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Quenching Mo optical losses in CIGS solar 
cells by a point contacted dual-layer dielectric 
spacer: a 3-D optical study 
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1Delft University of Technology, Photovoltaic Materials and Devices, Mekelweg 4, 2628CD Delft, the 
Netherlands 
2TNO-Brightlands Materials Center, Urmondsebaan 22, 6167 RD Geleen, PO BOX 18, 6160 MD 
Geleen, the Netherlands 
*n.rezaei@tudelft.nl

Abstract: A 3-D optical modelling was calibrated to calculate the light absorption and the 
total reflection of fabricated CIGS solar cells. Absorption losses at molybdenum (Mo) / CIGS 
interface were explained in terms of plasmonic waves. To quench these losses, we assumed 
the insertion of a lossless dielectric spacer between Mo and CIGS, whose optical properties 
were varied. We show that such a spacer with low refractive index and proper thickness can 
significantly reduce absorption in Mo in the long wavelength regime and improve the 
device’s rear reflectance, thus leading to enhanced light absorption in the CIGS layer. 
Therefore, we optimized a realistic two-layer MgF2 / Al2O3 dielectric spacer to exploit (i) the 
passivation properties of ultra-thin Al2O3 on the CIGS side for potential high open-circuit 
voltage and (ii) the low refractive index of MgF2 on the Mo side to reduce its optical losses. 
Combining our realistic spacer with optically-optimized point contacts increases the implied 
photocurrent density of a 750 nm-thick CIGS layer by 10% for the wavelengths between 700 
and 1150 nm with respect to the reference cell. The elimination of plasmonic resonances in 
the new structure leads to a higher electric field magnitude at the bottom of CIGS layer and 
justifies the improved optical performance. 
© 2017 Optical Society of America 

OCIS codes: (040.5350) Photovoltaic; (310.6860) Thin films, optical properties; (240.6680) Surface plasmons. 
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1. Introduction 
Copper Indium Gallium (di)Selenide (CIGS) photovoltaic (PV) technology enables high 
performance thin-film solar cells [1–4], owing to its high absorption coefficient and gallium 
(Ga) content-based bandgap variation [5, 6]. To increase the PV market share of CIGS solar 
cells, larger and better industrial throughput is pursued by further improving the conversion 
efficiency and reducing cell-to-module losses. Also, for reducing material consumption 
(especially indium) and hence, achieving cheaper devices [7,8], the absorber thickness should 
be reduced from the standard 2-3 μm [3,5] to less than 1 μm. 

However, reducing the absorber thickness results in less light absorption, more 
recombination at the back contact (as more charge carriers are created near the back contact) 
and shunting problems [6,8-10]. Furthermore, molybdenum (Mo) is a low-reflective metal 
[11,12] and Mo / CIGS interface is a highly recombinative interface [13]. While the surface 
recombination problem has been addressed by using a thin Al2O3 passivating film [14,15], the 
light management at such interface to compensate the current density loss in ultra-thin CIGS 
solar cells is still an issue, especially with industrially-compatible solutions in mind. 

In both wafer-based and thin-film silicon (Si) technology, a low refractive index dielectric 
material (called spacer layer), placed between the metallic back reflector and the absorber, 
blue-shifts metal-related plasmonic resonances, increasing the short-circuit current density of 
the solar cell [16–18]. In this work, first, a physical explanation of the optical loss mechanism 
occurring at Mo / CIGS interface is provided. Then, borrowing the concept of dielectric 
spacer from Si PV technology, an intermediate dual-layer MgF2 / Al2O3 stack [19] 
sandwiched between Mo back contact and CIGS layer is designed and optimized, using a 
three dimensional (3-D) optical modelling, based on the finite element method [5]. The 
insertion of such stack quenches the abovementioned optical losses, showing its effect in the 
improved implied photocurrent density (Jph) in a solar cell with 1600 nm-thick CIGS layer. It 
is expected to boost also the open-circuit voltage (VOC), owing to the rear passivation of CIGS 
layer operated by the Al2O3 thin film [19,20]. 

For carrier collection at the back contact, local point contacts are considered in an ultra-
thin solar cell with a 750 nm-thick CIGS absorber. Both the dual-layer dielectric spacer and 
the geometry of the point contacts scheme are optimized, considering Jph as the performance 
indicator. 

2. Optical modelling 
Ansoft® High Frequency Structure Simulator (HFSS), which is a 3-D Maxwell equation 
solver, was used for our optical studies. The optical constants of the materials composing 
different layers were imported into HFSS as inputs. The model was perpendicularly excited 
by means of plane waves through a Floquet port terminating a 300 nm-thick vacuum cushion 
above the top transparent conductive oxide (TCO). Master-slave boundary conditions were 
enforced on the sides of the unit cell, respectively aligned with xz- and yz- planes. S-
parameters were used for the calculation of total reflectance (R = |S11|

2). HFSS proprietary 
meshing algorithm was deployed, resulting in higher number of tetrahedra per unit volume in 
parts of the model with higher extinction coefficient and/or characterized by sudden change in 
real part of the refractive index (i.e. the more metallic and/or the thinner the layer is, the 
denser its mesh results). The absorption in each layer was calculated as [5]: 

 ( ) ( )( ) ( ) 2

0

1
Im

2
i

i i

V

A E dVλ ε ε λ ω λ= 


 (1) 
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where λ is the wavelength of light, ε0 is the electric permittivity in vacuo, ω is the angular 
frequency, E


is the electric field and εi and Vi are the relative electric permittivity and the 

volume of i-th layer, respectively. The real and imaginary parts of relative electric 
permittivity of the materials used in the model are plotted in Fig. 1. 

For the simulated model to properly represent the fabricated solar cells, the simulation 
results should match the measured parameters with small deviation. In this respect, software 
calibration is an essential part of each simulation study. The thicknesses of the layers 
composing the simulated model were adjusted and the results (absorption and reflection 
spectra) were compared to the measured external quantum efficiency (EQE) and reflectance 
(R) of baseline cells fabricated at TNO [22]. The calibrated model is depicted in Fig. 2(a). 

According to the method established in [5], periodic truncated pyramids were used to 
model the natural roughness of the CIGS layer, while also the conformal growth of top layers 
on CIGS was considered. The period of features modelling roughness of CIGS absorber is 
330 nm, equal to the correlation length of a CIGS sample measured by atomic force 
microscopy. The presence of nanotextures on Mo surface is considered by implementing 
nano-sized features with bottom base area and height size of 30 × 30 nm2 and 30 nm, 
respectively, and top base area of 20 × 20 nm2 at Mo / CIGS interface, as shown in Fig. 2(a). 
It should be noted that no antireflective coating has been used in either the measured or the 
simulated devices. 

In Fig. 2(b), experimental 1-R and EQE spectra are overlaid on the simulated reflectance 
and absorption spectra of the corresponding layers shown in Fig. 2(a). In the wavelength 
range between 450 and 950 nm, the light absorption in the simulated CIGS layer is more than 
the measured EQE, which can be due to carrier collection issues in the real device, resulting 
in recombination of electrons and holes before being collected at the terminals. The average 
difference between the simulated CIGS absorption and measured EQE was 0.056, while this 
average difference in R was 0.03. These results are in line with previously published 
modelling works [5]. In this study, we worked on improving the optical properties of the Mo / 
CIGS interface, that is reached only by low energy photons. For this reason, our priority was 
to achieve a reasonable spectral matching between measured and simulated spectra in the 
long wavelength range. As Fig. 2(b) shows, in the wavelength range between 900 and 1200 
nm, the simulated 1-R and EQE spectra follow the same trend as their measured counterparts. 

The presence of optical losses due to high absorption in Mo layer in the long wavelength 
range is well pronounced in Fig. 2(b). These optical losses near the bandgap of CIGS 
deteriorate the current generation of the solar cell and need to be quenched. 
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Fig. 1. Real (solid) and imaginary (dashed) parts of relative electric permittivity of materials 
used for the calibrated model as a function of wavelength (the first four optical properties are 
obtained from [21] and Mo from [5]). 
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Fig. 2. a) Software model. Thicknesses of layers from top to bottom are (in nm): 250, 60, 70, 
1600 and 320. b) Simulation results are compared to the measured EQE and 1-R (dashed and 
solid black curves, respectively). Colored areas indicate absorption in different layers of the 
structure. 

3. Results and discussion 

3.1 Nature of optical losses at the back contact 

The nature of optical losses at the interface between Mo and CIGS is addressed here. 
Depending on the polarization of light impinging on a metal / dielectric interface, the 
interaction with metal’s electron plasma leads to the excitation of surface plasmons (SPs) 
[23–25]. SPs can either be surface-bound or leaky. Surface-bound SPs (also known as surface 
plasmon polaritons, SPPs) propagate along the interface with maximum amplitude at the 
surface and exponential decay in the direction normal to the interface. Necessary conditions 
for exciting SPPs are (i) transverse magnetic polarized illumination light, (ii) real parts of 
electric permittivity of the two media having opposite signs and (iii) |Re{εm}| > Re{εd}, where 
εm and εd are the relative electric permittivity of metal and dielectric, respectively [25,26]. In 
addition, since SPPs cannot be directly excited by light incident on a flat interface through the 
dielectric medium, certain phase-matching conditions must occur, such as having a textured 
interface between metal and dielectric [23,24,26]. In case of Mo / CIGS interface, considering 
the whole wavelength range from 300 nm to 1200 nm, the necessary conditions for the 
excitation of SPPs are met between 980 nm and 1200 nm (Fig. 3(a)). On the other hand, if 
|Re{εm}| < Re{εd}, leaky SPs will be excited. In other words, when the |Re{εm}| is smaller 
than the Re{εd}, the conditions for the excitation of a propagating wave component in the 
direction normal to the interface are met. It means that the wave propagates not only along 
but also normal to the interface and effectively, the SPs are not confined to the interface. To 
distinguish between the wavelength regions of bound and leaky surface waves, the dispersion 
relation, which describes the wave vector component parallel to the interface, is compared to 
the light line in the dielectric. 

In a Cartesian coordinate system, we assume two half spaces, one metallic and one 
dielectric, where the plane z = 0 coincides with the interface between the two media. The 
dispersion relation is function of material properties and wavelength and can be derived as 
[23,24]: 
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where β is the wave vector component parallel to the interface and k0 = 2π/λ is the wave 
vector of a photon in vacuo. In this relation, material properties such as damping and 
frequency dependency are considered. The light line in the dielectric represents instead the 
transverse component of the wave vector within a dielectric medium and is defined as 

{ }2 )/Re (d dk π λ ε= . In Fig. 3(b), the real part of β at a Mo / CIGS interface is compared to 

the light line of CIGS in the wavelength range 300 < λ < 1200 nm. Due to the wavelength 
dependency of εCIGS, the light line of CIGS is not linear. The imaginary part of β, which is a 
measure of attenuation along the interface, is not shown here. 

 

Fig. 3. a) Real part of relative electric permittivity of Mo (dashed) and CIGS (solid), and b) 
SPP dispersion curve at the interface between Mo and CIGS (blue) half spaces compared to 
CIGS light line (dashed black) as a function of wavelength (i.e. photon energy). 

In Fig. 3(b), two wavelength ranges can be individuated. In the first one, where only SPPs 
may exist between Mo and CIGS (980 < λ < 1200 nm), the dispersion curve lies on the right-
hand side of light line. For a perfectly flat interface, as the wave vector of SPPs is larger than 
the wave vector of the light of the same energy propagating along the interface [23], no SPP 
is allowed. However, the presence of self-grown nano-roughness on Mo surface [27] fulfills 
the conservation of momentum and energy [26], making the excitation of SPPs in a real CIGS 
solar cell possible in this wavelength range. This phenomenon will be investigated further for 
one example wavelength in section 3.4. The coupling of light into SPPs at the back contact 
surface is a source of optical loss, since these type of surface waves are strongly confined to 
the interface and will not lead to charge carrier generation in the absorber layer. In the second 
wavelength range (300 nm < λ < 980 nm), where only leaky surface waves can exist at Mo / 
CIGS interface, the wave vector of leaky SPs is smaller than the wave vector of light of the 
same energy propagating in CIGS. This means that even at a flat interface, these waves can be 
excited. Consequently, a large part of the light impinging on Mo surface, depending on the 
thickness of CIGS layer, will be absorbed in the Mo layer. Such optical loss is made even 
more serious, due to relatively higher real part of refractive index of Mo compared to more 
reflective metals such as silver, thus developing low reflectivity at the interface between Mo 
and CIGS. 

3.2 Synthetic dielectric spacer 

After having looked at the nature of optical losses at the back contact, an ideal lossless (i.e. 
synthetic) dielectric spacer is studied here to tackle this problem and boost the photo-current 
density of the solar cell. The electric permittivity (ε) and the thickness (d) of a synthetic 

                                                                                    Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS A45 



material sandwiched between Mo and CIGS were therefore varied in the wavelength range 
between 900 and 1200 nm and their influence on the optical performance of the solar cell was 
investigated. The choice of this wavelength range is related to the absorption in Mo in a 1600 
nm-thick CIGS solar cell, as shown in Fig. 2(b). 

For the remainder of this paper, a synthetic material is an ideal material with the 
imaginary part of the electric permittivity forcibly set to zero at all wavelengths (Im{ε} = 
0 λ∀ ), while a real material is an actual material, characterized by its own wavelength-
dependent complex electric permittivity ε. With respect to the calibrated model, aside the 
insertion of the synthetic dielectric spacer, all other structural parameters were kept the same. 

 

Fig. 4. Modified model with the synthetic dielectric spacer layer. Thicknesses of different 
layers (in nm) from top to bottom are as follows: 250, 60, 70, 1600, d and 320. The thickness d 
of the spacer layer was varied between 20 nm and 170 nm. 

J was employed as performance indicator. This parameter is either the photocurrent 
density generated in the absorber layer or the absorption loss in each supporting layer, 
integrated as photocurrent density. J can be calculated as follows [28]: 

 ( ) ( )i iJ q A dλ λ λ= − Φ  (3) 

where i is the i-th analyzed layer, q is the electric charge, Ai(λ) and Φ(λ) are the wavelength-
dependent absorptance and AM1.5 photon flux [29], respectively. In this regard, Jph = JCIGS. 
Likewise, the current loss due to the total reflection (JR) is calculated by replacing Ai(λ) with 
R(λ) in Eq. (2). Figure 4 depicts a visual rendering of the modelled solar cell endowed with a 
dielectric spacer. 

In Fig. 5, contour plots of the absorption (integrated as current density) in Mo and CIGS 
(dCIGS = 1600 nm) in the wavelength range between 900 nm and 1200 nm as a function of 
spacer thickness and electric permittivity are shown. It can be concluded that the lower the 
refractive index of the spacer layer ( n ε= ) is, the higher the absorption is in the CIGS layer 
and vice versa in the Mo layer. Real low refractive index dielectric materials suitable as 
spacer are, for example, MgF2, LiF, SiO2, Al2O3 and TiO2. Since the field reflected at the 
interface metal / dielectric spacer forms a standing wave [30], it is important to set the proper 
thickness of the spacer so that the intensity of the wave travelling back to the absorber is at 
maximum. As Fig. 5(b) shows, for each spacer material, there is an optimal thickness at 
which Jph can be maximized. This is in agreement with the findings of Holman et al. about the 
effect of spacer thickness on the internal reflectance improvement of Si-based solar cells [18], 
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stating that beyond a certain spacer thickness, the internal reflection (and hence, the photon 
absorption in the absorber) does not improve anymore. 

 

Fig. 5. Contour plots of the synthetic dielectric spacer optimization: a) integrated Mo 
absorption loss (JMo), and b) implied photo-current density in CIGS layer (Jph) versus spacer 
thickness and electric permittivity for the wavelength range 900-1200 nm. 

3.3 Al2O3 vs MgF2 

In CIGS solar cell architecture similar to a Si-based passivated emitter and rear cell (PERC-
like) [20], a ~10-nm thick dielectric spacer is used to passivate the rear surface of CIGS, 

leading to an increase in VOC. Al2O3 with an electric permittivity of 2.7 (or 1.64n ε= = ) at 
λ = 1000 nm is currently the state-of-the-art material from electrical point of view for rear 
surface passivation of CIGS solar cells [13, 31]. However, as it can be concluded from our 
theoretical optical study (Fig. 5(b)), a very thin layer of Al2O3 cannot perform well in 
increasing the short-circuit current density (JSC) with respect to other materials with refractive 

indices less than that of Al2O3. MgF2 with 1.87ε =  (or 1.38n ε= = ) at λ = 1000 nm is a 
good candidate for this purpose. 

In Fig. 6, when Al2O3 with real material properties [32] is used as the spacer, the 
integrated absorption in the wavelength range between 900 and 1200 nm in different layers of 
CIGS solar cell as a function of d is shown. The first column indicates the simulation results 
of the reference cell in which no spacer is implemented. The results of Fig. 6 confirm that a 
thin layer of Al2O3 spacer (10 nm, for instance) does not lead to a significant increase in Jph. 
Nevertheless, for the optimal thickness of 120 nm, an improvement of 0.42 mA/cm2 in Jph can 
be achieved. On the other hand, Fig. 7 shows that when MgF2 [33] is used as the spacer 
material, at the optimal thickness of 140 nm, the enhancement of Jph is 0.61 mA/cm2 
confirming the statement that a material with low refractive index and lower than that of 
Al2O3 is better for quenching Mo optical losses at the rear side of the solar cell [16]. These 
results are in good agreement with the findings of Poncelet et al. in [34], whereas a dielectric 
spacer is used to increase the rear reflectance of CIGS solar cells. However, we will show that 
when a different figure of merit than reflectance is used and for cells with thin CIGS layers, 
the optimized spacer thickness might be different. 

A proper way of combining the advantages of Al2O3 and MgF2 is to make a double-layer, 
in which an MgF2 spacer layer with optimized thickness is covered by a thin Al2O3 layer (10 
nm), potentially acting as a passivator to enhance VOC (see Fig. 8). The feasibility of such a 
stack, in combination with local point contacts, has been shown in [19]. 
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Fig. 6. Integrated absorption (or photocurrent density) in different layers of CIGS solar cell as 
a function of spacer thickness d in the wavelength range between 900 and 1200 nm when 
Al2O3 is used as the spacer. 

 

Fig. 7. Integrated absorption (or photocurrent density) in different layers of CIGS solar cell as 
a function of spacer thickness d in the wavelength range between 900 and 1200 nm when 
MgF2 is used as the spacer. 
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Fig. 8. The schematic of the two-layer dielectric spacer / passivating stack consisting of MgF2 
(140 nm) and Al2O3 (10 nm) placed between Mo back contact and CIGS absorber. 

As mentioned before, the thickness optimization of the spacer is of great importance. 
Hence, the thickness of MgF2 in the new stack was optimized to achieve the maximal Jph. The 
results show that despite the presence of a 10 nm-thick Al2O3 layer on top of MgF2, 140 nm is 
again the optimal thickness leading to the absorption spectrum shown in Fig. 9(a). In this 
figure, the increase (decrease) of absorption in CIGS (Mo) in the presence of the spacer can 
be clearly recognized. The absorption in the short wavelength range is not influenced by the 
presence of the spacer, since, for the absorber thickness of interest, the high-energy photons 
do not reach the back contact. A 0.63 mA/cm2 improvement in Jph for the whole visible 
spectrum can be obtained with this configuration (see Fig. 9b)). This is not a marginal 
improvement, given that it is achieved by simply depositing two layers on Mo and not by 
texturing the backside of the CIGS device, potentially leading to the growth of low quality 
CIGS and/or parasitic absorption. 

It should be noted that in such structure, the total reflection will also increase, basically 
hindering the net effect of quenching Mo-related losses. This is the result of the increase in 
the secondary escape reflection [35] representing the photons that enter the cell, undergo one 
or more internal reflections and finally escape from the front side of the cell without being 
absorbed. 

 

Fig. 9. a) The absorption in 1600-nm thick CIGS (blue) and Mo (red) and 1-R (black) for the 
reference cell (dashed) and the cell with two-layer spacer (solid), and b) the integrated 
absorption in different layers of CIGS solar cell for the wavelength range between 300 and 
1200 nm. 

3.4 Electric field investigation 

One of the main advantages of 3D optical simulations over 1D simulations is the possibility 
to observe electric field distribution in every point of the structure. In order to show that the 
current enhancement in long wavelength regime is partly resulted from the reduction of 
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plasmonic resonances [18], the magnitude of electric field ( E


) is evaluated. Particularly, E


 

is sampled along the central line of the cell at 1020λ = nm, corresponding to the third peak of 
the solid blue curve in long wavelength range in Fig. 9(a), with and without the spacer for 
transverse magnetic (TM) light illumination. We looked at this polarization, because surface 
plasmons can only be excited by TM polarized light [18,24], although in this case, due to the 
symmetry of the structure, the difference between TE and TM polarizations is not 
pronounced. Figure 10(a) shows that by inserting the two-layer spacer, E


 is increased along 

the cell, which, according to Eq. (2), leads to the absorption enhancement. The excitation of 
surface plasmons at Mo / CIGS interface at 1020λ = nm can be noticed from the peak of 
electric field at that interface in Fig. 10(b), which has an almost exponential decay in CIGS 
(linear decay in logarithmic scale). This observation is in agreement with our discussion in 
section 3.1. This lossy optical mechanism prevents the reflection of photons from Mo surface 
back into the absorber, a phenomenon similar to plasmonic losses in Si-based solar cells [36]. 
It should be noted that according to our studies, this phenomenon could not be observed, if 
the natural roughness of Mo was not included in the model, which is in agreement with the 
necessary conditions for the excitation of plasmonic waves. As indicated in Fig. 10(c), 
instead, the plasmonic resonance is quenched in the modified structure endowed with MgF2 / 
Al2O3 spacer. In fact, the peak in E


 at Mo surface is disappeared, explaining the peak in 

CIGS absorption in Fig. 9(a) at the corresponding wavelength. 

3.5 Point contact optimization 

The proposed structure in its current format cannot be a working solar cell, unless the 
absorber layer is connected to Mo [37] to enable hole collection. Therefore, local point 
contacts with circular cross sections are added to the structure (see Fig. 11(a)). The radius and 
spacing between these contacts should be optimized for maximal Jph. However, it should be 
kept in mind that in a local point contact scheme, the charge carriers move in lateral direction 
to finally reach the back contact. Therefore, the point contact spacing should be less than 
twice the minority carrier diffusion length in CIGS layer (between 0.5 and 2 μm [38]) to 
prevent carrier recombination in the absorber. 

As abovementioned, sub-micron CIGS layers are required for reducing material 
consumption. Accordingly, our point contact scheme was optimized for a cell with 750-nm 
thick CIGS absorber, re-finding first the best MgF2 thickness and investigating after different 
geometric configurations. Due to less absorber thickness, higher energy photons with 
wavelengths down to 700 nm can reach the back contact. That is why in this part of the 
contribution results attain the wavelength range between 700 nm and 1150 nm, where the 
upper bound was chosen based on measured EQE spectrum of the baseline ultra-thin solar 
cell. We found that the optimal thickness for MgF2 is 100 nm, which, in combination with a 
10-nm thick passivating Al2O3, leads to 1.15 mA/cm2 increase in Jph (or 8.5% improvement 
for 700 < λ < 1150 nm) compared to the reference cell. The optimized value of MgF2 
thickness is different from the one obtained in [34],because of the different performance 
indicator (Jph in our case instead of rear reflectance). In fact, increasing the rear reflectance 
will lead to the improvement of Jph, but not all the reflected light can be absorbed in the 
absorber and the maximal value of Jph is not necessarily accompanied with maximal rear 
reflectance. In addition, the optimization in [34] was performed for 800 < λ < 1100 nm, 
independently from CIGS thickness. In reality, CIGS thickness plays an important role in the 
wavelength range of photons reaching the back contact, causing the optimization regime vary 
for different absorber thicknesses. 
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Fig. 10. From top to bottom, magnitude of the electric field E


 along the central line of the 

solar cell at 1020λ = nm as a function of the distance from the back side of the cell for TM 
illumination: a) comparison between the reference cell (red) and the cell with MgF2 / Al2O3 
spacer (blue), b) a closer look at the area shown in the dashed rectangle for reference cell and 
c) the same but for the cell with MgF2 / Al2O3 spacer. The background colors indicate different 
layers: Mo (greenish-grey), MgF2 (pink), Al2O3 (red) and CIGS (brown). 

                                                                                    Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS A51 



Fig. 11. a) Dual-layer spacer / passivator consisting of MgF2 (100 nm) and Al2O3 (10 nm), 
including the point contact scheme; b) implied photocurrent density and integrated Mo 
absorption and reflection loss for 700 < λ < 1150 nm as a function of Duty cycle (Dc) for unit 
cell lengths of two, four and six times larger than the correlation length of CIGS surface 
texture. 

As for the investigation on different geometric configurations, two structural parameters 
were varied: the unit cell size (L) and the Duty Cycle (Dc). Dc represents the area coverage of 
point contacts and is defined as πr2/L2, in which r is the radius of the point contact. It should 
be noted that L is the point contact period too. The smallest value of L is 660 nm, equal to two 
times larger than the correlation length of as-grown textures on CIGS surface. In Fig. 11(b), 
Jph and integrated Mo absorption and reflection losses as functions of Dc are shown. 0% and 
100% Dc correspond to full passivation and no passivation of the back contact, respectively. It 
can be observed that there is a trade-off between Mo absorption and total reflection. Current 
loss due to Mo absorption is minimized when its surface is fully covered with the spacer and 
increases by increasing the area coverage of point contacts, which is in agreement with the 
analyses in previous sections. 

According to a previous study on diffraction gratings [39], the intensity of diffracted 
modes depends on duty cycle of the grating and, for Dc = 50%, all diffracted modes are 
excited altogether, which means that the light is overall diffused in higher angles (with 
respect to the normal to the interface). This increases the optical path length of light inside the 
absorber and, hence, results in higher chance of light absorption. By looking at the point 
contact structure as a diffraction grating, the same interpretation seems to be realistic. 
Although, for Dc = 50% more light is diffused outside the escape cone of CIGS layer, this is 
counterbalanced by more Mo absorption. Accordingly, for less Dc values, less Mo absorption 
is balanced out by more light escaping the solar cell (more total reflection). It can be 
concluded from Fig. 11(b) that these two parameters reach an optimal point close to Dc = 
25%, leading to maximal light absorption in CIGS layer. 

The presence of a similar trend for different point contact periodicities shows the 
scalability of the structure. It means that it is possible to fabricate this structure using 
techniques that are cheaper than e.g. e-beam lithography. For the case of L = 1980 nm, the 
current density improvement at optimal Dc is 1.39 mA/cm2 (or 10%) for the wavelengths 
between 700 and 1150 nm. The simulations for the whole spectral range of interest indicate 
that Jph is improved by 1.45 mA/cm2, from 28.04 to 29.49 mA/cm2, which can be translated to 
a 5.27% optical improvement. 
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4. Conclusions
An optical model of a CIGS solar cell using 3-D Maxwell equation solver based on the finite 
element method was presented. The software was calibrated with the measured EQE and R 
spectra and a qualitative agreement was obtained. The natural textures of different layers were 
modeled by truncated pyramids. 

The possibility of the excitation of SPPs at Mo / CIGS interface was investigated by 
studying the dispersion curve. Results show that for a wide wavelength range in the visible 
part of the spectrum, leaky surface waves can be excited at a flat Mo / CIGS interface. In the 
long wavelength range, on the other hand, the presence of natural roughness on Mo facilitates 
the excitation of surface-bound plasmons, dramatically reducing the EQE. 

Borrowing the concept of dielectric spacer from Si PV technology, the insertion of a 
synthetic low refractive index dielectric layer between Mo and CIGS was optically studied. It 
was shown that (i) such a spacer will quench the optical losses caused by high absorption in 
Mo and plasmonic losses in long wavelength regime and (ii) an optimal thickness for the 
dielectric spacer exists. The capability of Al2O3, which is the state-of-the-art material in 
CIGS-based PERC-like structures, in enhancing Jph was compared to that of MgF2. The 
results indicate that the latter - with the optimal thickness of 140 nm - performs better than 
Al2O3. 

Then, a two-layer spacer / passivator consisting of MgF2 and Al2O3 was designed and the 
thickness of MgF2 was optimized for maximum Jph. An absolute increase in Jph by 0.63 
mA/cm2 for the whole visible spectrum can be expected with the proposed structure, 
notwithstanding increased reflectance losses. These are, in fact, closely related to augmented 
absorptance in CIGS when Mo optical losses are quenched. A study on the magnitude of the 
electric field proves that the plasmonic losses are quenched by the two-layer spacer, giving 
rise to better light absorption in the CIGS layer. 

Finally, point contacts were inserted into the cell structure endowed with a 750-nm thick 
CIGS absorber and their area coverage was optimized for maximal implied photocurrent 
density. The results indicate that the trade-off between current loss in Mo and total reflection 
is balanced out for Dc = 25%, leading to improvement of Jph by 10% compared to the 
reference cell for the wavelengths between 700 and 1150 nm. 
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