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Abstract: This study investigates the structural and optical properties of Fe-doped (CuO: ZnO) thin films with
varying Fe contents (x = 0.1-0.5%) deposited on glass substrates via pulsed laser deposition (PLD) at ambient
temperature under a vacuum of 1 x 1072 mbar. X-ray diffraction (XRD) confirmed that all films maintained a
monoclinic polycrystalline structure, with grain size decreasing with increasing Fe concentration. Energy Dispersive
X-ray Spectroscopy (EDS) verified the successful incorporation of Fe without altering the Cu and Zn composition.
Increasing Fe concentration significantly affected the optical transmission, absorption, refractive index (n), extinction
coefficient (k), and dielectric constants, demonstrating that Fe doping strongly modifies the structural, optical, and
dielectric properties of CuO: ZnO thin films.
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1. Introduction

Transition metal oxides (TMOs), such as CuO, ZnO, TiO,, and NiO, represent an important class of
semiconductors widely employed in electronics, catalysis, and solar energy conversion [1]. These oxides
exhibit excellent energy storage capabilities and possess notable functional properties, including chemical
stability, biocompatibility, and pressure and gas-sensitivity, making them suitable for a wide range of
practical applications [2]. Among TMOs, copper oxide semiconductors have been extensively studied due
to their unique structural and optical properties. Two stable forms of copper oxide, CuO and Cu,0, exhibit
distinct differences in colour, crystal structure, and physical properties. TMOs, including CuO and ZnO,
are commonly used as functional components in photovoltaic devices, serving as absorbing layers, electron
transport layers, transparent conducting electrodes, and photoanodes [3]. CuO exhibits exceptionally high
melting and boiling points, making it one of the most thermally stable materials. Its monoclinic crystal
structure, intrinsically stable direct band gap (E; = 1.2-1.9 eV), and the presence of negatively charged
copper vacancies acting as acceptors classify CuO as an inherent p-type semiconductor. Owing to its
outstanding visible-range absorption properties, CuO is a promising candidate as an active layer in
photovoltaic and solar cell applications [4, 5]. Furthermore, CuO can be synthesized using cost-effective
solution-based methods and possesses several advantageous properties, including non-toxicity, chemical
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stability, electrochemical activity, and the abundance of readily available raw materials [6]. Copper oxide
has been extensively studied due to its suitability for a wide range of practical applications, including micro-
electromechanical systems, spintronics, solar cells, and gas sensors [7]. High surface-to-volume CuO
nanostructures exhibit unique chemical and physical properties, making them useful in biosensors,
supercapacitors, photodetectors, solar cells, and catalysis [8]. Zinc oxide (ZnO), another semiconductor, is
widely used in the fabrication of photovoltaic solar cells [9]. ZnO is safe, easy to synthesize, and exhibits
strong light absorption. Because it has a direct band gap, ZnO behaves as a p-type semiconductor, with an
indirect band gap of 1-1.8 eV, which is nearly ideal for solar cells and helps it absorb sunlight effectively
[10]. Doping with Fe significantly affects the magnetic and electrical properties of these semiconductors

[11].

In addition to modifying the material dimensions, Fe doping influences multiple physical and chemical
properties, yielding materials with enhanced functional characteristics [12]. Several methods have been
employed to fabricate CuO thin films, including thermal oxidation of Cu films [13], reactive DC sputtering
[14], sol-gel spin coating [15], RF magnetron sputtering [16], and spray pyrolysis [17]. Pulsed laser
deposition is particularly advantageous due to its simplicity, scalability, environmental friendliness, and
precise control over composition and film thickness. Many studies have been conducted in recent years to
develop the structural and optical properties of copper oxide (CuO) using various techniques to improve its
performance in electronic and optical applications. Borah and Sarma’s study showed that films prepared
using continuous magnetron sputtering exhibit omnidirectional structures with grain sizes up to 26 nm.
They also demonstrated that reducing the sputtering pressure increases light absorption in the 280—400 nm
range and improves optical transmittance by 80% [18]. Meanwhile, Abeer and Jamal prepared thin films of
CuO and CuO mixed with Nd,Os using pulsed laser deposition for ammonia gas sensing. The results
showed that adding Nd»O; altered the crystal structure, reducing the crystal size from 19 nm to 14.7 nm,
and significantly improved the optical properties [19].

Furthermore, Soumen et al.’s study, which used a simple chemical method to prepare CuO nanotubes,
showed that the prepared samples possessed a monoclinic structure with a band gap ranging between (2.86-
2.89 eV), where these structures showed distinct photocatalytic activity in the decomposition of methylene
blue dye [20]. Abeer and Jamal’s study also showed that mixing lanthanum oxide (La20,) with (CuO)
prepared by the PLD method contributes to increasing the band gap from (2.25) to (2.85), which confirms
the possibility of modifying the structural and optical properties of (CuO) through its combination with
different oxides [21]. Based on the above, these studies clearly show that the properties of (CuO) are greatly
affected by the type of doping and the method of preparation. However, the effect of the iron element in
the composite system (CuO: ZnO) prepared by pulsed laser deposition purification has not been
systematically and in-depth studied, which represents a clear research gap that deserves investigation.
Hence, the importance of this study lies in providing a detailed description of the effects of different iron
concentrations on the structural and optical properties of (CuO: ZnO) films prepared by PLD, while also
demonstrating the relationships among crystal structure, energy gap, and optical absorption behaviour. This
aims to improve the performance of these films, making them promising materials for optical and electronic
applications such as solar cells and high-efficiency sensors.

2. Experimental

The deposition process was carried out using varying concentrations of cast iron (Fe) ranging from 0.1 -
0.5% weight percentages, added to an equivalent mixture of copper oxide (CuO) and zinc oxide (ZnO). The
materials were then homogeneously mixed by mechanical separation to ensure a uniform distribution of
iron particles. The resulting powder was then pressed 8 tons for 10 minutes using a hydraulic press, forming
discs with a diameter of 1 cm and a thickness of 1 cm. These discs were then heated at 300°C for one hour
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and allowed to cool to room temperature. The discs were subsequently placed in a pulsed laser deposition
chamber to deposit a film on pre-cleaned glass substrates using a mixture of salt and alcohol, followed by
ultrasonic testing for 15 minutes. A pulsed Nd: YAG laser with a fundamental wavelength of 1064 nm was
used, with a pulse energy of 600 mJ, a repetition rate of 6 Hz, and a spot diameter of 4 mm. The laser beam
was tilted at a 45° angle to the target surface, with 400 pulses. The chamber pressure was maintained at a
constant 1 x 1072 mbar, and the distance between the laser nozzle and the target was kept at 2 cm. The
resulting film thickness was approximately 200 + 5 nm. Structural analyses were performed using X-ray
diffraction within an angular range of 10°-80° with Cu-Ka radiation at a wavelength of 0.154 nm. Optical
properties were measured by spectroscopy over 340—1100 nm. Figure 1 shows a diagram illustrating the
pulsed laser deposition system.
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Fig. 1: Schematic illustration of the pulsed laser deposition system.

3. Result and discussion
3.1 X-ray diffraction analysis

The crystal structure of (CuO: Zn)—(Fe)x thin films was analyzed using XRD within the 26 range of 20°—
80°. Figure 2 presents the XRD patterns of the (CuO: ZnO) Fe thin films with varying Fe concentrations.
The diffraction patterns exhibit multiple peaks for all samples, confirming the polycrystalline nature of the
deposited films. Four peaks were observed at 32.76°, 38.77°, 61.66°, and 66.06°, corresponding to the
(110), (11-1), (111), and (-113) planes, respectively, with a preferred orientation along the (11-1) plane.
These peaks can be indexed to the monoclinic structure of CuO and match well with JCPDS card No. 48-
1548. Several less intense peaks were detected at 31.83°, 34.37°, and

36.45°, corresponding to the (100), (002), and (101) planes of ZnO, in agreement with JCPDS card No. 36-
1451. The diffraction spectra confirm the successful crystallization of the CuO nanostructures within the
deposited films. The Fe-doped films did not exhibit any secondary phases or additional peaks associated
with Fe compounds. The absence of Fe-related peaks in the XRD patterns suggests that Fe ions were
successfully incorporated into the CuO lattice by substituting Cu* sites rather than forming separate phases.
This observation indicates that the crystal structure of CuO remained stable upon Fe incorporation,
confirming the successful substitution of Fe* ions into the host lattice [22].
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Fig.2: XRD diffraction pattern of Fe-doped CuO: ZnO thin films for different Fe content.

Scherrer’s equation was used to determine and quantify the average crystallite size (L) as follows in Eq.
(1), [23]:

L=KA/B.cosO (1)
Where A denotes the XRD wavelength in nanometers (nm), the value of 3 is the diffraction peak profile’s
peak width at half maximum height in radians. K is the shape factor, which is typically taken to be 0.89 for
ceramic materials and, 0 is the diffracted angle of the peak.
The interplanar spacing (du) was calculated using Bragg’s law as follows in Eq. (2):

n }\‘ZZdhkl SineB (2)

Where (0g) is Bragg’s angle, A is the X-ray wavelength, n is an integer representing the diffraction order
(1, 2, etc.), and duw is the interplanar spacing between two successive planes. The interplanar spacing for
the samples was listed in Table 1.

The lattice constant (a) was also calculated from Eq. (3) and illustrated in Table 1.

1 _ h24k%+412
®- T 2 (3)

Where (hkl) are miller indices.

The stability of the crystal structure of iron-doped (CuO: ZnO) films can be attributed to the ionic
compatibility between Fe** and Cu?" ions in the crystal lattice. This facilitates molecular substitution
without causing significant structural distortions. It is believed that the introduction of iron into the copper
sites improves intergranular bonding and reduces the density of crystal defects, which explains the
appearance of the preferred orientation pattern at the (11-1) plane. The absence of additional phases further
confirms that the doping did not cause chemical separation but merely stabilized the parent structure and
improved its structural and optical properties.
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Table 1. Structural parameters of Fe-doped CuO: ZnO thin films.

20 FWHM
(Deg.)  (Deg.)
32.7620 0.5576  2.7313 149 CuO (110) 4.5346 0.0083
35.4569 0.6814  2.5297 12.2 CuO (11-1) 6.6747 0.0093
0.1 36.4481 0.4647 24631 18.0 Zn0O (101) 3.0870 0.0062

38.7713 0.8364  2.3207 10.1 CuO (111) 9.8633 0.0104

32.5452 0.5886  2.7490  14.1 CuO (110) 5.0585 0.0088
35.5808 0.7125  2.5211 11.7 CuO (11-1) 7.2929 0.0097
36.4481 0.5885 2.4631 14.2 Zn0O (101) 4.9509 0.0078
38.6164 0.7124  2.3297 11.8 CuO (111) 7.1623 0.0089
32.4832 0.4337 27717 128 CuO (110) 6.1319 0.0098
0.3 35.5498 0.7744  2.5238 19.8 CuO (11-1) 2.5455 0.0057
38.8023 0.9912  2.3277  21.7 CuO (111) 2.1307 0.0048
31.9257 0.5886  2.8009 14.0 CuO (110) 5.0743 0.0090
35.4879 0.7434  2.5275 11.2 CuO (11-1) 7.9433 0.0101
0.4 36.5101 0.7434 24591 113 ZnO (101) 7.3974 0.0098
38.7093 0.8674  2.3243 9.7 CuO (111) 10.6120  0.0108
61.6004 0.5575 1.5044  16.6 CuO (-113) 3.6335 0.0041
31.8327 0.6195 2.8089 133 ZnO (110) 5.6237 0.0095
34.3727 0.5575  2.6069  14.9 ZnO (002) 4.4947 0.0079
35.5498 0.4646  2.5233  18.0 CuO (11-1) 3.1014 0.0063
0.5 36.2932 0.5886  2.4733 14.2 ZnO (101) 4.9570 0.0078
38.7403 0.8363  2.3225 10.1 CuO (111) 9.8628 0.0104
61.6624 0.5886  1.5030 15.7 CuO (-113) 4.0476 0.0043
66.0609 0.5266 1.4132 18.0 CuO (022) 3.0884 0.0035

6 X1015

0.2

3.2 Energy Dispersive X-ray Spectroscopy (EDS) analysis

Energy-Dispersive X-ray Spectroscopy (EDS) was performed to examine the effect of Fe incorporation on
the elemental composition of the prepared films. Figure 3 presents the comparative EDS spectra obtained
before and after Fe doping, highlighting changes in the intensities of Fe, Cu, and Zn peaks. Before the
incorporation of Fe, the EDS spectrum exhibited prominent characteristic peaks corresponding to copper
(Cu Ka = 8.04 keV) and zinc (Zn Ko = 8.63 keV), along with minor peaks from other trace elements. No
detectable signals were observed in the energy range associated with Fe, and upon introducing a small
fraction of Fe, a distinct new peak appeared at approximately 6.40 keV, corresponding to the Fe Ka line,
providing qualitative confirmation of Fe incorporation into the film. The Fe Kp line (= 7.06 keV The Fe Kf
line (= 7.06 keV) was not observed, which is expected due to the low Fe concentration and the inherently
weaker intensity of the Kf transition relative to Ka.

Notably, the intensities of Cu and Zn peaks remained nearly unchanged after Fe addition. The appearance
of the Fe peak, without significant alteration in Cu and Zn intensities, indicates that Fe acted as a minor
dopant incorporated into the CuO: ZnO lattice rather than substituting or diminishing the primary
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constituent elements. Additional weak peaks of silicon and oxygen were also detected, originating from the
underlying glass substrate. These results further confirm the successful and homogeneous incorporation of
Fe within the host matrix, in good agreement with the XRD findings.
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Fig.3: Energy Dispersive X-ray Spectroscopy of a) CuO:ZnO and b) Fe-doped CuO:ZnO thin films for 0.3
Fe content.

The UV-VIS-NIR spectrophotometer was employed to investigate the optical properties of the (CuO:
Zn)i(Fe)x thin films at room temperature. Figure 4 shows the variation in optical transmittance as a
function of wavelength in the range of 340—-1100 nm for the CuO: ZnO films doped with different Fe
concentrations and deposited by the PLD technique. As illustrated in the Figure, the transmittance reached
approximately 90% for the film with x = 0.1, but decreased to nearly 30% when the Fe content was
increased to x = 0.5. This significant reduction in transmittance can be attributed to the formation of defect
states within the band gap, which serve as additional absorption centres, as well as to modifications in the
electronic structure that enhance photon absorption within the visible region. Additionally, Fe doping can
influence the crystallinity and particle size of the samples, leading to enhanced light scattering and a further
reduction in optical transmittance. These results are consistent with the findings reported by S. Sogan [24].

The absorption coefficient (o) was calculated using Eq. (4):
a=2.303A/t 4)

Where A and t are the absorbance and film thickness, respectively.

Figure 5 presents the absorption coefficient () as a function of wavelength for the CuO: ZnO thin films
doped with Fe (x = 0.1, 0.2, 0.3, 0.4, and 0.5). The absorption coefficient was determined by analyzing the
high-absorption region near the fundamental absorption edge of the films. The results indicate that o
increases progressively with increasing Fe concentration, reflecting enhanced light absorption. This
behavior can be attributed to the formation of defect states and intermediate energy levels within the band
gap, which facilitate electronic transitions between the valence and conduction bands. A distinct UV
absorption band is observed around 340 nm in all films, while the absorbance stabilizes above 900 nm,
illustrating the characteristic optical response of the Fe-doped sample.
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Fig.4: The variation of transmission with the wavelength for (CuO:Zn) -(Fe, thin films with different
concentrations of Fe.
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Fig.5: The absorption coefficient versus wavelength of (CuO:Zn):—(Fe)x films prepared by PLD Technique.

The Tauc equation establishes a direct relationship between the absorption coefficient and the optical
energy gap (E,). In [25] Eq. (5),

(ahv)z =B(hv - Ey) %)
The optical energy band gap (E,) of the (CuO: Zn):—(Fe)x thin films was determined using the Tauc
method. In this approach, the photon energy (hv), absorption coefficient (o), Planck’s constant (h), light
frequency (v), and the material-dependent parameter B—which is inversely related to amorphous content-
are incorporated into the Tauc equation. The band gap was estimated by plotting (ahv)? versus photon
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energy (hv) and extrapolating the linear portion of the curve to o = 0, indicating direct allowed transitions,
as shown in Figure 6.The results demonstrate that increasing Fe content leads to a progressive decrease in
the optical band gap of the films. This reduction is attributed to the formation of defect states and
localized energy levels within the band gap, which facilitate electronic transitions from the valence band
to the conduction band, thereby lowering the energy required for these transitions. Consequently, higher
Fe concentrations result in a narrower band gap and enhanced light absorption. These observations are in
good agreement with previously reported studies [26, 27].

200

180

160

140

100

(ahv) 2 %101 (em . eV) 2

80

60

40

20

; 3 4
TRV (€V)

th

0 1 2

Fig.6: The Variation of (¢thv)2 with (hv) for (CuO:Zn):(Fe) thin films with different concentrations of Fe.

The refractive index (n) can be calculated from the reflectance coefficient r using Eq. (6) [28].
n=sqrt((1+r)/(1-r)) (6)

The dependence of the refractive index on wavelength for the (CuO: Zn)i—(Fe)x thin films is presented in
Figure 7.

In general, n increases with increasing wavelength, except for the films with x = 0.1 and x = 0.4.
Furthermore, the refractive index decreases with the increasing Fe concentration, indicating a non-linear
dependence of n on Fe doping. For low Fe concentrations (x = 0.1-0.3), n decreases with increasing
wavelength because the limited number of localized defect states reduces electronic polarization.

At medium concentration (x = 0.4), n exhibits mixed behaviour, as the accumulation of defect states begins
to enhance polarisation. At high concentration (x = 0.5), n increases significantly with wavelength,
reflecting the pronounced influence of abundant localized states and enhanced electronic polarization.
These observations are consistent with previous reports on CuO thin films prepared by the activated reactive
evaporation technique, which exhibited similar refractive-index behavior [2]. The extinction coefficient
was calculated using Eq. (7), [30]:

k=2 (7)
Figure 8 shows the variation of the extinction coefficient (k) as a function of wavelength for the (CuO:

Zn)i-x(Fe)x thin films at different Fe concentrations.
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Fig.7: Variation of the refractive index (n) as a function of wavelength for (CuO:Zn):—(Fe)x
thin films with different Fe concentrations.

The results indicate that k increases progressively with increasing Fe content from x = 0.1 to 0.5. This
behavior mirrors the trend observed for the absorption coefficient (o), suggesting that Fe incorporation
enhances light absorption across the visible and near-infrared regions. The increase in k can be attributed
to the formation of localized defect states within the lattice, which enhance electronic polarization and the
interaction between light and the material. This progressive increase in k is consistent with the observed
changes in refractive index, transmittance, and absorption, confirming that Fe doping effectively modifies
the optical behavior of the films.

The real (er) and imaginary (gi) parts of the dielectric constant were calculated using the following [30]
relations:

er = n? - k? (8)
€i = 2nk 9)

Figures 9 and 10 present the variations of the real (er) and imaginary (gi) components of the dielectric
constant as a function of wavelength for the (CuO: Zn):—(Fe) thin films with different Fe concentrations.
Table 2 shows the variation in optical parameters with changes in the Fe content in the films. The film’s
dielectric behavior is strongly dependent on Fe content. At low Fe concentrations (x = 0.1), er decreases
while &i remains relatively high, indicating limited polarization and higher energy loss. For medium Fe
concentrations (x = 0.2—0.3), er stabilises and i decreases gradually.

At high Fe concentrations (x = 0.4-0.5), er increases while €i decreases, reflecting enhanced energy storage
and reduced dielectric losses. These observations suggest that careful optimization of Fe content can
improve the dielectric performance of CuO: ZnO films for applications in capacitors, sensors, and high-
frequency devices.
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Fig.8: The variation of k with the wavelength for (CuO:Zn)i—(Fe)y thin films with different concentrations of Fe.

Table 2. Optical parameters of Fe-doped CuQO: ZnO thin films.

Sample A T% a (cm™) K n £r £i Eg (eV)
x=0.1 0.16 69.26 73466 0.322 2.250 4,959 1.448 2.90
x=0.2 0.30 50.04 138474 0.606 2.611 6.447 3.166 2.50
x=0.3 0.44 36.15 203482 0.891 2.594 5.934 4.623 2.30
x=0.4 0.60 25.36 274379 1.202 2.269 3.704 5.452 2.00
x=0.5 0.65 22.36 299601 1.312 2.100 2.690 5.511 2.00

1
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Fig.10: The variation of €i with the wavelength for (CuO: Zn):—(Fe)x thin films with different concentrations of Fe.

4. Conclusions

Fe-doped (CuO: Zn):-«(Fe)x thin films with Fe concentrations ranging from 0.1 to 0.5% were successfully
fabricated using the pulsed laser deposition (PLD) technique. The incorporation of Fe was found to
significantly influence the structural, optical, and dielectric properties of the films. Specifically, Fe doping
led to improved crystallinity, modified optical absorption and band gap, enhanced refractive index and
extinction coefficient, and optimised dielectric behaviour. These enhancements demonstrate that Fe
incorporation effectively tailors the material’s performance, making the films up-and-coming for
optoelectronic applications, including photovoltaic cells, optical sensors, capacitors, and high-frequency
electronic devices.
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Abstract: Laser scribing of the front-layer metal contact in thin-film silicon solar cell is one method that
enhances optical absorption through localized surface plasmon resonance (LSPR) induced at the laser-scribed
gold nano-grooves. A new approach investigates both the plasmonic effect and increasing the absorption of the
gold via laser scribing to improve the cell performance. A 3D ultra- thin film silicon solar cell (dimensions of
400 x 400 x 900 nm?® for width, length, and height) was designed, with a 50 nm thick gold front contact scribed
at groove depths of 10, 20, 30, and 40 nm (fixed width of 200 nm). COMSOL Multiphysics software version
6.2, using the finite element method (FEM), was employed to design and numerically investigate the proposed
cell. The results revealed a maximum photocurrent of 24.66 mA/cm? at a scribed depth of 40 nm. The laser-
scribed nano-grooves excite localized surface plasmon resonances at the gold-silicon interface, enhancing
electromagnetic field confinement and light trapping in the ultra-thin silicon layer. It is concluded that the laser
scribing of the front gold contact improves the light absorption, leading to a significant increase in photo-
generation rate and photocurrent density due to plasmonic field enhancement.

Keywords: COMSOL Multiphysics, Laser scribing, Plasmonic, Silicon.

1. Introduction

Recent global economic development has led to adverse climate changes. Therefore, efficient
renewable energy sources are in high demand [1,2]. Currently, solar cells represent the essential
devices that depend on the photovoltaic materials, ranging from p-n junction solar cells to dye solar
cells (DSCs). DSCs have gained wide interest due to several reasons, including their environmental
friendliness, low energy fabrication, and low cost, but their efficiency remains limited (maximum
reported of 13 %). Perovskite solar cells improved efficiency to, 22.1 % but stability over long period
is poor compared to conventional cells, which ordinary work for 25 years [3, 4].

The substantial components of the optical electronics are the semiconductor devices, including
various applications such as photodetectors, photodiodes, photo sensors, and solar cells. Those
devices are essential for optoelectronic, where they are distinguished by tunable properties that have
attracted a great interest of researchers [5, 6]. Silicon solar cells emerged among the mentioned
sources because of the low cost of the engineering process and their affinity with adaptable substrates
[7]-

The main issue with first-generation silicon solar cells is the active layer thickness (100 to 300
micrometers), requiring high-purity silicon and increasing costs [8]. Researchers developed thin-film
solar cells to reduce thickness as much as possible, but this decreased absorption length and
efficiency. Current efforts focus on maximizing absorption thin-film solar cells. A new problem
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appeared, represented by the reduction of the absorption thickness of the active layer. As a result, the
length of effective absorption is reduced, and for sure, the efficiency of the cell is decreased. The next
purpose of the researchers is to find a certain method to increase the optical path length. The recent
research works are focused on the design of thin-film solar cells with maximum absorption, without
ignoring their efficiency [9-11]. The plasmonic effect enhances solar cell performance by increasing
the field intensity, and hence, the produced photocurrent. In p-n junction silicon solar cells, plasmons
raise light absorption, reduce exciton energy (improving photocurrent), and lengthened absorption
paths (leading to increase current and voltage). Plasmonics significantly enhances efficiency [12].
The front contact of ultra-thin film solar cells affects light absorption and the efficiency, therefore,
various structures were designed for this purpose. Laser-scribed metal contacts are promising, as this
non-contact method minimizes damage and contamination. Laser scribing increases exposed surface
area, raising absorption. The efficiency of the solar cells could be increased by laser scribing through
the reduction in the optical losses. To ensure long-term stability of the scribed module, different
factors should be taken into account, including the criteria of grooves and the balance between the
optical and electrical losses [13, 14]. The scribing of the front layer is increasing the surface area that
is exposed to the incident light, leading to raise the rate of absorption. The gold nanoparticles are
widely used in solar cell due to its unique optical and electrical properties. Gold nanoparticles
enhance absorption via plasmonic effect. Because of the small front-layer contact area of the thin-film
solar cell, the surface area should be enlarged to get higher efficiency. The previous studies used laser
scribing for the variation of the structures which cannot be obtained through traditional methods. The
present work investigates the possibilities of laser scribing to get a larger surface area within similar
dimensions. A new approach is investing both the plasmonic effect and increasing the absorption of
the gold via laser scribing to enhance the cell performance. This work is to design and investigate an
ultra-thin film silicon solar cell with a laser-scribed gold front contact to increase the optical
absorption.

2. The proposed cell

The structure of ultra-thin film silicon with Laser- scribed gold layer solar cell was designed.
COMSOL Multiphysics software version 6.2, using the finite element method (FEM),
Electromagnetic field, Frequency Domain (EWFD), was performed to study the optical properties of
the suggested design numerically, as shown in Fig. 1.

-Air
Au
Si n-type
Si intrinsic
Si p-type
Al

Fig. 1: The design of silicon solar cell, a) with a gold layer front contact, b) with a scribed gold front contact.

The structure of the proposed cell consisted of Au (front contact, n, k from Werner et al, 2009, 0.0176-
2.48 um), n-type Si Silicon ETL [600 Q-cm], p-type Si, active layer/HTL (n, k from Shkondin et al.,
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2017, 2-20 um), (14 ohm-cm) and Al back reflector contact (McPeak et al., 2015). The energy band of
the silicon solar cell is depicted in Fig. 2.
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Fig. 2: Energy bands of the proposed cell.

Layer thicknesses were 450 nm air, 50 nm Au, 50 nm ETL, 200 nm AL, 50 nm HTL, and 100 nm Al
from top to bottom. Cell dimensions of the cell were 400 x 400 x 900 nm3. A plane wave (y-polarized,
normal incidence along z) illuminated the cell under AM1.5G spectrum (300-1300 nm, 10 nm steps).
Periodic boundary conditions (PBCs, 900 nm period, Floquet type) applied in x-y direction, perfect
electric conductor (PEC) on Al back. They acted as a back reflector to reflect the incident light to be
absorbed again. The utilized mesh was set on a User-controlled, finer elements (max 49.5 nm, min
3,6), swept for AlI/HTL/air, tetrahedral for active/ETL/Au. The width between the grooves was fixed
at 100 nm, related to the gold layer width and the focal spot diameter of the laser used. To observe the
effect of the groove dimension on the absorption of the cell, different depths were chosen (10-40) nm,
as shown in Fig. 3.

10 nm 20 nm 30 nm 40 nm 50 nm
 S—  S— [

Fig. 3: The proposed cell with scribing laser groove on the front contact at varying depths: (a) 10 nm, (b) 20 nm,
(c) 30 nm, and (d) 40 nm.
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The optical properties of different structures used in the current study were investigated and analyzed,
including (optical absorption, photo-generation rate, photocurrent density, and electric field
distribution profile).

The light absorption and electromagnetic field (EM) distribution were calculated and simulated by
solving the well-established Helmholtz equation V x V % E- k(z,erﬁ = 0 [15], where Ky is the wave
vector of the incident light, €, is the dielectric permittivity of the concerned medium.

Reflection (R(w)) and transmission (T(w)) monitors were installed above and below the structure to
measure the absorption (4(w)) by Eq. (1) [16]:

Alw) =1 -R(w) — T(w) (@]
The calculation of the power absorbed density in a unit cell is illustrated in Eq. (2):
Paps(2) = 0.50|E(w)|*Im(e(w)) )

The optical carrier generation rate is the number of photons absorbed in the ultra-thin film silicon
solar cell per unit volume Gpn, and was calculated by Eqg. (3) [16]:

_ (1300 Pgps
Gpn = fgoo he/A dA )

Where|E(w)| and Im((w)) is the electric field at angular frequency ® and the imaginary part of the
dielectric constant of the material, respectively [17]. The photocurrent could be calculated as Eq. (4)
[12]:

A (1300
Jon(A) = Z_cfsoo Papslam 1.5 (A)dA (4)

3. Result and discussion

The simulation results for the proposed cell with a 50 nm thick gold layer thickness and the solar cell
with a scribed gold layer are presented and analyzed. The investigation covered normalized
absorption, photo-generation rate, photocurrent density, and electric field distribution.

3.1. Normalized absorption

The normalized absorption was calculated using Eq. (2). Fig. 4 shows the absorption spectra for the
proposed cell and the reference with a scribed layer. Normalized absorption as a function of
wavelength is shown for different groove depths (10, 20, 30, and 40 nm).

Resonance wavelengths appeared at 400, 490, and 650 nm in the visible region, plus one peak in the
IR region at 1050 nm. These optical absorptions clearly indicated the effect of plasmonic LSPR.
Absorption of the resonance wavelength increased with groove depth. An IR shift in the resonance
wavelength was observed with increasing depth.

This is attributed to plasmonic effect in the gold layer, which became prominent as light penetrates
deeply. LSPR also indicated indication of the near-field intensity. The depth of 40 nm gives the
highest absorption. The resonance wavelengths are a little bit shifted to IR. The normalized absorption
for all resonance wavelengths at different depths is illustrated in Table 1.

Maximum absorption values corresponding to the groove depth are 0.39, 0.5, 0.81, and 0.87 for 10,
20, 30, and 40 nm, respectively. The influence of the groove depth on the optical absorption is shown
in Fig. 5. A linear increase was observed, with maximum absorption at 40 nm. This is expected
because increasing groove depth reduces the effective gold thickness, directly enhancing light
absorption and revealing the plasmonic effect. Subtracting the 40 nm groove depth from the 50 nm
gold thickness leave 10 nm, which supports the LSPR and enhances the plasmonic effect. Maximum
normalized absorption values as a function resonance wavelength and depth are shown in Fig. 6.
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Fig. 4: Normalized absorption for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the
reference cell.

Table 1. Normalized absorption at each groove depth and resonance wavelengths.

A (nm) A (10 nm) A (20 nm) A (30 nm) A (40 nm)
400 0.39 0.47 0.62 0.87
490 0.38 0.46 0.6 0.87
650 0.23 0.5 0.81 0.82
1050 0.14 0.31 0.4 0.84

0.4

.03

0.2
g
2

0.1

0

0 10 20 30 40
Groove depth nm

Fig. 5: Normalized absorption for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the
reference cell.
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Fig. 6: Maximum normalized absorption for all resonance wavelengths at various
depths (10, 20, 30, and 40) nm.

3.2. Photo-generation rate

Photo-generation rate as a function of wavelength is shown in Fig. 7, (based on Eq. 6). Similar
behavior was observed across cases, with the maximum at 1050 nm, with decreasing toward shorter
wavelengths and a minimum at 420 nm. Groove depth clearly influences the photo-generation rate,
with deeper grooves yielding higher as absorption increases toward the electron transport layer.
Surface plasmon polariton became prominent. Incident light on the gold surface, raises absorption via
local surface plasmon polariton (near-field) or by scattering (far-field).
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Fig. 7: Spectra of photo-generation rate for the scribed laser with different groove depth
(10, 20, 30, and 40) nm with the reference cell.

The impact of groove depth on photo-generation rate is shown in Fig. 8. Similar behavior of

normalized absorption was observed, remaining linear regardless of absolute values at each
wavelength.
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Fig. 8: Photo-generation rate for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the
reference cell.

Photo-generation rate represents the number of electron-hole pairs per unit volume per unit time due
to the absorption of the light. Plasmonic enhanced absorption, therefore, increased the
photogeneration rate.

3.3 Photocurrent density

Cell efficiency of the proposed ultra-thin film silicon solar cell with a scribed gold layer is determined
by the produced photocurrent using Eq. (4) Fig. 9 shows the photocurrent versus the related
wavelength. Here, the maximum photocurrent is detected at 660 nm, decreasing toward shorter
wavelength then decreased toward shorter wavelengths, with another peak atl050 nm in the IR
region. Photocurrent enhancement was due to increase absorption in the flowing mechanism: higher
photo-generated rate, and thus greater photocurrent. This behavior is mainly influenced by the
distribution of the incident light on the solar cell (A.M 1.5 G), with two peaks at 650 and 1050 nm
matching high intensity region.

This wavelength was located in the maximum spectral intensity region of the incident light. It was
noticed that the photocurrent of the proposed cell increased in comparison to the reference cell with a
plane gold layer, indicating clearly the effect of the absorption of the incident light through the large
surface area, regardless of the groove depth. Deeper grooves yielded higher photocurrent at all
resonance wavelengths. Visible spectral region contributions improved overall performance related to
IR. Groove depth impact on the photocurrent density was also investigated. The photocurrent density
versus groove depth is shown in Fig. 10, with linear behavior.

According to equations (1), (3), and (4), photocurrent depends on the photo-generation rate, which is
tied to the light absorption of the incident light.
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Fig. 9: Spectra of photocurrent density for the scribed laser with different groove depth (10, 20, 30, and 40) nm
with the reference cell.
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Fig. 10: Photocurrent density for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the

reference cell.
3.4 . Electric field distribution

Electric field scattering is related to absorption region, with maximum value at plasmonic sites (near-
field LSPR or far-field scattering). Combining o LSPR (near-field enhancement) and far-field
scattering (redirected light for absorption) enhance the performance of the cell. Distribution at
resonance wavelengths are shown in Figs 11-14 for visible (400, 490, and 620 nm) and IR (1050 nm).

It was observed that the electric field distribution concentrated on the gold, was the strongest at
groove depth edges. The difference in the field distribution intensity is related to their absorption, and
the highest intensity field was observed in the deepest grooves (40 nm). Table 2 demonstrates the
results of normalized absorption (A), photo-generation rate (Gpn), and photocurrent density (Jon) for
the proposed cell in comparison to the reference cell.
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a) b) PR, d)
I -

Fig. 11: Electric field distribution profile (slice plot, XY view) at 440 nm for ultra-
thin film silicon solar cell with laser scribing the front contact with different groove 120
depth: a) 10 nm, b) 20 nm, ¢) 30 nm, and d) 40 nm.

o)

Fig. 12: Electric field distribution profile (slice plot XY view) at 490 nm for ultra-
thin film silicon solar cell with laser scribing the front contact with different groove .
depth: a) 10 nm, b) 20 nm, ¢) 30 nm, and d) 40 nm.

C) d)

Fig. 13: Electric field distribution proflle (slice plot, XY view) at 620 nm for ultra-
thin film silicon solar cell with laser scribing the front contact with different groove
depth: a) 10 nm, b) 20 nm, ¢) 30 nm, and d) 40 nm.

) b) ¢) d

Fig. 14: Electric field distribution profile (slice plot, XY view) at 1050 nm for 0
ultra-thin film silicon solar cell with laser scribing the front contact with different
groove depth: a) 10 nm, b) 20 nm, c) 30 nm, and d) 40 nm.

100

40

Table 2. Performance comparison of the scribed laser front contact layer silicon solar cell with different groove

depths.
Groove depth (nm) Reference cell 10 20 30 40
Normalized absorption 0.05 0.14 0.17 0.23 0.33
Gph x10% (m3.s7) 0.34 0.74 0.87 1.12 15
Jpn (MA/CcmM?) 4.06 12.92 15.09 19.13 24.66
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It was observed that the behavior of the electric field for all resonance wavelengths reflects the
absorption of incident light and hence boosting in electric field via the plasmonic effect.

Limitations of the work included small cell dimensions of the proposed cell and manufacturing cost.

4. Conclusion

The extracted results showed clear improvements in ultra-thin-film silicon solar cells using laser
scribing for the gold layer. LPRS (near-field) depends mainly on the light absorbed via enlarged gold
surface area and light trapping, enhancing absorption through local surface plasmon polariton (near-
field) or by scattering (far-field). Performance enhancement of the optical properties was (0.33, 1.5 m
357, 24.66 mA/cm?) for normalized absorption, photo-generation rate, and photocurrent density,
respectively. The increasing of absorption was leading to an increment in the photo-generated rate,
reaching to the final result of a rise in the produced photocurrent. The depth of the scribed groove
influenced clearly on the cell performance, the deepest groove (40 nm) performs the best, representing
the thinnest gold (10 nm remaining), minimizing optical losses and increased absorption at resonance
wavelengths. COMSOL is distinguished in handling complex multiphysics simulations, such as
electromagnetic waves, multi-layered thin films, and field distributions for absorption efficiency. The
proposed cell advances high-efficiency ultra-thin film silicon designs.
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Abstract: In this study, Ti6Al4V alloy was exposed to a Q-switched Nd:YAG laser (wavelength 1064 nm, 6 Hz
repetition rate, 10 ns pulse duration, and 4 mm spot size) with energies of (280-460) mJ. This process is referred to as
laser surface modification (LSM). The effect of laser energy on crystalline structure, surface wettability, hardness,
and topography was systematically evaluated using appropriate measurement techniques such as (XRD, contact angle,
Vickers micro hardness tester, SEM). Significant increases were observed in hardness and wettability during the
decrease in the contact angle and along with an enhancement in other surface properties.

Keywords: Surface modification, laser energy, wettability, microhardness, Ti6AI4V, Nd:YAG laser.

1. Introduction

Titanium alloys are frequently implanted into the human body to enhance physiological processes[1, 2] .
The field of biomaterial study is multidisciplinary, encompassing elements of chemistry, physics, biology,
medicine, and materials science. A biomaterial is a non-viable substance used in medical devices that are
meant to interact with biological systems to assess, treat, enhance, or replace any bodily tissue, organ, or
function[3].

The development of biomedical implants and tissue engineering heavily depends on the functionality and
uses of biomaterials in biological systems. The human body can employ a wide range of biomaterials,
including metals (such as stainless steel, cobalt alloys, and titanium alloys), ceramics (such as aluminum
oxide, zirconium, and calcium phosphates), and synthetic and natural polymers [4]. Among these, titanium
(Ti) and titanium alloys are regarded as some of the most important biomaterials because of their high
corrosion resistance, great tensile strength, flexibility, and resistance to the effects of bodily fluids. This
particular combination of strength and biocompatibility [5, 6] makes them appropriate for use in medical
applications. For instance, the most common material for dental implants is commercially pure titanium
(c.p.Ti), whereas Ti-6Al-4V alloy is employed for orthopedic applications[7-9].

Bioactive surface coatings have been widely explored to enhance the biological performance of titanium-
based implants. Coatings such as hydroxyapatite (HA) and titanium oxide (TiO.) layers are known to
improve cell adhesion, osseointegration, and corrosion resistance. These coatings act as a complement to
physical surface modification methods and have been successfully applied in various biomedical
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applications, providing a favorable environment for bone integration and long-term implant stability[10].
Despite concerns regarding the potential biological effects of alloying elements such as aluminum and
vanadium, Ti-6Al-4V remains one of the most widely used titanium alloys in biomedical applications. This
widespread use is attributed to its excellent mechanical strength, high corrosion resistance, favorable fatigue
behavior, and long-term clinical performance[11].

Numerous in vitro and in vivo studies have demonstrated that Ti-6Al-4V exhibits acceptable
biocompatibility and minimal ion release under physiological conditions, particularly when a stable oxide
layer is present on the surface. Consequently, Ti-6Al-4V continues to be extensively employed in orthopedic
and dental implants, with surface modification techniques commonly applied to further enhance its
biological response[12].

Therefore, this study aims to investigate the effects of laser surface modification (LSM) on the Ti6AlI4V
alloy, focusing not only on surface properties such as roughness, wettability, and hardness, but also on their
potential impact on cell adhesion and osseointegration, which are critical for biomedical applications. It
should be noted that the present study focuses exclusively on Ti6Al4V alloy, and no comparative evaluation
with commercially pure titanium (CP-Ti) or other biomaterials, such as polymers or ceramics, was
conducted. The main objective is to investigate the effects of LSM on the surface properties of this alloy,
while comparative studies with other materials could be considered in future research.

2. Materials and Methods
2.1 Specimen Preparation

Ti6AI4V alloy specimens were prepared by sequential grinding and mirror polishing [13]. The specimens
were first ground using a series of silicon carbide (SiC) papers with grain sizes of 180, 400, 600, 800, 1000,
1200, and 2500 pum, employing the KNUTH-ROTOR 2 system (Denmark). Polishing was then carried out
using DP-cloth and DP-suspension (1 pm and ¥ pm) to achieve a mirror-like surface finish as shown in
Fig.1.

Fig.1: Photograph of mirror-polished Ti6Al4V alloy specimens after sequential grinding and polishing, showing
smooth reflective surfaces used for laser surface modification experiments.

2.2 Experimental Setup for Laser-Induced Plasma (LIP) System
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Surface treatment of Ti6AI4V specimens was performed using a Q-switched Nd:YAG laser
with the following parameters:

o Wavelength: 1064 nm

e Pulse duration: 10 ns

« laser energies: 280, 340, 400, and 460 mJ
e repetition rate: 6 Hz

e spot size: 4mm

All experiments were conducted in air. The laser beam was focused onto the sample surface using a lens
positioned at a 45° angle relative to the beam direction, with a working distance of approximately 10 cm.
Plasma emission from the laser-treated surface was collected using an optical fiber (125 pm core diameter)
positioned 10 cm from the target, and analyzed with a spectrometer, as shown schematically in Fig.2.

Mirror

Laser Nd : YAG Computer
(1064 nm) M| g

Focusing Lens

Laser induce Plasma

Targe TisAliV ___.__

spectrometer

Fig.2: Schematic illustration of the laser-induced plasma system used for surface modification of Ti6AI4V alloy.

3. Results and Discussion
3.1. X-Ray Diffraction (XRD) measurements

XRD analysis of untreated and laser-treated Ti6Al4V samples (laser energies: 280, 340, 400, 460 mJ;
repetition rate: 6 Hz) confirmed that all diffraction peaks correspond to the a-Ti phase with a hexagonal
close-packed (HCP) structure. Peaks at 20 angles of 35.6, 38.7, 40.6, 53.5, 63.7, 71.3, 75.2, and 78.8°
correspond to the (010), (002), (011), (012), (110), (013), (112), and (021) planes of Ti, with no additional
peaks indicating secondary phases (Fig. 3). Average crystallite sizes, calculated using the Debye—Scherrer
equation [14], were assigned as follows: untreated sample (32.08 nm), 280 mJ (31.81 nm), 340 mJ (22.5
nmy), 400 mJ (26.9 nm), and 460 mJ (31.05 nm).
kA

" (Bcos 8) @)
Where A is the X-ray wavelength, B is the full width at half maximum (FWHM) of the peaks at the 0
diffracting angle with respect to Bragg's angle position, D is the crystallite size and k is the Scherer's
constant (k = 0.9).
The reduction in crystallite size at lower laser energies indicates grain refinement due to rapid melting and
resolidification induced by laser irradiation. This refinement is associated with increased defect density and
enhanced surface activity. At higher laser energies, a slight increase in crystallite size is observed, likely
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due to crystal rearrangement. Peak broadening is mainly attributed to reduced crystallite size and residual
strain, while instrumental broadening was minimized through standard calibration. A noticeable reduction
in peak intensity is observed after laser treatment compared to the untreated sample, which is attributed to
grain refinement and stress generated during the rapid laser-induced thermal process. Although lattice
parameters and residual stresses were not calculated in this study, these factors may be considered in future
work to provide a more comprehensive structural analysis.
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Fig. 3: XRD patterns of untreated and laser-treated Ti6Al4V samples at various laser energies.

3.2. Surface Wettability

Contact angles were measured by placing a 2 pul. water droplet on the sample surface and photographing
the droplet (Fig. 4). The laser-treated Ti6Al4V samples exhibited a modest decrease in contact angle
compared to the untreated sample. The untreated surface showed the highest contact angle, indicating
relatively low surface energy and the absence of significant topographical or chemical modifications.
Although surface roughness measurements (e.g., AFM or profilometry) were not performed, the observed
trend is consistent with the expected effect of laser-induced surface roughness on wettability, as described
by Wenzel’s model. The measurement was performed twice for each sample and at different locations on
the surface.

Table 1. show how laser energy affects the contact angle of the Ti6Al4V alloy.

Condition Contact angle
Repetition Rate Energy CA left [] CA right [°]
Untreated Untreated 103.92 103.72
6Hz 280mJ 94.6 94.89
6Hz 340mJ 94.49 94.28
6Hz 400mJ 92.64 91.02
6Hz 460mJ 92.39 92.66
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Fig. 4: Variation of water contact angle on Ti6Al4V surfaces treated with different laser energies, showing a decrease in
contact angle and enhanced surface wettability due to laser-induced microstructural modifications.

3.3. Hardness

Microhardness measurements were performed using a digital Vickers microhardness tester (HVS-1000, China)
under a load of 4.9 N for 15 s. The untreated sample exhibited the lowest hardness (240 HV). Increasing the
laser energy from 280 to 460 mJ resulted in a gradual increase in hardness, reaching 301 HV at the highest
energy. This enhancement is attributed to surface melting followed by rapid cooling, which produces a fine
microstructure, refines grains, and increases dislocation density and residual stresses, thereby limiting plastic
deformation and improving hardness. Each hardness value represents the average of three measurements. Based
on the data mentioned above, a graph can be created to illustrate the effect of laser energy on the microhardness
of the samples.

Table 2. Microhardness (HV) of the Ti6Al4V alloy as a function of laser energy

Repetition Rate Energy (mJ) Hardness (HV)
Untreated Untreated 2403
6 Hz 280 247 +2
6 Hz 340 261 x4
6 Hz 400 285£3
6Hz 460 301+2
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Fig. 5: Effect of laser energy on Vickers microhardness of Ti6Al4V alloy. Hardness increases with laser energy,
reflecting grain refinement, higher dislocation density, and residual stresses from rapid surface melting and
solidification.

3.4. Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) image of the untreated sample of Ti6A4V alloy shows a relatively
smooth and homogeneous surface with fine, directional scratches resulting from mechanical preparation
processes such as grinding and polishing. No signs of surface melting, re-solidification or thermal damage

are observed, indicating that the surface remained in its original state and serves as a reference condition
for comparison, as shown in Fig.6.

SEM HV: 20.0 kV Det: SE | NanoLAB-MOST

SEM MAG: 1.00 kx Date(m/dly): 10/27/25 50 pm

SRC

Fig. 6: SEM image showing the as-received Ti6Al4V surface with smooth morphology and minimal topographical
features before laser treatment.

8% University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
2 Journal homepage: https//ijl.uobaghdad edu.ig/index.php/I



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol. 25, Issue 1, 2026 31

After laser treatment at energy of 280 mJ, initial surface modification becomes evident. The surface exhibits
slight melting features and shallow surface ripples, accompanied by a modest increase in surface roughness.
These changes suggest partial surface melting without inducing severe thermal effects. At laser energy of
340 mJ, the surface morphology shows more pronounced modification. The density of surface ripples and
grooves increases, and the melted regions appear more uniform. This behavior is attributed to enhanced
laser—material interaction, leading to more effective melting and rapid re solidification of the surface layer.
When the laser energy is increased to 400 mJ, the surface undergoes significant modification, characterized
by deeper grooves and a rougher surface texture. The microstructural features become more distinct due to
higher thermal input, resulting in intensified melting and faster cooling rates, which promote noticeable
surface restructuring. At the highest applied laser energy of 460 mJ, the surface exhibits the most severe
modification, with dense and deep ripples, increased surface roughness, and signs of localized thermal
stress. These features indicate excessive energy input, which enhances surface deformation and may
introduce local non-uniformity due to rapid heating and cooling.

(a)280my (b)340m)

SEM HV: 20.0 kV Det: SE | NanoLAB-MOST SEM HV: 20.0 kV [

SEM MAG: 1.00 kx  Date(m/dly): 10/22/25 50 ym SEM MAG: 1.00 kx  Date(m/dly): 10/22/25 50 ym
SRC

(d)460m)

SEM HV: 20.0 kV Det: SE NanoLAB-MOS® SEM HV: 20.0 kV Det: SE
SEM MAG: 1.00 kx  Date(m/dly): 10/22/25 50 pm SEM MAG: 1.00 kx  Date(midly): 10/22/25 50 pm
SRC

Fig. 7: SEM images of Ti6Al4V surfaces treated with increasing laser energies. Progressive surface modification is
observed, from slight melting and shallow ripples at 280 mJ to dense, deep ripples and higher roughness at 460 mJ,
indicating the effect of laser energy on surface morphology and microstructural restructuring.

4. Conclusion

Laser surface modification (LSM) of Ti6AI4V alloy significantly alters its surface properties. Increasing
the laser energy within the tested range led to enhanced surface wettability, as indicated by a decrease in
water contact angle and a corresponding increase in surface roughness. Additionally, microhardness
measurements showed a gradual increase in surface hardness with increasing laser energy, which can be
attributed to grain refinement and higher dislocation density resulting from rapid surface melting and
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solidification. These results demonstrate the potential of LSM to modify surface characteristics; however,
further studies are required to evaluate biological performance and corrosion behavior.
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Abstract: Laser direct energy deposition (LDED) was employed to fabricate low-carbon stainless steel 316L and
to evaluate the influence of processing parameters on porosity, relative density, and microhardness. A fiber laser
system operating at 1070 nm (YLS-3000-CUT, IPG ABB) was used. The spot size was 1.2 mm, the powder feed
rate was 9.5 g/min, the layer thickness was 0.2 mm, the carrier gas flow rate was 7.5 L/min, and the shielding gas
flow rate was 25 L/min. Laser power (420, 600, and 800 W) and scan speed (20, 25, and 30 mm/s) were
systematically varied, producing nine samples with linear energy densities between 14 and 40 J/Jmm and volumetric
energy densities from 59 to 167 J/Jmmg3. Microstructural features and pore morphology were examined using optical
microscopy and scanning electron microscopy. Porosity and relative density were quantified by full cross-sectional
image analysis. Microhardness was measured using a Vickers indenter with a 300 g load and 10 s dwell time.
Microhardness values ranged from 185.4 to 207.3 HV. Porosity values varied between 0.198% and 0.831%, while
relative density ranged from 99.169% to 99.802%. Lower volumetric energy densities produced reduced porosity
and increased relative density at all scan speeds. The minimum porosity (0.198%) and maximum relative density
(99.802%) were obtained at a scan speed of 30 mm/s and a volumetric energy density of 59 J/Jmms3. The results
quantify the effect of laser power and scan speed on densification and mechanical response in LDED-processed
316L and define a limited processing window for defect minimization.

Keywords: Laser direct energy deposition, Energy density, Scan speed.

1. Introduction

Laser direct energy deposition (LDED) is an additive manufacturing technique used to fabricate complex
three-dimensional metallic components with reduced material waste and high deposition flexibility [1]. In
LDED, metallic powder or wire feedstock is injected into a focused laser beam, where it melts and is
deposited onto a substrate in a layer-by-layer manner [2]. This process enables near-net-shape
manufacturing and repair of high-value components that are difficult or impractical to produce using
conventional machining routes. Despite these advantages, the adoption of LDED for safety-critical
applications remains limited due to the formation of process-induced defects, particularly porosity [3].
Porosity in LDED arises from multiple mechanisms, including gas entrapment within the melt pool, lack-
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of-fusion between adjacent tracks or layers, keyhole instability, and pre-existing pores in atomized
powder feedstock [4]. Even at low volume fractions, such defects can significantly degrade mechanical
performance, especially tensile strength, ductility, and fatigue resistance [5]. The severity of these effects
depends strongly on pore morphology and spatial distribution. Irregular lack-of-fusion pores generally
exert a more detrimental influence on mechanical properties than spherical gas pores of comparable size,
highlighting the need to control both pore formation mechanisms and their evolution during deposition

[6]

Austenitic stainless steel 316L is widely used in marine, chemical, and biomedical applications due to its
corrosion resistance, moderate strength, and excellent weldability [7]. In LDED processing, material
quality is strongly governed by energy input, commonly expressed as energy density. Laser power and
scan speed directly regulate the thermal energy delivered per unit length, thereby influencing melt pool
geometry, cooling rate, solidification behavior, and defect formation [8]. Insufficient energy input leads to
incomplete fusion and lack-of-fusion porosity, whereas excessive energy input promotes keyhole
formation and subsequent gas entrapment during collapse [9]. Achieving full densification therefore
requires a balanced processing window that enables adequate fusion while minimizing excessive
vaporization and instability [10].

Although prior studies have demonstrated the sensitivity of porosity to processing parameters, the
combined and systematic effects of laser power and scan speed on porosity characteristics,
microstructural evolution, relative density, and mechanical response remain insufficiently resolved,
particularly for 316L fabricated by LDED [11]. In addition, many investigations report microstructural
observations without directly linking them to quantified porosity levels and local mechanical properties.
This limits the ability to establish reliable process—structure—property relationships.

Microstructural characterization using optical microscopy and scanning electron microscopy provides
essential insight into grain morphology, dendritic structure, phase distribution, and defect types formed
during LDED [12]. Complementary microhardness measurements serve as a sensitive indicator of local
microstructural variations and compositional inhomogeneity induced by thermal history. Together, these
techniques enable correlation between processing conditions, microstructural features, and mechanical
response at the microscale. Such correlations are necessary for defining processing windows suitable for
defect minimization and performance consistency [13].

Several recent studies highlight both the potential and limitations of DED-based processing of stainless
steels. Saboori et al. [14] emphasized that although DED enables fabrication of complex and functionally
graded structures, incomplete understanding of microstructure evolution and defect formation continues
to hinder industrial maturity. G. A. Barragan et al. [15] demonstrated that directed energy deposition
(DED) can produce dense AISI 316L stainless steel deposits with strong metallurgical bonding and low
porosity when appropriate processing conditions are employed. Their results confirmed that high cooling
rates inherent to DED promote fine cellular and dendritic austenitic microstructures, which are closely
associated with improved material integrity. Although their study focused on coating applications, it
highlighted the importance of controlling process parameters to minimize porosity and preserve alloy
chemistry during deposition.

H. Shi et al. [16] investigated the influence of additive manufacturing—induced microstructural features on
the high-temperature behavior of laser metal deposited 316L stainless steel. Their work showed that phase
segregation and o-ferrite formation at grain boundaries are strongly linked to thermal history and energy
input during deposition. These findings emphasize that process-controlled microstructural evolution plays
a critical role in determining material performance, reinforcing the need for systematic parameter control
in LDED. Zhou and Ning et al. [17] examined the effects of process parameters on porosity formation and
microstructural refinement in DED-fabricated 316L-based systems. Their study demonstrated that
variations in energy input significantly affect melt pool stability, grain morphology, and defect formation.
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Increased energy density promoted grain refinement but also increased the likelihood of porosity and
cracking when excessive thermal input led to melt pool instability. This highlights the narrow processing
window required to balance densification and defect suppression.

Z. Ma et al. [18] reported that multiple DED process parameters simultaneously influence density, surface
quality, and microstructural uniformity in stainless steel-based structures. Their statistical analysis
showed that scan speed plays a dominant role in controlling surface integrity, while thermal input strongly
affects densification behavior. These results underscore the necessity of isolating and quantifying the
individual and combined effects of laser power and scan speed on relative density and defect formation.

Zircher et al. [19] investigated the wear behavior of additively manufactured 316L stainless steel
produced by the laser metal deposition (LMD) process, with a specific focus on its suitability for repair
applications. The authors evaluated friction and wear under dry sliding conditions using a flat-on-flat
configuration against AISI 52100 steel and compared LMD-fabricated 316L with conventionally rolled
316L. Microstructure, residual stresses, and hardness were characterized prior to tribological testing to
support interpretation of wear mechanisms.

Despite these advances, a quantitative and systematic correlation between laser power, scan speed,
porosity, relative density, microstructural characteristics, and microhardness in LDED-fabricated 316L
stainless steel remains limited [20]. Experimental studies that directly link energy density regimes to both
defect metrics and mechanical response under controlled conditions are scarce [21].

Accordingly, the present work focuses on systematically varying laser power and scan speed during
LDED of 316L stainless steel to quantify their effects on porosity formation, relative density,
microstructure, and microhardness. By combining optical microscopy, scanning electron microscopy,
image-based porosity analysis, and microhardness testing, this study establishes evidence-based process—
structure—property relationships consistent with the scope defined in the abstract.

2. Materials and Methods

This section outlines the materials used, the experimental setup employed for laser direct energy
deposition, and the processing parameters selected to fabricate 316L stainless steel samples. It also
describes the characterization techniques applied to evaluate the microstructural, mechanical, and
porosity-related features of the deposited materials, along with the methodology used to quantify porosity
and assess the quality of the fabricated parts.

2.1. Materials

Low-carbon austenitic stainless steel 316L powder was used as the feedstock material for laser direct
energy deposition. The powder particle size ranged from 56 to 100 um, which was made by the gas
atomization manufacturing method, ensuring stable flowability and consistent interaction with the laser-
induced melt pool, as shown in Fig. 1. Also, the volumetric distribution and volume transformation are
shown in Figs. 2and 3 respectively. The chemical composition of SS316L powder was summarized in
Table 1.

Table 1. Chemical composition of SS316L (Wt.%)

Fe% C% Cr% Mn% Mo % P% Si% Ni%
Bal. 0.03 19.09 1.14 2.32 0.5 0.71 10.07
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Fig. 1: SEM of SS316L powder
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Fig. 2: Volume distribution of SS316L
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Fig. 3: Volume transformation of SS316L.

2.2 Experimental Setup

The laser direct energy deposition (LDED) process was carried out using a high-power fiber laser system
(YLS-3000-CUT, IPG ABB) operating at a wavelength of 1070 nm with a Gaussian beam intensity
distribution, as shown in Fig. 4. The system was integrated with an ABB industrial robotic arm coupled
with a circular two-axis table, enabling precise multi-axis motion control and flexible deposition
strategies. A coaxial powder delivery system transported SS316L powder from a hopper to the laser focal
point using argon carrier gas at 7.5 L/min, while argon shielding gas at 25 L/min was supplied around the
melt pool to minimize oxidation and atmospheric contamination during deposition.
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Fig. 4: Ytterbium fiber laser and LDED printhead.
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2.3. Process Parameters

A fixed laser spot size of 1.2 mm, layer thickness of 0.2 mm, powder feed rate of 9.5 g/min, overlap of
50%, and hatch spacing of 0.6 mm, which is typical for LDED processes and ensures sufficient melt pool
overlap for good metallurgical bonding, while limiting excessive reheating, and standoff distance of 12
mm. All these characteristics were maintained throughout the experiments. The process parameters were
systematically varied by adjusting laser power (420, 600, and 800 W) and scan speed (20, 25, and 30
mm/s), resulting in nine distinct deposition conditions. These parameter combinations produced linear
energy densities ranging from 14 J/mm to 40 J/mm, allowing investigation of their influence on melt pool
behavior, thermal gradients, solidification dynamics, and resulting microstructural and mechanical
properties.

The basic relationship of material quality in LDED is the volumetric energy density (VED) in J/mm?,
mathematically expressed as [22].

P

VED =
vtd

(1)

where P laser power (W), v scan speed (mm/s), d spot diameter (mm), and t layer thickness (mm).

Nevertheless, for single-track depositions, the fixed spot size (1.2 mm) and layer thickness (0.2 mm) in
each deposition track, the linear energy density, mathematically specified as [22],becomes the dominant
parameter controlling melt pool characteristics.

R v

()

2.4. Characterization Methods

The deposited samples, each with dimensions of 10 x 10 x 10 mm3, as shown in Fig. 5, were built by
zigzag for cubes strategy. All samples were sectioned, mounted, polished, and prepared following
standard metallographic procedures, as shown in Fig. 6. The metallographically prepared samples were
chemically etched using an aqueous solution composed of hydrochloric acid (HCI), nitric acid (HNOs),
and distilled water mixed in a 1:1:1 volume ratio to reveal the microstructural features [23].

Optical microscopy (OM) and scanning electron microscopy (SEM) were employed to analyze
microstructural features, grain morphology, phase distribution, and defect characteristics. To evaluate
mechanical behavior, Vickers microhardness testing was performed using a load of 300 g and a dwell
time of 10 s, enabling assessment of local property variations caused by microstructural evolution and
porosity distribution, as shown in Fig. 7[24,25].

Hardness profiles were obtained along three vertical traverses across the cross-section (edge—center—edge)
from the substrate interface to the top of the deposited height. A total of 150 independent indentations
were conducted, consisting of 50 measurements along each traverse. A minimum center-to-center spacing
of at least three times the indentation diagonal length was maintained between adjacent indents to avoid
interaction effects, in accordance with ASTM E384. The hardness values obtained from each traverse
were subsequently averaged, and the mean values were used for plotting and comparative analysis, as
shown in Fig. 8.
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Fig. 5: dimensions of SS316L samples.
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Fig. 6: Sample preparation procedure.

39

fan Universi

ty of Baghdad Publishing, Institute of Laser for Postgraduate Studies

¢ % Journal homepage: https:/iil.uobaghdad.edu.io/index.php/I



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol. 25, Issue 1, 2026

\
Square-based
pyramidal
indentor 136°
d1
-
A
= d2

(d)
(a) Vickers indentation

Impression
(b) Measurement of
indent diagnals
Sample

Fig. 7: Principal of Hardness Vickers Calculation [24].

Fig. 8: Microhardness profiles measured along the build height of SS316L.

2.5. Porosity Quantification Methodology

Porosity and relative density were quantified using high-resolution optical images captured across the full
cross-sectional area of each specimen with a Mitutoyo Quick Vision optical measurement system.
Quantitative porosity analysis was performed using ImageJ software. Optical micrographs acquired from
polished and etched cross-sections were used for analysis. For each sample, multiple images were
captured at identical magnification from representative regions across the deposited area to ensure
statistical reliability. The images were first converted to grayscale and subjected to contrast enhancement
to improve pore—matrix differentiation. A global thresholding method was applied to segment pores from
the metallic matrix, followed by manual verification to remove artifacts and non-relevant features.
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Porosity was quantified by calculating the ratio of the total pore area to the total analyzed area. The
reported porosity values represent the average of all analyzed images for each processing condition.

3. Results and discussion
3.1. Porosity and Relative Density

At the lab, the experimental results showed that the linear energy density controls are essential to the
optimum densification and the lowest porosity of laser-directed energy deposited samples. Importantly,
we report that samples fabricated at the lowest energy densities (such as 420 W and higher scan speeds of
25 and 30 mm/s) resulted in the highest comparative density and least porosity, demonstrating stable melt
pool dynamics, complete powder fusion, and suppressed overheating-induced defects. The thermal energy
overabundance on samples had negatively impacted the porosity of different melt parameters [26], as
such, we compared the results with those produced under high energy densities (higher power, lower
scan-speed values), confirming that the increase of thermal energy caused the melt pool to destabilize,
with attendant pore formation through keyhole instability and other mechanisms. Accordingly, this
experiment proves from a systemic perspective that exact moderation of energy input is vital, and that the
best structural, mechanical properties and build quality can only be obtained if the lowest linear energy
densities are applied to the parameter matrix under consideration.

Analysis of the nine samples (see Figs. 9 and 10) reveals a strong relationship between linear energy
density and porosity and the relative density of the laser-deposited structures. The samples have the
lowest porosity and highest relative density at minimized energy densities using lower laser power and
increased scan speed, indicating that the melt pool stability and efficient fusion without causing the melt
to overheat. For instance, the sample processed at 420 W and 30 mm/s yielded the lowest porosity
(0.198%) and the highest relative density (99.802%).
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Fig. 9: Relationship between v, VED, and porosity
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Fig. 10: Relationship between v, VED, and RD.

3.2. Microstructure Analysis

The microstructural evolution observed by OM and SEM can be understood as a continuous response to
increasing energy per unit length (E;) and the attendant changes in melt-pool geometry and local cooling
rate: the lowest E; runs (420 W at 30 mm/s, E; = 14 J/mm as shown in Fig. 11) produce narrow, shallow,
regularly stacked melt pools with only tiny, isolated spherical pores visible in OM and, in SEM, the finest
cellular solidification substructure with extremely primary spacings, minimal interdendritic segregation,
and only sparse, discontinuous carbide/oxide inclusions.

Fig. 11: OM and SEM of SS316L, v of 20, 25, and 30 mm/s at a P of 420 W
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Considerably higher E; at 420 W (Fig. 11) but slower speeds (25 mm/s and 20 mm/s; E; = 16.8 and 21
J/mm) still show well-defined melt-pool bands in OM but progressively wider pools and a small increase
in visible pore frequency, while SEM reveals a modest coarsening of cellular/dendritic spacing and a
slightly greater tendency for solute and inclusion accumulation at cell walls.

Increasing power to 600 W (Fig. 12) at 30, 25, and 20 mm/s (E; = 20, 24, and 30 J/mm) produces wider
and deeper melt pools with more frequent small porosity and more irregular overlap footprints in OM; at
the SEM scale these conditions exhibit coarser cellular/dendritic arrays, clearer enrichment of alloying
elements and inclusion/precipitate contrast at interdendritic locations (manifested in SS316L as more
pronounced cell-wall segregation and a likely presence of fine M23C6-type carbide or oxide clustering at
boundaries), and a higher incidence of irregular porosity associated with partial keyholing or entrapment
during slower solidification [27,28].

m/s |

Fig. 12: OM and SEM of SS316L, v of 20, 25, and 30 mm/s at a P of 600 W

At the highest power, 800 W (Fig. 13) with the three speeds (Ei = 27, 32, and 40 J/mm), OM shows the
broadest, deepest, and most irregular melt pools with the greatest density of both spherical and irregular
voids and disturbed overlaps, while SEM reveals markedly coarsened dendritic structures, extensive
interdendritic films of segregated solute, and larger inclusion/precipitate particles and networks at grain
boundaries; these microstructural features reflect long liquid lifetimes that enable solute partitioning,
carbide/oxide precipitation, and coarsening and increase the probability of gas/vapor-induced porosity and
lack-of-fusion defects from keyholing [29,30].

As shown in Figs. 11, 12 and 13, all conditions exhibit cellular-to-cellular dendritic solidification
morphologies; increasing laser power enhances melt pool boundary features and pore visibility, while
increasing scan speed refines the cellular structure but increases microstructural heterogeneity when
remelting becomes marginal.
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Mechanistically, the superior appearance and highest relative density measured in the 420 W / 30 mm/s
condition arise because the low E, yields the fastest local cooling rates and steep thermal gradients: Rapid
solidification reduces primary arm spacing, suppresses diffusion-controlled precipitation and solute
segregation, and shortens the time window for gas entrapment and keyhole instability, producing a
uniformly fine austenitic matrix with only very fine, discontinuous carbides or oxides and very few pores;
conversely, higher E, raises melt temperatures and liquid lifetime, coarsens the microstructure, promotes
interdendritic segregation and carbide/oxide nucleation, and increases porosity, all of which are evident in
the graded progression of OM and SEM features across the nine samples [31].
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Fig. 13: OM and SEM of SS316L, v of 20, 25, and 30 mm/s at a P of 800 W

3.3. Mechanical Performance through Microhardness Measurement

In this study nine samples of 100% SS316L manufactured by LDED have been examined. The specimens
show a very clear, quantitatively strong inverse dependence of Vickers microhardness (as shown in Fig.
14) on the linear energy density across the tested window: samples with the highest E; (<40 J/mm at 800
W, 20 mm/s) record the lowest hardness (~185 HV), and those with the lowest E; (=14 J/mm at 420 W, 30
mm/s) record the highest hardness (~207 HV). This indication confirms that increasing scan speed (higher
v) or reducing power (lower P) raises hardness primarily because both reduce E,. This behavior is
consistent with the laser-AM physics: the cooling rate in the melt/solidification zone scales roughly with
scan velocity and inversely with absorbed power (cooling o« v / P), so higher v or lower P produces faster
cooling, finer solidification structures (smaller cellular/dendritic arm spacing or effective grain size), and
therefore higher strength/hardness via Hall-Petch—type effects; conversely, high E; produces larger melt
pools, slower cooling, and coarser structures with lower hardness [32, 33]. Directed-energy-deposition
(DED) work on AISI 316L shows the same processing physics but also demonstrates that local factors
such as lattice micro-strain and subtle phase/d-ferrite variations can modulate local hardness (so micro-
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strain/residual stress may either reinforce or partially offset the grain-size effect in specific regions) [34].
Practically, this means that hardness rising as E; decreases from 40 to 14 J/mm is physically robust and
predictable but must be balanced against manufacturing defects: The AM literature also documents that
very low energy input (below the material/process-specific threshold) causes unstable melt pools and
lack-of-fusion porosity, while overly high energy can produce balling or gas entrapment, so there is an
optimal E; window for good density and the desired mechanical property set [35]. The behavior and
guantitative sensitivity fall within published ranges for additively manufactured SS316L and match the
theoretical and experimental analyses linking hardness to cooling rate and energy input in laser additive
processes.

Any increase in porosity amount (Fig. 15), that is led to decrease in hardness due to localized plastic
strain accommodation around voids. Conversely, relative density (which is inversely proportional to
porosity as shown in Fig. 16) correlates positively with hardness because a denser material exhibits
greater resistance to indentation.
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Fig. 14: Relationship between P, v, E; and microhardness.
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Fig. 15: Relationship between v, Ei, microhardness, and porosity.

& University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
7 Journal homepage: https.//ijl.uohaghdad.edu.ia/index.php/1J



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol. 25, Issue 1, 2026

e velocity (mm/s) El (J/mm) Microharhness (HV) RD %
210 99.9
200
190
99
180
170
160 99.7
150
140
99.6
130
120
110 99.5
100
90
99.4
80
70
60 99.3
S0
40
99.2
30 r (s} @ @
&) (8] =
20 @ o
10 99.1

1 2 3 - 5 6 7 8 9

Fig. 16: Relationship between v, Ei, microhardness, and RD%.

4. Conclusion

This study systematically quantified the effects of laser power and scan speed on porosity formation,
relative density, microstructural evolution, and microhardness in SS316L fabricated by laser direct energy
deposition.

1- Within the investigated parameter window, porosity ranged from 0.198% to 0.831%, while relative
density varied between 99.169% and 99.802%. The lowest porosity (0.198%) and highest relative density
(99.802%) were obtained at a scan speed of 30 mm/s and a volumetric energy density of 59 J/mms,
indicating that reduced energy input promotes stable melt pool behavior and effective densification under
the present conditions.

2- Optical and scanning electron microscopy revealed that all samples exhibited cellular-to-cellular
dendritic austenitic solidification morphologies. Decreasing linear energy density resulted in finer cellular
structures, reduced interdendritic segregation, and fewer observable defects, whereas increasing energy
density led to coarsened dendritic features, enhanced solute segregation, and a higher incidence of both
spherical and irregular pores. These microstructural trends are consistent with variations in melt pool
lifetime and local cooling rate induced by changes in laser power and scan speed.

3- Vickers microhardness values ranged from 185.4 to 207.3 HV and showed a clear inverse relationship
with linear energy density. Higher scan speeds and lower laser powers produced higher hardness values,
which correlate with microstructural refinement associated with faster cooling rates. The measured
hardness variations are consistent with grain and cellular spacing refinement rather than changes in phase
constitution.

4- Overall, the results demonstrate that laser power and scan speed exert a coupled and quantifiable
influence on densification, microstructure, and microhardness in LDED-processed SS316L. The findings
define a limited processing window in which porosity is minimized and microstructural refinement is
maximized under the fixed conditions employed in this study. These conclusions are restricted to the
investigated parameter range and characterization methods and provide an experimental basis for further
targeted optimization studies.
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Abstract: Cadmium sulfide (CdS) thin films have been fabricated on glass substrates via the spin-coating method,
followed by thermal annealing at 100°C, 150°C, and 200°C. Optical studies indicated that the deposited films
possess high transparency in the visible and near-infrared regions, with transmittance values reaching approximately
75%. The films exhibited a direct optical band gap, which showed a gradual decrease from 2.2 eV to 1.6 eV as the
annealing temperature increased. Additionally, increasing the annealing temperature resulted in noticeable
improvements in film homogeneity and crystallinity. These findings underscore the crucial role of thermal annealing
in modulating the optical properties of CdS thin films, thereby improving their suitability for optoelectronic
applications.

Keywords: Spin Coating Deposition (SCD), Atomic Force Microscopy (AFM), Zinc Blende (ZB), CdS
(Cadmium Sulfate).

1. Introduction

Cadmium sulfide (Cd S), a typical 1I-VI compound semiconductor, shows a unique bonding nature that
combines the covalency and ionicity. In the former, a large electronegativity difference between cationic
Group Il (Cd) coating and the VI elements (S), endows largely ionic aspects to the almost covalent
bonding. Intense electron localization, binding of lattice energies, and thereby higher thermal stability are
some of the outcomes. These basic properties appear as the characteristic melting points and wide band
gaps compared to covalent semiconductors of comparable atomic mass (e.g., silicon/germanium) [1].

Cadmium sulfide occurs in two major structural forms, the cubic zinc blende (sphalerite) phase and
hexagonal wurtzite phase. The instability at the planar film surface is so solid that when deposited at
substrate temperatures where the formation of these phases is thermodynamically stable and kinetically
preferrable, thin films may not form ordered phases. For CdS, the metaphase is zinc blende (ZB), which
is favoured at lower substrate temperatures (300°C), the thermodynamically-stable wurtzite phase is
dominant by virtue of its lower bulk free energy. This phase selectivity has important consequences for
epitaxial growth, defect creation and subsequent properties [2]. Recent progress on control of phase-pure
or mixed-phase films is also achieved in Fiske cells for device applications via molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD). The renewed and persistent interest in CdS thin films is
mainly attributed to its critical function as a window material for high-efficiency thin-film photovoltaic
(PV) devices, including predominantly heterojunctions with semiconductor absorbers like CdTe and
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Cu(In,Ga)Se, (CIGS) [3,4]. Its appropriateness is based on a combination of key features: the direct band
gap (~2.42 eV at room temperature), that lies comfortably in the solar spectrum well below its absorption
edge; high (it exceeds 10* cm™) absorption coefficient for photon energies larger than the band gap,
which should enable efficient carrier generation in ultrathin layers; and favorable interface energetics
with leading absorber materials to promote successful carrier separation. These properties have allowed
certified solar cell conversion efficiencies in CdTe devices in excess of 22% and for CIGS they are
around 23%, with the key component of recently recorded efficiency architectures remaining a CdS layer
[5,6]. Apart from photovoltaic applications, due to the tunable band gap (by alloying with Zn or Se) and
the strong excitonic effects, CdS is of interest for light-emitting diodes (LEDs), photodetectors and
nonlinear optical devices.

Cadmium sulfide is a congruently sublimating material at around 700 °C or higher abd melts at high
pressure near 1750°C, allowing for fabrication with a wide range of techniques including thermal
evaporation, chemical bath deposition (CBD), sputtering and close-spaced sublimation (CSS). The static
dielectric constant of the material is ~11.6, and its density is 4.84 g/cm3. A defining and technologically
important characteristic of CdS is its inherent n-type conductivity in as-deposited films. This
conductivity is due to intrinsic defects, primarily sulfur vacancies (V_S) and cadmium interstitials (Cd_i),
acting as shallow donors. On the other hand, successful p-type doping is challenging—a typical example
of the problem of “doping asymmetry” in large band-gap 11-VI compounds. This is due to the presence
of strong self-compensation mechanisms, which leads to a decrease in the formation energy of native
acceptor (e.g., Cd vacancy, V_Cd) upon n-type doping or compensating donor defects spontaneously
appearing against desired p-type dopants such as Na or N [7,8]. This asymmetry inherently results in the
hindrance of CdS homojunction device.

The microstructure of the polycrystalline CdS films is closely related to their electrical and optical
properties. Undoped single-crystal CdS has resistivity values as high as 10712 Q-cm, whereas
polycrystalline films usually show lower resistivity because of grain boundary conduction and native
defects. Doping control with group 111 (In, Al, Ga) [10] or halogen (Cl, Br) can decrease the resistivity to
the order of 103-10"* Q-cm, which is essential for low-resistance window layers [9]. Grain size, which is
usually in the 0.3-0.5 um range for standard thicknesses, plays a crucial role in determining the carrier
mobility, recombination and optical scattering of a material. In particular, post-deposition thermal
annealing is crucial for promoting grain growth, suppressing the density of grain boundaries and
passivating intra-grain defects. A significant step in CdTe PV processing is CdCl. vapor or solution
treatment before annealing. This chloride treatment significantly increases recrystallization, facilitates
grain boundary passivation (most likely via the generation of CIS donors that compensate deep traps),
and optimizes the electronic structure at the CdS/CdTe interface, resulting in large enhancements in VOC
and FF [10,11]. Recent investigations include interface engineering with ultrathin (<50 nm) CdS layers or
CdS:0O alloys to reduce parasitic absorption and improve the blue-response of the solar cells

2. Materials and methods

In the present work, CdS thin films have been deposited onto glass substrates using the spin-coating
technique. This method involves dispensing a precursor solution onto the glass substrate, followed by
high-speed rotation to achieve uniform film deposition. After deposition, the films have been subjected to
thermal annealing at different temperatures in order to investigate the effect of annealing temperature on
their structural and optical properties.

2.1. Devices and Materials.

Cadmium sulfide (CdS) was obtained from Sigma-Aldrich (Germany), and a sensitive scale with four
digits, an electric oven with high temperature control, a magnetic stirrer, and a spin coating device.

2.2. Film Deposition by Spin Coating Technique

The three main physical stages of spin-coating are (i) deposition and spin-up, (ii) spin-off or viscous
flow, and (iii) solvent evaporation. The method commences deposition of a precursor solution onto a
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substrate or Slowdive from a syringe or nozzle. The substrate is then quickly sped up to the desired
rotation speed. In this early phase, centrifugal forces are the dominant factor driving the solution away
radially. This leads to a rapid, exponential decay in film thickness with the extra removed liquid being
expelled from the edges of the substrate until an equilibrium metastable fluid layer is formed.

After uniform spreading, the film-thinning rate enters into a regime determined by the competition
between centrifugal drainage and viscous resistance. Although solvent evaporation also takes place, the
dominating mechanism for thickness decrease is still the viscous flow of solution across the substrate due
to centrifugal force. The thickness decays as t—1/2t—1/2, where t is time. In the last stage, viscous flow is
suppressible because the solution viscosity dramatically increases owing to solvent evaporation.
Additional thinning and drying are primarily governed by the solvent evaporation rate, which results in
film contraction to form a dry solid film. It should be noted that these stages are not isolated and
considerable overlap in time is present, especially between the spin-off and evaporation stages since
solvent evaporation occurs throughout the entire process [12]. The resulting DFT (h) follows a known
inverse-power relationship with the square root of the spin speed (o), typically of the form
hxw—1/2hx®—1/2 and diminishes logarithmically in time as spinning progresses through its mid-stage
(=the dominant spin-off phase). This relationship is depicted schematically in Fig. 1.

Film thicness
Film thicness

v

v

Spin speed Spin time

Fig.1: The relation between film thickness and both spin speed and spin time.

2.3. Preparing the Chemicals

Analytical-grade chemicals supplied by BDH were used in the present study. The specifications and
chemical parameters of the materials employed are listed in table 1.

Table 1. List of used materials.

Material atomic Purity Chemical Concentration  Company
weight Composition

Cadmium Nitrite 308.47 99% Cd(NO3),.4H,0 0.60 M BDH

Thiourea 76.12 99% Cs(NH>), 1.0M BDH

Polyvinyl alcohol 1400 99% BDH

(PVA)
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2.4. Synthesis of CdS/PVA Nanocomposite Thin Films

Thin films of cadmium sulfide polyvinyl alcohol (PVA) matrix nanocomposite have been produced on
glass substrate by using the spin coating method. The cadmium source was cadmium acetate tetrahydrate
[CA(NOs):-4H20] and the sulfur precursor used was thiourea [CS(NH2):2]. Stoichiometric 3:5 (Cd:S)
molar ratio was used, with polyvinyl alcohol PVA serving as a host polymer matrix and stabilizer of
particle growth and aggregation.

The cation/anion ratio of the Cd:S precursor is one of the most crucial synthetic factors, which is directly
responsible for a particular crystallographic phase of the CdS formed. The presence of high sulphur
concentration has been demonstrated to promote hexagonal (wurtzite) phase formation, which is usually
beneficial for photovoltaic applications because of its electronic properties; while the presence of high
cadmium concentration favours cubic (zinc blende) phase stability [13]. The synthesis procedure
includes preparation of a precursor matrix by mixing 20 mL of aqueous cadmium acetate solution (0.6 M)
with an equal volume of aqueous PVA solution (5% wi/v).

The resulting colourless solution was continuously magnetically stirred at 70 °C for 90 min and further
aged overnight to afford a homogeneous transparent product, indicating complete incorporation of the
cadmium precursor into the polymer matrix. Then, 20 mL of a 1 M thiourea solution was added dropwise
with vigorous stirring for another 30 min to start the reaction. Before deposition, the glass substrates were
cleaned with a common chemical cleaning process. Then the precursor solution prepared naturally was
spin-coated on the substrates. Wet films were then thermally annealed (after deposition) in an ordinary
oven at 100 °C, 150 °C and 200 °C. Colouration of the transparent films tints light yellow between 15-20
min during thermal annealing, indicative of NPs being in situ generated within PVA matrix. In this
hybrid material, the PVA not only forms a stable and uniform film but also passivates the nanoparticle
surfaces, preventing Ostwald ripening and leading to a homogeneous dispersion.

3. Results and discussion

3.1. X-Ray Diffraction (XRD) Analysis

The structural properties of the spin-coated CdS thin films have been examined using X-ray diffraction
(XRD) with CuKa radiation. Figures 2, 3, and 4 present the XRD patterns of CdS thin films annealed at
100 °C, 150 °C, and 200 °C for 10-15 minutes, respectively.

The XRD patterns of the annealed samples exhibit diffraction peaks at approximately 24.16°,
20.94°, and 22.00°, corresponding to the characteristic reflections of CdS. The presence of
relatively weak and broadened diffraction peaks indicates the formation of nanocrystalline CdS
films. The broadening of the diffraction peaks is attributed to the small crystallite size, as peak
width increases with decreasing particle size due to size-related effects.

Terminal annealing effect on structural features of the CdS/PVA nanocomposite films is shown in Table
1. The crystalline size, as calculated from X-ray diffraction (XRD), demonstrates a positive link with the
annealing temperatures as list in table 2. In particular, as the annealing temperature temperatures from
100 °C to 200 °C, the average crystallite size increases from around ~29.97 nm to ~32.90 nm which can
be attributed to the improvement of atomic mobility and grain coalescence of smaller grains at high
temperature due to minimization for the total surface free energy balance.The comparative summary of
crystallite size (via XRD) and optical band gap (Eg) values of the films annealed at different temperatures
are summarized in Table 2.

The correlation between these two parameters provide important information about the quantum
confinement effect. In general, a decrease of the optical band gap with increasing crystallite size has been
observed for semiconductor nanocrystals when their particle size reaches or exceeds the value of the
Bohr exciton radius which is believed to indicate loss of quantum confinement.
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Fig.2: Shows the X-ray diffraction for CdS at 100C°
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Table 2. XRD pattern for CdS thin films with different values of annealing temperature.

Annealing 20 FWHM dnii Intensity I/lo hkl Card no.
Temp (°C) (Deg.) (Deg.) A)
16.480 0.259 3.1743 169 62 113 00-041-1049
100 22.000 0.282  4.0369 274 100 230 00-010-0454
25.700 0.282 3.4635 266 98 311  00-041-1049
20.520 0.329 4.3246 279 90 113 00-041-1049
150 20.940 0.259 4.2388 310 100 230 00-010-0454
21.360 0.282 4.1564 297 96 311 00-010-0454
22.740 0.353 3.9072 281 98 200 00-010-0454
200 24.160 0.259 3.6807 289 100 230 00-010-0454
27.420 0.259 3.2500 234 81 112 00-041-1049

These results prove that the thermal annealing treatment is a reliable process to adjust the
The microstructural and, hence, the optoelectronic characteristics of the CdS/PVA nanocomposite films
prepared are shown in Table 2.

Table 3. Values of grain size and energy gap V.S. annealing temperatures.

Ta( C) Grain No Avg. Diameter (nm)
100 52 224.45
150 45 212.86
200 81 156.23

Table 4. Average diameter for samples grains at different Ta

Annealing temperature (°c) Grain size from XRD Energy gap
(nm) (eVv)
100 29.97 2.25
150 32.58 1.65
200 32.897 1.60

3.2. Atomic Force Microscopy (AFM)

Fig 5 (a, b & c¢) shows the atomic force microscopic picture for the three samples at different annealing
temperatures Ta=100, 150, and 200 C, respectively. The grain size and the average diameter were listed in

Table 4.
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Fig.5: AFM for a) 1% simple at T=100 C°, b) 2" simple at T=150 C°, ¢) 3" simple at T=200 C°.

3.3 Optical Measurements
3.3.1 Transmittance Spectra

The optical transmittance of the CdS films has been measured at avroom temperature in the 300-1100
nm wavelength range shown in Figure 6. Most of the prepared films possess high optical transparency in
the visible and near infrared ranges, with transmittance over 85% for all.

A gradual reduction in the optical transmittance is seen with increasing annealing temperature, and this
data is summarized table 4. This decrease is related to the micro structuring evolution of the films. The
improvement of sub crystallinity, grain size and texture (XRD) are all confirmed for the post-deposition
annealing. These microstructural enhancements contribute to an increased volume fraction of crystalline
material and a decrease in the amount of light scattering at grain boundaries that can be directed toward
in-plane optical modes, resulting in a higher effective optical path length and inner absorption within the
films. As a result, the annealed films show higher photon absorbing ability reflected with the measured
decrease in total transmittance.
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Fig.6: Transmittance spectra of CdS thin films annealed at different temperatures.

3.3.2. Optical Energy Gap

The optical energy gap (Eg) of the CdS thin films has been calculated using the Tauc formula. In order to
investigate the nature of the optical transition, (ahv)® was plotted as a function of photon energy (hv),
where o represents the absorption coefficient. Extrapolation of the high-absorbing region in the plot to the
energy axis resulted in a straight line, verifying a direct allowed transition for CdS. The calculated optical
band gap is shown in Fig.7.

20 -
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Fig.7: Tauc plots for determining the optical energy gap of CdS thin films annealed at different temperatures.
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The optical band gaps of all the samples are respectively 2.3 eV for the unannealed one, and decrease
with elevated annealing temperature (Ta). This discovered band gap reduction may be associated with the
microstructural evolution of the films following annealing. In contrast, high grain growth and good
crystallinity are achieved with the increase of annealing temperature, as verified from XRD. The resulting
increase in the crystallite size is responsible for a suppression of quantum confinement effects, which are
extremely strong in nanostructured semiconductors. Besides, as the lessened structural disorder and
defect density (due to better crystallinity) reduces the density of localized tail states close to the band
edge, such a change leads to a clear optical band gap increase.

3.3.3. Optical and Structural Parameters

All calculated optical and structural parameters of the CdS thin films annealed at different temperatures
are summarized in Table 5.

Table 5. Calculations of the Optical and structural properties at different temperatures

Parameters T=100 C° T=150 C° T=200 C°
Grain size 29.9 32.58 329
Absorption of films 0.011 0.028 0.035
Transmission spectra 97.427% 93.691% 92.235%
Optical Energy Gap 2.25 1.65 1.60

4. Conclusion

CdS/PVA nanocomposite thin films were successfully fabricated using the spin-coating technique, and
the effect of thermal annealing on their structural and optical properties was investigated. XRD analysis
showed an increase in crystallite size with increasing annealing temperature, indicating improved film
crystallinity. Optical studies revealed enhanced absorption and a corresponding decrease in transmittance
as the annealing temperature increased. Additionally, the optical energy gap exhibited a noticeable
reduction with increasing annealing temperature. These findings demonstrate that thermal annealing is an
effective approach for tuning the properties of CdS/PVA thin films for optoelectronic applications.
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Abstract: Copper phthalocyanine (CuPc) films exhibit strong absorption as well as chemical stability against
visible light and hence are attractive organic semiconductors for an optoelectronic device. In the present work, we
have studied the influence of 650 nm laser irradiation on the 478.4 nm Cupc thin film and recorded its
photodetector behavior. X-ray diffraction analysis showed increased crystallinity of laser-treated samples, in which
the crystallite size enhanced from 30.48 to 39.03 nm with diminished microstrains. The average grain size increased
from 35.77 nm to 95.19 nm, while the surface roughness decreased as observed by an atomic force microscope
(AFM), evidencing a remarkable grain growth and surface smoothing process. The optical properties revealed small
changes in the m—r* transitions and a slight increase in the optical band gap from 1.82 to 1.84 eV, indicating a
decrease in the disorder of the structure. Hall effect measurements revealed that an increase in the carrier mobility
from 0.16 to 28.9 cm?/Ves resulted in good electrical properties despite a decrease of the free electron concentration
(n) due to the hole compensation mechanism. Meanwhile, the responsivity of laser-treated CuPc photodetector
dramatically improved from 54.92 to 190.98 pA/mW as well as external quantum efficiency increased from 10.89%
to 37.89% at a wavelength of 625 nm. These enhancements are ascribed to the laser-induced molecular realignment,
reduced trap density, and enhanced charge transport path.

Keywaords: CuPc thin film, Charge transport, Laser Irradiation, Organic Photodetector.

1. Introduction

As an emerging class of optoelectronic materials, organic semiconductors have been attracting increasing
attention due to their various advantages, such as being low-cost and easy to fabricate, outdoor
mechanical flexibility, lightweight, and tailorable optoelectronic characteristics [1-3]. Among these, metal
phthalocyanines have been considered as an attractive family of materials for various optoelectronic
applications, including organic photodetectors (OPDs), solar cells, and gas sensors, owing to their
chemical stability, strong absorption coefficients in the visible region, and effective charge transport
properties [4-5]. Especially CuPc is one of the most studied organic semiconductors due to its thermal
stability, environmental strength, and preferable molecular structure [6-8]. The opto-electronic properties
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of CuPc thin films are greatly determined by the degree of ordering, surface morphology and defect
density, all significantly affected by the fabrication and post-depositing treatment conditions [9-11].

Laser irradiation has lately become an appealing post-deposition modification treatment, because it is
local and controllable, no-contact technique [12]. Unlike classical thermal treatments, the laser can locally
deposit the needed energy in the material, thus minimizing global heating of the substrate and facilitating
structural/morphological optimization. Previous studies have mainly concentrated on the ultraviolet or
high-energy laser, which might generate too many thermal effects and chemical damage to organic
semiconductors [13]. In this situation, there is a rising interest in the use of visible-light laser irradiation
as an alternative, low-energy, and non-destructive method. In the case of CuPc thin film, laser irradiation
at 650 nm is particularly attractive since the resulting optical excitation coincides exactly with its
intrinsic Q band absorption itself [14].

This spectral complementation ensures that photons can efficiently interact with the molecules to
facilitate molecular rearrangement, reinforced m—m stacking, and crystallinity without changing the
chemical composition of the material [15]. However, to date, a comprehensive study of the relationship
between laser-induced structural and morphological (in terms of charge transport) changes and
photodetector performance originating from visible laser-exposed CuPc thin films is still unexplored [16].
Hence, the purpose of the present study is to systematically explore the effect of 650 nm laser light on
structural, morphological, optical, and electrical properties in thermally evaporated CuPc thin films.
Through systematic characterizations using X-ray diffraction (XRD), atomic force microscopy (AFM),
UV-Vis spectroscopy, Hall effect measurements, current—voltage and photoresponse measurements, we
discover details of the mechanisms responsible for laser-induced enhancement. By directly correlating
laser-induced molecular ordering with device performance, this work offers a useful guideline for
developing a simple yet effective approach to improve CuPc-based organic photodetectors.

2. Materials and methods

The blue CuPc pigment powder, with the molecular formula Cs,HisCuNsg, obtained in this work from
Sigma-Aldrich Chemical (99% purity), is used as the raw material. After purification, thin CuPc films of
varying thicknesses are deposited using thermal evaporation under vacuum. The copper phthalocyanine is
heated, evaporated, and then cooled upon contact with a low-temperature surface, forming a single thin
film. In this thin-film deposition process, a vacuum of (2 x 10°) Torr was used. The dimensions of the
deposition tank are designed to ensure the homogeneous distribution of the deposited copper
phthalocyanine particles on the substrate, which is the objective of the deposition process. The
homogeneity of the deposition layer is crucial for achieving the desired properties and performance. Thin
film of copper phthalocyanine 478.4 nm represents S1 thick were produced in a tungsten metal vessel
when the evaporation chamber pressure reached 2 x 10°° Torr, using a coating unit. At room temperature,
the material was deposited onto glass, 30 cm from the evaporation tank. The samples are then cooled in
the evaporation chamber, and the thickness is measured. The laboratory subsequently ponders over those
films’ structure, optics, morphology and electrical features (refer to Figure 1), the Diagram of a thermal
evaporation system. The evaporation temperature of CuPc depends on the conditions. Still, in general, it
requires a higher temperature, ranging from 300 to 400°C, since CuPc is not easily evaporated due to its
good thermal resistance.

2.1. Laser irradiation 650 nm

A laser source at 650 nm is based on the visible red-light portion of the electromagnetic spectrum, and
serves to be a common wavelength for photo-process applications due to its moderate photon energy and
a strong interaction with organic semiconductor absorption bands agree with [17]. This wavelength is
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significant in the case of copper phthalocyanine (CuPc) thin films since it coincides with the Q-band
absorption, allowing efficient excitation of molecular electronic states. Under 650 nm light irradiation
with the laser power 15 mW, and time of irradiation at 10 min, the CuPc experiences photothermal and
photochemical processes, which may rearrange molecular packing, improve crystallinity and distribute
defects in the film. Red laser photons possess a low enough energy to cause a thermal degradation risk
and high enough energy to lead to localized heating for improving the charge mobility via defect healing,
and also through molecular reorientation. In addition, the exposure of CuPc thin film represent S2 to
650 nm laser radiation can lead to changes in optical properties; thus, it is a powerful technique for tuning
the performance of CuPc-based optoelectronic devices such as photodetectors, sensors and thin film
transistors. The controlled and non-invasive nature of this wavelength allows precise tuning of material
properties without altering chemical composition, thereby offering a versatile approach for tailoring the
functional characteristics of organic thin films.
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Fig. 1: Thermal evaporation system diagram.

Fig. 2: Schematic of the Laser irradiation 650 nm system.

@2 University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
2 Journal homepage: https:/ijl.uobaghdad.edu.ig/index.php/1]



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol.25, Issuel, 2026

3. Result and discussion
3.1. Hall effect measurement (HEM)

Finally, the Hall coefficient (RH) of the CuPc films with a thickness of 478.4 nm was derived using Eq.
(1). The Hall carrier concentration (nH) and the Hall mobility (uH) could then be obtained by Eqgs. (2)
and (3), respectively [18,19]. The Hall effect is a crucial tool for characterizing charge carrier dynamics
and transport in organic semiconductors. The results in Table 1 show that the resistivity of the two
samples are in one order of magnitude of 10° Qecm, which demonstrates the intrinsic low electrical
conductivity of CuPc. However, laser irradiation results in a modest decrease of resistivity from the as
prepared value to 1.101 x 10° Qecm and accordingly an increase in electrical conductivity from 8.807 x
107 t09.080 x 10°¢ (Qecm) . This improvement shows the increased charge transport capability after
laser treatment probably related to a reorganization of structures and molecules induced by the laser.
"Large" changes are also evident in the Hall coefficient: RH rose from 1.792 x 10* cm3/C (untreated
film) to 3.183 x 10° cm?3/C (laser treatment), confirming that carrier transport has been greatly altered. In
accordance with this, the Hall carrier concentration is greatly decreased from 3.483 x 10° to 1.961 x 107
cm=s,

Upon laser irradiation, indicating that the concentration of the free charge carriers for electrical
conduction lowered down. In spite of the lower carrier concentration, there is a great improvement in Hall
mobility, compared to that of as-prepared films (0.1579cm?/Ves), which reaches 28.90 cm?/Ves after laser
irradiation. This large increase in mobility dominates the overall electrical transport response and more
than compensates for the reduced carrier density, resulting in a net enhancement of conductivity. The
mobility improvement is related to the suppression of trap-assisted scattering, and an enhancement in
molecular order and intermolecular orbital overlapping that result in better charge transport efficacies.
The conduction type is unchanged during the laser irradiation, indicating that the intrinsic electronic
nature of CuPc does not change upon such a substrate treatment whereas the charge transport properties
have been greatly enhanced. In general, the above results indicate that 650 nm laser improves the
electrical performance of CuPc thin films mainly due to a remarkable enhancement in charge carrier
mobility whereas carrier concentration is decreased simultaneously, leading to an enhancement of charge
transport efficiency.

Ry =Vy:/1.B 1)
ng =*1/Ry. 2
Wp = 0/ny.e = 0.|Ryl )

Table 1. presents the extracted Hall parameters of the CuPc thin films

(Rw) N
P (G) (cm3/C) (/ CmS) H
Sample (Qcm) (Qcm)? Average (cm?/Vs) Type
L - Sheet .
Resistivity ~ Conductivity Hall . Mobility
- Concentration
Coefficient

S1 1.135 E+5 8.807 E-6 1.792 E+4 3.483 E+9 1.579 E-1 P
S2 1.101 E+5 9.080 E-6 3.183 E+6 1.961 E+7 2.890 E+1 P
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3.2. X-ray diffraction

It is clearly shown from the XRD patterns of 478.4 nm thin films that the influence of 650 nm laser light
irradiation on structural properties for CuPc is obvious. As depicted in Fig.3, the as-grown film is
characterized by a relatively low intensity broad diffraction feature at the (312) plane, which suggests
that the sample processed only moderate crystallinity and limited long-range structure order. Such
broadening of peaks is indicative of an island like growth behaviour (Volmer—-Weber mode), where non-
oriented crystallites randomly nucleate on the substrate, leading to a heterogeneous microstructure. For
the laser-irradiated CuPc film, by comparison, the diffraction intensity is significantly increased and a
clearer, narrower peak appears to be the (312) plane. This behaviour is an indication of appreciable
enhancement in crystallinity and molecular ordering brought about by laser irradiation. The observed
structural improvement is ascribed to local photothermal effects created by the laser that serve the
reorganization of molecules and a reduction in the structural disorder within the film. The enhanced peak
sharpness of the laser treated film reveals the growth of crystallite size and a decrease of crystal lattice
imperfection towards improving charge transfer characteristics by mitigating grain boundary defects and
trap sites. This structural improvement is available in line with the improved carrier mobility determined
by the Hall effect measurement. To quantify these changes, the size of crystallite was calculated using
the Scherrer equation Eq. (4) [20], and the fitted values are listed in Table 2.

0.91
T Bcoso

(4)

Where:

D: represents the mean crystallite size

B: represents the full width at half maximum (FWHM) of the diffraction peak, expressed in radians.

A: represents the X-ray wavelength.

0: the diffraction angle or is the Bragg angle (half the diffraction angle)

K =0.94: the Scherrer constant, which is approximately equal to one in the case of spherical crystallites.

A diffraction peak stemming from the (312) crystallographic plane is observed for both samples, which
verifies that the basic crystal structure of the films is unchanged after irradiation with a laser. The
diffraction angle (20) exhibited a little shift from 29.15° in the as-prepared film to 29.474° after laser-
treatment. This shift indicates small changes in the lattice parameter, presumably due to molecular
rearrangement induced by irradiation or relaxation of stress in the film. After the laser treatment, there is
an apparent decrease in the full widths at half maximum (FWHMs) from 0.27° down to 0.211°. As
FWHM is inversely proportional to crystallite size, this narrowing exactly reflects increasing
crystallinity. The calculated crystallite size D increases significantly from 30.48 nm for the prepared film
to 39.03 nm for the laser irradiated one.

This improvement could be explained by the establishment of higher-order, and larger crystalline
domains probably induced by local photothermal effects on the molecular aligning process and disorder
decrease. In addition, the microstrain (g¢) decreases from 1.1x10°3 to 8.8x10* associated with laser
processing, indicating a decrease in lattice distortion and internal defects, which indeed can be
appreciated as a higher value because of the laser exposure. The enhancement can be ascribable to the
promotion of columnar growth dependent primarily on film thickness and deposition conditions. (312)
diffraction peak of 478.4 nm thickness film can be seen relatively weak and the width is somewhat
broadening. This mode is attributed to columnar grain growth and increase of lattice imperfection
density. Within an individual phase, the planar grain growth and microstrain accumulation are attributed
to the peak broadening/lowing. This behavior is in agreement with the AFM characterization where
bigger surface roughness and higher RMS value are reported for laser treated samples. The laser induced
crystallite growth points towards a thermally assisted molecular rearrangement, rather than a phase
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transition maintaining the intrinsic CuPc crystal structure but with better long-range order. The micro-
strain (g) can be obtained from the XRD data in the table using the positive intercept of a linear fit to
RMS value according to simplified Williamson-Hall equation Eg. (5) [21] was utilized. This method
allows a full characterization of distortions in the film lattices and provides insight into the structural
modifications promoted by the processing conditions.

e = ﬁCZSG (5)

The micro-strain (€) can be obtained from the XRD data in the table using the positive intercept of a linear
relationship according to simplified Williamson-Hall equation Eq. (5) [22] was utilized. This method
allows a full characterization of distortions in the film lattices and provides insight into the structural
modifications promoted by the processing conditions.
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Fig. 3: X-ray diffraction patterns of CuPc thin film grown on a glass substrate at room temperature by thermal
evaporation method for S1 and S2

Table 2. Results acquired from X-ray diffraction for copper phthalocyanine films of S1 and S2

Sample 20 (Deg.) FWHM (Deg.) D (nm) £ hkl
S1 29.15 0.27 30.47674 1.1*10°8 312
S2 29.474 0.211 39.02734 8.8*10" 312

3.3. Atomic force microscopy analysis

AFM is the most reliable surface imaging technique, which provides a three-dimensional representation
of nanoscale topography [23]. This allows an analysis of roughness, morphological, and crystal growth
information on the CuPc layers before- as well as post-processing. In-situ characterization of surface
evolution processes and the processed induced impact on film optical and electrical properties can be
accomplished through AFM. Table (3) shows the surface morphological parameters of the CuPc thin
films from and respectively.

@2 University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
2 Journal homepage: https:/ijl.uobaghdad.edu.ig/index.php/1]



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol.25, Issuel, 2026

The average grain diameter (Avg. D) of the as-deposited film is 35.77 nm, which implies that the small
gain with a less ordered surface. Once the film is irradiated by laser, average grain size becomes notably
larger stirring to be 95.19 nm, so that the energy of laser is able to induce grain growth and molecular
rearrangement in the film. The root-mean-square (RMS) roughness, indicating the height difference over
the surface, reduces from 169.2 nm in the as-deposited film to 109.4 nm upon laser irradiation. This
decrease may be attributed to the smoothly uniform surface topography presumably realized by local
melting or re-arrangement due to irradiation of the laser. The value of the Sa is significantly reduced after
laser exposure from an average of 145.2 to 68.64 nm. The strong decrease in RMS and Sa values reveals
that laser therapy smoothens the surfaces and reduces topography variations, shown in Figures 4 and 5.

Table 3. Values of Avg.D, (Sq), (Sa) of (CuPc) nanostructure of the temperature (R.T), and values of Sland S2

Sample Avg.D RMS (Sg)nm Roughness (Sa)nm
S1 35.77 169.2 145.2
S2 95.19 109.4 68.64
:?m 30 DPS":Z?N fre
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g Frrnay
(a (b (c

Fig. 4: AFM analysis for CuPc thin film (a) 2D image, (b) 3D image, and (c) granularity distribution diagrams at S1.
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Fig. 5: AFM analysis for CuPc thin film (a) 2D image, (b) 3D image, and (c) granularity distribution diagrams

at S2
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3.4. UV- visible analysis

Thermally evaporated CuPc thin films exhibit a noticeable modification in their optical absorption
behavior following laser 650 nm treatment. Figure (6) illustrates the UV-Vis absorbance spectra of CuPc
thin films before and after exposure to 650 nm laser irradiation. The spectra display the characteristic
absorption features of metal-phthalocyanine compounds, namely the B-band (Soret band) in the near-Uv
region and the Q-band in the visible region, both of which arise from n—r* electronic transitions within
the conjugated macrocyclic structure of CuPc. For the as-prepared film (t = 478.4 nm), the Q-band
exhibits two well-defined components corresponding to the first and second m—n* transitions, located
around ~670 nm and ~610 nm, respectively[24]. These peaks reflect strong molecular ordering and a
high level of electronic coupling between CuPc molecules. A significant decrease in the absorbance
intensity of Q-band, as well as a small broadening of peaks under laser excitation, was observed under
650 nm laser irradiation.

This decrease in intensity implies that changes in molecular structure may occur upon femtosecond laser
irradiation, or a partial shift of electronic states causes recoiling. The movement and broadening of the n—
m* transitions imply a change in intermolecular interactions, which may be caused by grain growth,
smooth surface, or local heating effects that modify the stacking mode of CuPc molecules. And the B-
band in the UV range is another peak that exhibits a drop of absorbance after laser irradiation, which can
indicate that there is a shift of optical properties of the thin film. Lowering relative intensities in both the
Q- and B-bands indicates that a lower transition probability is involved, which may arise due to reduced
disorder and improved surface uniformity (values are consistent with AFM and XRD).
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Fig. 6: Absorbance as a function of wavelength for CuPc thin films of S1 and S2 at ambient temperature

Table 4 shows the bandgap optical (Eg) for CuPc thin films before and after laser irradiation at 650 nm.
The as-prepared film possesses a bandgap of 1.82 eV, typical for metal-phthalocyanine semiconductors
and indicative of their molecular n—n* transition architecture. The bandgap is 1.84 eV on laser treatment.
While the effect isn’t large, this slight broadening of the optical band gap could result from to laser-
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driven changes in the molecular packing and surface structure. The enhanced crystallinity and decreased
microstrain in the XRD pattern, together with a smoother surface topology of AFM measurement, could
give rise to modified intermolecular interactions due to character variation at grain boundaries, causing
anelectronic energy levels shift slightly.
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Fig. 7: The band gap of CuPc thin films deposited at S1 and S2 at ambient temperature

Table 4. The band gaps of thickness 478.4 nm and treatment with a laser at 650 nm at
ambient temperature.

Sample Eg (eV)
S1 1.82
S2 1.84

3.5. 1-V characteristics

With the bias swept from -5 to +5 V in steps of 0.1 V over an active device area of 1 cm?2. The dark
current subtracted from the gross measured current gives the net photocurrent, given by Eq. (6) [21].

Ipn = Lighe — laark (6)

Here, lpn is the photocurrent in the presence of light illumination, P signifies the incident optical power,
and A represents the active area of the detector. Remarkably, the dark current is much smaller than the
photocurrent, which implies weak leakage without illumination. Furthermore, the good contact electrode
quality also contributes to an effective extraction of photo-generated carriers from CuPc thin films into
the external circuit, which has a direct impact on device performance. Figure (8) shows the 1-V curves of
CuPc-based photodetectors obtained in the dark and under illumination with two different samples. In all
cases, the presence of a separation between dark current (I ga) and photocurrent (I iign) indicates
photoconductive response in the CuPc thin films.
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In Figure (8a) for the as-prepared CuPc film, the |-V characteristics show almost linear-symmetric
behavior of 1-V curves, which reveals Ohmic-type contacts between electrodes and organic layer. The
photocurrent is significantly higher than the dark current in the entire protocol of applied voltages,
indicating efficient photogeneration and conduction of charge carriers [25]. Dark current is very small
(low intrinsic leakage), which is important for photodetectors. Upon laser treatment with the 650 nm
(Figure (8b)) I-V curves reveal an increase in both photocurrent and dark current. The higher
photocurrent intensity under illumination signifies enhanced photoconductive performance, possibly due
to laser-induced structural changes (increased crystallinity, decreased microstrain, and better carrier
mobility), which are consistent with XRD, AFM, and Hall measurements.
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Fig. 8: (a) IV curves of S1 and (b) S2 in dark state and illuminated condition.

This dependence becomes clear when the difference between I light and I dark increases, indicating that
the material has superior performance for photosensing applications. In particular, the thickness-
dependent photoresponse properties of CuPc (responsivity R, specific detectivity D* in Eq. (7), (8), and
(9) [21], and external quantum efficiency EQE) were systematically measured and their relation to
surface morphology determined by AFM. This strategy delivers a systematic insight into the correlations
between structural and morphological characteristics and the optoelectronic performance of the device.

— Ipn
R = o @)
« _ RVA
= ha (8)
EQE = /9 (9)
P/hv

The most relevant photoresponse parameters of the CuPc photodetectors (responsivity, R; detectivity, D*;
external quantum efficiency, EQE; and temporal response times, Trise and Tfall) as displayed in Table 8,
were obtained for both the pristine and laser-irradiated films at a wavelength of 625 nm. The as-prepared
CuPc film (t = 478.4 nm) possesses a responsivity of 54.92 pA/mW, detectivity of 19.3 x 10° Jones, and
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EQE of 10.89%. These values evidence a moderate photosensing behaviour, which agrees with the
standard performance of organic photodetectors using phthalocyanine materials as the active layer. The
significantly improved photoresponse of the device is faster with 650 nm light illumination. We observe
that responsivity rises more than three times to be 190.98 pA/mW, indicating a far higher photocurrent
generation under illumination. Similarly, detectivity can be enhanced to 33.8 x 10° Jones which
demonstrates better performance of distinguishing weak optical signals from noise. This enhancement is
due to the laser-induced improvement in film crystallinity, carrier mobility and reduction of surface
roughness as evidenced by XRD and AFM measurements. Meanwhile, the EQE also reveals an obvious
enhancement from 10.89% to 37.89% after laser treatment, further indicating the enhanced efficiency of
transforming incident photons into charge carriers. This enhancement indicates the promoted
optoelectronics property of the CuPc film with structural modification through laser treatment. In terms
of the temporal response both the rise time (Trise) rises from 0.30 s to 0.63 s and the fall time (Tfall ) falls
slightly from 0.31 s to 0.29 s, which can imply that there is a slower trap-assisted process or carrier
accumulation in the laser-treated film while at same time making recombination or trapped carrier release
more efficient upon end of illumination.

Table 5. Parameters of the photo detector CuPc thin film with 625 nm for S1 and S2

Responsivity Detectivity x 10°

0, .
Sample (MA/mW) (Jones) EQE (%) Trise Tra
A (625 nm) A (625 nm) A (625 nm)  (sec)) (sec.)
Sl 54.92 19.3 10.89 0.30 0.31
S2 190.98 33.8 37.89 0.63 0.29
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Fig. 9: (a) Time-dependent photocurrent response of CuPc photodetector; (b) Peak photocurrent of different light
on-off cycles with S1
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Fig. 10: (a) Time-dependent photocurrent response of CuPc photodetector; (b) Peak photocurrent of different light
on-off cycles with S2.

4. Conclusion

This study shows that 650 nm laser irradiation is an effective and non-destructive post-treatment
technique to modulate the optoelectronic properties of copper phthalocyanine (CuPc) thin films. The
crystalline, grain size, and surface roughness are improved as a result of the laser treatment due to better
molecular order and reduced structural defects. Such changes lead to a slight red shift of the optical band
gap and a strong improvement in carrier mobility. As a result, the responsivity, detectivity, and external
guantum efficiency of the CuPc-based photodetectors based on laser-treated films are greatly improved
with stable photoresponse. In general, controlled laser irradiation provides a simple and powerful method
for tuning CuPc thin films toward high-quality organic optoelectronic devices.
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Abstract: Oral pyogenic granuloma (PG) is a benign but very vascular lesion that causes discomfort and bleeding.
Conventional surgical excision is effective but has a high recurrence rate and postoperative pain. Diode laser
excision is a less invasive procedure that offers precise tissue removal and better hemostasis. Our Objective is to
evaluate the safety and efficacy of diode laser excision for the treatment of oral pyogenic granuloma. A total of
sixteen patients (mean age 39.3; age range 15 - 74 years; 11 males and 5 females) with de novo oral PG were
enrolled and all lesions were removed under local anesthesia using a continuous 1.5 W 980 nm diode laser with
minimal bleeding, without the need for sutures and a 0.5 mm safety margin was kept. Patients were evaluated at one
week and three weeks after surgery and on postoperative days one and three. Wound healing, hemostasis, pain and
satisfaction were all assessed on every visit. The excised tissues were confirmed histopathologically. The diode laser
provided better control over intraoperative bleeding, as any small amount of bleeding was easily controlled. Pain
settled rapidly, as the majority of patients were comfortable by day three and completely pain-free within one week.
The healing process progressed quickly, with satisfactory to excellent results by one week and full recovery by
three. Nearly all patients expressed high satisfaction at the last follow-up. Diode laser excision is a safe and efficient
treatment for oral PG that provides excellent hemostasis, less discomfort following surgery, quick healing, and high
patient satisfaction. These findings corroborate the reliable clinical results of diode laser excision in current standard
treatment.

Keywaords: pyogenic granuloma, diode laser, benign tumor, laser surgery, oral swelling.

1. Introduction

Oral pyogenic granuloma is a benign proliferation of connective tissue characterized by excessive
granulation tissue formation that most commonly affects the skin and mucosal surfaces, although it has
been occasionally reported in subcutaneous tissues, intravascular locations, and rarely within the
gastrointestinal tract. The etiopathogenesis of oral PG remains controversial and multifactorial; in some
studies, it has an infectious origin, mainly related to the presence of staphylococci, streptococci, and other
oral microorganisms in the case of ulcerated lesions, although their detection close to the surface of the
lesion is often considered as secondary to contamination from the oral flora rather than a primary cause
[1,2,3]. On the other hand, it is described by many authors as a reactive or reparative lesion that can be
triggered by minor trauma, chronic irritation, and the presence of foreign bodies such as calculus, leading
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to an excessive connective tissue proliferation [4, 5]. Trauma is widely recognized as a key factor that
triggers the release of angiogenic mediators such as bFGF, which stimulate endothelial proliferation and
angiogenesis during the granulation tissue formation [6, 2]. Clinically, oral PG typically presents as a soft,
exophytic, pedunculated mass covered by a smooth, shiny mucosal surface. The lesion is highly vascular
and bleeds easily even with minor trauma. In some cases, it may present as a sessile plaque rather than a
pedunculated growth [8].

These lesions are generally painless and range in size from a few millimeters to several centimeters, often
reaching their maximum dimensions within a few weeks to months, Jafarzadeh H [5]. Approximately
75% of oral PGs occur on the gingiva, most frequently in the interdental papilla of the maxillary anterior
region, although other intraoral sites such as the lips, tongue, buccal mucosa, and palate may also be
affected as seen by Regu P [9]. Lasers have emerged as one of the most impactful tools in modern
dentistry, offering precision, control, and operative benefits that traditional scalpels often cannot match.
By converting light energy into a highly focused beam, lasers can cut, ablate, or coagulate tissues with
minimal trauma to surrounding structure as illustrated by Bernaola-Paredes WE [10]. This technology has
the advantages of providing excellent hemostasis, reducing intraoperative pain, promoting faster
postoperative recovery, giving the patient overall more comfort, all the qualities of great value, especially
in oral surgery, where visibility and patient comfort are important [11]. Diode laser in oral surgery has
certain advantages over conventional methods and other laser types, providing a precise, bloodless
incision with excellent hemostasis without the need for sutures, minimizing postoperative pain, swelling,
and scarring, and faster healing by secondary intention [12, 13].

The diode system is more compact, cost-effective, and easy to maneuver than CO2 and erbium lasers,
which makes it particularly well-suited to be used in routine clinical practice and as applied to the
treatment of oral pyogenic granuloma, a benign but very vascular lesion that can cause discomfort,
bleeding, and aesthetic concerns it brings distinct advantages. The inherent ability of lasers to seal blood
vessels during excision minimizes intraoperative bleeding, thereby improving the surgeon’s field of view
and shortening operative time as noted by Azma E [12]. Moreover, the reduced mechanical trauma
compared to scalpel surgery may lower recurrence rates, improve healing profiles, and enhance cosmetic
outcomes in delicate oral tissues as demonstrated by Khan MK [14].

2. Materials and Methods

This prospective study was conducted in oral and maxillofacial department of Ramadi teaching hospital
and oral and maxillofacial department of college of dentistry in university of Anbar, Anbar province, Irag.
The study included 16 participants: 11 males (=69 %) and 5 females (= 31%), aged 15 to 74 years
(mean=39.31). All the participants had to meet a certain criteria before inclusion in the study, they must
have de novo Pyogenic granuloma (not recurred) in any oral site, have no systemic disease that
compromise the healing process or any condition that preclude laser use. A diode laser (Biolase, USA) of
a wavelength 980/810nm was used with power output of 1.5 Watts delivered through a 400um fiber optic
cable with an FC connecter operating in continuous mode, both operator and patient were protected with
laser goggles. Demographic and clinical data, including age, gender, medical and dental history, were
documented. The surgical procedure was fairly explained to the patients and all patients signed consent
form before operation. Pre-operative patient preparation included antimicrobial mouth wash and gowning.
Local anesthesia technique was either Buccal and mental nerve block (lower gingiva), lingual nerve block
(lateral tongue border) or infiltration (upper gingiva and tip of the tongue) using 2.2ml cartridge
containing 2% lidocaine and 1:80.000 epinephrine. The margin of the lesion was outlined by
simultaneous dual wavelength 980/810nm diode laser using repetitive strokes. The outline was 0.5 mm
behind the lesion margin, and careful grasping of the lesion was performed during surgery by tissue
forceps to avoid bleeding and tearing of tissue. Much attention was paid to lesion excision to prevent
deterioration of the underling minor salivary glands. Following the outlined lesion margins, the lesion
was excised with diode laser at 1.5W output and then elevated, the surgical site is left uncovered and un-
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sutured as in (Figure 1), post-operative instructions were clarified to the patients, which focused on
meticulous oral hygiene and avoiding trauma to the surgical site.

Clinical assessments were conducted to determine intraoperative bleeding and scored as: no bleeding=1,
mild bleeding=2 (oozing requiring pressure), moderate bleeding=3 (requiring local hemostatic agents),
severe bleeding=4 (requiring ligation). For pain and healing measurements, all the patients were assessed
at fixed intervals postoperatively as follows, Day 1, Day 3, Week 1, Week 3. The intensity of pain was
measured using verbal pain scale and expressed as: no pain=0, mild pain=1, moderate pain=2, severe
pain=3. Tissue healing was assessed using the Landry, Turnbull, and Howley Healing Index. The scores
are defined as follows: Score 1 — Very poor healing: Tissue color: > 50% red, Bleeding on palpation:
present, Granulation tissue: present, Epithelialization: absent. Score 2 — Poor healing: Tissue color: > 50%
red, Bleeding on palpation: present, Granulation tissue: present, Epithelialization: minimal. Score 3 -
Good healing: Tissue color: > 25% red, Bleeding on palpation: absent, Granulation tissue: absent,
Epithelialization: present. Score 4 — Very good healing: Tissue color: < 25% red, Bleeding on palpation:
absent, Granulation tissue: absent Epithelialization: complete. Score 5 — Excellent healing: Tissue color:
pink (normal) Bleeding on palpation: absent, Granulation tissue: absent, Epithelialization: complete.

All the samples in this study were put in 10% formalin plastic container and sent to histopathological
examination for confirmation of diagnosis of pyogenic granuloma.

2.1 Statistical analysis

Data are presented as mean ranks and other descriptive statistics. Differences in intensity across the tested
factors and follow-up time points were assessed using the Friedman test, a nonparametric alternative to
repeated-measures ANOVA. Post hoc pairwise comparisons were performed using the Wilcoxon signed-
rank test. Values of p > 0.05 were considered statistically nonsignificant, while p < 0.05 was considered
significantly different. Statistical analysis was carried out using SPSS (v 20).

3. Results and discussion

Out of the total 16 documented cases, the upper gingiva was identified as the most frequently affected
oral site, accounting for 5 cases. This was followed by the lower gingiva, where 4 cases were recorded.
The dorsum of the tongue showed involvement in 3 cases, while the lateral border of the tongue and the
lower lip were less commonly affected, with 2 cases each reported for both sites as shown in (Figure 2).
Bleeding control during surgery worked well. 12 patients (75%) had no bleeding at all, showing just how
effective the diode laser was at stopping blood flow. Of the remaining patients, three (18.8%) had mild
bleeding that was easily managed with simple pressure, while one patient (6.2%) had moderate bleeding
that was successfully controlled using the laser for coagulation. We followed the patients prospectively to
track their pain levels from day one up to three weeks after surgery. The results showed pain scores
dropping significantly as time went on. Statistical analysis using the Friedman test revealed a significant
difference in pain across the follow-up periods (y* = 35.629, p < 0.0001) and effect size was calculated
using Kendall’s W at W=0.113, indicating small effect size all presented in (Table 1).

Further testing with Wilcoxon signed-rank tests confirmed that pain decreased significantly between each
successive checkpoint. Interestingly, we found no real difference in pain between the first and third
weeks, though pain intensity differed significantly at other measured time points as outlined in (Table 2).
We also tracked how well patients healed during the same follow-up period, from the first day through the
end of week three. The Friedman test showed highly significant results (y? = 45.73, p < 0.0001), Kendall’
W effect size was W=0.143, indicating a small effect size as displayed in (Table 3). Wilcoxon signed-
rank tests showed notable improvements in healing scores from one point to the next. Overall, our
findings revealed highly significant improvements in recovery as time progressed [15], in which (Table 4)
clearly illustrates. When it came to patient satisfaction on surgery day, most patients felt quite positive
about their experience, with 10 patients rating it as good, and 4 patients calling it excellent, and only 2
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patients saying fair or poor. By the next day, no patients reported poor outcomes, and most continued to
rate the procedure as good (10 patients) or excellent (3 patients).

After three days, satisfaction shifted further toward excellent ratings (9 patients), with only a few
remaining in the fair or good categories. By the end of the first week, all patients reported either good or
excellent satisfaction, with most leaning toward excellent (11 patients). At the three-week follow-up,
nearly all patients rated their satisfaction as excellent, with only a small minority describing it as good (2
patients) as shown in (Figure 3). The therapeutic efficacy of diode laser in the management of oral
pyogenic granuloma is rooted in its photothermal mechanism of action, whereby laser energy emitted in
the near-infrared spectrum (810-980 nm) is selectively absorbed by tissue chromophores principally
oxyhemoglobin and melanin and converted into heat, producing temperature-dependent tissue effects
[16,17]. What distinguishes this mechanism clinically is its inherent dose-dependence: at sub-ablative
thermal thresholds, the resultant heat stimulates fibroblast activity and collagen remodeling through
photobiomodulation pathways, while supra-lethal doses achieve coagulative necrosis and tissue
vaporization [18, 19].

This biological duality is central to understanding both the appeal and the demands of diode laser surgery
the same energy source that enables precise, bloodless excision can, if inadequately controlled, generate
collateral thermal injury that compromises wound healing. It is worth noting that consensus on optimal
laser parameters for pyogenic granuloma excision has not yet been established in the literature, and this
methodological heterogeneity should be borne in mind when comparing outcomes across studies
[18,19,20]. From a clinical standpoint, the advantages of laser-assisted excision over conventional cold
blade surgery are well-grounded in these tissue-level mechanisms. Continuous photocoagulation of the
lesion’'s feeding vessels during advancement of the fiber tip accounts for the superior intraoperative
hemostasis that is consistently reported with diode laser use. Reduced mechanical traction on surrounding
tissue minimizes collateral damage, while the bactericidal properties of the laser energy lower microbial
contamination at the wound surface, a relevant consideration given the inflammatory microenvironment
of pyogenic granuloma. Sealing of peripheral sensory nerve endings attenuates postoperative pain, and
the combination of these effects typically results in cleaner wound healing, improved aesthetic outcomes,
and elimination of the need for sutures in many cases [18, 19, 20].

The findings of the present study are broadly concordant with this body of evidence. Intraoperative
hemostasis was consistently excellent, a finding of particular clinical relevance in patients with medical
comorbidities predisposing to bleeding complications. Pain intensity showed a progressive and marked
reduction across postoperative follow-up intervals, consistent with the conservative nature of laser tissue
interaction. Wound healing assessments at one week demonstrated good-to-excellent outcomes in the
majority of patients, and overall satisfaction already favorable on the day of surgery was sustained at
subsequent follow-up visits. These results support the efficacy and safety of the diode laser protocol
employed in this study and are in agreement with comparable single-arm and controlled investigations
reported in the literature. However, intellectual honesty demands that these favorable findings be situated
within a broader and more critical comparative context. A randomized controlled trial by Anwar et al.
comparing diode laser with ethanolamine oleate sclerotherapy in 20 patients with oral pyogenic
granuloma yielded findings that merit careful consideration [15]. Although intraoperative bleeding did not
differ significantly between groups, postoperative pain was significantly lower in the sclerotherapy arm,
and of greater clinical concern recurrence was documented exclusively among laser-treated patients
across all follow-up intervals of three, six, and nine months, with no recurrences recorded in the
sclerotherapy group. The authors concluded that sclerotherapy constitutes a simpler, less equipment-
dependent modality with a more favorable recurrence profile. These findings do not negate the clinical
utility of diode laser, but they underscore the importance of avoiding an uncritical endorsement of any
single modality and highlight recurrence as an outcome that warrants close attention in laser-based
management of pyogenic granuloma. Conventional surgical excision, while historically regarded as the

2%  UNIVersity of Baghdad Pubfishing, Tnstitute of Laser for Postoraduate Studies
@A  Journal homepage: https://jl.uobaghdad edu.ig/index.php/l



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol. 25, Issue 1, 2026 ' 79

treatment of choice, is associated with recognized limitations that provide additional context for
evaluating laser-based alternatives.

Recurrence following simple excision particularly when surgical margins are inadequate has been
documented by Daif et al. [20] and Al-Noaman [22]. The highly vascular nature of pyogenic granuloma
renders cold blade surgery susceptible to significant intraoperative and postoperative hemorrhage [5], and
comparative data reported by Khan et al. [23] consistently demonstrate higher postoperative pain scores
in patients managed by conventional excision relative to those treated by minimally invasive methods. In
this context, diode laser represents a genuine therapeutic advance; yet it is most accurately understood as
one modality within a spectrum of options, each carrying distinct trade-offs with respect to cost,
equipment requirements, operator expertise, recurrence risk, and patient experience. Randomized
controlled trials with larger sample sizes, standardized laser parameters, and extended follow-up periods
remain necessary to consolidate the evidence base and guide evidence-informed clinical decision-making.

Fig. 1: Diode laser excision of gingival pyogenic granuloma in 30-years old female: (A) Initial
situation, (B) immediately post-operative situation, (C) one week following diode laser excision,
(D) Laser parameters.
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Fig. 2: Distribution of pyogenic granuloma in the oral cavity of male and female patients.
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Fig. 3: Satisfaction level during follow-up periods.

Table 1. Statistical analysis of pain score profile across four time periods.

Descriptive Statistics Friedman Test

Pain durations N Mean Std. Minimum Maximum Mean ranks
Deviation
One day 16 1.500 .96609 .00 3.00 3.75
Three days 16 .5625 72744 .00 2.00 2.56
One week 16 .1250 .34157 .00 1.00 1.91
Three weeks 16 .0000 .00000 .00 .00 1.78

Chi-secure (X2) 35, 629 P value=0.0001, W=0.113
The result is significant at p <0.05

Table 2. Comparative statistical analysis of the relationship between pain scores and time.

Wilcoxon Signed Ranks Test

Pain score

3 days - one week 3 weeks - one week 3 weeks 3 weeks - one
one day - one day one day - 3 days - 3 days week
z -3.217 -3.372 -3.354 -2.646 -2.460 -1.414
Sig. (2-tailed) 0.001 0.001 0.001 0.008 0.014 0.157
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Table 3. Statistical analysis of healing score profile across four time periods.

Descriptive Statistics Friedman Test
Healing Std. L .
durations N Mean Deviation Minimum Maximum Mean ranks
One day 16 1.4375 .51235 1.00 2.00 1.13
Three days 16 2.3750 .61914 1.00 3.00 1.97
One week 16 3.3750 .61914 2.00 4.00 2.94
Three weeks 16 4.5000 .63246 3.00 5.00 3.97

Chi-secure (X?) =45.73, P value=0.0001, W=0.143
The result is significant at p <0.05

Table 4. Comparative statistical analysis of the relationship between healing scores and time.

Wilcoxon Signed Ranks Test

Healing score 3 days - one week - 3 weeks - one week - 3 weeks- 3 3 weeks - one
one day one day one day 3 days days week

z -3.217 -3.598 -3.624 -3.358 -3.624 -3.626

Sig. (2-tailed) 0.001 0.0001 0.0001 0.001 0.0001 0.0001

4. Conclusion

In this study, good intraoperative hemostasis was achieved following diode laser application avoiding the
use of sutures. Post-operative pain was also significantly reduced with excellent healing outcomes, thus
the application of diode laser shows favorable results and can be used in the management of oral PG.
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Abstract: Laser-induced breakdown spectroscopy (LIBS) has been used to investigate the plasma
generated from a silver target by the Nd:YAG laser system at a wavelength of 1064 nm. The plasma was
produced at different laser pulse energies (500, 600, 700, and 800 mJ) to study the effect of laser energy
on plasma parameters. The electron temperature (Te) was determined using the Boltzmann plot method,
while the electron density (ne) was calculated using Stark broadening of the spectral lines. Moreover,
other plasma parameters such as plasma frequency (f,), Debye length (Ap), and Debye number (Np) have
been evaluated. The results showed that the electron density increased from 3.11x10Y7 cm™ to 5.32x10Y7
cm=3 with increasing laser energy, while the electron temperature increased from 0.64 eV at 500 mJ to
0.84 eV at 800 mJ. The plasma frequency also increased from 5.01x10? Hz to 6.55x10%*2 Hz, whereas
the Debye length decreased from 3.37x107 cm to 3.06x107 cm. The Debye number (ND) was greater
than unity, confirming that the generated plasma satisfies the basic conditions of a stable ionized plasma.
These results indicate that increasing laser energy significantly influences excitation, ionization
processes, and overall plasma characteristics.

Keywords: LIBS, Ag plasma, Stark broadening, plasma parameters, Laser-induced plasma.

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a versatile spectroscopic technique that analyzes the
spectral emission from laser-generated plasma, resulting in the rapid detection of the elements of matter.
Recent literature has increased the application of LIBS in many research works [1] as it is very fast and can
be used to conduct tests without having to move the sample. The effectiveness of this technique depends
on several factors such as the wavelength of the laser, the number of pulses, pulse repetition rate and energy.
The principle of operation can be seen as the repair of the sample, followed by irradiation with a laser of a
certain energy level. This process takes out a small portion of the sample and produces a hotter plasma
[2,3]. Plasma usually consists of ions and electrons. It is the collision of these ions that causes them to
achieve a high energy level which is then dropped back to a lower energy level to cause the production of
certain radiation. The light emitted is then imaged using a spectrometer to analyze its components and
concentration [4]. The particularities of silver nanoparticles have made them essential and very relevant in
studies and research as they are applicable to a wide range of fields and applications, including biological
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applications and drug delivery [5], optics, and medicine [6]. The use of silver nanoparticles has also been
widely felt in day-to-day life, including coating most of the surfaces of household appliances and
equipment, because of their antibacterial effect and the capability to prevent the growth of fungi [7]. One
of the key techniques that may be used to investigate the impact of lasers on plasma during the process of
ablation is LIBS technology, which will help in enhancing the properties of the photoemission [8].

Past research studies have revealed that silver nanoparticles are antibacterial because of their large total
surface area and nano capacity, since nanoparticles are more effective in killing bacteria than the larger
nanoparticles, thus making them indispensable in biological applications. [9]. Rajaa N. Ketan, Muayyed J.
Zoory, and others have demonstrated that pulse-coupled analysis and uncalibrated analysis are among the
most important factors upon which LIBS technology depends [10]. As Wisam D. Jalal, Mohanad A. Aswad,
and others have shown, LIBS is one of the most important technologies in medicine. They used LIBS and
other techniques to study children's teeth using an Nd-YAG laser with a wavelength of 1064 nm and a
specific energy to record the emission spectrum. They proved that LIBS is more accurate and
comprehensive than other techniques for practical and academic dental applications [11].

The elemental composition and emission lines of silver plasmas produced by laser ablation at various
energies (500,600,700,800mJ) help to evaluate the parameters and behavior of the plasmas, including
density and temperature of the electrons, which are important aspects of successful analysis. The
spectroscopic characterization is aimed at measuring the spectrum emitted to identify silver atoms and ions,
to study the excitation mechanism of plasma, and the influence of the laser on the material and its effects
on the formation of plasma. The value of this characterization is that it exhibits high analysis speed,
enhanced laser properties, and the synthesis of nanoparticles, which are useful in the biological domain.

Even though LIBS has been widely used in plasma diagnostics, little is known systematically on the silver
plasma produced at relatively high laser energies. In this study, the plasma properties of silver were studied
in the range of laser energy of 500-800 MJ with LIBS. The research aims at measuring the most important
plasma parameters, including electron temperature, electron density, plasma frequency, Debye length, and
Debye number. The results obtained give a better picture about the impact of the laser energy on the
behavior of the plasma and its spectroscopic characteristics.

2. Materials and Methods

Figure 1 presents the schematic diagram of the experimental setup used for LIBS plasma generation. A Q-
switched Nd:YAG laser operating at a wavelength of 1064 nm was used to generate plasma. The laser beam
was focused perpendicularly onto a high-purity silver target (Ag, 99.99%). The silver sample had an
approximate thickness of 1 mm and was carefully cleaned prior to the experiment to remove any surface
contamination. The target was mounted on a fixed holder, and the distance between the focusing lens and
the sample surface was maintained at approximately 10 cm. Plasma was generated using different laser
pulse energies of 500, 600, 700, and 800 mJ, while the number of laser pulses was kept constant at 300
pulses for all measurements.

At the point of interaction between the laser beam and the silver surface, the rapid heating and ablation
processes took place, which resulted in the appearance of the high temperature plasma plume consisting of
excited atoms, ions, and free electrons. An optical fiber probe has been placed at a proper angle to the
plasma to prevent exposure to the laser beam to gather the optical emission of the plasma plume.

The emission obtained was passed to a spectrometer that was linked to a computer to acquire spectral data
and analyze it. The emission spectra, which indicated the association between the intensity of emission and
wavelength, were demonstrated on the spectrometer, and the achieved spectra were analyzed with the aid
of special analysis software. The spectrometer had a wavelength error of about 0.02 nm. According to the
spectral resolution and the procedures that were applied during the analysis of the Boltzmann plot and Stark
broadening, the error of the determined plasma parameters was determined to be approximately 5 percent.
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The laser pulse energies (500-800 mJ) selected were to make sure that there would be enough plasma
formation and high emission intensity that could be analyzed using spectroscopy. At lower energies, the
plasma emission can be weak and unstable, and consequently, the measurement of plasma parameters (e.g.,
electron temperature, electron density) is less precise. Thus, comparatively large laser energies have been
utilized in the given study to increase the ablation efficiency, the population of additional exciting species
in the plasma plume and achieve emission lines with sufficient strength to permit a more stringent
spectroscopic diagnostic.

PC Control

Nd:YAG Pulse Laser
—

Metal Stand 1 § )
—

Laser
Gun

Optical
Spectrometer

Optical Fiber ——jp» — Metal

> ——

—
Hand Controller
of Pulses

Fig. 1: Schematic diagram of the LIBS experimental setup using an Nd:YAG laser (1064 nm) [12].

2.1. Plasma Parameters Calculation

The plasma parameters have been calculated from the emission spectra using several well-known
spectroscopic relations. The electron temperature (Te) was determined using the Boltzmann plot method
according to the following relation [13]:

ilji _
n lhc;]L]glJ kgT (E ) +1In lU(T) (1)

where 1ji is the emission line intensity, lambda_ji is the wavelength of the spectral line, Aji is the transition
probability, gj is the statistical weight of the upper level, h is Planck’s constant, c is the speed of light, Ej is
the upper energy level, kB is the Boltzmann constant, Te is the electron temperature, N is the total number
density of emitting species, and U(T) is the partition function.

The electron density (ne) was calculated using the Stark broadening method according to [13]:

n, = (RAaw) y, ©)

2w

where AAgy uniS the full width at half maximum of the spectral line, w is the Stark broadening parameter,
and Nr is the reference electron density.

The plasma frequency was calculated using [13]:
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_ |e*ne
fo = Joom, (4)
Where e is the electron charge, €0 is the permittivity of free space, and me is the electron mass.
The Debye length was calculated from [14]:

Np = 73, (5)

3. Result and discussion

Figure (2) represents the emission spectra of silver plasma generated using LIBS technology at different
energies ranging from (500 to 800mJ). The figure represents the relationship between emission intensity
and wavelength, which ranges from (200 to 800 nm). The visible lines represent sharp peaks belonging to
silver atoms and ions resulting from electronic transitions between different energy levels. It was found that
the emission intensity is affected by changing laser energy, as increasing the laser energy leads to an
increase in emission intensity (the emission intensity at (800mJ) was observed to be higher than at (500mJ).
This is because the increased energy leads to increased evaporation of the material from the sample surface
and the generation of a hotter plasma, in addition to increased electronic transitions between silver atoms
and ions. It was also found that the positions of the spectral peaks did not change despite the change in laser
energy; only the intensity of the radiation changed.

This promotes the production of a more stable plasma in terms of elemental composition, in addition to the
fact that silver is a pure element without any additional impurities. These results are coherent with the
changes in Figure 3, which shows the relationship between the electron density ne measured in (X107 cm3)
and the electron temperature Te measured in (eV). It was observed that the density and temperature of
electrons are directly proportional to the change in laser energy; there is a direct relationship between the
emission intensity and the temperature and density of electrons, and this proves that the properties of the
plasma depend on the laser energy. This is one of the features that indicates an improvement in plasma
properties, in addition to its suitability for spectral diagnosis.

30000

g%
© S & — 500 mJ
< ]
2w S i ——600 mJ
4 L
e 3. = 22 ——700 mJ
- T ) < 4
REG “m W2 s ——800mJ
- =~ - H
o ~ SRS I
20000 £ ¥ |<gSF T 3
o0 gnye D =k
< < P

Intensity (a.u)

10000 -

5000

T T T T " T T T T T T
200 300 400 500 600 700 800
A (nm)

Fig. 2 Emission spectra of Ag plasma at different laser energy.
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Fig. 3 The relationship between electron density and temperature at different laser energies.

Figure 4 illustrates the Boltzmann chart of silver plasma with a varying laser energy (500, 600, 700, and
800 mJ). The electron temperature was determined using these plots using the intensities of the Ag spectral
lines created by the emission. The logarithmic function In (I In /Ag) is plotted against the vertical axis, and
the maximum energy level of the transition is plotted against the horizontal axis. There is a line and the
slope of the line (slope = -1/kTe) is taken to determine the temperature of the electrons.

This is demonstrated in the results that the electron temperature rises with the increase of laser energy, with
maximum and minimum values at 800 mJ and 500 mJ. The increased value of the R 2 (>0.90) is a good fit
linear and it shows that the plasma meets the LTE condition. Such findings indicate that the higher the laser
energy, the higher the plasma excitation and ionization increases the emission intensity,

as indicated by the spectra in Figure 2.

Figure 5 shows the Stark Broadening of the silver (Ag I) spectral line, centered approximately at a
wavelength of 547 nm, at multiple energies ranging from (500 to 800mJ). It shows that the penetrating
intensity is proportional to laser energy (increasing the laser energy leads to a rise in the number of free
electrons, a rise in the amount of ionized material, a rise in the spectral peak intensity, and an increase in
the full width at half maximum (FWHM).

This peak has been used to calculate the electron charge because the broadening of the line indicates an
increase in electron density. It was observed that at 500mJ, the FWHM is narrow, indicating weak plasma
ionization, while at 800mJ, the FWHM, or Stark broadening, is wide, demonstrating strong plasma
ionization. This proves that laser energy has a clear effect on the Stark effect due to collisions between ions
and electrons of the silver element, resulting in a high-density plasma [14].

To verify the validity of the local thermodynamic equilibrium (LTE) condition in the plasma, the
McWhirter criterion was applied. According to the McWhirter criterion, the electron density must satisfy

the following conditions:
1

n, = 1.6 x 1012TZ(AE)3cm™3

where T is the temperature of the electrons (in eV), and 0 is the difference in the energy of the relevant
energy levels (in eV).
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This study determined the minimum electron density necessary to satisfy the LTE condition using the
obtained parameters of the plasma and found that the value was quite lower than the experimental values
of electron densities. The McWhirter criterion is easily fulfilled since the values of the measured electron
density are of the order of 10*" cm . Thus, it may be concluded that the plasma produced in this experiment
may be in the local thermodynamic equilibrium.

Table 1 summarizes the main plasma parameters of silver plasma, including electron temperature (Te),
electron density (ne), plasma frequency (fp), Debye length (AD), and Debye number (Nd), and their
dependence on laser energy. It can be observed that the electron temperature increases from 0.64 eV at 500
mJ to 0.84 eV at 800 mJ. Similarly, the electron density increases from 3.11 x 10 cm31t0 5.32 x 10*” cm™3
with increasing laser energy. This behavior is attributed to the higher laser energy, which enhances the
ablation rate of the target material and increases the number of excited and ionized particles in the plasma
plume. The plasma frequency (fp) also increases with increasing electron density, since the plasma
frequency is proportional to the square root of electron density (fp o Vne). As the number of free electrons
increases, the collective oscillation frequency of electrons in plasma increases accordingly.

On the other hand, the Debye length (AD) decreases gradually from 3.37 x 107 cm at 500 mJ to 3.06 x 1077
cm at 800 mJ. The Debye length represents the characteristic shielding distance in plasma and depends on
both electron temperature and electron density according to the relation AD o« V(Te / ne). Therefore, the
increase in electron density at higher laser energies leads to a reduction in the Debye length, indicating
stronger electrostatic shielding and a more confined plasma environment. Moreover, with rising laser
energy, the increase in Debye number (Nd) is caused by a rise in the electron density and a drop in Debye
length. The values of Nd obtained are bigger than unity, which means the produced silver plasma meets the
minimum plasma requirements and the behavior of a stable and well-ionized plasma.

Table 1. Laser-induced plasma parameters of Ag Plasma at different laser energy

E(mJ) Te(eV) ne (cm3)*10%7 fp (Hz) *10*2 AD (cm) *10”7 Nd*103
500 0.64 3.11 5.01 3.37 1.48
600 0.71 3.59 5.38 3.32 1.65
700 0.79 4.15 5.74 3.29 1.82
800 0.84 5.32 6.55 3.06 1.93

The uncertainty in the calculated plasma parameters mainly arises from the spectral measurement accuracy
and the fitting procedures used in the Boltzmann plot and Stark broadening methods. The wavelength
resolution of the spectrometer was approximately +0.02 nm, which introduces a small uncertainty in
determining the spectral line positions and widths. Consequently, the estimated uncertainty in the calculated
electron temperature and electron density is about £5%.

The practical applications of silver in (medical and biological) applications can also be related to the
obtained plasma parameters. The antimicrobial activity of silver made it be popular in the application of
antibacterial coating on medical devices, wounds, and antibacterial dressings. It is important to understand
the plasma characteristics like the electron temperature and the electron density since these are the
parameters that directly affect the ablation efficiency, ionization, and the silver species that form when the
laser interacts with the material. Increased electron temperature and density show greater excitation of the
plasma and better ablation of material which will be useful in increasing the control of silver particle
formation and surface modification process. Thus, spectroscopic diagnostics introduced in the present paper
will help to understand better the interaction of laser with silver that would facilitate optimization of laser-
based procedures in the preparation of antimicrobial coatings, biomedical sensors, and silver-based
nanomaterials. The parameters of plasma retrieved in the current research are affirmative of other LIBS
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studies carried out in the past. Subsequent rises in electron temperature and electron density under rising
laser energy are consistent with the findings of studies done on the spectroscopic diagnostics of CuZn
plasma produced by a Nd:YAG laser, in which both parameters increased substantially with laser pulse
energy owing to greater laser—-matter interaction and excitation interactions (Shaltout et al., 2010) [17].
Besides, the recent LIBS experiments on metallic targets proved that the more laser energy is used, the
more plasma excitation is developed and, as a result, the higher the temperature of electrons and their
density and the intensity of spectral emissions (Azam et al., 2025) [18]. Moreover, recent spectroscopic
studies of laser-induced plasma in metallic materials observed electron densities of the order of 1017 cm -
1 and demonstrated that the parameters of the plasma strongly depend on the laser energy and the conditions
of the experiment (Abed et al., 2025) [19]. Thus, the findings made in the current research are well
consistent with the already existing and published experimental research on laser-induced plasma
diagnostics.

4. Conclusion

During this study, a sample of silver plasma has been prepared by irradiating the sample with multiple
energies ranging from 500 to 800mJ and 300 pulses. The expansion of the silver emission line was observed
due to the strong integration between electrons and ions in plasma, in addition to clear changes in plasma
parameters. The Boltzmann diagram method was used to determine the electron heat (Te), and it was
observed that Te is directly proportional to the laser energy, as the value of Te gradually increased with the
increase in laser energy. Similarly, for the electron density (ne), its value was shown to rise with a rise in
laser energy, and it was characterized using the Stark Broadening method. The results showed that all
plasma parameters increase with the increase in laser energy, and this is evidence of an increase in plasma
density and the ablation rate with higher energies, in addition to an increase in plasma temperature and in
coherence, except for the Debye length(AD), whose value decreases with the increase in energy, because
the increase in density of electron leads to the proximity of the particles, and thus the expansion in the
internal electric field decreases. The results obtained confirm that laser energy is a key factor in controlling
the properties of the silver plasma, as increasing the energy leads to improved excitation and ionization
within the plasma. In the Boltzmann diagram that used to calculate electron heat (Te) from the slope of the
straight lines, all diagrams showed that the value of R? is greater than 0.90, which confirms the fulfillment
of the thermal equilibrium condition (LET) and the possibility of using the Boltzmann method to determine
the electron heat.
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Abstract: In this work, an optical fiber sensor was developed for magnetic field detection. Single-
mode and multi-mode fibers were used based on two main processes: chemical etching using
hydrofluoric acid (HF) and coating with Fe3O4 nanoparticles. The nanoparticle layer was deposited using
pulsed laser deposition (PLD) with an Nd:YAG laser operating at a wavelength of 1064 nm and 70
pulses, achieving a thickness of 49.4 nm in the sensing region. This work demonstrates the use of FesO4
nanoparticles in the coating process through two different techniques within the optical fiber system. In
the first technique, the nanoparticles were deposited as a solid coating via pulsed laser deposition (PLD),
achieving a thickness in the nanoscale range of 40-60 nm, which provides an effective surface for
interaction. In the second technique, FesOs nanoparticles were used in the preparation of a magnetic fluid
that acts as a liquid coating, forming a stable and magnetically responsive medium. This dual use of
FesO. in both solid and liquid coatings provides more effective interaction than the use of a single
coating technique. The magnetic fluid was prepared by dispersing 5 g of FesO, powder in 13 g of
paraffin oil. The experimental results showed that increasing the etching time during the chemical
etching process using hydrofluoric acid (HF) led to a reduction in the optical fiber diameter,
accompanied by a decrease in the transmitted optical power. These results are consistent with previous
studies, which have shown that the tapering process using hydrofluoric acid (HF) transforms a
conventional optical fiber into a sensitive element capable of responding to external variations.
Therefore, this approach provides a suitable way to improve fiber sensitivity and enables its use in
magnetic field sensing applications.

Keywords: Optical fiber sensor, tapered optical fiber, Oil-based magnetic fluid, FesO. nanoparticles, Pulsed laser
deposition (PLD).

1. Introduction

Optical fiber technology is widely used for data transmission and in communications technology [1, 2].
Optical fiber sensing systems have seen rapid development thanks to their superior sensing performance,
and their applications have expanded significantly in recent years due to several advantages, including
low cost, small size, light weight, high sensitivity and resistance to electromagnetic interference (EMI) [3,
4, 5]. In optical communication systems, external interference is minimized to ensure reliable signal
transmission and reception [2]. In contrast, optical fiber sensing systems are specifically designed to
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enhance their sensitivity to external disturbances, allowing changes in light radiation to serve as
measurable indicators of environmental changes [3, 4]. The light signal propagating through the fiber is
typically modulated before transmission [2]. In sensing applications, however, the optical fiber itself acts
as the modulator [3, 4]. Furthermore, as a transducer, it converts physical parameters such as temperature,
stress, strain, rotation, electric current, and magnetic field into corresponding changes in optical
properties, including intensity, phase, wavelength, and polarization [3, 4, 5]. Despite their advantages,
conventional fiber optic sensors often suffer from limited sensitivity, restricting their performance in
sensing applications [6, 7]. Recent studies have not adequately explored the integration of chemically
etched fiber optics using hydrofluoric acid (HF) [8, 9], pulsed laser deposition (PLD) of FesO4 thin films
[10, 11, 12], and an oil-based stable magnetic fluid within a single fiber optic sensing architecture [13,
14]. Therefore, this paper presents an improvement in the sensitivity of a conventional fiber optic sensor.
The sensor is used in magnetic field detection applications, as well as in medical and biological
applications (biosensing) and sensing in hazardous environments (environmental applications) [15, 16].

2. Materials and Methods

The experimental process involved fabricating tapered optical fibers using controlled chemical etching.
The tapering process was carried out in two main stages. In the first stage, the optical fiber was
mechanically clamped and integrated into an optical meter. One end of the fiber was connected to a laser
light source operating at a wavelength of 1550 nm, while the other end was connected to a photometer to
enable continuous monitoring of the output light energy during the etching process. In the second stage,
tapering was achieved by localized etching of the sensing area of the fiber using a 40% hydrofluoric acid
(HF) solution prepared at a 1:5 mixing ratio (HF:H20). The acid was applied using a plastic needle to
ensure precise and localized control of fiber diameter reduction. After the etching process was complete,
the acid was removed, and the fiber was immediately immersed in distilled water for 5 min, with the
water being changed twice to ensure complete termination of the chemical reaction. Laboratory safety
precautions were strictly observed during the tapering process using hydrofluoric acid (HF). The chemical
etching process was carried out inside a fume hood to provide a safe working environment. Protective
gloves were worn throughout the experiment to avoid direct contact with the acid. In addition, glass
containers were avoided because HF reacts with glass; therefore, suitable plastic containers were used.
The experimental setup of the optical fiber tapering process is shown in Figure 1.

Optical fiber

-

Light source

Optical power meter

Fig. 1: The experimental setup of the optical fiber tapering process.
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2.1. Functional Fiber Coating with Fe;O,4

Functional coating included the following steps: preparation of the target material (FesOs)
and pulsed laser deposition (PLD).

2.2. Preparation of Fe;O, Target

FesO. powder (2g) was used to prepare the deposition target in the form of a pellet. The
powder was compressed using a 20-ton hydraulic press under a pressure of 20 bar for 10 min to
obtain a dense and mechanically stable target suitable for laser ablation. The use of dense pellet
targets is a standard requirement in pulsed laser deposition (PLD) to ensure stable ablation and
reproducible thin-film growth. The prepared FesO, pellet used as the deposition target is shown
in Figure 2.

2.3. Pulsed Laser Deposition (PLD) Process

The deposition process was carried out inside the vacuum chamber of a pulsed laser deposition (PLD)
system under controlled vacuum conditions, maintaining a chamber pressure of 0.8 Torr. Both the optical
fiber substrate and the FesO, target were fixed inside the chamber, with the target mounted on a rotating
bracket to ensure uniform ejection during deposition. An Nd:YAG laser was used to eject the FesOs
target, focusing the beam directly onto the target surface. A fixed number of laser pulses (70 pulses) were
applied to each deposition sample. The deposition parameters included a wavelength of 1064 nm, a pulse
time of 11.7 s, a pulse energy of 500 mJ, and a frequency of 6 Hz. The literature has extensively reported
the use of Nd:YAG lasers in the deposition of thin films of oxides, including FesOs4, as providing
controlled and reproducible growth under suitable discharge conditions. Safety precautions were also
observed during the PLD process. The deposition was carried out within the designated deposition
system while ensuring the safe operation of the laser. Appropriate protective eyewear was worn to avoid
direct exposure to the laser beam or its reflections. The PLD setup used for the deposition process is
shown in Figure 3.
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Fig. 3: (A) The PLD setup

| (Nd-YAG) LASER

Fes04 target nanoparticles

Fig.3: (B) The quartz chamber

2.4. Preparation of Oil-Based Magnetic Fluid

An oil-based magnetic fluid was prepared by dispersing 5 g of magnetite powder (FesO.) in 13 g of
paraffin oil (5:13 ~ 1:2.6 ratio), using oleic acid (OA) as a surfactant to improve particle stability. Ethanol
70% was used as a temporary dispersing solvent to enhance nanoparticle distribution and ensure
homogeneity of the mixture. The mixture was stirred manually to ensure uniform dispersion of the FesO4
particles and then left for 15-20 min to allow the ethanol to evaporate completely. After the ethanol had
evaporated, paraffin oil was gradually added while continuing to stir manually until a homogeneous
magnetic fluid was obtained. The prepared magnetic fluid was then applied to the modified (tapered) part
of the optical fiber using the drop-casting technique. A carefully measured microscopic droplet was
placed on the sensitive area to ensure uniform coverage of the conical surface. The coated fibers were
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then kept at room temperature to allow the magnetic liquid layer to stabilize. Figure 4 shows the prepared
oil-based magnetic fluid.

After applying the
maanet

Fig. 4: Oil-Based magnetic fluid

3. Results and Discussion
3.1 Tapered Optical Fiber Diameter Measurement

The reported diameter values in Fig. 5 and Fig. 6 represent the average measurements obtained at multiple
positions along the etched region (before and after tapering) using an optical microscope with a
magnification of 50x. These measurements correspond to an etching duration of 60 min, which was
selected based on a time-dependent etching process conducted at 30, 40, and 60 min. The reduction in
optical fiber diameter is attributed to the chemical reaction between hydrofluoric acid (HF) and silica
(Si0z), which is the primary constituent of the optical fiber. The etching process predominantly affects the
cladding layer, where HF progressively removes portions of the cladding. Consequently, this partial
removal leads to a continuous decrease in fiber diameter with increasing etching time.

(A) Fig. 5: The diameter of multi-mode fiber before and after tapering. (A) Before tapering )121.4 um) (B) After
tapering (65.1 um) at 60 min.

@D University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
@M Journal homepage: https.//ijl.uobaghdad.edu.ig/index.php/I



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Vol. 25, Issue 1, 2026 99

Fig. 6: The diameter of single-mode before and after tapering (A) Before tapering (121.4 um) (B) After tapering
(48.41 pm) at 60 min

3.2. The Results of Tapered Optical Fiber Output Power Measurement

Fig. 7 shows the variation of the output power of the multimode optical fiber with increasing etching
time. Multimode fiber supports multiple propagation modes that allow light to travel through different
paths within the core. During the tapering process, the reduction in fiber diameter weakens the
confinement of these modes, causing a portion of the optical power to extend into the surrounding
medium in the form of an evanescent field. Although some modes continue to propagate, mode
redistribution occurs within the tapered region, leading to increased propagation losses. As a result, the
transmitted power gradually decreases with increasing etching time. This gradual reduction is attributed to
the distribution of optical power among multiple modes, which reduces the overall sensitivity of
multimode fiber to diameter changes compared to single-mode fiber.

This behavior is attributed to the reduction in fiber diameter, which weakens the confinement of light
within the core and enhances the evanescent field, leading to increased optical losses. The obtained results
were compared with previously published studies. In her study entitled “Performance Improvement of the
Endoscope by Coating with Antimicrobial Agent,” Huda Sahi Raham (2023) reported similar findings,
where tapered optical fibers were fabricated using chemical etching with hydrofluoric acid (HF). The
study demonstrated that the output power decreases with increasing etching time due to the reduction in
fiber diameter and the associated increase in optical losses. This behavior is in good agreement with the
present results. Due to the presence of only one propagation mode, the single-mode fiber is highly
sensitive to structural changes, resulting in a rapid decrease in output power.

This calibration enabled accurate control of the film thickness by adjusting the number of laser pulses.
Accordingly, 70 pulses resulted in a film thickness of approximately 49.4 nm, with a corresponding
deposition time of about 11.7 s at a repetition rate of 6 Hz. The observed linear dependence between film
thickness and pulse number is consistent with standard pulsed laser deposition behavior reported for
oxide thin films under fixed deposition conditions, where the growth rate remains nearly constant and
thickness control is achieved through pulse counting. Fig. 8 shows the variation of output power of the
single-mode optical fiber with increasing etching time. It can be observed that the transmitted power
decreases significantly as the etching time increases. Figure 9 shows that the deposition rate was
calibrated using a film thickness of 97.4 nm obtained at 138 laser pulses, yielding an average deposition
rate of approximately 0.706 nm/pulse based on the relation r = t/N.
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Fig. 7: (A) Output power for the multi-mode fiber at (30 min), (B) Output power for the multi-mode fiber at (40
min), (c) Output power for the multi-mode fiber at (60 min).
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Fig. 8: (A) Output power for the single-mode fiber at (30min), (B) Output power for the single-mode fiber at
(40 min), (c) Output power for the single-mode fiber at (60 min)
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Fig. 9: Thickness of the Fe3O4 as a function of pulses in (sec).

4. Conclusion

The tapering process successfully modified the optical fiber geometry in both single-mode and multimode
fibers, reducing the fiber diameter and transmitted optical power because of weaker light confinement and
increased evanescent-field-related losses. In addition, a thin FezO4 layer with a thickness of approximately
49.4 nm was successfully deposited onto the tapered region by pulsed laser deposition, while a paraffin
oil-based magnetic fluid containing FesOs nanoparticles was prepared and applied to create a
magnetically responsive sensing medium. The combined use of the solid coating and magnetic fluid
improved the sensitivity of the optical fiber sensor. Overall, the developed optical fiber structure
demonstrates strong potential for compact, low-cost, and highly sensitive magnetic field sensing, with
promising applications in magnetic field monitoring, environmental sensing, and industrial measurement
systems.
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