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ABSTRACT ARTICLE HISTORY
In this work, ZnSy ,Seg g thin films doped with Fe of various concentrations Received 2 April 2021
were spray deposited to investigate the influence of Fe doping Accepted 24 May 2021
concentration on the most significative structural, morphological,

optical and electrical properties. An X-ray diffraction study showed that Thi . .

. . n in films; chemical spray
all films were polycrystalline and had a cubic zinc blende crystal pyrolysis; X-ray diffraction;
structure. SEM showed that the Fe-doped ZnSy,Seqg thin films had a optical properties; electrical
spherical-like structure with agglomeration of grains and that their properties; thermoelectric
particle size was slightly increased. EDAX confirmed that the ZnSy,Seq s power
lattice was doped with Fe. An optical study indicated that there was a
direct allowed type transition. The band gap of ZnSy,Sepg thin films
sharply increased to 3.25 eV with Fe doping upto 0.2 mol% and then
gradually decreased with increasing Fe doping concentration. DC
electrical resistivity measurements confirmed that the films were
semiconducting; with a minimum resistivity of 0.617 x 10°> Q-cm. Hall
Effect and thermoelectric power measurements confirmed n-type
conductivity.

KEYWORDS

1. Introduction

In modern material science, II-VI semiconducting materials have received significant attention
because of their admirable electric and optoelectronic properties and their various technological
applications including photoelectrochemical (PEC) solar cells [1-5]. Zinc sulphide (ZnS) and
zinc selenide (ZnSe) are II-VI semiconducting binary systems that have properties that make
them suitable for optoelectronic applications [6,7]. When ZnS and ZnSe are combined, ternary
zinc sulphoselenide (ZnSSe) heterostructures can be obtained. Such ternary semiconductors have
been studied widely because of the possibility of tuning their characteristics significantly, including
the optical bandgap (2.70-3.67 eV), lattice constant and electrical properties, simply by changing
the S/Se ratio and make them useful for the device fabrication [8-10]. The two key properties of
ZnS,Se;_,, which are abundant in the earth’s crust, are the wide bandgap (wider than that of
CdS) and low toxicity. These properties make them more attractive than the conventional toxic
CdS for use as buffer layers in Cu(In,Ga)Se, (CIGS) thin-film solar cells [11,12]. ZnSSe thin
films are the most suitable films for several optoelectronic and optical applications including visible
laser diodes, light-emitting diodes, light emitters, solar cells and wavelength-tunable UV photode-
tectors [13-17].

The performance of various devices fabricated using the semiconductor materials strongly
depends on the optical, electrical and PEC properties of semiconducting materials. The mentioned
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properties of the binary and ternary semiconducting materials can be easily tuned or adjusted
(improved) through doping treatment for many potential applications [18-21]. A survey of the lit-
erature shows that mostly ions of transition metals such as Ni, Co, Cu, Fe and Cr are used for dop-
ing II-VI semiconductors [22,23].

Lohar and colleagues [24] have studied effect of Fe’* (transition metal) doping on the PEC prop-
erties of ZnSe nanoparticles and hollow spheres deposited using the potentiostatic mode of electro-
deposition. They reported that the pure ZnSe thin film PEC cell performance enhanced due to Fe’*
dopant and its efficiency increased to 0.21% from 0.07%.

Bhuse et al. [25] have studied the effect of indium doping on the PEC properties of pure Cdy ¢
Hg, 4Se thin films prepared via CBD method. They observed enhancement in various PEC par-
ameters of CdygHgp4Se thin films such as Voc, Isc, Fill factor and the photon-to-electrical
conversion efficiency due to indium impurity.

Yellaiah and co-workers [21] used co-precipitation method to prepare pure and samarium
doped CdgsZn,,S powders and reported influence of samarium doping on the properties of the
pure CdysZng,S samples such as structural, elemental, optical and vibrational.

The various physical and chemical methods used to synthesize ZnS, ZnSe and ZnSSe thin films
include thermal evaporation [26,27], dc magnetron sputtering [28], molecular beam epitaxy [29],
screen printing [30], brush plating [31], co-precipitation [32], quasi-closed volume technique [33],
close-spaced evaporation [11], chemical bath deposition [14, 34], aerosol-assisted chemical vapor
deposition [35] and chemical spray pyrolysis [36]. The last is the method used most commonly for
producing high-quality semiconducting thin films suitable for photovoltaic applications. This
method has a number of benefits: it is simple; loss of the precursor solution to the surroundings is
minimum, affordable, well control of film thickness, easy to carry out and does not need a vacuum
system or high-quality substrates or chemicals. Substrates of large area and uniform layers can be
deposited, and doping is very easy [37,38]. Further, spray pyrolysis produces high-quality thin
films that are, uniform, pinhole-free and strongly adherent to the surface of the substrate [39,40].

Previously the growth and characterization of ZnS,Se; , thin films using spray pyrolysis has been
reported [41]. ZnS,Se;_, thin films are polycrystalline, with a cubic zinc blende structure and a pre-
ferential (111) orientation. Solid solution formation takes place with the crystallite size in the range
18-28 nm. The optical bandgap increased from 2.84 to 3.57 eV when the composition of the ZnS,_
Se; . was changed. Also, the PEC properties of spray-deposited ZnS,Se;_, thin films with different
values of X’ have been studied and the maximum photo conversion efficiency (1.27%) can be
achieved at x =0.2 [42]. This conversion efficiency was very small because of the high resistivity
of the photoelectrode material [43]. For this reason, it became necessary to decrease the resistivity
of the ZnS, ,Se( s and improve the efficiency of the PEC cell. One of the ways of reducing the res-
istivity was to dope the ZnS ,Seq g thin films with a suitable donor impurity and enhancing its con-
ductivity. The effect of such dopants on ZnS;,Seq g thin films is an important aspect to study.
Trivalent Fe has been found to be a useful low-cost dopant because of its interesting optoelectronic
properties [44-46].

The main purpose of the current study was to deposit nanocrystalline Fe-doped ZnS, ,Sey g thin
films through chemical spray pyrolysis. The influence of Fe doping (0.05-1.00 mol%) on the struc-
tural, morphological, optical, electrical and thermoelectrical properties of spray-deposited ZnSy ,.
Seps thin films was studied and the Fe concentration at which ZnS;,Seyg thin films shows
enhanced properties are reported here.

2. Experimental details
2.1 Synthesis of ZnS, ;Se, g and Fe-doped ZnS, ;Se, g thin films

The spray pyrolysis procedures that were used to deposit the ZnS,,Seys thin films have been
described previously [41]. Equimolar (0.05 M) aqueous solutions of zinc chloride (ZnCl,),



PHASE TRANSITIONS (&) 495

thiourea ((NH,),CS), selenourea ((NH,),CSe) and ferric chloride hexahydrate (FeCl;.6H,0) of
various concentrations (0.05, 0.10, 0.20, 0.25, 0.30, 0.50 and 1.00 mol %) were used as the starting
materials. The ferric chloride hexahydrate was used as a Fe** dopant. Amorphous glass slides
(7.5 cmx2.5 cmx0.135 cm; Blue Star Polar Industrial Corporation, Mumbai) were used as the
substrates. The films were deposited under the optimized preparative parameters mentioned in
Table 1. After deposition, the thin films were allowed to cool naturally at room temperature.
The adhesion of the prepared films onto the substrate was good as verified using a simple Scotch
tape test.

2.2 Characterization of ZnS, >Se, s and Fe-doped ZnS, >Se, s thin films

As-deposited ZnS,,Seps and Fe-doped ZnS,,Seqs thin films were characterized using various
techniques for their structural, morphological, compositional, optical, electrical and thermo-
electrical properties. The structural properties of the thin films were studied using a Philips
(PW 3710) X-Ray diffractometer with Cu-Ka radiation (A=1.5406 A) and 20 in the range 20-
80°. Surface morphology measurements were made and compositional analysis carried out
using a FEI Quanta 200 ESEM scanning electron microscope (SEM) and an Octane plus EDX
Energy-dispersive X-ray spectroscopy. The optical absorption spectra of the thin films were
investigated within the wavelength range 320-990 nm using a JAZ-EL200-XR1 UV-Vis spectro-
photometer (JAZ, Ocean Optics Inc., USA). DC resistivity and thermoelectrical measurements
were made with a Keithley Source Meter (model 2450) using a standard two-probe method.
The Van-der Paw technique was used for Hall Effect measurements. Silver paste was applied
to well-grown ZnS,,Seqs and Fe-doped ZnS,,Seps thin films in a two-bar pattern to ensure
good ohmic contacts.

3. Results and discussion
3.1 Thickness measurements

The thicknesses of the undoped and Fe-doped ZnS ,Seq ¢ thin films were measured with a sensitive
Radwag microbalance using the familiar gravimetric weight difference method, making assump-
tions about the bulk densities (p) of the corresponding materials. The thickness is obtained by
using the formula [47],

Am
t:pr (1)
Am =m; —m, 2)

where t is film thickness, Am is mass of the film material, A is area of the film, m, is mass of the
substrate with film, and m, is mass of the substrate without film. In order to get more accurate

Table 1. Optimized preparative parameters for deposition of ZnSy,Seq g and Fe-doped ZnS,,5eq g thin films.

Preparative parameter Optimized values
Substrate temperature (°C) 275

Nozzle (type) Glass

Substrate to nozzle distance (cm) 30

Carrier gas air

Carrier gas pressure (N/m2 or Pa) 176,520

Total deposition time (min) 13-14

Solution flow rate (cc min™") 3

Molarity (M) 0.05

Substrates (type) Soda lime glass

Dopant Iron (FeCl5.6H,0)
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results, thickness is measured using the films with maximum area. The thickness of Fe-doped
ZnSy,Seq g thin films doped with 0.05, 0.10, 0.20, 0.25, 0.30, 0.50 and 1.00 mol % concentrations
were found to be equal to 280, 285, 294, 302, 311, 321 and 330 nm respectively.

3.2 X-ray Diffraction (XRD) studies

XRD, an easy technique, was used to confirm and determine the crystal structures of the undoped
and Fe-doped ZnS,,Seq g thin films. Figure 1 exhibits typical XRD patterns of undoped and Fe-
doped ZnS ,Seq s thin films spray deposited with Fe of various doping concentrations. ZnS and
ZnSe exist in two main crystalline forms, wurtzite (hexagonal) and zinc blende (cubic). It was
seen that the films were polycrystalline. A good match of the observed and standard ‘d’ values
(Table 2) of the (hkl) planes confirmed that the films had a cubic (zinc blende) crystal structure
as described in JCPDS data cards 80-0022 and 80-0021 [48, 49]. The appearance of the (111),
(220) and (311) planes also reveal a cubic (zinc blende) crystal structure. Identical planes and a
cubic crystal structure were also observed in previous work [50, 51].

All the XRD patterns of the Fe-doped ZnS,,Sey s were found to match those of the undoped
ZnSy,Seg s, without additional peaks (i.e. crystalline impurities) which shows that Fe does not
affect its crystal structure. It also shows the films have a preferential orientation along the (111).
The intensity of the (111) peak rises significantly with increasing Fe doping concentration up to
0.20 mol%. When the Fe doping concentration is increased above 0.20 mol%, there is a slight fall
in the intensity of the XRD peaks. The fall in (111) peak intensity after 0.20 mol% Fe doping
might be due the change in electron density or might be due to point defects created due to doping.
On the other hand, there is no evidence of any considerable change in the diffraction peak position
(20) of the Fe-doped ZnS »Seq g thin films compared with that of the undoped ZnS, ,Seq 5. A very
small peak shift, apparently owing to the existence of Fe ions in the ZnS, ,Se, g lattice, was observed
[52]. The significant change in intensity and minor change in the peak position arise due to the
replacement of Zn>* atoms by Fe’* [53].

The lattice parameter ‘a’ of the cubic phase was calculated using the standard formula.

22, p
1 _Wrke+r 3)

a2 a2

L ‘\: 8 —_

— ﬁ : o

ja 1.0 mol%

0.50 mol%

.30 mol%
o d

0.25 mol%

0

.20 mol% 4
. k«_‘___)_ﬂ; mol%,
4 undope ——m—

20 30 40 50 60 70 80
20/ degree

Intensity

Figure 1. XRD patterns of spray deposited Fe doped ZnS,,Seq g thin films.



PHASE TRANSITIONS (&) 497

Table 2. Various structural parameters of spray deposited ZnSy,Seq g and Fe-doped ZnS,,Seq g thin films.

Fe doping Concentration (mol%) 26 d®d hkl a(h) FWHM Crystallite Size
°) Observed Standard (radian) D (nm)

Undoped 27.42 3.250 3.212 1M 5.586 0.005345 28
45.74 1.982 1.967 220
53.57 1.709 1.677 3N

0.05 27.39 3.253 3.212 m 5.633 0.004989 30
45.72 1.983 1.967 220
53.68 1.706 1.677 31

0.1 2743 3.249 3.212 1M1 5.618 0.004677 32
45.69 1.984 1.967 220
54.10 1.694 1.677 3N

0.2 27.37 3.256 3.212 m 5.643 0.004277 35
45.67 1.985 1.967 220
53.48 1.712 1.677 3N

0.25 27.38 3.254 3.212 1M1 5.638 0.004536 33
45.52 1.991 1.967 220
53.80 1.702 1.677 3N

0.3 27.44 3.247 3.212 1 5.627 0.004828 31
45.67 1.985 1.967 220
53.84 1.701 1.677 3N

0.5 2743 3.249 3.212 111 5.626 0.005161 29
45.56 1.989 1.967 220
54.03 1.696 1.677 3N

1 27.59 3.230 3.212 m 5.601 0.005541 27
45.82 1.979 1.967 220
5415 1.692 1.677 3N

In this relation, h, k, and [ are the Miller indices, and d is the interplanar spacing between the
atoms, determined using the well-known Bragg’s equation (nA=2dsin8). The variations of the lattice
constant with Fe doping concentration are given in Table 2. The lattice constant was the maximum
(5.643 A) for ZnS,,Seo g films with 0.2 mol% Fe doping concentration.

The crystallite sizes, D, of the undoped and Fe-doped ZnS, ,Se, g thin films were obtained from
the full-width at half-maximum (FWHM) B values using Debye Scherrer’s formula [30],

kA
" Bcosh

(4)

where k is Scherrer’s constant and varies from 0.89 to 1.39. In most cases its value is close to
1. Hence it was taken as 1, A is the wavelength of the X-ray source used (A=0.15406 nm), and 6
denotes the Bragg or diffraction angle.

The XRD peaks of the samples are considerably broadened because of the particle size
effect. XRD analysis of the films indicates that the films have a cubic phase with a preferential
orientation along the (111) plane. The FWHM values and crystallite sizes are shown in Table
2. The crystallite sizes of the ZnS;,Se;s and Fe-doped (0.05, 0.10, 0.20, 0.25, 0.30, 0.50 and
1.00 mol%) ZnS,,Sey s thin films are 28, 30, 32, 35, 33, 31, 29 and 27 nm, respectively. Clearly,
the 0.20 mol% Fe-doped ZnS;,Seps thin film has the greatest crystallite size. It was seen that
the crystallite size of the ZnS,,Sey¢ thin films increased from 28 nm (undoped) to 35 nm (for
0.20 mol% Fe-doped ZnS,,Seps). When the Fe doping is increased further, the crystallite size
drops to 27 nm.

The preferential growth of undoped and Fe-doped ZnS, ,Se g thin films was evaluated through
the texture coefficient T (hkl) [54]:

1(hkl)/Io(hkl)
(1/N)(D_y I(hkl)/Io(hkl)

Here T.(hkl) is the texture coefficient of the (hkl) plane, I(hkl) is the measured relative intensity, Iy

T.(hkl) = (5)
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(hkl) represents the JCPDS data card intensity of the (hkl) plane and N denotes the number of diffr-
action peaks. The variations of the texture coefficient along the (111), (220) and (311) planes with Fe
doping concentration in the ZnS;,Seq g thin films are shown in Figure 2. From Figure 2, it is clear
that for the (111) plane the texture coefficient surges when the Fe concentration increases from 0 to
0.20 mol%. The low value of the texture coefficient indicates that the crystallinity of the thin films
was poor. The crystallinity was boosted when the Fe doping concentration was increased from
0 mol% (undoped) to 0.20 mol%. When the Fe doping concentration is increased above 0.20 mol
%, there is a slight fall in the texture coefficient. Obviously, the crystallinity of the films deposited
with a 0.20 mol% Fe doping concentration is superior. The lower texture coefficient values of the
(220) and (311) planes as compared with the (111) plane confirm the strong crystalline orientation
of the films along the (111) plane. The larger crystallite size and texture coeflicient values are due to
the addition of Fe in Zn$, ,Sey s.

3.3 Surface morphological and compositional studies

SEM was used to study the surface morphology of the undoped and Fe-doped ZnS,Seq s thin
films. Figure 3 shows SEM images (magnification 40,000x) of thin films doped with Fe of var-
ious concentrations: (a) undoped, (b) 0.10 mol%, (c) 0.20 mol%, (d) 0.30 mol%, and (e) 1.0 mol
%. The undoped ZnS ,Sey g thin films and the films doped with Fe of 0.10 mol% had small crys-
tallites of the same shape and dimensions. The films doped with 0.20, 0.30 and 1.0 mol% Fe had
a spherical-like structure, with agglomeration of grains and a slightly greater particle size. Kumar
et al. [55] observed similar morphology in electrochemically deposited Eu-, Sm- and Gd-doped
ZnSe thin films.

The undoped and Fe-doped ZnS,,Seqs thin films were subjected to compositional analysis
through Energy-dispersive X-ray spectroscopy measurements. Figure 4 shows the EDS spectra of
thin films doped with Fe of various doping concentrations: (a) undoped, (b) 0.10 mol%, (c)
0.20 mol%, (d) 0.30 mol% and (e) 1.0 mol%. The Energy-dispersive X-ray spectroscopy measure-
ments and the atomic percentages of Zn, S, Se and Fe in the thin films are presented in Table 3.
The Energy-dispersive X-ray spectroscopy studies show that all the films were nearly stoichiometric
and traces of Fe indicates doping of Fe in ZnS,,Se, g lattice.

2.00 v v - -
1.75+ A
- 1.5071 —e— 111 Plane
';C: 1.254 —e— 220 Plane |
‘o —a— 311 Plane
£ 1.004 \ .. —
3 o 4
o 0.75+ ——
=]
£ 0501
ﬁ L
0.25+
0.00 v -

00 02 04 06 08 10
Fe doping concentration / mol%

Figure 2. Variation of texture coefficient along the plane with Fe doping concentration for spray deposited Fe doped ZnSg ;Seq s
thin films.
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(a)
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(b)

Figure 3. SEM images (magnification 40,000 x) of Fe doped ZnS,,Seqg thin films with various Fe doping concentration (a)
undoped, (b) 0.10 mol%, (c) 0.20 mol%, (d) 0.30 mol%, and (e) 1.0 mol%, respectively.
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Figure 3 Continued



PHASE TRANSITIONS (&) 501

.
WD [ HV [mag O] det [pressure| HFW
12.6 mm|20.00 kV|40 000 x| LFD| 65 Pa_[6.40 um ICON
(e

Figure 3 Continued

Table 3. Elemental composition of spray deposited ZnSy,Seq g and Fe-doped ZnS,,Seq g thin films.

Initial composition in spraying solution

(%) Atomic percentage in film by EDS analysis (%)
Composition Zn S Se Fe Zn S Se Fe
Undoped ZnSg,Seps 50.0 10.0 40.0 0.0 50.10 9.50 40.40 0.00
0.10 mol% ZnSg,Seqs 50.0 10.0 40.0 0.1 49.81 9.57 4047 0.15
0.20 mol% ZnSy,Seq s 50.0 10.0 40.0 0.2 49.58 9.81 40.35 0.26
0.30 mol% ZnSg,Seqs 50.0 10.0 40.0 0.3 49.44 967 4052 0.37
1.0 mol% ZnSy,Se0s 50.0 10.0 40.0 1.0 48.78 9.43 40.81 0.98

3.4 Optical studies

The measurement of optical absorption spectra using UV-Vis spectrophotometer is a powerful and
non-destructive technique used to study the optical properties of semiconducting nanomaterials.
The optical spectra of the undoped and Fe-doped ZnS,,Seq s thin films were obtained without
accounting for the reflection and transmission losses in the wavelength range 320-990 nm at
room temperature. Figure 5(a) shows the optical absorption spectrum of undoped and Fe-doped
ZnS ,Sep g thin films. It is clearly seen from the spectra that the undoped and Fe-doped ZnS, ,Se g
thin films have sharp absorption and the absorption edge initially slightly shifting near the lower
wavelength indicating the increase of optical bandgap up to 0.20 mol% Fe doping concentration.
After 0.20 mol% Fe doping concentration the absorption edge shifts towards the longer wavelength.
The optical bandgap energy of the semiconductors and the nature of the transition involved (direct
or indirect) in the absorption process were determined using Tauc’s equation [30, 33]:

ahv = A(hv — Eg)" (6)
Here Eg, a, A and hv (hc/)) denote the separation between the valence and conduction bands,

absorption coeflicient, absorption constant and the photon energy, respectively. The exponent # is
characteristic of the transition, and its values for allowed direct, allowed indirect and forbidden
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Figure 4. EDS spectra of (a) undoped, (b) 0.10 mol%, (c) 0.20 mol%, (d) 0.30 mol%, and (e) 1.0 mol%, Fe doped ZnS,,Seq g thin

films respectively.
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Figure 4 Continued

indirect transitions are 1/2, 2 and 3/2, respectively. For allowed direct transitions, Equation (6) can
be rewritten as [7]

ahv = A(hv — Eg)'/? (7)

It was observed that the thin films exhibited a high absorption coefficient (~10* cm™). In order
to find the optical bandgap of the thin films from the absorption spectra, graphs of (ahv)? vs. (hv)
(i.e. Tauc’s plots) were drawn as in Figure 5(b). It is possible to determine the exact optical bandgap
by extrapolating the straight-line portion of the plot of (ahv)? against (hv) to the energy (hv) axis at
(ahv)® = 0. The straight-line nature of the graph at the absorption band edge indicates the existence
of a direct allowed-type transition between the valence and conduction bands. Figure 6 shows the
variation of the optical bandgap energy with Fe doping concentration for the spray-deposited Fe-
doped ZnS, ,Seq ¢ thin films. The direct allowed bandgap increases with increasing Fe doping con-
centration from 2.98 eV (for undoped ZnS, ,Seq g) up to 3.25 eV for 0.2 mol% Fe doping. It should
be noted that the ionic radius of Zn** is 74 pm, which is greater than the 69 pm of the dopant Fe**
ion [56]. In the above case, increase in ionic radius is responsible for the reduction of the particle
size. However, when the Fe doping concentration is increased above 0.20 mol%, the bandgap drops
to 2.81 eV (for an Fe doping concentration of 1.0 mol%). This indicates that the bandgap of the
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Figure 5. (a) Optical absorbance spectra and (b) plot of (ahu)? vs. hu for spray deposited Fe doped ZnSg,Seq thin films.

0.20 mol% Fe-doped ZnS, ,Se, g thin films is wider than those of the other Fe-doped ZnS, ,Se s thin
films.

3.5 Electrical resistivity studies

It is well known that the resistivity of a semiconducting materials falls with rising temperature as
more free charge carriers (electrons and/or holes) are available per unit volume for conduction.
This makes the temperature coeflicient of semiconductors negative. The dark electrical resistivities
(p) of the thin films were investigated using a simple, standard dc two-point probe technique in the
temperature range 300-500 K using a Keithley Source Meter. Figure 7 shows the variation of log p v.
the reciprocal of the absolute temperature (1/Tx107*) of the undoped and Fe-doped Zn$S, >Se, g thin
films over a cooling cycle. This shows that the resistivity decreases with increasing temperature and
confirms the semiconducting behavior of the Fe-doped ZnS ,Seq g thin films. The calculated room
temperature electrical resistivities were 8.51, 3.8, 1.45, 0.617, 1.07, 2.34, 16.6 and 33.1x10° Q cm for
undoped ZnS ,Sey ¢ and 0.05, 0.10, 0.20, 0.25, 0.30, 0.50 and 1.00 mol% Fe-doped ZnS ,Sey s thin
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Figure 6. Variation of optical bandgap energy with Fe doping concentration for spray deposited Fe doped ZnS, ,Se g thin films.

films, respectively. The observed low electrical resistivity for 0.20 mol% Fe-doped ZnS, ,Seq g is due
to the homogeneous distribution of Fe®* in the ZnS,,Se, 5 lattice and its high ionic mobility [57].
Due to Fe** dopant the enhancement of grain size and decrease in boundary potential observed that
increases not only carrier concentration but also mobility (as seen from Hall Effect measurement),
resulting in a decrease in electrical resistivity up to 0.20 mol% Fe concentration [25, 58]. It is
remarkable that the room temperature electrical resistivities fall noticeably with the incorporation
of Fe’* ions into the ZnS, »Seq s crystal structure, attaining the lowest value of 0.617x10° Q cm at
0.20 mol% Fe>* content.

The activation energies of all the Fe-doped ZnS;,Seps thin films were determined using the
Arrhenius relation,

E,
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Figure 7. Variation of logp vs. 1/T for spray deposited Fe doped ZnSq,Se thin films.
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Table 4. Optical and electrical properties of spray deposited of ZnS,,Seqs and Fe-doped ZnS,Seq g thin films.

Activation energy

Doping Concentration (mol%) Band gap Electrical resistivity (€cm) ey

Eq (eV) 300 K (x 10°) 500 K (x 10%) LT. H.T.
Pure 298 8.51 48.98 0.07 0.11
0.05 3.04 3.80 27.55 0.07 0.11
0.10 3.15 1.45 14.13 0.14 0.11
0.20 3.25 0.617 6.92 0.06 0.10
0.25 3.20 1.07 11.48 0.15 0.11
0.30 3.10 2.34 19.96 0.11 0.13
0.50 291 16.6 91.21 0.13 0.16
1.00 2.81 33.1 173.78 0.12 0.19

In this equation, p and p, represent the resistivities, E, is the activation energy, k is the Boltzmann
constant and T is the absolute temperature in Kelvin. Table 4 lists the electrical resistivities and acti-
vation energies of the thin films at 300 and 500 K, respectively.

3.6 Hall Effect studies

The Hall Effect measurement is a valuable tool for analyzing the material characterization. The
carrier concentration and mobility of the spray deposited Fe-doped ZnS,Seps thin films are
measured through Van-der Paw technique and are given in Table 5. It can be seen that, both
undoped and Fe-doped ZnS$, ,Seq ¢ thin films have n-type conductivity. The carrier concentration
and mobility of the ZnS, ,Seq g thin film increases with increase in Fe doping concentration up to
0.2 mol % and decreases with further increase in Fe doping concentration above 0.2 mol %. Similar
doping concentration dependent behavior of ZnS and ZnSe thin films has been reported by
Rao [59].

3.7 Thermoelectric power (TEP) studies

Amongst the several transport properties which describe the conduction process, TEP or See-
beck coefficient is the most beneficial parameter. In semiconductors, TEP measurements are
relatively useful in examining the nature of charge carriers. Measurements of TEP were made
on undoped and Fe-doped ZnS;,Seys thin films during the cooling cycles. Figure 8 displays
the variation of the thermo-emf with temperature difference for the undoped and Fe-doped
ZnSy,Seps thin films. It was found that the thermo-emf produced across the ends of Fe-
doped ZnS,Sey g thin films were directly proportional to the temperature gradient maintained
across the undoped and Fe-doped ZnS,,Seps thin films. The type of conductivity exhibited by
Fe-doped ZnS,Seps thin films was determined from the sign of the thermo-emf generated at
the cold and hot end. The polarity of the thermally generated voltage at the hot end was positive

Table 5. Carrier concentration and mobility of spray deposited of ZnS,,Seqs and Fe-doped ZnSy,Seq g thin films.

Doping Concentration (mol%) Sheet resistance Carrier type Carrier concentration Carrier mobility
Rs (Q/[]) (x10"7 cm™3) (x107* cm?/V-s)

Pure 30.95 n 0.46 1.61

0.05 13.57 n 0.95 1.74

0.10 5.09 n 245 1.76

0.20 2.10 n 5.96 1.80

0.25 3.54 n 330 1.77

0.30 7.52 n 1.82 1.47

0.50 51.71 n 0.27 1.39

1.00 100.30 n 0.14 1.38
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Figure 8. Plot of thermoemf vs. temperature difference for spray deposited Fe doped ZnSg,Seq thin films.

with respect to the cold end, showing that the nature of charge carriers in Fe-doped ZnS,,Seq s
thin films was n-type.

From Figure 8, it is witnessed that the thermo-emf is linearly dependent on temperature in the
low-temperature region whereas it is weakly dependent or almost independent on temperature in
the higher temperature region. The thermo-emf is doping dependent. As the Fe doping in ZnS,.
Seq s thin film increases, thermo-emf increases up to 0.20 mol% and decreases for further Fe doping
in ZnSy ,Sep ¢ thin films. The small change in the average grain size of the crystallites is responsible
for the change in the TEP [60, 61].

4. Conclusions

Nanocrystalline undoped and Fe-doped ZnS, ,Se s thin films with various Fe doping concentrations
(0.05-1.00 mol%) were grown successfully onto well-cleaned soda lime glass substrates using the
simple, convenient and cost-effective chemical spray pyrolysis technique. XRD revealed that the
films had a polycrystalline zinc blende (cubic) crystal structure with preferential orientation along
the (111) plane regardless of the Fe doping concentration. SEM shows a spherical-like structure
with agglomeration of grains and a slight increase in the particle size with increasing Fe doping con-
centration. Energy-dispersive X-ray spectroscopy studies confirmed that Fe ions were successfully
incorporated into the ZnSy,Ses. The optical studies indicate direct bandgap energy in the range
of 2.81-3.25 eV. There was a significant drop in the electrical resistivity (0.617x10° Q cm) for
0.20 mol% Fe doping. The carrier concentration and mobility were observed to be 5.96 x10'7
cm™ and 1.80 x10™* cm?/V-s respectively for 0.20 mol% Fe-doped ZnS,,Seqs thin films. The
Hall Effect and TEP results showed that the electrical conductivity of the Fe-doped ZnS,,Seq s
thin films was of the n-type. Remarkable variations in the electrical resistivity and controlled direct
bandgap of the Fe-doped ZnSy ,Seq ¢ thin films were found. It is expected that spray-deposited Fe-
doped ZnSy ,Sep ¢ films with decreased electrical resistivity and controlled band gap, such as those
studied in this work will be most promising for optoelectronic device applications.
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