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Abstract: Overall performance of a thin film solar cell is determined by the 
efficiency of converting photons to electrons through light absorption, 
carrier generation, and carrier collection. Recently, photon management has 
emerged as a powerful tool to further boost this conversion efficiency. Here 
we propose a novel nanograting solar cell design that achieves enhanced 
broadband light absorption and carrier generation in conjunction with the 
reduced use of active and non-earth-abundant materials. A test using this 
design for the short circuit current density in CuInxGa(1-x)Se2 (CIGS) thin 
film solar cells shows up to 250% enhancement when compared to the bare 
thin film cells. In addition, placing metal strips on top of the nanograting to 
act as the top electrode reduces the use of non-earth-abundant materials that 
is normally used as the transparent conducting materials. This novel solar 
cell design has the potential to become a new solar cell platform technology 
for various thin film solar cell systems. 
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1. Introduction 

Thin film solar cell technology presents a powerful tool to tackle the world's increasing 
energy shortage problem. Cost and performance are major concerns when designing a thin 
film solar cell to provide cheap and abundant energy. A large portion of a thin film solar cell’s 
cost comes from the use of active semiconductor and non-earth-abundant materials [1]. In 
addition, reducing environmental contamination and energy consumption in processing will 
require minimizing their use too, due to that the production process of these materials are 
often hazardous. Unfortunately, designing a thin film solar cell involves an inherent tradeoff 
in material use vs. light absorption and efficiency. For example, to realize a complete 
absorption over the responsive solar spectrum in an amorphous silicon (a-Si) thin film solar 
cell, the absorbing layer’s thickness should be at least a few micrometers. However, this is 
unrealistic due to the increased material cost and the stronger defect-related carrier 
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recombination when increasing the thickness [2]. Therefore, a new thin film solar cell design, 
that is able to reduce the amount of active and non-earth-abundant materials, enhance and 
balance the full-spectrum absorption, and improve the overall conversion efficiency, would be 
of significant importance. 

Recently, notable progress in the field of surface plasmon polaritons (SPPs) has provided a 
new way to trap light, drawing significant attention in the solar cell community [3–9]. Upon 
excitation, SPPs cause strong near-field amplitude of the incident electromagnetic (EM) field, 
as well as a resonantly enhanced scattering cross section (SCS). SPPs are expected to enhance 
light absorption because the dissipation energy is proportional to the square of the electric 
field (E-field). A larger E-field leads to a stronger absorption, and a stronger SCS redirects 
more incident photons to the absorbing layer, substantially increasing the absorbing length. 
Au or Ag nanoparticles and surface nanogratings have been introduced to both crystalline and 
amorphous Si solar cells [5–7, 10]. Common disadvantages associated with those past efforts 
are that resonances can only occur at certain wavelengths, and their designs involve the use of 
surface metallic nanostructures directly on top of solar cells, which will block a fairly large 
amount of incident solar photons [5, 8, 9]. Most recently, new light absorption enhancement 
techniques were proposed [11–13]. Such designs achieve a large, broadband and polarization-
insensitive absorption enhancement. By taking advantage of effective coupling of light to 
planar waveguide modes, the Fabry-Perot (FP) resonance and the SPP resonance, as high as 
30% absorption enhancement was testified when using these embedded nanostructures [12]. 

More recently, emerging research has been focused on further reducing the use of both 
active and non-earth abundant materials in thin film solar cell architectures [14–17]. A 
nanowire optical antenna absorber was proposed [17], which demonstrates the potential to 
enhance short circuit current using less active material. However, the absorber does not 
include electrodes. To reduce the use of non-earth abundant materials, options vary according 
to what non-earth abundant element should be used. For example, thin film solar cells use 
non-earth-abundant elements in two major areas, such as indium in CuInxGa(1-x)Se2 (CIGS) as 
an absorbing material and in indium tin oxide (ITO) as a surface electrode. Tellurium in CdTe 
solar cells is another example. Replacing ITO with other conductive materials such as 
graphene is a new trend [18], but unfortunately, very few alternatives could be found to 
replace the non-earth-abundant materials in the active layer. For a CIGS thin film solar cell, it 
has been demonstrated that its efficiency can be as high as 20% [19, 20], an efficiency very 
attractive to the community. More important, CIGS solar cells showed excellent long-term 
stability in outdoor testing [21], high radiation resistance [22], high efficiency in large area 
modules [23], and the great capability to be made lightweight with flexible substrates. As a 
result, CIGS-based solar cells have been considered as one of the most promising solar cell 
technologies for cost-effective and reliable power generation. Large scale implementation of 
the CIGS solar cells would benefit from new technologies that are able to reduce such non-
earth-abundant material usage inside both the absorbing layer and the surface electrode layer 
without sacrificing the light absorption efficiency [24]. 

In this work, a new thin film solar cell design of patterning the entire thin film solar cell 
structure into a nanograting array is proposed (Fig. 1). A major merit of using this structure is 
the potential for a significant reduction of both active and non-earth abundant material usage. 
For example, metallic strips on top of the active nanogratings can act as surface electrodes, 
and eliminate the need to use common surface electrodes such as ITO. The grating structure 
can also offer a large percentage reduction in the total active material usage, which can be 
easily determined by the grating’s duty cycle. Furthermore, the structure can deliver a 
broadband and balanced absorption enhancement and an overall efficiency enhancement by 
taking advantage of metallic nanowire scattering and the SPP resonance. A remarkable 
improvement in the short circuit current density as high as 250% is anticipated when applying 
this design to CIGS thin film solar cells as compared to the corresponding bare and non-
grating thin film solar cells. Additionally, unlike using other electrode materials such as 
graphene, fabrication of such metal-semiconductor-metal nanogratings is technically feasible 
and compatible with standard complementary metal-oxide-semiconductor (CMOS) 
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technology [25, 26]. Noting that, geometric parameters of the nanograting, as well as the 
performance of the solar cells are controllable based on the fabrication methods. Finally, this 
design could be applied to many semiconductors such as a-Si, CdTe and GaAs, and will lead 
to a new solar cell platform technology. 

2. Computation considerations 

The design shown in Fig. 1 consists of a metal (thin)-semiconductor-metal (thick) structure. 
The through nanograting is made from the thin metallic layer side (acting as the top 
electrode), and their ditches stop at the thick metallic layer surface that acts as the bottom 
electrode. Solar light irradiates the cell from the top with transverse electric (TE) and 
transverse magnetic (TM) polarizations. In order to optimize the design, it is important to 
study the dependence of light absorption and short circuit current on the structure’s geometric 
parameters and incident polarizations. To simplify our discussion, we fixed the top thin 
metallic electrode’s thickness, T1, at 20 nm, and change other structural parameters including 
T2, P, W, and the absorptive materials. Here silver was selected as both top and bottom 
electrode material and CIGS as the absorbing material. The gap between the nanogratings was 
assumed to be filled with air. Absorption enhancement in the absorbing layer and the short 
circuit current were also calculated over different absorptive materials such as a-Si, CdTe, and 
GaAs, with the goal of evaluating overall performance. 

 

Fig. 1. The proposed solar cell structure. (a) A 3D conceptual schematic diagram. (b) A cross-
sectional view outlining the device’s structure to be used in the simulation. The top electrode 
thickness is T1, the nanograting width is W, the period is P, and the active layer thickness is T2. 

We calculated the absorption enhancement and short circuit current by analyzing the 
electromagnetic (EM) field distribution across the cells. EM fields were assumed to be time 
harmonic and the resulting governing equations for the steady-state distribution were solved 
using a commercial 2-dimesnioanl finite element software (COMSOL 3.3) [27]. The 
computational domain considered is a single unit cell surrounded either by periodic boundary 
conditions or by perfectly matching layers [28]. The dispersive dielectric constants of silver 
and CIGS can be found in the references [29, 30]. Using the calculated EM distribution inside 
the cell, the absorption by the absorbing layer for an incident monochrome plane wave with 
certain wavelength was calculated using Eq. (1): 

 ( ) ( , , )
s

A S r daλ ω λ= ⋅∫
� � �

�  (1) 

where ( , , )S r ω λ
� �

 is the Poynting vector and s  is the boundary of the analyzed absorptive 

layer. 
In order to simplify the comparison, an absorption enhancement function (Λ), defined as 

the ratio of the absorbed energy by the nanograting solar cell over the conventional thin film 
solar cell with the same thickness, was used throughout our simulations. Λ is a function of the 
cell’s geometric parameters (nanograting width, period, absorbing layer thickness, etc.), 
illumination conditions (incidence’s wavelength and polarization), and the selected absorbing 
material. 
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3. Results 

Simulation results, presented through mapping Λ with different structural parameters and 
incident conditions, are shown in Fig. 2. Inside those maps each point represents a full-field 
simulation result according to the corresponding geometric and illumination parameters. Dark 
red areas indicate an absorption enhancement that can reach a high level of over 3 times, 
referring to the side intensity bar. The absorption maps show strong and broadband 
enhancement within the solar spectrum, especially within the relatively long wavelength 
range. This unique ability to balance the absorption over the spectrum and to achieve a large 
and broadband enhancement is crucial. Three possible enhancement mechanisms—coupling 
to the multiple internal reflection resonance in the CIGS nanowire, scattering by the top silver 
electrode, and SPP resonance—will be discussed in details in the following sections. 

 

Fig. 2. Mapping the absorption enhancement with varying geometric parameters and 
illumination conditions. Both TE and TM polarizations were considered in order to account for 
the randomly polarized nature of sunlight. (a, c, e) show the case under TE illumination while 
(b, d, f) show TM cases. (a) and (b) show the absorption enhancement versus both wavelength 
and the CIGS layer thickness. The array period and wire width are 200 nm and 100 nm, 
respectively. (c) and (d) show the enhancement versus both wavelength and the nanowire 
array’s period. In these cases, the CIGS nanowire layer thickness and width (W) were both 
fixed at 100 nm. (e) and (f) show maps of the absorption enhancement versus both wavelength 
and nanowire width (W). The array period and wire thickness are fixed at 200 nm and 100 nm, 
respectively. 

3.1 Absorption enhancement mechanisms 

Figures 2(a) and 2(b) shows the absorption enhancement maps vs. CIGS layer thickness inside 
the nanograting cell and wavelength under both TE and TM illumination. Holding the 
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thickness constant (denoted as dashed lines in Fig. 2), the absorption enhancement will reach 
several peaks and deeps when changing the incoming light wavelength. In our analysis, (EM) 
field across the cell structure at these peaks and deeps are plotted to study the absorption 
enhancement mechanisms. 

In the case of the TE illumination (Fig. 2(a)) and when we select the thickness at 125 nm, 
there is one absorption enhancement deep, point “1”, and two peaks, “2” and “3” in the 
wavelength range. The corresponding EM field distributions are plotted in Fig. 3. For 
comparison, in Fig. 3(a) the electric field distribution at the same position of Point “1” in a 
conventional cell (no nanogratings and with a same active layer thickness) is shown. It shows 
a large and high electrical field in the conventional solar cell, which is due to the Fabry-Perot 
resonance inside the planar CIGS cavity. Changing from the planar absorbing layer to a 
nanograting array will break the Fabry-Perot resonance condition, which results in decreased 
absorption of the nanograting cell (31.7% compared with the conventional cell at this case). 
As the wavelength increases, the absorption enhancement becomes stronger and it reaches a 
peak at 800nm (marked as the Point “2”). The corresponding electric field distribution in a 
nanograting cell was then shown in Fig. 3(b). This figure shows that there is a large hot spot 
inside the CIGS nanowire, which indicates that most scattered energy is confined and 
absorbed in the CIGS nanowire by multiple internal reflections from the periphery two 
important properties. Also in this case, reflection by the Ag top electrode is weak, which is 
due to the strong scattering by these metallic nanowires. This results in a strong absorption 
enhancement (207%). As the wavelength decreases to 490nm (the Point “3” in Fig. 2), another 
absorption enhancement peak appears. The corresponding electric field distribution (Fig. 3(c)) 
shows that, the reflection rather than scattering by the metallic top nanowires dominates. 
Inside the CIGS nanowire, a higher order resonance can still be seen. In this case, the 
absorption is relatively low compared to the conventional cell (67%). According to the above 
analysis, scattering by the top electrode as well as the coupling to the multiple internal 
reflection resonance are identified as the major contribution to the observed large absorption 
enhancement. 

Changing the CIGS layer thickness modifies the nanograting’s cross section, which results 
in a shift in the internal reflection resonance wavelength. In Fig. 2(a) (under TE illumination), 
as the CIGS layer thickness increases the absorption enhancement features a red shift and 
becomes broader and stronger simultaneously. Unlike the TE mode, the TM illumination 
would excite SPPs, which results in a broad absorption enhancement band (more than 400 nm 
in Fig. 2(b)). As the CIGS layer thickness further increases beyond 110 nm, this SPP related 
enhancement weakens. Similar to the TE condition, this SPP-related enhancement red-shifts 
with the thicker CIGS layer. 

 

Fig. 3. Normalized and time-averaged electric field plots across the cell structure under TE 
illumination. In all cases, the incidence is at normal and the CIGS layer thickness is fixed at 
125nm. (a) A bare CIGS layer was illuminated at wavelength of 620 nm. (b) and (c) The 
nanograting CIGS cells were illuminated at wavelengths of 940nm and 490nm, respectively. 
The period and width of the nanogratings in the latter two cases are 200nm and 100nm, 
respectively. 
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Magnetic field distribution plots across the nanograting CIGS solar cells under the TM 
illumination corresponding to points “4”-“6” in Fig. 2(b) were shown in Fig. 4. In this case a 
CIGS layer thickness of 100nm was selected (denoted as dashed line in Fig. 2(b)). We first 
examined the magnetic field distribution at Point “4”, which is an absorption enhancement 
peak at the 800nm wavelength, and the results were shown in Fig. 4(a). In this case, most 
incoming light was transmitted through the Ag nanowire array due to the extraordinary optical 
transmission (EOT) phenomenon [31], which is caused by an efficient excitation of SPPs [32–
34]. The transmitted light is confined in the CIGS wires which results in a strong absorption 
(181%) compared with the conventional cells. As the wavelength decreases, the absorption 
enhancement gradually attenuates, and then drops to nearly 1 where the wavelength equals 
570nm (Point “5” in Fig. 2(b)). The magnetic field distribution at Point 5 was shown in 
Fig. 4(b). In this case the SPPs were also excited and a decent portion of the incoming light 
was still transmitted through the top electrode. However, most transmitted light travelled in 
the gaps between CIGS nanogratings and reflected back by the bottom electrode. Both the 
magnetic field and the absorption inside the CIGS nanogratings were lower compared to the 
case of Fig. 4(a). This decrease of absorption enhancement is due to: (1) more reflection by 
the top electrodes; and (2) more transmitted light travelling in the air gaps. As the wavelength 
continues to decrease, the absorption enhancement reached a trough at wavelength 380nm 
(Point “6” in Fig. 2(b)). The corresponding magnetic field shows that the SPPs are very weak 
and most incoming light was reflected by the top electrode. The magnetic fields are also very 
low inside the CIGS nanogratings. The absorption is thus very low compared to that of 
conventional cells (35%). 

Changing the nanograting period will strongly affect the excited SPPs [35]. Under the TM 
illumination, the enhancement red-shifts as the period increases (Fig. 2(d)). At the same time, 
the enhancement does not change the spectral position significantly under the TE illumination 
(Fig. 2(c)). Similar to the CIGS layer’s thickness, the nanograting width also affects the 
nanograting’s cross section. Figure 2(e) shows that, similar to the case of changing the active 
layer thickness, increasing the nanograting width leads to a red-shift of the enhancement. This 
design is unique because the grating duty cycle (the width-over-period ratio) plays an 
important role in determining the absorption properties. A larger duty cycle means more used 
absorbing material but also more incident light to be blocked by the top metallic electrode. 
Figures 2(b), 2(c), and 2(d) show that as the width and period increase, both magnitude and 
bandwidth of the enhancement feature first undergo an increase and then diminish beyond 
certain points. As a result, a trade-off by balancing these two factors is needed in order to 
achieve the cell’s maximum performance. 

 

Fig. 4. Normalized and time-averaged field plots across the nanograting CIGS cells under TM 
illumination. In all cases, the incidence is normal and the CIGS layer thickness, period, and 
wire widths are 100nm 200nm, and 100nm. The wavelengths of the incoming light are 800nm, 
540nm and 380nm, respectively. 
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3.2 Overall performance 

To perform a full evaluation on the design, short-circuit photocurrent density enhancement of 
the nanograting solar cells must be considered. The short-circuit photocurrent of a solar cell 
can be calculated as: 

 int( ) ( , ) ( )SC sJ q F G QE dλ η λ λ λ= ∫  (2) 

Here, q is the charge carried by one electron; Fs(λ) is the spectral photon flux density 
delivered by the sun (AM 1.5-G); η(λ, G) is the photon absorption efficiency of a solar cell, G 
= {g1, g2, g3,…} is the set of geometric parameters of the solar cell, in our research, for 
nanograting cells, the geometric parameters include T2, P and W—the thickness, period, and 
the grating width while for conventional cells, the thickness is the only geometric parameter; 
QEint(λ) is the internal quantum efficiency of the absorbing material. The short-circuit 
photocurrent density is defined as photocurrent divided by the total volume of absorbing 
material used in the solar cell. 

 
int

1
( ) ( , ) ( )SC

SC s

J
j q F G QE d

V V
λ η λ λ λ= = ∫  (3) 

where V is the volume of the absorbing materials. 
Then, the short-circuit photocurrent density enhancement of the nanograting solar cell 

compared with a conventional cell can be defined as: 
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Here, the variables with superscripts “NW” and “Con” denote properties of nanograting 
and conventional cells, respectively; T2, P and W are geometric parameters as defined above; 
in this equation QEint(λ), the internal quantum efficiency was assumed to be 100%, which has 
been demonstrated with NW junction devices [36]. ΛTM(λ, T2, P, W) and ΛTE(λ, T2, P, W) are 
absorption enhancement of nanograting cells under different incident polarizations; 

2 2 int( ) 1 ( ) ( , ) ( )
Con

sf T F T QE dλ η λ λ λ= ∫  is a function of the absorbing layer thickness T2 only. 

Equation (4) shows that the current density enhancement is a function of the geometric 
parameters of the nanograting array, with absorbing layer thickness T2, nanograting width W, 
and array period P. 

Figure 5 shows the simulation results of the current density enhancement versus different 
geometric parameters, and remarkably, the design in CIGS nanograting solar cell can enhance 
the overall current density over 250%. With the exception of the case where the nanograting 
width is very close to the period (in Fig. 5(c)), we can always expect a current density 
enhancement using any combination of geometric parameters. 
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Fig. 5. Short-circuit photocurrent density enhancement over the full solar spectrum. (a-c) shows 
the dependency of the current density enhancement on the active layer thickness, array period, 
and nanograting width, respectively. (a) Current density enhancement compared with a 
conventional cell as a function of the active layer thickness with the array period at 200 nm, 
wire width at 85 nm (solid lines) and 100 nm (dashed lines), respectively. (b) Current density 
enhancement compared with a conventional cell as a function of array period with the wire 
thickness at 200 nm, wire width at 100 nm (solid lines) and 150 nm (dashed lines), 
respectively. (c) Current density enhancement compared with conventional cell as a function of 
wire width with the array period at 200 nm, wire thickness at 100 nm (solid lines) and 150 nm 
(dashed lines), respectively. In (a-c), red, blue and black curves show the enhancement under 
TE, TM and unpolarized illumination, respectively. 

An alternative way to evaluate the cell’s performance is to compare the total short circuit 
current enhancement, which is defined as the comparison of the current generated in the CIGS 
nanograting solar cell to the conventional cell with the same absorbing layer thickness. It is 
remarkable that when the nanowire width is 85 nm and the array period is 200 nm, with the 
CIGS thickness ranging from 70 to 95 nm, the total short circuit current generated by the 
CIGS nanograting solar cell can reach up to a 8% enhancement compared to its conventional 
counterpart, while using only 42.5% of the total absorbing material and eliminating the 
transparent top oxide electrode. 
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Fig. 6. Short-circuit photocurrent density enhancement over the full solar spectrum. (a-c) shows 
the current density enhancement dependency on active layer thickness, array period, and 
nanograting width, respectively. (a) Current density enhancement compared with conventional 
cell as a function of active layer thickness with array period at 200 nm, wire width at 85 nm 
(solid lines) and 100 nm (dashed lines), respectively. (b) Current density enhancement 
compared with conventional cell as a function of array period with wire thickness at 200 nm, 
wire width at 100 nm (solid lines) and 150 nm (dashed lines), respectively. (c) Current density 
enhancement compared with conventional cell as a function of wire width with array period at 
200 nm, wire thickness at 100 nm (solid lines) and 150 nm (dashed lines), respectively. In (a-
c), red, blue and black curves show the enhancement under TE, TM and unpolarized 
illumination, respectively. (d-f) Current density enhancement compared with conventional cell 
as a function of active layer thickness, period, and nanograting width. In (d), array period is 
200 nm, wire width is 100 nm. In (e), active layer thickness is 100 nm, wire width is 100 nm. 
In (f) active layer thickness is 100 nm, array period is 200 nm. Red, blue and black curves in 
these figures show the enhancement using different materials (a-Si, CdTe, and GaAs, 
respectively). 

The nanograting solar cell design was also applied to other absorbing materials, with a 
goal to investigate the design’s potential applicability. Figure 6 shows the current density 
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enhancement of cells using a-Si, CdTe and GaAs. Similar to the results using CIGS, strong 
current density enhancements were achieved for most design geometry. Particularly within the 
active layer thickness range that we considered (from 50nm to 200nm), the enhancement is 
greater than 10% for all materials and reached 59%, 82% and 68% for a-Si, CdTe and GaAs, 
respectively. Such results are impressive, but they are inferior to those from the use of CIGS. 
The increased performance is due to better absorption (larger η

con
(λ)) at long wavelength of 

the CIGS material. In the nanograting design, strong absorption enhancement was always 
observed at long wavelength (larger than 600nm). When calculating the current density 
enhancement by averaging the absorption enhancement over the whole solar spectrum (Eq. 
(4)), larger η

con
(λ) at long wavelength gave strong absorption enhancement, resulting in an 

enhanced current density. 

3. Conclusion 

The absorption of this new nanograting solar cell design is dependent on geometric 
parameters (layer thickness, period, and nanograting width), illumination conditions 
(wavelength and polarization), and construction materials (semiconductors and metals). The 
design is remarkable because of its ability to incorporate different absorbing mechanisms 
together leading to enhanced overall performance over conventional thin film solar cells. 
Imagine the possibility of adding a ~10% efficiency improvement over the current ~20% 
efficiency in CIGS thin film solar cells, using only 50% or less active CIGS materials, and 
using no ITO or other complicated surface electrode materials. 

In conclusion, we have proposed a unique thin film solar cell design with a nanograting 
array as the absorbing layer. Our results show large short circuit current density enhancement 
compared with conventional solar cells. Moreover, this design uses no expensive and scarce 
transparent conducting materials. Also, this solar cell design has no critical geometry 
requirements, alleviating concerns associated with the high cost of complicated fabrication 
methods. In addition to CIGS, a similar design could be extended into other active solar 
materials such as a-Si, CdTe and GaAs, indicating the design’s wide applicability. 
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