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Abstract. This article investigates the structural and optical properties of Zinc
Oxide (Zn0O) thin films and nanorods, utilizing X-ray diffraction (XRD) and
photoluminescence (PL) analysis to characterize their suitability for
optoelectronic applications. The study confirms the hexagonal wurtzite structure
of ZnO, emphasizing the presence of distinct crystallographic planes that indicate
high-quality crystalline formation. Photoluminescence results highlight a
critical transition from spontaneous to stimulated emission in ZnO nanorods,
driven by exciton interactions at various excitation fluences. These findings
suggest that Zn0O nanostructures, with their advanced emission properties and
structural integrity, hold substantial promise for enhancing the performance of
photonic devices.
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Introduction. Zinc Oxide (Zn0O) stands out in the realm of
semiconductor materials due to its wvaluable optoelectronic
properties, such as a wide bandgap, high electron mobility,
and efficient luminescence. These characteristics make it
highly suitable for wvarious applications in the field of
optoelectronics, including 1light-emitting diodes, laser
diodes, and photovoltaic cells [1]. The wversatility of ZnO
allows for its utilization in multiple forms, notably thin
films and nanorods, each offering unique advantages in device
fabrication and performance.

The current study delves into the detailed examination of
ZzZn0's structural and optical properties through X-ray
diffraction (XRD) and photoluminescence (PL) spectroscopy.
The XRD analysis is critical in determining the
crystallographic quality and phase purity of Zn0O, which are
essential parameters that influence its electronic and
optical Dbehavior. This technique helps in identifying the

2 This work 1s distributed under the terms of the Creative
O 8 Commons Attribution—-ShareAlike 4.0 International License
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crystallographic planes and assessing the alignment and
uniformity of the crystalline structure, which directly
affect the material's ability to transport electrons and
interact with light [2].

Photoluminescence spectroscopy provides insight into the
optical emission characteristics of ZnO, highlighting
phenomena such as the shift from spontaneous to stimulated
emission, which are pivotal for applications in
optoelectronic devices. Understanding these emission dynamics
is crucial for optimizing the design and function of devices
that rely on efficient light emission and modulation.

Through a combination of XRD and PL analyses, this
research aims to establish a comprehensive understanding of
how ZnO's structural properties correlate with its optical
behaviors. By exploring these relationships, the study seeks
to contribute to the development of ZnO-based technologies,
enhancing their performance and efficiency in a range of
optoelectronic applications. This introduction frames the
scope and objectives of the subsequent sections, which detail
the methodologies, experimental results, and implications of
the findings for future technological advancements [3].

Experiment. The experimental study on the structural and
photoluminescence properties of ZnO thin films and nanorods
was systematically conducted through a series of fabrication
and characterization techniques. The thin films were
synthesized using a thermal evaporation method, which allows
for precise control over film thickness and uniformity.

Thin Film and Nanorod Fabrication: Zn0O powders were
utilized as the starting material for the deposition of thin
films. The powder was vaporized in a high-vacuum chamber with
a base pressure of 10°® Torr to ensure minimal contamination.
The substrate temperature was carefully controlled between
200°C and 450°C to optimize the structural properties of the
films. For the growth of ZnO nanorods, a seed layer was first
deposited on the substrates, followed by a hydrothermal growth
process in a solution containing zinc nitrate hexahydrate and
hexamethylenetetramine [1,2].

X-ray Diffraction (XRD): The crystalline structure and
phase purity of the ZnO thin films and nanorods were analyzed
using X-ray diffraction (XRD). The XRD measurements were

carried out using a Bruker D8 Advance diffractometer equipped
with Cu Ka radiation. The scans were conducted over a 26 range
from 20° to 80° to capture detailed diffraction patterns
indicative of the hexagonal wurtzite structure of ZnO [4].
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Photoluminescence (PL) Spectroscopy: The optical
properties of the ZnO structures were assessed using
photoluminescence (PL) spectroscopy. A 325 nm He-Cd laser was
used to excite the samples, and the emission spectra were
recorded to study the transition from spontaneous to
stimulated emission as a function of excitation fluence. This
technique provided insights into the electronic structure and
recombination processes within the ZnO materials.

Experimental Results and Their Discussion: Figure 1
represents the X-ray diffraction (XRD) pattern of a Zinc Oxide
(Zn0) thin film, which 1is typical for assessing the
crystallographic structure and phase purity of the material.
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Figure 1

X-ray Diffraction Analysis of ZnO Thin Film

ZnO is known for its hexagonal wurtzite crystal structure,
and the diffraction peaks on this pattern are indexed to
specific planes characteristic of this structure [5]. In the
XRD pattern the sharp peak at around 34.4 degrees corresponds
to the (002) plane, indicating a strong c-axis orientation
typical of high-quality 2nO films. This orientation is
favorable for applications requiring good optical and
electrical properties along the c-axis, such as in
optoelectronic devices. Other notable peaks include those at
31.7 degrees (100), 36.2 degrees (101), 47.5 degrees (102),
and 56.5 degrees (110). These peaks confirm the multi-
crystalline nature of the film and its textural quality across
different crystallographic directions. The presence of these
distinct and sharp peaks suggests that the ZnO thin film is

2 1 This work 1s distributed under the terms of the Creative
O Commons Attribution—-ShareAlike 4.0 International License
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well-crystallized with minimal defects, indicating good
crystalline quality. The intensity and sharpness of the peaks
are 1indicative of the degree of crystallinity and the
alignment of the grains within the thin film structure, which
are critical factors in the performance of ZnO-based devices
[6].

The photoluminescence (PL) spectra and excitation fluence
dependence of ZnO nanorods <reveal a transition from
spontaneous excitonic emission to stimulated emission, a
phenomenon governed by fundamental semiconductor physics
principles. Figure 2 presents the PL spectra of a single wide
ZnO nanorod under different excitation fluences (20 upJ/cm?,
160 pJd/cm?, and 850 pJd/cm?).
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Figure 2
PL spectra of a single ZnO nanorod: transition from spontaneous
to stimulated emission

At low excitation fluences, the emission is primarily due
to spontaneous recombination of excitons, leading to broad
spectral features. At intermediate fluences (160 pJ/cm?),
P-band emission 1s observed near 3.34 eV, arising from
exciton-exciton interactions and scattering processes. At
high excitation fluences (850 pJ/cm?), a sharp increase in PL
intensity, accompanied by linewidth narrowing, indicates the
onset of stimulated emission. This transition suggests that
at higher carrier densities, exciton binding energy 1is
screened due to many-body interactions, leading to the
formation of an electron-hole plasma and achieving the
necessary conditions for population inversion.
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Figure 3 further supports this conclusion, showing the
dependence of PL intensity on excitation fluence. The observed
threshold-1like behavior is characteristic of a transition
from spontaneous emission to stimulated emission in
semiconductor nanostructures.
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Figure 3
Threshold-like behavior of PL intensity in ZnO nanorods: evidence of
exciton-mediated stimulated emission

At low fluences (F < 195 pd/cm?), PL intensity increases
gradually, following Dbimolecular recombination kinetics
described by the equation [7]:

R = Bn? (1)

where R 1s the radiative recombination rate, B 1is the
bimolecular recombination coefficient, and n 1is the carrier
density. The sub-threshold regime is dominated by spontaneous
excitonic recombination, with no optical gain observed.

At a critical fluence of 195 pd/cm?, the PL intensity
exhibits a nonlinear increase, marking the onset of stimulated
emission. This threshold behavior can be attributed to the
exciton Mott transition, where increasing carrier density
results in the breakdown of excitonic states and the formation
of a high-density electron-hole plasma. This transition leads
to population inversion, satisfying the gain condition [8]:

fe(E) + f(E) > 1 (2)

2 1 2 This work 1s distributed under the terms of the Creative
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where f,(E) and f,(E) are the electron and hole quasi-Fermi
functions. The resulting stimulated emission follows the
semiconductor gain equation:

dN N
=g — 2GS (3)

where N is the carrier density, T is the carrier lifetime, n;
is the injection efficiency, | 1s the excitation flux, and
G(N) is the gain function. Beyond 400 pnJ/cm?, the PL intensity
follows a superlinear dependence, indicating optical
amplification due to stimulated exciton recombination. This
regime is characterized by optical gain saturation, where the

emission intensity 1is proportional to the exponential gain
function [6]:

Ip, o eIt (4)

where g 1s the optical gain coefficient, and L 1is the
effective cavity length. The strong dependence of PL intensity
on excitation fluence confirms the transition from an
excitonic emission regime to a stimulated recombination
regime, where optical amplification dominates [8].

These results provide strong evidence for semiconductor-
limited exciton dynamics in ZnO nanorods, where increasing
excitation fluence induces a shift from exciton-mediated
radiative recombination to electron-hole plasma interactions,
resulting in amplified spontaneous emission and stimulated
recombination.

Conclusion: This study explores the transition from
spontaneous to stimulated emission in ZnO nanorods,
highlighting the excitonic behavior at wvarious excitation
fluences. The PL spectra (Figure 2) demonstrate the shift
from spontaneous recombination at low excitation fluences to
the onset of stimulated emission at higher fluences. At an
excitation fluence of 850 nJd/cm?, a sharp increase 1in PL
intensity, accompanied by linewidth narrowing, confirms the
transition to stimulated emission, driven by exciton-exciton
interactions.

Figure 3 further validates this behavior by showing the
threshold-1like dependence of PL intensity on excitation
fluence, indicative of the onset of population inversion.
Below the threshold, the PL intensity increases gradually,
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dominated by spontaneous excitonic recombination, while above
the threshold, stimulated emission takes over, leading to
optical gain saturation [9].

These results provide compelling evidence that 7ZnO
nanorods exhibit semiconductor-limited exciton dynamics. The
transition from spontaneous to stimulated emission is driven
by exciton-exciton interactions and the formation of an
electron-hole plasma at higher excitation levels, making ZnO
nanorods promising candidates for optoelectronic devices such
as nanolasers and light-emitting diodes.
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