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Abstract

In the present study, Mn doped ZnS (Zni-xMnxS, where, x = 0.1, 0.3, 0.5 and0.7
M;) thin films have been deposited onto glass substrates at 823 K substrate
temperature using a spray pyrolysis deposition technique to explore the effect
of Mn into the ZnS matrix for spintronic devices application. Field emission
scanning electron microscopy (FESEM) indicates the homogeneous and
smooth crystalline surface of Zn;xMnxS thin films and have been suggested the
increased grain size with an increase in Mn concentration. Energy Dispersive
X-ray (EDAX) spectra confirms the presence of Mn** in ZnS films. The UV—
visible absorption spectra of Zn;xMnxS thin films have been taken in the
wavelength range 200—1100 nm and observed the transparent films with small
absorption in the visible region. The absorption peaks show redshift with the
addition of Mn. The optical band gaps are found to be red-shifted from 3.45 to
3.05 eV due to the increase in the crystalline nature of the thin films. The other
optical parameters such as reflectance, extinction coefficient, refractive index
and dielectric constant indicate the good crystalline nature of the Zni.xMnyS
thin films which can be suitable in spintronic devices.
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1. Introduction

In the modern technology thin film chalcogenides are extremely desirable and promising in
spintronic devices. In advanced scientific area diluted magnetic semiconductor (DMS) thin
films have drawn much research attention due to their physical and chemical properties and
their wide direct band gap energy [1, 2]. The most common DMS are transition metal ( Mn,
Fe or Co) doped II-VI binary compounds like CdTe, ZnSe, ZnS, CdSe, CdS, etc Among
the family of II-VI binary chalcogenide semiconducting thin films Zinc sulfide (ZnS) is
look up a prominent semiconductor thin film due to its unique optical, structural and
electrical properties, nontoxicity, inexpensive and having wide direct energy gap of 3.60-
3.70 eV [3-5], high refractive index from 2.1 to 2.4 and high transmittance from 51% to
over 90% in the visible-NIR region [6-8] To improve device performance of DMS, the
transition metals like In*" Cd*" A" Cu?" Ag®"™ Mn?" and Pb** etc. are doped in ZnS
crystal lattice for tunability of optical band gap and other optical properties, modifying the
structural, electrical, and magnetic properties. . Although a great deal of research works
have been investigated on semiconductor compound, till date very few research works on
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optical and electrical properties of DMS thin films have been carried out for spintronic
devices. Manganese ( Mn ) doped zinc sulfide (ZnS) ; (Zn1xMnxS) DMS thin films are one
of the most often studied materials [9-11] which have proved to be adequate for spintronic
devices application. Since the ionic radius of Mn?" (0.83 A) is larger than Zn>" (0.74 A), and
the ionic charge is same it can be generally incorporated into different sites of ZnS lattice.
The excitation and decay of Mn?" ion produces blue shift and red shift in Vis-NIR region
which is highly promising material for spintronic devices. [12-14].

In 2025, Carranza, J., et al. studied optical properties of Mn doped ZnS nanoparticles and
found red shift in band gap suitable for Photoluminescence application[15]. In 2024, Ravi,
A et al. studied tunable optical band gap of Mn doped ZnS nanoparticles and observed
suitability for electro-optic applications [16]. Ali., R, S., et al. studied on Mg-doped ZnS
thin films deposited by spray pyrolysis method, in 2023 and observed increased absorption
coefficient which suggested that they could be used in photovoltaic applications [17]. In
2022, Aghaei, F., et. Al., studied Cu doped ZnS thin films and found the suitability for
application in light emitting diode [18]. Barman, B. et. Al., in 2020 carried out Mn doped
ZnS for solar cell applications [19]. However, In spite of having a lot of research works on
optical properties of Mn doped ZnS thin films, there is a little attention to explore optical
properties of Mn doped ZnS DMS thin films for application in spintronic devices.

Several techniques are used to synthesize DMS thin film such as sol-gel [20], pulsed laser
deposition (PLD) [21], atomic layer epitaxy [22], dip-coating technique [23], and spray
pyrolysis deposition (SPD) technique [24-26]. Among them, spray pyrolysis deposition
method offers interesting possibilities to prepare Zn;xMnxS thin films due to its simplicity,
cost-effective, high-quality and nanostructured films deposition parameters. In the present
work effect of Mn** concentration on the spray deposited ZnixMnyS thin films have been
studied to modify optical properties suitable for spintronic devices application.

2. Experimental details

2.1 Precursor materials

The analytical grade Zinc acetated dihydrate [Zn (CH3COO),.2H,O] powder (Mark,
Germany 99% purity), manganese (II) acetate tetra-hydrate Mn(CH3COO)2.4H20 powder
(Merck, Germany, 99.5% purity) and thiourea (NH2CSNH>) were used as mother precursor
for Zinc ions (Zn?"), Manganese ions (Mn*") and sulphide source (S*) respectively.
Deionized distilled water was used as a solvent and ethanol (CoHsOH) as stable reagent to
control the pH value. Plane glass slides of area 5 x 2.5 cm? were used as substrate with a
suitable mask. The substrates were soaked with acetone and distilled water in an ultrasonic
cleaner for 30 mins and subsequently dried in flowing hot air to execute a better adherence
between the film and the substrate.

2.2 Synthesis and processing

In this study Mn doped ZnS thin films were synthesized on plain glass substrate by SPD
technique with various Mn concentrations of 0, 1, 3, 5 and 7 at%. In a typical procedure,
the working solution was prepared by taking 0.1M Zinc acetated [Zn (CH3COO)..2H20],
0.1IM Manganese acetated [Mn(CH3COO),.4H>0O] and 0.2M thiourea (NH>CSNH>)
dissolving into 100 mL deionized distilled water at room temperature. In solution the
concentration ratio of Zinc acetated, Manganese acetated and thiourea were 1:1:2 as
thiourea is a slow reactant and synthesis with equimolar ratio was unsuccessful and smaller
amounts of thiourea lead to the formation of zinc oxide rather than zinc sulphide. Few drops
of ethanol (CoHsOH) were included as a stable reagent into the mixture and the mixed
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solvent was stirred about 1 hour with a magnetic stirrer to form a homogeneous fuscous
slurry. After that, the solution was filtered and then sprayed through a fine bore in the form
of fine droplets on pre-heated glass substrates with a deposition time of 25 minutes. The
synthesis process of thin films by SPD technique is displayed in Figure-1.

Deposition chamber and Schematic diagram
of SPT, Dept. of Physics, BUET
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Zn (CH,C00),.2H,0 +
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NH,CSNH, + H,0 Deposited Film | * -...l .
| Deposited Pl |
\us‘h‘-:;"ﬂ Coalescence Continuous film
Ry
|
Substrate

e & oo

Fig.1. Schematic diagram of Zn;xMnxS thin films synthesis process of by SPD technique

In the system, the temperature of the substrate was kept at 550°C constant. The distance
between the spray nozzle and the substrate was kept at 25 cm. The pressure of the carrier
gas air was maintained 0.5 bar. The spray rate was maintained at 0.5 mL min' throughout
the experiment. After deposition, the thin films were allowed to cool to room temperature.
The as-deposited thin films were found homogeneous and dark brown in color.

Chemical Reaction:

In aqueous solution
dissociated
Zn (CH;CO0),.2H,0 ————  Zn*" + (CH3COO) + H,0T
dissociated
Mn(CH;CO0).4H:0 ————5  Mn2" + (CH;COO) + H,07
dissociated (H-OH)
NH>CSNH, S + NH;T + CO, T+ CH4T
So ZnS nucleate due to the reaction between Zn*? ion and S ion as:
decomposes at 550°C
Zn(CH3COO0),.2H,0+NH,CSNH; ZnSY+CH;COOH + NH; T+ CO,T +
CH4T

Due to different Mn concentration Zn/Mn ratio with NH>CSNH> is considered as:

deposited at 550°C
(1-x)Zn(CH3CO0),.2H20+(x)Mn(CH3CO0),.4H,0 + NH.CSNH; Zni.

MnxS + CH3COOH + others

2.3 Characterization

The surface morphology of the as-deposited films was studied by field emission scanning
electron microscope (FESEM), Model: JSM-7600F operated at 25 kV with an EDAX
attached to it. The thickness of the as deposited films was measured by multiple-beam
Fizeau fringes method. Optical characterization of the films was carried out over 200—1100
nm wavelength by a UV-1601, Pc: UV-VIS-NIR; Shimadzu, double beam
spectrophotometer.
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3 Results and discussion
3.1 Surface morphology

Figure-2 displays the FESEM micrographs of the Zno.7Mno3S films with Energy Dispersive
X-ray (EDAX) spectra taken at 10,000 magnifications with the scale bar length 10 um and
shows nanostructured polycrystalline surface with 0.2um average crystallite size. The
crystallinity increased with increasing Mn concentration. Because for low Mn concentration,
Mn™? ions may be isolated by Zn** ions and no Mn?" pairs are formed. Due to higher Mn
concentration Mn?" ions are incorporated into ZnS lattice and substituted for host cation
sites, occurring transition between the s-p electrons of ZnS and d electrons of Mn [27]. The
incorporation of Mn?" ions into the lattice of ZnS films greatly affects the morphological
feature and porous nature. Figure-3 shows the Energy Dispersive X-ray (EDAX) spectra of
the Zno7Mno3S films. Different peaks corresponding to Zn and S are found in the spectrum,

which confirms the ZnS thin film. Sulphur deficiency was observed in all the films shown in
Table-1.
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. Energy ( kev)
Fig. 2. FESEM image of Zno.7Mno3S film Fig. 3. EDAX spectra of Zno.7Mno3S
film
Table 1 Atomic % of different elements of Zn;xMnxS thin films
Pure ZnS Zn0,90 Mno,lo S Zl’lo.7oMl’lo,30 S Zno_soMno.sos
At% (x=0.00mole) (x=0.10 mole) (x=0.30 mole) (x=0.50 mole)
7/n 53.17 51.70 48.59 43.93
S 37.12 23.74 15.88 18.17
Mn 0.00 12.82 23.85 28.65
Si 08.49 11.51 07.30 17.10
@) 01.22 0.23 04.38 10.15
Total: 100.00 100.00 100.00 100.00

Since Sulphur has great affinity towards oxygen, it is converted to SO> and then evaporated.
A strong Si peak is observed which corresponds to Si (Substrate) and an Oxygen peak is
also observed which is also for substrate. At high operating voltage the electron beam
penetrates the film and reaches the glass surface, which results the Si and Oxygen peak.
From the table it is observed that the synthesized thin films are stoichiometric. It is also

observed that the composition of the thin film does not change due to doping concentration [
28].
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3.2 Optical transmittance

Figure-4 shows the optical transmittance spectra of ZnixMnxS (where x = 0.00, 0.05, 0.10,
0.30, 0.50, and 0.70 mole) thin films variation with wavelength in the range of 300 nm to
1100 nm. The optical transmissions of all the films increased with increase in wavelength
and are about 80% in the visible region (at 400-600nm) for undoped ZnS film. It is also
clearly observed that the transmission decreases with the increase of Mn doping
concentration within the 400-600 nm wavelength range. This effect of the Mn doping may
for the structural effects. Also, some physical effects such as surface irregularity and defect
density may cause the reduction in the transmission. In the IR region (800—1100 nm)
transmittance decreases with Mn concentration due to the absorption of light of the
excitation electrons from valence band (VB) to conduction band (CB) exhibiting a blue shift
into the absorption onset. At 0.3 mole Mn doping concentration transmittance increases
which may due to the effects of excess charge carrier of Mn2?" ions attributing an
improvement of the films in a stoichiometry and may suitable for spintronic devices. [29]
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Fig. 4. wavelength vs. optical transmittance spectra of as deposited ZnixMnxS thin films

3.3 Optical band gap by 7 relation
3.3.1 Direct band gap
The direct band gap energy of the films was calculated using the Tauc’s relation

(ah v)2 = A(hv—Eg) , Where A is a constant, a is the absorption coefficient, h is the Planck
constant, v is the frequency of the incident photon [30-31]. hv is photon energy. The optical
band gap (E,) is estimated from the plots of (ahv)? vs. hv for direct transition of undoped
ZnS and Mn doped ZnS thin films by extrapolating straight lines on the energy axis. The
band gap energies have been found about 3.51eV, 3.44 eV, 3.36 eV, 3.25 eV, and 3.01 eV of
pure ZnS and Zn;xMnsS thin films (x = 0.05, 0.10, 0.30, 0.50, and 0.70 mole) shown in
Figure-5 which indicate the decrease of specific surface area and improved crystallinity
nature of the films and are in good agreement with the other research works [19-20]. The
nature of this variation in the band gap energy may be useful to design a suitable spintronic
device.
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Fig. 5. Plots of (ahv)? vs hv for direct transition

3.3.2 Indirect band gap

The value of indirect band gap energy is also calculated using the Tauc’s relation

(ahv)'? = A(h v—FE, )

The indirect band gap energies (Eg) of ZnixMnxS thin films have been carried out by
extrapolating the linear region in the plot of (ohv)!? versus hv indicated decreasing tends
from 3.02 eV to 1.85 eV shown in Figure-6. The energy gap for all transition is shown in
Table-2 which satisfy the results reported by other researchers [22, 23]. This narrowing of
band gaps lead to a redshift of the optical absorption. It is seen that both direct and indirect
energy gap decreases slightly with increasing Mn doping concentration and direct band gap
is higher than the indirect band gap energy. This may due to absorbing UV or Visible light
by valance electrons which are promoted from ground state to exited state and have fixed
values. On the other hand the causes of lower energy gap is for indirect transition of
materials in the vibrational and rotational energy levels. The variation of direct and indirect
band gap energy with Mn concentration are shown in Figure -7.
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Fig. 6. Plots of (ahv)? vs hv for indirect transition
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Table-2 Direct and indirect band gap with Mn concentration

x(mole) Eg (eV), Direct Eg (eV), Indirect
0.00 3.51 3.02
0.05 3.44 2.88
0.10 3.36 2.74
0.30 3.25 245
0.50 3.14 221
0.70 3.01 1.85
3.6
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Fig.7. Variation of direct and indirect band gap energy with Mn concentration

3.4 Optical absorbance

Figure-8 shows the variation of absorbance (A) with wavelength (1) for Zni.xMnxS (x=0.00,
0.05, 0.10, 0.30, 0.50, 0.70 mole), films. It is seen that the absorbance values decrease with
the increase in wavelength. In the visible and near infrared regions from 450 nm to 1100 nm
low absorbance is observed.
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Fig. 8. Absorbance spectra of Zni;xMnyS thin films
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In the UV region absorption increases with the increasing incorporation of Mn. The
enhanced absorption is observed in the neighborhood of A= 400 nm. The sharp decreases in
absorbance at the wavelength A = 400 nm which may due to the onset of inter band
transitions at the fundamental edge.

3.5 Reflectance

The reflectance (R) of Zni.xMn«S (x=0.00, 0.05, 0.10, 0.30, 0.50, 0.70) thin films have been
determined using the formula, R = 1 - (A + T); Where, A is  absorbance and T is
transmittance. The reflectance spectra with wave length is presented in Figure-9. The
reflectance is small in the near infrared (NIR) and visible region. The overall reflectance of
the films increase with increasing Mn concentration. [21].

60 F X=0.70
[ —&—x=0.50

50 —*—x=0.30
=S [ i —e—x=0.10
C sl x",, —»—x=0.05
A | ‘\. ", —*—x=0.00
S s0f L\ 22
= [ L‘Lo .°0.

10}

PP | L L L

200 400 600 800 1000 1200
Wavelength (nmj}

Fig. 9. Reflectance spectra of ZnixMnxS thin films

3.6 Extinction coefficient

The extinction coefficient (k) was obtained from the relation [22],

oA
47

k=

where A is the wavelength, and o is absorption coefficient which are calculated from
observed absorbance data using Beer Lambert’s formula

o= 2.303(£j
d

where A is the optical absorbance and d is the thickness of the film. The variation of
extinction coefficient with photon energy is shown in Figure-10. The extinction coefficient
increases with the increase of Mn incorporation. The rise and fall of extinction coefficients
are due to the variation of absorbance. The fall in the extinction coefficient may be due to
the absorption of light at the grain boundaries. From figure it is clear that k decreases
rapidly with increasing wavelength from 300 nm to 400 nm and after that the value of k
remains constant. The extinction coefficient is almost constant in the higher wavelength
region.
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Fig. 10. Extinction coefficient of ZnixMnxS thin films

3.7 Refractive index

Figure-11 shows the variation of refractive index as a function of wavelength for ZnixMnxS
films of different Mn concentrations. The refractive index has been calculated using the
relation

G Ry

Where k is the extinction coefficient and R is the optical reflectance [22].
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Fig. 11. Refractive index of ZnixMnxS as a function of wavelength

From the figure it is evident that the increase in the Mn incorpotion results in the overall
increase in the refractive index which may due to the overall increase in the reflectance with
the film thickness. Refractive index for pure ZnS was obtained 2.67 which is in good
agreement with the value 2.62 reported by I. C. Ndukwe [23]. The variation of refractive
index with wavelength at 700 nm for various Mn concentrations varies 3.33-4.67. The
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gradual decrease of refractive index with wavelength implies that the normal dispersion
occurred before the absorption edge followed by anomalous dispersion.

3.8 Dielectric constants

The real é- and imaginary ¢ parts of the dielectric constant were determined using the
formula [24].

e, =n>—k>. & =2nk
The variation of real parts of the dielectric constant for different Mn concentrations are
illustrated in Figure-12. The complex dielectric constant is fundamental intrinsic material
property. The value of real parts of Zni.x\MnxS films varied between 3.8 to 8.2 indicating
how much it will slow down the speed of light in the material. Figure-13 shows the variation
of imaginary part of dielectric constants as a function of wavelength for Zn.xMnyS films of
different Mn concentrations. The value varied between 0.003 to 0.035. which gives that
how a dielectric absorb energy from electric field due to dipole motion. The figures revealed
that the values of the real part are higher than that of the imaginary part and follow the same
pattern.
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Fig. 12. Variation of real parts of dielectric constants of Zn;xMnxS
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3.9 Dielectric loss

The variations of dielectric loss with photon energy are represented in Figure-14 for the as
deposited Zni.xMnxS thin films indicate a loss of energy that goes into heating a dielectric
material in a varying electric field. The dielectric loss is given by, tand = &/e1  and loss
angle

S =tan™! [g—zj
gl

where €1 and & are the real and imaginary parts of the dielectric constant [25]. From figure it
is observed that dielectric loss decreases with high photon energies.
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Fig. 14. Dielectric loss versus photon energy

3.10 Optical conductivity

Figure-15 shows the variation of optical conductivity with the incident photon energy. The
optical conductivity has been determined using the relation ¢ = anc/4m; where ¢ is the
velocity of light [26] and observed he increased optical conductivity at high photon energies
which is for high absorbance of thin films in that region.
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4. Conclusions

In the present work, ZnixMnxS nanostructured DMS thin films have been prepared by a
simple spray pyrolysis technique varying with Mn concentration at x = 0.00, 0.05, 0.10,
0.30, 0.50, 0.70 mole. FESEM micrographs showed nanostructured polycrystalline surface
with 0.2 pm average crystallite size. The EADX analysis confirmed the presence of Mn?" in
Zn1xMnyS matrix. More than 68% transmittances have been obtained at longer than 450 nm
wavelengths. Direct band gaps are found from 3.01 eV to 3.51 eV and indirect band gaps
from 1.85 eV to 3.02 eV in a decreasing trend indicating a red shift in the UV-Vis region
which are in good agreement with the values reported by others. The refractive index is
found 3.33-4.67. The reflectance, dielectric constant, and optical conductivity are also
obtained in the increasing trend with Mn concentrations. The obtained values of these
optical parameters indicated that Zn;.xMnxS film might be suitable for applications in the
developments of spintronic devices.
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