
Research Article
Growth and Properties of ZnO:Al on Textured Glass for
Thin Film Solar Cells

Marta Lluscà,1 Aldrin Antony,1,2 and Joan Bertomeu1

1 Department of Applied Physics and Optics, Universitat de Barcelona, 08028 Barcelona, Spain
2Department of Energy Science and Engineering, Indian Institute of Technology Bombay, Mumbai 400076, India

Correspondence should be addressed to Marta Lluscà; marta.llusca@ub.edu
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Copyright © 2014 Marta Lluscà et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aluminium induced texturing (AIT)method has been used to texture glass substrates in order to enhance the photon absorption in
thin film solar cells. The resultant glass roughness has been analyzed by varying the AIT process parameters and it has been found
that the deposition method of Al is a decisive factor in tuning the texture. Two types of textures, a soft (texture E) and a rough
texture (texture S), were achieved from the thermally evaporated and sputtered Al layers through AIT process. Aluminium-doped
zinc oxide (AZO) layers of different thickness were deposited over both textures and over smooth glass. Haze values above 30%
were obtained for texture S + AZO and above 10% for texture E + AZO.The resultant morphologies were free from sharp edges or
deep valleys and the transparency and the resistivity values were also good enough to be used as front contact for thin film solar
cells. In order to demonstrate the light absorption enhancement in a solar cell device, 200 nm of a-Si:H followed by 300 nm of Ag
were grown over the textured and smooth substrates with AZO, and an optical absorption enhancement of 35% for texture E and
53% for texture S was obtained in comparison to the smooth substrate.

1. Introduction

Use of textured and conducting front contacts in thin film
silicon solar cells enhance photon absorption in active layers.
Thanks to index grading which decreases the reflection
losses and light trapping mechanism by the scattering at
the textured front surface, the net result is an increased
optical path for the incident light [1]. Texturing of glass sub-
strate is an interesting alternative to enhance light trapping
instead of using conventional naturally textured transparent
conducting oxides such as ZnO:B grown by LPCVD [2],
SnO
2
:F grown by APCVD [3], or through HCl etching of

sputtered ZnO:Al (AZO) [4]. In this work, the texturing of
the glass substrate by aluminium induced texturing (AIT) as
an alternative to improve optical behaviour of thin film solar
cells is studied as well as the growth of sputtered AZO over
these textured glass surfaces.

AIT is amethod to texture glass surface, which is based on
a thermally activated chemical reaction between the glass and
a thin Al layer deposited either by sputtering or evaporation

method [5].Thehigh temperature during the thermal anneal-
ing of the Al coated glass favours a spatially non-uniform
redox reaction according to the following equation:

4Al + 3SiO
2
→ 2Al

2
O
3
+ 3Si (1)

Followed by this thermal annealing, the reaction products
(Al
2
O
3
and Si) are removed by awet chemical etching and the

result is a rough and uniform texture over the glass surface.
It has been demonstrated that the final roughness can

be controlled by varying the process parameters such as
the etching solution [5, 6], the etching time [7], initial Al
thickness [8], and annealing conditions [7]. The AIT method
can create a suitable substrate texture for polysilicon solar
cells [5, 6, 8, 9] as well as for amorphous andmicrocrystalline
thin film silicon solar cells [7].

In this work different types of textures have been achieved
by varying the AIT process parameters such as Al thick-
ness, annealing time, and etching temperature, but a special
attention has been given to the Al deposition method that
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resulted in very different textures if the Al was deposited
by sputtering (texture S) or thermal evaporation (texture E).
Moreover, different thicknesses of DC sputtered AZO have
been deposited onto these textures. The surface morphology,
structure, and optical and electrical properties of the resulting
samples have been analysed in detail. It has been observed
that a double texture based on a U-shape morphology is
obtained for AZO deposited over texture E, presenting ∼14%
of haze at 600 nm with a sheet resistance of 7Ω/◻ (AZO
thickness = 1000 nm); on the other hand for AZO deposited
over texture S, the resultantmorphology yielded a cauliflower
surface texture with high haze values ∼30% at 600 nm.

2. Experimental

Borofloat glass substrates of 2mm thick were cautiously
cleaned in an ISO 7 (10000 type) clean room. The cleaning
process of the substrate was found to be a very critical step in
the resulting uniformity and texture of the glass surface. The
glass substrates were initially cleaned with detergent solution
(Decon 90) followed by the ultrasonic cleaning for 15minutes
each in deionised water, isopropanol, and again in deionised
water and then dried in nitrogen. To remove the humidity at
the surface, the cleaned glasses were kept in a hot air oven at
120∘C for 30 minutes.

Al was deposited at room temperature onto these cleaned
substrates by thermal evaporation. The thickness of the
evaporated Al films varied between 30 nm and 250 nm.
Also a magnetron sputtering system was employed for the
deposition of the Al film in order to compare the effect of
different deposition methods. Al films of 250 nm thickness
were deposited using an RF power of 150W at a working
pressure of 0.13 Pa without any intentional heating of the
substrate. The samples were then annealed in air atmosphere
in a quartz tubular furnace at 600∘C between 10 minutes to 1
hour, allowing a chemical reaction between the glass substrate
and the Al layer.

Removal of the Al layer and the reaction products was
realized by immersing in hot (185∘C) concentrated (85%)
orthophosphoric acid (H

3
PO
4
).The immersion timewas var-

ied from theminimum time needed for the complete removal
of the resultant layer (as determined from visual inspection)
to 60 additional minutes, and the solution temperature was
also varied from 160 to 210∘C.

AZO thin films were deposited via DC magnetron sput-
tering onto the textured glass substrates. The films were
deposited at a working pressure of 0.4 Pa, using a DC power
of 200 W and keeping the substrate at a temperature of
300∘C. The target used was ZnO/Al

2
O
3
(98/2 wt%) of 3

inch diameter and 99.99% purity. The base pressure in the
chamber was always below 7 × 10−4Pa. AZO films of three
different thicknesses 500 nm (AZO1), 700 nm (AZO2), and
1000 nm (AZO3) were deposited by varying the deposition
time onto textured and smooth glass substrates. Further,
amorphous silicon (a-Si:H) layers (200 nm) were deposited
by RF PECVD over smooth and textured samples with
1000 nm of AZO. In order to study the effect of the texture

on optical absorption, Ag of 300 nm was deposited by ther-
mal evaporation to form a nonfunctional device structure,
textured glass/AZO/a-Si:H/Ag.

Morphological characterization of the samples was per-
formed using atomic force microscopy (AFM) and high
resolution scanning electron microscopy (HRSEM). The
atomic force microscope images were taken using a Pacific
Instruments system and the software for data analyses was
XEI 1.7.3 of Psia Inc. from which the rms roughness (𝜎rms)
and the power spectral density (PSD) values were obtained.
The 𝜎rms values were calculated from the AFM images of 15 ×
15 𝜇m2 area. The HRSEM was done using a Nova NanoSEM
from FEI electron microscope.

The crystallinity of the AZO films was analysed using
X-ray diffraction method (PANalytical X’Pert PRO MPD
Alpha1 powder system, using Cu𝐾

𝛼
radiation, 𝜆 = 1.5406 Å).

The average crystallite size of the films (⟨𝐷⟩) was calculated
from the integral breadth using the following Scherrer for-
mula:

⟨𝐷⟩ =
𝜆

𝛽 cos 𝜃
, (2)

where 𝛽 is the integral breadth, 𝜆 is the X-ray wavelength,
and 𝜃 is the Bragg’s angle of diffraction corresponding to the
diffraction peak.

The transmittance (𝑇), diffused transmittance (𝑇
𝑑
), and

reflectance (𝑅) were recorded by using a spectrophotometer
(Perkin Elmer Lambda 950) with a 150mm integrating
sphere.

The haze ratio (𝐻) was calculated from the quotient
between 𝑇

𝑑
and 𝑇 following (3):

𝐻 =
𝑇
𝑑

𝑇
, (3)

and the absorbance (𝐴) was deduced by using the 𝑇 and 𝑅
spectra according to the following equation:

𝐴 (𝜆) = 1 − 𝑇 (𝜆) − 𝑅 (𝜆) . (4)

The sheet resistance was measured by using a four-point
probe system (Jandel RM3). To assess the quality of the
transparent and conducting films, the figure of merit values
were calculated according Haacke [10], using the relation,

Φ =
𝑇
10

𝑅
𝑠

, (5)

where 𝑇 is the integrated optical transmission in the range
400–800 nm, and 𝑅

𝑠
is the electrical sheet resistance inΩ/◻.

3. Results and Discussion

Theresults are divided into two sections, the first one presents
a study on the influence of the AIT parameters on the
resultant glass texture, and the second section presents the
characterization of different thicknesses ofAZOgrownon the
textured substrates. The optical and electrical properties are
critically evaluated based on the requirement to be used in
silicon thin films.
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3.1. AIT Process Parameters. To study the effect of annealing
time and Al thickness on the glass texturisation process,
Al layers of different thickness were evaporated on glass
substrates and were annealed varying in the time and tem-
perature. Independent of the thickness or the evaporation
conditions, the minimum temperature to allow the reaction
process to occur was ∼600∘C. The reaction usually started
from the edges of the samples and propagated to the centre
till the whole surface changed its aspect and became dark.
The time needed for the complete reaction depends on the
Al layer thickness. Figure 1 presents the 𝜎rms values estimated
from the AFM pictures in 15 × 15 𝜇m2 areas depending on
the annealing time and the initial Al thickness. The furnace
temperature was kept at 600∘C and the reaction products
were etched with hot H

3
PO
4
until they were completely

removed. The first point on each sample represents the
minimum annealing time required to produce the reaction.

As seen in Figure 1, once the reaction has occurred no
difference in 𝜎rms roughness was observed by increasing the
time of annealing. This behaviour was also observed for the
haze values of the samples (not shown here). In addition, it
has been seen that soft textures were formed (𝜎rms ∼ 15 nm)
for thicknesses < 50 nm due to the limited Al used, whereas
for thicknesses > 50 nm, higher textures (𝜎rms ∼ 45 nm) can
be achieved.

The etching solution that has been used is hot con-
centrated (85%) H

3
PO
4
between 160∘C and 210∘C. Since

water evaporates from the solution at this temperature range,
the solution gets more concentrated and the etching rate
increases and becomes difficult to control [11].Theminimum
temperature required to etch the reaction products was
observed to be 185∘C, and the etching time depended on
the initial Al thickness; thus thicker layers required more
time for etching. Furthermore, the etching process above
210∘C leads to the reaction of the solution with the glass,
forming silicon phosphate spots and reducing the texture
[12]. Although HF based solutions have been usually used
to etch the reaction products [5, 7, 8], in this work no other
acids than just hot H

3
PO
4
were employed. The deposition

method and the deposition parameters are critical for the
resultant roughness. In the case of sputtering, the energy at
which the Al adatoms reach the glass substrate is higher than
with evaporation, and hence the Al films are better adhered
to the substrate and grow more compact and even might
be diffusing into the substrate [13, 14]. Moreover, since it is
an interface reaction, the cleanliness of the surface is also
extremely important. To study the effect of the deposition
method on the final roughness, two samples with the same
Al thickness (∼250 nm) were prepared, one through thermal
evaporation (texture E) and the other one via RF magnetron
sputtering (texture S) without any substrate heating. Figure 2
shows the HRSEMmicrographs of the resultant glass surface
after applying theAITmethod using both techniques. As seen
in Figure 2(a), texture E showedU-shaped crater texture with
crater size varying between 500 nm to 1.5 𝜇m with 𝜎rms =

56 nm.The highly rough texture evolved for sample S (𝜎rms =

145 nm) is assigned to the efficiency of the sputtering process
to yield stronger adhesion and compact films in comparison
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Figure 1: 𝜎rms values estimated from AFM over 15 × 15𝜇m2 images
for different annealing time and Al thickness.

with evaporation [13, 14], and for these films during the
thermal annealing step of the AIT, the Al atoms might have
diffused deeper into the glass surface.

Figure 3 shows the haze values of Borofloat glass sub-
strates with textures E and S. It is seen that the haze value
reaches 35% for texture S and 15% for texture E at𝜆 = 600 nm.
Moreover, the integrated transmittance of these samples in
the range 400–800 nm was above 91%.

3.2. Properties of AZO on Textured Glass Substrates. To study
the influence of the glass texture on the growth of AZO,
three different thicknesses of AZO (500 nm, 700 nm, and
1000 nm) were deposited via DC magnetron sputtering onto
a smooth glass surface and on textures E and S. HRSEM and
AFM have been used to evaluate the morphology, and XRD
measurements were employed to characterize the structure.
Optical and electrical properties have also been analysed.

The characteristic texture of the sputtered AZO depends
on the deposition conditions [15] and thickness [16]. Accord-
ing to the Thornton model, at higher deposition pressures
and lower temperatures, higher roughness and less compact
layers are formed [15]. Since, in this work, it was prioritized to
get better conductivity, transparency, and compactness than
higher roughness values for TCO; sputtering conditions of
high substrate temperature and low working pressure were
used to yield films having soft textures of 𝜎rms ∼ 5–9 nm on
smooth substrates.

Figure 4 shows the HRSEMmicrographs of texture E and
its combination with 500 nm, 700 nm, and 1000 nm of AZO.
It can be seen that the samples with AZO over texture E show
a double texture based on U-shaped interconnected craters
of about 1𝜇m in size with nanoscale etching pattern spread
over the surface (Figures 4(b), 4(c), and 4(d)). The nanoscale
pattern that is observed over the craters could be due to the
presence of aminor roughness thatmight have formedduring
the AIT process (not appreciable in HRSEM micrograph of
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Figure 2: HRSEMmicrographs (tilted at 60∘) of textured glass surfaces (a) texture E and (b) texture S.
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Figure 3: Haze of texture E and texture S.

texture E) and became pronounced with the growth of AZO
deposition and/or due to the columnar growth over tilted
substrate surfaces. Such nano-dimensional etching patterns
have been observed for the wet chemical etching of sputtered
AZO films when HF is also used as an etchant along with
HCl [17]. The rms roughness values were estimated from
AFM images and it was found that the 𝜎rms of texture E
(∼56 nm) increased to ∼66 nm with the addition of 500 nm
AZO. The rms roughness further decreased to ∼58 nm with
700 nm of AZO and then slightly increased to ∼67 nm when
the AZO thickness was 1000 nm. This kind of textures could
be suitable for the growth of 𝜇c-Si and a-Si as it does not
exhibit peaks or deep valleys that can create cracks in the
microcrystalline silicon films. Moreover the crater diameter
lies between 500 nm to 1𝜇m (Figure 4) and has large opening
angles, which is reported to be adequate for thin film silicon
solar cells [18, 19].

Texture S, with a high substrate roughness of 𝜎rms =
145 nm, was found to be porous and randomly etched

(Figure 5(a)). The differences between textures E and S arise
from the different metal deposition method as described in
the AIT process section. The deposition of AZO over texture
S resulted in a cauliflower-like morphology with smooth
valleys and free from sharp peaks or edges. The high surface
porosity of texture S should have significantly controlled
the initial phase of the AZO growth over this texture. The
nucleation of the AZO films might have started by filling
the highly porous surface and then continued to grow into
the bulk columnar phase. This might be the reason for the
smooth and continuous transition of texture S/AZO interface
as shown in the cross-sectional SEM images of Figure 6.
This also explains the decrease in surface roughness from
145 nm for texture S to 80 nm for texture S with 700 nm of
AZO. When the thickness of AZO was further increased to
1000 nm, the 𝜎rms was found to increase up to 92 nm. This
increase in surface roughness may be due to the contribution
of different crystal orientations as shown in Figure 7 for this
sample (S+AZO3). The sample with 700 nm of AZO was
showing lower 𝜎rms values than the 500 nm and 1000 nm
samples for both textures and the reason for this behaviour
is not yet clear.

The structure of the AZO samples was analysed by means
of XRD measurements. Figure 7 shows the XRD patterns
in logarithmic scale to emphasize the low intensity features
of the different AZO layers deposited on smooth substrates
and on both textures E and S. All samples were found to
be polycrystalline and presented the most intense diffraction
peak at around 2𝜃 = 34.4∘, indicating a hexagonal wurtzite
structure of ZnO with the c-axis perpendicular to the sub-
strate and oriented preferentially along the [001] direction.
By comparing the XRD pattern of three different thicknesses
of AZO grown on smooth surfaces, only (002) and its second-
order reflection (004)were observed. In the case ofAZOfilms
over textured substrates, a decrease in the intensity of (002)
peak was observed with increase in roughness along with the
appearance of other crystallographic peaks corresponding to
(100), (102), and (101), probably due to the fact that the grains
are turned as the substrate is not smooth, revealing other ZnO
wurtzite orientations.
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 𝜎rms ∼ 56 nm

(a)
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(d)

Figure 4: HRSEM (tilted at 60∘) micrographs of (a) texture E, (b) E + AZO1 (500 nm), (c) E + AZO2 (700 nm), and (d) E + AZO3 (1000 nm).
The 𝜎rms values were obtained from AFM.

The lattice parameter c was estimated from the position
of the (002) peak, and all the films showed c parameter values
very similar to that of undoped ZnO (𝑐 = 0.521 nm) [20].The
average crystallite sizes in the direction normal to the reflect-
ing planes of AZO films over the smooth substrates showed
values ∼60 nm, and this is because these films were deposited
under identical conditions which differ only in thickness.
The average crystallite size of the films deposited on textured
substrates was 38 ± 5 nm. This difference in the crystallite
size and the appearance of the additional crystallographic
peaks for the textured substrates indicate that the growth of
AZOover randomly nanotextured substrates is quite different
than on the smooth substrates. The films over the smooth
substrates are highly preferentially oriented along the (002)
direction; whereas when AZO films are deposited over the
textured substrates, the initial nucleation of the films occurs
at the tittered and porous surfaces and this might have led to
a strained columnar growth.This is more predominant in the
case of texture S with high surface roughness and resulted in
showing different crystallographic growth orientations.

The surface roughness values and electrical and optical
properties of the AZO deposited samples are summarised

in Table 1. The resistivity of the AZO samples (average 𝜌 ∼
5.6 × 10−4Ω⋅cm) over smooth substrate did not show any
significant difference since they were deposited under the
same conditions; moreover, the average crystallite size values
were also the same (∼60 nm). AZO deposited over texture
E showed resistivity values (∼7 × 10−4Ω⋅cm) slightly higher
than those on smooth samples. Texture E presented very
smooth craters and its texture might not have critically
influenced the AZO growth. The resistivity of the AZO films
on texture S showed higher values of ∼10−3Ω⋅cm. One of
the electrical limiting transport mechanisms is the grain
boundary potential barrier, and less grain boundaries means
better conductivity.The presence of different crystal planes in
the AZO films over texture S compared to the other samples
suggests the existence of larger number of grain boundaries,
and this might have resulted in the high resistivity of these
samples.

Thehaze ratios of theAZOcoated substrates are plotted in
Figures 8(a) and 8(b) for texture E and texture S, respectively,
along with those of the commercially available Asahi-U
TCO. The integrated transmittance in the wavelength 400
to 800 nm and the calculated haze values at 600 nm of the
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Figure 5: HRSEM (tilted at 60∘) micrographs of (a) texture S, (b) S + AZO1 (500 nm), (c) S + AZO2 (700 nm), and (d) S + AZO3 (1000 nm).
The 𝜎rms values were obtained from AFM.
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Figure 6: Cross-sectional SEM micrographs of AZO3 deposited on (a) smooth glass, (b) texture E, and (c) texture S.
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Table 1: Surface roughness (𝜎rms), resistivity (𝜌), sheet resistance (𝑅𝑠), integrated transmittance 𝑇 (400–800 nm), haze at 600 nm, and figure
of merit values (Φ) of the AZO layers deposited on smooth and textured glass along with that of Asahi-U substrate.

Sample 𝜎rms (nm) 𝜌 (Ω⋅cm) 𝑅
𝑠
(Ω/◻) Integrated 𝑇

(400–800 nm) (%) Haze at 600 nm (%) Φ
(400–800 nm) (10

−3
Ω
−1)

AZO1 (500 nm) 5 5.6 × 10
−4 11.2 84.5 — 16.5

AZO2 (700 nm) 7 5.9 × 10
−4 8.4 84.5 — 22.1

AZO3 (1000 nm) 9 5.3 × 10
−4 5.3 81.8 — 25.4

E + AZO1 66 7.1 × 10
−4 14.2 84.5 13.7 13

E + AZO2 58 6.9 × 10
−4 9.8 84.5 10.7 19

E + AZO3 67 7.0 × 10
−4 7 81.6 14.1 18.8

S + AZO1 126 1.2 × 10
−3 23 75.5 43.7 2.6

S + AZO2 80 1.2 × 10
−3 16.5 75.9 32.5 3.8

S + AZO3 92 9.5 × 10
−4 9.5 73.5 33.1 4.9

Asahi-U 25 — 9.3 78.3 10.1 9.4
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AZO3 (1000nm)
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Figure 7: XRD patterns of the AZO films deposited over smooth
and textured glasses.

AZO coated samples are given in Table 1. The haze at 600 nm
wavelength showed a similar trend as that of roughness
values, where the samples with 700 nm AZO showing the
lower values for both textures E and S. A very high haze of
∼33% at 600 nm was achieved for the texture S samples. The
high haze in the wavelength range 600 to 1200 nm is highly
beneficial for the light trapping in a-Si/𝜇-cSi solar cells.

More detailed understanding of the surface roughness
can be extracted using the frequency distribution analysis
of the roughness obtained by the Fourier transform of the
AFM images. The power spectral density (PSD) function is
the frequency spectrum of the surface roughness measured
in inverse length and gives information about the periodicity
and amplitude of the roughness. By using AFM images of
15 × 15 𝜇m2, the PSD functions have been extracted from
the AFM software and are plotted in Figure 9 for texture E

and S along with that of Asahi-U as the reference (orange-
squared symbols). The PSD at low spatial frequencies reflects
the large lateral feature sizes that will contribute to lower-
angle scattering and the PSD at high spatial frequencies is
the result of a surface with small feature sizes which gives
the large-angle light scattering [21]. Samples on texture E
and S exhibit higher PSD values than Asahi-U, especially
in the low spatial frequency range and this indicates their
superior light scattering capability.This also means that these
textures possess both small and larger feature sizes which can
be confirmed by looking at theHRSEM images (Figures 4 and
5), where in all cases a superposition of a microtexture and a
nanotexture can be observed.

The desired sheet resistance value of the TCO for the
application as front contact in thin film silicon solar cells is ∼
10Ω/◻. Among the different samples reported here, the sheet
resistance showed a tendency to increase with the surface
roughness of glass. By considering the samples coated with
same thickness of AZO, texture S showed sheet resistance val-
ues almost twice the corresponding one on smooth substrate.
This high value of sheet resistance is a direct consequence
of the increase in resistivity of these samples as mentioned
earlier. An AZO thickness of nearly 1000 nm was necessary
to get a sheet resistance lower than 10Ω/◻ for texture S
and they showed a remarkable high haze value ∼33% at
600 nm, but the transparency dropped to 73.5%. The low
transmittance values of these samples compared to the AZO
on smooth or texture E samples can be accounted for the
very porous nature of texture S which could have formed
void regions of low refractive index resulting in the reflection
losses. Commercially available Asahi-U substrate shows a
sheet resistance of 9.3Ω/◻, transmittance of 78.3%, and a haze
value of 10% at 600 nm.Though texture S with 1000 nm AZO
shows very high haze and good sheet resistance compared
to Asahi-U, their transmittance is nearly 5% lower. Texture
E sample with 700 nm AZO showed high transmittance of
84.5%, haze value of 10.7%, and a low sheet resistance of
9.8Ω/◻, which are comparable to those of Asahi-U. Texture E
with 1000 nm AZO showed 81.5% transmittance with a high
haze ∼14% and a very low sheet resistance of 7Ω/◻.

In order to probe the effectiveness of the glass texture
on the optical absorption in an a-Si solar cell, 200 nm of
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Figure 8: Haze values of the samples (a) texture E, texture E + three different AZO thicknesses, and Asahi-U substrate and (b) texture S +
three different AZO thicknesses and Asahi-U substrate.

PS
D

 (𝜇
m

4
)

E + AZO1 (500nm)
E + AZO2 (700nm)
E+ AZO3 (1000nm)

Texture E
Asahi-U

K (𝜇m−1)
0.1 1 10

1

0.1

0.01

1E − 8

1E − 9

1E − 6

1E − 5

1E − 7

1E − 10

1E − 4

(a)

S + AZO1 (500nm)
S + AZO2 (700nm)
S + AZO3 (1000nm)

Texture S
Asahi-U

K (𝜇m−1)
0.1 1 10

PS
D

 (𝜇
m

4
)

1

0.1

0.01

1E − 8

1E − 9

1E − 6

1E − 5

1E − 7

1E − 10

1E − 4

(b)

Figure 9: PSD plots for (a) texture E, E + AZO1, E + AZO2, E + AZO3, and Asahi-U and (b) texture S, S + AZO1, S + AZO2, S + AZO3, and
Asahi-U.

a-Si:H were deposited over AZO3 coated texture E, texture
S, and on smooth glass, followed by a 300 nm of Ag layer.
The absorption spectra (1 − 𝑅) of these samples (textured
glass/AZO/a-Si:H/Ag) in thewavelength range 350 to 800 nm
are compared in Figure 10.The high absorption region below
800 nm is due to the optical band gap absorption of a-Si
which has band gap energy of ∼1.74 eV. It can be noticed
that the oscillations due to thin film interferences disappear
for the textured surfaces and the absorbance in this range
(350–800 nm) is highly improved in comparison to the

smooth glass. The calculated figure of merit (FOM) values
for TCOs on the smooth and textured glass are also given
in Table 1. FOM is an estimation of the quality of the TCO
based on the transmittance and electrical properties, and the
higher the FOM is, the better is the TCO. AZO deposited
on smooth glass substrates showed the high FOM values,
whereas AZO on texture S showed the lowest values. But
when the absorption ratio of the increase in the device is
considered as shown in Figure 10, the texture S showed the
highest absorption. Hence, it can be concluded that FOM
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Figure 10: (1 − 𝑅) spectra for smooth glass, texture E, and texture S
with AZO3/a-Si:H (200 nm)/Ag.

is not a qualifying property to be addressed for the light
scattering efficiency of a TCO in a solar cell, whereas the
haze value plays the decisive role. The samples on texture E
and texture S showed an increase in absorption (increase in
absorption for textured device to the absorption for smooth
one) of 35% and 53%, respectively, compared to those on the
smooth glass.The texturing at the glass/TCO in combination
with the modulated texture at AZO/a-Si interfaces results in
an improved optical scattering yielding a higher absorption.

4. Conclusion

In this work, two different types of glass textures have been
achieved depending on the Al deposition method and it has
been demonstrated that one of the decisive factors to tune the
texture roughness in AIT process is the method of deposition
of the Al over the glass. The higher energy with which the
adatoms reach the substrate surface during the sputtering
deposition process gives better adhesion and compactness to
the sputtered Al film and produced rougher textures during
AIT process in comparison to the thermally evaporated films.
The softer texture E (𝜎rms ∼ 56 nm) obtained from the
evaporatedAl showed smoothU-shaped craters (0.5 to 1 𝜇m),
whereas the sputtered films resulted in very rough and porous
texture S (𝜎rms ∼ 145 nm). AZO over texture E showed
U-shape craters with excellent electrical properties (𝜌 ∼
7 × 10

−4
Ω⋅cm), haze values above 10% at 600 nm, and high

transparency (𝑇
(400–800 nm) > 81%), whereas AZO on texture

S showed cauliflower-like surface. Though they showed high
haze values (>30%at 600 nm) and transmittance values above
73%, an AZO thickness of 1000 nm was necessary to obtain a
sheet resistance value below 10 Ω/◻. The efficiency of these
textures in light trapping was evaluated by fabricating the
device structure, textured glass/AZO/a-Si:H/Ag, using textures
E, S, and smooth glass. Absorption enhancements of 33% and

55% were obtained for textures E and S compared to those on
the smooth glass, confirming their ability to enhance the light
absorption in silicon thin film solar cells to gain higher short
circuit current.
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