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Abstract—Zinc oxide thin films were deposited using pulsed 

laser deposition at 400, 500, and 600 millijoules. X-ray 

diffraction showed polycrystalline hexagonal wurtzite 

structures oriented along the 002 direction. Crystallite sizes 

ranged from 21.3 to 33.7 nanometers depending on laser energy. 

Atomic force microscopy revealed grain size increased from 52 

to 85 nanometers at higher energies, while average surface 

roughness decreased from 3.6 to 1.3 nanometers. This indicates 

smoother, more uniform surfaces. Scanning electron 

microscopy confirmed improved surface homogeneity and 

reduced aggregation at 600 millijoules. Optically, raising laser 

energy increased transmittance and widened the bandgap from 

2.65 to 3.19 electron volts. Films deposited at 600 millijoules 

achieved 92.8 percent optical transmittance at 950 nanometers. 

Furthermore, higher laser power significantly enhanced zinc 

oxide and porous silicon solar cell performance. The open-

circuit voltage increased to 0.36 volts, and short-circuit current 

density reached 23 milliamperes per square centimeter. 

Maximum output power grew from 2.08 to 2.99 milliwatts per 

square centimeter, boosting conversion efficiency from 2.08 to 

2.99 percent. Ultimately, increasing deposition energy from 400 

to 600 millijoules critically improves the structural, 

morphological, optical, and photovoltaic properties of zinc oxide 

thin films for advanced solar applications. 

Keywords—zinc oxide, pulsed laser deposition, x-ray diffraction, 

atomic force microscopy. 

I. INTRODUCTION  

  Semiconductors are important in numerous technological 
applications, from electronic applications (e.g., photovoltaic 
systems, sensors, etc.) to medical and biological applications 
[1]–[4]. Zinc oxide (ZnO) is a Group II-VI semiconductor 
with a wide band gap, with a direct transition energy of ∼ 3.3 
eV and a high exciton binding energy of ∼ 60 meV [5]. Zinc 
oxide is non-toxic, naturally occurring, and inexpensive [6]. 
This makes zinc oxide a good choice for solar cell 
applications as a transparent conductive oxide, serving as a 
very practical substitute for indium and tin oxides. Its cost-
effectiveness and good physical properties make it suitable 
for use as a window layer [7], [8]. Zinc oxide films have been 
produced from vacuum thermal evaporation [9], spray 
deposition [10], chemical deposition [11], laser ablation [12], 
and plasma jetting [13]. 

  One of the methods adopted for the production of zinc 
oxide thin films is pulsed laser deposition (PLD) [14], which 
enables the formation of high-purity films while retaining 
control over thickness and stoichiometry [15]–[17]. 
Moreover, PLD allows precise control of film properties by 
varying deposition parameters, especially laser energy [18], 

[19]. The optical and electrical properties of PLD-produced 
zinc oxide films are particularly attractive for solar cells due 
to increased device efficiency [20]. Although various studies 
have investigated the effects of deposition parameters on zinc 
oxide characteristics [21]–[23], a systematic comparison 
focusing on structural, morphological, and optical properties 
across various laser energies—along with their integration 
into photovoltaic devices—remains highly valuable. 
Therefore, this study investigates the effects of PLD laser 
energy (400, 500, and 600 mJ) on the structural, 
morphological, and optical properties of zinc oxide films. 
Furthermore, zinc oxide films are deposited onto porous 
silicon (PSi) to form photovoltaic structures, evaluating how 
laser-induced modifications of the zinc oxide films influence 
overall device performance. 

II. EXPERIMENTAL PART 

  The Neodymium-doped Yttrium Aluminum Garnet 
(Nd:YAG) laser system used operates at a wavelength of 
1064 nm, with pulse energy values covering the range of 100 
to 1000 mJ, a pulse duration of 5 to 10 ns, a repetition 
frequency between 1 and 10 Hz, a beam diameter ranging 
from 3 to 8 mm, and an energy fluence ranging from 1 to 5 
J/cm² depending on the specific settings utilized. For this 
study, the deposition using the Nd:YAG laser was conducted 
at energy levels of 400 to 600 mJ with a peak pulse duration 
of approximately 9 ns, a repetition frequency of 6 Hz, and 
200 laser shots. Zinc oxide deposition took place at room 
temperature onto glass substrates. Laser beam deposition was 
carried out within a vacuum chamber at a base pressure of 
2.5 × 10−2 mbar. The substrate holders were accurately 
positioned within the chamber to match the laser beam path. 
The focused Nd:YAG laser beam entered through an optical 
window and struck the target surface at a 45° angle. The 
substrate was placed directly in front of the target with its 
surface parallel to the target face, maintaining adequate 
spacing to prevent the substrate holder from obstructing the 
incoming laser beam. The methodological approach of the 
pulsed laser deposition system is illustrated in Fig. 1. Detailed 
experimental parameters for zinc oxide thin-film deposition 
and porous silicon fabrication are summarized in Table I and 
Table II, respectively. 

III. RESULTS AND DISCUSSION 

  Fig. 2 illustrates the X-ray diffraction patterns of zinc 
oxide thin films synthesized using the pulsed laser deposition 
method across a range of laser energy levels (400, 500, and 
600 mJ). The diffraction patterns reveal distinct peaks at 2θ 
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positions close to 31.5°, 34.1°, 36.0°, 56.4°, 62.8°, and 67.8°, 
which correspond to the (100), (002), (101), (110), (103), and 
(112) crystallographic planes. These peaks match the 
hexagonal wurtzite structure of zinc oxide in agreement with 
ICDD card No. 96-901-1663, confirming the successful 
growth of crystalline zinc oxide thin films [24]–[26] 

 

Fig. 1. Diagram for Pulse Laser Deposition technique. 

TABLE I.  EXPERIMENTAL PARAMETERS USED FOR ZNO THIN-FILM 

DEPOSITION 

Parameter Value 

Laser wavelength 1064 nm 
Laser energy 400, 500, 600 mJ 

Pulse duration 9 ns 
Repetition rate 6 Hz 

Number of laser pulses 200 shots 

Laser spot diameter 1 mm 
Laser fluence at 400 mJ 50.9 J/cm² 

Laser fluence at 500 mJ 63.7 J/cm² 

Laser fluence at 600 mJ 76.4 J/cm² 
ZnO target purity 99.9% 

Target cleaning Ultrasonic cleaning 

Target-to-substrate distance 3 cm 
Substrate temperature Room temperature 

Chamber pressure 2.5 × 10⁻² mbar 

Film thickness ~200 nm 
Thickness measurement Optical interferometer 

Thickness measurement laser He–Ne laser 

He–Ne wavelength 632.8 nm 
XRD instrument Bruker D2 PHASER 

XRD radiation Cu-Kα (λ = 1.5406 Å) 

AFM instrument 
CSPM-AA3000 (Digital 

Instruments) 

AFM operating mode Non-contact mode 

SEM instrument Thermo Scientific SEM 

TABLE II.  PSI FABRICATION AND ZNO/PSI PHOTOVOLTAIC DEVICE 

PARAMETERS 

Parameter Value 

PSi fabrication technique Photo Electrochemical Etching (PECE) 

PECE cell material Teflon 

Exposed silicon area 1 cm² 

Bottom electrode Stainless-steel disk 

Counter electrode Platinum mesh 

Electrolyte HF + ethanol 

HF:ethanol ratio 2:1 

Etching current density 50 mA/cm² 

Etching time 10 min 

DC power supply QJ3005XII 

Ammeter Uni-T digital ammeter 

PECE illumination Laser diode 

Post-etching treatment Rinsed with pentane 

Drying Air stream 

PSi fabrication conditions Identical for all samples 

Electrical contacts Aluminum on both sides 

Electrical characterization Dark and illuminated I–V 

 

 

Fig. 2. ZnO film XRD patterns at various laser energies. 

  Among all diffraction peaks, the (002) plane exhibits the 
highest intensity across all samples, indicating preferred c-
axis orientation [27]. This preferential orientation reflects 
favorable crystallinity and alignment, which are beneficial 
for optoelectronic applications [28]. The crystallite size (𝐷) 
was calculated using the Scherrer equation [29], as follows: 

𝐷 =
0.9𝜆

𝛽 cos 𝜃
, (1) 

where λ is the wavelength of Cu-K𝛼 radiation (1.5406 Å), β 
is the full width at half maximum (FWHM) in radians, θ is 
the Bragg angle, and 0.9 is the shape factor. Results show 
that crystallite size varies with laser energy. The (002) 
crystallite size is approximately 33.7 nm at 400 mJ (Table 
III). Lattice disruption causes the crystallite size to decrease 
to between 26.0 and 33.7 nm at 500 mJ, indicating a minor 
reduction in crystallinity. Conversely, at 600 mJ, the 
crystallite size recovers to a range of ~21.3 to 33.7 nm 
depending on the crystallographic plane, denoting superior 
structural ordering and enhanced grain development at 
higher laser power [30]. 

TABLE III.  ZNO FILM STRUCTURAL PARAMETERS AT VARIOUS                       
LASER ENERGIES 

Energy 

(mJ) 

2θ 

(Deg.

) 

FWHM 

(Deg.) 

dhkl 

Std. 

(Å) 

dhkl 

Exp. 

(Å) 

G.S 

(nm

) 

hkl 
Phas

e 

400 
34.1
280 

0.2466 
2.603

5 
2.625

1 
33.7 

(002
) 

Hex. 
ZnO 

500 
31.5
913 

0.3171 
2.813

7 
2.829

8 
26.0 

(100
) 

Hex. 
ZnO 

 
34.1

985 
0.2467 

2.603

5 

2.619

8 
33.7 

(002

) 

Hex. 

ZnO 

 
36.1

362 
0.3171 

2.475

4 

2.483

7 
26.4 

(101

) 

Hex. 

ZnO 

600 
31.5

561 
0.2819 

2.813

7 

2.832

9 
29.3 

(100

) 

Hex. 

ZnO 

 
34.1

985 
0.2466 

2.603

5 

2.619

8 
33.7 

(002

) 

Hex. 

ZnO 

 
36.0
305 

0.2819 
2.475

4 
2.490

7 
29.6 

(101
) 

Hex. 
ZnO 

 
56.4
298 

0.4228 
1.624

5 
1.629

3 
21.3 

(110
) 

Hex. 
ZnO 

 
62.8

068 
0.3170 

1.477

2 

1.478

3 
29.4 

(103

) 

Hex. 

ZnO 

 
67.8

097 
0.4227 

1.378

2 

1.380

9 
22.7 

(112

) 

Hex. 

ZnO 
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  The surface structure of ZnO thin films made using the 
PLD method at different laser energy levels (400, 500, and 
600 mJ) was examined using Atomic Force Microscopy 
(AFM). The 3D AFM pictures and matching height 
distribution histograms for the acquired films are displayed 
in Figs. 3, 4, and 5. AFM pictures indicate that every sample 
has a consistent, unbroken surface shape. Significant 
agglomeration and relatively bigger, irregular grain forms are 
visible on the surface at 400 mJ. According to research [31], 
[32], increasing the laser energy to 500 mJ and 600 mJ 
resulted in a more homogeneous and dense surface structure.  
The average grain size rises from 52 nm at 400 mJ to 78 nm 
at 500 mJ and 85 nm at 600 mJ, according to the quantitative 
evaluation, which is displayed in Table IV.  

 
 

 
Fig. 3. AFM image for ZnO thin film at 400 mJ. 

 

Fig. 4. AFM image for ZnO thin film at 500 mJ. 

 

Fig. 5. AFM image for ZnO thin film at 600 mJ. 

  Grain enlargement and merging are facilitated by 
improved surface diffusion and crystallization at higher laser 
energy, as indicated by the rise in grain size. On the other 
hand, as laser energy increases, surface roughness exhibits a 
declining tendency. At 400 mJ, the average Ra is 3.6 nm; at 
500 mJ, it is 2.5 nm; at 600 mJ, it is 1.3 nm. In a similar vein, 
the root mean square roughness (RMS) falls from 4.1 nm to 
2.9 nm and finally to 1.5 nm. These decreases in roughness 
suggest that smoother and more uniform film surfaces are 
produced by greater laser energy [33]. The increased kinetic 
energy of the ablated species at higher laser energies is 
responsible for the observed improvement in the surface’s 
smoothness. This improved surface mobility enables atoms 
to orient themselves to more energetically favorable 

positions, resulting in better packing and fewer surface 
disturbances [34]. 

  A Scanning Electron Microscopy (SEM) technique was 
also used to characterize the surface structure of the ZnO thin 
film prepared by the PLD technique at diverse laser energies 
(400, 500, and 600 mJ), as shown in Fig. 6. The laser energy 
is 400 mJ and shows an unevenly distributed and 
agglomerated surface from the particles. A higher level (500 
mJ) of energy gives an improved surface morphology that 
shows a more homogeneous distribution of particles with less 
aggregation. At 600 mJ, the film shows a well-distributed and 
dense surface, with uniformly distributed fine particles and 
hardly any clustering. This means that enhanced, high-quality 
film is obtainable under higher laser power, where a larger 
kinetic energy is required to move such ablated materials, 
which leads, in turn, to more surface diffusion, and films are 
thus more compact. 

TABLE IV.  ZNO FILM AFM CHARACTERISTICS AT VARIOUS LASER 

ENERGIES 

Sample 
Energy 

(mJ) 

Ave. grain 

size (nm) 

Ave. 

roughness 

(nm) 
RMS (nm) 

ZnO 

400 52 3.6 4.1 

500 78 2.5 2.9 

600 85 1.3 1.5 

 

  

Fig. 6. SEM images of ZnO thin film at different laser energies. 

  In terms of the optical properties of ZnO thin films 
deposited using different laser energies (400, 500, and 600 
mJ), UV–Vis absorption spectroscopy was used to 
characterize the optical characteristics. Absorbance spectra 
show that all the samples are extremely absorbent in the UV 
range (350–400 nm), but the absorbance of the visible range 
in the vicinity of the light and the near-infrared is decreasing 
progressively [35]. It is clear now to see that the greater the 
radiation of the laser, the lower the absorption, as in the case 
of the film produced at 400 mJ, and the least value obtained 
from the sample produced 600 mJ (Fig. 7). In contrast, 
transmittance spectra show an opposite trend. In addition, the 
transmittance rises with increasing wavelengths with higher 
values at visible and near-infrared regions (Fig. 8). The 
highest transmittance (≈85–93%) was recorded in the film 
produced at 600 mJ, and this was followed by the 500 mJ and 
400 mJ samples. That means higher laser energy gives the 
films more optical clarity [36].  
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  The relationship between absorbance (A) and 
transmittance (T) is expressed by [37]:  

𝐴 = − log(𝑇) = log (
𝐼

𝐼𝑜

) , (2) 

where I stands for transmitted light and Io for incoming light. 

The deterioration of absorbance and increase in transmittance 

in response to higher laser intensities may be attributed to 

increased crystallinity and an enhanced surface structure 

[38], as found in analysis using XRD and AFM. If surface 

imperfections and scattering points are minimized, then more 

light can pass through the films. 

  

Fig. 7. Absorption of ZnO film at different laser energies 

 

Fig. 8. Transmittance of ZnO film at different laser energies 

 

Fig. 9. α against wavelength of ZnO film at different laser energies. 

 A coefficient of absorption (α) for ZnO thin films 

deposited at 400, 500, and 600 mJ laser energies was 

calculated and shown in Fig. 9, which shows the decrease of 

the absorption coefficient with the increase of laser power 

across the entire wavelength range. The film fabricated at 400 

mJ exhibits the maximum α, while the sample at 600 mJ 

shows the minimum absorption coefficient. This trend 

indicates that films deposited with low laser energy have a 

higher density of defects and greater structural disorder; 

therefore, they can absorb much less light [39]. The 

absorption coefficient increases sharply near the edge of the 

absorption region, which indicates strong optical transitions. 

The high α values (about 10⁴ cm⁻¹) confirm that ZnO acts as 

a direct band gap semiconductor.  

  The absorption coefficient (α) can be determined by 

(3) [40]: 

 

𝛼 =
(2.303 × 𝐴)

𝑡
(3) 

 t stands for the film’s thickness, which is equal to 200 nm. 

The optical band gap Eg was determined according to the 

Tauc relation [41]:  

(𝛼ℎ𝑣)2 = 𝐴 (ℎ𝑣 − 𝐸𝑔), (4) 

where A is a constant and hν is the photon energy. It can be 
found that the band gap increases slightly with increasing 
laser energy (Fig. 10). The estimated Eg values move towards 
higher energies of the film treated at 600 mJ, compared to the 
400 and 500 mJ films.  This increase in band gap is due to 
increased crystallinity and decreased localized defect states 
in the band structure [42].  

 

Fig. 10. (αhν)2 versus hν for ZnO film at different laser energies. 

  The value of the optical bandgap increased from 2.65 eV 
(with 400 mJ) to 2.97 eV (with 500 mJ) and reached a value 
of 3.19 eV with 600 mJ. The optical transmittance of the films 
prepared with 400 mJ, 500 mJ, and 600 mJ was measured at 
950 nm, which came out to be 86.5%, 90.0%, and 92.8%, 
respectively. This simultaneous enhancement in both the 
bandgap and transmittance indicates a significant 
improvement in the crystalline quality of the films at higher 
deposition energies. The elevated energy likely reduces 
structural defects and localized states within the lattice, 
thereby minimizing optical scattering and internal absorption. 
Consequently, the film deposited at 600 mJ exhibits the most 
favorable optical properties for integration into high-
efficiency optoelectronic devices.  
  The results of the photovoltaic analysis suggest that 
increasing the PLD laser energy from 400 to 600 mJ 
significantly enhances the efficacy of the ZnO/PSi solar cell, 
as shown in Fig. 11 and Table V. The maximum Voc, Jsc, 
Pmax, and conversion efficiency were achieved at 600 mJ, 
which was considered the optimal performance of the device. 
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This improvement is likely due to the better crystallinity, 
more uniform morphology, and higher optical transmittance 
of the ZnO film at the higher laser energy applied [43]. The 
fill factor (FF) showed a reduction, going down from 41.94% 
at 400 mJ, to 38.24% at an energy level of 500 mJ, and finally 
down to 36.11% at 600 mJ. Despite the increase in both the 
open-circuit voltage and the short-circuit current density 
owing to an increase in the laser energy, the reduction in the 
FF seems to indicate a reduction in the squareness of the J–V 
curves. 

TABLE V.  ZNO/PSI PHOTOVOLTAIC CHARACTERISTICS AT VARIOUS 

LASER ENERGIES. 

 

Fig. 11. J–V characteristics of ZnO/PSi at different laser energies. 

IV. CONCLUSION 

  The results showed that increasing the laser energy is 
necessary to improve the quality of the films as a whole. It 
has been confirmed that with an increase in laser energy, 
crystallinity and preferred orientation improve using XRD 
analysis. AFM and SEM showed a better, cleaner, and more 
uniform surface morphology. In addition, the UV–Vis 
analysis results showed that optical transmittance is increased 
and absorption losses are reduced at high laser energies. The 
ZnO/PSi solar cells exhibited enhanced output power and 
conversion efficiency over the range of increased open-
circuit voltage and short-circuit current density with higher 
laser energy due to these enhancements, while only showing 
a small decrease in fill factor value; the device demonstrated 
improved performance. Higher laser energy in PLD 
deposition is better suited to better structural conformation, 
better surface quality, greater optical clarity, and better 
photovoltaic performance. Thus, increased laser power can 
be considered a contributing component in maximizing ZnO 
thin films in the solar cell field. 
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