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One of the key issues of thin-film silicon solar cells is their limited optical absorptance due to the thin absorber layer and the low
absorption coefficient for near-infrared wavelengths. Texturing of one or more interfaces in the layered structure of these cells is
an important technique to scatter light and enhance the optical pathlength. This in turn enhances the optical absorption of the
solar radiation in the absorber layer and improves the solar cell efficiency. In this paper we investigate the effects of textured glass
superstrate surfaces on the optical absorptance of intrinsic a-Si:H films and a-Si:H p-i-n thin-film solar cell precursors deposited
onto them. The silicon-facing surface of the glass sheets was textured with the aluminium-induced glass texturing method (AIT
method). Absorption in both intrinsic silicon films and solar cell precursor structures is found to increase strongly due to the
textured glass superstrate. The increased absorption due to the AIT glass opens up the possibility to reduce the absorber layer
thickness of a-Si:H solar cells.

1. Introduction

Thin-film solar cells have potential for low-cost photovoltaic
(PV) electricity generation due to inherent advantages such
as reduced semiconductor material consumption and the
ability to deposit thin films over large areas. However, the
thin nature of the absorber limits the optical absorption of
the cells. Hydrogenated amorphous silicon (a-Si:H) has a
very high optical absorption coefficient for photons with
energy larger than the bandgap, enabling absorber layer
thicknesses of well below 500 nm for such solar cells. How-
ever, light-induced degradation (Staebler-Wronski effect) is a
known phenomenon that degrades the efficiency of a-Si:H
solar cells when exposed to sunlight. To minimize the light-
induced degradation effect, absorber layer thicknesses of less
than 250 nm are required, which demands excellent light
trapping in the structure [1].

To overcome the problem of low optical absorption, var-
ious techniques have been tested in the past and reported

in the literature to enhance the absorption in these cells,
whereby light trapping in thin-film silicon solar cells has been
used as early as 1974 [2]. Textured surfaces are known to
scatter the light passing through thin-film solar cells, thereby
increasing the optical pathlength in the cells and hence the
overall absorptance. Advanced opticalmodeling predicts that
light trapping methods, such as texturing the superstrate of
thin-film solar cells, canmaintain high photocurrents in very
thin a-Si:H solar cells [3]. Experimentally, different texturing
methods have been used for light scattering in thin-film
solar cells, for example, using a textured front transparent
conductive oxide (TCO) [4] or etching of the glass sheet
[5, 6]. The TCO film is either textured after its deposition
or self-textured during deposition due to the specifics of the
deposition process. The scattering properties of a number
of differently textured surfaces have been studied in the
literature, and the optical haze value has beenwidely used as a
parameter to evaluate the scattering of light within thin-film
structures [3, 7, 8].
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Figure 1: AFM image of the AIT sample after TCO deposition. (a) is the 2D top view and (b) is the 3D projection of the AFMmeasurement.
The 𝑧-axis scale is not proportional to the scales of the 𝑥- and 𝑦-axis.

It is well known that front surface texturing, which leads
to scattering of light, and a good back surface reflector are
both needed to gain the full benefit of optical absorption
enhancement. According to Deckman et al. [9], optimum
textures have feature sizes that are somewhat larger than the
wavelength of the relevant photons, while both very large
and very small feature sizes (relative to the wavelength of the
relevant photons) do not provide good scattering of the light.
The Lambertian limit of increasing the absorption length due
to scattering is𝑚 ≈ 4𝑛2, where 𝑛 is the refractive index of the
absorber layer [9] and𝑚 is ameasure of the optical absorption
enhancement due to both oblique and multiple passes [10].
Considering 𝑛 ≈ 4 for a-Si:H, the Lambertian limit for optical
enhancement is about 60. However, in actual a-Si:H solar
cells, 𝑚 does not exceed values of about 20 due to parasitic
absorption losses [11].

In the present workwe use the aluminum-induced textur-
ing (AIT) method [12, 13] to texture the silicon-facing surface
of soda-lime glass sheets. The AIT glass sheets are used as
a superstrate for a-Si:H p-i-n precursor solar cell structures
designed to investigate the optical absorptance enhancement.
The AIT method was previously used for texturing the glass
superstrates of polycrystalline silicon thin-film solar cells to
enhance light trapping [14]. The thickness of these polycrys-
talline silicon thin-film solar cells is about 2-3 𝜇m. In the
present paper, we investigate the optical absorptance of a-
Si:H films and solar cell precursors on AIT glass superstrates.
For comparison, planar glass sheets are also included in the
experiments. A layer-by-layer study is performed, enabling
the determination of the optical properties of complete a-Si:H
p-i-n precursor structures as well as their building blocks.
The purpose of the study is to understand the potential for

increasing the optical absorption in thin a-Si:H film (thick-
ness less than 300 nm) using the AIT glass texturing method.
The AIT method is capable of producing textured glass
surfaces with a wide range of roughness and lateral feature
size. The typical lateral feature size of AIT glass is larger than
that of the available textured TCOs. As a result, it is important
to investigate whether the AIT glass enhances the optical
absorption in a-Si:H thin-film solar cells.

2. Materials and Methods

The soda-lime glass sheets used in this study have a thickness
of 3mm. Several glass sheets were textured on the silicon-
facing surface with the aluminum-induced texturing (AIT)
method [12]. The AIT process was carried out by sputtering
a thin (∼100 nm) layer of Al onto one surface of a glass
sheet. The sample was then heated to about 600∘C in a
furnace, causing the Al to react with the glass. The reaction
products were then etched off wet-chemically in a solution
of hydrofluoric acid and nitric acid. The textured glass
samples were then rinsed in water and dried. Details on the
preparation of AIT glass sheets and their properties can be
found in the literature [12, 13, 15]. Figure 1 shows an AFM
image of a textured glass surface used in this study.

In order to comprehensively study the effect of the AIT
glass texture on the absorptance of amorphous silicon thin-
film solar cells, experiments were performed to investigate
the optical absorptance of intrinsic a-Si:H films as well as
p-i-n a-Si:H solar cell precursors on such glass sheets. For
comparison, the same experiments were also performed on
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Figure 2: Schematic of the investigated structures on textured glass (not to scale). (a) a-Si:H layer on AIT glass, (b) solar cell precursor on
AIT glass.

planar glass sheets. The haze value (see (1)) of the used AIT
glass sheets was about 50%.

Two sets of experiments were performed in this work. In
the first, an intrinsic a-Si:H film of thickness 115 or 270 nm
was deposited onto planar glass and AIT glass. The resulting
sample structure using the textured glass sheet is shown in
Figure 2(a). In the second set of experiments, a TCO/p-i-
n/TCO solar cell precursor was deposited onto planar and
AIT glass sheets. The resulting sample structure for the
textured glass sheet is shown inFigure 2(b). BothTCOs (front
and rear) consist of aluminum-doped zinc oxide (“AZO”).
No back surface reflector was deposited, leading to the
transmission of some long-wavelength light (see Figure 2).
The AZO films were deposited by magnetron sputtering.The
thickness of the front AZO film on the planar glass sheet
was 900 nm, as measured with a spectroscopic ellipsometer
(Sopra, GES 5E, Forouhi-Bloomer model). The thickness of
the rear AZO film was about 100 nm, as calculated from the
deposition rate of the front AZO film. As in this paper the
focus is on investigating the effects of the AIT texture on
the absorptance of the a-Si:H thin-film solar cell precursors,
no wet-chemical postdeposition AZO texturing step was
applied in these experiments.The single-junction p-i-n a-Si:H
structure was deposited by plasma-enhanced chemical vapor
deposition (PECVD). The thicknesses of the 𝑝 and 𝑛 layers
were measured by fitting of ellipsometric data (Tauc-Lorentz
model), giving 25 and 20 nm, respectively. The thickness of
the intrinsic a-Si:H layer was either 115 or 270 nm.

Total transmittance, diffuse transmittance, and total re-
flectance were measured using a spectrophotometer with

integrating sphere (PerkinElmer, Lambda 950). The diffuse
transmittance was measured by opening a port at the rear
of the integrating sphere and thereby letting the nonscattered
transmitted light escape from the integrating sphere.The total
absorptance of the sample was then determined using𝐴 = 1−
𝑇−𝑅, where𝐴,𝑇, and𝑅 are themeasured total optical absorp-
tance, total transmittance, and total reflectance, respectively.
The haze value𝐻 of each sample was determined via

𝐻(%) =
𝑇diff
𝑇total
× 100, (1)

where 𝑇diff and 𝑇total are the measured diffuse and total trans-
mittances.

Since the absorptance𝐴 of the presented solar cell precur-
sor represents the absorptance in the entire structure (i.e., not
only in the intrinsic layer), it is not possible to calculate the
short-circuit current enhancement for this structure using
the total absorptance (i.e., there is no way to quantify the
contribution of parasitic absorption to the total absorptance
value). In order to compare the absorptance of different
samples under solar illumination, a solar spectrum weighted
average absorptance (𝐴

𝑤
) is calculated via

𝐴
𝑤
=

∫𝐴 (𝜆)Φ (𝜆) 𝑑𝜆

∫Φ (𝜆) 𝑑𝜆

, (2)

where 𝐴 (𝜆) and 𝜆 are the absorptance and wavelength,
respectively. In this work, 𝐴

𝑤
was calculated by integrat-

ing over the wavelength range of 400–800 nm. This wave-
length range was chosen to avoid the influence of the optical
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Figure 3: Measured total optical absorptance of glass/a-Si:H (intrinsic) samples on planar glass and AIT glass. The intrinsic a-Si:H layer has
a thickness of (a) 115 nm and (b) 270 nm. The structure of the textured sample is shown in Figure 2(a).
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Figure 4: Measured haze of the AIT superstrate sample before and
after the deposition of a 900 nm thick AZO film.

absorption of the glass superstrate as well as the TCO layer at
short wavelengths. In addition, the chosen wavelength range
includes the region in which the absorption coefficient of
a-Si:H dramatically decreases, in order to clearly show the
optical absorption enhancement induced by the textured
surface. The weighting function Φ(𝜆) represents the photon

flux of the solar spectral irradiance (AM1.5G spectrum [16])
within the wavelength range 𝑑𝜆.The photon fluxΦ(𝜆) can be
calculated via

Φ (𝜆) =

AM1.5G (𝜆)
𝐸photon (𝜆)

, (3)

where AM1.5G is the spectral power density of the global
solar spectrum at the Earth’s surface (sea level) and 𝐸photon is
the photon energy at wavelength 𝜆. This weighting function
is applied to ensure that the photon count distribution of the
desired solar spectrum is considered.

3. Results and Discussion

Figure 3 shows themeasured absorptance of a single intrinsic
a-Si:H layer on planar and AIT glass for an a-Si:H film
thickness of (a) 115 nm and (b) 270 nm. Clearly, for both Si
film thicknesses, the AIT glass produces a significant optical
absorptance enhancement of the samples at both long and
short wavelengths. The optical bandgap of both a-Si:H films
was calculated from transmittance and reflectance data of
planar samples using the method described in [17], giving a
value of about 1.7 eV for both films.

In order to better compare the absorptance of the samples,
their solar weighted average absorptances𝐴

𝑤
were calculated

as described in Section 2 for the wavelength range 400–
800 nm. Table 1 shows the results. It can be seen that by using
the AIT glass, the weighted absorptance increases by 6.6%abs
(% absolute) and 5.6%abs for the two a-Si:H film thicknesses
(115 and 270 nm). Since the absorption difference of planar
and AIT glass without any film is quite small (2.1%abs), the
gain in the optical absorptance is mainly due to the increased
optical pathlength in the silicon film. Table 1 also shows that
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Figure 5: Measured absorptance of the a-Si:H solar cell precursors on AIT glass and planar glass. The intrinsic a-Si:H layer thickness is (a)
115 nm and (b) 270 nm.

Table 1: AM1.5Gweighted average absorptance𝐴
𝑤
of the four sam-

ples of Figure 3, integrated over the wavelength range 400–800 nm.
Also shown are the absorptances of the bare (i.e., noncoated) glass
sheets.

Thickness of
the intrinsic
a-Si:H film
(nm)

Absorptance of
planar sample

(%)

Absorptance of
textured

sample (%)

Absolute
increase (%abs)

0 0.2 2.3 N.A.
115 29.1 35.7 6.6
270 37.1 42.7 5.6

the effect of texturing the glass is equivalent to using a thicker
silicon film on the planar glass sheet. As can be seen, the
weighted absorptance of the AIT sample with a 115 nm thick
a-Si:H film is almost the same as that of a 270 nm thick a-
Si:H film on planar glass.Thus, to absorb the same number of
photons in an a-Si:H film on an AIT glass sheet requires less
than half the thickness of the a-Si:H film deposited onto the
planar glass sheet.

Given the fact that the AIT glass enhances the optical ab-
sorptance in an intrinsic amorphous silicon film, we pro-
ceeded to make complete amorphous silicon solar cell pre-
cursors, as shown in Figure 2(b), and measured their optical
absorption properties on a layer-by-layer basis. Again, two
intrinsic absorber layer thicknesses (115 and 270 nm) were
used. Figure 4 shows the haze curve of the AIT glass sheets
before and after the deposition of a 900 nm thick AZO film.
As can be seen, the TCO film slightly reduces the optical
haze of the structure (by ∼10%) and leads to the emergence
of interference fringes. The reasons are slight changes in the
surface morphology after TCO deposition as well as some

Table 2: AM1.5Gweighted average absorptance of the four solar cell
precursor samples of Figure 5.

Thickness of
cell’s intrinsic
a-Si:H layer
(nm)

Absorptance of
planar sample

(%)

Absorptance of
AIT sample

(%)

Absolute
increase (%)

115 41.9 47.6 5.7
270 48.7 53.8 5.1

absorption in the TCO film. Although scattering at the
glass/TCO interface is weak due to the small change in refrac-
tive index, some additional absorption within the TCO film
will occur and thereby reduce the haze value. The parasitic
absorption change in the TCO is discussed elsewhere [18].

Figure 5 shows the absorptance of the complete solar cell
precursor deposited onto the AIT glass (see Figure 2(b)) for
two intrinsic absorber layer thicknesses (115 and 270 nm).
The figure also shows the absorptance values of identical
structures deposited in the same silicon deposition run onto a
planar glass sheet. As can be seen, for both intrinsic absorber
layer thicknesses, the AIT glass produces significantly higher
optical absorptance.

Table 2 shows the weighted absorptance of the solar cell
precursors made on AIT glass and on planar glass. It can be
seen that the textured glass surface produces a considerable
increase in the optical absorptance of the solar cell precursor
for both thicknesses of the intrinsic absorber layer. In fact,
the absorptance of the AIT solar cell precursor with a 115 nm
thick intrinsic layer is almost the same as that of the planar
solar cell precursor with a 270 nm thick intrinsic layer. Thus,
using AIT glass, the thickness of the intrinsic absorber layer
can be strongly reduced compared to planar glass. It is
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well known that a thinner absorber layer reduces the light-
induced degradation effect in amorphous silicon solar cells.
Hence, AIT glass might provide benefits for industrial amor-
phous silicon solar cells. It should be noted that the optical
absorption enhancement in this study includes parasitic
optical absorption. Hence, with respect to the photocurrent
gain of actual solar cells, the absorptance gain presented
here can be considered as an upper limit for the investigated
samples. This upper limit can possibly be improved further
by fine-tuning and optimization of the AIT glass texturing
method for a-Si:H solar cell structures.

4. Conclusion

The effect of glass texturing with the AITmethod on the opti-
cal absorption of single a-Si:H layers as well as a-Si:H solar
cell precursor structures (including TCOs) was experimen-
tally investigated. We found that the textured glass surface
produces a strong increase in the optical absorptance of the
solar cell precursor for awide range of intrinsic absorber layer
thicknesses (115–270 nm). Further increases seem possible by
optimising the surface topography of AIT glass sheets for
a-Si:H solar cell applications. Thus, the results of this work
suggest that the AIT glass texturing method has potential for
industrial amorphous silicon solar cells.
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