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1. Introduction

Abstract

The electrical properties of metal-organic-chemical-vapour-
deposited copper zinc sulphide (Cu-Zn-S) thin films on soda-lime
substrates were studied. The films produced were characterized in
terms of their electrical properties employing the Four-point probe
procedure at a temperature range of 370 to 470°C. The electrical
properties (resistivity and conductivity) of the deposited copper zinc
sulphide films were systematically studied in terms of the deposition
parameters of concentration and deposition temperature. The
conductivity was in the interval of 5.48 to 8.0 x 10! (Q.cm)™.
Activation energies of 0.54 and 0.29 eV in the deposition
temperature range were estimated. The high resistive property of the
films re-emphasized the potential use of these materials as active
semiconductors for optoelectronic device applications.

Copper zinc sulphide (Cu-Zn-S) thin films are among the most important semiconducting materials
in optoelectronic and spintronics device applications. They are direct wide band gap semiconductor

*Corresponding author: Tel.: +234(0)8068930891
E-mail: jjjemegha@yahoo.com
1



Current Applied Science and Technology Vol. 22 No. 1 (January-February 2022)

(1.6 - 3.50 eV) in the near and infrared regions [1, 2]. Copper zinc sulphide thin films have many
advantages; high mechanical and chemical stability, flexible band gaps, non-toxic in nature, and
high carrier mobility as well as useful abnormal luminescence properties [3, 4]. Due to their
excellent opto-electrical properties, copper zinc sulphide thin films are potential materials for
window layers in solar cell fabrication, flat-display panels, transparent conductors, organic light
emitting diodes (OLEDs), mobile touch screens, gas sensors and so on [5, 6].

As reported by Emegha et al. [7], there are several reports of the diverse physical and
chemical procedures that have been employed for the preparation of Cu-Zn-S thin films, such as
“electron beam evaporation, electrochemical atomic layer deposition, solution growth techniques,
chemical bath deposition, SILAR, chemical spray pyrolysis and metal-organic chemical vapour
deposition (MOCVD) technique”. Among these methods, the MOCVD technique is of the highest
interest because of the advantages gained by using several “single solid source precursors”. A single
solid source precursor provides a novel approach with the advantages of minimizing the
shortcomings of the conventional methods due to the use of two or more precursors with different
chemical properties. This technique has been found to be more efficient in the preparation of clean
and uniform films as the stoichiometry and deposition temperature are controlled by the design
variables [8].

In our previous papers [4, 7], copper zinc sulphide thin films were prepared on soda-lime
substrates using mixed copper and zinc dithiocarbamate precursors. X-ray diffraction (XRD) study
revealed polycrystalline films with no secondary phase formations. Surface morphology of the films
were observed with scanning electron microscopy (SEM), and indicated that the Cu-Zn-S films
consisted of well-defined grains with dense interconnections that were free from cracks and
pinholes. The elemental analysis showed a material consisting of copper, zinc and sulphur in various
stoichiometric ratios. Besides the elemental studies, Rutherford backscattering (RBS) was also used
to determine the thicknesses of the films using knowledge of the material density. The analysis of
the optical transitions indicated that the deposited films had a direct optical bang gap that varied
from 2.20 to 3.42 eV with increase in zinc concentrations. The thickness, refractive index,
transmittance, extinction coefficient and optical conductivity were found to depend on the
deposition parameters. In the present research, our previous study has been completed by providing
the electrical results obtained from the mixed copper and zinc precursors. The influence of
copper/zinc concentrations as well as the deposition temperature on the electrical conductivity of
metal-organic chemical vapour deposited copper zinc sulphide thin films was investigated. The
activation energy was also estimated and discussed within a deposition temperature range of 370 to
470°C.

2. Materials and Methods
2.1 Growth of the films

Cu-Zn-S thin films were grown on clean substrates (soda-lime) via the MOCVD method. Copper
dithiocarbamate and zinc dithiocarbamate were used as starting materials in the fabrication process.
Variations of the copper and zinc concentrations in Cu-Zn-S thin films were achieved by depositing
the precursors at a constant deposition temperature of 400°C for 2 h at a flow rate of 2.0 dm>*/min.
Details of the deposition process as reported in the past work [7], are shown in Table 1.

The thickness was estimated using the Rutherford Backscattering Spectroscopy (RBS)
technique and ranged between 25.9 and 57.6 nm (Table 1) [7], while the “Four-point probe” was
employed for evaluating the electrical properties of the films. Four samples of CuxZn;«S films with
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several concentrations (x = 0.9, 0.7, 0.3 and 0.1) were formed and categorized as A1, A2, A3 and
A4, and are shown in Table 1.

Table 1. The concentration percentage (%) of the film samples and their thickness

Samples Molecular Precursors Thickness (nm)
Al 90% copper dithiocarbamate + 10% zinc dithiocarbamate 44.5
A2 70% copper dithiocarbamate + 30% zinc dithiocarbamate 57.6
A3 30% copper dithiocarbamate + 70% zinc dithiocarbamate 52.3
A4 10% copper dithiocarbamate + 90% zinc dithiocarbamate 25.9

2.2 Theoretical consideration

The four-point probe, also known as four-wire sensing, is commonly used for semiconductor
material characterization [9]. This probe is usually used to measure the sheet resistivity of thin
conducting films. The electrical resistivity (p) describes the basic class of any electrical substance
as a conductor, insulator or semiconductor. Consequently, p constitutes one of the main basic
properties that should be quantified or measured during the exploration of new substances for
electronic applications [10]. One of the simplest and utmost techniques for measuring the p in a thin
film is by applying a two point-probe arrangement, where each contact functions as a current (I) and
as a voltage (V) probe source. However, this arrangement has some limitations, which result from
the measured resistance being critically affected by the resistance (R) which is being probed and the
contact R between each metal probe and the semiconducting material [11]. Hence, it is often
preferred to apply a “four-point probe arrangement”, where / is applied between the two points and
V is measured with two extra contacts.

There are different four-point probe configurations that can be used, and the most common
ones are:

a) The collinear configuration, where four similarly set apart probes are positioned on top

of the film. The two outer probes are employed for spacing / while the subsequent J is measured
via the two inner probes.

b) The Van der Pauw configuration, which usually consists of four minor electrodes on the

edge of a smooth, subjectively shaped sample of unvarying thickness.

The first configuration was employed to investigate the films formed during this study, and
it was done via Old Jandel four-point probe technique (Model TY242MP). The arrangement was
carried out in a manner that the /" across the diagonal distance of the films and the equivalent values
of the / were measured by means of a silver paste in order to guarantee a good Ohmic contact to the
film. The values of R for the films were investigated. The four-point probe was linked to a current
supply and the inner probes to a volt meter. As shown in Figure 1, / was applied between outer
probes and the resulting ' was measured by the two inner probes.
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Figurel. Four-point probe configuration [12]

The principle of the (four-point probe) configuration applied for this study was based on
Ohm’s law. In this case, the R is expressed by the resistivity and the geometry of the films [13].

dx) @)
A

For bulk substances where thickness (t) is far greater than the probe distance (s), /
penetrates spherically into the films; thus, the affected area is A = 2wX? [12]. From equation (1),
the integration between the inner probe’s tips, that is where the V' is measured, gives:

1 Ca)
T 2s2m
S is the probe spacing and the superposition of 7 at the outer two tips is;

AR=p<

14 (2b)
=3
Therefore, modifying the equation for bulk resistivity in (2a) gives:
14
p =2mS (7) ®)

If the films are very thin (thickness t <<s), I ring is attained as an alternative of sphere. Substituting
A = 2mxt into the resistance equation (1), it becomes:

2s 2s (4)
p _dx p
R= =——-—1
,L Pomx? ™ x " 2mt n(x) .
rR=2L_1n> )
2mt
Hence, for R = %, pfor a thin sheet is:
nt (V 14 (6)
™Y (1) - 4'532t<1)

Sheet resistance (R;) is the p without taking into account the thickness of the films [12]. Ry was
evaluated by taking the slope of V' to / relation obtained via the four-point probe data. Therefore;
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%4
Rs = 4.532 (7> )
and
p=R Xt ®)
The electrical conductivity (o)was taken as the reciprocal of the electrical resistivity given in
equation (9)

1 ©)

Electrical conductivity of Cu-Zn-S thin films generally depends on the deposition temperature.
Hence, the connection between the deposition temperature and the activated conductivity of the
deposited films follows the Arrhenius law and is given by equation (10):

0= 0oeXp (— zAk—ET) (10)

o is the electrical conductivity, o, is the conductivity at absolute temperature, T is the absolute
temperature, k is the Boltzmann constant, and AE is the activation energy of the electrical conductor
[14]. Depending on the conduction mechanism of the semiconductor, the Arrhenius equation can be
extended to equation (11):

G = G.exp (— %}% o) exp(— ZA:;) (11)

where AE, and AE, are the activation energies corresponding to the two conduction regions.

3. Results and Discussion

Figure 2 shows the average voltage and the corresponding current of sample Al. The other samples
show similar linear plots. The electrical conductivity o, resistivity p and sheet resistance R;, of the
deposited films are presented in Table 2. From Figure 2, the graph was found to be smooth and non-
ohmic which clearly indicates that the deposited Cu-Zn-S films are semiconducting in nature. It was
also observed that the current flowing through the films increased with the voltage of the electrodes.
The observed increased in forward current at all voltages obtained for the films indicates the higher
conductivity of these films. This improved forward current could be helpful in obtaining increase
efficiency in solar cell production [15].
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Figure 2. Current-voltage characteristic of sample A1l
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Table 2. Some electrical properties of Cu-Zn-S thin films

Samples Sheet resistance (£2/Sq.) x Resistivity (Q.cm) X Conductivity (Q.cm)?!

107 10
Al 0.41 18.25 548
A2 2.26 130.09 0.77
A3 1.22 63.79 1.57
A4 15.20 392.92 0.26

The variation of the electrical resistivity and conductivity of the various samples are
presented in Figure 3. From the Figure, the electrical resistivity was found to increase from sample
Al to A2, and then reduces to A3. As the concentration of copper decreases, the resistivity increased
more rapidly to the highest value at A4. The electrical conductivity followed the opposite pattern as
illustrated in Figure 3. The decrease in resistivity experienced within the samples was due to the
production of more pairs of electrons and holes occasioned from zinc incorporation in the Cu-Zn-S
system. Further increment in zinc concentrations (sample A4) led to a rise in resistivity due to phase
transformation and associated distortions of the Cu-Zn-S thin films.
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Figure 3. Variation of the resistivity and the conductivity with different samples

In addition, the average electrical conductivity falls and rises within the range of 10 to
10? reported for semiconducting thin films in the literature [16], which suggests that the electrical
properties are a function of the intrinsic defects within the films. The defects thus introduce donor
states in the forbidden bands just below the conduction band and therefore result in the conducting
nature of the films.

To determine the total electrical conductivity of the Cu-Zn-S material, the deposition
temperature of sample A2 (Cug7Zng3S) was extended to 370, 400, 430, 450 and 470°C. Sample A2
was chosen because the films have a relatively better adhesion to the substrate. From equation (10),
the activation energy was determined by the slope of the linear part of the graph of In(c) against
1000/T (Figure 4). From the Figure, there are two straight lines that correspond to the two terms
(AE; and AE,) of equation (11). These terms indicate that there are two different conductivity



Current Applied Science and Technology Vol. 22 No. 1 (January-February 2022)

mechanisms of Cu-Zn-S thin films within the temperature range of 370 and 470°C. The slopes of
these lines give the estimated activation energies of the regions. In the high temperature region
(region 1), the conductivity increases relatively faster with deposition temperatures due to the
extrinsic nature of the deposited material. This temperature region is given by the AE; in equation
(11). The transition in this region depends on two variables; the deposition temperature and the
lattice vibration [17]. As the deposition temperature is elevated, the charge carriers are increased,
which leads to an increase in the material conductivity. However, the lattice vibration creates
electron-photon interactions which cause hindering of electrons, so electrons need more energy to
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Figure 4. Variation of logarithmic conductivity with the inverse absolute temperature of Cu-Zn-S
thin films

be activated. In the low temperature regions (region 2), the ¢ increases slowly with deposition
temperature. According to Rahman ef al. [18], this slow increment of ¢ could be linked to the
hopping of carriers within the localized states.

In region 1, which are the regions with higher deposition temperature, the value of the
estimated activation energy was given as AE;=0.54 eV. While in the low deposition regions (region
2), the value was AE, = 0.29 e¢V. The values of the estimated activation energies of Cu-Zn-S thin
films confirmed that the deposited material was a semiconductor [17]. It was also observed that in
the higher deposition temperature region, the estimated value of the activation energy was higher
than that in the lower region. Such trend indicates that charges moved from one conduction
mechanism to another. The higher activation energy value in this region could be ascribed to the
fact that the energy required to form the defects is far greater than that which is require for its drift
[19].

4. Conclusions

In this study, the electrical properties of Cu-Zn-S thin films deposited by MOCVD were measured.
The sheet resistance, electrical resistivity, conductivity and activation energies were studied and
correlated with the samples and deposition temperatures of the films. It was observed that Cu-Zn-S
thin films had two temperature regions that were connected to the conduction mechanism of the
deposited material. The calculated values of the activation energies revealed that the deposited
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materials were semiconductors. The obtained results confirmed that Cu-Zn-S thin films are useful
materials for optoelectronic applications such as touch and gas sensors, transparent resistors,
spintronics and piezoelectricity.
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