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Abstract
Advanced light managements on nanostructured substrates have delivered outstanding optical
absorption enhancement for high performance solar cells. In this work, thin-film amorphous
silicon (a-Si:H) solar cell with efficient light trapping capability was constructed on the nano-
patterned back reflector. In order to investigate the fundamental properties of the nano-
patterned solar cell, the spatial distributions of electrical properties in silicon absorption layers
are simulated by a coupled optical and electrical modeling method. The current density and
electric field distribution under different bias voltages are compared. While the patterned
device shows much higher short circuit current density, the open circuit voltage (VOC) is lower
than its counterpart. In nanostructured device, the relatively weak electric field is preferred to
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be localized in the top corners, where a local current reversal will occur and lead to the
reduction of VOC. An increasing doping concentration in p-layer promotes the internal electric
field as well as the corresponding short circuit current and open circuit voltage. This work
provides guidelines for rational design of light harvesting nanostructure for high performance
thin film solar cells.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

Thin film solar cells are highly attractive solutions for flexible
and low cost solar energy conversion. Advanced light man-
agement strategies based on nano-structures have been
developed in order to explore the full potential of thin-film
solar cells [1–5]. Rather than the conventional randomly
micron-sized textured substrates [6,7], three-dimensional
(3-D) nanostructures, such as nanopillars [1], nanocones
[2,8], nanowells [3], nanodents [4], nanospikes [5,9], and
hierarchical architecture [10] have been intensively investi-
gated for the enhancement of light absorption. The enhance-
ment is mainly attributed to the effective refractive index
gradient from the top of the nano-structure to the bulk
material and the increased optical path length created by
structural scattering [11]. In addition to the geometry light
trapping, novel designs exciting surface plasmon resonance
[12] and photonic waveguide mode coupling [13] have been
demonstrated to substantially improve the electromagnetic
field in the absorber layers with enhanced light harvesting
capability and thereafter photo-to-electric conversion
efficiency.

We have recently demonstrated plasmonic back reflector
through patterning aluminum foils by a series of electro-
chemical processes [4]. Thin-film amorphous silicon (a-Si:H)
solar cells were constructed on the novel substrate and
showed superior light capturing capability. Due to the nano-
patterned surface, electrical parameters, such as electric
field intensity, carrier density, recombination rate and
current density, are supposed to be distributed in an uneven
manner in microscopic inheriting the light absorption profile
and device morphology. All these parameters will couple in
a much more complicated way and make the overall energy
conversion performance unpredictable. There is still a lack
of fundamental understanding on the spatial distribution of
these electrical parameters in nanostructured solar cells,
which will couple in a rather complicated way and make the
overall energy conversion performance unpredictable.

Optical simulations could reveal non-uniform light absorp-
tion profiles and coupling effects induced by the nanoscaled
architectures. Using coupled optical and electrical modeling,
Deceglie et al. [14] investigated the coupling effect of optical
generation rate distribution and doping profiles, and pointed
out that maximizing absorption in the intrinsic region rather
than doped layers of thin film a-Si:H solar cells can provide an
improved carrier collection and overall efficiency. In this
work, simulations of coupled optical and electrical modeling
are carried out based on thin-film n–i–p a-Si:H solar cells with
nanodent array back reflector that has been experimentally
realized in our previous work [4]. Full-wave electromagnetic
simulations from the finite difference time domain (FDTD)
method are conducted to deduce the white-light optical
generation rate. The carrier generation profiles in the a-Si:H
layers were used as input, by interpolation, in a technology
computer aided design (TCAD) device electrical simulation.
The optical and electrical characteristics are studied by
analyzing the coupling of non-uniformly distributed optical
generation, electric field, carrier density, recombination,
etc. These investigations have not only exemplified the
critical necessity of the coupled optical/electrical design
but also raised a set of generic guidelines for device
performance optimization.
Theory and calculation

The closed-packed hexagonal nanodent structures formed
on high purity Al foils (Figure 1a) are employed as the
substrates. Experimentally, the pattern and pitch size can
be controlled by the electrochemical process [4]. In this
study, the pitch size defined by the distance between
centers of two adjacent nanodents is around 500 nm.
Thin-film n–i–p a-Si:H solar cells are constructed on this
pre-patterned substrate as shown in Figure 1b. One dimen-
sional (1-D) simulations have been used to provide valuable
guidance for optimization of solar cell designs [15]. How-
ever, in order to accurately disclose the correlations of
optical and electrical distribution in 3-D configuration,
multi-dimensional simulations become crucially necessary.
In our study, optical properties of the nanostructured solar
cells were studied through 3-D optical simulation while
electrical transport characteristics were calculated by 2-D
manner to save computational resources. Meanwhile, a set
of 2-D cross sections of structure were simulated to animate
the electrical performances in three dimensions.

The 3-D structure of n–i–p a-Si:H solar cell used for the
simulations is illustrated in Figure 1c by assuming conformal
coating of each functional layer. The pitch size is set as
500 nm following the previous experimental results [4]. The
corresponding thicknesses of each layer (Ag/TCO (transpar-
ent conductive oxide)/n-a-Si:H/i-a-Si:H/p-a-Si:H/TCO) are
set to be 100/30/20/200/10/80 nm, respectively. Figure 1d
depicts the top view of the solar cell, where the rectangular
area indicates one unit cell of the periodic structure. For
comparison, planar solar cells with identical thickness of
each layer are also investigated as control device.

The optical properties are simulated by numerically
solving Maxwell's equations through a commercial FDTD
simulation package [16]. In brief, a plane wave light source
is set to be polarized along the x-axis, with symmetrical
boundaries in the z-axis, anti-symmetrical boundaries in the
x-axis, and perfectly matched layer (PML) boundary in the



Figure 1 SEM images of the tilted views of (a) pre-patterned Al substrate and (b) corresponding a-Si:H solar cell. (c) A 3-D
configuration of the unit cell used in the simulation. (d) Top view of the modeling device (pitch size (p)=500 nm). The labeled
rectangle indicates the region of unit cell.
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y-axis. Another orthogonally polarized light source along the
z-axis is considered in parallel with symmetrical and anti-
symmetrical boundaries along the x- and z-axes, respec-
tively. The calculated optical generation rates under the
two orthogonally polarized light sources will be averaged to
imitate the incident sunlight [17,18]. Optical data of Al and
Ag are taken from Palik's Handbook of Optical Constants
[19], and TCO and n–i–p a-Si:H layers are modeled using the
measured data as described in our previous work [4].

The optical generation rate Gopt(λ) of each wavelength
can be calculated by using [20]

GoptðλÞ ¼
ε″jεðλÞj2

2ℏ
ð1Þ

where ε″ is the imaginary part of material permittivity, ћ is
Planck's constant divided by 2π, |E(λ)|2 is the wavelength
dependent on optical field intensity. The optical generation
rate profiles at each wavelength (11.1 nm interval in 0.3–
1.4 μm wavelength range) weighted by the standard air
mass (AM) 1.5 spectrum are integrated to get white-light
profiles. The white-light optical generation rate profiles in
n–i–p a-Si:H layers act as the input.

2-D simulations are carried out in the subsequent elec-
trical simulations by using Synopsys Sentaurus TCAD suite
while assuming ideal ohmic contacts imposed on vertical
boundaries. Neumann boundary conditions are employed to
model the periodic geometry in horizontal directions that
are not defined as the contacts [21]. It is known that the
disordered characteristic of a-Si:H results in a continuous
density of states (DOS) within the localized states as a
function of energy. The localized states of amorphous silicon
can be expressed by dangling defect states, and the tails of
conduction band (CB) and valence band (VB) [22]. The
defect states within the bandgap could follow Gaussian
profiles while the band tails can be represented by expo-
nential function [23]. A set of parameters for depicting
these states and other electrical properties are adopted
from literature [24] as listed in the Supporting Information
(Table. S1). The electric field is calculated by Poisson's
equation [25]:

∇U E
-

¼ q
ε
ρ ð2Þ

where E
-

is the electric field, q is the elementary charge, ε
is the material permittivity and ρ is the space charge
density.

The current density profile and J–V curve are calculated
by solving electron (Eq. (3)) and hole (Eq. (4)) continuity
equations [26]:

∇UJn
-

¼ qðG�RÞþq
∂n
∂t

ð3Þ

�∇UJp
-

¼ qðG�RÞþq
∂p
∂t

ð4Þ

in which Jn
-

and Jp
-

are the electron and hole current
densities, respectively, R is the recombination rate, n and
p are the densities of holes and electrons, respectively; and
the transport equations for electron (Eq. (5)) and hole
(Eq. (6)) [26]

Jn
-

¼ qμnnE
-þqDn∇n ð5Þ

Jp
-

¼ qμppE
-�qDp∇p ð6Þ
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in which μn and μp are the electron and hole mobilities,
respectively, Dn and Dp are the electron and hole diffusion
coefficients, respectively.
Results and discussion

Figure 2a shows the optical generation rate profile in a planar
device, while the profile along the cross section (as indicated
by the central black dash line in Figure 2d) is presented in
Figure 2b. The corresponding 1-D generation rate profiles
vertically along the guidelines are displayed in Figure 2c. In
the case of planar device, the maximum value appears at the
top of the a-Si:H layer and decreases steadily as the light
passes through the active layer. The broad peak centered at
146 nm apart from top layer arises from the interference
effect in planar configuration. In comparison, the solar cell on
nanopatterned substrate shows greatly enhanced generation
rate, with an irregular but symmetrical shape arising from the
periodic geometry as indicated in Figure 2b. Relatively higher
values are distributed along the y-axis at x=0, and the front
parts near horizontal boundaries (i.e. two top corners).
Meanwhile, the relatively lower generation rate regions exist,
which symmetrically locate around the median (light blue
region). The improved overall optical performance is ascribed
to the efficient scattering of light in the short wavelength
region and the excitation of surface plasmon polaritons (SPP)
modes, localized surface plasmon (LSP) resonances and wave-
guide modes in long wavelength region as explicated in the
previous report [4].

For the patterned solar cell, the understanding of the
complex internal field (i.e. electric field and current density)
Figure 2 2-D generation rate distributions in a-Si:H layers with (a)
profiles in the intrinsic silicon layer with respect to the correspondi
patterned (black, red and blue lines) solar cells calculated from 2-D
labeled in the inset figure. Pattern-0.2 and pattern-0.3 indicate the
dash line.
profiles has become imperative to predict and optimize device
efficiency. The following 2-D numerical simulations that
describe the transport processes are carried out on one
representative cross section as illustrated by the dashed black
line in the inset in Figure 2d. Electric field profiles are
calculated by solving Poisson's equation (Eq. (2)). In the planar
solar cell under 0 V bias voltage, as shown in Figure 3a, the
electric field intensity shows very high values at the p/i and
i/n interfaces and exhibits approximately uniform distribution
within i-layer. This is in agreement with the experimental
results measured by scanning Kelvin probe microscopy [27].
While for the patterned solar cell (Figure 3b), the central
region near the top of intrinsic layer and the regions around
the coordinate of (70.25, 0.06) present higher electric field
strength than that in other regions. The corresponding 1-D
electric field profiles (Figure 3c) along the guided lines in
Figure 3a and b further state out the field characteristics for
the planar and patterned solar cells, respectively.

The current density can be deduced by numerically
solving the Poisson equation, continuity equations, and
transport equations on the finite element mesh with respect
to AM1.5G spectrum [26]. Subsequently, quasi-statically
sweeping the voltage boundary conditions at the contacts
can obtain white-light current density–voltage (J–V) curves.
Taking the complex 3-D configuration into account with the
non-uniform distributions of generation and recombination
rates, J�V curves are calculated from ten different cross
section traces with interval of 40–50 nm. The electrical
properties obtained from ten J–V curves and three repre-
sentative results can be found in Figure 2d and also listed in
Table. S2 (Supporting Information). The patterned solar cell
presents improvements of 32% in short circuit current (JSC)
planar and (b) textured configurations. (c) 1-D generation rate
ng guideline in (a) and (b). (d) J–V curves of planar (green) and
cross sections. The corresponding simulation cross sections are
cross section with 0.2 and 0.3 μm apart from the central black



Figure 3 (a–c) Electric field and (d–f) current density profiles in (a, d) planar and (b, e) patterned solar cells, respectively. (c, f)
The 1-D profiles in the intrinsic silicon layer with respect to the corresponding guidelines. Bias voltage=0 V.
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and 27% in energy conversion efficiency (ç), which mainly
benefit from the effective optical management. However, it
is clearly seen that patterned device has lower average
open circuit voltage (0.799 V) than planar device (0.827 V)
that will be discussed in the later sections.

Figure 3d–f shows the current density profiles of the
planar device and patterned device. The planar solar cell
shows uniform current density across the active layer which
is 200 nm in thickness while patterned solar cell possesses
symmetric higher current density as displayed in red in
Figure 3e. Careful observation in Figures 3b, e and 2b
discloses that the regions with high generation rate and
strong electric field intensity are preferable to possess high
current density.

While the patterned solar cell provides higher current density
as compared with planar device, a decrease of VOC is usually
observed. This result is in contrast to the recent results from
both simulation and experiments [14,28], that VOC is improved
due to increased photocurrent. Normally, there are two possible
reasons that could lead to the reduction of VOC, e.g. increased
junction area and deviations from conformal coating with
degraded material quality on the highly textured substrate
[29–32]. In case of a-Si:H solar cells, the trap-mediated
recombination in the bulk rather than the forward bias current
injected across the diode junction plays the major role [33–35].
Moreover, in our device modeling, it is assumed that each
functional layer is conformally coated with uniform film quality
without variation. As a result, the above two reasons on VOC
reduction are not valid.

The variation of VOC could originate from the different opto-
electrical spatial distributions in the planar and patterned solar
cells. To verify the assumption, the electric field and current
density distributions are calculated under different bias vol-
tages as shown in Figure 4, where the white triangles indicate
the flow direction of current and electric field.

In contrast to the uniform distribution laterally in planar cells
(Figure 4a), the patterned solar cell exhibits non-uniformity of
electric field, where the suppressed regions can be found at top
corners as labeled in Figure 4b. As the bias voltage increases to
0.8 V, the suppressed electric field strength located at the same
region becomes much distinct (Figure 4f). The current density
distribution in planar device stays uniform (Figure 4c and g)
while the patterned device shows symmetric distribution
feature as shown in Figure 4d and h. Detailed observation
indicates that the external bias voltage (0.8 V, VOC=0.806 V)
induces a localized current reversal in the both sides of unit cell
(Figure 4h) and net photocurrent approaching zero. The spatial
distributions of current density with the bias voltage ranging
from 0.75 to 1.0 V are also elucidated in Figure S1. Further
increased bias voltage at 0.85 V yields complete inversion as
can be seen in Figure S1e.

Spatial field analysis suggests that the current density
distributions are closely related with geometric shape of solar
cell. Meanwhile, the predominated transport in a-Si:H solar
cells is governed by drift collection [36,37]. The internal
electric field plays a vital role to enhance the drift current
while restrain the diffusion current flow from p to n layer
[38,39]. The regions with different electric fields can be
considered as sub-cells that compose the whole solar cell in
parallel or series configurations. The weaker electric field
regions are preferred for the initiation of current reverse
under a forward bias, and in turn are responsible for the
decrease of VOC. Thus the VOC of the patterned cell mainly
depends on the regions with the lowest electric field. This
microscopic current reversal explains why the VOC of the
patterned solar cells is lower than that of planar solar cells
although the patented solar cell has a higher JSC under the
condition that p-layer doping concentration is 3� 1018 cm�3.

In a-Si:H solar cells, one strategy to achieve a higher VOC
is to raise the internal electric field by increasing the doping
concentration. Consequently, a higher p-layer doping con-
centration of 8� 1018 cm�3 is used to investigate the VOC
variation and fields profiles in microscopic scale. Figure 5a
indicates that higher doping concentration of p layer leads



Figure 4 (a, b, e, f) Electric field and (c, d, g, h) current density profiles of (a, c, e, g) planar and (b, d, f, h) nanopatterned solar
cells under (a–d) 0 V and (e–h) 0.8 V forward bias (p-layer doping concentration: 3� 1018 cm�3). The arrows in the above
corresponding figures indicate the directions of electric field and the current density.

Figure 5 Spatial distribution of electric field (a and c) and current density (b and d) under 0 V bias (a and b) and 0.8 V bias (c and
d). p-Layer doping concentration: 8� 1018 cm�3.
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to a broader and higher internal electric field region,
although the relatively lower internal electric field regions
still exist. The overall electric field is suppressed by
increasing the bias voltage imposed upon the contact
(Figure 5c and Figure S1), however it is still stronger than
the device with lower doping concentration at the same bias
voltage (Figure 4f and Figure S1). Comparing Figures 4h and
5d, there is no current reversal in higher doping concentra-
tion device at the corresponding regions under 0.8 V bias
voltage. The curvature weakened local electric field is now
not significant enough to cause the current reversal under
higher doping concentration. Although the current reverse
will be eventually launched above 0.9 V (see Figure S1h and
j) at the top corners by further increasing the positive bias
voltage, the increase of p-layer doping concentration is
evidently an efficient approach to improve the VOC and
photo-electric conversion efficiency.

In addition to the electric field and current density, it is of
interest to see the variation of solar cell performance under
different doping concentrations. Figure 6 shows the perfor-
mance parameters of both planar and patterned devices as a
function of p-layer doping concentration where the optical



Figure 6 The dependences of (a) short circuit current JSC, (b) open circuit voltage VOC, (c) fill factor FF and (d) solar cell efficiency
on p-layer doping concentration.
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properties are assumed to be independent to doping concen-
tration. Patterned devices hold higher short circuit current due
to the superior light harvesting capability (Figure 6a). With the
increase of p-layer doping concentration, the VOC of patterned
solar cell increases dramatically and surpasses the planar ones
at the doping concentration of 7� 1018 cm�3 in Figure 6b.
Figure 6c shows that both devices have increasing fill factors
(FFs), which could be contributed by the enhanced carrier
separation due to the increasing internal electric field. Finally,
the efficiency has positive correction to increasing p-layer
doping concentration where the patterned solar cell achieves
an efficiency up to 13.496% with a 38% improvement compared
with that of planar device (see Figure 6d).
Conclusions

The optical and electrical performances of thin film a-Si:H solar
cells based on hexagonal patterned back reflector are evalu-
ated by numerical simulations. The patterned solar cell illus-
trates an outstanding optical absorption enhancement
compared with planar solar cell. The regions of high optical
generation rate and strong electric filed account for the high
current density that greatly improves the performance of
patterned solar cell. Meanwhile, due to the non-uniform
electric field distribution, weaker internal electric field region
causes localized current reversal when the forward bias voltage
approaches VOC. Increasing the doping concentration in doped
layer yields enhanced internal electric field, which can effec-
tively improve the VOC and eventually photo-electric conversion
efficiency of patterned solar cells. By employing the patterned
solar cell, this study based on optically and electrically coupled
simulation method demonstrates a rational strategy to design
and optimize the nanostructured thin film solar cells as well as
other optoelectronic devices.
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