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Abstract: In this study, ultrathin CuIn x Ga 1-x Se 2 (CIGS) 
films with two distinct thicknesses were grown on n-Si 
substrates by pulsed laser deposition (PLD), with thickness 
controlled by varying the number of laser pulses. Au 
plasmonic nanoparticles were subsequently incorporated 
into the CIGS layers using the same PLD technique for 
photodetection applications. Owing to the localized sur-
face plasmon resonance (LSPR) induced by the embedded 
Au nanoparticles, photon absorption within the CIGS 
layers was significantly enhanced across the visible and 
NIR spectral regions. Increasing the film thickness in the 
presence of Au nanoparticles promoted the formation of 
larger grains and yielded notable improvements in crys-
tallinity. The dark electrical behavior of plasmonic and 
non-plasmonic p-CIGS/n-Si heterojunctions was analyzed 
using the conventional J–V method, as well as the Cheung– 
Cheung and Norde methods. Key diode parameters, 
including barrier height, ideality factor, and series resis-
tance, were extracted and comparatively evaluated. 
Among the studied devices, the Au-CIGS2A heterojunction 
(based on Au-embedded CIGS thin film produced with 
86,400 laser pulses) exhibited the most ideal diode

characteristics, whereas the CIGS1A device (based CIGS 
thin film produced with 43,200 laser pulses) demonstrated 
the least favorable electrical performance. Under illumi-
nation, the combined effect of increased CIGS thickness 
and the LSPR-driven optical enhancement provided by the 
Au nanoparticles resulted in higher photovoltaic conver-
sion efficiency in the corresponding heterojunction 
diodes.
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1 Introduction

Group I–III–VI 2 photovoltaic compounds, including CuInSe 2 
(CIS) and CuIn x Ga 1-x Se 2 (CIGS), are pivotal semiconductor 
materials used as absorber layers in thin-film solar cell ar-
chitectures. CIGS, a p-type absorber characterized by a high 
optical absorption coefficient, exhibits a tunable energy 
band gap ranging from approximately 1.0 to 1.7 eV and 
demonstrates excellent structural and chemical stability 
owing to its polycrystalline nature [1, 2]. The thickness of the 
CIGS thin film used as the absorber layer in thin-film solar 
cells typically ranges from 1 to 3 µm, ensuring adequate 
photon absorption and efficient charge-carrier generation 
within the device structure. In CIGS-based solar cells, the 
scarcity of indium (In) in the Earth’s crust significantly 
contributes to the high production cost of devices employing 
CIGS absorber layers. To address this limitation, it is essen-
tial to minimize the consumption of indium-containing 
materials by reducing the absorber layer thickness while 
maintaining optimal photovoltaic conversion efficiency. 
CIGS or similar semiconductor layers fabricated with 
thicknesses below 500 nm are classified as ultrathin films [3]. 
The adoption of such ultrathin absorber structures has been 
demonstrated to enable substantial reductions in deposition 
time, energy consumption, and overall manufacturing costs, 
thereby enhancing the economic and practical feasibility of 
CIGS thin-film solar cell production.
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Plasmonic metal nanoparticles, including Au, Ag, and Cu, 
have been extensively utilized as light-trapping components 
due to their remarkable optical phenomenon known as 
localized surface plasmon resonance (LSPR), which enables 
strong interaction with incident electromagnetic radiation 
and enhances optical absorption in photovoltaic and opto-
electronic systems [4, 5]. When incident light interacts with a 
plasmonic nanoparticle, the conduction electrons within the 
nanoparticle become excited through the absorption of inci-
dent photons. These delocalized electrons collectively oscillate 
in resonance with the oscillating electromagnetic field of the 
incoming light; this phenomenon is referred to as LSPR [6]. 
Among plasmonic metals, gold exhibits outstanding resis-
tance to chemical degradation and superior thermal endur-
ance, ensuring prolonged functionality and stability when 
exposed to intense illumination or adverse environmental 
conditions [7, 8]. Au nanoparticles display an intense LSPR 
mode centered in the visible range of the electromagnetic 
spectrum [9]. The resonance wavelength can be systemati-
cally red-shifted into the near-infrared (NIR) region by con-
trolling nanoparticle parameters such as areal density, aspect 
ratio, and vertical dimension [10, 11]. Incorporation of Au 
plasmonic nanoparticles into a semiconductor thin film pro-
motes enhanced light absorption owing to the LSPR phe-
nomenon. Additionally, plasmon decay facilitates the 
injection and formation of hot electrons inside the semi-
conductor. The resulting plasmonic semiconductor exhibits 
an elevated concentration of minority carriers, which con-
tributes to a significant enhancement in photocurrent density 
and device conversion efficiency.

Zarerasouli et al. optimizes plasmonic Ag nanoparticles 
on the back surface of CIGS ultrathin solar cells, improving 
efficiency and current density, while exploring nanoparticle 
size, shape, and oxidation effects [12]. Londhe et al. demon-
strates the enhancement of CIGS solar cells by depositing Au 
nanoparticles onto the CIGS layer, using dip coating and 
electrodeposition techniques [13]. In the studies of Zarer-
asouli and Bahador, it enhanced that CIGS ultrathin tandem 

solar cells by incorporating silver nanoparticle clusters, 
improving efficiency by 12.6 % through plasmonic light ab-
sorption enhancement [14]. Chen et al. work shows that 
plasmonic Au nanoparticles enhance CIGS flexible photo-
voltaics’ efficiency by improving absorption, photocurrent, 
and carrier transport [15]. Zarerasouli et al. demonstrates 
that a cluster back reflector with cylindrical silver nano-
particles enhances J sc and efficiency in CIGS ultrathin solar 
cells, achieving 27.2 mA/cm 2 and 15.7 % efficiency [16]. Park 
et al. represents that Au nanoparticles enhance CIGS solar 
cells by improving infrared absorption, reducing defect 
density, and increasing the band gap from 1.31 to 1.52 eV, 
boosting efficiency [17].

The preparation technique employed for nanoparticle 
fabrication is a key determinant of their morphological 
structure and uniformity. Pulsed laser deposition (PLD) 
provides remarkable flexibility and precision in nano-
particle fabrication, enabling the production of nano-
particles with specific morphological and optical properties. 
This technique enables fine control through multiple 
adjustable parameters, including substrate–target spacing, 
laser fluence, ambient gas pressure, and substrate temper-
ature, throughout the deposition process [5, 18]. The PLD 
method enables fine-tuning of Au nanoparticle morphology, 
providing an effective means to control and tune the LSPR 
peak position across desired spectral regions, including both 
red- and blue-shifted wavelengths. In the PLD process, the 
number of laser pulses plays a critical role in tuning the 
plasmonic response; increasing the pulse number leads to a 
red shift of the LSPR peak, while decreasing it causes a blue 
shift toward shorter wavelengths [19].

This work reports the fabrication of plasmonic (Au 
nanoparticle-decorated) and non-plasmonic CIGS/n-Si het-
erojunction structures via the PLD method, in which Au 
plasmonic nanoparticles were embedded within a CIGS ul-
trathin absorber layer. Due to the LSPR property of Au 
nanoparticles, photovoltaic devices showed improvements 
driven by increased photoexcited electron-hole pair forma-
tion, hot-electron generation, and light scattering. In addi-
tion, doping with Au nanoparticles resulted in a greater 
improvement in photovoltaic performance than increasing 
the CIGS film thickness. CIGS/Si heterojunction photovoltaic 
devices offer somewhat lower efficiency values, but the LSPR 
effect of plasmonic Au nanoparticles provides opportunities 
to achieve higher efficiencies in such devices through easy 
fabrication without the need for more complex production 
techniques or the production of more layers. Under dark 
conditions, key parameters of the heterojunction devices, 
including barrier height (Ф b ), series resistance (R s ), and 
ideality factor (n), were extracted using conventional J–V, 
Norde, and Cheung–Cheung methodologies. The fill factor 
(FF), open-circuit voltage (V oc ), short-circuit current density 
(J sc ), and efficiency (η) of the fabricated heterojunction di-
odes were systematically evaluated. The effect of the LSPR of 
Au plasmonic nanoparticles on the photovoltaic perfor-
mance of the heterojunction diode is examined in detail, and 
the main conclusions are drawn in this work.

2 Experimental

In this work, Ag/Au-CIGS/n-Si/Ag and Ag/CIGS/n-Si/Ag heter-
ojunction diodes were fabricated. Au nanoparticles were 
deposited onto soda-lime glass (SLG) substrates at room
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temperature using the PLD technique with a nanosecond 
laser (5 ns pulse width, 10 Hz repetition rate, 1,064 nm 

wavelength). The substrates were positioned 52 mm away 
from a high-purity Au target (99.95 %). Prior to deposition, 
the vacuum chamber was evacuated to a base pressure of
5 × 10 −6 mbar using a rotary pump followed by a turbo-
molecular pump. SLG substrates at room temperature (RT) 
were coated with Au nanoparticle thin films using 3,600, 
5,400, 7,200, and 9,000 laser pulses at 0.5 J/cm 2 laser fluence 
(1,064 nm wavelength, 10 Hz repetition rate, and 5 ns pulse 
width). The experimental setup is schematically illustrated 
in Figure 1.

A CIGS target with 99.99 % purity was mounted on the 
target holder, and SLG and n-Si substrates were placed on 
the substrate holder. The vacuum inside the deposition 
chamber was first evacuated with a rotary pump and then 
further reduced to ∼3 × 10 −6 mbar using a turbo-molecular 
pump. The distance between the target and substrate was set 
to 45 mm. CIGS1 and CIGS2 thin-film layers were deposited 
onto the front (polished) surfaces of the n-Si wafers and SLG

substrates at RT using 43,200 and 86,400 laser pulses with 
0.25 J/cm 2 of laser fluency, respectively. The thickness of 
CIGS1 and CIGS2 thin films was determined as 75 nm and 
180 nm, respectively, as seen in the Table in Figure 1. CIGS1 
and CIGS2 thin films were embedded with Au nanoparticles 
by applying 7,200 laser pulses, as described in step 1, 
resulting in the formation of plasmonic Au-CIGS1 and Au-
CIGS2 thin films, respectively. The back (matte) sides of the 
n-Si wafers were coated with Ag metal contacts by PLD. The 
CIGS thin film–coated SLG and n-Si wafers were subse-
quently vacuum-annealed at 450 °C for 5 min in a quartz tube 
furnace, as shown in Figure 1. Finally, Ag finger contacts 
were fabricated on the CIGS ultrathin films by physical va-
por deposition (PVD). The completed configurations of the 
non-plasmonic CIGS1&CIGS2/n-Si (CIGS1A and CIGS2A) and 
plasmonic Au-CIGS1&Au-CIGS2/n-Si heterojunction diodes 
(Au-CIGS1A and Au-CIGS2A) are illustrated in Figure 1, 
respectively.

The surface morphology, topography, stoichiometric 
composition, crystalline ordering, and optical transmittance

Figure 1: Thin film deposition process. (a) Schematic illustration of the fabrication steps of plasmonic (Au nanoparticle–embedded) and non-plasmonic 
CIGS/n-Si heterojunction solar cells: Deposition of CIGS ultrathin films on n-Si by ns-Nd: YAG-based PLD, incorporation of Au nanoparticles into the CIGS 
layer, b) Ag back-contact formation, post-annealing at 450 °C in a quartz tube furnace, and final Ag front-contact patterning.
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of the non-plasmonic and plasmonic CIGS ultrathin films 
were analyzed using atomic force microscopy (AFM), scan-
ning electron microscopy with energy-dispersive X-ray 
spectroscopy (SEM–EDX), X-ray diffraction (XRD) (working 
parameters are that scan rate is 2°/min and step size is 0.02°), 
and UV–Vis spectroscopy, respectively. The optical proper-
ties of CIGS thin films were measured relative to a baseline of 
SLG, ensuring precise calibration and consistency for 
comparative analysis of their optical behavior. The current– 
voltage (J–V) characteristics of both device types (CIGS/n-Si 
heterojunctions) were recorded in the dark and under AM1.5 
illumination (80 mW/cm 2 ). For J-V measurements, an Ag 
thin-film metal contact was employed for the front electrode, 
while an Ag thin-film contact was utilized for the rear 
electrode.

3 Results and discussion

3.1 XRD property

Figure 2 presents the X-ray diffraction (XRD) patterns of 
CIGS1 and CIGS2 ultrathin films deposited using 43,200 and 
86,400 laser pulses, together with the corresponding plas-
monic Au-CIGS1 and Au-CIGS2 thin films, in which Au atoms 
were incorporated into the CIGS ultrathin layers by 7,200 
laser pulses. The XRD patterns in Figure 2 indicate that all 
CIGS ultrathin films are monocrystalline with a strong 
preferred orientation along the (112) plane, exhibiting a 
dominant diffraction peak at 2θ ≈ 27.3° [20–22]. A progres-
sive increase in the number of laser pulses leads to a cor-
responding increase in the (112) diffraction peak intensity, 
indicating improved crystallinity [23]. The incident CIGS 
species more effectively occupy energetically favorable 
atomic sites on the substrate surface, resulting in more 
uniform nucleation and enhanced crystalline ordering 
within the CIGS ultrathin films. A second phase (#), appear-
ing as a small shoulder on CIGS2 ultrathin film, was observed 
at 2θ = 28.21°. The distribution of Ga atoms within the CIGS2 
ultrathin film is non-uniform, with limited diffusion char-
acteristics. As a result, the Ga-rich phase that forms within 
the film can be attributed to the presence of this secondary 
phase. Furthermore, crystallization along the (112) direction 
in the CIGS ultrathin films is notably strengthened as a 
consequence of Au nanoparticle incorporation [24].

The average crystallite size of the thin films was calcu-
lated using the Scherrer eq [23].:

S = 0.94λ/β cos θ (1)

where S is the average crystallite size, β is the full width at 
half maximum (FWHM) of the main diffraction peak, θ is the

Bragg angle, and λ\lambdaλ is the wavelength of the X-ray 
beam used. According to this analysis, the crystallite sizes of 
the CIGS1, Au-CIGS1, CIGS2, and Au-CIGS2 thin films were 
found to be 32.47 nm, 35.15 nm, 43.14 nm, and 49.66 nm, 
respectively. With increasing film thickness, the grains 
constituting the CIGS ultrathin films exhibit noticeable 
growth. The CIGS1 ultrathin film, characterized by its 
smaller thickness, contains smaller grains and consequently 
a higher density of structural imperfections, which de-
teriorates its crystallinity. As the grain size increases in the 
CIGS2 ultrathin films, the grain boundary density decreases, 
and defect states are partially passivated, resulting in 
enhanced crystalline order and improved structural quality 
[25–28]. So, the increase in film thickness accelerates 
nucleation, promoting the aggregation of more atoms. As 
additional nuclei form, they coalesce, enhancing grain size. 
As the film thickness increases, more surface area is avail-
able for diffusion, allowing atoms to move inward from the 
crystalline surfaces. Thicker films facilitate greater atomic 
mobility, thereby enhancing diffusion. This atomic move-
ment leads to the growth of larger crystals or grains.

In addition, incorporating Au nanoparticles further in-
creases the crystallite size compared with non-plasmonic 
CIGS thin films [24, 29]. The presence of Au nanoparticles 
may enhance the intensity of the main diffraction peak, 
which may be attributed to the substitutional occupation of 
Se 4+ vacancies (64 pm) by Au +1 ions (151 pm) [30]. This atomic 
incorporation may facilitate grain growth and improve the 
overall crystalline quality of the thin films. Furthermore, 
large Au +1 ions have larger radii and therefore lower bond

Figure 2: X-ray diffraction (XRD) patterns of non-plasmonic CIGS1 and 
CIGS2 ultrathin films and plasmonic Au-CIGS1 and Au-CIGS2 ultrathin 
films deposited by PLD with 43,200 and 86,400 laser pulses, respectively.
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energies. This may lead to a more flexible lattice, as the 
bonds between large ions are weaker than those between 
small ions. In this case, the lattice may expand more easily 
(Table 1).

Dislocation density (δ) and microstrain (ε), quantifying 
defect concentrations that adversely affect the crystallo-
graphic quality of the thin films, are computed using eq. (2) 
and eq. (3) [23]:

δ = 1/D 2 (2)

ε = β cos θ/4 (3)

Dislocation density quantifies the total length of dislo-
cation lines per unit volume, or equivalently, the number of 
dislocations per unit area, in a crystalline solid. Microstrain 
refers to local variations in interplanar spacing resulting 
from defects, internal stresses, or lattice distortions within 
the crystal lattice. Embedding Au nanoparticles into the CIGS 
ultrathin films leads to a modest reduction in structural 
defects and trap states, which in turn decreases both the 
dislocation density and the microstrain [31–33].

3.2 Surface characterization

According to the SEM images shown in Figure 3, an increase 
in the number of laser pulses results in a corresponding 
enlargement of the particle size. This behavior can be 
attributed to the higher density of atoms deposited laterally 
and vertically with increasing pulse number, which pro-
motes particle coalescence and the formation of larger 
agglomerated clusters [34, 35]. The thicknesses of the thin 
films deposited using 43.200 and 86.400 laser pulses were 
determined to be 75 nm and 180 nm, respectively. The 
average particle size of CIGS1, CIGS2, Au-CIGS1, and Au-CIGS2 
thin films is 40.72 nm, 57.72 nm, 58.65 nm, and 74. 38 nm ac-
cording to the small square on the SEM images in Figure 3. In 
addition, incorporation of Au atoms into the CIGS nano-
particles results in a further increase in particle size, as Au 
atoms occupy suitable vacant sites within the CIGS structure

and promote particle growth through atomic filling and 
structural densification. The resulting reduction in the 
number of grain boundaries within the thin films facilitates 
the passivation of defect states and electronic traps at 
intergranular regions, thereby enhancing crystalline 
ordering, reducing non-radiative recombination centers, 
and improving the structural integrity of the films.

Based on the elemental ratios presented in Table 2 and 
the SEM–EDX spectra shown in Figure 4, the CIGS ultrathin 
films exhibit a Cu-deficient and In-rich composition. During 
the growth of the CIGS1 ultrathin film, the relatively low 

deposition rate leads to a noticeable deviation from stoi-
chiometric transfer, resulting in pronounced Cu deficiency 
and In enrichment. The excessive indium atoms tend to 
occupy copper vacancy sites (V Cu ), forming In Cu antisite donor 
defects [36, 37]. These donor-type defects act as recombination 
centers, thereby degrading charge-carrier transport and 
adversely affecting the photovoltaic performance of the CIGS 
device. As ultrathin film thickness increases, the stoichio-
metric transfer progressively approaches the ideal CIGS 
composition, primarily due to the enhanced deposition rate. 
This improvement results in an increase in Cu concentration 
and a concurrent decrease in In content. Consequently, 
the formation of In Cu donor defects is significantly sup-
pressed, reducing defect-induced recombination centers and 
improving the optoelectronic quality of the film. A decrease in 
the Se concentration is also observed in the CIGS ultrathin 
films, which can be attributed to partial substitution of Se 
anions or occupation of Se-related vacancies by Au ions dur-
ing the incorporation process [38–40].

The AFM images shown in Figure 5 display the three-
dimensional (3D) and two-dimensional (2D) surface topog-
raphies of the plasmonic and non-plasmonic CIGS ultrathin 
films, providing detailed information on their morphological 
features and surface roughness distributions. The 2D AFM 

images exhibit a strong correlation with the corresponding 
SEM micrographs, indicating good consistency between the 
surface morphology observed by AFM and the structural 
features revealed by SEM. AFM observations confirm that 
increasing the number of laser pulses, together with the 
incorporation of Au nanoparticles into the CIGS ultrathin 
films, promotes particle growth. This behavior can be 
attributed to enhanced surface-atom mobility and localized 
coalescence processes induced by Au incorporation, leading 
to the formation of larger grains and an overall increase in 
surface roughness and structural compactness.

The root-mean-square surface roughness values of the 
CIGS1, Au-CIGS1, CIGS2, and Au-CIGS2 ultrathin films were 
determined to be 13.32 nm, 19.89 nm, 28.34 nm, and 37.71 nm, 
respectively, indicating a systematic evolution of the surface 
morphology with changes in film growth conditions. The

Table : The crystalline size, dislocation density, and micro-strain pa-
rameters of plasmonic and non-plasmonic CIGS ultrathin films.

Samples Crystalline 
size (nm)

Dislocation density ×   
(lines/m  )

Micro-
strain ×  −

CIGS . . .
Au-CIGS . . .
CIGS . . .
Au-CIGS . . .
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increase in particle size results in a corresponding rise in 
surface roughness, indicating that the growth and coales-
cence of larger grains contribute to the enhanced surface 
irregularities in the thin films.

3.3 The optical properties

3.3.1 Localized surface plasmon resonance (LSPR) of Au 
nanoparticles

According to the absorption spectra shown in Figure 6, Au 
nanoparticles synthesized on soda–lime glass using laser

irradiation with 3.600, 5.400, 7.200, and 9.000 pulses exhibit 
LSPR peaks located at approximately 564 nm, 620 nm, 712 nm, 
and 772 nm, respectively. The observed redshift of the reso-
nance wavelength with increasing laser pulse number in-
dicates systematic nanoparticle growth and enhanced 
plasmonic coupling among adjacent particles. This behavior 
can be explained as follows: when the electromagnetic field of 
the incident light interacts with the conduction electrons in 
the nanoparticles, it induces charge separation, thereby 
forming an oscillating electric dipole. The Coulombic 
restoring force drives these electrons to oscillate at a specific 
resonance frequency [10, 11, 41, 42]. As nanoparticle size in-
creases, phase retardation reduces the restoring force, 
lowering the resonance energy and redshifting the LSPR peak 
toward longer wavelengths. According to the particle size 
distributions seen in the small squares in the SEM images in 
Figure 6, when the laser pulse number increased from 3.600 to 
9.000, the average particle size of the deposited Au nano-
particles increased from 34.99 nm to 65.36 nm. LSPR band-
width increases, and the peak position redshifts as the particle 
size increases. Moreover, once the Au nanoparticle diameter 
exceeds approximately 80 nm, electron oscillations generate 
photon emission via light scattering, leading to radiation

Figure 3: SEM images of a) CIGS1, b) Au-CIGS1, c) CIGS2, and d) Au-CIGS2 ultrathin films.

Table : The atomic weight rates of elements in CIGS, Au-CIGS, CIGS 
and Au-CIGS ultrathin films.

Ultrathin films Au (%) Cu (%) In (%) Ga (%) Se (%)

CIGS – . . . . 
Au-CIGS . . . . . 
CIGS – . . . . 
Au-CIGS . . . . .

6 S.Y. Gezgin et al.: Effect of localized surface plasmon resonance of Au nanoparticles



damping. This effect further lowers the oscillation frequency 
and energy, disrupts phase coherence, and produces an 
additional redshift of the LSPR peak, as indicated by the 
normalized absorbance spectrum in Figure 6 [43]. 

Near-field coupling between Au nanoparticles also plays 
a crucial role in shifting the LSPR peak toward the NIR re-
gion. As illustrated in Figure 6, increasing the laser pulse 
number from 3,600 to 9,000 results in a higher surface 
density of deposited Au nanoparticles, thereby reducing 
interparticle spacing and enhancing near-field interactions. 
When the polarization of the incident light is aligned with 
the interparticle axis, the induced dipoles generate localized 
electric fields around neighboring particles. The mutual 
electromagnetic coupling among adjacent Au nanoparticles 
leads to strong local field enhancement and a further 
redshift of the LSPR peak toward longer wavelengths [10, 11, 
41, 44, 45].

3.3.2 Optical response of plasmonic and non-plasmonic
CIGS ultrathin films

According to the absorption spectra shown in Figure 7a, the 
CIGS2 ultrathin film exhibits higher photon absorption in 
both the UV and visible regions than the CIGS1 film. This 
enhancement can be attributed to the larger grain size and 
higher particle density of the CIGS2 film, which increase the 
effective optical path length and the surface area available 
for photon interaction, thereby promoting more efficient 
light absorption within the film. As seen in Figure 7b and c, 
the plasmonic CIGS1 and CIGS2 ultrathin films display a 
pronounced absorption peak in the visible region and an 
overall enhancement of absorption extending into the near-
infrared (NIR) region due to the LSPR of the embedded Au 
nanoparticles. This plasmon-induced enhancement arises 
from the collective oscillation of conduction electrons in the

Figure 4: SEM-EDX spectrums of a) CIGS1, b) Au-CIGS1, c) CIGS2 and d) Au-CIGS2 ultrathin films.
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Au nanoparticles, which amplifies the local electromagnetic 
field and strengthens light–matter interaction in the CIGS 
ultrathin films.

The optical band-gap values of the films were deter-
mined using the Tauc relation [46], which relates the ab-
sorption coefficient α to the photon energy hν for direct 
allowed transitions:

αhν = A hv − E g ( ) 1 / 2 (4)

where A is a constant and E g is the optical band-gap energy. 
The band-gap energy was obtained from the Tauc plots 
shown in Figure 7d by extrapolating the linear portion of 
(αhv) 2 versus (hv) versus hνh\nuhν curves to the photon-
energy axis, where the absorption coefficient tends to zero. 
Using this procedure, the band gaps of the CIGS1, CIGS2, Au-
CIGS1, and Au-CIGS2 ultrathin films were determined to be 
2.92 eV, 2.20 eV, 1.80 eV, and 1.44 eV, respectively. The dif-
ference between CIGS1 and CIGS2 indicates that changes in 
thickness and microstructure affect the optical transition 
energy. In the very thin CIGS1 thin film, carriers (electrons or

holes) move within a confined region, which can lead to 
energy-level separation and a broadening of the band gap. 
Shallow defects near the surface create new energy levels 
within the band gap. These levels provide new pathways for 
carriers (electrons or holes) to traverse, thereby narrowing 
the band gap of the CIGS2 thin film. Incorporation of Au 
plasmonic nanoparticles further modifies the absorption 
edge and leads to a blue shift of the apparent optical band 
gap, reflecting the combined influence of LSPR-induced field 
enhancement, changes in defect distribution, and possible 
compositional or structural variations within the CIGS ul-
trathin films [9, 47, 48].

The absorption coefficient (α) of thin films is expressed 
by α = 2.303 * A

T( ) equation, where A represents absorbance 
and T indicates film thickness. According to the graphs 7e 
and 7f, in the visible and NIR wavelength range, the CIGS1 
thin film has an absorption coefficient in the range of 1.3–
3 × 10 +4 cm-1, while the Au-CIGS1 thin film shows an ab-
sorption coefficient of 4.5–5.7 × 10 + 4 cm-1 in this wave-
length range. CIGS-2 thin film exhibited α value in the range

Figure 5: 3D and 2D (5 × 5 area) images of a) CIGS1, b) Au-CIGS1, c) CIGS2 and d) Au-CIGS2 ultrathin films.
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of 5.5 × 10 +3 cm −1 to 2 × 10 +4 cm −1 at visible-NIR wavelength. 
With the embedding of Au nanoparticles, the Au-CIGS2 thin 
film has an α value of approximately 2.6–3.3 × 10 +4 cm −1 . This 
shows that embedding Au plasmonic nanoparticles into CIGS 
thin films results in these films absorbing more photons, 
particularly in the visible and NIR regions.

3.4 Electrical properties of non-plasmonic 
and plasmonic CIGS/n-Si heterojunction 
diodes in the dark

The diode current density can be described by the therm-
ionic emission (TE) model, which relates the current density 
across the junction to the thermally activated transport of 
charge carriers over the potential barrier at the interface 
[49].

J = J 0 exp qV/nkT( ) − 1[ ] (5)

Here, V is the applied forward-bias voltage, J 0 is the 
reverse saturation current density, k is the Boltzmann con-
stant, n is the diode ideality factor, q is the elementary 
charge, and T is the absolute temperature. The ideality fac-
tor, which provides information on the dominant carrier-
transport mechanism and the deviation from ideal TE 
behavior, was calculated from [50, 51]:

n = q
kT 

dV
d lnJ( ) (6)

where J denotes the forward-bias current density. The ide-
ality factor was extracted from the linear region of the 
forward-bias part of the logarithmic J–V characteristics, as 
shown in Figure 8 (in the small square). The slope of this 
region reflects the exponential dependence of the current 
density on the applied voltage, providing insight into carrier 
transport and recombination processes in the diode.

The relatively low crystallinity and small grain size of 
the CIGS1 ultrathin film favor carrier trapping at grain 
boundaries, thereby reducing carrier lifetime and limiting

Figure 5: Continued.
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charge transport through the absorber layer. In addition, 
less favorable band alignment between the CIGS1 layer and 
the n-Si substrate can further hinder efficient carrier 
transfer across the heterojunction interface [52, 53]. These 
structural and electronic limitations collectively contribute 
to the higher ideality factor observed in the CIGS1A hetero-
junction diode (Table 3). Increasing the film thickness and 
incorporating Au nanoparticles can enhance crystallinity, 
promote grain growth, and facilitate the passivation of trap 
states at grain boundaries, thereby extending the carrier 
lifetime. These modifications, together with the associated 
changes in band alignment between the two semiconductor 
layers, are expected to reduce the ideality factor and 
enhance the overall performance of the diodes [24, 54]. 

The barrier height (Φ b ) of the diode was determined 
using eq. (7), which relates the potential energy barrier at the 
metal–semiconductor interface to the diode’s electrical 
characteristics, providing insight into charge carrier trans-
port across the junction.

Φ b = kT q 
ln

AA * T 2 

J o
( ) (7)

where A is the diode active area, and A ∗ is the effective 
Richardson constant (112 A cm −2 K −2 for n-type Si). The 
reverse saturation current density J 0 was obtained from the 
intercept of the linear fit to the dark logarithmic J–V char-
acteristics, as illustrated in Figure 8 (in the small square). 
Variations in absorber-layer microstructure and composi-
tion lead to differences in the built-in potential across the 
depletion region and, consequently, in the effective Schottky 
barrier height at the CIGS/n-Si interface (Table 3). Devices 
based on thinner, more defective absorbers exhibit a higher 
effective barrier and poorer charge transport, whereas those 
with thicker and structurally improved absorbers show a 
reduced barrier height and enhanced carrier transport 
across the junction.

The series resistance (R series ) [55] of heterojunction di-
odes is evaluated using eq. (8):

R series = ΔV forward bias voltage
ΔI forward bias current density

(8)

where ΔV forward and ΔJ forward denote the changes in forward-
bias voltage and current density, respectively. The series 
resistance was obtained from the ratio of the voltage

Figure 6: Optical absorption characteristics of Au nanoparticles grown on SLG with 3,600, 5,400, 7,200, and 9,000 laser pulse numbers.
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variation to the corresponding current density variation in 
the forward-bias region. This resistance plays a crucial role 
in determining the electrical behavior and efficiency of the 
solar cell by influencing carrier transport, voltage drop, and 
power conversion efficiency. In particular, (R series ), quan-
tifies resistive losses within the device and reflects the 
combined effects of contact resistance and semiconductor-
layer bulk resistance on the diode’s overall electrical 
performance.

The high series resistance observed in the CIGS1-A diode 
(Table 3 and Figure 9) may be attributed to several factors, 
including the poor crystallinity of the CIGS ultrathin film, 
which results in a low carrier concentration; a relatively

high surface resistance; and interfacial issues such as oxide-
layer formation, contamination, surface roughness, or 
diffusion-induced interlayers at the junction interface. These 
factors collectively hinder efficient charge transport and 
lead to increased series resistance within the device [56, 57]. 
Increasing the absorber-layer thickness and incorporating 
Au plasmonic nanoparticles enhances the crystallinity and 
crystal quality of the CIGS films, thereby increasing the 
carrier concentration within the material. As a result, the 
overall film resistance decreases, reducing the series resis-
tance of the corresponding diodes.

The values of n, R s and Φ b for the heterojunction struc-
tures can also be extracted using the Cheung–Cheung

Figure 7: Optical properties. (a, b, c) The absorption spectra and (d) Tauc plots of the non-plasmonic and plasmonic CIGS ultrathin films, (e-f) the 
absorption coefficient.
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method [58]. The analytical framework of the Cheung– 
Cheung approach is expressed through eqs. (9)–(11), which 
provide a systematic means of determining these parame-
ters from the forward bias region of the (J-V) characteristics:

dV
d lnJ( ) = JR s + n

kT
q

( ) (9)

H J ( ) = V − nkT
q

( )ln J 
AA * T 2

( ) (10)

H J ( ) = JR s + nΦ b (11)

dV/dln(J )-J characteristics of the heterojunction are presented 
in Figure 10, which were derived based on eq. (10). The slope 
and the y-intercept of the dV/dln(J )-J plots correspond to R s 
and nkT/q, respectively. Meanwhile, H(J )-J characteristics 
displayed in Figure 10 were obtained from the forward-bias 
region of the logarithmic J-V characteristics shown in 
Figure 10, as determined using Eq. (11). According to Eq. (12),

the slope and y-intercept of the H(J )-J plot representJR s and 
nΦ b , respectively. The (R series ) values of CIGS/n-Si hetero-
junctions obtained through both the conventional J-V analysis 
and the Cheung–Cheung approach were found to be in close 
agreement, whereas the barrier height values derived from 

the Cheung–Cheung method were observed to be slightly 
lower than those determined by the conventional J-V tech-
nique, as presented in Table 3. This discrepancy can be 
attributed to the fact that, while the conventional J-V analysis 
considers the reverse bias region, and the Cheung–Cheung 
method evaluates the high-voltage region under forward bias 
conditions. The relatively higher ideality factor obtained from 

the Cheung–Cheung method can be attributed to the evalua-
tion being performed in the high-voltage (nonlinear) forward-
bias region, whereas the conventional J–V method de-
termines this parameter in the lower-voltage region.

F(V )–V characteristics of heterojunctions under dark 
conditions are illustrated in Figure 11a. The barrier height 
and series resistance, which were evaluated using the Norde 
method, as defined by eqs. (12)–(14) [59].

F V , γ( ) = V
γ
− kT 

q 
ln

J V ( )
AA * T 2

( ) (12)

where γ represents the first constant value greater than the 
ideality factor, which is obtained from the log. J-V 
characteristics.

Φ b = F Vo( ) + V o
γ
− kT 

q
(13)

R s = γ − nI min

kT
q

(14)

F(V o ) parameter corresponds to the minimum point of the 
F(V )–V plot, with V o being the voltage at which this minimum 

occurs, and I min representing the current density value cor-
responding to V o in the J-V characteristics As shown in Table 3, 
R s and Φ B parameters obtained from the Cheung–Cheung and

Figure 8: Logarithmic J–V characteristics of non-plasmonic and plas-
monic CIGS/n-Si heterojunction diodes measured in the dark, under a 
bias voltage range of −1.5 V to +1.5 V, at room temperature.

Table : Electrical parameters of non-plasmonic and plasmonic CIGS/n-Si heterojunctions (CIGSA, CIGSA, Au-CIGSA, Au-CIGSA) calculated from J–V 
characteristics using the conventional, Cheung–Cheung, and Norde methods under dark conditions.

Samples The conventional Cheung Cheung Norde

J-V dV/dln(J )-J H(J )-J F(V )

n ϕ b (eV) R s (Ω.cm  ) n R s (Ω.cm  ) ϕ b (eV) R s (Ω.cm  ) ϕ b (eV) R s (Ω.cm  )

CIGSA . . . .  . . . 

CIGS-A . . . . . . . . .
Au-CIGSA . . . . . . . . .
Au-CIGSA . . . . . . . . .
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Norde analyses are highly comparable, demonstrating a 
good correlation between the two methods. However, 
these parameters were evaluated using the conventional J-V

technique are somewhat higher than those estimated through 
the Norde analysis, indicating minor discrepancies between 
the two methods.

Figure 9: Series resistance (R s ) as a function of 
applied voltage for plasmonic and non-
plasmonic CIGS/n-Si heterojunctions
measured in the dark under a bias voltage 
range of +1.5 V, at room temperature.

Figure 10: dV/dln (J )-J and H(J )-J curves of a) CIGS1A, b) CIGS2A, c) Au-CIGS1A and d) Au-CIGS2A hetero-junction structures in the darkness under a bias 
voltage range of +1.5 V, at room temperature.
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3.5 Photovoltaic properties of plasmonic 
and non-plasmonic CIGS/n-Si 
heterojunction diodes

As seen from the J–V curves in Figure 11b and the data 
summarized in Table 4, all heterojunction diodes exhibit a 
photovoltaic response under AM 1.5 illumination with an 
incident power density of 80 mW/cm 2 . The low photovoltaic 
efficiencies are mainly attributed to the reduced short-
circuit current density (J sc ), which arises from insufficient 
optical absorption due to the ultrathin CIGS absorber layer. 
The limited absorption restricts the number of photo-
generated charge carriers, thereby reducing the photocur-
rent density.

Increasing the absorber-layer thickness from CIGS1A to 
CIGS2A results in a noticeable improvement in photovoltaic 
performance. The refined crystalline structure and enlarged

grain size extend the minority-carrier lifetime, suppressing 
the formation of defects and trap centers. CIGS1ultrathin 
layer, with a thickness of 75 nm, exhibits insufficient photon 
absorption capacity. Furthermore, the crystalline quality of 
the ultrathin CIGS1 film is notably suboptimal, suggesting 
numerous structural defects. These defects can act as 
recombination centers for minority charge carriers, thereby 
reducing their lifetimes. This reduction in carrier lifetime 
can increase series resistance, in turn decreasing Jsc. With 
increased thickness of ultrathin CIGS films (from 75 nm to 
180 nm), their crystallinity improves, leading to a rise in 
average grain size. This structural enhancement mitigates 
the impact of defect sites, which previously acted as 
recombination centers for photo-excited charge carriers. As 
a result, the carrier lifetime is prolonged, thereby increasing 
Jsc. Moreover, as the diffusion length of the photo-generated 
charge carriers exceeds the film thickness, the carriers 
experience a longer lifetime. Consequently, the minority 
charge carriers can diffuse into the depletion region 
with minimal recombination, further enhancing device 
performance.

Au atoms can passivate surface states at the interface, 
leading to an extended carrier lifetime and, consequently, 
lower recombination rates. Furthermore, Au doping in-
creases grain size and reduces the number of grain bound-
aries, thereby passivating defects and traps. In addition, Au 
can optimize local electric fields in CIGS, thereby improving 
electron transfer at the interface. This results in greater 
charge accumulation in the depletion region. As a result, the 
generation and collection of photocarriers are enhanced, 
while recombination losses are reduced, resulting in higher 
J sc and V oc values. The incorporation of Au plasmonic 
nanoparticles further improves the device performance. 
Compared with their non-plasmonic counterparts, the plas-
monic Au-CIGS1A and Au-CIGS2A diodes exhibit higher J sc , 
V oc , and η, owing to a combination of LSPR-induced optical 
enhancement and improved structural quality of the CIGS 
layer. Additionally, reducing series resistance enhances 
photovoltaic efficiency by minimizing resistive losses and

Figure 11: Photoresponse properties. (a) F(V )–V and (b) J-V 
characteristics of plasmonic and non-plasmonic CIGS/n-Si heterojunction 
structures measured in the dark, under a bias voltage range of +1.5 V, 
under AM 1.5 solar illumination (80 mW/cm 2 ), at room temperature, 
respectively.

Table : Photovoltaic parameters of plasmonic and non-plasmonic CIGS/ 
n-Si heterojunction diodes under AM . solar illumination ( mW/cm  ).

Sample J sc (mA/cm  ) V oc (mV) FF (%) η (%)

CIGSA .  mV . .
CIGSA .  mV . .
Au-CIGSA .  mV  .
Au-CIGSA .  mV  .
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facilitating more efficient charge extraction across the 
junction.

The LSPR of plasmonic nanoparticles, together with 
near-field coupling between neighboring particles, leads to 
hot-electron generation and a pronounced enhancement of 
the photovoltaic parameters in CIGS/n-Si heterojunction di-
odes. Embedded Au nanoparticles in the CIGS layer support 
LSPR under illumination, generating hot electrons and 
enabling their transfer into the CIGS conduction band, 
thereby improving carrier dynamics and increasing device 
efficiency. As illustrated in the energy-band diagram 

(Figure 12), incident photons excite electrons in the Au

nanoparticles from the Fermi level into the localized surface 
plasmon (LSP) mode; subsequent plasmon decay produces 
hot electrons that are injected into the conduction band of 
the CIGS semiconductor, thereby enhancing charge separa-
tion and carrier-injection efficiency.

Moreover, defect-level (DL) electrons in the CIGS layer 
can migrate toward the Au nanoparticles, where they gain 
additional kinetic energy through plasmonic interactions 
[60–63]. This process contributes to the passivation of defect 
states in the semiconductor and simultaneously enhances 
hot-electron generation and transport in the plasmonic– 
semiconductor structure [61, 62, 64–66]. Electrons with

Figure 12: Schematic representation of the energy band alignment between the n-Si semiconductor and the Au nanoparticle–embedded CIGS absorber, 
illustrating LSPR-induced hot-electron generation in the Au nanoparticles and their injection across the CIGS/Si heterojunction interface.

Figure 13: Schematic illustration of near-field enhancement arising from electromagnetic coupling between Au nanoparticles embedded in the CIGS 
ultrathin film and its effect on carrier generation in the p-CIGS/n-Si heterojunction.
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elevated kinetic energy produced by LSPR excitation in the 
Au nanoparticles are efficiently transferred to the conduc-
tion band of the CIGS semiconductor, increasing the 
minority-carrier density in the vicinity of the depletion re-
gion [60, 63, 64, 67]. Provided their diffusion length is suffi- 
cient, these carriers can reach the junction edge and be 
effectively collected, thereby improving carrier extraction 
and overall device performance. Au nanoparticles can 
enable suitable band bending and an ideal built-in voltage 
between CIGS with different band gaps and Si semi-
conductors. Thus, rapid and efficient electron transfer from 

plasmonic CIGS semiconductors to Si is possible.
The near-field enhancement arises from electromag-

netic coupling between adjacent Au nanoparticles 
embedded in the CIGS ultrathin films [65]. As evidenced by 
the spectral response in Figure 6, both Au-CIGS1 and Au-
CIGS2 ultrathin films show increased photon absorption in 
the visible and near-infrared (NIR) regions due to the LSPR 
associated with the Au nanoparticles. So, when Au nano-
particles are positioned sufficiently close to one another in 
CIGS thin films, the electric field induced around an indi-
vidual particle can be oriented opposite to the incident 
electromagnetic field generated by the incoming light, as 
illustrated in Figure 13. Under such conditions, strong near-
field coupling arises between adjacent NPs due to electro-
magnetic interactions. This interparticle coupling perturbs 
the collective oscillatory motion of free electrons within the 
nanoparticles, thereby reducing the effective plasmon 
oscillation frequency. Consequently, LSPR peak undergoes a 
red shift toward longer wavelengths. Furthermore, the 
intensified electromagnetic field confined within the inter-
particle gap (so-called “hot spots”) results in significant local 
field enhancement. This enhanced near field promotes 
increased electron–hole pair generation in the surrounding 
semiconductor where the nanoparticles are embedded, 
thereby improving light–matter interaction in the system. 
This enhancement increases the number of photo-excited 
electron–hole pairs generated within these spectral ranges. 
In particular, the enhanced absorption in the visible region, 
which contributes most strongly to carrier generation, 
results in additional electron–hole pairs in the CIGS 
absorber layer. As a result, more minority carriers reach the 
depletion region with reduced recombination losses, 
thereby improving carrier collection efficiency and 
increasing the photocurrent density in the Au-CIGS1A and 
Au-CIGS2A heterojunction structures. Consequently, owing 
to the LSPR effect generated by the embedded Au plasmonic 
nanoparticles, the plasmon-enhanced CIGS/n-Si hetero-
junction diodes exhibit improved photovoltaic performance 
[17, 68–72]. In this study, Au nanoparticles are embedded 
into the mid-region of a CIGS thin film, and this is the first

time plasmonic CIGS/n-Si heterojunction structures have 
been studied. Specifically, the placement of Au nanoparticles 
near the heterojunction interface (their presence at the 
interface could lead to defects) facilitates the transfer of 
photo-generated minority charge carriers and hot electrons 
into the depletion region, thereby increasing charge accu-
mulation in this region. Furthermore, the ease with which 
the size and density of Au nanoparticles produced by the 
PLD system can be controlled, the ability to adjust the LSPR 
wavelength range, and the contribution of the LSPR effect to 
hot-electron generation are highly effective for photovoltaic 
performance. In addition, by developing the CIGS crystal 
structure with Au ions, the number of particle boundaries 
can be reduced, defects can be passivated, and charge 
transfer to the depletion region can be facilitated.

4 Conclusions

CIGS ultrathin absorbers with thicknesses of 75 nm and 
180 nm were successfully grown by PLD and functionalized 
with Au plasmonic nanoparticles. Increasing the CIGS 
thickness and embedding Au led to pronounced grain 
growth, larger crystallites, reduced defect density, and a 
composition closer to the ideal Cu-poor CIGS stoichiometry, 
with evidence of partial Se–Au substitution. Independently 
grown Au nanoparticles exhibited tunable LSPR peaks, 
ranging from 564 to 772 nm, as the pulse number increased, 
confirming a controllable plasmonic response. These struc-
tural and compositional improvements resulted in stronger 
absorption in the UV–visible region, while the incorporation 
of Au added an LSPR-driven enhancement extending into 
the NIR. Electrically, the thinnest non-plasmonic device 
(CIGS1B) exhibited the highest ideality factor, series resis-
tance, and barrier height, whereas the thicker, plasmonic 
Au-CIGS2B diode showed the lowest values and the best 
photovoltaic performance. Under AM 1.5 illumination 
(80 mW/cm 2 ), Au-CIGS2B delivered the highest J sc , V oc , fill 
factor, and efficiency, demonstrating that combining opti-
mized CIGS thickness with Au nanoparticle–induced LSPR 
and hot-electron effects is an effective strategy for enhancing 
ultrathin CIGS/n-Si heterojunction solar cells.
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