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a b s t r a c t

Improving the performance of photovoltaics is important for increased deployment in a broad range of
applications. In this article, it is shown that combining detailed models for full-wave optics with one or
more other physics models represents an emerging field of research. In particular, connections are made
with geometric optics, electronic transport, and thermal transport. First, structures combining random
texturing and periodic gratings offer the promise of higher light-trapping performance for a broad range
of thin-film photovoltaic systems. Second, combining full-wave optics with electronic transport creates
an opportunity to accurately model the limits of performance for devices approaching the Shockley–
Queisser limit. Finally, combining optical with thermal modeling creates the potential for a physics-based
understanding of intrinsic photovoltaic module failures, necessary to ensure a long life for photovoltaic
cells.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Every day, enough sunlight strikes the surface of the earth to
supply the world's energy needs for the next 20 years [1,2].
However, the tremendous potential of this resource is tempered
by the current expense of converting raw sunlight into electricity.
In order to bridge this disconnect, the National Academy of
Engineering has formulated the following grand engineering
challenge: “make solar energy economical.”

Solar photovoltaic conversion methods can be broadly divided
into crystalline wafer-based and alternative approaches. Recent
world records have been set for wafer-based cells with one to three
distinct photovoltaic absorber materials: 28.3% for GaAs single
junctions, 36.9% for GaInP/GaAs tandem cells, and 43.5% for triple-
junctions of GaInP/GaAs/GaInNAs under 418 sun concentration [3].
Alternative photovoltaic technologies generally offer a substantial
discount of 15–20% in cost relative to crystalline wafer-based cells, at
the expense of lower maximum efficiencies [4–27]. One type of
alternative PV technology is thin-film inorganic cells [4–10]. Exam-
ples include copper indium gallium selenide (CIGS) with record
efficiencies of 20.4% [3,11–15], cadmium telluride (CdTe), with record
efficiencies of 16.1% [3,16], and tandem silicon micromorph cells,
with record efficiencies of 13.4% [3,17,18]. Other alternative PV
technologies include organic PV cells, with record efficiencies of
10.7% [3,19–24], and dye-sensitized solar cells, with record efficien-
cies of 11.9% [3,25–27].

In principle, a range of these materials, having bandgaps well-
matched to the solar spectrum and high electronic mobilities, are
capable of approaching the Shockley–Queisser limit [28,29]. How-
ever, approaching this limit in general is a challenging problem,
due to multiple charge carrier loss mechanisms beyond those
assumed in the SQ limit, including but not limited to Shockley–
Read–Hall, Auger and higher order carrier recombination pro-
cesses in bulk, at grain boundaries, and surfaces, as well as
Schottky barriers, and contact resistance [1,2,30–32]. Additional
challenges associated with incoming sunlight include front-
contact shadowing, reflection, and incomplete optical absorption,
as well as parasitic loss mechanisms such as free carrier absorption
and Ohmic absorption losses in metals [33–36].

Accurately predicting the performance of any solar cell under
standard test conditions requires a combination of suitable models
and experimental data for elementary material properties. Tradi-
tional modeling approaches have approximated elementary mate-
rial properties from experimental observations; the electronic
transport processes have been modeled in a semiclassical frame-
work using the drift–diffusion model [37–40], and photon transport
processes have been treated using an analytical expression such as
Beer's law. However, more sophisticated full-wave optics models
(using Maxwell's equations without approximations), such as finite-
difference time domain simulations, have become increasingly
prevalent [41–44].

In this paper, consideration is given to how one can combine
these full-wave models of photon management with other physi-
cal effects which give rise to problems of great significance.
Section 2 begins with a discussion of the mathematical models
underlying the analysis in the remainder of this manuscript.
Section 3 presents the first example of subrandom noise, which
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combines full-wave optics with geometric optics effects. This is
followed by a discussion of photon recycling in Section 4.
In Section 5, the impact of photon management on intrinsic
reliability is considered, as mediated through localized heating.
Finally, this paper concludes by summarizing the state of the
literature as well as future prospects.

2. Mathematical models

The overall power conversion efficiency of the PV diode is given
by [1]

η¼ JscVoc � FF
Psun

ð1Þ

where Voc is the open-circuit voltage, Jsc is the short-circuit
current, FF is the fill-factor, and Psun is the net power received
from the Sun.

The open circuit voltage is given by [18]

qVoc ¼ Eg�nkBT ln
A
Jsc

� �
; ð2Þ

where Eg is the bandgap of the PV material, n is the ideality factor,
q is the elementary charge, kB is the Boltzmann constant, T is the
temperature, and A is the recombination term, consisting of
radiative recombination and Shockley–Read–Hall recombination
mechanisms, given by [29]

A¼ qðεþ1ÞE2g kBT
4π2ℏ3c2

þ 4qD
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; ð3Þ

where ε is the dielectric permittivity, ℏ is Planck's constant, c is the
speed of light, D is the diffusion coefficient, LD is the diffusion
length, ND is the defect density, and mn

e and mn

h are the effective
masses for electrons and holes, respectively. In general, additional
terms such as Auger recombination can be added in the presence
of high injection currents. In any case, the dark current is then
given by Js ¼ Ae�Eg=nkBT .

The fill factor FF can be estimated with the expression for FFsh,
which can be calculated in three steps [1]:

FFo ¼
zoc� ln ðzocþ0:72Þ

zocþ1
ð4aÞ

FFs ¼ FFo½1�1:1rs�þ0:185r2s ð4bÞ

FFsh ¼ FFs 1� Vocþ0:7
Voc

� �
FFs
rSH

� �
ð4cÞ

where zoc ¼ qVoc=nkBT is the reduced open-circuit voltage,
rs ¼ IscRs=Voc is the reduced series resistance, and rsh ¼ IscRsh=Voc

is the reduced shunt resistance.
The short circuit current Jsc is given by

Jsc ¼
q
hc

Z 1

0
dλ EQEðλÞ λ

λg
dI
dλ

; ð5Þ

where dI/dλ is the wavelength-dependent AM1.5 solar spectrum,
λg is the bandgap wavelength, and EQEðλÞ is the external quantum
efficiency. The latter can be obtained using a drift–diffusion
electronic transport model (ADEPT 2.0), which is freely available
on nanoHUB.org [37].

Absorptivity is calculated using the finite-difference time
domain method, as implemented in MEEP, and freely available
on nanoHUB.org [41].

Modeling of thermal transport can be achieved on a standard
finite-element mesh, employing the Galerkin method of convert-
ing the PDE for heat conduction into a sparse eigenvalue problem
[42–44]. This allows us to implement both Maxwell's equations

and the heat conduction equation in the same mathematical
framework:

MH″þðKþγ2MÞH ¼ 2γH′ ð6Þ

C _TþðKþGÞT ¼ s
ω2 ð∇� HÞ2þL ð7Þ

where H is the transverse magnetic field, T is the temperature field,
M is the mass matrix, representing the (generally sparse) overlap
between basis elements, K is the global matrix, capturing the wave
physics of Maxwell's equation, γ is the average wavevector inside the
structure, C is the heat capacity matrix, K is the heat conductivity
matrix, G is the surface heat transfer matrix, s is the electric
conductivity, and L is the boundary condition (potentially a fixed
temperature, convection, or thermal radiation). Implementations
include the MATLAB toolbox known as FAESOR [42], as well as
COMSOL [44].

3. Subrandom noise structures

Geometric light trapping enhancement is the traditional foun-
dation for light trapping in photovoltaic structures. The general
approach is to randomly scatter incoming light over a broad range
of angles inside a high-index photovoltaic material, while placing a
mirror on the bottom to redirect light back into the cell without
impairing its ability to gather light. Combining these effects can
yield a substantial 4n2 enhancement in the effective optical path
length for bulk absorbers in the ideal case [45–47]. However, these
techniques have been known for 129 years; after many genera-
tions of improvements, a performance plateau may have been
reached for most bulk absorber designs.

However, for photovoltaic devices made from thin-films or
incorporating other nanoscale features, the previous limits derived
under the assumptions of classical optics no longer apply. Instead,
wave optics dictates new limits on path length enhancement;
it has been shown to be capable, in principle, of outperforming all
geometrical optics approaches, for effective path length enhance-
ments exceeding 4n2 [48–50]. This is particularly true over narrow
bandwidths, because, in contrast to geometrical optics approaches
that treat all wavelengths of light equally, wave optics approaches
can be targeted to enhance absorption only in the range where it
can be most beneficial [51–58]. However, it has been shown that
there are also new limits to the bandwidth and absolute degree to
which light trapping can be enhanced [50]. The major strategy for
light trapping that has emerged recently is using periodic media
such as gratings and photonic crystals, which strongly interact
with light in key wavelengths of the solar spectrum. However, for
PV cells made from broadband absorbers with limited demon-
strated efficiencies and external quantum efficiencies, such as thin
film silicon [17,18,51–55], organics [19–24,56–58], and CZTS [59–
62], a single periodic structure may not yield the maximum
possible enhancement at every wavelength of interest.

The obvious solution to the limits of periodic structures might
at first appear to be to combine them all together. However, this
approach encounters a major difficulty. If one chooses a tailored
periodic structure for every wavelength one would like to trap,
combine them together in Fourier-space, and then transform to
real space, the end result is a spatially inhomogeneous system, as
shown on the left-hand side of Fig. 1.

Thus, further major advances in photovoltaic performance are
likely to arise from entirely new techniques for light trapping,
which restore spatial homogeneity. At least two approaches
warrant further consideration: direct homogenization, through
Fourier randomization, and implicit homogenization, through
quasicrystals. What they have in common is a set of Fourier
components emphasized (technically, in the structure factor),
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so as to induce diffraction of unconcentrated sunlight into oblique
angles. The conceptual approach is shown in the right-hand side of
Fig. 1. If certain spatially periodic components (like gratings) are
combined with a certain amount of noise, spatial homogeneity is
restored, making it appropriate for uniform illumination from a
wide range of wavelengths generally observed for photovoltaic
cells to enhance the effective path length of light by a factor of 30
in 2D, or a factor of 100 in 3D, substantially exceeding the
performance over a broad bandwidth (e.g., for silicon thin-film
tandem PV, from 650 to 900 nm) compared to any of the incum-
bent light trapping technologies mentioned above.

In the first case of Fourier randomization, it has been shown that
enhancement in 2D substantially exceeds that of a flat structure by
over 600%, as well as a uniform random structure, at the expense of
angular insensitivity [63]. In the latter case of quasicrystals, it has
been shown that enhancement exceeds that of a uniformly periodic
structure [64]. However, it is clear that there is great promise for
further work in this area, in terms of the classification, optimization,
fabrication, and characterization of realistic 3D structures.

4. Photon recycling

Another example where traditional models cannot always accu-
rately represent certain physical effects is the recapture (or recycling)
of radiatively recombined photons. Radiative recombination is an
inevitable part of solar cell operation at the maximum power
point [30], which is incorporated into the Shockley–Queisser
calculations [28,29]. There is generally a large difference between
internal and external radiative recombination, caused by the large
difference in the density of optical photon modes in III–V semi-
conductors compared to free space [65]. As a result of this effect,
it is common that high-performance III–V solar cells, such as the
28.8% cells fabricated by Alta Devices [3,38,39], will re-absorb
re-radiated photons many times before a terminal process (namely,
external emission or non-radiative recombination) takes place.

The conceptual approach to accurately simulate photon recycling
is illustrated in Fig. 2. The optical absorption associated with a given
photovoltaic structure is fed into a drift–diffusion model, which
produces a charge carrier distribution. This charge carrier distribution
can then be used to create a radiative recombination profile that
feeds back into the optical absorption data. When the iterative
feedback loop converges to a stable charge carrier profile, the result

is taken to be accurate and self-consistent. Of course, ultimate
verification must come from careful comparison to experiment.

Based on the simulation procedure alone, it can be seen that
the magnitude of the correction is closely related to the external
radiative efficiency of a PV cell, defined as the probability that a
recombination event inside the cell results in an externally
emitted photon. Thus, the correction observed with cells having
very low external radiative efficiencies, such as amorphous silicon
thin-film PV cells, will be extremely modest [3,36]. On the other
hand, predictions for cells exhibiting high external radiative
efficiencies, such as epitaxial thin films of III–V materials, will be
significantly different when using this approach compared to
conventional optical and electronic models [38]. This approach of
modeling photon recycling by combining drift–diffusion and full-
wave optical models in a self-consistent fashion has been shown to
be necessary to achieve predictions closely matching the observed
performances of cells by Alta Devices [38–40].

5. Reliability

The final example of combining full-wave optical modeling
with additional physics to probe important physics is the problem
of intrinsic reliability. Recent work from Roger French at Case
Western has identified the dominant pathways to intrinsic failures
in PV encapsulant materials: EVA yellowing and PET hydrolysis [66].
Ethylene vinyl acetate (EVA, also known as STR Photocap or DuPont
Elvax) was identified in the early stages of PV manufacturing as an
ideal encapsulant thanks to low costs and high reliability. However,
certain issues remain, particularly EVA yellowing, which degrades
optical absorption and causes further heating. This is believed to be
caused by formation of chromophores in the presence of heat and
ultraviolet light over extended time periods. The precise mechan-
isms and rates of degradation have been carefully characterized for
multiple grades of EVA, through careful comparison of Xe arc lamp
and field measurement data [67]. This process can also be partially

Fig. 1. Illustration of the premise of subrandom noise light trapping. Since the solar
spectrum contains many wavelengths, it might naively make sense to combine
gratings for each wavelength requiring light trapping. However, doing so directly
yields a spatially inhomogeneous combined grating. On the other hand, if certain
spatially periodic components (like gratings) are combined with a certain amount
of noise, spatial homogeneity is restored, making it appropriate for uniform illumina-
tion from a wide range of wavelengths generally observed for photovoltaic cells.

Fig. 2. Conceptual approach to photon recycling calculation. The optical absorption
associated with a given photovoltaic structure is fed into a drift–diffusion model.
This produces a charge carrier distribution, and subsequently, a radiative recombi-
nation profile that feeds back into the optical absorption. This iterative feedback
loop then converges to a stable charge carrier profile.
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reversed, particularly around the edges with oxidative bleaching.
However, further study is still required for more complex interactions
that may occur in field-installed systems, particularly ion and silver
migration. Polyethylene terephthalate (PET) is generally employed as
an inexpensive moisture barrier. However, its extended exposure to
moisture creates the potential for hydrolysis, which in turn is
considered to pose multiple risks. In particular, hydrolysis can foster
the creation of micropores, which allow for moisture ingress. This
can also affect the interior EVA layer by promoting hydrolysis and
delamination, which can then, in turn, both directly reduce module
performance and also corrode the metallic wiring.

Both the thermal and optical performance over time of an idealized
photovoltaic module constructed from these materials and subjected
to these real-world effects can be captured using a single parametric
multiphysics model. In this approach, both the initially specified and
degraded structures are specified in terms of their geometric and
physical parameters. This family of structures can then be discretized
on an automatically generated tetrahedral basis.

This FEM simulation can then be used to find the distribution of
light and heat through a thin-film PV multilayer stack with certain
non-trivial features, including textured glass with transparent
conductive oxides, anti-reflection coatings, front contact grids,
back-surface layers, emitter wrap-through, and laser scribing. This
data will then allow the direct detection of localized regions of
heating and UV exposure caused by, e.g., yellowing of materials in
the light path, Ohmic light absorption at the metal, series resis-
tance, and shunting. This will give rise to projected maximum-
power point performance, as well as a 3D temperature distribution
in the various device layers, as well as the adjoining module
structures, including encapsulants.

Using microscopic degradation rates of the relevant materials,
the level of heating projected can be linked to a rate of change in
the overall structures, which can then be fed back into the model
in Section 2 to predict failure statistics (including mean time
between failures, rate of early failure, maximum lifetime, etc.).
The microscopic rates are derived from a physics-based approach,
which employs a combination of multiple experimental data
directly from operating PV field data as well as accelerated lifetime
testing, along with cross-checked single-molecule experiments
and ab initio quantum chemistry predictions. Distinct degradation
rates can then be obtained from first principles for each of the key
components with potential intrinsic reliability concerns.

Fig. 3 demonstrates an overall approach to combining the
disparate types of numerical modeling and experimental data to
achieve high reliability photovoltaic modules. Multiphysics models
are used to predict possible failure modes due to localized
absorption hot spots that cause thermal overload. These predic-
tions are then compared to performance data at the cell level, plus
qualification and field data at the module level. This process can be
iterated as many times as needed in order to improve reliability.

6. Conclusions

In conclusion, three case studies were considered in which the
tools of full-wave optical modeling, such as MEEP [41], can be
combined with other physics-based models to address three
significant problems in photovoltaics: enhancing light trapping
with subrandom noise structures, recycling re-radiated photons,
and reducing intrinsic failures. While the preliminary results in all
cases look promising, these problems still deserve a great deal of
further study before they can be considered to be solved, both
from a modeling and experimental perspective. In particular,
applying these approaches to 3D problems with complex geome-
tries has not yet been fully studied, but deserves further investiga-
tion in the near term, as they could significantly impact the goal of
improved photovoltaic cells in the long term.
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