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Abstract: CIGS solar cells are regarded to be one of the best thin film solar cells with 

efficiencies up to 22.6%, which exceeds the current multicrystalline Si record efficiency 

(21.9%). To make the promising CIGS solar cells more economic, reduction of costly In 

and Ga elements through thinning of CIGS layer seems necessary. But, it causes the cell 

performance degradation. This study is aimed to investigate the efficiency enhancement 

of ultrathin CIGS solar cells by using of Al plasmonic nanoparticles. Plasmonic 
nanoparticles can restrict, absorb, navigate or scatter the incident light. The role of 

different location of Al nanoparticles within the active layer was studied through optical 

and electrical simulation utilizing FDTD and DEVICE solvers of Lumerical software. 

By using the spherical Au nanoparticles, the light absorption in the cell increased 

drastically. The highest η=15.31% was achieved for the designed ultrathin CIGS solar 

cell decorated by Al nanoparticles located in the middle of the absorber layer. 
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1. INTRODUCTION  

   Photovoltaic (PV) solar cells are optoelectronic devices that absorb the 
sunlight and convert it to electricity [1-5]. Because of environmental and 

geopolitical challenges, there are lots of attentions into the use of unlimited and 

clean solar energy [6-10]. However, there is still a long way to go for 
generalization of PV solar energy. In comparison to the costly crystalline silicon 

solar cells, thin film solar cells (TFSCs) show moderate efficiencies and much 

lower fabrication cost [11-18]. As one of the most promising TFSCs, copper 

indium gallium selenide (CIGS) solar cells have shown superior properties. 
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CIGS is composed of CInSe2 and CGaSe2 that results in a quaternary compound 
with properties common between both components. Commonly, the 

conventional thickness for CIGS layer in TFSCs, is 2–3 µm that seems 

noneconomic because of the presence of expensive In and Ga elements [19]. 
Hence, thinning the absorber layer seems inevitable to fabricate economic solar 

cells by saving on raw materials and reducing the production time and energy. 

However, as the thickness of the absorber layer decreases the number of the 

absorbed photons also decreases. Thus, the efficiency of the solar cell decreases 
remarkably. Using plasmonic nanoparticles (PNPs) can help to absorb more 

incident photons. PNPs with appropriate shape, period and location can enhance 

the optical path length inside the solar cells, thus increasing the light trapping 
and the efficiency of the solar cell. This occurs because of increase in the light 

absorption by excitation of localized surface plasmons (LSPs). Reports on PNPs 

embedded in CIGS solar cells are very rare. In our previous study [20], the 
influence of size and period of spherical Au NPs loaded on the topmost layer of 

ultrathin CIGS solar cell was investigated.  In the present study, the effect of 

embedment of Al NPs in different vertical locations inside the active layer is 

analysed. To our knowledge, reports on this issue for ultrathin CIGS solar cells 
are rare. Generally, the vertical location of PNPs determines whether the light 

scattering into the cell causes the absorption enhancement or the near field 

effect. Ghahremanirad et al [21] have investigated the influence of the location 
of the embedded Au NPs on the optical absorption of perovskite solar cells. 

Results revealed that Au NPs embedded in the middle of the absorber layer 

could enhance the light absorption more than the other locations. Al NPs were 

used in this study because of: relatively strong surface plasmon resonance 

(SPR) response compare to other metals and much lower price than Au.  

2. METHODOLOGY  

    A method including three steps is pursued in this work: a) verification of the 

simulation process, b) applying the planned modifications and c) optimization 

of the designed structure. Fig.1a shows the structure of a conventional CIGS 
solar cell while Figs.1b–d display the CIGS solar cells decorated by spherical 

Al NPs located at up, middle and down of the active layer. The NPs with 

diameter D have been arranged in an array with a period of P. The stacking 

order of different layers from back contact to window layer is as 
Mo/CIGS/CdS/ZnO/ITO. Generally, a MoSx layer is formed at the Mo/CIGS 

interface because of the reaction between CIGS and Mo during fabrication 

process. The finite–difference time–domain (FDTD) technique is used in this 
study to investigate the light propagation in the solar cell. Using Maxwell’s 

time–domain curl equations, FDTD results in the electrical and magnetic fields 

components (i.e. Ex, Ey, Ez, Hx, Hy and Hz). The derivatives in the curl equations 
are calculated by a finite–difference approximation on a mesh grid. FDTD 
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calculates the field components at every grid point for every time step. The 
FDTD and DEVICE simulators of Lumerical software were applied to calculate 

the optical and electrical characteristics of the modeled solar cells [22,23]. 

Aluminum nanoparticles area was meshed by mesh units of 1nm×1nm for high 
precision. The periodic boundary conditions (PBC) were applied at lateral 

boundaries of the modelled device to keep the uniform periodicity of the NPs.  

   

 
Fig. 1. Schematic of the modelled CIGS solar cell: (a) without NPs or bare cell, with 

spherical Al NPs located at (b) up, (c) middle and (d) down of the absorber layer. 
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Al nanoparticles area was meshed by mesh units of 1nm×1nm for high 

precision. The periodic boundary conditions (PBC) were applied at lateral 

boundaries of the modelled device to keep the uniform periodicity of the NPs. 
Besides, the perfectly matched layer (PML) boundary conditions were utilized 

in the incident direction to hinder any interference effect. To define the optical 

properties of the materials in FDTD the related complex refractive index was 

used [24]. The data for CIGS compound were extracted from a recently 
published experimental report [25]. The simulation was carried out using the 

physical parameters of the materials stored in Lumerical library. The modelled 

solar cells were irradiated with AM1.5G spectra. The outputs of the absorbed 
power and generation rate were then used in an electrical simulation which 

solves the Poisson and drift–diffusion equations in DEVICE solver. Finally, the 

calculated optical and electrical properties were used to calculate the PCE of the 
solar cells.  

 

3. Results and discussion  

 

     3.1. Verification of simulation 

     The study was started with simulation of a reference cell [25] (Fig. 1a) to 

validate the accuracy of the procedure. The simulated and experimental J–V 
curves have been shown in Fig. 2. The qualitative output values including the 

short–current density (Jsc), open circuit voltage (Voc), fill factor (FF) and power 

conversion efficiency (PCE or η) have been shown inside the figure. As it is 

evident, the calculated and simulated data are in a quite good agreement with 
each other. This verifies the validity of the calculation process.  

 

 
Fig. 2. J-V curves for the reference CIGS solar cell along with the pertinent simulated 

solar cell [25]. 
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3.2. The effects of CIGS layer thicknesses on the cell performance  

 

    Fig. 3 indicates the variation of (a) absorption, (b) J−V characteristic and (c) 
external quantum efficiency (EQE) of the modelled CIGS solar cell for three 

different values of the thickness of CIGS layer. The corresponding solar cell 

performance parameters have been listed in Table 1. 

 As the thickness of the active layer decreased the absorption and EQE of the 
solar cell decreased too especially beyond λ=550 nm. As a consequence, the 

short circuit current reduced due to decrease in the number of electron−hole 

pairs. This clearly shows the degradation of the performance of the solar cell by 
thinning of the active layer. On the other hand, from Fig. 3a, the highest 

absorption occurs around 800-900 nm corresponding to the band edge of CIGS 

layer. Remarkable fluctuations get started below this region and show strong 

ups and downs under 600 nm. These fluctuations are related to the fringes 
stemming from constructive/destructive interference between the beams coming 

out of different layers of the cell. Apparently, this is more obvious for the short 

wavelength waves.    
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Fig. 3. (a) the absorption spectra, (b) J−V curves and (c) EQE of CIGS solar cells with 

different absorber layer thicknesses. 

 
Table 1. Photovoltaic data of CIGS solar cell with different absorber layer thicknesses. 

CIGS thickness Jsc (mA/cm2) Voc (v) η (%) FF (%) 

1600 nm 31.06 0.740 15.50 67.45 

1000 nm 29.78 0.739 14.59 66.33 

500 nm 26.65 0.735 12.57 64.00 

 

3.2. Using Al plasmonic nanoparticles 

     To improve the performance of the ultrathin CIGS solar cell with thickness 
of 500 nm, the Al PNPs are used. Embedment of Al NPs can lead to absorption 

enhancements in long wavelengths. Therefore, using Al NPs is expected to 

improve the performance of the ultrathin CIGS solar cell. PNPs can scatter the 
light strongly at wavelengths near to the plasmon resonance. The scattering and 

absorption cross−sections are given by [26]: 
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here α is the polarizability of PNPs, V is the PNPs volume, εp is the dielectric 
function of the PNPs and εm is the dielectric function of the surrounding 

material. PNPs polarizability will become very large when εp=−2εm. This takes 

place when the frequency is close to the surface plasmon resonance (SPR) ωsp, 
thus the light interacts over an area larger than the geometric cross section of the 

particle. Dielectric function of metals can be described by the well−known 

Drude model [26]: 
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where ωp is the bulk plasmon frequency given by 
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the density of free electrons, m is the effective mass of an electron, e is the 

electronic charge and ε0 is the free−space dielectric constant. From Eqs. 2 and 3, 
one can easily obtain 
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Therefore, the SPR frequency for a sphere in free space happens at  

psp 
3

1
 and basically depends on the density of free electrons in the 

particle. The PNPs improve the light absorption in the semiconductor depending 

on their localization by three mechanisms. Firstly, PNPs can be placed on the 
top surface of a solar cell where light can get scattered at different angles to 

increase the path length in the absorber layer. Secondly, they can be embedded 

into the semiconductor to get localized surface plasmonic (LSP) enhancement 
by increasing the optical absorption especially close to the metal surface 

plasmons which increase light intensity and therefore an increase in optical 
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absorption. Third, they can be located at the bottom of the active layer. In this 
case, photonic wave guiding modes or even surface plasmon polariton (SPP) 

modes can be formed which would propagate parallel to the surface of the metal 

and there would be a decaying field into the semiconductor. The optical 
properties of nanoparticles depend strongly on the size, radius, material and the 

distance between them.  

 

3.2.1. The effect of the radius and period of Al PNPs on the absorption of the 

solar cell 

   In this section, the aim is to find the optimum radius of Al NPs embedded at 

the top of CIGS layer (Fig. 1b). To investigate the variation of the solar cell 
efficiency with and without Al NPs, the integrated absorption factor G are 

defined as follows [27] 
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where IQEPNPs and IQEBare are the integrated quantum efficiency (IQE) for the 
solar cell with and without PNPs (bare cell), respectively. Also, PPNPs and PBare 

explain the power of the absorbed light in the presence of PNPs and without 

PNPs, respectively. Fig. 4a shows the integrated absorption factor G for 
different radii of Al NPs ranging from 30nm–120nm. As seen, the Al NPs 

radius has a great effect on the absorption enhancement factor of the solar cell. 

The highest value of G was achieved for diameter of 100 nm. The absorption 
enhancement parameter g(λ), defines the ratio of quantum efficiency with PNPs 

to the quantum efficiency without PNPs  
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In Fig. 4b, the absorption enhancement parameters have been plotted as a 

function of wavelength. The highest value of about 1.38 was achieved for 

D=100 nm around λ= 425 nm.  
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Fig. 4. Variation of (a) G factor as a function of Al PNPs, (b) enhancement parameter g 

versus wavelength, (c) G factor as a function of Al PNPs array period and (d) J-V 
characteristics of ultrathin CIGS solar cells decorated with Al NPs at different 

diameters. 

The effect of the period of Al NPs array on the performance of the ultrathin 

CIGS solar cell at different diameter of NPs was also investigated. The results 
have been shown in Fig. 4c, where the integrated absorption factor G has been 

plotted versus period for different diameters of NPs. As the period distance 

between two NPs is increased, the absorption increased for all diameters and 

reached the maximum value at P=300 nm. As it is evident from the figure, NPs 
with D=100 nm and P=300 nm can enhance more effectively the light 

absorption in the solar cell. Taking P=300 nm, the J-V characteristic curves 

were plotted for different diameters of Al NPs. While the Voc remained 
constant, the Jsc showed a notable variation with diameter of Al NPs and the 

optimum result was obtained for D= 100 nm. Hence, Al NPs with D= 100 nm 

arranged in an array with P= 300 nm were opted for the next step of simulation. 

3.2.2. The effect of the vertical position of Al NPs on the cell performance 

     One important parameter that remarkably affects the light absorption in a 

plasmonic solar cell is the location of PNPs. Therefore, the optimum 
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configuration obtained in the previous section, is investigated when the location 
of Al NPs varies in three different vertical positions, namely at the top, middle 

and bottom of ultrathin CIGS layer (Fig. 1b-d). Fig. 5 shows the calculated 

absorption spectra of the solar cell for three different vertical positions of Al 
NPs in comparison with the bare cell.  Clearly, the embedment of Al PNPs in 

the bottom and the middle of the absorber layer increased the light absorption 

over a wide range of spectrum. Furthermore, for Al NPs embedded in the top of 

CIGS solar cell, the absorption is decreased in the range of 700−900 nm that 
may be related to the destructive interference between the scattered and incident 

light [20]. The calculated EQE spectra for the cells with three different locations 

of the PNPs have been shown in Fig. 6 alongside with the EQEs of the bare cell. 
Significant enhancement in EQE is observed in a broad wavelength range from 

600 nm to 1100 nm for three different locations of PNPs nm compared to the 

bare cell. The enhancement observed here is greater than that was reported in 
the literature [28-30].   

 

 

 
Fig. 5. Absorption spectra for ultrathin CIGS solar cells decorated with Al NPs at 

different vertical positions. 
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Fig. 6.  The calculated EQE of ultrathin CIGS solar cell with three different locations of 

Al PNPs in comparison with the bare cell. 

 

Fig. 7 exhibits the calculated corresponding J−V characteristics. Meanwhile, the 
solar cell parameters are listed in Table 2. It is observed that the FF decreased 

when the vertical position of Al NPs in CIGS layer changed from top to bottoms 

while the corresponding Voc showed no change. The highest Jsc achieved when 

the Al NPs were located at the middle of the absorber layer.  Also, the middle 

vertical position has the best efficiency of 15.31% with a Jsc of 32.03 mA.cm−2. 

 

 

Fig. 7.  J−V curve of ultrathin CIGS solar cells with three different locations of PNPs in 

comparison to the bare cell. 
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Table 2. Photovoltaic parameters of various ultrathin CIGS solar cells with three 

different locations of Al PNPs in comparison with the bare cell. 

Vertical position Jsc (mA/cm2) Voc (V) FF (%)  (%) 

Bare cell  26.65 0.735 64.19 12.57 

Top 28.97 0.739 66.48 14.23 

Middle 32.03 0.739 64.7 15.31 

Bottom 30.8 0.739 62.79 14.29 

 

4. Conclusion  
      In summary, a configuration including Al PNPs was proposed for an 

ultrathin CIGS solar cell to enhance light trapping. Decreasing CIGS thickness 

degraded the performance of the device. To improve the cell efficiency, using 
Al plasmonic nanoparticles was pursued. In first step, Al NPs were embedded at 

the top of the active layer, and the output parameters were calculated by FDTD 

method. Results showed a remarkable improvement of the performance of the 

ultrathin CIGS solar cell. It was also found that the enhancements in optical 
absorption and efficiency of the cell depends on the structural parameters 

(radius and period) of Al PNs array. All of these states were studied in details 

and the optimum results were achieved by carrying out the optical and electrical 
calculations. It was found that the current density and the efficiency of ultrathin 

CIGS solar cell can be increased considerably by using Al PNPs embedded in 

the middle of CIGS active layer. 
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