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INFLUENCE OF ANNEALING TEMPERATURE AND ATMOSPHERE
ON THE MORPHOLOGY AND LUMINESCENT PROPERTIES
OF NANOSTRUCTURED MATERIALS
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The aim of the study was to determine how the temperature and gaseous environ-
ment of annealing affect the morphological and luminescent properties of nano-
structured zinc oxide (Zn) -based materials. The study was carried out in Ukraine
at the National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic In-
stitute”. The methodology included chemical deposition from aqueous solutions
followed by thermal annealing at 300, 500, and 700 °C in air, nitrogen, and argon.
The morphology was analysed by scanning electron microscopy (SEM), the crys-
tal structure by X-ray diffraction (XRD), and the luminescence spectra by photo-
luminescence (PL) spectroscopy. The results showed an increase in particle size
with increasing temperature, regardless of the atmosphere, with a minimum (~45
nm) at 300 °C in argon and a maximum (~112 nm) at 700 °C in air. With increasing
temperature, the coverage density decreased, especially under inert conditions,
due to nanoparticle aggregation. Correlation analysis showed a strong negative
relationship between particle size and emission intensity (=-0.89) and a positive
correlation between coverage density and PL brightness (r=0.76). Thus, it was
established that high-temperature annealing in an oxygen atmosphere most ef-
fectively improves the luminescent characteristics of ZnO for optoelectronic and
sensor applications. The results are of practical significance for the development
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of high-efficiency optoelectronic and sensing devices.

Introduction

ZnO, as a nanostructured material, has attracted
increased attention from the scientific community over
the last two decades (2000-2020) owing to its unique
combination of electronic, optical, and morphological
properties, which are key to a wide range of applications,
in particular in optoelectronics, photocatalysis, biosens-
ing, and luminescent devices. Of considerable scientific
interest is the possibility of regulating these properties
by controlling the technological parameters of synthesis
and heat treatment. One of the key stages in forming the
target characteristics of ZnO is thermal annealing, which
affects the structure, structural defects, crystallinity, and,
as a consequence, the luminescent efficiency of the ma-
terial. Despite the large number of studies in this field,
several unresolved issues remain related to the relation-
ship between the annealing conditions — particularly tem-
perature and gaseous atmosphere — and the resulting
morphological and optical properties of ZnO nanostruc-
tures.

A crucial scientific task is to clarify the regularities that
describe the influence of different annealing atmospheres

on nanoparticle aggregation and the stability of the lumi-
nescent response. This problem is particularly important
in cases where it is necessary to ensure high emission
brightness while maintaining a nanoscale structure. Va-
sin et al. [1] investigated the influence of inert and oxidis-
ing gases on the luminescence of ZnO, showing that in
argon, there is an increase in defect luminescence due
to limited repassivation of surface states. However, the
results obtained showed variability depending on tem-
perature, which complicates the formulation of unambig-
uous generalisations. Thus, there remained a need for
a comprehensive analysis of morphology and spectral
characteristics under strictly controlled conditions.
Another critical problem is the dependence of crystal-
lite and particle size on annealing temperature and the
influence of this parameter on the quality of the crystal
lattice [2-5]. Michailovska et al. [6] demonstrated that in-
creasing temperature promotes crystallite growth and a
reduction in defects in the structure, but these observa-
tions were made only under air-atmosphere conditions,
which limits the robustness of the conclusions. In ad-
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dition, the influence of changes in coating morphology
on functional properties such as PL was not analysed,
which limits a comprehensive understanding of the inter-
disciplinary relationships in material behaviour.

The literature often contains the hypothesis of an in-
verse correlation between nanoparticle size and PL in-
tensity [7]. However, confirmation of this statement re-
quires precise quantitative analysis. Kryshtab et al. [8]
carried out a correlation study between the morphologi-
cal and optical parameters of ZnO obtained by different
synthesis methods, but the absence of systematic varia-
tion of thermal-treatment conditions limited the scope of
the information obtained. Moreover, changes in cover-
age density were not taken into account, which, as later
emerged, significantly influence collective optical effects.

Another problem concerns the role of the annealing
atmosphere in forming the defect structure of ZnO. For
example, in reducing or inert conditions, oxygen vacan-
cies (V_O) or other defects may form, which substan-
tially alter the material’'s spectral properties. Talla et al.
[9] examined the mechanisms of formation of such de-
fects and showed that the intensity depends not only on
temperature but also on the cooling rate after annealing.
However, the approach was based on modelling, with-
out experimental confirmation over a wide temperature
range, which leaves room for practical verification.

A pressing issue remains the optimisation of the
structural order of the material without a concomitant in-
crease in particle size, which is particularly important for
the development of efficient nanomaterials. Buryi et al.
[10] investigated the influence of stepwise temperature
increase on the crystallinity of ZnO, finding that gradual
annealing contributes to a reduction in the size of de-
fective regions. However, the absence of analysis of the
morphological consequences of such regimes and the
impact on the coating did not allow a complete picture to
be formed of the relationships between the micro- and
nanoscale levels of structure.

Another line of research is the evaluation of the effec-
tiveness of different atmospheres in ensuring high emis-
sion brightness with minimal peak broadening. Desouky
and Abou-Helal [11] compared the PL properties of ZnO
after annealing in nitrogen and oxygen, pointing to the
advantages of oxidising conditions. However, the study
lacked information on the morphology of the samples,
and it did not consider how particle size correlates with
the width and shape of spectral peaks.

The problem of consistency between the morpho-
logical, structural, and optical characteristics of ZnO still
remains relevant. Sharma and Sahare [12] in their stud-
ies focused on spectral analysis, finding a relationship
between the width of the UV peak and the level of order
of the crystal lattice. However, the results were obtained
on the samples synthesised by the hydrothermal growth
method, which significantly limits the extrapolation of the
conclusions to other methods of obtaining nanostruc-
tures.

Finally, a key problem is the insufficient number of

58

studies in which the morphological, crystalline, and lumi-
nescent properties of ZnO are analysed simultaneously
under the influence of different annealing temperatures
and atmospheres. Rosell6-Marquez et al. [13] attempted
a comprehensive analysis of the morphological, crystal-
line, and luminescent properties of ZnO, but the analysis
was fragmentary: correlation dependencies between the
parameters were not taken into account, and the optimal
conditions for achieving high PL efficiency while main-
taining a nanoscale structure remained undefined.

Considering the above research limitations, a sys-
tematic study becomes relevant that will make it pos-
sible to establish clear relationships between annealing
temperature, gaseous atmosphere, and the resulting
morphological and luminescent characteristics of na-
nostructured ZnO. For this reason, the aim of the study
was to determine the influence of the temperature and
composition of the thermal-annealing atmosphere on the
morphology and luminescent properties of nanostruc-
tured oxide materials based on ZnO. The objectives of
the study included the analysis of coating morphology,
the determination of crystal structure, the investigation of
PL spectra, and the establishment of statistical correla-
tions between the obtained parameters.

Materials and methods

The research was conducted from March to Novem-
ber 2023 at the Department of Solid State Physics, Na-
tional Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute” (Kyiv, Ukraine) [14]. The study
was conducted at this institution, which is equipped with
modern facilities for nanostructural analysis, as well as
specialised laboratories, providing a full cycle of stud-
ies — from synthesis to spectroscopic and morphologi-
cal assessment. The samples were synthesised by a
hydrothermal method from aqueous solutions under
controlled parameters: reaction temperature, reaction
duration, reagent concentrations, and the pH of the me-
dium. The starting solutions were prepared from zinc
nitrate Zn(NQ,),-6H,0 (Sigma-Aldrich, USA) and hexa-
methylenetetramine C,H,,N, (Merck, Germany) at a con-
centration of 0.05 mol/L, dissolved in deionised water.
The synthesis was carried out at 90 °C for 5 hours in
sealed heat-resistant Teflon autoclaves with a volume of
250 ml. After synthesis, the samples were washed with
deionised water and dried at 60 °C in a Memmert UF55
drying oven (Germany). The synthesis resulted in the
formation of ZnO nanoparticles. The samples for struc-
tural and optical characterisation were prepared from the
obtained ZnO nanoparticles as powder-derived layers.
After drying, the nanopowders were gently dispersed
in ethanol and deposited onto clean silicon substrates
by drop-casting, followed by drying at room tempera-
ture, resulting in discontinuous nanoparticle layers with
varying surface coverage. All SEM observations and PL
measurements were performed on these layers, while
XRD analysis was carried out on the corresponding pow-
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der samples to avoid the influence of substrate-related
signals. The term “coverage density” in this study refers
to the relative surface filling observed in SEM images
and is used as a morphological descriptor rather than
a parameter of controlled thin-film deposition. Annealing
was performed at temperatures of 300, 500, and 700°C
for 60 minutes in three different atmospheric conditions
— air, nitrogen, and argon. To ensure inert conditions, a
Nabertherm RHTH 120/300/16 (Germany) tube furnace
was used with gas delivery at a flow rate of 100 ml/min,
controlled by a Bronkhorst EL-FLOW (Netherlands)
mass flow controller.

The surface morphology was studied by SEM using a
JEOL JSM-7001F (Japan) microscope with an accelerat-
ing voltage of 15 kV, and the grain size was analysed us-
ing Imaged software (National Institutes of Health, USA)
[15] on the basis of images of at least three replicas of
each sample. The crystal structure was assessed by
XRD on a Rigaku Ultima IV (Japan) diffractometer using
CuKa radiation (A=1.5406 A); scanning was carried out
in the range of 26 from 20° to 80° at a speed of 2°/min at
a voltage of 40 kV and a current of 30 mA.

The luminescent characteristics were studied on
an Edinburgh Instruments FLS1000 (United Kingdom)
spectrophotometer in the spectral range 300-800 nm;
excitation was performed at a wavelength of 325 nm
using a laser with a power of 50 mW. The PL spectra
were recorded at room temperature; each sample was
analysed at least three times to ensure the reliability of
the results. Additionally, changes in the intensity and full
width at half maximum of the emission peaks as a func-
tion of annealing temperature and type of gaseous at-
mosphere were studied.

For the statistical processing of the experimental
data, OriginPro 2021 (OriginLab Corporation, USA) [16]
was used. The morphological characteristics (average
particle diameter, size dispersion, coverage density)
were calculated on the basis of SEM-image analysis by
measuring at least 100 nanoparticles for each sample.
The average particle size ( X) was calculated according
to the standard formula (1):

where: X— the average particle diameter, x,—the diameter
of the i-th particle, n — the number of measured particles.

On the basis of formula (1), the average particle di-
ameters were calculated. Similarly, to assess the varia-
tion of particles, the dispersion (0?) (2) was used:

02 =230, (x; — ©)?
where: 02 — the dispersion, X— the average particle diam-
eter, x, — the diameter of the i-th particle, n — the number
of measured particles.

In order to assess the reliability of the results, for
each parameter the standard deviation (o) and the 95%

confidence interval were also determined, which made it
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possible to take into account the natural variability of the
morphological indicators.

The spectral characteristics (maximum luminescence
intensity, full width at half maximum, integral intensity)
were evaluated by integrating and approximating the ex-
perimental curves using the Gaussian function (3):

I(A) = Lexp (—(,12—0,10)2)

where: I(A) — the emission intensity at wavelength A, /;
— the maximum intensity (peak amplitude), A, — the posi-
tion of the maximum, o — the parameter related to the
peak width.

According to the formula (3), the full width at half max-
imum (FWHM), the position of the maximum (A,), and the
area under the curve corresponding to the integral emis-
sion intensity were determined. These parameters were
used in constructing spectral comparisons.

To reveal statistically significant differences between
series of samples annealed at different temperatures
and in different atmospheric conditions, one-way analy-
sis of variance (ANOVA) was applied, after which Tuk-
ey’s test was used for multiple comparison of groups at a
significance level of p<0.05. To reveal the correlation be-
tween morphological parameters (particle size, degree
of aggregation) and luminescent properties (intensity,
peak positions), the Pearson correlation coefficient was
calculated with the corresponding significance estimate
(p<0.05).

Results

As a result of the SEM analysis, the morphological
parameters of the nanostructured ZnO samples after
heat treatment at temperatures of 300 °C, 500 °C, and
700 °C in three different gaseous atmospheres — air, ni-
trogen, and argon — were determined. SEM images of
ZnO nanoparticles under all annealing conditions are
presented in Figure 1.

The Table 1 summarises the average nanoparticle
diameter, size dispersion, and substrate coverage den-
sity. The data indicate a regular increase in particle size
with an increase in annealing temperature, regardless of
the atmosphere. The smallest particles (~45 nm) were
recorded after annealing in argon at 300 °C, whereas
the largest (~112 nm) were recorded at 700 °C in an air
atmosphere. At the same time, the coverage density de-
creased with rising temperature, particularly noticeably
under inert conditions (nitrogen, argon), which indicates
an increase in nanoparticle aggregation. The particle
size dispersion was highest at 700 °C in air, indicating
inhomogeneous crystal coalescence in this series of
samples (Table 1).
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Figure 1. SEM images of ZnO nanoparticles showing morphological evolution under different annealing

conditions

Table 1. Morphological parameters of ZnO nanostructures after annealing under different conditions

Temperature (°C) Atmosphere Average diameter (nm) Dispersion (nm?) d:z:ii;a?’}:)_
300 Air 5215 45 86
300 Nitrogen 4814 41 89
300 Argon 45+3 39 91
500 Air 7616 59 72
500 Nitrogen 7115 53 75
500 Argon 6815 50 78
700 Air 112+9 84 54
700 Nitrogen 97+8 72 61
700 Argon 90+7 67 66

Source: compiled by the authors.

The analysis of the morphology of ZnO nanostruc-
tures after thermal annealing revealed a significant
dependence of nanoparticle parameters on the tem-
perature and gaseous environment of treatment. At a
temperature of 300 °C, under all conditions, there was
a predominantly isolated granular morphology with parti-
cles of spherical or slightly ellipsoidal shape. The small-
est average particle sizes (45+3 nm) were obtained in
an argon atmosphere, indicating reduced mobility and
limited coalescence in an inert environment. Under nitro-
gen conditions, the average size was 4814 nm, whereas
in air it was slightly larger, 5245 nm. The size dispersion
in this temperature group remained low (up to 45 nm?),
indicating a high uniformity of the synthesised structures.
The substrate coverage density ranged from 86% to
91%, indicating efficient deposition and the formation of
a continuous layer of nanoparticles.

At 500 °C, particle growth processes became no-
ticeably more active, as evidenced by an increase in
the average diameter to 766 nm (air), 71£5 nm (nitro-
gen), and 685 nm (argon). These changes indicated
thermally stimulated surface diffusion and partial grain
coalescence. The largest size increase was recorded

under conditions of oxygen access, which promotes the
intensification of oxidative-diffusion processes, acceler-
ating the aggregation of crystallites. This correlates with
a decrease in coverage density to 72% in air, indicating
an increase in the gaps between particles due to merg-
ing. Under nitrogen and argon, the coverage remained
slightly higher (75-78%), but also showed a tendency to
decrease.

The most profound morphological changes were
found at 700 °C. In this case, the coating structure sub-
stantially lost its nanostructured uniformity. In air, the av-
erage particle diameter increased to 112+9 nm and the
dispersion to 84 nm?2. This indicates uneven grain growth
with the formation of polycrystalline agglomerates of dif-
ferent sizes. The significant variability of shapes and siz-
es recorded in the SEM images confirms a high degree
of thermal coalescence, probably due to the activation
of interphase mass-transfer mechanisms under oxidis-
ing conditions. In nitrogen and argon environments, the
average size was lower — 97+8 nm and 907 nm, re-
spectively — indicating a slowdown of aggregation pro-
cesses. However, even under inert conditions, the cov-
erage density decreased significantly (to 61% and 66%),

.
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demonstrating the inevitability of coalescence at high
temperatures regardless of the composition of the gas
phase. Thus, the morphological stability of ZnO nano-
particles is ensured only under low-temperature anneal-
ing in an inert environment. An increase in temperature
promotes particle growth and a reduction in coverage
due to thermally induced aggregation, which is intensi-
fied in the presence of oxygen [17-20]. The results ob-
tained are of key importance for controlling the morphol-
ogy of ZnO in optoelectronics, where the preservation of
the nanoscale structure is critically important.

(002)

(100) (101)
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X-ray structural analysis of ZnO samples annealed at
temperatures of 300 °C, 500 °C, and 700 °C in air, nitro-
gen, and argon showed the presence of characteristic dif-
fraction maxima corresponding to the hexagonal wurtzite
structure (space group P6,mc). The most intense peaks
in all samples were the ones with interplanar spacings
corresponding to the (100), (002), and (101) planes (Fig-
ure 2), with positions of about 31.7°, 34.4°, and 36.2° in
20, respectively.
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Figure 2. XRD patterns of ZnO nanoparticles annealed at different temperatures in Air, N,, and Ar

atmospheres

Table 2. Parameters of the crystal structure of ZnO determined by the XRD method

Temperature (°C) Atmosphere Peak (002), 26 (°)  Peak width (°) Crystallite size (nm)
300 Air 34.42 0.29 26
300 Nitrogen 34.41 0.32 24
300 Argon 34.40 0.37 21
500 Air 34.44 0.25 30
500 Nitrogen 34.42 0.27 28
500 Argon 34.41 0.30 26
700 Air 34.45 0.20 38
700 Nitrogen 34.43 0.23 33
700 Argon 34.42 0.25 31

Source: compiled by the authors based on the formula (1).
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These values remained unchanged for all heat-treat-
ment conditions, indicating the stability of the ZnO phase
composition. However, with increasing temperature, peak
narrowing and a decrease in intensity were observed in
the samples treated in argon and nitrogen, whereas the
samples annealed in air showed the highest intensity and
the narrowest peaks. The calculation of the average crys-
tallite size using the Scherrer formula (1) showed an in-
crease in this parameter from ~21 nm (300 °C, argon) to

~38 nm (700 °C, air), which is consistent with the results of
the morphological analysis (Table 2).

The obtained X-ray diffractograms of ZnO samples
synthesised by the chemical deposition method and
annealed at different temperatures and under different
atmospheric conditions confirmed the retention of the
hexagonal wurtzite structure (P6,mc) in all experimen-
tal series. This indicated the high phase stability of ZnO
even at elevated temperatures up to 700 °C, regardless
of the presence of oxygen in the environment. It should
be noted that peak broadening in nanostructured ma-
terials is influenced not only by crystallinity but also by
crystallite size and microstrain, and therefore cannot be
directly interpreted as a decrease in structural order. The
main diffraction maxima — particularly the (002) peak lo-
cated in the range 26=34.40°-34.45° — maintained their
position within the limits of experimental error, which
confirmed the absence of significant changes in the lat-
tice parameters or the formation of new phases.

Despite structural constancy, a detailed analysis of
the peak widths and calculations using the Scherrer
formula (1) made it possible to identify significant differ-
ences in the degree of crystallisation. In the samples an-
nealed at 300 °C, the crystallites were the smallest: 21
nm in argon, 24 nm in nitrogen and 26 nm in air. The
broadest peaks (FWHM=0.37°) were observed in the
samples annealed in an argon environment, which re-
flects the combined effect of small crystallite size and
lattice microstrain rather than a direct decrease in crys-
tallinity. The inert atmosphere limited the mobility and
diffusion of ions, which suppressed coalescence and
domain growth, whereas the air atmosphere, with the
presence of oxygen, promoted active crystallite growth,
a reduction in internal defects, and peak narrowing [21-
24]. Raising the temperature to 500 °C led to a notice-
able growth of crystallites and a decrease in peak widths
in all environments. The effect was particularly clear for
the samples treated in air: the peak width decreased to
0.25°, and the average crystallite size reached 30 nm.
This is consistent with thermodynamically driven recrys-
tallisation and an increase in the volume of single-crystal
fragments. The samples annealed in an inert environ-
ment had smaller crystallites (26-28 nm) and broader
peaks (up to 0.30°), which indicated the preservation of
a significant level of structural defects.

The most pronounced changes were observed at
700 °C. In the samples annealed in air, the diffraction
peaks became narrower, and the calculated crystal-
lite size increased, indicating crystallite growth and im-
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proved structural ordering. This indicated almost com-
plete coalescence of small crystallites into single grains
and a reduction in the concentration of microdefects. The
samples treated in argon and nitrogen also showed im-
provements in crystal quality, although less pronounced
(crystallite sizes 31-33 nm; peak widths 0.23-0.25°). This
indicated limited grain growth in the absence of oxygen,
although the high temperature nevertheless provided
sufficient energy for lattice rearrangement. Thus, it was
established that high-temperature annealing in an oxi-
dising environment leads to the most pronounced peak
narrowing and crystallite growth, indicating improved
structural ordering, whereas inert atmospheres slow
crystallite growth, preserving the nanoscale. This is of
critical importance for applications where a combination
of high structural order and controlled nanostructure is
required — particularly in optoelectronics and sensor de-
vices.

Spectral PL analysis of ZnO samples annealed at dif-
ferent temperatures in various gaseous environments re-
vealed significant changes in the emission maximum po-
sition, intensity, and full width at half maximum (FWHM).
All samples exhibited two main luminescence bands:
a narrow peak around 380 nm corresponding to near-
band-edge emission, and a broader, less intense band
in the 510-580 nm region associated with defect-related
emission, particularly involving V_O. The intensity of
band-edge emission increased significantly with anneal-
ing temperature, reaching a maximum at 700 °C in air.
In contrast, the samples annealed in inert atmospheres
(nitrogen and argon) showed more pronounced defect-
related emission, with maxima in the 530-550 nm range.
The band-edge peak width was the smallest (FWHM =
22 nm) for the samples annealed at 700 °C in air, indicat-
ing high crystalline order and a minimal contribution of
defect states, as shown in Figure 3 and summarised in
Table 3.

A detailed spectroscopic analysis of the PL charac-
teristics of nanostructured ZnO samples annealed under
different atmospheric conditions and at varying tempera-
tures revealed significant correlations between structural
order, the defect nature of the samples, and the efficiency
of band-edge emission. All series of samples exhibited
two-component PL typical of ZnO nanostructures: a nar-
row maximum in the UV region (~379-395 nm) associ-
ated with direct interband recombination, and broadband
emission in the visible region (~510-580 nm) caused by
point defects — primarily V_O, V_Zn, and interstitial ions.

During annealing at 300 °C, a shift of the band-edge
maximum to longer wavelengths was observed — from
387 nm in the samples treated in air to 395 nm in the
samples annealed in argon. This red shift indicated
a high level of lattice structural defects, leading to the
formation of intermediate levels in the band gap, from
which recombination occurred with lower energies. The
emission intensity in this temperature group remained
low, which was related to the high concentration of non-
radiative defect states that effectively quenched radia-
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Figure 3. Photoluminescence spectra of ZnO annealed in Air, N,, and Ar

Table 3. PL parameters of ZnO samples after annealing

Temperature (°C) Atmosphere A_max (nm) Intensity (relative units) FWHM (nm)
300 Air 387 0.52 31
300 Nitrogen 393 0.47 35
300 Argon 395 0.44 38
500 Air 382 0.73 27
500 Nitrogen 388 0.65 30
500 Argon 390 0.59 32
700 Air 379 0.96 22
700 Nitrogen 385 0.78 26
700 Argon 387 0.72 28

Source: compiled by the authors based on the formula (3).

tive recombination. The FWHM, which varied from 31 to
38 nm, confirmed the presence of spectral broadening
due to structural fluctuations.

Raising the temperature to 500 °C substantially im-
proved the luminescent properties of the samples. In an
air environment, the maximum shifted to 382 nm and the
intensity increased by almost 40% compared with the
lowest values at 300 °C. This indicated active diffusion-
driven rearrangement of the crystal lattice, a reduction
in the number of deep defects, and the transition of part
of the defect centres to a passive state. In the samples
annealed in nitrogen and argon, improvements were
also observed, though less pronounced — the intensity
increased to 0.59-0.65 relative units, and the maximum
remained shifted within 388-390 nm. This indicated a
limited influence of the inert environment on the efficien-
cy of recrystallisation and defect deactivation.

The most pronounced improvement in PL was re-
corded at 700 °C. In air, the samples exhibited an emis-
sion maximum at 379 nm, corresponding to a near-ideal

Zn0O band-gap transition, and the intensity reached 0.96
relative units — the highest value among all series. This
was accompanied by the narrowest peak (22 nm), which
indicated high spectral purity and minimal participa-
tion of defect states in the recombination mechanisms.
In nitrogen and argon, a shift of the maximum into the
violet region (385-387 nm) also occurred, but with less
pronounced intensity (0.72-0.78) and peak widths within
26-28 nm. Hence, even in the absence of oxygen, high-
temperature annealing led to structural improvement,
although it did not ensure the complete elimination of
deep defects. The correlation between morphology and
luminescence manifested itself through the dependence
of intensity and peak width on the average particle size
and dispersion. The samples with the smallest size fluc-
tuations (annealed at 700 °C in air) exhibited the nar-
rowest emission, indicating reduced scattering and the
homogenisation of energy levels in the material. Thus,
the results confirmed that thermal annealing in an oxy-
gen atmosphere is the most effective tool for optimising
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the luminescent characteristics of ZnO nanostructures
for applications in photonics, sensors, and laser devices.

To identify links between the morphological and opti-
cal properties of nanostructured ZnO, Pearson correla-
tion coefficients were calculated between the main mor-
phological parameters (average particle diameter, size
dispersion, coverage density) and PL spectral character-
istics (maximum band-edge intensity, FWHM, position of
A_max). All calculations were carried out assuming nor-
mal distributions and included data for nine experimen-
tal conditions (combinations of three temperatures and
three annealing atmospheres). A high negative correla-
tion was established between the average particle size
and PL intensity (r=-0.89), which indicates that smaller
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particle sizes are associated with enhanced band-edge
emission, likely due to a higher relative contribution of
radiative recombination compared to defect-related
pathways. Size dispersion showed a positive correlation
with peak width (r=0.83), and coverage density had a
noticeable positive correlation with PL intensity (=0.76),
indicating the influence of layer homogeneity on emis-
sion efficiency. Although these correlations may appear
intuitive, the present results provide a quantitative con-
firmation of the relationship between morphological pa-
rameters and luminescent behaviour under controlled
annealing conditions, while also allowing their combined
influence to be considered rather than treated as isolat-
ed effects (Table 4).

Table 4. Pearson correlation coefficients between morphological and spectral parameters of ZnO

Significance

Parameter 1 Parameter 2 r (p)
Average particle diameter PL intensity -0.89 <0.01
Size dispersion FWHM 0.83 <0.05
Coverage density PL intensity 0.76 <0.05
Average particle diameter Maximum position (A_max) 0.68 <0.05
Size dispersion PL intensity -0.65 <0.05
Coverage density FWHM -0.61 <0.05

Source: compiled by the authors.

Correlation analysis between the morphological pa-
rameters (average particle size, dispersion, coverage
density) and the luminescent characteristics (intensity,
position of the emission maximum, peak width) of ZnO
nanostructures provided a deeper understanding of the
mechanisms that determine the efficiency and quality of
emission depending on the structural properties of the
material. One of the strongest links identified was the
negative correlation between average particle size and
PL intensity (r=-0.89, p<0.01). This indicated that with
a decrease in crystallite size, the quantum efficiency of
band-edge emission increased markedly. Such an effect
may be due to a combination of several factors: an in-
crease in specific surface area, improved spatial confine-
ment of electrons and holes, a reduction in the probabil-
ity of exciting defect levels, and a limitation of the volume
in which defects can accumulate.

Another important observation was the positive cor-
relation between substrate coverage density and PL
intensity (r=0.76, p<0.05). A high coverage density indi-
cates a homogeneous distribution of nanoparticles over
the surface, which reduces emission scattering and pro-
vides efficient pathways for excitation transfer within the
structure. Such conditions are particularly important for
sensing and emitting applications, where the uniformity
and coherence of the material directly affect the stability
and intensity of the signal. Size dispersion also showed
a strong positive correlation with the spectral peak width
(r=0.83, p<0.05). This indicated that increased morpho-
logical inhomogeneity causes a broadening of the en-
ergy levels involved in recombination, leading to reduced
monochromaticity and selectivity of the emission. Such

an effect adversely affects devices that require narrow-
band or coherent emission, in particular, laser or photo-
detector components.

Additionally, the correlation found between the aver-
age diameter of nanoparticles and the position of the
emission maximum (r=0.68, p<0.05) cannot be attrib-
uted to quantum confinement, since the particle sizes in
this study (30-100 nm) are significantly larger than the
exciton Bohr radius of ZnO (~2-3 nm). Instead, the shift
of the emission maximum is more likely associated with
variations in defect structure and surface states, which
influence the recombination pathways. This makes it
possible to tune the spectral position of the emission by
changing the crystallite sizes, which is relevant for creat-
ing light sources with a tailored wavelength. On the other
hand, the negative correlation between dispersion and
intensity (r=-0.65, p<0.05), as well as between coverage
density and spectral width (=-0.61, p<0.05), indicates
the need for structural homogeneity to achieve an opti-
mal PL response. High dispersion and low coverage can
create inhomogeneous regions that act as sources of
non-radiative losses, degrading emission quality [25-28].

In summary, the statistically significant links identified
have critical applied significance. The links indicate the
possibility of controlling the luminescent properties of ZnO
through morphology engineering — the control of synthe-
sis and thermal-treatment conditions makes it possible to
increase the intensity, narrowband character, and spectral
position of the emission without additional doping. This
opens up prospects for the creation of highly efficient op-
toelectronic devices, sensors, UV light sources, and bio-
sensing systems based on structured ZnO.
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Discussion

The conducted study confirmed that the morphologi-
cal and structural properties of ZnO nanoparticles were
closely dependent on the annealing temperature and
the composition of the gas atmosphere. With increasing
temperature, a systematic increase in the average par-
ticle size and a decrease in the surface coverage were
observed, particularly pronounced in inert environments,
indicating the activation of aggregation processes. A sim-
ilar dependence was described by Lekoui et al. [29] and
Dlamini et al. [30], who noted a decrease in the density
of the nanostructured ZnO layer at temperatures above
600 °C owing to particle coalescence. However, the pre-
sent study additionally demonstrated an increase in size
dispersion at high temperatures, especially in air, which
was not considered in the works of Lekoui et al. [29] and
Dlamini et al. [30], and therefore provided a more com-
prehensive understanding of the thermal mechanisms
governing morphology formation.

The crystalline structure of ZnO remained stable re-
gardless of the annealing conditions, retaining the hex-
agonal wurtzite phase [31-33]. This was consistent with
the conclusions of Mohapatra and Kushwaha [34], who
indicated the high phase stability of ZnO under thermal
treatment. However, unlike the results of Ho et al. [35],
who did not record significant changes in peak widths
with increasing temperature, the present study revealed
pronounced peak narrowing, especially in an air environ-
ment. This indicated a significant improvement in crystal-
linity, confirming active crystallite growth and a reduction
in internal structural defects under the influence of oxy-
gen.

The atmospheric conditions substantially affected the
degree of recrystallisation: according to X-ray diffraction
data, in an inert environment, the crystallites remained
smaller and exhibited broader diffraction peaks. This ef-
fect correlated with the conclusions of Zhang et al. [36]
and Juan et al. [37], who pointed to limited ion diffusion
in the absence of oxygen. At the same time, in contrast
to the conclusions about the minor influence of the gas
phase, the present study showed a substantial differ-
ence in crystallite size and peak width, indicating greater
sensitivity of ZnO to the synthesis atmosphere than pre-
viously assumed.

The PL properties of ZnO, according to the results
presented, showed a clear dependence on morphology
and the degree of structural defects. The highest intensi-
ty and the narrowest peaks of band-edge emission were
achieved at 700 °C in an oxygen atmosphere, indicating
a high degree of structural order. These data confirmed
the observations of Nkosi et al. [38], who found a similar
trend in ZnO thin films, and Majumder et al. [39], who
established the role of oxygen in defect deactivation. At
the same time, the results in inert environments differed
substantially: defect-related luminescence dominated,
indicating the persistence of structural defectiveness
even at high temperatures.

In contrast to Wong et al. [40], who reported a minor
influence of the environment on spectral characteristics
at 500 °C, the present study showed distinct shifts of
maxima and changes in intensity, demonstrating the crit-
ical role of an oxidising atmosphere in reduction of defect
states. Thus, the results provided deeper insight into the
spectroscopic understanding of ZnO and showed great-
er variability of the PL response depending on the condi-
tions of heat treatment.

Correlation analysis confirmed the presence of a
close link between morphology and luminescence, in
particular, a negative correlation between the average
particle diameter and PL intensity. Similar dependencies
were described by Van Thai et al. [41] and Sun et al. [42],
who explained the increase in intensity with decreasing
particle size by quantum-confinement effects. However,
in the present study, such effects are unlikely, since the
particle sizes exceed the range where quantum confine-
ment is significant. Instead, the observed trends are at-
tributed to changes in defect structure and recombination
dynamics, which influence the optical response of ZnO.

The positive correlation between surface coverage
and emission intensity confirmed the results of Cama-
cho-Espinoza et al. [43], who showed the influence of
nanolayer homogeneity on the efficiency of excitation
transfer. A high density of particles on the surface en-
sured a reduction of inhomogeneities in excitation trans-
fer, lowering energy losses associated with scattering,
and promoted the formation of a coherent photon flux.
In addition, such a configuration provided better inter-
action between nanoparticles and the electromagnetic
field, which increased the probability of radiative recom-
bination. At the same time, Szyszka and Wiglusz [44] did
not find a significant relationship between particle dis-
tribution and PL properties, arguing that intracrystalline
defects dominated over morphological factors. However,
the data of the present study demonstrated that it was
precisely the regularity and density of the nanostruc-
tured layer that had a key influence on emission efficien-
cy, indicating the importance of structural coherence as
a critical factor. Thus, the results of the study comple-
mented the existing scholarly discussion, pointing to the
need to consider morphological homogeneity not only as
an aesthetic or statistical parameter, but as a physically
relevant characteristic that determines the optical perfor-
mance of ZnO-based materials.

The presence of a positive correlation between dis-
persion and spectral peak width indicated a broadening
of energy levels in the case of morphological inhomo-
geneity. A similar observation was made in the studies
of Hedl et al. [45] and Ati et al. [46], who investigated
the dependence of emission selectivity on fluctuations
in nanoparticle sizes. However, unlike those works, the
present study also revealed a negative relationship be-
tween coverage density and peak width, indicating an
additional influence of spatial structure on spectral purity.

The analysis results showed that effective PL was
achieved under conditions of minimal dispersion, high
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surface coverage, and small average particle diameter.
This enabled targeted modification of synthesis param-
eters in order to obtain materials with the desired optical
properties. Such a conclusion was consistent with the
propositions of Wei et al. [47], who proposed the concept
of morphological engineering to control photonic proper-
ties, and Zhang et al. [48], who experimentally confirmed
the significance of morphological factors in the genera-
tion of intense UV emission.

It should be noted separately that under high-temper-
ature conditions, even an inert environment led to partial
crystallite coalescence, which limited the preservation of
the nanoscale structure. This observation contradicted
the conclusions of Gherab et al. [49], who claimed the
possibility of stabilising the nanoscale properties of ZnO
at 700 °C in argon. The data presented indicated that, al-
though particle growth in an inert environment was less
intense, it nevertheless significantly reduced surface
coverage and structural homogeneity.

The obtained results have significant practical rele-
vance for the creation of optoelectronic devices where
high crystallinity and the preservation of a nanostruc-
tured state were simultaneously required. It was con-
firmed that the atmospheric environment of heat treat-
ment was a critical parameter determining the balance
between crystallite growth and the level of structural
defects, which affected both structural stability and opti-
cal efficiency. When using an oxidising environment at
high temperatures, an improvement in crystallinity and
a reduction in defects were observed, which promoted
enhanced band-edge emission, whereas inert atmos-
pheres allowed the nanoscale to be preserved but were
accompanied by lower lattice order. Such an approach
was also supported by Negi et al. [50] and Li et al. [51],
who regarded the gas phase as a key factor in regulating
the photonic properties of metal oxides, emphasising its
significance for ensuring the stability of electronic states
and reducing the level of surface defects. The study also
showed that reducing particle size did not always ensure
high emission quality if accompanied by an increase in
dispersion or a decrease in surface coverage. These
factors could lead to an inhomogeneous distribution of
energy levels and an increase in non-resonant losses,
which was not considered in the model of Karahan et al.
[52] and Sprincean et al. [53], which focused exclusively
on the size factor without taking morphological homoge-
neity into account.

Thus, a comparative analysis of the morphological,
structural, and PL characteristics of ZnO nanostructures
under different heat-treatment conditions made it possi-
ble to draw conclusions about the optimal parameters for
the practical application. Lowering the annealing temper-
ature in combination with an inert atmosphere ensured
the preservation of the nanostructured state, but only
at the expense of crystallinity. At the same time, a high
temperature in combination with an oxygen atmosphere
provided the best optical characteristics but promoted
aggregation. In this context, it is advisable to search for
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compromise synthesis regimes or additional methods of
structural stabilization.

Conclusions

The conducted study demonstrated the influence of
annealing temperature and gas-atmosphere composi-
tion on the morphological, structural, and optical char-
acteristics of nanostructured ZnO. SEM analysis showed
that with an increase in treatment temperature from 300 °C
to 700 °C, there was a significant increase in the aver-
age diameter of nanoparticles (from ~45 nm to ~112 nm)
and a decrease in surface coverage from 91% to 54%,
indicating the occurrence of coalescence and aggrega-
tion processes. The smallest particle sizes and the high-
est coverage density were obtained under an inert argon
atmosphere at 300 °C, which indicated the preservation
of nanostructural integrity at low temperature and in the
absence of oxygen.

XRD analysis confirmed the preservation of the hex-
agonal wurtzite phase regardless of conditions; however,
the intensity and width of the diffraction peaks varied de-
pending on temperature and atmosphere. The maximum
crystallite size (~38 nm) and the minimum diffraction-
peak width (~0.20°) were recorded after thermal treat-
ment in air at 700 °C, indicating an increased degree of
recrystallisation and a reduction in the concentration of
structural defects. Spectral PL analysis showed that the
intensity of band-edge emission increased significantly
with increasing temperature, reaching a maximum at
700 °C in air (0.96 rel. units) with a minimum peak width
(22 nm). In inert environments, defect-related lumines-
cence dominated, accompanied by lower intensity and
broader spectral bands.

The optimal conditions for obtaining high-quality ZnO
nanostructures with pronounced optical properties were
identified as annealing at 700 °C in an oxygen atmos-
phere. Such structures were recommended for use in UV
LEDs, photodetectors, and sensors, where the combina-
tion of nanoscale morphology and high crystallinity was
critical. The limitations of the study lay in focusing only
on the influence of temperature and gas atmosphere
without taking into account other synthesis factors such
as annealing time, type of precursors, and substrate
geometry. The possible influence of doping on spectral
properties was also not considered. In further studies, it
would be appropriate to expand the parametric space
and investigate the long-term stability of the structures
during operation.
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Cilj ovog rada bio je da se utvrdi na koji nacin temperatura i gasna atmosfera
tokom Zarenja utiCu na morfoloska i luminescentna svojstva nanostrukturnin ma-
terijala na bazi cink-oksida (ZnO). Istrazivanje je sprovedeno u Ukrajini, na Na-
cionalnom tehnic¢kom univerzitetu Ukrajine Igor Sikorsky Kyiv Polytechnic Institute®.
Metodologija je obuhvatila hemijsku depoziciju iz vodenih rastvora, nakon ¢ega je
usledilo termicko Zarenje na 300, 500 i 700 °C u atmosferi vazduha, azota i argona. | gjjune reéi: gustina sloja, spektraina
Morfologija je analizirana skeniraju¢om elektronskom mikroskopijom (SEM), kristal- | gistoéa, veligina kristalita, intenzitet
na struktura difrakcijom rendgenskih zraka (XRD), dok su luminescentni spektri | emisije, defekti reetke, cink-oksid.

ispitivani spektroskopijom fotoluminescencije (PL). Rezultati su pokazali povecanje
veliCine Cestica sa porastom temperature, nezavisno od atmosfere Zarenja, pri Cemu
je najmanja veli¢ina Cestica (~45 nm) zabelezena na 300 °C u argonu, a najveca
(~112 nm) na 700 °C u vazduhu. Sa poveéanjem temperature smanjivala se gustina
pokrivenosti, naro€ito u inertnim uslovima, usled agregacije nanocestica. Korela-
ciona analiza pokazala je snaznu negativnu povezanost izmedu veliine Cestica i
intenziteta emisije (r=—0,89), kao i pozitivhu korelaciju izmedu gustine pokrivenosti i
intenziteta PL emisije (r = 0,76). Na osnovu toga je utvrdeno da visokotemperaturno
zarenje u atmosferi kiseonika najefikasnije poboljSava luminescentne karakteristike
Zn0, Sto je znacajno za optoelektronske i senzorske primene. Dobijeni rezultati im-
aju praktiCan znacaj za razvoj visokoefikasnih optoelektronskih i senzorskih uredaja.
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