
(¢) depend inversely on crystallite size. Decreasing crystal-
linity reduces the diffusion length of majority carriers and
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increases carrier recombination in grain boundaries, resulting
in lower conductivity.

‘We must note that these XRD peaks overlap with those of
Cu,SnS; and ZnS, so CZTS crystallization may not be con-
firmed by XRD analysis alone. Thus, Raman spectroscopy
was carried out to gain a better understanding of phase iden-
tification. Raman spectroscopy is also being used to assess
crystal quality and identify secondary phases in CZTS thin
films [77, 78].

As shown in Fig. 5b, the Raman spectrum of Cu,ZnSnS,
indicated that the main Raman peak is located at 335 cm™"
which may be the result of S atoms vibrations associated to the
Al symmetry planes [79]. The other peaks of the CZTS phase
were signed in the figure. The spectrum also shows a smaller
peak at 407 cm™! associated with the MoS, phase. Compared
to previous results, the obtained structure seems to be more
homogeneous and contains fewer secondary phases according
to our Raman results [65].

The surface SEM micrograph is illustrated in Fig. 5c. The
microstructure of the film surface is clearly dense, rough and
polycrystalline.

3.5 Electrical property of Al/p-CZTS/Mo Schottky
diode

3.5.1 Current-voltage (I-V) characteristics

Current—voltage (I-V) analysis as a function of temperature is
one of the most commonly used methods for determining cur-
rent conduction mechanisms through Schottky barrier diodes.
This approach provides direct information on the type of bar-
rier formed at the interface surface. The I-V performance of
Al/p-CZTS/Mo Schottky junctions was evaluated using for-
ward and reverse bias voltage at room temperature (~300 K).
As highlighted in Fig. 6, the I-V curve of the junction shows
rectifying behaviour which acts as a Schotkky diode. In addi-
tion, the current varies exponentially at low voltage, implying
thermionic emission conduction [38, 46]. According to this
theory, the current in such a device can be expressed as [80]:

I:IO[exp<anBT(V—RSI)> —1], (®)

where ¢ is the carrier unit charge, 5 is the diode ideality
factor, K is the Boltzmann constant, T is the absolute tem-
perature, V is the applied voltage, R, is the series resistance,
and I, is the saturation current given by [38]:

qPpo

I, = AA*T?exp(—
0 exp( XT

)- (€))

A represent the diode contact area, A* is the Richardson
constant (A*=63.6 A/cm?* K? for CZTS [38]) and ¢y is the
zero—bias barrier height.
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Fig.6 Experimental forward and reverse bias current—voltage charac-
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Up to the threshold potential, Eq. (8) can be written in
logarithmic form as [80]:
q
Ln(/) = Ln(/, ——(V-=RJ).
n) = Ln(hy) + 7 (V= R)J) (10)
As indicated in Fig. 7 and following the logarithmic
form of Eqgs. (8) and (10), the saturation current is cal-
culated from the extrapolation of the linear region of the
semi-logarithmic forward bias -V curves at zero applied
voltage (straight line derivative of the plot Ln=£V) at
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V =0). The calculated value of [, from the intercept of
Ln=f(V)at V=0 is found to be about 4.32 10~’A.

The ideality factor was introduced to explain the diver-
gence between experimental I-V data and the predictions
of ideal thermionic emission (TE) theory. When # is equal
to one, pure thermionic emission occurs. However, 7 has
usually a value greater than unit. The high values of 1 are
derived from several effects, specifically film thickness
inhomogeneity’s, interface states, series resistance, defect
states in the semiconductor bandgap [81, 82], and the non-
uniformity in the interfacial charge distribution. The high
ideality factor is usually associated with defective states
in the semiconductor bandgap [38]. The values of 7 are
estimated from the slope of the linear region of the for-
ward bias I-V characteristics using the following relation:

_ 4 _av
T=XT d0n))’ (1

Figure 8 shows (a) dV/dIn(I) and (b) H(I) versus cur-
rent, respectively for the Al/p-CZTS/Mo Schottky struc-
ture. A linear behavior is thus obtained (Fig. 8a), and 7 is
extracted accordingly. In the present study, # was found to
be about 1.53.

Some research groups have studied the parameters
of Mo/CZTS/Al diodes at room temperature. Rakhshani
and Thomas [83] found # =4.5, Touati et al. [38] found
n=1.56 and Atasoy et al. [37] found  =5.34. Those val-
ues are higher than those obtained in this work (p =1.53),
which shows an improvement in the performance of this
diode.

The Schottky barrier height (SBH) ¢, can be evaluated
using the following expression:

A*AT?
1, '

KT
$po = —ln<
q

12)

The barrier height ¢z, was found to be 0.689 eV. Some
research groups have evaluated the parameters of Schottky
Mo/CZTS/Al diodes at room temperature and reported that
¢y were 0.71 eV according to Rakhshani and Thomas [83]
while Rim et all found that ¢5,=0.807 eV [38], which is
slightly higher than our values.

As well, making electrical contacts on the semiconduc-
tor generally involves the presence of a resistance called the
contact resistance, depending on the nature of the contact,
the type of metal and its design. This electrical resistance is
coupled to the resistance of the semiconductor. The diode's
series resistance “R,” is therefore the combined result of
all these resistances; it is connected in series with the ideal
diode in the electrical circuit. The existence of a series
resistor (R,) severely degrades the device’s performance
and leads to a deterioration in electrical performance [39].
Cheung and Cheung [84, 85] assessed the series resistance
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Fig.8 a Experimental plot of dV/dLn (I) versus I and, b The experi-
mental plot of H(I) vs I, obtained from forward and reverse bias
current—voltage characteristics of the Schottky structure (Al/CZTS
p-type/Mo)

Rs using the developed model. Cheung’s functions can be
written as follows:

KT
vV _

d(Lnl) ~ * * q (13)
KT 1

and

H(I) = IR, + n¢,. (15)

The barrier height and series resistance values found from
Eq. 13 were respectively 0.71 eV and 24.30 Q. Similarly,
the values of the ideality factor and series resistance from
Eq. 15 are 1.48 and 24.3 Q, respectively. Thus, it can clearly
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be seen that there is no significant difference between the
values of n obtained from the downward curvature regions
of forward bias I-V plots and from the linear regions of the
same characteristics [85]. This agreement can be explained
by the absence of series resistance effects and by the lack
of polarization dependence of the Schottky contact on the
voltage drop in the interfacial layer. Furthermore, the Rg
values obtained from Eqgs. 13 and 15 are the same, due to
the consistency of the Cheung functions.

The resulting value of R, is significantly lower than those
found by Ghediya et al. (R,=261 Q) [39], Boutebakha et al.
(R,=2100Q) [44], Atasoy et al. (R,=2099Q) [37] and sig-
nificantly similar to that found by Touati et al. (R,=21.61€2)
[38]. This means that there is a clear improvement in the
performance of the produced diode as compared to those
produced previously using the same type of semiconductor.

3.5.2 Impedance spectroscopy

The complex impedance of (Al/p-CZTS/Mo) heterostruc-
ture was measured over a wide range of frequencies and
temperatures. Figure 9a depicts the complex impedance of
the imaginary part (—Z'") versus the real part (Z') of the
deposited Al/p-CZTS/Mo, called the Nyquist plot.

The spectra present one semi-circular arc from which
we can retrieve all characteristics namely relaxation time,
resistance and capacitance. These observations present the
response to excitatory electric fields applied to the sample
and correspond to intergranular polarization phenomenon
occurring at higher frequencies.

The analysis of experimental data (Fig. 9a) show one
semi-circular arc from for each temperature, the semi-circles
are slightly depressed and their maximum shift to higher
frequencies as the temperature increases. The diameter and
the maximum of the semicircles decrease with increasing
temperature. This observation leads to the conclusion that
the electrical conductivity is thermally activated as well as
the relaxation times distribution [86, 87].

In the other hand, each semicircle can be fitted as an
equivalent circuit consisting of a single parallel network of
resistor Rp and capacitor Cp connected to a series resistor
Rs. The equivalent circuit was established using EC-Lab
software. The modelled equivalent circuit of this diode is
shown in Fig. 9b. Where Z(f) follows the following formula.

Rp

2(f) = —————.
") 1+ j27fRpCp

(16)

In order to explore the relaxation time as a function of
temperature, we plot Z'' versus frequency at various tem-
peratures as shown in Fig. 9c. The graph are highlighted by
the occurrence of a particular peak at f; . for each tempera-
ture, which could be described as the relaxation frequency
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Fig.9 Electrical properties of Al/p-CZTS/Mo Schottky diode, a Nyquist
plots, b equivalent circuit, ¢ angular frequency dependence and d Arrhe-
nius diagram of the cut-of frequency for Al/p-CZTS/Mo Schottky diode
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(resonance). Relaxation is more pronounced at low tem-
peratures. A shift of the maximum peak of Z" to a higher
frequency is also observed with increasing temperature [88].
This maximum angular frequency defines the highest relaxa-
tion time 7,, from the condition 2xnt f, ,, = 1. These results
demonstrate the semiconducting nature of the heterostruc-
ture and the contribution of carriers to the relaxation process
[63].

The variation of the relaxation frequency at the maximum
peaks of the relaxation angular frequency w,,=2xf,,, as a
function of temperature according to the Arrhenius law is
given by [89, 90]:

—_ Ea
—_ TK|
w,, = Weexp s

a7

where, @, is a constant, the activation energy is E,, K is the
Boltzmann constant and 7 is the temperature.

As can be recognized from Fig. 9d, the expression
In(w,,) =f (10°/7) is a linear function providing the activa-
tion energy Ea. The activation energy represents the energy
required for an ion to move from one site to another. Simply
defined, it is the value of the potential barrier separating
two sites.

A high dependence on the activation energy suggests a
thermally activated relaxation process [63, 91]. The activa-
tion energy of the Al/p-CZTS/Mo Schottky junction was
found to be 2.03 eV. which is lower than those previously
reported for the same junction [38].

4 Conclusion

In summary, CZTS powder was successfully prepared by
the solid state reaction technique. The CZTS powder crys-
tallizes in the kesterite phase along the (112) plane. The
optical study suggests that the bandgap energy of bulk CZTS
is 1.39 eV. This paper, on the other hand, provides the first
electrical study using impedance spectroscopy technique
on bulk CZTS material, the results suggest that the con-
duction process is performed by localized state hopping,
which is consistent with the correlated barrier hopping
model CBH. In particular, the activation energy resulting
from the maximum angular relaxation frequency and the
DC conductivity imply a thermally activated carrier trans-
port mechanism in the band gap. Subsequently, Al/p-CZTS/
Mo Schottky diodes were grown by thermal evaporation at
100 °C and annealed in a sulfur atmosphere at 400 °C for
30 min. Structural characterization of the Schottky diode
revealed the presence of distinct peaks of CZTS kesterite
with a preferential orientation along the (112) plane. The
SEM micrograph exhibited dense, rough and polycrystalline
surface structures. The I-V characteristics of Al/p-CZTS/Mo
diode junction were investigated. The rectifying behavior

@ Springer

confirms a Schottky junction with a p-type absorption layer.
An ideality factor of 1.53 and a series resistance of 24.30
Q were obtained from the experimental data. The barrier
height of this heterostructure ¢z, was found to be 0.689 eV.
Impedance measurements reveal that the dielectric responses
found can be described by an equivalent electrical circuit, in
which all series resistances Rs and parallel resistances Rp
decrease as temperature increases. An activation energy of
0.203 eV was found. The results obtained thus demonstrate
a significant improvement in the material properties for its
use in devices, in particular a good surface morphology, a
higher crystallinity and an interesting electrical conductiv-
ity. This research needs to be further developed in order to
validate its relevance. Nevertheless, it has certainly revealed
its relevance as a preliminary study.
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