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Abstract: We report the antireflective property of thin film amorphous 
silicon (a-Si) solar cell structures based on graded refractive index structure 
together with theoretical analysis. Optimizations of the index profile are 
performed using the rigorous coupled-wave analysis method. The graded 
refractive index structure fabricated by oblique angle deposition suppresses 
optical reflection over a wide range of wavelength and incident angle, 
compared to the conventional structure. The average reflectance of thin film 
a-Si solar cell structure with the graded refractive index structure is 
suppressed by 54% at normal incidence due to the effective refractive index 
matching between ITO and a-Si, indicating a reasonable agreement with 
calculated results. 
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1. Introduction 

Amorphous silicon (a-Si) is a promising photovoltaic material, which is nontoxic, abundant, 
and has a mature processing technology, allowing cost-effective thin film and flexible devices 
[1,2]. However, the effective absorption depth of a-Si is only about 1 μm, i.e., 2 orders of 
magnitude thinner than that of crystalline silicon. On the other hand, minority carriers in the a-
Si have very short carrier diffusion length of around 300 nm or less [3]. Hence an efficient 
light management is essential to improve the device performance of thin film a-Si solar cells. 

Usually, a large portion of incident light is reflected back from the surface of a-Si due to 
the high refractive index of a-Si and thus cannot be used to generate carriers in solar cells. A 
typical example of reflection-suppressing technique includes the use of surface texturing. 
However, such large scale texturing causes both the scattering of light into the solar cell and 
the increase of minority carrier recombination in the surface and junction regions [4]. From 
the geometrical reason, it is also not suitable for thin film solar cells. Quarter-wavelength 
dielectric thin films are now the industrial standard for antireflection coatings (ARCs) to 
increase the light absorption in thin film solar cells. But, this quarter-wavelength ARC is 
achieved only at a specific wavelength because the films have uniform refractive index 
throughout the whole film. 

In past years, many approaches for fabricating ARCs have been presented to achieve an 
ideal broadband antireflection property in the visible and near-infrared wavelength range by 
using graded-refractive-index-structures (GRISs). More than a hundred years have passed 
since Lord Rayleigh theoretically proposed ARCs with gradient index profiles [5]. Very 
recently, many research efforts on continuously GRISs have been carried out [6–9]. A 
continuously varying porosity and effective refractive index of biomimetic nanostructures was 
obtained by using plasma etching or metal-assistant chemical etching, as well as nanorod 
arrays. An alternative approach to them is to use the step GRIS [10–12]. Many recent efforts 
focus on optimization of the discrete refractive index and thickness distribution. The oblique-
angle depositions (OAD) of SiO2/TiO2, vapor deposition of materials and spin-coated organic 
materials with different refractive indices have been used to achieve the step GRIS. However, 
all of the aforementioned techniques employ three-dimensional submicron structures which 
can cause mechanical and thermal reliability issues. Also, humidity can have impact upon 
their performance due to the presence of exposed voids. In addition, most importantly few 
technologies are applicable to the superstrate-type thin film a-Si solar cells using glass 
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substrate because it covers the surface of active materials and undesirably increases the 
complexity in the fabrication process. 

In this work, we propounded new conceptual AR GRIS for superstrate-type thin film a-Si 
solar cells. Figure 1 (a) shows the thin film a-Si solar cell structures without and with GRIS. 
Recently, we have developed low effective refractive index a-Si films deposited by OAD [13]. 
The OAD is very well-established technique for controlling the optical properties of materials 
by porosity [14,15]. The effective refractive index of a-Si film can be controlled by the angle 
of incident flux in e-beam evaporation from the refractive index of a-Si to nearby that of air, 
and thus it is possible to fabricate the structure having gradually decreasing refractive index. 
The a-Si GRIS is placed between a-Si (absorptive layer) and indium-tin-oxide (ITO), 
providing efficient impedance matching through a gradual reduction of the effective refractive 
index. By suppressing the reflection at the interface between a-Si and ITO, more light can 
reach the absorptive a-Si layer. Hence the absorption efficiency of thin film a-Si solar cells 
can be greatly improved over a large range of wavelengths and angles of incidence. 
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Fig. 1. (a) Schematic diagrams of typical superstrate type thin film solar cell structure (Sample 
A) and proposed structure with GRIS (Sample B). The magnified images in red squares express 
the light propagation through the interface between ITO and a-Si layer with and without the 
GRIS. (b) Electric field distribution in the structures with and without the GRIS. 

Figure 1 (a) shows the schematic diagrams of the typical superstrate thin film a-Si solar 
cell structure (named sample A) and the proposed structure with GRIS (named sample B). In 
the red squares of Fig. 1 (a), magnified images of each structure are shown for the comparison 
of light propagation inside the solar cell structures. The red arrows represent the intensity and 
path of the incident light. In the case of sample A, there exists large index difference between 
ITO layer and a-Si layer due to the high refractive index of a-Si. While a considerable portion 
of incident light is reflected from that interface in sample A, most light can be transmitted 
through the GRIS in sample B due to the grading of the refractive index profile. Figure 1 (b) 
shows electric field distributions in the solar cell structures with and without GRIS. The large 
portion of the electric field cannot penetrate the interface between ITO and a-Si layer due to 
the abrupt change in the refractive index, whereas the electric field can stay in the absorptive 
layer (a-Si) by the presence of GRIS. The GRIS of sample B consists three different effective 
refractive index layers with each thickness of 50 nm. The effective refractive index and 
extinction coefficient of each layer were carefully chosen from last results [13]. 
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2. RCWA simulation of GRIS of a-Si 

In order to optimize the gradient refractive index profile, a genetic algorithm would be helpful 
because there are so many variables which would affect the reflection of the structures [16]. 
Furthermore, since there is always a trade-off between reflection and absorption in high-k (k is 
extinction coefficient) material based ARCs, a careful consideration to the thicknesses and 
refractive indices of layers must be given [17]. The GRIS can play roles in both ARC and 
absorptive layer for thin film a-Si solar cells because it is made of a-Si, being placed between 
ITO layer and a-Si layer. Hence, the thickness of GRIS does not have to be thick, and the 
number of interfaces in the GRIS should be reduced as many as possible. First, a 150 nm total 
thickness of the GRIS with three different refractive indices of low-n a-Si films was aptly 
chosen as demonstrated recently [13]. The layer a-Si, which has the highest refractive index 
and extinction coefficient, was used for an absorptive layer, and G1, G2, G3 layers were 
employed as three step gradient layers. After each effective refractive index of step layers was 
chosen properly, their thickness also needs to be determined, by comparing various refractive 
index profiles according to the thickness distribution in the GRIS. Various refractive index 
profiles including Gaussian, Exponential, and Quintic have been studied previously [18–20]. 
The thickness of each layer with four index profiles is shown in Table 1. The effective 
refractive index for the specific layer was chosen at the wavelength of 600 nm. To calculate 
the reflectance from the various index profiles, we used a three-dimensional rigorous coupled-
wave analysis (RCWA) method. The material properties of a-Si were considered to obtain the 
exact results at each wavelength by ellipsometry measurements. A plane wave is assumed 
incident with a fixed polarization angle of 45° instead of a randomly polarized light. For the 
design and selection of graded index profiles to achieve efficient antireflection over a 
broadband with a wide range of incident angles, we have theoretically investigated several 
specific index profiles. Three general profiles and Cubic profile (uniform thickness 
distribution) were studied, and their governing equations of each profile are given by 
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where nITO and na-Si are the refractive indices of ITO and a-Si layers, respectively, and x is the 
thickness of ARC [21]. 

Table 1. Thickness of 5 layers and their measured refractive indices for different graded 
index profiles 

La
yer 

Linear Quintic Gaussian Cubic 
Effective 

Refractive Index 
@600 nm 

IT
O 

400 nm 400 nm 400 nm 400 nm 1.96 

G1 14.3 nm 51.9 nm 67.4 nm 50 nm 2.08683 

G2 75.8 nm 60.6 nm 56.3 nm 50 nm 2.765 

G3 59.9 nm 37.5 nm 26.3 nm 50 nm 3.32532 

a-
Si 

500 nm 500 nm 500 nm 500 nm 3.93551 

The reflectance of the structures with four different index profiles was calculated by 
RCWA method. Since the RCWA simulation includes the interference effects due to the 
reflection and transmission at each interface of the calculated structure, it is useful to the 
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theoretical investigation of optical properties of multi-stacked structures. Since the thickness 
of ITO does not affect the reflectance of solar cell structures, it was set to 400 nm. To get 
enough absorption, the thickness of a-Si layer was determined as 500 nm, followed by 30 nm 
thick Ag layer as a back reflector. Figure 2 (a-e) shows the angle dependence of reflectance of 
four different index profiles. As depicted in Fig. 2 (e), the Cubic index profile is most proper 
to reduce the reflection from the solar cell structure over the whole incident angle of light and 
in the wavelength range from 400 nm to 800 nm. It is also noticeable that the lowest 
reflectance is shown by the Cubic profile of ARC. The Cubic profile exhibits nearly uniform 
refractive index distribution between ITO layer and a-Si layer. 

 

Fig. 2. Calculated reflectance of (a) Linear, (b) Quintic, (c) Gaussian, and (d) Cubic index 
profiles as function of wavelength in the range of 400-800 nm for incident angles of 20-70°. (e) 
Calculated average reflectance of various index profiles of the GRIS and of the structure 
without the GRIS as a function of incident angle of light. 

Figure 3 (a) shows the calculated reflectance of both samples A and B as a function of 
wavelength. For sample A without the GRIS, the reflectance of 5-20% with ripples in the 
visible range was observed, it is rapidly increased at wavelengths above 700 nm. Generally, 
the light with longer wavelengths than 800 nm is not absorbed by a-Si, hence most of them 
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would be transmitted through the a-Si layer, and then be reflected by the back reflector Ag 
layer. On the contrary, the sample B with the GRIS shows relatively low reflectance of 5-10% 
with weaker ripples in the visible range compared to the sample A, and the increase of 
reflectance is slightly low at wavelengths above 700 nm. The ripple pattern in the visible 
wavelength range is generated mainly by the interference of light at the top and bottom 
interfaces of ITO layer. The sample B (with GRIS) reduced significantly the reflection and 
suppressed the ripples in the visible wavelength region. This means that the relatively large 
amount light can path through the GRIS and then be absorbed by a-Si layer. Because the a-Si 
GRIS was designed to have a refractive index matching with ITO, the structure with the GRIS 
(sample B) differed widely from the conventional structure in their reflective properties, thus 
it can be figured out that its refractive index profile is very applicable to reduce the reflection 
at the interface of thin film solar cells. Figure 3 (b) shows the designed Cubic graded 
refractive index profile as a function of layer thickness. The black dot line in the Fig. 3 (b) 
represents the Cubic polynomial fit. 
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Fig. 3. (a) Calculated reflectance of sample A (without the GRIS) and B (with the GRIS) at 
normal incidence as a function of wavelength. (b) Effective refractive index profile of the 
Cubic index profile as a function of thickness. The effective refractive index is chosen at the 
wavelength of 600 nm. 

3. Fabrication of thin film a-Si solar cell structure 

In order to demonstrate the proposed structure, the samples A and B were fabricated on the 
glass substrate by e-beam evaporation. Figure 4 (a) and (b) show the cross-sectional SEM 
images of fabricated thin film a-Si solar cell structures without and with Cubic GRIS, 
respectively. The 400 nm thick ITO layer was deposited on glass by e-beam evaporation, and 
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annealed by rapid thermal annealing process at 500 °C for 2 min. After the ITO layer becomes 
transparent, the a-Si layer was deposited with three different steps varying the angle of 
incidence of e-beam flux. First, the lowest effective refractive index layer was deposited with 
the tilted angle of 70°, and then the angles were changed step by step 50° and 35° for each G2 
and G3 layer, respectively. For achieving the Cubic GRIS, 50 nm-thick film was deposited for 
each G1, G2, and G3 layers with very small variation of thickness. Finally, the 500 nm thick 
a-Si layer as the absorptive layer was deposited without tilting, followed by the deposition of 
30 nm thick Ag layer as a back reflector. For all the evaporation of a-Si, the deposition rate 
was fixed at 1 nm/s, and the deposition rate of ITO and Ag was 0.2 nm/s and 0.1 nm/s, 
respectively. As shown in magnified field-emission transmission electron microscope (FE-
TEM) image of the GRIS in the inset of Fig. 4 (a), the oblique nanocolumnar structure is 
caused by the self-shadowing effect during the OAD. The initially evaporated Si islands 
prevent the following incident flux from reaching the shadow regions, thus producing the 
porous films constituted of nanoscale columns or nanorods [22]. As depicted in the inset of 
Fig. 4 (a), the angle of nanocolumns is slightly varied from the ITO interface to the a-Si layer 
interface because the incident angle of e-beam flux is changed from 70° to 35°. For the 
incident flux angles (θtilt) of 70°, 50°, and 35°, the deposited a-Si nanocolumn angles of θSi1 = 
51°, θSi2 = 29°, and θSi3 = 16° were measured, respectively. The θtilt does not precisely match 
the θSi in the porous Si film, and is typically larger than the θSi. The empirical relations 

between these two angles are given by the tangent rule of  tan tan / 2Si tilt   for small θtilt 

and the cosine rule of  1sin 1 cos / 2Si tilt tilt        for large θSi [23]. The discrepancy 

between the theoretical and experimental results may be caused by variations in the deposition 
parameters including deposition rate, chamber pressure, and substrate temperature, and that is 
shown in Fig. 5. 

 

Fig. 4. SEM image of the structure (a) with and (b) without the GRIS. The inset of (a) is a TEM 
image of the GRIS. The magnified TEM image shows the distinct nanocolumnar structure of 
GRIS. 
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Fig. 5. Tangent rule and Cosine rule between the incident angle of e-beam flux and the inclined 
angle of nanocolumnar structure. The star marks indicate the experimental points of each layer 
of the GRIS. 

4. Results and Discussion 

To characterize the effect of the GRIS on the antireflection property, spectrophotometry 
measurements were conducted. The reflectance was measured over a broad wavelength range 
from 300 nm to 1000 nm including the major absorptive wavelength range of a-Si from 400 
nm to 800 nm [24]. The measured reflectance spectra of both samples under normal incidence 
are shown in Fig. 6. The measured reflectance is roughly consistent with the calculated result 
in the visible range. The slightly low reflectance and magnitude of ripple pattern of both 
samples in the wavelength range of UV and IR may be attributed to the difference between 
the optical properties of a-Si single layer and that of the a-Si layers of thin film solar cell 
structure. There is little difference in the ripple pattern of reflectance between the measured 
and calculated results in the UV and visible wavelength region, however in IR wavelength 
region the magnitude of ripple pattern of sample B (with GRIS) is remarkably reduced when it 
was compared with sample A (without GRIS) for both measured and calculated results. This 
may be caused by the GRIS because the light reflected from Ag is not reflected as much as 
that of sample A. However, for the a-Si solar cells, strong absorption of a-Si occurs in the 
visible wavelength range. The GRIS is directly contributed to the suppression of reflectance 
of the thin film a-Si solar cell structure. 

 

Fig. 6. Measured reflectance of sample A (without the GRIS) and B (with the GRIS) at normal 
incidence as a function of wavelength. 
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Figure 7 (a) and (b) show the calculated reflectance and Fig. 7 (c) and (d) show the 
measured reflectance as function of incident angle and wavelength. As can be seen in both the 
calculated and measured results, the reflection from the solar cell structure is suppressed 
significantly by the use of the GRIS between ITO and a-Si layer. Despite of a little 
discreapancy between calculated and measured results, it is obvious that the significant 
decrease of reflection by GRIS is present. Figure 8 shows the measured average reflectance 
depending on the angle of incidence. The measured reflectance at each incident angle of light 
was averaged in the wavelength range from 400 nm to 800 nm. The incident angle dependent 
reflectance was measured by spectrophotometer with a depolarizer to give unpolarized light. 
The measured average reflectance is slightly increased as the angle of incidence becomes 
larger from normal, and above 40° of incident angle it is rapidly increased for both samples. 
In the incident angle range of 0-50°, which is especially important for practical solar cell 
applications, the average reflectance was less than 10% at wavelengths of 400-800 nm. The 
experimental results are in reasonable agreement with the calculated results, and the 
difference between reflectances of the solar cell structures with and without the GRIS is also 
about 10%. Furthermore the interference oscillations are greatly reduced in the reflectance 
spectrum of sample B. This can be explained by the fact that light is mostly absorbed after 
reflection by the Ag, indicating an improved more light arrival by effective refractive index 
matching. At normal incidence, the average reflectance of the solar cell structure with the 
GRIS was decreased by 54%. Consequently, the use of the GRIS in the thin film a-Si solar 
cells, which is very simple and low cost, provides efficient wide-angle antireflection 
properties. 

 

Fig. 7. Calculated reflectance of the structures (a) without and (b) with the GRIS as function of 
wavelength and incident angle. Measured reflectance of the structures (c) without and (d) with 
the GRIS as function of wavelength and incident angle. 

#137336 - $15.00 USD Received 3 Nov 2010; revised 16 Dec 2010; accepted 27 Dec 2010; published 13 Jan 2011
(C) 2011 OSA 14 March 2011 / Vol. 19,  S2 / OPTICS EXPRESS  A116



0 10 20 30 40 50 60 70
5

10

15

20

25

30

Sample B

 

 

R
e

fl
e

c
ta

n
c
e

 (
%

)

Incident angle (degree)

Average Reflectance (400~800 nm)

Measured Results (unpolarized)

Sample A

 

Fig. 8. Measured average reflectance of sample A and B as a function of incident angle for 
unpolarized light. 

5. Conclusion 

In summary, the novel thin film a-Si solar cell structure with GRIS was proposed for 
suppressing the reflectance at the interface between ITO layer and a-Si layer. The 
antireflective GRIS which has the refractive index matched to the ITO layer is placed on the 
absorptive layer, thus reducing the reflection from that interface mentioned above. The optical 
property of the structure was investigated theoretically and experimentally, and the calculated 
results in reasonable agreement with the measured results. The GRIS was fabricated by e-
beam evaporation with OAD technique, hence the effective refractive index of a-Si can be 
varied controllably by angle of incident e-beam flux. The reflectance of solar cell structure 
with the GRIS is suppressed over the whole desired wavelength range, and its average value 
in the wavelength range 400-800 nm was decreased by 54% from the conventional solar cell 
structure without the GRIS. Compared to other antireflective structures, the structure with the 
GRIS of a-Si is more promising for the enhancement of efficiency of superstrate type thin film 
a-Si solar cells. 
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