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Fig. 13. Ftir spectra of ZnS pure and Mn/Ca doped thin films at different
concentrations.

has a significant influence on the morphological properties of the films
more than doping with Mn. Ca doping has increased the surface
roughness of ZnS thin films as presented in Table 2. This is due to the fact
that Ca ions are larger than Zn ions, and their incorporation into the
lattice of ZnS can create defects and distortions, leading to an increase in
surface roughness. Ca doping has affected the surface morphology of
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ZnS thin films, resulting in the formation of different surface structures,
as Fig. 6 shows. Samples with high Mn content exhibit a distinct
behavior, as depicted in Fig. 6 (a). During the evaporation process, Mn
atoms migrate towards the substrate and coalesce, leading to the for-
mation of agglomerates. These agglomerates contribute to the roughness
of the resulting film, with some of them reaching a size of 456 nm.

The AFM is a powerful imaging technique that allows scientists to
visualize the surface of materials at the nanoscale level [48]. Minkowski
analysis is a mathematical approach that can be used to extract quan-
titative information about the surface topology from AFM images. In
Minkowski analysis, the surface of the material is treated as a geometric
object, and a set of mathematical descriptors called Minkowski func-
tionals are used to characterize the shape and structure of the surface.
These functionals provide information about the surface area, volume,
curvature, and other geometric properties of the material [49]. In this
study, Minkowski functions were used for the analysis of the AFM of the
developed samples as illustrated in Figs. 9-11.

The Minkowski surface area function describes the total area of the
surface. The Minkowski volume function describes the amount of space
enclosed by the surface. Wille the Minkowski connectivity analysis can
be a valuable tool for understanding the porous structure of thin films
and optimizing their performance in various applications. Undoped ZnS
presents the highest maximum of surface and connectivity while the
sample with 50% of Ca has the largest total surface area with the amount
of space enclosed by the surface with a more porous structure presenting
the lower maximum. The other films covered smaller areas than ZnS and
the maximum increases with increasing ZnS in the structure. The ob-
tained results confirm that doping influences the morphological prop-
erties of thin films.

Fig. 12 represents optical images of pure ZnS thin films and ZnS thin
films doped with varying concentrations of Mn and Ca elements. The
optical images reveal alterations in the surface structure of the ZnS thin
films due to the doping process, aligning with the results obtained from
AFM measurements.

3.2. FTIR spectroscopy

In this investigation, FTIR analyses demonstrated the presence of ZnS
and identified additional functional groups on the surfaces of the thin
films. The infrared spectrum of the investigated thin films, displayed in
Fig. 13, was recorded across wavelengths ranging from 500 to 4000
em ™!, While all prepared films demonstrated similar FTIR spectra, slight
shifts in peak positions were noticeable. These slight shifts towards
lower wave numbers are likely attributed to the incorporation of Mn2*
and Ca2' ions into the ZnS crystal lattice. Fig. 13 illustrates weak
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Fig. 14. Transmittance spectra of (a) ZnS-Mn thin films (b) ZnS-Ca thin films.
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characteristic vibrations of zinc sulfide at 669 cm ~ ! [50-54]. Further-

Fig. 16. Variation of (aE)? for (a) Undoped ZnS Thin film, (b) 50% ZnS_50% Ca thin film, and (c) 50% ZnS_50% Mn thin film.

more, the additional peaks are associated with the C—=O stretching

mode, originating from the absorption of atmospheric CO5 on the film
surface, and can be attributed to carboxyl (C—=0) and methylene groups.

at various Mn an

3.3. Optical properties

3.3.1. Transmittance
The optical transmittance spectra of ZnS-Mn and ZnS-Ca thin films

d Ca doping levels (5%, 10%, and 50%) were measured

at room temperature in the range of 200-1100 nm as shown in Fig. 14.
The samples presented a high transmittance of approximately 70%-90%
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Table 3
The table groups the values of gap energies obtained by the Tauc plot method for
all samples.

Pure ZnS 95% _ X 5% ZnS 90% _X 10%  ZnS 50% _ X 50%
ZnS
X= X = X = X = X = X =
Mn Ca Mn Ca Mn Ca
Eg 3.05 3.14 3.08 3.14 3.14 3.05 2.79
[eV]

in the wavelength range of 400 to 110 nm for pure ZnS, and in the
wavelength range of 500 nm-1100 nm for the samples doped Mn. While
the samples doped by Ca, presented a transmittance of approximately
60%-90% in the range 350 nm-110 nm which is considerably greater
than reported by literature [55-57]. These properties make this
composition a suitable candidate not only for solar cells but also for
other optoelectronic devices and they can also be used in CIGS solar cells
in place of CdS.

The transmission spectra of pure ZnS and Mn-doped ZnS samples
showed interference bangs. These observed bangs can be attributed to
the interference between the air-film reflected waves and the film-
substrate interfaces which are glass in our case. While samples doped
of Ca exhibit an absence of interference bangs in the transmission
spectra due to low multiple reflections at the interface. And also rep-
resents a diminishing of transmittance as the doping concentration in-
creases, this diminishing of transmittance in these samples can be
attributed to the increase in scattered light intensity due to the higher
surface roughness. These findings are in good agreement with the re-
ported literature and the results of AFM analysis.

As shown in Fig. 15, the UV-Vis absorption spectra of ZnS thin films
doped by Mn and Ca were also measured in the range of 250-1100 nm.
The ZnS-Ca samples demonstrated a slight shift of the absorption edges
to a higher wavelength, which would strongly influence the band gap of
the ZnS thin films by the Ca doping. For ZnS-Mn samples, the absorption
edges are approximately on the same point as for pure ZnS film.
Generally, all the thin films exhibited a high absorbance for wavelengths

Materials Chemistry and Physics 318 (2024) 129270

below 350 nm and a low value for wavelengths over 350 nm. This
property implies that ZnS-Ca and ZnS-Mn thin films are a good alter-
native as a window layer for solar cells.

The optical band gap values (Eg) of ZnS—-Ca and ZnS-Mn thin films
were estimated using the Tauc equation which is given by.

(ahv)l/" =k(E - E,)

1)
X=A)) 4343 5 d @)
A= —log (T) (3)

Where « is the linear absorption coefficient, k is a parameter that de-
pends on the transition probability, h is Planck’s constant, v is the fre-
quency, and Ej is the optical band. n is a parameter that depends on the
nature of the transition and is equal to ¥ for a direct transition allowed.

As shown in Fig. 16, the optical band gap energy of ZnS-Mn and
ZnS-Ca thin films was determined. Table 3 summarizes the results
obtained.

It is observed that the band gap value Eg decreases from 3.05 to 2.7
eV by increasing the concentration of Ca doping and it remains
approximately the same at 3.1 eV by varying the doping of Mn. This
diminution of the band gap energy value for ZnS-Ca can be attributed to
the decrease in the number of grain boundaries as a result of the increase
in the crystalline size of the films. While ZnS-Mn samples, the value
remains the same and is attributed to the atomic properties of the
element Mn which are close to Zn. However, we can report that the Ca
doping is much more effective than the Mn dopant in decreasing the
optical band gap value.

Therefore, pure ZnS thin films exhibit a narrow bandgap energy of
approximately 3.05 eV. However, there are instances in the literature,
such as the study referenced [58-60] reporting slightly higher bandgap
energy of 3.2 eV for pure ZnS. This finding resonates more closely with
our observations. Our deposition method, carried out through physical
vapor deposition under high vacuum, inherently imparts unique
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Fig. 17. Emission luminescence spectrum of Zn$ thin films doped Mn.
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Fig. 18. 3D excitation-emission luminescence spectrum ZnS thin films doped Ca.
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Fig. 19. Emission spectra with Curves fitting at room temperature of pure ZnS thin film.
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attributes to thin films. These include variations in film morphology,
stoichiometry, and defect density compared to alternative deposition
methods.

3.3.2. Photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy is a powerful technique that

Table 4
The table groups the values of gap energies obtained by the Tauc plot method for
all samples.
Pure ZnS Mn Ca
05% 10% 50% 05% 10% 50%
Peak 1 (nm) 385 387 383 385 384 385 386
Peak 2 (nm) 448 457 465 467 440 445 430
Peak 3 (nm) 560 556 552 550 525 520 520
Peak 4 (nm) - 596 603 614 586 596 592

can be used to investigate the electronic and optical properties of ma-
terials. The photoluminescence spectra of undoped ZnS, ZnS-Mn, and
ZnS-Ca thin films were measured at room temperature. Figs. 17 and 18

present the Emission luminescence spectrum for the investigated sam-
ples. A wavelength of 280 nm was selected as the excitation for ZnS thin
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Fig. 20. The schematic energy level mechanism of the ZnS thin films doped Mn.
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Fig. 21. Emission spectra with Curves fitting at room temperature of 90%ZnS_10% Mn thin film.
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Fig. 22. Emission spectra with Curves fitting at room temperature of 90%ZnS_10% Ca thin film.

Table 5
The CIE (x, y) chromaticity coordinates.
X; Yi

Pure ZnS 0,25 0,24
95% ZnS_05% Mn 0,38 0,45
90% ZnS_10% Mn 0,31 0,46
50% ZnS_50% Mn 0,41 0,48
95% ZnS_05% Ca 0,24 0,24
90% ZnS_10% Ca 0,18 0,18
50% ZnS_50% Ca 0,19 0,16

films doped manganese, while thin films doped calcium were excited at
320 nm.

To investigate carefully the transitions that occurred in the samples,
the emission spectra were fitted by using the Gaussian function, Figs. 19,
21 and 22 present curves fitting spectra at room temperature of the
elaborated simples. Deconvolution of the emission spectrum of pure ZnS
resulted in peaks at 385 nm associated with a UV emission, 448 nm
associated with the blue band emission, and 560 nm associated with the
green band emission [61,62]. However, it is known from the literature
that the PL emission peaks around 385 nm, 448 nm, and 560 nm are
often found in ZnS thin films and originate from defects, zinc vacancies,
sulfur vacancies, and also from massive defects [63-66]. The charac-
teristic peaks of ZnS are observed in the films with different composi-
tions of Ca and Mn with a shift of the first peak around 2 nm, while the
second and third peaks are shifted around 20 nm, as shown in Table 4.

Mn-doped thin films exhibit a fourth peak in the yellow/orange
range. The position of this peak shifts towards the red range as the
percentage of Mn in the structure increases, and this may be due to the
effect of more defects and more strain and stress as a result of the
increased Mn concentration as presented in Fig. 17. These peaks corre-
spond to the characteristic “T1—CA, transition of Mn?* ions [67-69].
The doping of ZnS thin films with Mn?* produces intermediate energy
levels between the conduction band and the valence band of ZnS Fig. 20

[70,71]. These intermediary energy levels take part in the transition
process, resulting in the emission of yellow/orange light with a
maximum wavelength of around 614 nm for a sample doped 50% of Mn.
This result indicates clearly that the Mn2" ions have been combined
successfully with the ZnS host.

The Ca-doped thin films also exhibit a fourth peak with a very weak
intensity which is attributed to the Ca impurity. The maximum position
of the peak increases towards the longer wavelengths (orange) by
varying the percentage of Ca in the thin film, the same results have been
found by Refs. [72-74]. The full-half width (FWHM) maxima of the PL
bands associated with Ca broaden with increasing the incorporation of
Ca into the structure. These results could be attributed to the disordered
crystal structure created by the presence of Ca which has a large ionic
radius in the ZnS lattice resulting in a disordered crystal structure.

Using photoluminescence data, we investigated the potential of zinc
sulfide thin films for future light-emitting diodes (LEDs). To assess their
color properties, we constructed the Commission International DeI’llu-
mination (CIE) chromaticity diagram using PL spectra and calculated
the CIE color chromaticity coordinates as presented in Table 5 and
Fig. 23.

The analysis revealed that the chromaticity coordinates of pure ZnS
are located in the light blue region while increasing calcium in the
sample shifted the coordinates towards the blue region. Conversely,
increasing manganese in the samples allowed the green-yellow region to
be involved, similar results were found by Ref. [75]. This study dem-
onstrates the versatility of ZnS thin films in the broad-spectrum visible
region, and by careful design and control of composition and parame-
ters, ZnS thin film structures may be used in blue and green light LEDs
[761.

Figs. 24 and 25 illustrate XRF measurements conducted on the
samples under investigation. In Fig. 24, XRF spectra reveal the presence
of various elements: Zinc (Zn), Calcium (Ca), Manganese (Mn), and
Sulfide (S). Analysis indicates that Zinc (Zn) and Sulfide (S) display high
intensity in samples containing pure ZnS or those with a significant
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Fig. 23. Chromaticity coordinates of thin films made of pure ZnS and ZnS doped with Mn-Ca.

concentration of these elements, as confirmed by the quantification of
Zn and S in the sample shown in Fig. 25.

Conversely, the fluorescence of Manganese (Mn) is more prominent
in samples containing 50% Mn, diminishing as the Mn content de-
creases. A similar trend is observed for Calcium (Ca); however, even in
samples devoid of Ca, fluorescence is detected due to Ca present in the
glass substrate used for deposition, at a concentration of 6.4%. There-
fore, Ca fluorescence is evident in all samples, with higher Ca concen-
trations corresponding to increased fluorescence intensities. Fig. 25
provides a quantification of all the elements in the samples, with the
intensity of peaks for each element reflecting its presence. These results
align with the XRF images. Notably, in the sample containing 5% Ca,
characteristic Ca peaks are absent due to the similarity in Ca concen-
tration between the sample and the glass substrate, resulting in the
absence of Ca peaks after subtracting the substrate response. These re-
sults demonstrate that our thin films are deposited with precision,
ensuring the presence of the targeted elements.

4. Conclusion

This study provides a comprehensive analysis of the morphological,
optical, and photoluminescent properties of zinc sulfide (ZnS) thin films
doped with varying concentrations of manganese (Mn) and calcium
(Ca). Fabricated using the physical vapor deposition (PVD) method, the
films were characterized through various techniques including atomic
force microscopy, ultraviolet-visible and photoluminescence, X-ray
fluorescence and Fourier transform infrared. The findings indicate that
the incorporation of Mn and Ca visibly impacts the surface properties of

the thin films, with optical studies demonstrating exceptional trans-
parency within the visible spectrum and a significant decrease in the
energy gap due to Ca®* ion inclusion. Moreover, the photoluminescence
research revealed significant emission peaks for the samples doped Mn
at specific wavelengths, highlighting the material’s potential for light
emission in response to external stimuli. Additionally, XRF and FTIR
analyses confirmed the presence of ZnS and the other elements. The
study suggests that PVD is an efficient method for producing Mn and Ca
doped ZnS thin films with favorable optical characteristics, holding
promise for various optoelectronic applications.
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Fig. 24. a) The thin films utilized in the measurement, along with the area examined for XRF analysis b) XRF images of Zinc, ¢) XRF images of Calcium, d) XRF
images of Manganese and e) XRF images of Sulfur.
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