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ABSTRACT: A three-dimensional model that predicts the interface
morphologies of silicon thin-film solar cells prepared on randomly
textured substrates was developed and compared to experimental data.
The surface morphologies of silicon solar cells were calculated by using
atomic force microscope scans of the textured substrates and the
film thickness as input data. Calculated surface morphologies of silicon
solar cells are in good agreement with experimentally measured mor-
phologies. A detailed description of the solar cell interface morphol-
ogies is necessary to understand light-trapping in silicon single junc-
tion and micromorph tandem thin-film solar cells and derive optimal light-trapping structures.
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■ INTRODUCTION

Photon-management or light-trapping is crucial for achieving
silicon thin-film solar cells with high energy conversion
efficiency. Efficient light-trapping in silicon thin-film solar cells
is realized by texturing the front or back contact. Randomly
textured transparent conductive oxides (TCO) are widely used
as front contacts to achieve light-trapping in superstrate (p-i-n)
configuration solar cells.1−10 Light-trapping in substrate (n-i-p)
configuration solar cells is achieved by texturing the back
contact.11−17 When depositing amorphous or microcrystalline
silicon on textured substrates, the surface textures propagate
through the thin-film solar cell leading to a solar cell with
textured front and back contact. Experimental results and optical
simulations show that solar cells with both contacts textured
exhibit high short circuit currents.14,18 Most publications in the
literature assume that surface textures propagate unchanged
through the thin-film solar cell.18−21 However, experimental
measurements reveal that surface textures are significantly
affected by the solar cell deposition process leading to different
front and back contact textures.9,22−27

Determining the interface morphologies of silicon solar cells
deposited on textured substrates allows for deriving new
strategies to optimize and improve light-trapping. The interface
morphologies can be measured by atomic force microscopy
(AFM). However, complex aligning procedures are required to
measure the corresponding front and back contact texture. As an
alternative, cross-sectional scanning electron microscopy (SEM)
images can be used.9,23−27 However, cross sectional SEM images
can be used only for two-dimensional (2D) textured substrates,
such as line-gratings or three-dimensional (3D) textured
substrates with periodical surface textures and radial symmetry.
This manuscript describes a simple approach to predict the
interface morphologies of amorphous and microcrystalline

silicon thin-film solar cells deposited on textured substrates
using plasma enhanced chemical vapor deposition (PECVD).
The approach is demonstrated for silicon solar cells deposited on
randomly textured TCO. However, the same approach can be
used to determine the interface morphologies of silicon single
junction and micromorph tandem solar cells deposited on
different textured substrates, including coaxial nanowire solar
cells or textured glass substrates.1,4,12,22,24,25

■ METHODS
Modeling Interface Morphology. Light-trapping in silicon thin-

film solar cells is influenced by the front and back contact morphology.
The front contact textures should increase scattering/diffraction of the
incident light, while minimizing reflection losses. The front contact
textures in superstrate configuration solar cells are determined by the
fabrication process of the TCO layer. Sputtered and etched zinc
oxide (ZnO) films exhibit craterlike features, while pyramidlike
features are observed for ZnO films prepared by low pressure chem-
ical vapor deposition and tin oxide films fabricated by atmospheric
pressure chemical vapor deposition.2−9 The interface and back
contact morphology are determined by the surface textures of
TCO and the silicon film formation. Consequently, significant
differences between the front and back contact morphology are
observed (Figure 1b).

Figure 1 exhibits cross sections of typical amorphous silicon thin-film
solar cells prepared on commercial Asahi U substrate.3−6 The common
approach to model thin film solar cells by using identical front and back
contact morphology is shown in Figure 1a. Figure 1b depicts the cross
section of an amorphous silicon solar cell based on experimental
measurements. The back contact morphology determines the optical
losses and scattering properties of the metal back reflector. Hence, an
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accurate description of the back contact textures is required to create a
realistic optical model and determine the optimal light-trapping structures.
Silicon solar cells are commonly deposited by a PECVD process.3−15

PECVD growth conditions range from chemical vapor deposition
(CVD) to physical vapor deposition (PVD) conditions.28,29 PVD-like
growth conditions result in films with high density of electronic
defects.28,29 On the other hand, CVD-like growth conditions re-
sult in uniform films with low defect density.28,29 For solar cell
applications, silicon films with low defect density are required andCVD-like
growth conditions are necessary.28−30 CVD-like growth conditions exhibit a
low sticking coefficient, resulting in an excellent surface coverage of the
film.28,29 In such cases, the direction of the local surface normal can be used
to describe silicon film formation (Figure 2b).

Figure 2a exhibits the commonly used approach in which the silicon
film formation is determined by the direction of the glass substrate
normal. The morphology of the film is an exact replica of the
substrate morphology and there is no coverage of the substrate
side walls. Realistic film morphologies can be obtained by using
the direction of the local surface normal as shown in Figure 2b. This
approach predicts differences between the substrate and the film

morphology. Smoothening of the film surface occurs for substrate
peak points and the film thickness for such peak points is equal to
nominal film thickness (d). On the other hand, the film thickness for
the substrate valley points is larger than the nominal film thickness.
Hence, merging of the surface textures is possible for realistic film
formation. To calculate realistic interface morphologies, a surface
coverage algorithm is developed (Figure 2c). The surface coverage
algorithm obtains interface morphology by determining the local
surface normal for each substrate point and applying the film

Figure 1. Cross-section of amorphous silicon solar cell deposited on Asahi
U substrate using (a) common model of the back contact morphology and
(b) experimentally measured back contact morphology.

Figure 2.Modeling of silicon film formation (a) in the direction of glass
substrate normal and (b) in the direction of local surface normal. (c)
Developed surface coverage algorithm.

Figure 3. Atomic force microscopy images of (a) Asahi U substrate and
(b) deposited 300 nm thick amorphous silicon film. (c) Calculated
amorphous silicon film morphology deposited on Asahi U substrate.
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thickness in a given direction. The direction factor (k) is introduced
assuming that the film thickness (d(k, α)) depends upon the angle
between the local surface normal and the glass substrate normal (α)
as shown in Figure 2c. For substrate points where the local surface
normal is parallel to the substrate normal (α = 0°), the film thickness
is equal to the nominal value. If the local surface normal is orthogonal
to the glass substrate normal (α = 90°), the film thickness is reduced
to k·d. When the direction factor is equal to zero, there is no surface

coverage of the side walls, and film formation in the direction of the
glass substrate normal is obtained (Figure 2a). If the direction factor
is equal to one, the film thickness in the direction of the local surface
normal is equal to the nominal value and a uniform film formation
is achieved (Figure 2b). Depending on the substrate morphology,
for some x- and y-coordinates several film surface points can be
calculated, and the surface coverage algorithm selects the highest
surface points. As a consequence, the developed surface coverage
algorithm is not able to describe the formation of holes or voids
in a film.

Experimental Setup. To verify the surface coverage algorithm,
atomic force microscopy (AFM) was used to experimentally measure
the front and back contact surface textures of silicon solar cells. In the
first step, the surface of the TCO substrate is measured. For this study,
Asahi U and etched ZnO films were chosen as substrates due to different
surface textures. The Asahi U type substrates are characterized by the
random arrangement of pyramids with lateral size in the range from
50 to 400 nm (Figures 3a and 6a). Etched ZnO films exhibit large and
deep craters with lateral dimensions from 500 to 2000 nm (Figures 4a
and 7a). Amorphous and microcrystalline silicon films were deposited
on Asahi U and etched ZnO substrates by a PECVD process using a gas
mixture of silane and hydrogen. The deposition of amorphous silicon
was achieved at a deposition pressure of 133 Pa and for a substrate
temperature of 260 °C. Microcrystalline silicon films were deposited
at a pressure of 1333 Pa, and the substrate temperature was 200 °C. In
the next step, the morphologies of the silicon films were measured.
A special alignment process using laser markers was established to
measure exactly the same area as for the substrates. In the last step, the
morphologies of the silicon films were simulated. Only the AFM scans of
the randomly textured TCO and the nominal thickness of deposited
silicon films were used as input parameters for the surface coverage
algorithm.

Figure 4. AFM images of (a) sputtered and wet-etched ZnO substrate
and (b) deposited amorphous silicon film. (c) Calculated amorphous
silicon film morphology on etched ZnO substrate.

Figure 5. Power spectral density of the measured substrate (black line),
amorphous silicon film (blue line), and calculated film morphology (red
line) for (a) Asahi U and (b) wet-etched ZnO.
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■ RESULTS AND DISCUSSION

Amorphous Silicon Films. Amorphous silicon solar cells
prepared on randomly textured substrates exhibit conver-
sion efficiencies of more than 10%.6,7 The typical thickness of
amorphous silicon solar cells is 300 nm to achieve a good
collection of photogenerated charge carriers.3,5,6 Therefore, in
this study, the nominal thickness of amorphous silicon films was
300 nm (Figures 3b and 4b). Amorphous silicon films exhibit
uniform surface coverage, and to simulate film morphologies, the
direction factor was set to one.
Figure 3a exhibits the AFM image of an Asahi U substrate,

while the corresponding back contact morphology of a 300 nm
thick amorphous silicon film is shown in Figure 3b. The
calculated amorphous silicon film morphology is depicted
in Figure 3c. A very good agreement between the measured
and the simulated surface is observed. The measured and
simulated silicon film morphologies reveal that lateral
dimensions of pyramidal textures become larger after the
deposition of amorphous silicon film. Smaller surface fea-
tures disappear and merge with larger features if the lateral
dimensions are smaller than the thickness of amorphous
silicon film. Furthermore, a smoothening of the pyramid tips is
observed.
Figure 4a exhibits an AFM scan of a sputtered and wet-etched

ZnO substrate. The measured and simulated morphology of a
300 nm thick deposited amorphous silicon film are shown in
Figure 4b and c, respectively. Again, the predicted surface
morphology of amorphous silicon film is in good agreement
with experimental data. Unlike Asahi U substrate, the lateral

dimension of crater textures is almost the same after silicon
film deposition. The surface textures of the etched ZnO do not
merge since the lateral dimension of the craters is comparable
with amorphous silicon film thickness. However, sharp edges
around craters become smoother and rounder. In order to
compare the measured and calculated silicon film morphol-
ogies, the power spectral density (PSD) was calculated and
presented in Figure 5.
The PSD of the measured AFM images and simulated

surface morphologies were obtained by a Fourier transform of
the autocorrelation function.31 Figure 5a exhibits the PSD of
the measured Asahi U substrate (black line) and deposited
amorphous silicon film (blue line). Differences in the PSD of
the measured substrate and silicon film for Asahi U substrate
confirm that the surface morphology is significantly influenced
by the silicon film growth. Figure 5b presents the PSD of the
measured ZnO substrate (black line) and deposited
amorphous silicon film (blue line). The PSD of the etched
ZnO substrate and the deposited silicon film exhibit only small
differences. The detailed analysis of the Asahi U and etched
ZnO surface textures shows that a larger change of the silicon
film surface morphology is observed if the lateral dimensions
of the surface texture are comparable or smaller than the
silicon film thickness, which is the case for the Asahi U
substrate. A comparison of the PSD for the measured (blue
line) and calculated surfaces (red line) of the amorphous
silicon film exhibits very good agreement for all spatial fre-
quencies for both substrates.

Figure 6.AFM images of (a) Asahi U substrate and (b) deposited 1000 nm thickmicrocrystalline silicon film. (c) Calculated microcrystalline silicon film
morphology deposited on Asahi U substrate and (d) measured 1000 nm thick microcrystalline silicon film without nanofeatures.
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Microcrystalline Silicon Films. Microcrystalline silicon
solar cells prepared on randomly textured substrates exhibit
conversion efficiencies of more than 9% and short circuit currents
exceeding 24 mA/cm2.6,7 Recently, microcrystalline silicon solar
cells with a conversion efficiency of 10.5% and a short circuit
current of 26.6 mA/cm2 have been reported.9 The formation of
microcrystalline silicon films is a complex process. Growth of the
microcrystalline silicon film is directional due to the formation of
micro/nanocrystallites.30 Consequently, the back contact surface
textures are influenced by the film formation and by natural
textures of the microcrystalline silicon. The nominal thickness
of the deposited microcrystalline silicon film was 1000 nm. The
film thickness of 1000 nm was chosen to be consistent with the
thickness of a typical single junction microcrystalline silicon solar
cell.5,6 The surface coverage algorithm does not describe the
formation of the microcrystalline silicon natural textures.
Therefore, the algorithm was used only to describe the evolution
of the front contact textures. The direction factor (k) was set to
0.75 accounting for the directional growth of the microcrystalline
silicon films.
Figure 6a exhibits the AFM image of an Asahi U substrate,

while the corresponding back contact morphology of a 1000 nm
thickmicrocrystalline silicon film is shown in Figure 6b. The back
contact morphology of microcrystalline silicon films can be
described as a superposition of the front contact textures that
propagate through microcrystalline silicon film and nanofeatures
that are formed during film growth. The simulated morphology
of microcrystalline silicon deposited on an Asahi U substrate

is shown in Figure 6c. In order to allow for a direct comparison
of measured and simulated data, the nanofeatures were filtered
out.32 Figure 6d shows the measured back contact morphol-
ogy after filtering out the natural texture. Figure 6d exhibits
good agreement with the simulated back contact morphology
(Figure 6c). Consequently, the surface coverage algorithm is able
to accurately predict the evolution of the front contact features
for microcrystalline silicon film. Figure 6c and d show that
back contact textures are larger and smoother compared to the
substrate textures similar to amorphous silicon.
The measured morphology of etched ZnO substrate and

deposited microcrystalline silicon film are presented in Figure 7a
and b, respectively. Changes to the surface textures are much
smaller compared to Asahi U substrate. However, the back
contact morphology is again influenced by the microcrystalline
silicon nanofeatures. The simulated back contact morphology is
shown in Figure 7c. The measured back contact morphology
without nanofeatures is presented in Figure 7d. A good
agreement between the simulated and measured morphology is
observed. A detailed comparison of the measured and simulated
morphologies for both substrates is achieved by obtaining the
PSD (Figure 8)
Figure 8a exhibits the PSD of the Asahi U substrate (black line)

and deposited microcrystalline silicon film (blue line). Significant
differences between the substrate and film morphology are
observed similar to the amorphous silicon film. Figure 8a also
shows the PSD for the simulated microcrystalline silicon film
morphology (red line) and the measured film morphology

Figure 7. AFM images of (a) sputtered and wet-etched ZnO substrate and (b) deposited 1000 nm thick microcrystalline silicon film. (c)
Calculated microcrystalline silicon film morphology on etched ZnO substrate and (d) measured 1000 nm thick microcrystalline silicon film
without nanofeatures.
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without nanofeatures (green line). The surface coverage
algorithm accurately predicts the evolution of the front contact
textures, and there are only small differences compared to the
measured film without nanofeatures. The PSD of the measured
morphologies of the etched ZnO substrate (black line) and
corresponding microcrystalline silicon film (blue line) are shown
in Figure 8b. The measured microcrystalline silicon film is
significantly different from the substrate morphology, which is
caused by the formation of nanofeatures. Nevertheless, the
simulated film morphology (red line) is in good agreement with
the measured film morphology without nanofeatures (green
line).
Interface Morphology of Micromorph Tandem Solar

Cells. Nowadays, the majority of research and production is
focused on micromorph tandem solar cells.4−8 Energy
conversion efficiencies larger than 14% have been demon-
strated for micromorph tandem solar cells.6 To gain insight
into light-trapping in micromorph tandem solar cells, the sur-
face coverage algorithm was used to determine the interface
morphologies and characterize changes to surface textures.
The interface profiles and back contact morphology depend
on the substrate type and the thicknesses of the top and
bottom solar cell. For the Asahi U substrate, the thickness
of the top cell ranges from 200 to 300 nm, while the thickness
of the bottom cell is from 1300 to 1700 nm.4−8 For the
etched ZnO substrate, the thickness of the top cell is larger
(300−400 nm) and the thickness of the bottom cell is smaller
(800−1200 nm).4−8

Figure 9 exhibits simulated cross sections and changes to the
roughness and surface feature size of tandem solar cells deposited
on Asahi U and etched ZnO substrate. The average feature size
was extracted using an image segmentation approach.33 The
cross section of tandem solar cell on an Ashai U-type substrate is
shown in Figure 9a. The simulated thickness of the top cell was
250 nm, while the bottom cell was 1500 nm thick. The Asahi U
substrate exhibits rootmean square (RMS) roughness of∼40 nm
and an average feature size of ∼220 nm. Therefore, the Asahi U
substrate efficiently scatters shorter wavelength light and a
relatively thin amorphous silicon top cell is needed. On the
other hand, longer wavelengths are not efficiently scattered and a
thick bottom microcrystalline silicon solar cell is required.
Consequently, the back contact morphology is smooth and
exhibits poor light scattering properties. Figure 9c exhibits
simulated RMS roughness and feature size of the back contact as
a function of the solar cell thickness for amorphous, micro-
crystalline, and micromorph tandem silicon solar cells deposited
on the Asahi U substrate. The lowest RMS roughness of the back
contact and the largest back contact feature size are observed in
the case of amorphous silicon. On the other hand, microcrystal-
line silicon solar cell will exhibit the highest RMS roughness and
the smallest feature size of the back contact. Due to the small top
cell thickness and large bottom cell thickness, the back contact
morphology of tandem solar cells on Asahi U substrate is similar
to microcrystalline silicon solar cells. For the top cell of 250 nm
and bottom cell of 1500 nm, the back contact roughness
drops to ∼30 nm, while the average feature size is increased
to ∼540 nm. The cross section of a tandem solar cell on an
etched ZnO substrate is shown in Figure 9b. The simulated
thickness of the amorphous top cell was 350 nm, while the
bottom cell was 1000 nm thick. The etched ZnO substrate
exhibits RMS roughness of ∼100 nm and an average feature
size of ∼840 nm. The textures of etched ZnO efficiently
scatter/diffract longer wavelengths, but light-trapping proper-
ties for the shorter wavelengths are poor. Consequently, the
top cell must be thicker than for the Asahi U substrate and the
bottom cell must be thinner. The initial roughness and
textures of the etched ZnO are much larger than for the Asahi
U substrate. Hence, the back contact morphology is rough
and efficiently scatters/diffracts longer wavelengths. Figure 9d
exhibits simulated RMS roughness and feature size of the back
contact for silicon solar cells deposited on etched ZnO
substrate. As for Asahi U substrate, the lowest RMS roughness
and largest feature size is observed for amorphous silicon. The
back contact morphology of micromorph tandem solar cells is
different from microcrystalline silicon since the bottom cell
thickness is much smaller than for Asahi U substrate. For the
top cell of 350 nm and bottom cell of 1000 nm, the back
contact roughness drops to ∼87 nm while the feature size is
increased to ∼975 nm.
The surface coverage algorithm does not describe the

formation of microcrystalline natural textures and the cross
sections shown in Figure 9 exhibit back contact morphology
without nanofeatures. Also, the influence of nanofeatures on
the back contact roughness and feature size was neglected.
The nanofeatures of the back contact can have a significant
influence on the light trapping and optical losses of the
back contact.34,35 In order to get a better description of the
microcrystalline and micromorph tandem silicon solar cell,
artificial nanotextures can be added to the simulated back
contact morphologies.35

Figure 8. Power spectral density of the measured substrate (black line),
microcrystalline silicon film (blue line), microcrystalline film without
nanofeatures (green line), and calculated film morphology (red line) for
(a) Asahi U and (b) wet-etched ZnO.
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■ CONCLUSION

A simple approach to predict the surface of silicon solar cells
prepared on the random textured substrates is presented and
compared to experimental data. The prediction model was
demonstrated for amorphous and microcrystalline silicon films
prepared on Asahi U and etched ZnO substrates. The mor-
phology of silicon thin films was calculated by using the AFM
scan of the TCO substrate and the thickness of the silicon film
as input data. The low temperature amorphous silicon grows
uniformly in the direction of the local surface normal. The
simulated amorphous silicon film morphologies are in good
agreement with the measured data for both substrates. The
growth of microcrystalline silicon is a complex process resulting
in different surface morphologies compared to amorphous
silicon. To account for the more directional formation of the
microcrystalline silicon film, a direction factor was introduced.
The surface coverage algorithm accurately predicts the evolution
of the front contact textures, and the simulated microcrystalline
silicon film morphologies are in good agreement with measured
films without nanofeatures. An accurate description of the inter-
face morphologies provides better insights in the optics of silicon
solar cells and allows for determining optimal light trapping
structures. The developed surface coverage algorithm is

necessary to understand light trapping in silicon single junction
and micromorph tandem solar cells. The presented algorithm is
not limited to randomly textured substrates and should also
be used to determine realistic interface morphologies of silicon
solar cells prepared on arbitrary textured substrates, including
nanowire or textured glass substrates.
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