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a b s t r a c t

Optical coupling and light trapping in thin-film solar cells are studied numerically using rigorous

solutions of Maxwell’s equations. The solar cell investigated consists of a ZnO/a-Si/ZnO/Ag structure,

though results may be generalized to any thin-film solar cell technology. Varying diffraction gratings

were studied, including periodic rectangular gratings, a four-level rectangular grating, and an arbitrary

grating resembling a randomly textured surface. A genetic algorithm was used to optimize multi-level

rectangular and arbitrary gratings. Solar cells with optimized multi-level rectangular gratings exhibit a

23% improvement over planar cells and 3.8% improvement over the optimal cell with periodic gratings.

Solar cells with optimized arbitrarily shaped gratings exhibit a 29% improvement over planar cells and

9.0% improvement over the optimal cell with periodic gratings. The enhanced solar cell efficiencies for

multi-level rectangular and arbitrary gratings are attributed to improved optical coupling and light

trapping across the solar spectrum.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Solar cells based on single-crystal silicon or epitaxial III–V
compound semiconductors continue to provide the highest
conversion efficiency. However, single-crystal solar cells and
associated concentrator cells are still higher in cost than desired
for generalized commercial use. Thin-film solar cells provide a
lower cost alternative to bulk and epitaxial single-crystalline solar
cells [1]. Several thin-film materials are currently under extensive
study, including copper indium gallium selenide (CIGS), CdTe,
organic materials, amorphous silicon, microcrystalline silicon, and
thin-film silicon alloys [2]. The minority carrier diffusion lengths
are generally small in these polycrystalline or amorphous thin
films, requiring thin layers to maximize charge collection
efficiency. The requirement for thin layers for maximum charge
collection efficiency, however, is contradictory for the require-
ment to maximize solar energy absorption. Optical absorption in
thin films is particularly small at longer wavelengths near the
band edge of the thin-film material, where the absorption
coefficient is low. As a result, the optical design or, equivalently,
increasing solar cell’s light-trapping capability is very important.
Randomly textured surfaces have been used and investigated for
both bulk crystalline and thin-film solar cell for many years [3–9].
These randomly textured surfaces are generally achieved through
ll rights reserved.

+1734763 9324.
specialized etching techniques, where light can be reflected and
‘‘trapped’’ in a thin-film structure by total internal reflection.
Small pyramid structures have also been used on the front side of
silicon solar cells in order to increase solar transmission and light
trapping [10,11]. Lithographically defined one-dimensional (1D)
periodic gratings have also been investigated [3,12–15] as an
alternative to randomly textured surfaces. The randomly textured
back reflector, however, typically shows superior performance
experimentally when compared to lithographically defined grat-
ings. The typical superiority of random gratings is generally
attributable to the diffractive characteristics of light and the need
to optimize the optical design across the broad solar spectrum.
Despite many past research efforts on thin-film solar cells, the
question may still be asked: what is the optimal design for light
coupling and trapping in thin-film solar cells? In the effort to work
towards an answer to this important question, detailed studies of
the optical characteristics and optimization of reflectors for thin-
film solar cells are described in this work.

A baseline thin-film solar cell employing transparent top and
bottom electrodes are modeled with varying reflector geometries
along one dimension. The specific thin-film solar cell studied is
based on an amorphous silicon structure, though qualitative
findings are applicable to any thin-film solar cell technology. The
goal is to find an optimal diffraction grating structure that is
capable of exceeding solar cell efficiency for 1D periodic grating
couplers. A genetic algorithm (GA) is employed for this purpose. In
this approach, two different structures are proposed: multi-level
rectangular gratings and arbitrarily shaped diffraction gratings.

www.sciencedirect.com/science/journal/solmat
www.elsevier.com/locate/solmat
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The former is experimentally feasible since multi-levels can be
achieved by separate lithography and etch steps. The latter is
somewhat difficult to realize experimentally but it mimics a
randomly textured surface, and would indicate the morphological
characteristics desired for optimal solar cell efficiency.
2. Solar cell model

The baseline thin-film solar cell structure consists of an
amorphous silicon junction with top and bottom transparent
ZnO contacts, and a back metallic reflector. The solar cell structure
is shown in Fig. 1 for the case of a flat cell and cell with a periodic
grating. The amorphous silicon thickness is assumed to be 1mm
and conformal coverage is assumed for cells with periodic
gratings. Material parameters used for a-Si and ZnO are taken
Fig. 1. Device structures for (a) the flat cell and cell with periodic grating couplers,

(b) multi-level rectangular gratings, and (c) arbitrarily shaped gratings.
from literature [16–19]. As a result, flat cells and cells with
periodic gratings have the same amount of amorphous silicon
material, and comparison of quantum efficiency reflects the light-
trapping capability of the structure. The ZnO front contact
thickness is 100 nm and the thickness of the ZnO bottom layer
varies with reflector geometry with groove height (hg) ranging
between 0 and 800 nm. The groove period (P) ranges from 0.5 to
5 um. Two proposed structures are shown in Fig. 1 with potential
to exceed periodic rectangular gratings through optimization. The
first structure is a multi-level rectangular grating, which repre-
sents an option that may be fabricated lithographically. In the
multi-level rectangular grating, adjacent groove height may be
changed and adjusted independently between predefined levels.
The number of predefined levels is chosen to be four in our
simulation to represent a reasonable number for fabrication. The
arbitrarily shaped diffraction grating structure can essentially
have any shape down to the spatial resolution in the simulation,
which is 0.0125mm in the lateral x-direction and 6.25 nm in the
vertical y-direction. Higher resolution in the y-direction can be
realized by specifying higher precision for the variables in GA, but
this also requires more generations to locate the maxima.

Solar cell efficiencies are calculated using finite element
methods for Maxwell’s equations using the software COMSOL.
Solar radiation is assumed to be at normal incidence, where a
scattering boundary condition is used for the top surface and
perfect electric conductor boundary condition for the bottom
metallic reflector. For left and right boundaries, periodic boundary
conditions are applied. One period of gratings is therefore
sufficient to represent infinitely many periods of gratings. For
multi-level rectangular and arbitrarily shaped gratings, a device
length of 5mm is assumed. The device length of 5mm was chosen
based on a series of simulations, where no apparent improvement
was observed for larger devices lengths. The incident wave is
assumed to have TE polarization, while TM or hybrid simulation
can be easily implemented with same approach. Due to the
assumption of TE polarization and two-dimensional device
geometry, only one component of electric field needs to be solved,
Ez. The electric field may be obtained by the solution of Helmholtz
equation [20]

r
2Ezð r

*
Þ þo2m�Ezð r

*
Þ ¼ 0 (1)

where m and e are the permeability and permittivity of the
materials, respectively.

The time-averaged power loss (or equivalently, absorbance) is
[21,22]

Qavð r
*
Þ ¼ 1

2sjEzð r
*
Þj2 (2)

and the quantum efficiency (QE) for monochromatic light is
calculated by

QEðlÞ ¼
R

Qavð r
*
Þd r

*

Pav;incident
(3)

where Pav;incident is the time-averaged optical power of the
monochromatic incident field. Eq. (3) is under the assumption
that all of the photo-generated electron–hole pairs are collected
by the electrodes and contribute to electrical current. In other
words, the carrier recombination time in amorphous silicon is
assumed to be much longer than the transit time in the intrinsic
region of p–i–n diode. The integrated quantum efficiency is then
calculated by integrating over wavelength using [23,24]

Int:QE ¼

R
ðl=hcÞSðlÞIðlÞdl
R
ðl=hcÞSðlÞdl

(4)

where S(l) is the spectral response of the solar cell, which equals
QE(l), and I(l) is AM 1.5 solar spectrum [25].



ARTICLE IN PRESS

Fig. 2. Illustration of the genetic algorithm scheme for defining multi-level

rectangular gratings (top) and arbitrarily shaped gratings (bottom).
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3. Genetic algorithm procedure

A GA or evolutionary algorithm is a stochastic global search
method that mimics the metaphor of natural biological evolution
[26]. The principle of survival of the fittest is applied to a
population of individuals, which are potential solutions to the
problem. Individuals with higher fitness in the problem domain
have a better chance to be selected and to reproduce their own
offspring. This results in individuals who are better suited to the
environment tending to have more children and higher fitness as
the evolution process proceeds, just as in natural adaptation. GAs
are particularly suited for search in very large or unbounded
sample spaces, and it has proven useful in many different fields
[27–30]. In the case of light coupling and trapping in solar cells,
the complexity associated with the wave nature of light and broad
solar spectrum results in a similarly large sample space for
possible grating structures for optimization of solar cell efficiency.

The specifics of the GA employed in this study are detailed
below. Binary coding is employed for chromosome representation,
where randomly generated bit strings are used to initialize the
population. Population size ranges of 10–50 individuals were used
in this study. For selection, stochastic universal sampling (SUS) is
employed, which is a single-phase sampling algorithm with
minimum spread and zero bias. Instead of the single selection
pointer employed in traditional methods (e.g. roulette wheel
methods), SUS uses N equally spaced pointers, where N is the
number of selections required. The population is shuffled
randomly and a single random number, ptr, in the range [0,
Sum/N] is generated, where Sum is the summation of all
individuals’ fitness value. The N individuals are then chosen by
generating the N pointers spaced by [1, ptr, ptr+1,y, ptr+N�1],
and the individuals whose fitness span the positions of the
pointers are selected. Single-point crossover is used for recombi-
nation. Randomly determined position in the chromosome
(binary bit strings) is set as the crossover point. The portion of
the chromosome after the crossover point is substituted with the
chromosome of the other parent, and thus two parents reproduce
two new individuals. For mutation, each bit in the chromosome
has a small probability to change its parity, as mimics natural
evolution. Finally, uniformly random reinsertion is used to form
new populations. When deciding which members in the old
population should be replaced by new individuals, the most
straightforward strategy will be replacing the least-fit ones.
Nonetheless, many other schemes are proposed and it has been
shown that there is not much difference in their convergence
behavior. In addition, it is advocated that replacing the least-fit
individuals during reinsertion equivalently implements elitist
strategy. Here, uniformly random scheme is used and thus the
replacement of the old individuals in a population is determined
randomly.

The definition of the device structure using the GA approach is
described in the following, and illustrated in Fig. 2. For a four-level
rectangular grating, the variables in the GA are hg(i) and P. The
variable hg(i), i ¼ 1, 2,y,10, is the groove height for each index
point in the grating, and P the groove width. For arbitrarily shaped
gratings, 401 vertices (x(i), y(i), i ¼ 1,2, y, 401) are utilized to
‘‘draw’’ the device structure. The values for x(i) ¼ 0, 0.0125mm,
0.025mm, y, 5mm are fixed with a total device length of 5mm.
Although the vertices define the shape of the gratings, the slopes
between vertices are used as the variables in the GA to define the
shape of the structure. The values for the vertices are then given
by y(i) ¼ y(i�1)+s(i�1)Dx, where Dx ¼ 0.0125mm is the x-spacing
and s(i) the slope. Specifying the slope of the structure turns out to
be an effective way to ‘‘draw’’ the device geometry since by
limiting the slope, GA gives gradually changed profile, which is a
more realistic picture of a randomly textured surface. The optimal



ARTICLE IN PRESS

A. Lin, J. Phillips / Solar Energy Materials & Solar Cells 92 (2008) 1689–16961692
shape may then be generated as the result of evolution. Diffraction
gratings defined in this way can have virtually any shape within
the resolution and slope limitation.
4. Results for flat and periodic gratings

It is illustrative to first compare the characteristics of planar
solar cells and solar cells with periodic gratings. For periodic
gratings, optical coupling and trapping will depend on the
relationship of groove height and groove period, which will have
strong optical interaction with specific wavelengths in the solar
spectrum. The calculated QE for varying groove height and a fixed
groove period of 1mm are shown in Fig. 3 for l ¼ 1000 nm and
l ¼ 400 nm. For the planar solar cell, the groove height equals the
total bottom ZnO thickness in excess of 200 nm. In these plots, the
planar cell shows impedance matching characteristics, where
periodic maxima and minima in QE correspond to optical
interference in the structure. Clear resonant peaks are observed
for cells with periodic gratings at l ¼ 1000 nm corresponding to
the Bragg condition in the cell at this wavelength. The observation
of strong resonance in the QE versus groove height is due to weak
absorption in a-Si at this near-infrared wavelength. At l ¼ 400
nm, cells with periodic gratings show significant performance
improvement over flat cells for groove height exceeding �100 nm.
The enhancement of QE for cells with periodic gratings at
l ¼ 1000 nm can be qualitatively understood by the following
argument. Incoming solar radiation will experience reflection at
the solar cell surface, ZnO/a-Si interfaces, and back reflector. For
flat cells, light that is coupled into the cell, but not absorbed in the
Fig. 4. Electric field profile ðjEzð r
*
ÞjÞ, for cells (hg ¼ 300 nm, P ¼ 1mm) with p
a-Si, will reflect from the backside and escape from the top
surface. The periodic grating on the backside will diffract the light
at an angle, with potential for multiple internal reflections,
leading to a longer optical path length and increased probability
for absorption. At shorter wavelengths, optical absorption is
high, leading to rapid decay of the incoming wave, as illustrated
in Fig. 4. The enhancement observed at l ¼ 400 nm for QE of cells
with periodic gratings is then primarily related to improved
transmission of the front side in solar cell structure. The grating
structure on the top side therefore acts as an anti-reflection layer.

The comparison of solar cells with periodic gratings of varying
groove height illustrates the complex dependence of QE on
grating geometry. For shorter wavelength, QE is generally strong
for groove height exceeding a particular value. For longer
wavelengths, QE will be optimal for particular geometry at a
particular wavelength due to resonant behavior. The resonant
behavior, however, will not correspond to other wavelengths in
the solar spectrum, and may not provide the optimal overall solar
cell efficiency. Integrated quantum efficiency, therefore, should be
calculated and used to assess and optimize periodic diffractive
grating performance. The dependence of integrated QE on the
groove height and groove period of solar cells with periodic
gratings is plotted in Fig. 5. From this plot, the optimal groove
height and groove period are hg ¼ 325 nm and P ¼ 1.4mm,
respectively, with an integrated QE of 0.579. This maximum
integrated QE may then be defined as the optimal solar cell with a
periodic grating, to be compared to random grating structures
later. Qualitative dependencies of integrated QE on periodic
grating geometry are discussed in the following. For groove
periods that are too large, there is insufficient interaction with the
eriodic grating couplers for l ¼ 400 nm, 600 nm, 800 m, and 1000 nm.
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incoming radiation at short wavelengths, reducing the effective-
ness of the grating to act as an anti-reflection layer. Similarly,
groove periods that are too small (less than �1mm) result in
decreased integrated QE, likely due to weak interaction between
the electromagnetic wave and the small feature size. Similar to
groove period, small groove height results in a decrease in
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integrated efficiency due to insufficient interaction with the
optical wave. The integrated QE is relatively insensitive to
groove height at larger dimensions. This insensitivity is related
to the broad band nature of the solar spectrum, where a given
groove height results in resonant behavior only for particular
wavelengths.
5. Results for random gratings optimized using genetic
algorithms

A random square grating may then be considered to improve
integrated QE in comparison to a periodic grating. The advantage
of a non-periodic geometry is that the diffractive behavior of a
more randomized grating will be distributed over a wider range of
the solar spectrum. The optimization of these structures cannot be
performed directly as in the case of periodic structures, due to the
much larger number of possible geometries. To further examine
potential improvements over periodic gratings, a multi-level
randomized rectangular grating is studied. The four-level grating
may be fabricated using three photolithography and etch steps.
Rectangular gratings of more levels may be capable of providing
even better performance due to a larger search space, but the four-
level system is chosen for practicality. The groove height (or etch
depth) was varied to have four levels in the range of 0–800 nm,
and groove width varying between 0.4 and 0.8mm. These values
were chosen to correspond to dimensions examined in the study
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of periodic gratings as shown in Fig. 5. The statistics using the
GA methodology are shown in Fig. 6 for one run, where the mean
is the average of integrated quantum efficiency among all
individuals of a certain generation. The mean shows an initial
increase and then convergence to a maximum of the objective
function. Standard deviation quantifies the diversity within a
population, which should decrease since the fittest individuals
tend to dominate in the evolution. The final structure obtained in
one run is shown in Fig. 6, along with corresponding electric
field profile at l ¼ 1000 nm and l ¼ 400 nm. The GA-optimized
four-level rectangular grating structure is capable of achiev-
ing integrated QE of 0.6010, in comparison to 0.5790
(3.8% improvement) for the optimal periodic grating and 0.4873
(23.3% improvement) for a planar solar cell.

The four-level rectangular grating demonstrates an appreciable
increase in efficiency over the periodic grating, though it is not
clear that this geometry is the optimal grating, based on the
practical constraints defined for rectangular geometry and four-
level limitation. Experimentally, randomly textured ZnO/Ag back
reflectors have always demonstrated high performance, but the
underlying reason is still not very clear. The use of the GA
approach to examine an arbitrary reflector geometry may provide
insight to the optimal geometry and high performance of solar
cells using textured surfaces. Initializing a random structure for
the GA optimization resulted in high integrated QE before
optimization, indicating the high performance achievable for
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randomized patterns in comparison to well-defined grating
structures. The final structure of a GA-optimized structure is
shown in Fig. 7, along with electric field profiles at l ¼ 1000 nm
and l ¼ 400 nm. The GA-optimized arbitrarily shaped grating is
capable of achieving an integrated QE of 0.6313, an improvement
of 9.04% over the best cell with periodic gratings and 29.6% over a
planar solar cell.
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latter has much higher integrated quantum efficiency. Although
not as strong as in periodic gratings, some resonance is still
observed for the four-level rectangular gratings, while there is
almost no resonance peak for the arbitrarily shaped gratings. From
these results, it is clear that a flat response is a desirable
characteristic for diffraction gratings in the solar cell.

The surface texture of the GA-optimized structure may be
further analyzed to gain insight to the high QE observed. Fourier
analysis of the rectangular periodic grating and arbitrarily shaped
GA-optimized grating are shown in Fig. 9. Here we utilize the
power spectral density (PSD) to characterize our proposed ZnO/Ag
back reflector structure [31,32]. PSD is a spectral analysis method
based on fast Fourier transform (FFT) and our calculation of PSD is
done with the help of Matlab signal processing toolbox using
Multitaper method. Detailed mathematics background can be
found in Ref. [33]. The PSD provides a means of illustrating the
spatial frequency components of the surface texture, and hence
facilitates analysis of the interaction between the surface micro-
structures and light. PSD is a valuable analysis tool, particularly
when regularity of the surface needs to be minimized. A standard
technique of characterizing surface roughness is through simply
providing a value for rms roughness; however, this does not
provide information on the spatial dimensions of the roughness.
In fact, it is possible for both a virtually random and an extremely
regular surface to produce the same rms roughness value.
However, a random surface will have essentially no peaks in the
PSD plot, while a very regular surface will show strong peaks [34].
By placing limits on the power measured in the PSD, a desired
level of randomness in the surface can be ensured. The PSD for
periodic and GA-optimized random gratings are shown in Fig. 9.
The PSD for the periodic grating shows strong peaks at several
spatial frequencies corresponding to the periodicity in the
structure, while other frequencies have a relatively weak spectral
power. The vertical scale is from �360 to �170 dBm and the
variation of the power spectrum is very significant. The sharp
features in the PSD would be undesirable for a solar cell grating,
where sharp resonance will be observed, but only at narrow bands
within the solar spectrum. It should be noted that these
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preferential frequencies may not directly coincide with the
resonance frequency observed in the solar cell spectral response
since detailed analysis (e.g. Maxwell’s equations) has to be done in
order to know the interaction between the optical wave and
spatial dimensions of the grating. For GA-optimized arbitrarily
shaped gratings, no strong peak is observed in its PSD plot while
the power spectrum has spatial frequency components at almost
every frequency. The power decreases by several orders of
magnitude with increased spatial frequency, similar to experi-
mentally measured PSD of textured ZnO surface. Note that the
vertical scale is from �280 to �170 dBm and the variation of the
spectral density is relatively small compared to periodic gratings,
indicating GA-optimized arbitrarily shaped gratings’ random
nature. The PSD is consistent with its spectral response, where
there are no strong resonant peaks. The optimal grating will
therefore provide the maximum optical coupling and trapping
when considering the full solar spectrum, generally resulting in a
flat PSD across spatial frequencies. Some shape of the PSD
spectrum might be expected for the optimal diffraction grating
to match the shape of the solar spectrum, though we observe
little, if any, shape for the GA-optimized structures studied.
6. Conclusion

Conversion efficiency is calculated for thin-film solar cells with
varying diffraction grating geometry assuming ideal collection
efficiency and using rigorous solutions of Maxwell’s equations.
Planar cells show QE fluctuations with the thickness of the
individual layers or wavelength, attributed to impedance match-
ing and wavelength-dependent absorption coefficient. Cells with
periodic grating couplers show higher QE at short wavelength in
comparison to planar cells as a result of higher transmission
introduced by the grating structure on the front contact. At longer
wavelength, resonance peaks are observed at specific wavelengths
corresponding to the geometry of the grating. The resonant
behavior provides an overall higher QE for cells with periodic
gratings in comparison to planar cells, attributed to light trapping.
GA-optimized multi-level rectangular gratings provide a 23%
improvement over flat cells and 3.8% improvement over the best
cell with periodic gratings. The improved behavior is believed to
be the result of light coupling and trapping effects for a broad
range of the solar spectrum. GA-optimized arbitrarily shaped
gratings further enhance this effect, where a 29% improvement
over flat cells and 9% improvement over the best periodic gratings
are observed. Arbitrarily shaped grating demonstrate a very flat
spectral response and uniform PSD. Analysis of the PSD on
experimental solar cell diffraction gratings would provide a useful
tool in the optimization of these structures. This work further
confirms the value of utilizing randomly textured surfaces for
optimal efficiency of thin-film solar cells.
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