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Abstract: In this work, the sol-gel spin-coated technique deposited CdFeS thin films with (x=0 to 0.07)
on glass substrates. The effect of Fe doping on the structural, morphological, optical, and electrical
properties of CdS films was examined. The XRD patterns revealed that the addition of Fe does not
cause any change in the crystalline phase of CdS and all films were polycrystalline with a hexagonal
structure of a preferential orientation along the (002) direction. The SEM images showed that the CdS
morphology exhibits a dense surface behavior and the crystallite size increases during the incorporation
of Fe. The AFM study demonstrated a homogeneous and continuous aspect of the nanocrystalline grains
of CdS with a few amounts of voids depending on the Fe doping concentration. The UV -visible spectra
showed that the CdS films present high transparency of around 80%. This value could reach 90% when
the incorporation of Fe and the band-gap value range from 2.32eV to 2.44eV, depending on the Fe
doping concentration. The electrical study showed a minimum resistivity of 4.6 105 Q. cm for the CdS
samples doped with Fe concentration equal to 3%.
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properties.
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1. Introduction

The photoconductive response of cadmium sulfide, easy elaboration, and low cost
potentially allow this material to be used in several existing fields such as gas detectors [1],
laser diode, photoconductors [2, 3], photocatalysts [4, 5], non-linear optoelectronic devices[6],
and photovoltaic cells [7-9]. CdS is an n-type semiconductor with a high electrical resistivity
of 10° Q.cm for un-doped CdS thin films, which are reduced to about 10 Q.cm by dopant [10].
CdS thin films are also characterized by a direct and large band gap energy of about Eg=2.44
eV [11]. These optoelectric properties of CdS thin films offer a great advantage to be used in
solar cell applications, especially as buffer layers.
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In solar cell technology, it is necessary to prepare CdS material with good conductivity
and high optical transmission, reducing solar cell sheet resistance. In addition, in the CdS
structure, the sulfur vacancy and cadmium interstitial sites have formed native defects and are
responsible for the electrical conductivities of cadmium sulfide. Therefore, the control of the
native defects is to contribute to controlling the conductivity of the CdS. Metals doping CdS
thin films play an important role in 11-VI semiconductors because it allows the reduction of the
electrical resistivity with tailored optical properties for significant solar cell applications.
Moreover, it has been known that doping of CdS semiconductors with some metallic elements
like Tin (Sn?*) [12], aluminum (AI**) [13], and copper (Cu?*) [14] improves its optical and
physical properties.

Pure and doped CdS films are readily deposited by many different techniques, such as
Closed Space Sublimation (CSS) [15], SILAR [16], electrodeposition [17], RF- magnetron
sputtering [18], chemical bath deposition (CBD) [19], spray pyrolysis [20] and Sol-Gel spin
coating [21, 22], this last method is distinguished by many advantages such as the ability to
produce large surfaces with a low cost and its simplicity. The literature contains some works,
but their number remains limited concerning the Fe-doped CdS thin films. Besides, and to our
modest knowledge, no works about Fe-doped CdS films prepared by spin coating method were
reported in the literature. However, the preparation method has an important role since the
experimental results differ from one method to another. The spin-coating technique stands out
because it offers various advantages, such as low cost, simplicity, and the ability to obtain
uniform layers with reproducibility and high adherence [23]. The work aimed to inspect the
reaction of the [Fe]/[Cd] ratio on the optical, electrical and structural properties of Fe-doped
CdS films elaborated by the sol-gel spin-coating technique. Our laboratory successfully used
this method to deposit Ni-doped CdS thin films [24].

2. Materials and Methods

2.1. Preparation of samples.

Cadmium sulfide CdS- films doped by the iron at various [Fe]/[Cd] ratios have been
fabricated using the sol-gel associated with a spin coating method using the following
precursors; cadmium acetate Cd(CH3COQ), for cadmium ions source and thiourea CS(NH2)2
for sulfur ions without modification. Firstly, we dissolved Cd(CH3COQ), and (SC(NHy)2) in
50 mL of 2-methoxy-ethanol, and after, 2.42 mL of monoéthanolamine (MEA) was added with
molar ratios of [MEA]/[Cd] equal 2. Secondly, it was stirred magnetically at room temperature
for 20 minutes to have a homogeneous clear yellow solution. Third, the obtained solution was
divided into four parts to introduce the iron chloride as a source of Fe ions with different molar
ratios [Fe?*]/[Cd?*] varied from 0%, 1%, 3%, 5%, and 7%. Finally, we put the solution on a
well-cleaned glass substrate and spun it at a speed of 3600 rpm for 40 s. The sample was then
placed on a hot plate at a temperature of 150°C and dried for 15 minutes. The spin-coating
process was repeated six times to reach a fairly thick layer. The film was annealed at 400°C
for one hour. Figure 1 describes the experimental procedure used to prepare Fe-doped CdS
films.
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Figure 1. Experiment dispositive to prepare Fe-doped CdS films.
2.2. Characterization.

From the XRD patterns found with CuKa radiation by varying 26 between 10° and 70°,
we deduced the crystal structure of pure and Fe-doped CdS films. The morphology of the
samples was described using SEM analysis. Based on the 2D and 3D images recorded by AFM,
we visualized the roughness of the Fe-doped CdS film surface. At the same time, the UV-vis
spectrophotometer JENWAY 6715 was used to determine the optical characterizations with a
wavelength ranging from 250 to 1000 nm. The electrical resistivity of samples was measured
by the four-point technique.

3. Results and Discussion

3.1. Structural properties.

Figure 2 presents the X-ray diffraction patterns of the Fe-doped CdS thin films doped
with different iron concentrations (0, 1, 3, 5, and 7 at.% of Fe). The X-ray diffraction patterns
exhibit multiple diffraction peaks, located at 260=24.86°, 26.66°, 28.29°,30.40°,36.62°, 43.91°,
47.78°, and 51.98°, which correspond respectively to the (100), (002), (101), (200), (102),
(110), (112) and (103) planes according to the (JCPDS card N°: 77/2306), indicating the
polycrystalline structure with [002] as the preferred orientation of pure and doped CdS samples.
We noticed that with increasing Fe composition to more than 3at. %, a new peak located at 20
= 23.73° appears corresponding to the secondary phase of Fe.Os. No others peaks
corresponding to other phases, such as CdO, were detected.

The iron doping concentration also leads to the variation of the (002) peak intensity;
the highest intensity value was found for the samples prepared with the [Fe]/[Cd] ratio equal
to 1, indicating a good crystalline quality of the film compared to the other ones. For higher
values of [Fe]/[Cd] ratio, the peaks become less intense. This is perhaps due to the degradation
of the layer crystallinity. The same results are found by T. Chtouki et al. for Ni-doped CdS
[24]. On the other hand, Figure 2 shows a slight shift of the diffraction peak (002) towards a
higher Bragg angle, confirming the substitution of Cd by Fe ions. This shift clarified in Figure
3 is the result of the creation of a structural strain by the impact of Fe dopant; the strain formula
is calculated as follows [25]:

& = —A(B(002)) cotg(B(002)) (1)
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The latter strain is the outcome of a compressive stress ost which can be determined

by:

o5t = (3&5)B (2)
with B is the bulk modulus of CdS, its value is around 69.44 GPa. Both Figure 4 and Figure 5
display the variation of the strain and the stress of these layers as a function of the iron
concentration.

As can be seen, the strain and stress in the films undergo a slight increase for [Fe]/[Cd]
ratio between 0 and 3% Fe, which may be that Fe?* ions substitute Cd?* ions. When [Fe]/ [Cd]
ratio exceeds 5%, the strain, and the stress decrease, indicating the incorporation of Fe ions in
the interstitial crystallographic sites. Figure 4 also manifests that the compressive stress
alternates between - 0.10 and 0.35 GPa for doped samples. These stress values create a partial
structural change from hexagonal to cubic structure with the appearance of the (200) cubic
peak, leading to a slight decrease in the lattice parameters (Table 1).

a and c parameters were determined from the position of the peak based on the formula
of the hexagonal system (Eq. 3) and were found to be: a =4.123 A and ¢ = 6.707 A, which are
in agreement with the ones reported in the literature [26]:

1 4(h?®+k*+hk) P2
2 2 T2 )
di 3a c

The (Dnwi) crystallites size of CdS films was calculated from the diffraction patterns of
X-ray by the Scherrer equation (Eq. 4) [27]:
A

Bhki €os (Opk1)

thl = 09

(4)

where (A = 1.5406 A), is the wavelength of X-ray radiation, Pnw is the intrinsic width of half-
maximum (FMWH) of the peak, and 6n« is the angle of diffraction. These calculated results
are shown in Table 1.

Table 1 also shows the sizes of the calculated average crystallite of CdS films from the
Scherrer formula. As it can be noticed, the average crystallite size increases for [Fe]/[Cd] ratio
less than 3 at.% indicating the improvement of CdS crystalline quality. Then, the [Fe]/[Cd]
ratio of more than 3at.% decreases due to the degradation of the CdS film crystallinity.
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Figure 2. XRD patterns of CdS layers elaborated with various [Fe]/[Cd] ratios (0, 1, 3, 5, 7%).
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Figure 3. (002) peak position of CdS samples with various [Fe]/[Cd] ratios (0, 1, 3, 5%).
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Figure 4. Variation of the structural strain of CdS samples with [Fe]/[Cd] ratios (0, 1, 3, 5, 7%).
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Figure 5. Variation of the structural stress of CdS samples with [Fe]/[Cd] ratios (0, 1, 3, 5, 7%).
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Table 1. Lattice parameters and average crystallite sizes of the films with [Fe]/[Cd] ratios (O, 1, 3, 5, 7%).

[Fe]/[Cd] ratio Experimental ASTM Experimental ASTM

CdS : 0% Fe 4.123 4.140 6.707 6.715 22.68
CdS: 1% Fe 4.076 4.140 6.710 6.715 27.21
CdS: 3% Fe 4.132 4.140 6.716 6.715 34.01
CdS : 5% Fe 4.102 4.140 6.692 6.715 22.68
CdS: 7% Fe 4.105 4.140 6.675 6.715 17.12

3.2. Morphological properties.

Figure 5a—d shows SEM images of the surface of the Fe-doped CdS layers. It is apparent
that all the layers' morphology has relatively smooth surfaces with a few voids and tightly
packed grains. The grains' size and surface morphology depended on Fe doping. For the films
prepared with 1% and 3% of Fe doping composition, the surface morphology is homogeneous
with uniformLy distributed grains indicating the film’s good morphological properties quality
compared to the others.

WD HV Mag Det 2.0pm = WD 2\% Mag 2
9.7 mm 16.0 kV 40000x ETD UATRS-CNRST 9.7 mm 16.0 kV 40000x ETD UATRS-CNRST

WD | HV | Mag Det 2.0pm WD HV | Mag Det 2.0um
9.7 mm 16.0 kV 40000x ETD UATRS-CNRST 9.6 mm 16.0 KV 40000x ETD UATRS-CNRST

() (d)
Figure 6. SEM images of CdS:Fe films with [Fe]/ [Cd] ratios: (a) CdS, (b) 0.01, (c) 0,03, and (d) 0,05.

The (2 & 3D) dimensional AFM images of the spin-coated Fe-doped CdS films were
explored by atomic force microscopy in Soft Tapping Mode. Figure 7 (a and b) shows the (2
& 3D) dimensional AFM micrographs of the Fe-doped CdS layers with [Fe]/[Cd] ratios of 3%
and 5%. As can be seen, the Fe-doped CdS samples reveal rather continuous and homogeneous
nanocrystalline grains with a few amount of voids. A small number of islands appeared,
particularly for the samples deposited with [Fe]/[Cd] ratio of 5%. The roughness value of the
root means square (RMS), extracted from AFM data, was evaluated at about 20.84 nm and
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40.74 nm for the films elaborated with [Fe]/[Cd] ratio of 3% and 5%, respectively, suggesting
that the RMS value is affected by the Fe doping concentration. This change in the surface
roughness value may be due to the formation of the Fe>Os secondary phase, as it was detected

from the XRD spectra.

0.0 nm

r d
00 1 Heght £00m

@ 3%

500.0 nm

15 60 pm
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Figure 7. AFM images of CdS:Fe samples with [Fe]/[Cd] ratios equal to (a) 3% and (b) 5%.

3.3. Compositional analysis.

Figure 8 displays the EDAX spectrum of the doped CdS films with (3% and 5% Fe).
The figure displays peaks of Cd, S, Fe, and some impurities like Si, Na, and O, which probably
come from the glass substrates and deionized water. The atomic concentration is calculated
from the analysis of EDAX and tabulated in Table 2. It was found that the film was non-
stochiometric with a slight deficiency of sulfur, due probably to the presence of sulfur
vacancies in the prepared films, which plays the role of a donor, giving the n-type conductivity.

(@) (b)
Figure 8. EDAX spectrum of sample CdS doped with (a) 3% Fe and (b) 5% Fe.
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Table 2. Atomic concentrations from EDAX analysis and the atomic ratio of the CdS samples with 3% and 5%

Fe.
Element S Cd Fe S/(Cd+Fe)
Atomic percent 3% Fe 28.42 29.22 2.05 0.91
in the film(at%) | 5% Fe 28.79 28.90 4.89 0.85

3.4. Optical properties.

An optical study of doped CdS thin layers was done using a UV-VIS spectrometer at
room temperature. Figure 9 reveals the optical transmittance curves measured with wavelength
varying from 300 to 900 nm using the later equation:

T=(1—-R)?exp(—xd) (5)

where T is the transmittance, d is the thickness of the film, and R is the reflectance.

The average transmittance of CdS deposited on a glass substrate is found to be in the
range of 65-90% for the CdS samples deposited at different [Fe]/[Cd] ratios. However, the
optimal optical properties have been obtained for samples with a low doping level; this
behavior has been noticed for other semiconductor layers, such as W-doped SnO: layers
studied by C. Z. Chen et al. [28].

High transmittance in the visible range indicates good crystallinity, which makes this
material useful as a transparent window layer in CdTe, CIGS, and CZTS-based solar cells,
improving photovoltaic efficiency. Similar results were found for Ni-doped CdS material
elaborated in our laboratory by spray technique and CdS:Co?* deposited by spin coating studied
by K. Veerathangamon et al. [29, 30].
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Figure 9. Optical transmittance curves of CdS samples deposited with different Fe concentrations.

The band gap of deposited films is obtained using Tauc’s model equation [31]:

(Othl/) = A(hv - Eg)n (6)

where n is equal to % for CdS semiconductor, A is a constant, hv is the photon energy, and a
is the absorption coefficient.
a is initially calculated by this relation [31]:
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In(T™)
a= i (7)
where d is the thickness of the layer, figure 10 shows the evolution of the absorption coefficient
according to wavelength for CdS films synthesized by the spin-coating technic. We can see
from this figure that the absorption coefficient decreases with the Fe ratio increase from 1 to
5%. This behavior is mainly due to improvement in the transmittance of CdS films with
increasing Fe doping.
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Figure 10. The absorption coefficient of Fe-doped CdS films.

Band gap values Eq were estimated by extrapolating the linear region to ((chv)?=0) of
the curves (ahv)? versus (hv) presented in Figure 11.
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Figure 11. Curves of (a h v)? versus hv of CdS samples with various concentrations of Fe.
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Band gap values Eq for the samples deposited with various [Fe]/[Cd] ratios are found
to be ranging from 2.32eV to 2.44eV. From the curves, it can be noticed that the band gap
initially increases with increasing Fe concentration from 2.37eV for 1% Fe to a maximum of
2.44eV at 3% Fe, which can be explained by the substitution of Cd?* ions by the dopant in the
crystalline structure forming a dilute substitution solid solution. Then the value of Eg decrease
up to 2.32eV for 7at%. This decrease of Eg may be ascribed to the effect of the ferrite and the
exchange interaction between electrons in the sp-d states caused by the effect of magnetic ion
Fe3* in the deposited films. S.K.Deshmukh et al. found similar results for Fe-doped CdS
elaborated by electrodeposition technique [32].

The extinction coefficient of spin-coated Fe-doped CdS thin films was determined from
the absorption coefficient and wavelength according to the following relation:

aA

k=1 (®)

The evolution of the extinction coefficient with respect to wavelength for Fe-doped
CdS samples is depicted in Figure 12. This figure shows that k decreases with Fe content
increased in CdS. The values of extinction are between 0.02 and 0.2; these values are
determined to be similar to those reported in the literature [33, 34].
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Figure 12. Extinction coefficient of iron-doped CdS films.

Using the reflectance R and k extinction coefficient values, we can calculate the
refractive index for obtained doped CdS samples by sol-gel method from this equation [35]:

— (LR 4R y2
n= (1_R) + (1—R)2 k (9)

Figure 13 illustrates the plot of the refractive index versus wavelength of iron-doped
CdS films, such as the Fe ratio varied between 1% and 7%. It can be noticed from this figure
that the increase of Fe-doped content in CdS films causes a decrease in refractive index values.
The sample doped with 1% represents the highest refractive index, and that doped with 5% has
the lowest refractive index. This behavior is similar to absorption coefficient variation.
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Figure 13. Refractive index of iron-doped CdS films.

The complex dielectric constant is related to optical properties. The real and imaginary
part of the dielectric constant of Fe-doped CdS thin films can be calculated from the following
relation:

e=(m?—k? + (2nk) = & +ig (10)

Figures 14 and 15 show the variation of real and imaginary parts for Fe-doped CdS
samples to wavelength, respectively. It can be observed from this figure that er and &i decrease
with increasing Fe-doped content in CdS. This indicates the increase of band gap energy
according to the incorporation of Fe ions.

60
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Figure 14. Real part of the dielectric constant of iron-doped CdS films.
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Figure 15. The imaginary part of the dielectric constant of Fe-doped CdS films.

The optical conductivity of spin-coated Fe-doped CdS thin films has been calculated
from the following equation:

Oop = = (11)

41
Figure 16 depicts the evolution of the optical conductivity of Fe-doped CdS layers

deposited by the spin coating technic. The figure shows a decrease in the optical conductivity
by increasing Fe content from 1 wt% to 5 wt%, which indicates a reduction in the absorption
edge toward a shorter wavelength. This behavior may be caused by decreased electron
excitation due to increased incident photon energy [36, 37].
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Figure 16. Optical conductivity of iron-doped CdS films.
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3.5. Electrical properties.

The voltage-current characteristics at room temperature using the four-point technique
and the electrical resistivity value of iron-doped Cadmium sulfide films were presented in
Figure 17. We can notice a linear ohmic contact behavior in all films. The resistivity is
calculated from the slope of each curve, the minimum value of the order of 4.6.10° Q.cm for
the samples prepared with an atomic ratio of [Fe]/[Cd] equal 5 at.%. The substitution of Cd?*
ions by Fe** ions in the lattice can explain a decrease in the resistivity, which gives more charge
carriers in the material. Films resistivity, however, increases at high Fe concentrations, which
is caused by the formation of Fe;Oz in the grain boundaries, which agrees with XRD
measurements. Similar results were found for nickel-doped cadmium sulfide films elaborated
by the spray pyrolysis technique [29].
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Figure 17. 1-V curves and resistivity of pure and Fe-doped CdS films.

4. Conclusions

Electrical, optical and structural properties of Fe-doped CdS films elaborated by the
spin-coated process have been investigated by varying the [Fe]/[Cd] molar ratios. The XRD
analysis revealed a polycrystalline hexagonal (wurtzite) structure with the (002) preferential
orientation for Un-doped and Fe-doped CdS samples. High Fe doping concentration leads to
the appearance of the Fe>Os secondary phase. Microstructural parameters such as crystallite
size, strain, and stress were determined for films deposited. The morphological study shows
relatively smooth surfaces composed of homogeneous and continuous nanocrystalline grains
with a few quantities of voids. The spin-coated films reveal good transmittance in the visible
and near-infrared regions, and the band gap increases for low Fe concentrations. The electrical
measurements show that doping with an amount less than 5% Fe decreased the resistivity of
CdS films. In contrast, this resistivity increases with further doping due to the probable
segregation of non-conductive iron oxide at the grain boundaries.

We concluded that high transparency and low resistivity make iron-doped CdS films
elaborated by spin coating a potential material adequately useful as a window and buffer layer
in CdTe, CIGS, and CZTS solar cells to improve photovoltaic efficiency.
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