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Abstract. This article investigates the structural and optical properties of Zinc 

Oxide (ZnO) 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 ZnO 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 (ZnO) stands out in the realm of 

semiconductor materials due to its valuable optoelectronic 

properties, such as a wide bandgap, high electron mobility, 

and efficient luminescence. These characteristics make it 

highly suitable for various applications in the field of 

optoelectronics, including light-emitting diodes, laser 

diodes, and photovoltaic cells [1]. The versatility 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 

ZnO'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 ZnO, which are 

essential parameters that influence its electronic and 

optical behavior. This technique helps in identifying the 
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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: ZnO 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 10-6 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 Kα radiation. The scans were conducted over a 2θ 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 

(ZnO) thin film, which is typical for assessing the 

crystallographic structure and phase purity of the material.  

 

 
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 ZnO 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 
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well-crystallized with minimal defects, indicating good 

crystalline quality. The intensity and sharpness of the peaks 

are indicative 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 µJ/cm², 

160 µJ/cm², and 850 µJ/cm²).  

 

 
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 µJ/cm²),  

P-band emission is observed near 3.34 eV, arising from 

exciton-exciton interactions and scattering processes. At 

high excitation fluences (850 µJ/cm²), 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 is 

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-like behavior is characteristic of a transition 

from spontaneous emission to stimulated emission in 

semiconductor nanostructures.  

 

 
Figure 3 

Threshold-like behavior of PL intensity in ZnO nanorods: evidence of 

exciton-mediated stimulated emission 

 

At low fluences (F < 195 µJ/cm²), PL intensity increases 

gradually, following bimolecular recombination kinetics 

described by the equation [7]: 

 

𝑅 = 𝐵𝑛2      (1) 

 

where 𝑅 is the radiative recombination rate, 𝐵 is the 

bimolecular recombination coefficient, and 𝑛 is the carrier 
density. The sub-threshold regime is dominated by spontaneous 

excitonic recombination, with no optical gain observed. 

 

At a critical fluence of 195 µJ/cm², 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]: 

 

𝑓𝑒ሺ𝐸ሻ + 𝑓ℎሺ𝐸ሻ > 1     (2) 
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where 𝑓𝑒ሺ𝐸ሻ and 𝑓ℎሺ𝐸ሻ are the electron and hole quasi-Fermi 
functions. The resulting stimulated emission follows the 

semiconductor gain equation: 

 

𝑑𝑁

𝑑𝑡
= 𝜂𝑖𝐽 −

𝑁

𝜏
− 𝐺ሺ𝑁ሻ𝑆     (3) 

 

where 𝑁 is the carrier density, 𝜏 is the carrier lifetime, 𝜂𝑖 

is the injection efficiency, 𝐽 is the excitation flux, and 
𝐺ሺ𝑁ሻ is the gain function. Beyond 400 µJ/cm², 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 is proportional to the exponential gain 

function [6]: 

 

𝐼𝑃𝐿 ∝ 𝑒𝑔𝐿      (4) 

 

where 𝑔 is the optical gain coefficient, and 𝐿 is 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 various 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 µJ/cm², a sharp increase in 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-like 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 ZnO 

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. 

 

References: 
[1] N. Sultanov, Z. Mirzajonov, and F. Yusupov, “Technology of production 

and photoelectric characteristics of AlB 10 heterojunctions based on 

silicon,” E3S Web of Conferences, 458, 01013 (2023). 

https://doi.org/10.1051/e3sconf/202345801013 

[2] Sultanov, N. A., Mirzajonov, Z. X., Yusupov, F. T., & 

Rakhmonov, T. I. (2024). Nanocrystalline ZnO Films on Various 

Substrates: A Study on Their Structural, Optical, and Electrical 

Characteristics. East European Journal of Physics, (2), 309-314. 

https://doi.org/10.26565/2312-4334-2024-2-35 

[3] Mohammad-Reza Zamani-Meymian, Nima Naderi, Maryam Zareshahi, 

Improved n-ZnO nanorods/p-Si heterojunction solar cells with graphene 

incorporation, Ceramics International, Volume 48, Issue 23, Part A, 

2022, Pages 34948-34956, ISSN 0272-8842, 

https://doi.org/10.1016/j.ceramint.2022.08.084. 

[4] Debajyoti Das, Laxmikanta Karmakar, Optimization of Si doping in ZnO 

thin films and fabrication of n-ZnO:Si/p-Si heterojunction solar 

cells, Journal of Alloys and Compounds, Volume 824, 2020, 153902, 

ISSN 0925-8388, https://doi.org/10.1016/j.jallcom.2020.153902. 

[5] Santanu Maity, Partha P. Sahu, Efficient Si-ZnO-ZnMgO heterojunction 

solar cell with alignment of grown hexagonal nanopillar, Thin Solid 

Films, Volume 674, 2019, Pages 107-111, ISSN 0040-6090, 

https://doi.org/10.1016/j.tsf.2019.02.007. 

[6] Qiang Yu, Huwei Zhao, Yue Zhao, The study of optical-electrical 

properties of ZnO(AZO)/Si heterojunction, Current Applied Physics, 

Volume 57, 2024, Pages 111-118, ISSN 1567-1739, 

https://doi.org/10.1016/j.cap.2023.11.008. 

[7] Yıldırım, Murat, and Adem Kocyigit. "Characterization of Al/In: 

ZnO/p-Si photodiodes for various In doped level to ZnO interfacial 

layers." Journal of Alloys and Compounds 768 (2018): 1064-1075. 

[8] K. Mosalagae, D.M. Murape, L.M. Lepodise, Effects of growth 

conditions on properties of CBD synthesized ZnO nanorods grown on 

ultrasonic spray pyrolysis deposited ZnO seed layers, Heliyon, 

Volume 6, Issue 7, 2020, e04458, ISSN 2405-8440, 

https://doi.org/10.1016/j.heliyon.2020.e04458. 

[9] Jinfeng Wang, Jiaduo Wang, Jie Ding, Yajuan Wei, Jingbo Zhang, 

Preparation of ZnO compact layer using vacuum ultraviolet for dye-

sensitized solar cells, Solid State Sciences, Volume 127, 2022, 

106860, ISSN 1293-2558, 

https://doi.org/10.1016/j.solidstatesciences.2022.106860.  


