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Abstract: CIGS solar cells are currently very high-efficiency thin-film solar cells. Concerning higher efficiency in 

solar cells, research is being conducted on the influence of both light scattering and plasmonic resonances due to 

metallic nano-structures. This article discusses the assessment of the incorporation of plasmonic nanostructures on 

the absorber layer of a 1000 nm CIGS solar cell, in terms of light absorption and device performance. It is noted 

that decisions on material, size, and surface coverage (Occupied Factor) were essential considerations that affected 

the performance. Opto-electrical assessment was used to investigate absorption, charge-carrier generation, current 

density-voltage response, power-voltage properties, and total efficiency. Using simulations, we discovered the 

aluminum nanosphere arrays (200 nm diameter, Occupied Factor 0.64) at the top of the absorber layer yielded the 

maximum efficiency (26.14%). The resonances showed this, and the near-field distribution garnered from the 

nanospheres boosts charge carrier generation, diminishes recombination losses, and increases charge separation. 

Collectively, these raised the performance of the CIGS solar cells in this research and suggested hope for moving 

CIGS and potentially other photovoltaics forward using nanoscale plasmonic resonances. 

Keywords: Chalcopyrite solar cell, Finite-Difference Time-Domain (FDTD) technique, Noble metals, Plasmonic 

resonances, Characterizations of optical and electrical properties. 

 

1. INTRODUCTION 

Solar energy depends on the construction of 

reasonably priced and effective conversion 

methods. Since the 1980s, CIGS solar cells have 

become one of the most viable options for solar 

applications due to their high efficiency, low  

cost, customizable direct bandgap, and high light 

absorption [1-5]. Newer advances in research and 

development of CIGS solar cells have driven 

them to commerciality over the past several  

years. The late 2000s were pivotal due to several 

breakthroughs, as research brought CIGS solar 

cell efficiency above 20%, and eventually to  

over 23% efficiency, vastly outpacing traditional 

silicon solar cells, which can reach a maximum 

efficiency of around 21.25% [6-12]. Although 

CIGS solar cells have exceeded 23% efficiency, 

these cells are also below the Shockley-Queisser 

limit, and they can still improve [13, 14]. To 

enhance the efficiency of CIGS, the following 

strategies may be employed: altering the materials 

and thicknesses of the layers, bandgap tuning, 

doping, and selenizing or annealing. Other methods 

include adding hole transport or reflective layers, 

improving surface morphology, optimising light 

management, utilising mesh and window layers, 

and making better back contacts [15-21]. 

Nevertheless, to further improve performance and 

achieve the full benefits of CIGS solar cells, 

researchers are working on next-level light-

trapping strategies and plasmonic nanostructures 

[22-31]. Plasmonic nanostructures may hold great 

promise to enhance the optical and electrical 

properties of CIGS solar cells and facilitate  

the formation of next-generation high-efficiency 

photovoltaics. However, CIGS solar cells still 

suffer with respect to absorber thickness, thereby 

limiting optimal light absorption and confinement 

[32, 33]. Researchers are currently investigating 

integrating plasmonic nanostructures to reduce 

light trapping problems and improve the efficiency 

of CIGS solar cells. These nanostructures exploit 

the unique optical characteristics of noble metal 

nanoparticles to control light–matter interactions. 

Plasmonic nanostructures can be used to help 

mitigate the barriers to CIGS architectures with 

the design and integration of the strategy [24-28]. 

Plasmonic nanostructures offer many advantages 

that can help enhance the efficiencies of CIGS 

solar cells. With respect to light absorption and 

scattering, plasmonic nanostructures improve the 

optical path in the absorber layer by allowing 

increased interaction with incident photons and 
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CIGS material. The localized surface plasmon 

resonance (LSPR) effect creates a greater electric 

field around the nanoparticles, improving the 

chances of generating electron–hole pairs, ultimately 

lowering recombination losses and increasing 

photocurrent and overall efficiency. [14, 24-29]. 

More effective light absorption will allow for 

thinner CIGS layers, which reduces costs and 

allows for light and flexible solar cells. Plasmonic 

structures can absorb light over a broader range 

than some wavelength-specific methods, which 

only absorb a particular color. The nanoplasmonic 

particles can be integrated into CIGS in a 

manufacturing-friendly way, therefore maintaining 

engineering and commercialization capacity. In 

addition, cheap materials, which aluminum generally 

is, can give the best combination [22, 24-29]. 

This study evaluates the performance of silver, 

gold, and aluminium nano spheres on solar cell 

performance, examining the varying effects of 

spherical size, occupied factors, and nanosphere 

positions. The paper describes the device structure 

and simulation methods, including a comparison 

of the cell models with and without nanoplasmonic 

features. The simulations examine how the 

arrangement of plasmonic nanoparticle arrays  

can impact the opto-electrical properties, light 

absorption, and efficiency of CIGS. Through 

plasmonic methods, the CIGS layer thickness  

can effectively be cut to 1000 nm, demonstrating 

a lower cost for materials. The conclusions 

provide references for optimizing solar cells and 

improving efficiency for energy conversion. 

2. EXPERIMENTAL PROCEDURES 

The divergence of the Poynting vector is commonly 

used when quantifying absorption (and can be 

numerically sensitive). A modified version of the 

equation with improved stability allows accurate 

assessment of absorption characteristics [34, 35]. 

Pabs = −0.5ω|E|2imag(ε)                (1) 

To identify the absorption, only the intensity of 

the electric field (E) and the imaginary component 

of the permittivity (ε) are needed; ω is the frequency. 

With these parameters, it is simple to measure the 

absorption in an FDTD simulation. The purpose 

of this calculation is to determine the number of 

photons absorbed per unit volume, assuming that 

each absorbed photon in the active layer generates 

an exciton. To find the number of absorbed photons 

per volume, we divide the absorbed power (Pabs) 

by the energy of each of the photons, where ħ is 

the Planck constant [36]. 

g = Pabs ħω⁄ = −0.5|E|2imag(ε) ħ⁄         (2) 

The efficiency (η) represents its capability to 

transform sunlight into electricity and is calculated 

as follows [37]: 

η = FF × V∞ × JSC SAM1.5G⁄                (3) 

Where FF is the fill factor, Voc is the open-circuit 

voltage, Jsc is the short-circuit current density, and 

the incident power from the AM1.5G solar  

model, which is set at 100 mW/cm2 and referred 

to as SAM1.5G. During absorption computation, key 

considerations include layer arrangement, material 

types, computation space, boundary conditions, 

mesh size, and solving Maxwell's equations using 

the FDTD method within the unit cell (Yee cell) 

(Fig. 1). The simulation uses cubic unit cells in  

a Cartesian grid, aligning E-field and H-field 

components accordingly [38]. 

 
Fig. 1. Yee cell and electromagnetic fields 

components [38] 

The mathematical formalism of Maxwell equations, 

which deeply describes the movement of electric 

and magnetic fields, is shown in Eqs. (4-6) [39]. 

These equations serve as fundamental principles 

governing the interplay between electric and 

magnetic phenomena in electromagnetism.  

∂D⃗⃗ ∂t⁄ = (1 √ε0μ0⁄ ). ∇⃗⃗ × H⃗⃗                (4) 

D⃗⃗ (ω) = εr(ω). E⃗⃗ (ω)                     (5) 

∂H⃗⃗ ∂t⁄ = (−1 √ε0μ0⁄ ). ∇⃗⃗ × E⃗⃗               (6) 

Where D⃗⃗   represents electric flux density, H⃗⃗  

denotes magnetic field intensity, and E⃗⃗   denotes 

the electric field. The FDTD method allows the 

calculation of electromagnetic fields at different 

frequencies and times. Maxwell equations contain 

important parameters like εr, representing relative 

electric permittivity, and µr, magnetic permeability, 

especially in relation to magnetic materials. 
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Therefore, to solve Maxwell equations for the 

solar spectrum in the simulated area of the 

sample, it is necessary to know εr(ω) or n(ω) and 

k(ω) [39].  

In this particular study, µr is treated as being one. 

The calculation initiates with E0, denoting the 

value of the electric field at t= 0, followed by the 

magnetic field (H) computation at a 0.002 fs time 

step. To conduct the calculation inside a specified 

spatial area, discretization of the computation 

area occurs through the subdivision into Yee cells. 

These samples possess a minimum size of 0.002 

nm in areas characterized by rapid changes in 

refractive index. The refractive index in these unit 

cells is established in advance according to the 

properties of the materials. In areas of uniform 

materials with greater dimensions situated away 

from the edges, the mesh size can be enhanced  

to 10 nm to speed up computational efficiency. 

Additionally, selecting suitable boundary conditions 

is crucial. The Z direction uses the perfectly 

matched layer (PML) boundary condition, 

deliberately signified after the source and the 

lowest level. This allows the model to absorb 

incident light and prevents it from reradiating 

back into the simulation space [40]. The X and Y 

directions use periodic boundary conditions to 

complement the periodic characteristic of the 

nanosphere arrays [38]. Following the computation 

of Maxwell's formulas, the Poynting vector is 

determined to evaluate the absorbed optical power 

[41]. In the simulation phase concerning the 

electrical attributes of the samples, suitable voltage 

intervals are chosen, taking into account 300 K. 

The emitter layer is set to zero voltage. In 

contrast, the base layer is given a voltage range of 

0 to 0.8 V. The current density is obtained from 

the calculations of the drift-diffusion and nonlinear 

Poisson formulas [41]. The drift-diffusion formulas 

explain the movement of excitons. In contrast, the 

nonlinear Poisson formula defines the distribution 

of electrostatic potential resulting from these 

excitons [41].  

∇⃗⃗ . (μn. ∇⃗⃗ n − qDn. ∇⃗⃗ p) + G − R = 0          (7) 

∇⃗⃗ . (μp. ∇⃗⃗ p − qDp. ∇⃗⃗ n) − G + R = 0          (8) 

These equations feature electron (n) and hole (p) 

densities, electron (μn) and hole (μp) mobilities, 

and electron (Dn) and hole (Dp) diffusion coefficients. 

The elementary charge is denoted as q, G signifies 

the carrier generation rate, and R demonstrates the 

recombination rate. The corresponding Poisson 

formula is expressed as [41]: 

∇⃗⃗ . (ε∇Φ⃗⃗⃗⃗⃗⃗ ) = −ρ q⁄                        (9) 

Within this mathematical expression, ε stands  

for the relative permittivity, Φ denotes the 

electrostatic potential, and ρ determines the 

charge density. To determine the current density, 

the subsequent equation can be employed [41]: 

J = q(nE⃗⃗ μn + pE⃗⃗ μP)                    (10) 

Within this mathematical expression, q represents 

the elementary charge, μn, and μp stand for the 

mobilities of electrons and holes. At the same 

time, n and p denote the carrier densities of 

electrons and holes, respectively. Additionally, E 

signifies the electric field [41]. 

The total power (P) can be calculated by 

multiplying the current density by the applied 

voltage (V) [41]: 

P = J ∗ V                             (11) 

This study examines a CIGS solar cell incorporating 

gold, silver, and aluminum nanosphere arrays in 

its active layer. According to Figure 2, the p-type 

CIGS material acts as the absorber, converting 

photon energy into electrical current. At the same 

time, the n-type CdS buffer layer and transparent 

conductive oxide (TCO) layer (typically zinc 

oxide) serve as the window. Silver (Ag) and 

molybdenum are used for the front and back 

electrodes, respectively. The reference sample 

lacks nanospheres. The study compares structural 

characteristics of nanosphere arrays with varying 

size, Occupied Factor (O.F.), and positions within 

the absorber layer (bottom, middle, top) under 

broadband light (350 to 1150 nm). Optical and 

electrical characteristics of the samples are 

simulated and compared. Structural information 

is given in Table 1. 

Table 1. The structural and electrical features of the layers [40, 42-48] 

Material 
Thickness 

Doping 

type 

Doping 

(cm-3) 

Band gap 

(eV) 

Work function 

(eV) 

Permittivity (ε) 

(F/m) 
x-axis 

(nm) 

y-axis 

(nm) 

z-axis 

(nm) 

ZnO 500 500 80 n-type 1 e+20 3.3 - 9 

CdS 500 500 60 n-type 1 e+18 2.56 - 10 

CIGS 500 500 1000 p-type 1 e+16 1.2 - 13.6 

Mo 500 500 500 - - - 4.6 - 
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Fig. 2. Schematic layout of the simulated solar cell. 

On the left is the periodic arrangement of 

plasmonic nanospheres (top view), and on the 

right is the side view of the solar cell with 

nanospheres on top of the active layer 

3. RESULTS AND DISCUSSION 

3.1. Optical Results 

The research evaluates the enhancement of light 

trapping and absorption by incorporating plasmonic 

nanospheres of silver (Ag), gold (Au), and 

aluminum (Al) into the absorber layer of CIGS 

solar cells. The nanospheres were systematically 

sized at 50 nm, 100 nm, and 200 nm in diameter, 

allowing for optical analysis dependent on sizes 

and position (i.e., top, middle, and bottom (within) 

the absorber layer). Additionally, to define surface 

coverage, the concept of occupied factor scaling 

nominally at 0.16 (low coverage) and 0.64 (high 

coverage) was employed.  

The configurations of the nanospheres are based 

on baseline nomenclature, such that (Diameter-

O.F.-Position) corresponds to L=200-O.F.=0.64-T, 

which represents 200 diameter nanospheres with 

O.F. of 0.64 in the top region of the absorber. The 

strategic placement of plasmonic nanostructures 

at the top of the absorber layer represents a critical 

balance between light-trapping enhancement and 

potential shadowing effects.  

Although top-placed nano-particles theoretically 

take up space, and they block photons that the CIGS 

layer should absorb, our simulations indicate that 

the contribution of the plasmonic light-trapping 

effect vastly overcomes that of a minor shadowing 

loss due to the nanostructures. Though aluminum 

nanospheres (200 nm, O.F.= 0.64) at the top are 

mostly effective forward scatterers that redirect 

incident light at an angle into the CIGS layer, the 

effective optical path length within the absorbing 

layer is greater than that for normal incidence light 

and again makes up for lost direct shadowing. 

This phenomenon has been experimentally 

verified by previous research [49]. As explained 

in fundamental light scattering theory, "the 

scattering cross-section of nanoparticles can 

exceed their geometric cross-section by orders of 

magnitude at plasmon resonance", creating a  

net positive effect on light absorption [34, 35]. 

Plasmonic nano-structures modify the refractive 

index of the CIGS absorber layer, whereas the 

reference sample assumes a constant refractive 

index (dependent only on the wavelength of light). 

The absorption curve shows clear peaks and 

valleys as a result of scattering and plasmonic 

resonances. Scattering occurs in situations where 

the metal nano-structures change the direction of 

light, either trapping it in the solar cell or reducing 

the amount of absorption if the light is redirected 

outside the solar cell. Localized surface plasmon 

resonances (LSPR) at specific wavelengths enhance 

absorption, resulting in peaks.  

However, plasmonically active nanostructures that 

are either too large or too close together can cause 

parasitic losses that impact overall performance. 

Figure 3 addresses the effect of nanosphere diameter, 

nanosphere material type, and location on the 

CIGS active layer's absorption characteristics. The 

three examined metals (Ag, Au, and Al) have 

notably different dielectric functions that allow 

LSPR to be excited over a wide range of energies 

spanning from the visible to near infrared (NIR) 

regions [53]. LSPR is activated by incident photons 

that, in turn, excite the collective oscillation  

of conduction electrons at the surface of the 

nanoparticle, enabling enhanced scattering and 

near-field enhancements. The spectral location, as 

well as intensity, of the resonance is susceptible 

to the size, shape, and surrounding dielectric 

environment of the nanoparticles, as well as intrinsic 

optical properties. The diameter of plasmonic 

nanospheres plays a key role in determining the 

LSPR characteristics through mechanisms we  

can understand using Mie theory. For example, 

with increasing particle size, the additional phase 

difference works against the electromagnetic  

field acting across the particle surface, ultimately 

giving rise to a red-shifting of the resonance. 

There was a significant red shift of ~600 nm to 

depths of ~800-1100 nm from increasing the Al 

nanosphere diameter from 50 nm to 200 nm.  

This places the resonance at the precise location 

where CIGS has correspondingly weak intrinsic 

absorption and seeks to enhance the phenomena 

where it is really needed. Smaller nanoparticles 

(50 nm) only support dipolar resonances, which 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.4

00
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 p
ga

.iu
st

.a
c.

ir
 o

n 
20

26
-0

2-
15

 ]
 

                             4 / 13

http://dx.doi.org/10.22068/ijmse.4000
https://pga.iust.ac.ir/ijmse/article-1-4000-en.html


Iranian Journal of Materials Science and Engineering, Vol. 22, Number 4, December 2025 

5 

are determined mainly by the charge distribution 

of the conduction electrons. In contrast, higher-

order multipole modes (quadrupole, etc.) are 

supported by larger nanoparticles (200 nm) 

during dispersive excitation and produce a 

broader resonance profile [53]. The larger particles 

also have stronger scattering-to-absorption ratios, 

which are favorable for light-trapping applications. 

Scattering is the goal for light trapping in solar 

cells [22]. Aluminum nanoparticles of 200 nm 

diameter achieve an optimal balance in the NIR 

region. A 200 nm Al nanosphere exhibits a broad 

resonance spanning 800-1100 nm, overlapping 

with CIGS's weak absorption region near its  

band edge. This enables significant near-field 

enhancement where semiconductor absorption is 

low, boosting photocarrier generation in the NIR, 

a key factor in enhancing short-circuit current 

density (Jsc). In contrast, the smaller nanospheres 

(50 nm) will show only dipolar resonances within 

shorter wavelengths (< 600 nm), which will 

certainly be well absorbed by CIGS and therefore 

will not provide as good trapping of light. Silver 

and gold also displayed sharper resonances in the 

visible, because of the decreased damping, but 

reduced their plasmonic activity in the NIR, 

which has diminished their utility for thin CIGS 

cells, where NIR absorption is critical [49, 50]. 

One important factor is where the nanospheres  

are positioned within the absorber layer. Al 

nanospheres function as effective forward scatterers 

when placed at the top, rerouting incident light  

at oblique angles into the CIGS layer and 

lengthening the effective optical path.  In order to 

maximize scattering cross-section and decrease 

near-field coupling and parasitic losses, the 

periodic configuration with O.F.= 0.64 guarantees 

enough inter-particle spacing. The plasmonic 

light-trapping effect more than makes up for 

whatever slight shadowing that top-positioned 

nanospheres might produce. On the other hand, 

nanospheres in the intermediate or lower 

structural layers have poorer coupling with 

incident light and less near-field enhancement  

as the electromagnetic field intensity decreases 

with depth. The efficiency of light-nanosphere 

interactions at deeper places is reduced as a result 

of the progressive attenuation of electromagnetic 

wave intensity brought on by absorption and 

scattering in the top layers. In contrast to the 

desired absorption in the active layer, parasitic 

absorption within the nanospheres rises under 

these circumstances, especially when made of 

metallic materials with large ohmic losses. Rather 

than being transformed into electron-hole pairs at 

the active layer, the energy of photons travelling 

through the top layers is primarily lost as heat 

inside the nanospheres, resulting in non-

productive energy loss. At wavelengths that are 

not in line with the nanospheres' surface plasmon 

resonance, this increase in parasitic absorption  

is particularly noticeable. Nevertheless, these 

nanospheres function as subwavelength scatterers. 

These redirecting photons that have passed 

through the active layer, particularly at longer 

wavelengths, are initially prevented from being 

absorbed back into the active layer by lower 

absorption coefficients. This light-trapping effect 

increases the likelihood of photon reabsorption 

through multiple light passes and longer effective 

path length. We can say that the lower-positioned 

nanospheres produce scattering, which creates 

waveguide modes or indirect scattering, recycling 

light in the active layer, providing multiple 

chances for absorption. Although locally the near-

field effects become less significant, at larger 

length scales, the global effect can offset all of the 

parasitic losses. Therefore, this increases the net 

optical absorption efficiency of the structure. Thus, 

the optimal configuration of Al nanospheres  

(200 nm, O.F.= 0.64) at the top maximizes both 

scattering efficiency and near-field enhancement 

in the most absorption-deficient spectral region. 

The aluminum nanospheres (200 nm, O.F.= 0.64) 

exhibit strong forward scattering and localized 

field enhancement due to LSPR, boosting 

absorption in the underlying CIGS layer.  

This plasmonic light-trapping effect compensates 

for and surpasses any minor shadowing loss, 

resulting in a net increase in photocurrent and 

efficiency. According to Table 2, plasmonic 

components in CIGS solar cells boost light 

absorption, which results in a markedly larger 

creation of electron-hole pairs—up to 10³ times 

higher than in bare cells. This improvement 

results from a strong interaction between surface 

plasmon resonances (SPPs and LSPRs) and 

incident light, which increases exciton formation 

and strengthens the local electromagnetic field. 

Furthermore, plasmon resonance creates high-

energy hot electrons that are injected into the active 

layer and improve carrier generation by ionization 

by transferring photon energy to conduction 

electrons [51]. However, great overall efficiency 
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is not guaranteed by effective charge carrier 

generation alone. Recombination, transport, 

and charge extraction are also important processes. 

Performance can be decreased by poorly designed 

nanostructures that increase recombination or 

parasitic losses (like heat). Plasmonic design 

optimization is therefore crucial for optimizing 

electrical output as well as absorption. According to 

Table 2, silver nano-spheres with diameters of 

100–200 nm and O.F.= 0.16–0.64 that are positioned 

at the bottom of the absorber produce the most 

excitons (103 times that of the bare cell). The need 

to investigate the electrical effects of plasmonic 

integration is highlighted by the fact that, even if 

these plasmonic structures improve charge creation 

through enhanced absorption and localized electric 

fields close to electrodes, effective extraction and 

transport of these carriers are still crucial [52]. 

The difference between plasmon decay channels 

that are radiative (scattering) and non-radiative 

(absorption) is important, and aluminum's wider 

resonance is beneficial for NIR enhancement in 

CIGS. Furthermore, plasmonic structures can 

both increase carrier generation and possibly add 

recombination centers; aluminum performs better 

in this balancing than noble metals because of  

its advantageous band alignment and lower 

interfacial recombination [24, 25]. 

3.2. Electrical Results 

The combination of plasmonic nanostructures 

substantially affects the electrical performance of 

CIGS solar cells, as reflected in the I–V and P–V 

characteristics (Figs. 4 and 5). 

  
(a)                                       (b) 

 
(c) 

Fig. 3. Absorption diagram by wavelength in the cell with a) silver, b) gold, c) aluminium nanospheres for 

various diameters, occupied factor of nanospheres on the bottom (B), middle (M) and top (T) of the 

absorbent layer 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.4

00
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 p
ga

.iu
st

.a
c.

ir
 o

n 
20

26
-0

2-
15

 ]
 

                             6 / 13

http://dx.doi.org/10.22068/ijmse.4000
https://pga.iust.ac.ir/ijmse/article-1-4000-en.html


Iranian Journal of Materials Science and Engineering, Vol. 22, Number 4, December 2025 

7 

Table 2. Data of the Generation rate of electron-hole pairs for samples by silver, gold, and aluminium 

nanostructures at different diameters, occupied factor, and locations of plasmonic nanostructures 

Size 
O.F= 0.16 O.F= 0.64 

Bottom Middle Top Bottom Middle Top 

Al 

50 1.64E+28 1.72E+28 1.35E+29 2.35E+28 2.82E+28 1.32E+29 

100 6.28E+28 2.37E+28 9.35E+28 2.15E+28 1.63E+28 9.74E+28 

200 1.44E+29 3.09E+28 7.43E+28 2.15E+28 3.21E+28 8.51E+28 

Au 

50 1.65E+28 1.91E+28 7.49E+28 1.64E+28 1.65E+28 6.15E+28 

100 2.23E+28 5.53E+28 7.39E+28 1.64E+28 2.14E+28 8.52E+28 

200 4.96E+28 1.77E+28 6.90E+28 2.92E+28 3.83E+28 5.39E+28 

Ag 

50 2.44E+29 6.38E+28 1.56E+29 3.60E+29 3.52E+28 1.24E+29 

100 7.46E+30 1.14E+29 4.49E+29 5.86E+29 8.71E+28 1.30E+29 

200 4.08E+30 1.31E+29 2.98E+29 2.00E+30 1.94E+29 1.96E+29 
 

Plasmonic structures improve the I–V response, 

as well as the generated and extracted carriers, 

when we compare Figs. 4 and 5 with the bare  

cell. The improvement is derived not only from 

scattering but also from resonant near-field 

enhancements and stronger local fields, which 

favor exciton dissociation and limit radiative 

recombination [16]. As such, the number of free 

carriers collected at the electrodes increases, 

generating a more even carrier generation profile, 

and through the enhanced generation, reducing 

space-charge buildup that improves transport. 

The observed improvement in J sc for the  

Al-L=200-O.F.=0.64-T sample (36.80 mA/cm²) 

is purely related to plasmon-generated absorption 

in the NIR (Table 2). While silver nanostructures 

present some of the highest generation rates (as an 

example: Ag-L=200-O.F.=0.16-B: 4.08×1030 cm-3s-1), 

their parasitic absorption and poor charge extraction- 

particularly at the junction-drastically affect their 

electrical performance. This discrepancy is attributed 

to conductive pathways, or recombination centers, 

that deteriorate fill factor and Voc. Although 

aluminum has greater intrinsic losses, it benefits 

from good band alignment and lower interfacial 

recombination, protecting device quality. The  

P-V curves (Fig. 5) show the relationship between 

output power and applied voltage, with the 

maximum power point (MPP) showcasing the 

best condition. Output power is current multiplied 

by voltage, so any loss in current will cause an 

immediate loss in power, demonstrating the 

importance of maximizing the Jsc and Voc 

simultaneously [54]. The open-circuit voltage is a 

result of bandgap, doping, and the shape of the 

nanosphere. At the same time, the short-circuit 

current is based on absorbing light, generating 

carriers and the efficiency of extraction. The fill 

factor (FF) is another characterization for cell 

quality, as it is defined as the MPP divided by Jsc 

multiplied by Voc. Optimized plasmonic structures 

increase all three parameters. The Al-L=200-

O.F.=0.64-T sample achieved the highest Voc 

(0.8745 V), Jsc (36.80 mA/cm²), and overall 

efficiency (26.14%). A silver nanosphere sample 

(100 nm, O.F.= 0.64, top) recorded the highest  

FF (0.8285), but suffered from recombination, 

limiting its efficiency [55]. The performance of 

the materials shows the comparisons made were 

different: Ag (100 nm, O.F.= 0.16, top) was 

23.92% efficient, Au (100 nm, O.F.= 0.16, top) 

was 25.29% efficient, and Al (200 nm, O.F.= 0.64, 

top) was the highest performer with an efficiency 

of 26.14%. It should be noted that other studies 

have shown similar improvement with Au 

nanocubes (100 nm, O.F.= 0.16) with a maximum 

efficiency of 25.61% [56]. Furthermore, aluminum 

was the best-performing material, it is also the 

least expensive compared to Ag and Au for large-

scale applications. Although the absorption was 

slightly less than a bare cell, the Al-based 

structures generated 10 times the charge carriers 

due to enhanced near-field intensities, improved 

carrier collection, and minimal effects to transport 

charges to the external circuit. The simulated 

efficiency of our bare cell of 19.3%. This approach 

is very similar to the similar cell that Ramanathan 

et al. stated had an efficiency of 19% in 2005, 

which is an approximate relative error of 1.6%. 

Since the two efficiencies are close to one 
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another, these results support the validity of our 

simulation results [57].The purpose of this study 

must also be contextualized among similarly 

recent progress in plasmonic solar cells. In direct 

comparison to the MIM waveguide by Ping 

(2024), which notes a 55% increase in solar cell 

performance at a 65° angle of incidence, our 

design presents an impressive 7.11% absolute 

efficiency increase (26.14%) at normal incidence 

(AM1.5G), utilizing a much simpler and thus 

much more practical design based on Al nanospheres 

[58]. The MIM structure is a sophisticated, multi-

layered structure, and although it is functioning 

effectively, it poses manufacturing issues for 

large-scale CIGS production. On the other hand, 

the Al nanospheres mounted on top in this work 

are low-cost and CMOS compatible, while being 

highly adaptable to industrial applications. 

Additionally, while Waketola et al. (2025) have 

showcased Ag and Au nanoparticles for plasmonic 

organic solar cells, our findings have shown that 

aluminum performs better with CIGS-based devices, 

especially in the near-infrared (NIR) region  

(800–1100 nm), where CIGS is insufficiently able 

to absorb extrinsically [59]. However, the Al 

nanospheres exhibited broad plasmonic resonance 

(200 nm, O.F.= 0.64), which could mitigate the 

limitation mentioned above and encourage carrier 

generation without the use of noble metals and for 

much lower fabrication costs. Contrasting with 

Hasheminassab et al. (2021), who propose applying 

Ag nanoparticles to CIGS cells, we provide not 

only optical absorption but a thorough opto-electrical 

analysis (Jsc, Voc, FF, and recombination) [60].  

   
(a)                                      (b) 

 
(c) 

Fig. 4. Current-voltage diagram in the cell with a) silver, b) gold, c) aluminium nanospheres for various 

diameters, occupied factor of nanospheres on the bottom (B), middle (M), and top (T) of the absorbent layer 
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(a)                                     (b) 

 
(c) 

Fig. 5. Diagram of power-voltage of solar cell in the cell with a) silver, b) gold, c) aluminium nanospheres for 

various diameters, occupied factor of nanospheres on the bottom (B), middle (M), and top (T) of the absorbent 

layer 

Table 3. Data of Efficiency for samples by silver, gold, and aluminium nanospheres at different diameters, 

occupied factor, and locations of nanospheres 

Size O.F=0.16 O.F=0.64 

Al 

50 21.93% 22.42% 23.50% 21.69% 22.71% 21.09% 

100 21.65% 22.14% 25.15% 21.66% 22.45% 23.25% 

200 21.94% 22.28% 20.95% 21.70% 22.60% 26.14% 

Au 

50 21.95% 22.20% 24.43% 21.84% 22.44% 23.63% 

100 21.85% 22.41% 25.29% 21.84% 22.35% 23.03% 

200 22.03% 22.38% 23.33% 21.87% 22.61% 25.05% 

Ag 

50 21.88% 21.96% 23.05% 21.57% 22.02% 18.72% 

100 21.65% 22.21% 23.92% 21.56% 22.12% 17.92% 

200 22.06% 22.51% 22.06% 21.62% 22.99% 21.72% 

 

We can also deduce that a forward scattering 

optimisation and the lack of parasitic losses can 

be achieved by placing plasmonic nanostructures 

on top of the absorber, rather than on the bottom 
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or interior of the cell, which requires parasitic 

losses to generate electrical output. Such findings 

are encouraged by researchers such as Chen  

et al. (2014), who demonstrated experimental 

confirmation of efficiency improvement by 

placing Au nanoparticles onto the CIGS surface 

(where the efficiency improved from 8.31% to 

10.36%), with enhancements being significantly 

noted in Jsc and FF [61]. The strong correlation 

between our simulations and the published data 

from Chen and colleagues validates the mechanisms 

we have presented. It supports that plasmonic 

structures are capable of enhancing carrier 

generation and collection. Overall, our detailed 

investigation establishes that aluminum nanospheres 

are an inexpensive, scalable, and practical route 

for next-generation CIGS photovoltaics. 

4. CONCLUSIONS 

CIGS solar cells are receiving high consideration 

because of the low cost of production and high 

efficiency values, as they outperform normal silicon 

cells under the same conditions. This paper presents 

the contribution of plasmonic nanospheres through 

a thorough analysis of how to measure their 

efficiency in a CIGS cell, by enhancing light 

absorption, exciton generation, and reducing 

recombination. We have analysed the various 

sizes, arrangements, and placements of plasmonic 

nanospheres using opto-electrical simulations, 

which utilised absorption curves, exciton generation, 

and electrical parameters (Jsc, Voc, fill factor, and 

efficiency). The highest efficiency (26.14%) came 

from utilizing 200 nm aluminium nanospheres 

(O.F.= 0.64) placed at the very top of the absorber 

layer, an improvement of 7.11% efficiency from 

the bare cell, demonstrating the possibilities  

of CIGS while maintaining it can and should  

be designed with thorough investigation and 

implementation of all losses during a complete 

cycle of generated carriers from exciton creation to 

carrier generation, output, and recombination losses. 
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