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ABSTRACT: This study investigates the influence of Sn-In codoping on the structural, morphological, optical, and
photoluminescence properties of ZnO thin films synthesized via spray pyrolysis. The doping concentrations were varied as 1-
3 at.% (SIZO1), 3-3 at.% (SIZO3), and 5-3 at.% (SIZO5) for Sn and In, respectively. X-ray diffraction (XRD) analysis revealed
a preferential (002) orientation in undoped ZnO, which shifted to (101) in SIZO1 and SIZO3, while SIZOS exhibited a mixed
(002) and (100) orientation. Field-emission scanning electron microscopy (FESEM) showed a transformation from spherical
nanopatrticles in ZnO to spindle-shaped nanostructures in SIZO1, followed by distorted morphologies in SIZO3 and SIZOS,
attributed to lattice strain and increased nucleation sites due to doping. Optical studies demonstrated a reduction in bandgap
from 3.28 eV (ZnO) to 3.21 eV (SIZO1), with a slight increase at higher Sn concentrations (3.22-3.23 eV), suggesting bandgap
tuning via codoping. Photoluminescence (PL) spectra exhibited near-band-edge emission at 393 nm alongside defect-related
transitions at 440—-670 nm, associated with intrinsic defects such as zinc vacancies (VZn), oxygen interstitials (Oi), and zinc
interstitials (Zni). The PL intensity quenched in SIZO1 but increased in SIZO3 and SIZOS, indicating dopant-mediated defect
engineering. These findings highlight the role of Sn-In codoping in modulating crystallinity, morphology, and optoelectronic
properties of ZnO, making it a promising candidate for thin-film optoelectronic applications.
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1. INTRODUCTION oxides (TCOs) [3-5]. Additionally, its non-toxicity,
abundance, and cost-effectiveness further enhance its
industrial viability [6]. However, despite these advantages,
the practical utilization of ZnO in electronic devices has been
limited by its mediocre electrical conductivity and challenges
in achieving precise control over its optical and electronic
properties, particularly when synthesized via solution-based
techniques [7].

Doping ZnO with selective impurities is a well-
established strategy to modulate its electrical and optical
properties. Monovalent (Li*, Na*), divalent (Mg?, Cd*"),
trivalent (AI**, Ga**, In®"), and tetravalent (Sn**, Ti*") dopants
have been widely investigated to enhance carrier
concentration, reduce resistivity, and tailor the bandgap [8—
10]. Among these, indium (In**) doping has been particularly

Zinc oxide (ZnO) has emerged as one of the most extensively
studied metal oxides due to its exceptional optoelectronic
properties, including a wide direct bandgap (~3.37 eV), large
exciton binding energy (~60 meV), and high thermal and
chemical stability [1,2]. These characteristics make ZnO a
promising candidate for a wide range of applications, such as
ultraviolet (UV) photodetectors, light-emitting diodes
(LEDs), solar cells, gas sensors, and transparent conductive
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effective due to its higher oxidation state compared to Zn?",
despite its larger ionic radius (0.080 nm for In** vs. 0.074 nm
for Zn**) [11]. In-doped ZnO (IZO) thin films exhibit
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improved conductivity and optical transparency, making
them suitable for transparent electrode applications [12].
Similarly, tin (Sn*") doping has been explored owing to its
smaller ionic radius (0.069 nm), which facilitates substitution
at Zn** sites, thereby enhancing n-type conductivity [13].
However, high doping concentrations often lead to solubility
limits, carrier scattering, and structural distortions, which
degrade electrical performance [14].

To overcome these limitations, codoping—
simultaneous incorporation of two or more dopants—has
been proposed as an effective approach. Codoping can
compensate for lattice strain, improve dopant solubility, and
optimize charge carrier concentration by balancing donor and
acceptor defects [15]. For instance, Al-Ga, In-Ga, and Al-In
codoped ZnO systems have demonstrated superior electrical
and optical properties compared to their singly doped
counterparts [16—-18]. In particular, the Sn-In codoping
strategy is of significant interest due to the complementary
roles of Sn** (smaller ionic radius, higher charge state) and
In?** (larger ionic radius, trivalent state) in modifying ZnO’s
electronic structure. Theoretical and experimental studies
suggest that Sn-In codoping can enhance carrier mobility by
reducing ionized impurity scattering while maintaining high
optical transparency [19, 20].

Several deposition techniques have been employed to
fabricate doped ZnO thin films, including sputtering, pulsed
laser deposition (PLD), molecular beam epitaxy (MBE), and
chemical vapor deposition (CVD) [21, 22]. However, these
methods often require high vacuum conditions, sophisticated
instrumentation, and elevated costs, limiting their scalability.
In contrast, chemical solution deposition techniques, such as
sol-gel and spray pyrolysis, offer a low-cost, scalable, and
facile route for thin-film synthesis [23]. Spray pyrolysis, in
particular, allows for precise stoichiometric control, uniform
film deposition, and compatibility with large-area substrates
[24]. The properties of spray-deposited ZnO films are highly
influenced by precursor chemistry, solvent selection, and
doping concentration. For example, methanol-water mixtures
have been reported to enhance film morphology and
crystallinity compared to aqueous solutions, as they facilitate
better precursor dissociation and reduced surface tension
during droplet formation [25].

Despite the growing interest in codoped ZnO systems,
studies on Sn-In codoped ZnO (SIZO) thin films remain
limited. Liu et al. [26] fabricated amorphous In-Sn-Zn-O (a-
ITZO) thin-film transistors (TFTs) via ultrasonic spray
pyrolysis, achieving high field-effect mobility (43.84
cm?V-1s™) and excellent on/off current ratios (2.26 x 108).
Similarly, Park et al. [27] reported that crystalline ITZO (c-
ITZO) TFTs exhibited superior electron mobility and device
stability compared to their amorphous counterparts. Sun et al.
[28] employed high-power impulse magnetron sputtering to
deposit ITZO films, observing that crystallinity and carrier
mobility improved with increasing pulse-off time, reaching a
resistivity of 4.07 x 107 Q-cm and a carrier concentration of
1.25 x 10 cm™3. Su et al. [29] further enhanced the
performance of In-Zn-Sn-O (IZTO) TFTs by nitrogen doping,
achieving a saturation mobility of 35.1 cm?V~'s! and a

threshold voltage of 0.4 V. Tiwari et al. [30] investigated sol-
gel-derived Sn-In codoped ZnO films, observing a reduction
in bandgap and optimized optoelectronic properties at a 1:3
at.% Sn-In ratio.

In our previous work on Fe-In codoped ZnO thin films
[31], we demonstrated that the choice of solvent (methanol-
water vs. pure water) significantly influences film
morphology and defect-related photoluminescence. Building
on these findings, the present study explores the structural,
morphological, optical, and photoluminescence properties of
spray-deposited Sn-In codoped ZnO thin films, with a focus
on the interplay between doping concentration and defect
engineering. We systematically vary the Sn doping level (1—
5 at.%) while maintaining a fixed In concentration (3 at.%)
to elucidate the effects of codoping on crystallographic
orientation, nanoparticle morphology, bandgap modulation,
and defect-mediated luminescence.

The novelty of this work lies in its comprehensive
investigation of Sn-In codoping effects using a simple,
scalable spray pyrolysis technique, with particular emphasis
on defect-related optical transitions. By correlating XRD,
FESEM, UV-Vis, and PL results, we provide insights into
how Sn-In codoping modifies the microstructure and
optoelectronic behavior of ZnO. The findings are expected to
contribute to the rational design of codoped ZnO thin films
for optoelectronic and transparent conductive applications,
bridging the gap between fundamental research and
industrial implementation.

2. EXPERIMENTAL DETAILS

The Sn-In codoped ZnO (SIZ0O) thin films were deposited on
chemically cleaned glass substrates using a spray pyrolysis
technique. A 0.1 M precursor solution was prepared by
dissolving zinc acetate dihydrate [Zn(CHsCOO);-:2H-0] in a
methanol-deionized water mixture (3:1 volume ratio). For
codoped samples, indium trichloride (InCls) and stannous
chloride dihydrate (SnCl.-2H.0O) were added to the precursor
solution to achieve Sn-In doping concentrations of 1-3 at.%
(S1ZO1), 3-3 at.% (SIZO3), and 5-3 at.% (SIZOS),
respectively. The solution was sprayed onto substrates heated
to 350 °C using compressed dry air as the carrier gas. Post-
deposition, all films were annealed at 500 °C for 2 hours in a
muffle furnace to improve crystallinity.

The structural properties were analyzed using X-ray
diffraction (XRD, Rigaku ULTIMA IV) with Cu-Ka
radiation (A = 1.5406 A). Surface morphology and elemental
composition were examined via field-emission scanning
electron microscopy (FESEM, Zeiss Supra 55) coupled with
energy-dispersive X-ray spectroscopy (EDX, Oxford
Instruments). Optical transmittance spectra (300-800 nm)
were recorded wusing a UV-Vis spectrophotometer
(Systronics), and the optical bandgap was determined using
Tauc’s plot method. Photoluminescence (PL) spectra were
acquired at room temperature using a fluorescence
spectrophotometer (Edinburgh FLS-980) with a 350 nm
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excitation wavelength. Film thickness was measured
gravimetrically, and the absorption coefficient (o) was
calculated from transmittance data. All characterizations
were performed at ambient conditions to ensure consistency

3. RESULTS AND DISCUSSION

X-ray powder diffraction (XRD) is a rapid, basic
nondestructive analytical technique essentially used for
phase identification of a finely ground, homogenized
materials those are wholly, or partially crystalline in nature.
It can provide information on unit cell dimensions. The XRD
patterns of all thin film samples are represented in Figure 1.
The peaks in the patterns are assigned to the Miller indices
according to ICDD JCPDS card No. 36-1451 that
corresponds to zincite phase. In case of ZnO film, X-rays are
diffracted along two principal directions i.e. (002) and (101).
High intensity along (002) direction compared to (101)

indicates that most of the crystallites are oriented along c-axis.

However, in codoped samples, the crystallites get oriented
also along other directions. In other words, codoping favors
more the polycrystalline nature of ZnO. All the peaks in the
diffraction patterns indicate that Sn*" ions are incorporated
into ZnO either at Zn*" sites or interstitial sites without
altering the parent crystal structure.

At low codoping concentrations i.e. in SIZO1 and
SIZO3, most intense peak becomes (101) along with
appearance of other peaks like (100), (102), (110), (103) and
(112) in the diffraction patterns. In SIZOS, the peak along
(002) acquires the most intensity; however, increase of
intensity for other peaks is also noticeable. Various structural
parameters like texture coefficient, crystallite size, lattice
spacing, lattice constants, dislocation density and lattice
strain are calculated using equations mentioned elsewhere
[21, 22]. These values are provided in Table 1.

Looking at the texture co-efficient, ZnO is said to be
preferentially oriented along (002) plane as TC > 1 indicates
preferential orientation, otherwise random orientation. When
Sn doping level increases, TC for (002) decreases and most
crystallites get oriented along (101) in SIZO1 and SIZO3.
However, in SIZO5 sample, again (002) orientation is
favored most and also (100) orientation to some extent at the
cost of (101) orientation. This change in particle orientations
is attributed to the induced stress as a result of difference in
ionic radii of Zn and Sn [23]. Others attribute it to the
decrease in mobility of Zn and O atoms with more presence
of Sn atoms [24]. The mechanism of favoring particle growth
along a particular plane i.e. (002) in this case suggests
minimization of surface free energy along that plane. It is also
supported by the fact that crystallite size decreases with
higher Sn doping concentration. This may occur due to the
increase in nucleation sites at the time of growth of the film
and also may occur due to increase in lattice defects as a
result of the size difference between Sn*" and Zn*" ions [25,
26].

The calculated interplanar spacing for different set of

planes are slightly larger than bulk ZnO (JCPDS 36-1451)
and it is expected as the crystallites in thin films are stressed.
Further, the interplanar spacing decrease with increase in Sn
doping concentration. Since the radius of Sn** ion is smaller
than that of Zn?" ion, it may be assumed Sn*' ion replaces
Zn*" ion easily leading to decrease in interplanar spacing. It
is also observed that the lattice parameters decrease with Sn
concentration in the codoped samples. Dislocation density
and lattice strain increase when Sn doping concentration
increases. The obtained high strain is in line of expectation in
spray pyrolytic thin films. It is related to formation of point
defects (vacancies and site disorders), dislocations, and
extended defects [20]. From these observations, it is
understood that the difference in the oxidation state and ionic
radii of the dopants (In**, Sn*") and the host (Zn>") atoms as
well as the doping efficacy has induced such variations in the
unit cell parameters.

(002)

(100) (101 51205

(102)
(110)
(103

(112)

SIZO3

Intensity (a.u.)

SIZO1

Zn0O

10 20 30 40 50 60 70
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Fig. 1. X-ray diffraction patterns of ZnO, SIZO1, SIZO3 and
SIZOS5 thin films.

The surface morphology of thin films was probed by FESEM
and EDXA. It may be noticed that the surface morphology of
thin films undergoes a change with doping. Nanoparticles
with spherical morphology are uniformly distributed in ZnO
thin film as shown in Figure 2(a). The shape of the
nanoparticles changes to that of spindles in SIZO1 as shown
in Figure 2(b). Presence of voids may be also noticed on the
surface.
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Table 1. Structural parameters of ZnO, SIZO1, SIZO3 and SIZOS thin films.

Sample Miller Texture Crystallite  Lattice Lattice Dislocation Strain (o)
name indices coefficient size (D) spacing Parameters Density () x1073
(hkl) (TO) nm @A c a x10' ¢m?
A A)

ZnO (002) 1.85 35.8 2.620 5.241 3.270 7.79 3.29
(101) 0.15 28.7 2.491 12.13 391

SIZO1  (100) 0.58 28.8 2.834 12.08 4.43
(002) 1.03 329 2.617 5.235 3.267 9.19 3.57
(101) 1.39 313 2.492 10.19 3.58

SIZO3  (100) 0.43 26.8 2.823 13.91 4.74
(002) 0.82 344 2.611 5.222 3.260 8.45 3.42
(101) 1.73 339 2.486 8.67 3.29

SIZO5  (100) 0.95 28.2 2.824 12.60 4.51
(002) 1.71 30.1 2.603 5.206 3.261 11.03 3.89
(101) 0.63 24.7 2.483 16.37 4.52

Further increase of Sn doping concentration to 3 at. % Figure 2(c). In SIZOS5, the ZnO nanoparticles acquire a
(SIZ0O3) reduces the elongated dimension of nanospindles completely distorted arbitrary shape with wide size variations
leading to overall reduction of particle sizes as shown in  and shown in Figure 2(d).

(%
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Fig. 2. FESEM images of (a) ZnO, (b) SIZO1, (c) SIZO3 and (d) S1ZO5 thin films.
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Fig. 3. EDXA spectra of (a) ZnO, (b) SIZO1, (c) SI1ZO3 and (d) S1ZO5 thin films.

The elemental distribution in the samples was analyzed by
recording EDX spectra. The recorded spectrum for each film
and average concentrations (at. %) of constituent elements
are shown in Figure 3. It is observed that oxygen
concentration is more in comparison to that of zinc in all
films. However, this difference in concentration of O and Zn
is reduced in codoped samples. The deviation in the
concentration of In and Sn in the EDXA data from the actual
doping concentration may be due to the semi quantitative
nature of the EDX analysis technique.

With increasing Sn doping concentration, particle size
decreases which follow a similar variation trend as in
crystallite size (measured from XRD patterns). The reduction
of particle size may be as a result of availability of a greater
number of nucleation sites and the interruption of particle
growth by stress due to size difference between Zn>* and Sn**
ion. By using ImagelJ software and by fitting with Gaussian
distribution function, the average particle size of each sample
was estimated. The mean particle size and full width half
maximum for size variation are provided in Figure 4 as inset.
It tells that particle size decreases marginally with doping
concentration. Due to smaller size of Sn*' than Zn*' ions,
there may be lattice distortions upon substitution. Further, the

Sn*" ions may act as nucleation sites, and reduce the energy
required for particle formation. Thus, increasing Sn doping
concentration may lead to smaller particles along with
variation of particle morphology.

The optical transmittance spectra of all samples
recorded in the wavelength range 300-800 nm are
represented in Figure 5. The transmittance at 550 nm
decreases from 99% in case of ZnO to 83% in case of SIZO5.
This is often attributed to increase of scattering of photons by
defects created by doping [23], however, grain boundary
scattering may be the reason as there is change in
nanoparticle shape and size with doping.

The absorption coefficient (), incident photon energy
(hv) and the optical bandgap (E,) are related with each other
by Tauc relation which is written as:
(ahv ) =A(hV—Eg) (1
Where A4 is the constant.

Thus, the band gap of each film can be known from the
intercept made by extrapolated linear portion of

(ah V)Z ~hv ploton hv - axis as depicted in Figure 6.
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Fig. 4. Particle size distribution in (a) ZnO, (b) SIZO1, (c) SIZO03 and (d) S1ZO5 thin film.

For this purpose, the absorption coefficient (o) was
calculated by using Beer-Lambert law [27] given by:

e In(%j/

Where T'is the transmittance and ¢ is the thickness of the film.
Average thickness (7) of each thin film was determined by
following gravimetric weight difference method.

Pure ZnO film is found to have band gap of 3.28 eV that
decreases to 3.21 eV for SIZO1. The band shrinkage effect
may be the reason for decreasing band gap. Sn may be
causing development of new type recombination centers
possessing lower emission energies [28]. The marginal
increase in the band gap for higher doping level (SIZO3 and
SIZ0O5) may be ascribed to the shifting of Fermi level which
occurred as a consequence of increasing carrier concentration
due to substitution of Zn>* ions by Sn*" ions [29].

Photoluminescence emission spectra of all the samples
were measured at room temperature in the wavelength range
from 370-700 nm by exciting at 350 nm and shown in Figure
7. A strong UV emission peak at 393 nm (3.15 eV) is
observed for all the films whose origin is referred to excitonic
recombination or near band edge emission (NBE) in ZnO
[26]. Besides NBE peak, other emissions at 440 nm (2.82 eV),
450 nm (2.75 eV), 467 nm (2.65 eV), 480 nm (2.58 nm), 490
nm (2.53 eV), 510 nm (2.43 eV), 650 nm (1.91 eV) and 670
nm (1.85 eV) are seen in case of all the films.
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Fig. 5. Optical transmission spectra of ZnO, SIZO1, SIZO3
and SIZOS thin films.
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These peaks correspond to electronic transitions associated
with different types of intrinsic defects. If the emission
intensities in all samples are compared, it may be noticed that
though there is no change in peak positions, there is a
quenching effect in SIZO1 sample.

130 | ChemSci Advances, 2025, Vol. 2, No. 2, 125-135

© Ariston Publications 2025. All rights reserved.



Bijayalaxmi Sahoo et al. Impact of Sn-In codoping on structural, morphological, and optoelectronics properties of spray-deposited ZnO thin films

1.00x10"
1.5%10" = - SIZO1
—&— S|Z03
~E1.0x1o‘°- i S|Z05
7.50x10° 4 3
E 5.0x10" 2
- E/
N S
=] 0.0 - g . y
§ 5.00x1 010 = 3.15 :k.zlt:hm“iz‘:rw S vs),so 3.35 . /
)
=
K o=
K-
2.50x10" =
o
0.00 Jemis==i=—i—"0"7 7/ .
3.15 3.20 3.25 3.30 3.35

Photon energy (eV)

Fig. 6. Tauc’s plot for ZnO (Inset), SIZO1, SIZO3 and SIZOS thin films.
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Fig. 7. Photoluminescence emission spectra of ZnO, SIZO1, SIZO3 and SIZOS thin films (exciting wavelength 350 nm).
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Table 2. Thickness, Absorption coefficient and Band gap of ZnO, SIZO1, SIZO3 and SIZOS5 thin films.

Sample code Thickness (7) Abs. coefficient () Band gap (Ey)
in nm at A =550 nm in eV
Zn0O 650 2.92x107° 3.28
SIZO1 530 3.35x10* 3.21
SI1Z03 400 3.28x10* 3.22
SI1Z05 480 3.45x10* 3.23

However, in SIZO3 and SIZOS5, the emission intensity
increases. The decrease in excitonic emission peak is
attributed to the non-radiative transition or formation of new
recombination centers [30, 31]. However, the quenched
emission spectrum in SIZO1 may also be due to less density

of intrinsic defects possibly caused by low level of Sn doping.

There are divergent views among researchers about the
origin of visible emissions in ZnO. For instance, according to
Tiwari et al., the peak at 440 nm is attributed to the zinc
interstitials (Zn;) and incorporation of Sn*' ion into ZnO
lattice causes the enhancement of this peak [32]. The peak at
450 nm and 467 nm are associated with zinc vacancies (Vzn)
and singly ionized oxygen vacancies (Vo') [33]. The peak at
480 nm originates due to electronic transition from a shallow
donor state (Zn;) to a deep acceptor state (Vzn). The emissions
at 490 nm and 510 nm are related to oxygen vacancies [34].
When a photogenerated hole recombines with electron of the
singly ionized oxygen (Vo) vacancies in the surface lattices
of the ZnO, deep level emission (DPE) occurred which may
be related to the green emission [29]. The radiative
transitions between shallow donors (related to Vo) and deep
acceptors (Vzn) may be also related to the green emission
[35]. The red emission peak at 650 nm and far-red emission
peak at 670 nm have been assigned to zinc interstitial (Zn;),
zinc/tin vacancies (Vzn/Vsn), residual strain, crystal defects
or Zn/Sn stoichiometry [36]. Table 2 summarizes the
thickness, absorption coefficient (o), and optical bandgap
(Eg) of undoped ZnO and Sn-In codoped ZnO (S1ZO) thin
films. The undoped ZnO film exhibits the highest thickness
(650 nm), which decreases to 530 nm for SIZO1 (1 at.% Sn)
and further reduces to 400 nm for S1ZO3 (3 at.% Sn), before
slightly increasing to 480 nm for SIZO5 (5 at.% Sn). This
variation in thickness is attributed to changes in nucleation
and growth kinetics induced by Sn-In codoping.

The absorption coefficient (a) at 550 nm increases
significantly from 2.92x107¢ (ZnO) to 3.35x10~* (SIZO1),
indicating enhanced light absorption due to defect states
introduced by doping. While a remains relatively stable for
SIZ03 (3.28x107*) and SIZOS (3.45x107*), the higher values
compared to ZnO suggest persistent defect-mediated
absorption. The bandgap of ZnO (3.28 eV) narrows to 3.21
eV for S1ZO1, likely due to band-tailing effects from
impurity states. However, with increasing Sn concentration
(S1Z03 and S1Z05), the bandgap slightly increases to 3.22—
3.23 eV, possibly due to the Burstein-Moss effect, where
higher carrier concentrations fill conduction band states,
leading to an apparent widening of the gap. These trends
highlight the tunability in the optical properties of ZnO via

Sn-In codoping.

In our earlier report for Fe-In codoped ZnO thin films
[21], similar peaks at 393 nm, 450 nm, 467 nm, 480 nm, 510
nm are obtained as in case of SIZO thin films. An additional
peak at 415 nm is seen that may correspond to transitions of
electrons from conduction band to zinc vacancies. Following
these attributions, it looks inconclusive as samples are
deposited in O-rich conditions while decrease of oxygen
vacancies also leads to increase of Zn vacancies. However, it
is certain that the defects like interstitials and vacancies are
the major contributors by some means to the luminescence
properties of ZnO. The extrinsic dopants only influences the
density of these various defects, thereby the nature of the
photoluminescence spectrum in each sample. In this scenario,
if the energy levels of various intrinsic defects in ZnO based
on different theoretical calculations [37, 38] and the proposed
transition mechanism [39] are considered by assuming that
there is slight deviation in the energy of the intrinsic defects
within limit, then the visible emissions observed in these
samples may be related to the electronic transitions as 440
nm (from exciton level to Vz,), 450 nm (from exciton level
to Oj), 467 nm/480 nm (from Zn; to Vzn), 490 nm/510 nm
(from Zn; to O;), 650 nm (from Zn; to Oz, or from VoZn; to
Vz,) and 670 nm (conduction band to Ozy).

4. CONCLUSION

This study systematically explored the effects of Sn-In
codoping on the microstructure, morphology, optical
absorption, and photoluminescence properties of ZnO thin
films deposited via spray pyrolysis. XRD analysis confirmed
the hexagonal wurtzite structure of ZnO, with codoping
inducing a shift in preferential crystallographic orientation
from (002) in undoped ZnO to (101) in SIZO1 and SIZO3,
followed by a partial reversion to (002) in SIZOS5. This
transition is attributed to lattice strain and altered growth
kinetics due to the incorporation of Sn** and In** ions.
FESEM revealed a progressive evolution in nanoparticle
morphology—from spherical (ZnO) to spindle-shaped
(S1ZO1) and finally to irregular nanostructures (SIZO3 and
SIZO5)—indicating that higher Sn concentrations disrupt
particle growth uniformity, likely due to increased nucleation
sites and lattice distortion. Optical studies demonstrated
bandgap narrowing from 3.28 eV (ZnO) to 3.21 eV (SIZO1),
suggesting band-tailing effects induced by defect states. The
marginal increase in bandgap for SIZO3 and SIZO5 may
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arise from Burstein-Moss shift due to enhanced carrier
concentration. Photoluminescence spectra exhibited a
dominant near-band-edge emission at 393 nm, alongside
defect-related emissions (440—670 nm) linked to transitions
involving zinc vacancies (VZn), oxygen interstitials (Oi), and
zinc interstitials (Zni). The PL quenching in SIZO1 implies
suppressed non-radiative recombination, while intensified
emissions in SIZO3 and SIZO5 suggest increased defect
density at higher Sn concentrations. The findings underscore
the efficacy of Sn-In codoping in tailoring the structural and
optoelectronic properties of ZnO. The tunable bandgap and
defect-mediated  luminescence  highlight  potential
applications in UV photodetectors, light-emitting diodes, and
transparent conductive oxides. Future work should focus on
optimizing doping ratios to enhance electrical conductivity
while minimizing defect-induced scattering, thereby
advancing the utility of codoped ZnO in next-generation
optoelectronic devices.
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