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Abstract
Sub-wavelength photonic structures and nanoscale materials have the potential to greatly
improve the efficiencies of solar cells by enabling maximum absorption of sunlight.
Semiconductor heterostructures provide versatile opportunities for improving absorption of
infrared radiation in photovoltaic devices, which accounts for half of the power in the solar
spectrum. These ideas can be combined in quantum-well solar cells and related structures in
which sub-wavelength metal and dielectric scattering elements are integrated for light trapping.
Measurements and simulations of GaAs solar cells with less than one micron of active material
demonstrate the benefits of incorporating In(Ga)As quantum-wells and quantum-dots to
improve their performance. Simulations that incorporate a realistic model of absorption in
quantum-wells show that the use of broadband photonic structures with such devices can
substantially improve the benefit of incorporating heterostructures, enabling meaningful
improvements in their performance.

Keywords: quantum-well, quantum-dot, scattering, diffraction, thin-film, GaAs, InAs,
photovoltaic, solar cell

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Renewable energy has become a subject of great interest as a
result of concerns about the cost, availability, environmental
effects, and political and social implications associated with
traditional forms of energy generation. Continuing advances
in photovoltaic technology and its relevance to powering
equipment in space has led to dramatic recent progress in
the development of solar cells for both terrestrial and space
applications. However, one of the most persistent issues
in solar cell design continues to be how to most effectively
address the fundamental tradeoff between light absorption and
carrier collection. The use of sub-wavelength structures and
nanostructured materials to improve absorption in photovoltaic
devices, often by increasing the path length of light as a

result of scattering or diffraction, is a powerful approach for
addressing this tradeoff.

In this regard, nanostructured materials are enabling new
possibilities for the design and integration of active and
passive media in solar cells. Myriad photonic structures
containing sub-wavelength features have been proposed
for improving photovoltaic device performance, including
diffraction gratings [1–3], nanoparticles [4–8], and photonic
crystals [9–12]. Meanwhile, the unique properties of
semiconductor nanostructures have inspired a host of new
solar cell structures, including designs based on quantum-
wells [13–15], quantum-dots [16–18], and nanowires [19–22].
Theoretical analyses of certain device concepts based on
nanostructures [23–26] have shown that they can exceed the
Shockley–Queisser efficiency limit for solar energy conversion
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by single-bandgap devices by 31% [27]. Thus, extensive
efforts are now being devoted to demonstrating and developing
devices with nanostructured photonic and active media.

Simultaneously, there is great interest in thin-film devices
to drive down the cost of solar photovoltaic energy and for new
applications, e.g. energy harvesting for portable electronics.
The light-weight, potentially flexible form factors of thin-film
solar cells [28–31] make them attractive for aerospace and
consumer markets. Their efficiencies, however, are typically
lower than those of bulk devices because of reduced absorption
in the thin material, particularly at infrared wavelengths, which
account for half of the power in the solar spectrum. Thus,
efforts are being made to establish optimal device structures
for thin-film solar cells with the hope that they will be cost-
effective for diverse applications.

In this paper, we address a number of these topics
through discussion of design considerations for engineering
photon propagation in solar cells, particularly with respect to
thin-film devices, and present results of their application to
the case of thin-film devices containing quantum-wells and
quantum-dots. Material and design considerations related to
quantum-well and -dot based solar cells are discussed and a
semi-empirical approach to calculating the modified optical
properties in quantum-wells and -dots illustrates significant
implications for design and optimization of devices that
contain them. Results of the fabrication of thin-film devices,
together with simulation results, indicate that quantum-
wells and -dots combined with effective light-scattering
and -trapping structures can be used to achieve meaningful
improvements in thin-film solar cell performance.

2. Approaches to scattering and trapping of light

Because the probability that light transmitted into a solar cell
will be absorbed increases with the path length of photons
in the device, materials and structures that increase photon
path lengths can be essential for improving the performance
of photovoltaic devices. Traditionally, this has been achieved
by the use of micron-sized features, often with random
geometries, to scatter incident radiation into the device.
More recently, technological advancements have enabled the
fabrication of structures that have the potential to significantly
improve light transmission into and within photovoltaic
devices. Yablonovitch identified the ability of textured surfaces
to increase absorption in weakly absorbing materials by a
factor of up to 4n2 [32], where n is the refractive index.
Subsequent analyses have shown that greater enhancement
factors are possible in thin-films [33–35], though realizing
them over a wide range of wavelengths, polarization, and
incident angles has only been theoretically demonstrated and
requires complicated nanoscale structures [36]. Nevertheless,
as fabrication and synthesis techniques for such structures have
advanced, so has interest in them for improving the efficiency
of solar cells.

Nanoscale particles, which can be relatively easily fab-
ricated and integrated onto solar cell surfaces, have been of
considerable interest for scattering and trapping of light in pho-
tovoltaics. Studies of the effects of both metal and dielectric

nanoparticles deposited on the surface of photovoltaic devices
have demonstrated broadband enhancement of photogenerated
current and increased power conversion efficiencies relative
to devices without nanoparticles [6, 7, 37–39], and provided
substantial initial understanding of these and related effects.
Such particles can be deposited or fabricated on the surface
of a device in random [4–7] or geometric patterns [40–42].
In most cases, their essential function is to scatter light
such that photon path lengths increase compared to those
of photons that are directly transmitted at normal incidence
into the device, thereby increasing the fraction of absorbed
radiation. The scattering cross-sections of nanoparticles
can exceed their geometric cross-sections, and their angular
scattering distributions can be tuned with their size, shape,
and composition [43], making nanoparticles a versatile option
for studying light management in photovoltaics. Nanowires
can also exhibit scattering properties and greater-than-unity
interaction cross-sections [44–46], which, combined with their
potential to achieve superior carrier transport and collection
compared to bulk devices, has inspired studies of nanowires
for photovoltaic applications.

Numerous studies of nanoparticles for enhancement of
photovoltaics have focused on metal particles that exhibit
surface plasmon polariton (SPP) resonances. This is partly
a result of indications that the strong evanescent field
associated with SPPs near the active region of a device
can increase photocurrent generation. The possibility of
destructive interference between the scattered and directly
transmitted waves to inhibit photocurrent generation, which
results from a phase difference between the waves near the
SPP resonance [47], can be minimized or eliminated by careful
choice of the material and size of nanoparticles with respect to
the local dielectric environment.

Plasmonic effects and their application to improving
photovoltaic device performance continue to be subjects
of concerted research efforts. In addition to potential
photocurrent enhancements associated with their strong
evanescent fields, SPPs can mediate coupling to waveguide
modes of photovoltaic devices and support confined plasmonic
modes. The absorption and scattering cross-sections of sub-
wavelength metallic structures are typically large near SPP
resonant wavelengths, and efficient coupling of scattered light
to waveguide modes of a thin-film device can occur if the
momentum of scattered light matches that of a confined mode.
The evanescent field of SPPs may also increase the intensity
of radiation that couples to waveguide modes relative to light
scattered at non-resonant wavelengths. Plasmonic effects do,
however, increase absorption by the metal and will generally
result in greater ohmic loss of energy than would occur in
their absence. For this reason, and because of the potential for
scattered fields associated with them to destructively interfere
with others, the use of plasmonic structures for solar cell
enhancement must be carefully engineered based on material
and device properties and the solar spectrum.

The rational design of sub-wavelength structures for
light trapping in solar cells is also an extremely active area
of research. These structures typically exhibit variations
on length scales similar to the wavelengths targeted for
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diffraction or scattering. Despite their small feature sizes,
advanced lithographic techniques can be used to pattern
such structures over large areas [48–50]. Their design and
optimization are typically performed numerically and both
periodic [3, 11, 51, 52] and pseudo-random structures [53, 54]
can be addressed with such approaches. As periodic structures,
such as diffraction gratings, typically produce narrow response
bands, optimal periodic structures for scattering of solar
radiation are likely to have intricate geometries to handle a
relatively broad band of wavelengths, different polarizations,
and angles of incidence. Rigorous simulation of truly
random structures is especially challenging, in particular
because of the significant computational requirements to
perform electromagnetic field calculations over large areas.
Calculations that use periodic boundary conditions with
random geometries to simulate pseudo-random structures are
generally much more feasible. As optimal structures are likely
to vary depending on the absorbing material of a solar cell and
its operating conditions, the rational design of light-scattering
structures is likely to be a topic of interest for the foreseeable
future.

3. Quantum-wells and quantum-dots for solar cells

A complementary route to improving the efficiency of solar
cells is by incorporating semiconductor heterostructures,
which are typically quantum-wells or -dots in this context, to
increase the range of their spectral response. Quantum-wells
and -dots generally consist of well (or dot) material with a
smaller bandgap than the barrier material that surrounds them,
and well/dot thicknesses that are typically in the range of a few
to tens of nanometers, where quantum confinement effects are
important. Inserting such structures in the intrinsic layer of a
pin diode improves its spectral matching to solar radiation by
enabling absorption of light below the bandgap of the barrier
material. The use of quantum-dots to realize an intermediate
band device [18, 55] and to achieve multiple carrier generation
from absorption of single photons [56, 57] is also being widely
explored.

Fabrication of solar cells incorporating quantum-wells
and -dots requires precise epitaxial growth of semiconductors,
including control of the thickness of epilayers, design
and realization of optimal doping profiles, and growth of
atomically sharp interfaces. Epitaxial growth by molecular
beam epitaxy (MBE) enables precise control of such
properties, and is one of the standard approaches for fabricating
complex semiconductor structures. All solar cell device
structures in this work have been prepared by MBE at 500 ◦C
using silicon and beryllium as n-type and p-type dopants,
respectively, for their superior performance in MBE-grown
GaAs [58, 59]. That growth temperature was chosen in
consideration of the In(Ga)As materials; at 500 ◦C, the areal
density, size, and composition of InAs quantum-dots, which
are formed via self-assembly in the Stranski–Krastanov growth
mode on GaAs (001) surfaces, can be adjusted by varying the
duration of strain-induced coalescence of dots [60]. This offers
an opportunity to deliberately study the influence of quantum-
dots on the efficiency of the devices. It is important to note

that the growth of In(Ga)As at temperatures above 490 ◦C can
degrade material quality due to segregation of indium [61].
This effect can, however, be mitigated by inserting a thin AlAs
layer above the quantum-dot or -well layers [62].

Figure 1 illustrates the typical thin-film device structure
used in these studies, grown in all cases on 2 in n-type
(001) GaAs wafers. Following a 200 nm buffer layer
of undoped GaAs, a nominally undoped 800 nm layer of
Al0.85Ga0.15As is grown to serve as an etch stop for the
substrate removal process, which is discussed in section 5.
Growth of the epitaxial device layers follows. They consist
of: 100 nm p+-GaAs; a 40 nm p+-Al0.85Ga0.15As window
layer; 200 nm p+-GaAs; a ∼250 nm nominally undoped
layer potentially containing quantum-well and/or quantum-dot
structures; and 200 nm n+-GaAs. The ∼250 nm intrinsic
region consists of GaAs for reference devices; eight periods
of the sequence 22 nm GaAs/8 nm In0.12Ga0.88As in quantum-
well devices; and eight periods of the sequence 22 nm
GaAs/8 nm In0.12Ga0.88As/0.69 nm InAs in quantum-dot-in-
well devices, where the InAs has formed quantum-dots.

Inserting quantum-wells and quantum-dots in a single-
junction device brings additional considerations for its design.
As heterostructures generally involve one or more strained
materials, misfit dislocations can occur in layers that exceed
their critical thickness and these can severely degrade
photovoltaic performance by promoting carrier recombination.
Strain also changes the relative positions of energy bands,
effectively changing the bandgap of a material. Charge carriers
must be efficiently collected throughout the device, including
from quantum-well and -dot sub-band states, requiring a
sufficiently strong field across the heterostructure layers [63].
This, in turn, demands that the total intrinsic layer thickness,
and the doping of the p and n layers, be chosen to achieve
the necessary field strength, and that the emitter and base
thicknesses be chosen to achieve efficient carrier collection.

Optimal solar cells require efficient light absorption and
charge carrier collection, and the use of light trapping is
promising for achieving both simultaneously. Distributed
Bragg reflectors have been incorporated on the bottom of
quantum-well solar cells in order to achieve very high
reflectivity and, as a result, improved quantum efficiency at
wavelengths longer than the barrier band edge, where most
light is not absorbed on its first pass across the quantum-
wells [64]. Neglecting randomization of the direction of
propagation of light by radiative recombination, reflective
structures roughly double the path length of photons in a
device, while light-scattering and -trapping structures can
achieve substantially greater path length enhancements and
correspondingly greater absorption.

4. Thin-film quantum-well device simulations

As modern fabrication techniques enable construction of
intricate light-trapping structures, their design must eventually
be guided by numerical modeling. With regard to sub-
wavelength photonic and plasmonic structures, accurate
modeling requires complete vectorial solutions to Maxwell’s
equations, which may be obtained via methods for solving
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Figure 1. Schematic of the thin-film quantum-well solar cell considered in this work. The devices are fabricated by metal-bonding the
epitaxial device to a mechanical support, followed by a chemical etch to remove the growth substrate, which are discussed in section 5.
Similar structures have been used for a reference device, which has only GaAs in the intrinsic layer, and for a quantum-dot-in-well solar cell,
which has InAs quantum-dots inserted in the In0.12Ga0.88As quantum-wells.

partial differential equations, including finite-difference time
domain (FDTD) [65], the finite element method (FEM) [66],
and the Fourier modal method (also referred to as rigorous
coupled-wave analysis, or RCWA) [67], which have each been
applied to light trapping for photovoltaic devices.

For our work reported here, we selected an implemen-
tation of RCWA to simulate light trapping in photovoltaic
devices. As this algorithm does not use a dense spatial mesh to
represent the structure, solutions can be obtained efficiently for
periodic structures, including gratings and photonic crystals.
Perhaps the greatest utility of such simulations is in optimizing
photonic structures based on design goals and observing the
physical phenomena that occur in their interactions with light.
The optimization process used here consisted of maximizing
the short-circuit current densities of devices under the airmass
(AM) 0 solar spectrum at normal incidence and for 45◦
linearly polarized light to account for the unpolarized nature
of sunlight. Figure 2 illustrates parameters of the rear grating
that have been optimized, which are the pitch (parameters
L1, L2, W1, and W2), the period in the x and y directions
(D1 and D2, respectively), and the height (H2). Additional
discussion of this procedure can be found in [68]. While the
AM 0 spectrum was chosen in this instance, the optimization
procedure is general and can be applied with any incident
spectrum. Finally, though the performance of the rectangular
grating of figure 2 was the best of several geometries that
were simulated, there are likely to be designs that offer better
performance, in particular for different spectral conditions.

It is important to accurately model quantum-wells and
quantum-dots in these simulations as their optical properties
can vary substantially from those of the corresponding

Figure 2. Diagram of the simulated device, which is equivalent in
semiconductor layer structure to the experimental quantum-well
solar cell shown in figure 1, and, additionally, has a broadband,
two-dimensional grating located on its rear with dimensions
W1 = 184 nm, L1 = 474 nm, W2 = 168 nm, L2 = 356 nm,
D1 = 900 nm, D2 = 1.13 μm.

bulk material. Thus, calculations have been performed to
incorporate the effects of quantum confinement and strain in
quantum-wells and -dots. We consider the thin-film quantum-
well solar cell illustrated in figure 1, which contains 8 nm thick
In0.12Ga0.88As quantum-wells that we assume are coherently
strained to GaAs. In unstrained material, degeneracy of heavy-
and light-hole states at the band edges results in isotropic
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Figure 3. Radiative transitions in an 8 nm In0.12Ga0.88As quantum-well involving (a) heavy-hole states and (b) light-hole states. The energy
band gap for heavy-holes is smaller than for light-holes as a result of strain in the quantum-well. Relative transition strengths for x-, y-, and
z-polarized light are indicated by the weight of arrows. A transition does not occur between m = 2 heavy-hole sub-band states and n = 1
conduction sub-band states because their envelope functions are anti-symmetric. Note that no heavy-hole transitions are allowed in
quantum-wells for z-polarized light.

permittivity. Strain can lift that degeneracy, resulting in
a polarization dependence of radiative transitions between
the different valence bands and the conduction band and,
consequently, anisotropic permittivity for a heterostructure.
The magnitudes of strain-induced shifts in the band edge
energies and in the band gap of bulk InGaAs can be calculated
using Van de Walle’s approach of deformation potentials in
the framework of the model solid theory [69]. Values of
the material parameters for InGaAs have been calculated by
linear interpolation between the values for InAs and GaAs that
are presented in that work, including the lattice and elastic
constants, shear modulus, and deformation potentials.

The effects of quantum confinement are incorporated
using the envelope function approximation. We assume that
a quantum-well consists of a finite amount of well material
surrounded by barrier material with semi-infinite spatial extent,
and that there is an abrupt interface between them defined by
the offsets at the valence and conduction band edges. Bulk
material properties are assumed to apply up to each interface.
The conduction and valence bands are treated using a four-
band Kane model [70] with parabolic bands and no mixing
of heavy- and light-hole states. The finite barrier heights are
accounted for in calculations of bound-state energies, though
it has been assumed that the envelope functions are sinusoidal
over the entire width of a quantum-well and do not extend into
the barriers in the calculation of the optical matrix element.
Calculations of the quantum confined Stark shift in sub-band-
state energies assumed an electric field in the intrinsic region
of the device of 35 kV cm−1 at an operating voltage of 0.8 V,
based on doping in the p and n regions. The resulting
shifts in energy were on the order of 0.1 meV, which are
negligible. The effects of strain and confinement on optical
transitions in an 8 nm In0.12Ga0.88As quantum-well, which
lead to modified absorption and permittivity relative to bulk
material, are illustrated in figure 3.

A semi-empirical approach has been taken with these
calculations. Adapting the calculation of Nelson [71], the
semi-empirical absorption coefficient for a quantum-well is
found to be given by

α(h̄ω) = ζαb

∑

m,n

γh |〈Fe,n|Fh,m〉|2[θ(h̄ω − Eg − En − Em)

+ rnδ(h̄ω − Eg − En − Em + Eb)] (1)

where αb is the bulk absorption coefficient at the band edge of
the quantum-well, γh is the relative strength of the transition as
illustrated in figure 3, θ is the Heaviside function that describes
the density of states, rn is the exciton oscillator strength relative
to the continuum, δ is the Dirac delta function, and ζ is
a scaling factor that can be used to fit the semi-empirical
calculation to measured data, though this has not been done
here (i.e. ζ = 1). Homogeneous broadening of excitonic
transitions is modeled with a Lorentzian having a full-width
at half-maximum of 2�. Related optical parameters, such as
the semi-empirical permittivity function, may be calculated by
replacing the bulk absorption coefficient at the band edge, αb,
by the equivalent value of the parameter of interest; e.g. εb

would be used to calculate the permittivity function, which
has been performed for an 8 nm In0.12Ga0.88As quantum-well.
The resulting semi-empirical values of ε2 are shown in figure 4
and are calculated by substituting εb for αb in equation (1),
where εb has been calculated by linear interpolation between
the permittivities of bulk InAs [72] and GaAs [73]. The
interpolated bulk permittivity does not include effects of
strain or quantum confinement; these enter through the semi-
empirical calculations, which assume excitonic broadening of
� = 3 meV, approximately the value observed for a multi-
quantum-well sample [74]. The peaks in ε2 at 965 nm and just
below 950 nm in figure 4 correspond to excitonic absorption
at the first heavy-hole transition and at the only light-hole
transition supported by the quantum-well, respectively. At
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Figure 4. The component ε2 of an 8 nm In0.12Ga0.88As quantum-well
calculated using the semi-empirical method of this paper, which
results in anisotropic permittivity with (black, solid line)
ε2,xx = ε2,yy �= (gray, dashed line) ε2,zz . Inset: the value of ε2 at
wavelengths longer than the GaAs band edge, where peaks occur due
to excitonic absorption near quantum-well sub-band edges. Arrows
indicate the band edges of bulk GaAs and In0.12Ga0.88As at 850 nm
and 960 nm, respectively.

energies above the bandgap of the barrier material (in this case,
GaAs), the quantum-well is assumed to have bulk material
properties. This is a poor assumption at energies near the
barrier band edge, but improves at higher energies as quantum
effects diminish. Finally, this approach may also be used to
compute the optical properties of quantum-dots by assuming
that they are three-dimensional, finite quantum boxes, and
works particularly well if they are strongly confined (i.e. a
very thin quantum-well) in the growth direction and have less
confinement in the transverse directions.

The anisotropic permittivity of 8 nm In0.12Ga0.88As
quantum-wells computed in this manner has been used in
electromagnetic simulations equivalent to those in [68], which
used interpolated bulk material properties for quantum-wells
and -dots. Cross-sectional views of the simulated device
structure are shown in figure 2. Assuming AM 0 illumination at
normal incidence and collection of all photogenerated carriers,
the short-circuit current density of a thin-film device made of
GaAs only (i.e. containing no quantum-wells) with a planar
metal backside is 28.4 mA cm−2; the quantum-well solar
cell with a planar metal backside generates 28.6 mA cm−2;

and the quantum-well solar cell with the grating shown in
figure 2 generates 30.2 mA cm−2. The results demonstrate
that the slight benefit of adding a relatively small number
of quantum-wells to a GaAs device without any light-
scattering structure increases substantially with the addition
of a backside grating. We also note that the relatively low
indium content (12%) of the quantum-wells can be increased
to enable absorption of additional infrared wavelengths, further
improving photocurrent generation, and has been demonstrated
for long-wavelength photodiodes [75].

The calculated absorption in the semiconductor layers
of the quantum-well solar cell is shown in figure 5 as a
ratio relative to absorption in a device with a planar metal
backside for both the interpolated bulk material and semi-
empirical quantum-well permittivities. The absorption ratios
are at wavelengths shorter than 850 nm, which is expected as
the semi-empirical model assumes that bulk properties apply to
the quantum-well at wavelengths shorter than the GaAs band
edge. At wavelengths shorter than 500 nm, GaAs and InGaAs
are very strongly absorbing and all incident light is absorbed
before reaching the back surface of the device. At wavelengths
between 500 and 850 nm, the absorption varies due to Fabry–
Pérot interference effects in the thin device structure. As these
wavelengths are smaller than the period of the grating, it is
essentially transparent to them and diffraction is negligible.
However, the grating adds ∼140 nm of dielectric material to
the device structure, which shifts the Fabry–Pérot resonances
in the grating device with respect to the planar device and
produces the oscillations in the absorption ratio. The effect
of these shifts on the integrated photocurrent (i.e. on the short-
circuit current) of a device must be considered in grating design
and optimization.

Turning to longer wavelengths, as shown in figure 5(b),
the effects of diffraction by the grating become evident. Most
prominent are the peaks at 940, 965, and 980 nm, indicating
increased absorptivity in the quantum-wells of up to a factor
of 70. The spatial distribution of electric field components
has been calculated and illustrates the effect of waveguiding
for absorption enhancement. As radiation is incident normal
to the device surface, it is polarized with the electric field in
the x–y plane; a non-zero value of Ez therefore indicates a
diffracted or scattered wave. In figure 6(a), which shows the
steady-state value of Ez in the y–z plane of the device at an

Figure 5. Spectral dependence of the ratio of absorption of incident radiation by a quantum-well solar cell with the grating of figure 2 relative
to the same device with a planar backside of Pd at wavelengths (a) shorter and (b) longer than the GaAs band edge, respectively. The ratio is
shown for calculations using (blue, solid line) interpolated bulk and (red, dashed line) semi-empirical quantum-well permittivity data, and the
absorption edge of semi-empirical In0.12Ga0.88As is marked.
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Figure 6. Calculated steady-state spatial distributions of the Ez field component for an incident wavelength of 940 nm in a thin-film
quantum-well solar cell with the grating of figure 2, using the semi-empirical quantum-well permittivity data shown in figure 4, (a) the y–z
plane of the device and (b) the x–y plane of the device. The fields illustrate that incident radiation at this wavelength strongly couples to a
confined mode of the device structure via the grating.

incident wavelength of 940 nm, a distinct modal pattern is seen
corresponding to a wave confined to the device structure. A
representative cross-section of the same field component in the
x–y plane is shown in figure 6(b), confirming the presence of
a confined wave propagating in the y direction. Comparison
of the Ex , Ey , and Ez components reveals that the strength of
the confined wave can be comparable to those of unconfined
waves, indicating strong coupling to the waveguide mode. The
strength of coupling of incident radiation to waveguide modes
of the device varies with wavelength, but coupling to the modes
occurs over a broad band of wavelengths greater than the GaAs
band edge (850 nm), and the effect of this is evident in the
improved absorption shown in figure 5.

The absorption ratio also illustrates the importance
of accurately modeling absorption in quantum confined
structures. Regarding the peaks in the absorption ratio
(figure 5) at wavelengths longer than 850 nm, the largest,
at 940 nm, occurs both in spectra based on interpolated
bulk and semi-empirical quantum-well permittivity, while
those at 965 nm and at 980 nm occur only for the
cases of interpolated bulk and semi-empirical quantum-well
permittivity, respectively. The semi-empirical quantum-well
permittivity used in these simulations, shown in figure 4
reflects the fact that the absorption in actual quantum-wells
depends on the polarization of the interacting electromagnetic
field. At 940 nm, where excitonic absorption is weak,
the components of ε2 for the semi-empirical quantum-well
calculation are similar in value and only slightly larger than
those of the interpolated bulk material. Thus, bulk material and
quantum-wells exhibit similarly large increases in absorption at
this wavelength.

The lack of a peak in the absorption ratio at 965 nm
when semi-empirical quantum-well permittivity is used results
from the polarization dependence of optical transitions in the
quantum-well. While large absorption enhancement can result
from coupling of incident radiation to waveguide modes with
substantial Ez fields, at 965 nm ε2,zz for the semi-empirical
permittivity is essentially zero because of a selection rule that
forbids optical transitions involving heavy-hole states and z-
polarized fields. The confined wave with a large Ez component
is therefore weakly absorbed, leading to a modest increase

in absorption in a quantum-well compared to bulk material,
which absorbs light of all polarizations equally. Note that, as
the bulk material permittivity does not account for excitonic
effects, it is coincidental that the peak in the absorption ratio for
interpolated bulk permittivity occurs at the same wavelength
as the heavy-hole exciton transition, seen at 965 nm in
figure 4. The absorption peak at 965 nm for interpolated bulk
permittivity in figure 5 arises purely from effects of the rear
grating that increase absorption in the thin-film. It may be
of additional benefit if field enhancement or light scattering
occurs at wavelengths corresponding to excitonic absorption
in quantum-wells or -dots, where these structures are typically
most strongly absorbing.

At an incident wavelength of 980 nm, the semi-empirical
quantum-well absorption ratio exhibits a considerably larger
peak than the interpolated bulk ratio in figure 5. Here, all
components of ε2 for the quantum-well approach zero as
this wavelength is greater than its absorption edge, though
it has non-zero absorptivity here as a result of homogeneous
broadening of excitons. While bulk In0.12Ga0.88As is also
weakly absorbing at 980 nm, its value of ε2 is at least an order
of magnitude larger than that of the semi-empirical quantum-
well calculation. As Yablonovitch demonstrated for textured
surfaces [32], large absorption enhancement factors can be
achieved with weakly absorbing materials, which we observe
here as well. A quantum-well solar cell would benefit from a
grating that facilitates strong coupling to waveguide modes at
additional wavelengths shorter than the absorption edge of the
quantum-wells and, in particular, that correspond to peaks in
excitonic absorption. Simulations to design and optimize such
gratings are being investigated.

Clearly, it is important to bear in mind the net effect
of absorption enhancement, which depends on the incident
spectrum, the absolute value of a material’s absorptivity,
and carrier collection efficiency. Achieving large absorption
enhancement does not necessarily lead to a significant
improvement in photocurrent generation, particularly in the
weakly absorbing limit. For example, an increase in
absorptivity from 0.01% to 0.5% equates to 50 times
enhancement, but the absolute level of absorption remains low
in both cases. As the simulations presented here illustrate,
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useful improvements in the short-circuit current of thin-film,
single-junction devices can be achieved by incorporating
quantum-wells made of materials, such as InGaAs, that are
strongly absorbing at infrared wavelengths where optimal
single-junction materials, such as GaAs, are weakly absorbing,
and through light trapping in such devices. Rigorous
optimization of device and photonic structures in this context
is a promising route to achieving significant improvements in
power conversion efficiency.

5. Demonstration of thin-film solar cells

Using a substrate removal process, we have fabricated and
tested thin-film GaAs solar cells, including devices that contain
quantum-wells and quantum-dots-in-wells, with the device
structure illustrated in figure 1. First, layers of Pd (25 nm)/Ge
(10 nm)/Pd (25 nm)/In (1200 nm) are deposited on the epitaxial
surface of the device wafers via electron beam evaporation,
where Pd/Ge can form an ohmic contact to n-type GaAs [76].
The device wafer is placed atop a silicon wafer coated with
Ti (20 nm)/Au (800 nm) such that the cleavage planes of
the wafers are aligned, with the In and Au in contact, and
pressure is applied manually to the wafer stack while it is
heated to 25 ◦C on a hot plate. Bonding occurs above 160 ◦C,
when In melts and alloys with Au [77]. Following bonding,
Apiezon Wax W is applied to the sides of the wafer stack
to protect them during the substrate removal etch, which
consists of 19:1 H2O2:NH4OH and etches GaAs preferentially
to AlGaAs [78]. Following substrate removal, mesas of 1 or
4 mm2 are patterned via photolithography and isolated using
the aforementioned etch. Top contacts to the mesas are formed
via photolithography, electron beam evaporation of 100 nm of
Pd for an ohmic contact to p-type GaAs, and a standard lift-off.

In the case that a light-scattering structure is included
on the rear of thin-film devices, it must be fabricated before
bonding the device wafer to its final support. To accomplish
this, first, 140 nm SiO2 is deposited on the as-grown epitaxial
device surface, followed by patterning of electron beam resist
on the oxide, which is used as a mask during a CF4/H2 reactive
ion etch of oxide to expose portions of the grating where
metal is to be deposited. A thin adhesion layer of Ti is
deposited immediately before the n-type GaAs contact metals
previously mentioned, and under the same vacuum. The rest
of the grating-equipped device fabrication is identical to the
procedure above.

The spectral response of thin-film devices with and
without gratings has been measured at zero bias. Measure-
ments were performed with a single-grating monochromator
based system from Optronic Laboratories using AC lock-
in detection. The spectral response of devices with planar
metal rear surfaces and of a quantum-dot-in-well device with
a backside diffraction grating are shown in figure 7, which
indicates similar performance for quantum-well and -dot-in-
well solar cells at wavelengths shorter than the GaAs band
edge (∼850 nm), with obvious photocurrent generation up to
∼950 nm for the quantum-well device and up to ∼1000 nm
for the quantum-dot-in-well device. The level of response
of quantum-well and -dot-in-well devices with planar metal

Figure 7. Normalized spectral response of thin-film devices:
(‘GaAs-p’) pin GaAs with planar metal backside;
(‘QW-p’) quantum-well solar cell with planar metal backside;
(‘QD-p’) quantum-dot-in-well solar cell with planar metal backside;
and (‘QD-g’) quantum-dot-in-well solar cell with a backside
diffraction grating. Inset: the response of the grating-equipped and
planar metal backside quantum-dot-in-well devices at wavelengths
longer than the quantum-well absorption edge.

surfaces is quite low at wavelengths from 900 to 1000 nm
due to the lack of light trapping, and increases considerably
with the addition of a grating to a dot-in-well device. Also,
particularly in the dot-in-well devices, carrier escape from
sub-band states at zero bias is likely to be inefficient as the
electric field in the dots has been calculated at 27 kV cm−1

using a one-dimensional Poisson solver [79]. This field is only
modestly larger than the 22 kV cm−1 necessary for efficient
carrier escape from quantum-wells with barrier heights similar
to those of In0.12Ga0.88As–GaAs [63] and it is likely inadequate
for the much larger InAs–GaAs barriers with quantum-dots.

The effect of the backside grating on the spectral response
of thin-film devices is illustrated in figure 8, which shows the
ratio of the measured response of a grating-equipped quantum-
dot-in-well solar cell to that of a device with planar metal on its
back surface. Also shown in figure 8 is the corresponding ratio
of simulated absorption. The measurement and simulation
agree closely at wavelengths shorter than 850 nm, where the
only effect of the grating is to modify the thickness of the
thin-film cavity, as discussed in section 4, resulting in the
oscillations observed in the ratios. At wavelengths longer
than 850 nm, spectral response with the grating increases as
a result of enhanced absorption in quantum-wells and -dots,
which results from photon path lengths increasing subsequent
to diffraction by the grating. Differences in the positions
of maxima in the measured and simulated response ratios
likely arise from differences between the nominal thin-film
device thickness and grating feature sizes and their fabricated
values. Further, the waveguide consists of the semiconductor
structure bounded by air on the top and metal on the bottom
of the device. Imperfections at these boundaries, including
roughness of the top surface following substrate removal,
may degrade the quality of the waveguide, resulting in lower
enhancement of the spectral response in measured devices
compared to simulations. Despite these discrepancies, the
simulations demonstrate that large absorption enhancements
can be achieved over a broad range of wavelengths longer than
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Figure 8. Ratios of (‘Expt’) measured spectral response and (‘Sim’) simulated absorption in a thin-film quantum-dot-in-well solar cell to
devices with planar metal backsides at wavelengths (a) shorter and (b) longer than the GaAs band edge, respectively.

Figure 9. Current density–voltage measurements (a) in the dark and (b) under unfiltered illumination from a xenon lamp corresponding to an
intensity of ∼100 mW cm−2. Data are shown for a thin-film (‘QW’) quantum-well solar cell and for a (‘QD’) quantum-dot-in-well solar cell.

the GaAs absorption edge with an appropriately designed light-
scattering scheme, which we confirm through experiment.

Illuminated current-density–voltage (J–V ) measurements
of thin-film devices with planar metal backsides have also
been performed. The results, shown in figure 9, are
based on illumination by a xenon lamp at an intensity of
∼100 mW cm−2 and without a spectral filter. As can be seen,
the short-circuit current (Jsc) improves from 5.66 mA cm−2

for the quantum-well solar cell, to 5.83 mA cm−2 for
the quantum-dot-in-well solar cell; both are improvements
compared to GaAs devices, for which Jsc was measured to
be 5.05 mA cm−2. As these measurements are of devices
with planar metal backsides and no light-scattering or -trapping
occurs, the Jsc increases result from additional photocurrent
generation at wavelengths longer than the GaAs band edge in
quantum-wells and -dots. The reduced open-circuit voltages of
quantum-dot-in-well solar cells relative to quantum-well solar
cells cannot be ignored, and quantum-well devices generally
exhibit voltage losses relative to control devices consisting of
only barrier material in the undoped region [80]; however,
strain balancing has been demonstrated to mitigate such losses
in quantum-well [81] and -dot solar cells [82]. It has also
been observed with quantum-well solar cells that voltage
losses increase as more quantum-wells are included in the
undoped region [83], so the use of light trapping with devices
containing few nanostructured layers is promising to maximize
performance.

The devices in this work are intended to illuminate key
design considerations for quantum-well and -dot solar cells
incorporating light trapping and have not been optimized

for overall performance. One of the primary reasons why
the measured performance of thin-film devices deviates from
their simulated performance is that measured devices do not
have an anti-reflection coating (ARC). The device structure of
figure 2 has an approximately 100 nm thick SiO2 ARC, which
minimizes reflectivity at 580 nm, where the AM 0 photon
flux is greatest. Simulations indicate that devices without an
ARC have reflectivities of ∼42% at 580 nm while devices
with 100 nm SiO2 ARCs exhibit reflectivities of ∼14% at
580 nm. Also, as can be seen in figure 7, the spectral response
of fabricated devices increases gradually over wavelengths
400–700 nm, which are absorbed strongly in the top 100 nm
of GaAs. Simulations suggest that transport of electrons
across the Al0.85Ga0.15As window is poor, which may be a
result of the large potential barrier for electrons at the GaAs–
AlGaAs interface. As solar irradiance peaks below 700 nm,
the combined effects of having no ARC and poor carrier
transport across the window significantly diminish the short-
circuit currents of measured devices from their optimal values,
which simulations indicate should approach 30 mA cm−2.

6. Summary

In summary, solar cells benefit greatly from approaches
that combine efficient light absorption and charge carrier
collection, which can be addressed simultaneously with
thin-film devices that use semiconductor nanostructures
and photonic structures for light trapping. Rigorous
electromagnetic and electrical simulations that account for
material properties and the complete spectral conditions to
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which solar cells are exposed are required to optimize their
performance over the total range of their spectral response. We
have used electromagnetic simulations with a realistic model
of absorption in quantum-wells to demonstrate the importance
of such an approach and that the use of quantum-wells or
quantum-dots, combined with optimal light-trapping schemes,
is a promising route to creating efficient, thin-film devices.
Fabricated thin-film solar cells demonstrate that the insertion
of In0.12Ga0.88As quantum-wells, or of the same quantum-
wells with embedded InAs quantum-dots, in the active region
of a GaAs device extends its spectral response by ∼50 nm
and ∼150 nm, respectively, with corresponding increases in
short-circuit current. Simulations indicate that the thin-film
quantum-well solar cell with a backside diffraction grating
displaying broadband functionality exhibits a 6% increase in
short-circuit current under the AM 0 spectrum. Measurements
of thin-film quantum-dot-in-well solar cells with such a grating
demonstrate broadband enhancement of spectral response
to wavelengths above 1200 nm and corroborate simulated
absorption enhancement. Additional improvements should
be achievable via optimization that uses realistic optical
parameters for quantum-wells and quantum-dots.
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