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Zni1-Mg,O and ZnO:-,S, thin films were synthesized by ultrasonic spray pyrolysis (USP) and investigated to achieve bidirectional band
gap engineering in ZnO-based materials. X-ray diffraction confirmed a single-phase wurtzite structure with strong c-axis orientation
for all samples. Mg incorporation induced a shift of the (002) peak toward higher angles, indicating lattice contraction, whereas S
substitution caused a shift toward lower angles, corresponding to lattice expansion. UV—Vis analysis revealed a systematic blue shift
of the band gap with Mg doping (from ~3.26 eV to ~3.33 eV) and a red shift with S incorporation (down to ~3.01 eV). These changes
are attributed to lattice deformation and its influence on the electronic structure. Additionally, increased dopant concentration led to
reduced crystallite size and increased microstrain and disorder. The results establish a clear correlation between lattice deformation
and optical band gap modulation, demonstrating an effective approach for tuning ZnO-based thin films for optoelectronic applications.
Keywords: ZnMgO; ZnOS; Band gap, Lattice deformation, Tauc plot; USP

INTRODUCTION

ZnO is an [I-VI semiconductor with a wide direct band gap of ~3.3 eV at room temperature and a large exciton
binding energy (~60 meV), which makes it a promising material for optoelectronic applications such as ultraviolet (UV)
lasers, light-emitting diodes, and photodetectors [1]. One of the most effective approaches to tailor its electronic and
optical properties is alloying with suitable elements. In particular, Mg incorporation into ZnO leads to band gap widening
due to the substitution of Zn?* ions with smaller Mg?* ions, resulting in lattice contraction and modification of the
electronic band structure. This tunability is essential for the design of heterojunctions, quantum wells, and transparent
optoelectronic devices [2].

In addition to cation substitution, anion substitution provides an alternative pathway for band-gap engineering. The
incorporation of sulfur into ZnO (ZnO:-,S,) leads to lattice expansion due to the larger ionic radius of S?” ions, typically
resulting in band gap narrowing. Although ZnMgO and ZnO:-S, thin films have been widely studied using various
deposition techniques, such as sol-gel processing, spray pyrolysis, pulsed laser deposition, and magnetron sputtering, a
unified and quantitative understanding of the relationship among lattice deformation, microstructural disorder, and optical
band gap modulation remains incomplete [3,4]. In particular, direct experimental comparison of cation- and anion-
induced lattice effects within a single framework is still limited.

In this work, we systematically investigate the structural and optical properties of Zni-MgO and ZnO:-,S, thin films
deposited on Si(100) substrates by ultrasonic spray pyrolysis (USP). X-ray diffraction (XRD) is employed to analyze
crystal structure, lattice parameters, strain, and crystallite size, while UV—Vis spectroscopy is used to determine the optical
band gap and Urbach energy [5]. By correlating lattice deformation with optical properties, this study aims to establish a
comprehensive framework for bidirectional band gap engineering in ZnO-based thin films.

By combining qualitative figure analysis with the data, this study establishes a clear structure—property relationship,
demonstrating how lattice contraction and expansion directly govern band gap widening and narrowing in ZnO-based
alloys.

MATERIALS AND METHODS

ZnO-based thin films-undoped, Mg-doped (x = 0.05, 0.10), and S-doped (y = 0.05, 0.10) were deposited on Si(100)
substrates by ultrasonic spray pyrolysis (USP). Aqueous precursor solutions were prepared from zinc acetate dihydrate,
Zn(C:H302)2:2H20 (0.5 mol/L). For Mg incorporation, magnesium acetate tetrahydrate, (C2Hs0:)-Mg-4H-0, was added
to achieve the desired Mg/(Zn+Mg) ratios; for S incorporation, thiourea, SC(NH2)2, was used as the sulfur source. Prior
to deposition, Si(100) substrates were sequentially cleaned for 10 minutes each in hydrofluoric acid (10 % in DI) to
remove the native SiO: layer, acetone and then ethanol to eliminate organic contaminants, followed by a final rinse in
deionized (DI) water to remove residual species. All steps were performed under ultrasonic agitation to enhance cleaning
efficiency [6-8]. Oxygen (O2) at a flow of 500 sccm served as the carrier gas. The precursor aerosol was generated using
a 1.7 MHz ultrasonic nebulizer and delivered to substrates maintained at 450 °C. After growth, all films were annealed at
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600°C for 15 minutes. The resulting thickness was approximately 200 nm. The experimental setup used in this work is
illustrated in Figure 1. [10,11]

Precursor solution
/

/ Carrier

gas

Glasschamber Gas-liquid separation tube

\,\

Substrate

Heater

~ Container

Ultrasonic
nebulizer

Figure 1. Scheme of Ultrasonic Spray Pyrolysis (USP)

Structural and optical characterization. X-ray diffraction (XRD) was carried out on a Rigaku MiniFlex
diffractometer using Cu Ko radiation (A = 1.5406 A) over a 20 range of 30°-60°. The average crystallite size was estimated
from the full width at half maximum (FWHM) of the (002) reflection using the Scherrer relation. Optical absorption was
measured with a UV-Vis spectrometer in the 300-500 nm wavelength range.[9] Surface morphology and grain structure
were examined by field-emission scanning electron microscopy operated at 30 kV in secondary-electron mode using an
Everhart-Thornley detector. Plan-view micrographs were spatially calibrated from the instrument pixel size (0.899 nm/px
and 1.124 nm/px for the ZnMgO and ZnOS micrographs, respectively). Grain-size distributions were extracted by marker-
controlled watershed segmentation, and the maximum Feret diameter was recorded for each grain (N > 284 grains per
sample); the distributions were described by a log-normal function.

RESULTS AND DISCUSSION
Figure 2 (a) shows the x-ray diffraction patterns of undoped ZnO and Mg doped Zn;.x\MgxO thin films deposited on
Si(100). All samples indicate a dominant diffraction peak corresponding to the (002) plane of hexagonal wurtzite ZnO,
showing a strong preferential orientation along the c-axis. The absence of additional diffraction peaks related to MgO or
other secondary phases confirms that Mg incorporation does not lead to phase segregation within the detection limit of
XRD. With increasing Mg content, the (002) peak shifts slightly to higher 26 values, indicating lattice contraction due to
Mg substitution.[12]
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Figure 2. (a) XRD patterns and (b) Tauc plots of ZnixMgxO films grown on Si by USP; curves (1), (2), and (3) correspond to 0%,
5%, and 10% Mg, respectively
Figure 2 (b) shows the Tauc plots of (ahv)? as a function of photon energy (hv) for undoped ZnO and Mg-doped
Zn ., Mg,O thin films. The linear regions of the plots confirm that all films exhibit a direct allowed optical transition
characteristic of the wurtzite ZnO crystal structure. As shown in Fig. 2(b), the absorption edge shifts progressively toward
higher photon energies as the Mg concentration increases, indicating a systematic blue shift of the band gap. The extracted
band gap values increase from 3.26 eV for undoped ZnO to 3.30 eV and 3.33 eV for 5% and 10% Mg-doped films,
respectively, as summarized in Table 1. The observed band gap widening can be attributed to Mg-induced modification
of the electronic band structure, which increases the energy separation between the conduction and valence bands [13].

Table 1. Some essential lattice parameters of ZnMgO thin film

Con. (%) [002] () FWHM (°) cA) E. (¢V) Dave (A) £10° [ Eu(eV)
0 34.469 0.21541 5.199 3.26 340.55 3.03 0.180
5 34.949 0.34198 5.130 3.30 215.20 4.7 0.210
10 35.465 0.40687 5.058 3.33 150.821 55 0.235
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The quantitative structural parameters extracted from Fig. 2(a) are summarized in Table 1 and provide strong support
for the observed diffraction trends. As the Mg concentration increases from 0% to 10%, the (002) peak position shifts
from 34.469° to 35.465°, confirming a continuous lattice contraction. Correspondingly, the calculated c-lattice parameter
decreases significantly from 5.199 A to 5.058 A, which is consistent with Vegard’s law behavior and reflects the smaller
ionic radius of Mg?" compared to Zn?**. In addition to peak shifting, Fig. 2(a) shows noticeable peak broadening with
increasing Mg content. This effect is quantified in Table 1 by the increase in full width at half maximum (FWHM) from
0.215° for pure ZnO to 0.407° for the 10% Mg-doped film.

The average crystallite size calculated from the (002) peak using the Debye—Scherrer equation:

D =091/ (B cos 0). (1)

D,y decreases dramatically from 340.55 A to 150.82 A as Mg concentration increases. This grain refinement is a
direct consequence of Mg-induced strain and inhibited grain growth during film deposition. Despite this reduction in
crystallite size, the films retain a strong c-axis orientation, indicating that Mg incorporation affects microstructural
features without destroying overall crystallographic alignment.

The strain (¢) and dislocation density (3) were calculated as:
e=p/(4tan0),5=1/D2 )

The evolution of microstrain (&) further supports this interpretation. As shown in Table 1, € increases from 3.03x102
to 5.5x10 with Mg content, reflecting enhanced lattice distortion arising from ionic size mismatch and local
compositional fluctuations. The simultaneous increase in Urbach energy (E,) from 0.178 eV to 0.235 eV suggests an
increase in localized states and structural disorder, which correlates well with the observed peak broadening and strain
evolution. These calculations confirm that ZnMgO films possess nanocrystalline grains with low dislocation density,
suitable for optoelectronic integration.

Figure 3 presents the structural and optical evolution of ZnO:1-S, thin films as a function of sulfur concentration.
Figure 3(a) shows the XRD patterns, while Fig. 3(b) displays the corresponding Tauc plots used to extract the optical
band gap. As seen in Fig. 3(a), increasing sulfur concentration results in a progressive shift of the (002) diffraction peak
toward lower diffraction angles. This behavior indicates an increase in the interplanar spacing along the c-axis, suggesting
lattice expansion induced by sulfur incorporation. The absence of secondary phases in the diffraction patterns confirms
that sulfur is incorporated into the ZnO lattice without forming separate sulfide phases. The qualitative trends observed
in Fig. 3(a) are quantitatively supported by the data summarized in Table 2. The c-axis lattice parameter increases
systematically from 5.1999 A for undoped ZnO to 5.2928 A for 10% S, confirming a clear expansion of the wurtzite
lattice. This lattice dilation originates from the substitution of O* ions by larger S* ions, which introduces tensile strain
along the growth direction.
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Figure 3. (a) XRD patterns and (b) Tauc plots of ZnO1xSx films grown on Si by USP; curves (1), (2), and (3) correspond to 0%,
5%, and 10%, respectively

Accordingly, Fig. 3(b) shows a continuous red shift in the optical absorption edge as the sulfur concentration
increases. The extracted band gap values decrease from 3.26 eV (0%) to 3.01 eV (10%), as listed in Table 2.

Table 2. Some essential lattice parameters of ZnOS thin film

Con. (%) [002] (°) FWHM cA) Ee (V) Dave (A) £ 107 Eu(eV)
0 34.4696 0.21541 5.1999 3.26 340.55 3.03 0.180
5 34.0322 0.68788 5.2644 3.11 120.77 9.81 0.264
10 33.8442 0.77724 5.2928 3.01 106.87 11.1 0.292

This band gap narrowing is directly correlated with lattice expansion, as increased bond lengths reduce orbital
overlap and modify the electronic band structure, thereby shifting the conduction band minimum downward. The inverse
relationship between c-lattice parameter and optical band gap energy demonstrates that band gap modulation in ZnO:-S«
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films is strongly governed by structural deformation rather than compositional effects alone. As a result structural disorder
leads to the significant increase in FWHM values, from 0.215° to 0.777°.

Table 2 reveals some microstructural parameters of material. The average crystallite size decreases sharply from
340.55 A to 106.87 A, while the microstrain increases from 3.03x1073 to 11.1x10°* with sulfur content. These changes
reflect increasing internal stress and defect density within the lattice. Additionally, the Urbach energy (E,) increases from
0.180 eV to 0.292 eV, indicating a higher density of localized states and enhanced band tailing caused by structural
disorder. Overall, the combined analysis of Fig. 3 and Table 2 confirms that sulfur incorporation induces lattice expansion,
increased strain, crystallite size reduction, and band gap narrowing in ZnO:~Sx thin films. These results clearly
demonstrate that controlled anion substitution provides an effective approach for tailoring the optical properties of ZnO-
based materials, which is of significant interest for visible and UV optoelectronic applications.[13]

Figure 4 illustrates the correlation between the c-axis lattice parameter and the optical band gap energy for
Zni-MgO and ZnO:.-S, thin films. A clear and systematic relationship is observed, demonstrating that lattice
deformation plays a dominant role in governing the electronic structure of ZnO-based alloys.

For Zn:-Mg,O films, the c-axis lattice parameter decreases with increasing Mg concentration, indicating lattice
contraction due to the substitution of Zn?* ions by smaller Mg?* ions. This structural compression leads to a widening of
the band gap, which increases from ~3.26 eV to ~3.33 eV. The band gap expansion can be attributed to enhanced orbital
overlap and increased energy separation between the conduction and valence bands caused by reduced interatomic
spacing.

In contrast, ZnO:-,S, films exhibit an opposite trend. The c-axis lattice parameter increases with increasing sulfur
content, reflecting lattice expansion due to the larger ionic radius of S*” ions compared to O* ions. This expansion results
in a reduction of orbital overlap and a corresponding narrowing of the band gap, decreasing to ~3.01 eV. The observed
red shift is associated with the modification of the valence band structure and increased localization of electronic states.

The nearly linear dependence between lattice parameter and band gap in both systems suggests Vegard’s law-like
behavior, confirming that compositional variation directly influences the structural and optical properties. Importantly,
the opposite trends observed for Mg and S substitution highlight a bidirectional mechanism of band gap engineering,
where lattice contraction and expansion provide two complementary pathways for tuning the optical response of ZnO-
based thin films.

These results clearly demonstrate that precise control of lattice deformation through cation and anion substitution
offers a powerful strategy for designing materials with tailored band structures for advanced optoelectronic applications.
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Figure 4. Band gap versus of Zni-MgO and ZnO1-,S, thin films c-axis lattice parameter

For comparison, ZnO.,Sy alloys show the opposite trend: band gap narrowing and expansion of the c-lattice
parameter, owing to the larger ionic radius of sulfur. These contrasting behaviors highlight the versatility of ZnO-based
alloys for band-structure engineering.

Figure 5(a,c) presents plan-view SEM micrographs of the 10% Mg and 10% S films. Both surfaces are dense,
continuous, and crack-free, displaying rounded, faceted grains with well-defined intergranular boundaries, consistent with
the single-phase wurtzite structure revealed by XRD. No secondary-phase precipitates or pinholes are observed,
confirming that Mg and S are incorporated without phase segregation at the film surface.[14]

The corresponding grain-size distributions [Fig. 5(b,d)] follow a log-normal profile, which is characteristic of
nucleation-and-growth thin films. The ZngoMgo 10 film exhibits a median Feret diameter of 62.9 nm (mean 78.0 nm),
whereas the ZnOg S film shows a larger median of 96.6 nm (mean 110.4 nm), as summarized in Table 3.

Importantly, the SEM grain sizes (=60—100 nm) substantially exceed the X-ray crystallite sizes obtained from the
Scherrer analysis (15.1 nm for 10% Mg and 10.7 nm for 10% S; Tables 1 and 2). This indicates that each SEM grain is a
mesoscale aggregate composed of several coherently diffracting crystallites separated by low-angle sub-grain
boundaries—that is, the two techniques probe different length scales. Notably, although the ZnOg ¢S i film has the larger
mesoscale grains, it possesses the smaller crystallites together with the highest microstrain (11.1x1073) and Urbach energy
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(0.292 eV). This apparent contrast is self-consistent: the larger sulfur-induced lattice expansion and tensile strain fragment
each grain into smaller coherent domains and increase the density of localized states, while grain coalescence during
growth still produces larger mesoscale grains. The morphology, therefore, corroborates the microstructural disorder
inferred from the XRD and UV—Vis data [15].

ZnMgO thin film — grain size distribution
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Figure 5. Plan-view SEM micrographs and corresponding grain-size distributions of (a, b) Zno9sMgo.10 and (c, d) ZnOo.9Soe.1 thin
films grown on Si(100) by USP. Histograms show the maximum Feret diameter with a log-normal fit (red line); insets list the mean,
median, standard deviation o, range and grain count N. Scale bars: 200 nm

Finally, it should be emphasized that the optical band-gap modulation (Fig. 4) follows the composition-driven lattice
deformation and crystallite-level disorder rather than the SEM grain size. At 60—100 nm the grains are far larger than the
ZnO exciton Bohr radius (=2.3 nm), so quantum size effects are negligible and the band gap is governed by the
cation/anion substitution and the associated strain. The SEM analysis thus provides complementary morphological
evidence that supports, but does not drive, the observed band-gap trends.

Table 3. Grain-size parameters (SEM, max Feret diameter) and crystallite size (XRD, Scherrer) of the 10% films.

Sample Median Feret (nm) Mean Feret (nm) ¢ (nm) N XRD D (nm) Grain/crystallite
Zno.sMgo.10 62.9 78.0 49.6 367 15.1 ~4.2
Zn00.950.1 96.6 110.4 62.8 284 10.7 ~9.0

D — average crystallite size from the (002) reflection (Tables 1-2). The grain/crystallite ratio illustrates that each SEM grain contains
several coherent domains.

CONCLUSIONS

In this study, Zni-MgO and ZnO:-,S, thin films were successfully deposited on Si(100) substrates by ultrasonic
spray pyrolysis, and their structural and optical properties were systematically investigated to clarify the role of cation
and anion substitution in band gap engineering of ZnO-based alloys. X-ray diffraction analysis confirmed that all films
exhibit a single-phase hexagonal wurtzite structure with strong preferential orientation along the c-axis, indicating
successful incorporation of both Mg and S without the formation of secondary phases. Structural analysis revealed
contrasting lattice responses: Mg incorporation resulted in lattice contraction, whereas S substitution produced lattice
expansion, both consistent with the ionic radii of the respective substituents. These structural changes resulted in a
bidirectional modulation of the optical band gap, with a systematic widening from ~3.26 eV to ~3.33 eV for Zni-Mg,O
and a narrowing down to ~3.01 eV for ZnO:-,S,. The correlation among lattice parameters, microstrain, crystallite size,
and Urbach energy indicates that band-gap evolution is strongly governed by lattice deformation and associated structural
disorder.

Plan-view SEM analysis confirmed that all films are dense, crack-free, single-phase polycrystalline layers with log-
normal grain-size distributions, the median Feret diameter increasing from 62.9 nm for ZngoMgo.1O to 96.6 nm for
Zn0y.9S.1. These mesoscale grains are several times larger than the XRD crystallites, indicating that each grain comprises
multiple coherent domains; the larger-grain yet smaller-crystallite, higher-strain character of the sulfur-doped film is fully
consistent with the structural picture obtained from XRD and UV—Vis. The morphological results therefore reinforce that
the bidirectional band-gap modulation is governed by composition-driven lattice deformation and microstructural disorder
rather than by grain-size (quantum-confinement) effects.
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The results establish a unified experimental framework linking lattice deformation to optical band gap tuning in
ZnO-based thin films. This study highlights that controlled cation and anion substitution provides a versatile and effective
route for tailoring the optoelectronic properties of ZnO alloys. Such tunability makes these materials highly promising
for applications in ultraviolet and visible photodetectors, transparent electronics, and band-engineered heterostructures.
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JTBOHAIIPABJEHA MOJIYJAIIA NIMPUHA 3ABOPOHEHOI 30HA B TOHKHX IIJIIBKAX HA OCHOBI ZnO 3A
JOMMOMOT' OO KATHOHHO-TA AHIOHHO-THAYKOBAHOI T'PATKOBOI IH)KEHEPI{
Haxasoxip L. Xynoiikyaos!, laskar V. FOanames' 2, Azamar O. Apcaanos!, Jxkamoninain X. Mypoxos?,
Annpiii A. Hebecnnii', Hoii6a Y. Boriposa2, Pa’no III. Illapinosa?
Kageopa izuxu, Hayionanvnuii ynisepcumem Ysbexucmany, symuys Yuisepcumemcoka, 4, Tawxenm 100174, Vzbexucman
2IJenmp possumxy nanomexnonoziti, Hayionanonuil ynieepcumem Yzbexucmary,
synuys Yuisepcumemcwka, 4, Tawxenm 100174, Y3b6exucman
Tonki mmiBku Zni-Mg,O 1a ZnO1-,S, Oyan CHHTe30BaHI METOJOM YIbTPa3BYKOBOTO PO3MIIIIOBATIBHOTO MIPOJIi3y Ta JOCHIMXKEH] 3
METOI0 JIOCSITHEHHS JBOHANpaBleHOl iHkeHepii 3a0opoHeHOl 30HM B Marepianax Ha ocHOBI ZnQO. PenrtreniBcpka audpaxis
MiATBEpIMIa OAHO(A3Hy CTPYKTYpPY BIOPLIUTY 3 CHIIBHOIO OPI€HTAIIEI0 OCi C y BCIX 3pa3kax. BruroueHHs Mg BHKIMKANIO 3MIIIECHHS
niky (002) mo 6iIbImMX KYTIB, II0 BKAa3y€e HAa CTUCHEHHS PEIIiTKH, TOAI SK 3aMIIeHHS S BUKJINKAJIO 3MIMIEHHS JI0 MEHIINX KYTiB, IO
BiAmoBinae posmupenHto penritku. UV—Vis aHaii3 BUSBUB CHCTEMaTHYHUH 3CyB IIMPUHH 3200POHEHOT 30HU B CHHIO 00JIaCTh CIIEKTpa
IIpy JieryBaHHi MarHieM (Big ~3,26 eB 1o ~3,33 eB) Ta 3cyB y 4epBoHy 00nacTh crekTpa IpH BKIIIOUeHHi cipku (1o ~3,01 eB).. Lli
3MIHH TOSICHIOIOTECS Jedopmaliiero pemniTku Ta ii BIUIMBOM Ha €JIEKTPOHHY CTPYKTypy. KpiM Toro, 30ijbLIeHHS KOHIEHTpALil
JIETYI04O0i JIOMIIIKK HPHU3BEIO 0 3MEHIIEHHS PO3Mipy KPHCTATiTiB Ta 30UIbLICHHS MikpoaedopMarii Ta MepeynopsaKyBaHHS.
Pe3yspTaTé BCTAHOBIIOIOTH UITKY KOpEIMiI0 MK JgedopMallielo peurTkd Ta MOAYJISIIEI0 ONTHYHOI 3a00pOHEHOI 30HH,
JIEMOHCTPYIOUH e()eKTHBHUH MiJXiA A0 HANAIITYBaHHS TOHKUX IUTIBOK HA OCHOBI ZnO AJIs ONTOENEKTPOHHUX 3aCTOCYBaHb.
Kurouosi cinoBa: ZnMgO,; ZnOS; wupuna 3a00ponenoi 30uu; degpopmayia pewimku,; diacpama Tayka, yriempa3zeykosuii niponiz



