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Light-trapping in dye-sensitized solar cells

Stephen Foster* and Sajeev John

We demonstrate numerically that photonic crystal dye-sensitized solar cells (DSSCs) can provide at least a

factor of one-third enhancement in solar light absorption and power conversion efficiency relative to their

conventional counterparts. Our design consists of a lattice of modulated-diameter TiO2 nanotubes filled

with TiO2 nanoparticles and interstitial regions filled with electrolyte. This provides not only light

trapping and absorption enhancement, but offers improved electrical transport through the nanotube

walls. The nanotube array itself forms an extended 2D photonic crystal, and the spacing and diameter

of tubes in the array are chosen to promote dielectric modes that concentrate light in the interior of the

tubes. Linear and sinusoidal modulation over select regions of the nanotube diameter create a 3D

photonic crystal and allow for enhanced anti-reflection and back-reflection, respectively. Further

reduction of reflection losses is accomplished through the addition of triangular corrugation to the

glass–air interface of the cell. Using a constant volume of dye-coated TiO2 nanoparticles our design

gives a maximum achievable photocurrent density (MAPD) of 20.8 mA cm�2 in 2D simulations. This is a

33% improvement over the MAPD for a simple planar cell geometry, and well above the record short-

circuit current density for C101-based cells. We also demonstrate that choosing a dye with a broader

but weaker absorption profile compared to commonly used dyes would lead to even larger absorption

enhancements.
Broader context

The earth receives approximately 1.7 � 1017 W of power from the sun, exceeding current human energy consumption by many orders of magnitude. Harnessing
this energy in a cost effective manner requires the use of more efficient and less expensive photovoltaics than those currently available. One promising tech-
nology being extensively researched is the dye-sensitized solar cell (DSSC). These cells are inexpensive to make and boast power conversion efficiencies of up to
12%. However in order to compete with other photovoltaics on the market, further efficiency gains are required. Photonic crystals offer one route to improving
the light harvesting capabilities of DSSCs. Photonic crystals are sub-wavelength-scale periodic nanostructures that have the unique ability to guide and trap
light. In this work we numerically investigate a new design for a DSSC with integrated photonic crystal consisting of modulated-diameter TiO2 nanotubes. The
design is shown to absorb substantially more light than conventional cells using an equivalent amount of dye-coated active material. Numerical results suggest
the potential for efficiencies well beyond the current record for DSSCs.
1 Introduction

Dye-sensitized solar cells (DSSCs) are a promising alternative to
conventional silicon-based solar cells due to their low cost and
moderate efficiency. The standard design for a DSSC, pioneered
by Michael Grätzel and O'Regan,1 consists principally of a layer
of TiO2 nanoparticles, �10 mm thick with particle sizes of
�20 nm, sintered together to form a nanoporous network.
These are coated with a light-absorbing dye, typically a ruthe-
nium complex. Photoexcited electrons are transferred from the
dye to the conduction band of the TiO2, where they diffuse
through the porous network to a transparent conducting oxide
(TCO) substrate. A redox couple in solution (typically iodide–
triiodide) lls the cell and transports electrons from cathode to
cs, 60 St. George St., M5S 1A7, Toronto,

.ca; Fax: +1 416 978 7135; Tel: +1 416

Chemistry 2013
anode where they regenerate (reduce) dye molecules. Currently
the highest efficiency achieved for a DSSC under standard AM
1.5 conditions2 is 12.3%, reported by Grätzel et al. in 2011. This
is a signicant improvement over the previous record, which
had remained constant at �11% for several years.3–7 As we show
in this paper, signicant further gains in efficiency are possible
through photonic crystal based light trapping.8

There are three main obstacles preventing current DSSCs
from attaining higher efficiencies: (i) signicant losses of
potential occur as electrons are transferred to dye molecules
from the redox couple, resulting in a lower open circuit voltage
(VOC), (ii) weak absorption in the near-infrared portion of the
spectrum, limiting the short circuit current density ( JSC), and
(iii) recombination losses in the highly disordered nanoporous
TiO2 layer through which it is difficult for electrons to diffuse
down to the TCO substrate. Much of the current research on
DSSCs is focused on solving one of these three problems. In this
Energy Environ. Sci.
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paper we address the issues of charge and light collection, but
do not consider the chemistry problem of dye regeneration
voltage losses.

A promising approach for improving charge collection is the
replacement of the disordered nanoporous TiO2 layer with a
nanostructured photoelectrode. Zhang and Cao9 and Yu et al.10

review recent work on DSSCs using nanostructured photo-
electrodes such as nanowires, nanotubes, nanoowers, and
branched nanowires, as well as methods for their preparation.
The goal of these nanostructures is to improve charge collection
by offering a direct pathway for electron transport, with reduced
recombination.11 Nanotube arrays have efficiencies in the range
of 6–8%.12–16 The primary factor limiting the efficiency of these
devices is the lower surface area for dye absorption on the
nanotube arrays compared to nanoporous TiO2 layers. This
tradeoff between superior light collection and charge collection
has limited the use of previous nanostructures.

Attempts to circumvent this tradeoff involve composite cells,
which utilize high surface area nanoparticles in combination
with highly conductive nanotubes or nanowires. Various
designs have been tried: nanoparticles deposited in a nanowire
array,17,18 nanoparticles coating the walls of nanotubes,19–21

nanoparticles deposited in a nanotube array,22 and nanotube
arrays attached to nanoparticle layers.23,24 These cells show
signicant improvement over nanostructured cells that have no
added nanoparticles. However, none to date have approached
the efficiencies of standard nanoparticle-based DSSCs. In this
paper we demonstrate how a photonic crystal of nanotubes l-
led with nanoparticles can simultaneously enhance photonic
and electronic management. Our proposed design is inspired
by previous work on modulated nanowire Si solar cells,8 where
trapping light enabled structures with one micron equivalent
bulk thickness of silicon to absorb nearly as much sunlight as a
solid silicon slab more than 100 times as thick. These silicon
nanostructures feature linear and sinusoidal modulation of the
nanowire diameter for anti-reection, light-trapping and back-
reection. The design makes use of the parallel interface
refraction (PIR) effect,25 in which incident light couples to
modes propagating nearly parallel to the thin lm–air interface.
The effect provides longer dwell time for light in the active layer
of the cell leading to substantially increased absorption.

In DSSCs, most research has focused on designing and
testing new dyes. Few studies have considered improving light
collection for a cell with a given dye. One method commonly
employed in the most efficient DSSCs is to add a layer of larger
(�400 nm) TiO2 particles below the porous TiO2 layer,2,4,6 to
increase the dwell time for light in the cell by diffuse random
scattering.7 Colodrero et al.26 make use of alternating layers of
porous SiO2 and TiO2 to create a 1D photonic crystal with stop-
gap for back-reection. Several groups have tried applying an
inverse-opal photonic crystal mirror below the nanoporous TiO2

layer.27–30 Absorption enhancement arises here also due to slow
photons within the photonic crystal itself.31 However, applying a
secondary photonic crystal separate from the active layer
requires an extra manufacturing step, and good structural and
electrical contact with the active layer is problematic.24 There-
fore it is advantageous to incorporate the photonic crystal
Energy Environ. Sci.
directly into the active layer. In nanotube-based cells this can be
done by introducing a periodic modulation to the diameter of
the nanotubes. The resulting 3D photonic crystal can be tuned
to have a photonic stop-gap over a desired range of frequencies.
Yip et al.24 have used modulated nanotube arrays to achieve an
efficiency of 7.11%.

Solar absorption is also improved by reducing reection
losses that occur at interfaces. Raut et al. review various anti-
reection strategies used in solar cells.32 Although some DSSCs
use a thin-lm anti-reective coating,33,34 and others use
internal nanostructures to reduce reection,35,36 there is little
discussion of anti-reection optimization.

Optical models of DSSCs have mostly assumed a simple
Lambert–Beer exponential absorption in a planar active layer of
the cell.37,38 Some models include coherence effects and
multiple reections from interfaces,39 and scattering from
larger nanoparticles.40,41 However, these one-dimensional
models are inadequate for 2D and 3D photonic crystal DSSC's. A
2D nite-difference time-domain (FDTD) simulation of Max-
well's equations has been employed in one instance,42 with the
aim of optimizing geometrical parameters of dye-coated
nanotubes.

In this paper a 2D formulation of the nite element method
(FEM)43 is used to solve Maxwell's equations in the frequency
domain for arbitrary cell geometries. The fraction of incident
light absorbed by the cell is computed for a range of frequencies
and integrated over the AM 1.5 solar spectrum to give the
maximum achievable photocurrent density (MAPD). Systemat-
ically varying geometrical parameters allows for optimization of
the structure for high MAPD. Following previous work with
silicon nanowires,8 we propose and demonstrate the effective-
ness of a new photonic crystal-based DSSC. The design consists
of an array of large-diameter TiO2 nanotubes lled with TiO2

nanoparticles. Interstitial regions between nanotubes are lled
with electrolyte, and the dielectric contrast between the interior
and exterior of the nanotubes enables light-trapping. The array
dimensions are optimized to focus trapped light in the interior
of the nanotubes. Linear modulation of the nanotube diameter
at the top of the array creates a graded index which reduces
reection at the TCO–TiO2 interface. Sinusoidal modulation of
diameter at the bottom of the array creates a 3D photonic crystal
with a photonic stop-gap for back-reection. The period of
modulation is chirped linearly along each tube to give reection
over a broader range of frequencies. At off-normal incidence
modulation further increases absorption due to the PIR effect.
Triangular corrugation is added to the top of the cell at the air–
glass interface to minimize reection losses. The resulting cell
absorbs substantially more light per unit volume of dye than a
traditional DSSC, and has the potential for improved charge
collection due to the connected conductive pathways of the
nanotubes.
2 Theoretical model

We consider a 2D periodic nanostructure embedded in a thin-
lm dielectric stack, as depicted in Fig. 1. Incident light is
treated as a plane wave with an arbitrary angle of incidence
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Diagram of the geometry studied in this work. We embed an arbitrarily
shaped nanostructure in a thin film dielectric stack and solve for the case of a
plane wave incident on the cell with a given angle. The geometry and dielectric
function are periodic in the x-direction, so our computational domain contains
only one nanostructure (shown on the right). Bloch boundary conditions are
applied in the x-direction, and the domain is bounded above and below by
perfectly matched layers (PMLs). For our calculations the magnetic field is polar-
ized along the z-direction, out of the page.
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q and a wave vector k0 ¼ k0(sin qx � cos qy), where k0 ¼ u/c.
Incident light is TE-polarized (magnetic eld into the page) so
that the electric eld is polarized along the direction that the
dielectric constant varies. This is representative of what inci-
dent light would encounter in a true three-dimensional array.
The incident plane wave can be described by

E0 ¼ A0exp(ik0$r), (1)

where the amplitude is denoted A0 ¼ E0(cos qy + sin qx), with E0
being an arbitrary complex number. We consider the solar
spectrum to consist of an innite incoherent superposition of
such plane waves with wavelengths ranging from roughly 270
nm to 2.54 mm.

In order to obtain the absorption for a given wavelength we
solve Maxwell's equations for the electric and magnetic elds
(E, H):

V � E ¼ ium0mH (2)

V � H ¼ �iu303(r,u)E (3)

with a xed frequency u, where m0 and 30 are the permeability
and permittivity of free space. Relative permeability is denoted
by m and is taken to be 1 for all materials considered. The
complex-valued frequency-dependent dielectric function 3(r,u)
is spatially periodic in the x-direction. In the frequency domain,
material dispersion is taken into account easily and accurately.
Dielectric function data for all materials was obtained from
Grätzel et al.,39 with the exception of TiO2, for which data was
obtained from Rahman et al.44 The dye-coated TiO2 nano-
particles and permeating electrolyte are treated as an effective
medium with a single dielectric function. This is justied by the
This journal is ª The Royal Society of Chemistry 2013
sub-wavelength (�20 nm) feature sizes in this part of the
medium.

Eqn (2) and (3) can be combined into a single equation

V�
�

1

3ðr;uÞV�H

�
� k0

2
mH ¼ 0; (4)

which we solve for H. The magnetic eld is used because it is
polarized entirely along the z-axis, allowing eqn (4) to be written
as a scalar equation. The electric eld E can be recovered fromH
using eqn (3). Eqn (4) is solved using an FEM formulation,
described in detail in Demésy et al.43

Once E and H are known, quantities of interest such as
absorption, reection and transmission coefficients are calcu-
lated as follows. We dene an incident eld Einc that is equal to
E0 in the superstratum (air region) above the cell, and is zero in
all other regions. From this the diffracted eld is dened as Ed
h E � Einc. The diffracted eld is the eld that results from Einc
impinging on the cell. The magnetic elds Hinc and Hd are
dened in an analogous manner. Reection and transmission
coefficients can then be computed from the ratios:

rðl; qÞ ¼

ð
Ssup

�Re
�
Ed �H*

d

�
$ndx

ð
Ssup

Re
�
E0 �H*

0

�
$ndx

(5)

tðl; qÞ ¼

ð
Ssub

Re
�
Ed �H*

d

�
$ndx

ð
Ssup

Re
�
E0 �H*

0

�
$ndx

(6)

Ssup and Ssub are lines that bound the dielectric stack above and
below, as shown in Fig. 1. They have unit normal vectors n
pointing in the direction of decreasing y. Outgoing power in the
superstrate and substrate is obtained by calculating the Poynt-
ing vector ux of the diffracted eld through Ssup and Ssub,
respectively. These quantities are normalized to the incident
power, given by the Poynting vector ux of the incident eld
through Ssup. The two ratios yield r(l,q) and t(l,q), the fractions
of light reected and transmitted by the cell. Since E0 is simply a
plane wave dened in eqn (1), the denominators in eqn (5) and

(6) reduce to E0
2a

ffiffiffiffiffiffiffiffiffiffiffiffi
30=m0

p� �	ð2cos qÞ.
Normalized absorption a(l,q) can be inferred by subtracting

r(l,q) and t(l,q) from unity. a(l,q) can also be computed inde-
pendently from the ratio

aðl; qÞ ¼

ð
A

u30Jmð3ÞjEj2dxdy
ð

Ssup

RefE0 �H*
0g$ndx

(7)

In the numerator the dielectric power loss density is inte-
grated over the area A of the solar cell yielding the total absor-
bed power. As above this quantity is normalized to the incident
Poynting vector ux to get the fraction of incident power
Energy Environ. Sci.
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Fig. 2 Proposed DSSC design (not to scale). An ordered TiO2 nanotube array
with period a and diameter d is attached to the upper FTO layer. The nanotube
diameter is modulated linearly from d to 0.95a over a 1.4 mm region at the top of
the array. The nanotubes are filled with TiO2 nanoparticles, and permeating the
entire cell is an iodide–triiodide electrolyte. Light is incident from the top.
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absorbed by the solar cell. An advantage of this method is that
by integrating over different regions of the cell separately, we
can distinguish between “useful” radiation absorbed by the dye
and “lost” radiation absorbed by other materials (e.g. the elec-
trolyte). We denote by adye(l,q) the fraction of incident power
absorbed by dye molecules in the active region of the cell.
Because a(l,q) is computed using the eld within the solar cell,
it is determined independently of r(l,q) and t(l,q), which are
computed from the eld in the superstrate and substrate
respectively. The sum of the three quantities is compared to
unity as a self-consistency check.

The MAPD is obtained from adye(l,q) using

Jlmax

lmin
ðqÞ ¼

ðlmax

lmin

el

hc
IðlÞadyeðl; qÞdl; (8)

where e is the electron charge, h is planck's constant, and c is
the speed of light in a vacuum. I(l) is the AM 1.5 solar light
intensity incident on the cell per unit area per unit wavelength,
assumed to be a collimated beam with an angle of incidence q.
The quantity I(l)adye(l,q) is divided by the photon energy hc/l to
obtain the number of photons absorbed per second per unit
area per unit wavelength. MAPD assumes perfect charge
collection; i.e., that one absorbed photon results in one electric
charge contributing to current. It is obtained bymultiplying by e
and integrating over relevant wavelengths. The actual short
circuit current density (involving carrier recombination losses)
is less than the MAPD. The off-normal performance of DSSCs is
particularly important since DSSCs typically do not utilize sun
tracking devices and much of their input is off-normal.
Fig. 3 The MAPD J960nm400nm(0) in mA cm�2 for the nanotube array of Fig. 2 with
normally incident light, as a function of the array periodicity a in nm and the
nanotube diameter d. Equivalent slab thickness of TiO2 nanoparticles is 11.2 mm
for all geometries considered. Nanotube wall thickness is set to 0.1d. Optimal
values are between roughly 650 nm and 720 nm for a, and 0.35a and 0.5a for d.
3 Results and discussion
3.1 Nanotubes with linear modulation

We benchmark our DSSC performance using the optical model
published by Grätzel et al.39 They used a ray-tracing algorithm to
determine absorption, reection and transmission coefficients
as a function of wavelength for simple slab DSSCs. The Grätzel
cell from top to bottom consists of: glass superstrate (3.88 mm
thick); uorine-doped tin oxide (FTO) transparent conducting
oxide (690 nm thick); effective medium of dye-coated TiO2

nanoparticles/iodide–triiodide electrolyte (varying thicknesses);
pure electrolyte (16 mm thick); second FTO layer (360 nm thick);
and glass substrate (2.22 mm thick). Two different dye systems
were studied, Z90745 and C101.46 For a DSSC with an 11.2 mm
thick nanoparticle layer sensitized with C101 dye, the Gratzel
cell exhibits an MAPD of 15.9 mA cm�2. In our FEM formula-
tion, this cell yields an MAPD of 15.6 mA cm�2. The minor
discrepancy between the two values is attributed to small
differences in dielectric function data. We use this system
(11.2 mm TiO2 layer, C101 dye) as our reference point for opti-
mization, since it represents a typical DSSC. Most DSSCs today
make use of a diffuse scattering layer to increase light absorp-
tion, which is not modelled in this case. We return to this topic
in the section on real world performance.

Our proposed cell design consists of a periodic array of TiO2

nanotubes lled with dye-coated TiO2 nanoparticles and a
Energy Environ. Sci.
permeating electrolyte, as shown in Fig. 2. Pure electrolyte lls
the interstitial regions between nanotubes. We use Grätzel's
FTO layer thicknesses of 690 nm and 360 nm. MAPD was found
not to depend on the heights of the glass layers, so they were set
to 1 mm to reduce computational time. The thickness of the
electrolyte layer between the nanotubes and the second FTO
layer was also reduced to 1 mm.

We optimize solar absorption at normal incidence for the
simple geometry shown in Fig. 2 by varying the photonic crystal
period a and tube diameter d. The nanotube diameter is linearly
modulated over the top 1.4 mm of the array to give a diameter of
0.95a to better index match the FTO interface and reduce
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Cell geometry (not to scale) with linearly chirped sinusoidal modulation
added to the lower portion of the nanotube array and triangular corrugation
added to the air–glass interface. The modulation period increases towards the
bottom of the array, with a constant amplitude A. The height of the modulated
region is set to 0.52 times the total array height. The corrugation has height hc
and period ac. We study the cases ac ¼ a (shown on the left of the diagram) and
ac ¼ a/2 (shown on the right).
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reection. For all calculations in this paper the equivalent slab
thickness of TiO2 nanoparticles is kept constant at 11.2 mm. In
other words, if the nanoparticles within the nanotubes were
redistributed into a planar geometry, the layer would be 11.2 mm
thick. This ensures that absorption enhancement is due to light
trapping rather than differences in the amount of active mate-
rial. Equivalent slab thickness is maintained by adjusting the
height of the nanotube array as parameters are varied. The
nanotube wall thickness is set to 0.1d.

Fig. 3b shows a map of J960nm400nm(0) (MAPD) as a function of a
and d. The value of lmin was set to 400 nm to match the value
used by Grätzel et al. lmax was set to 960 nm, above which dye
absorption is effectively zero. The spectral range [400 nm,
960 nm] was spanned with step sizes of 2 nm. The data show a
clear maximum in MAPD with a peak value of 18.0 mA cm�2, an
improvement of 15.4% over the planar Grätzel cell. The centre
of the broad maximum in Fig. 3b occurs at (a, d) ¼ (690 nm,
0.42a). The height of the nanotube array for these values is
32.2 mm. We use these parameter values as a starting point in
subsequent optimization with modulated nanotubes. The
MAPD is enhanced over a wide range of values for a and d,
indicating that the design is tolerant to fabrication errors.

Dye absorption spectra for the planar geometry and the best
performing nanotube array geometry are compared in Fig. 4a.
The nanotube array signicantly outperforms the planar cell
over a broad spectral range for l > 600 nm. At shorter wave-
lengths the array shows a slight decrease in dye absorption
relative to the planar case, due to absorption by the additional
electrolyte present between the nanotubes. The enhancement at
longer wavelengths is caused primarily by dielectric modes of
light that conne the electric eld to the interior of the nano-
tubes. Fig. 4b shows a map of the electric eld intensity |E|2 in
the top half of the solar cell for an incident wavelength of
700 nm. The eld intensity inside the nanotubes is enhanced by
a factor of 6.65 relative to the incident plane wave.
Fig. 4 (a) Absorption spectra for the planar reference case (in blue) and the linearly
in absorption for the nanotube array over the planar case is seen in the wavelength
field intensity |E|2 in the top half of the cell for l ¼ 700 nm. Strong confinement of

This journal is ª The Royal Society of Chemistry 2013
3.2 Back-reection with chirped photonic crystal mirror

DSSCs typically use a transparent conducting oxide as a back
contact material, resulting in considerable optical transmission
through the cell. Substantial performance improvements are
possible by incorporating a back-reector in the form of peri-
odic modulation of the nanotube diameter to the bottom half of
modulated nanotube array with (a, d)¼ (690 nm, 0.42a) (in red). A broad increase
range 600–800 nm. (b) For the nanotube array of (a), a spatial map of the electric
the field to the inside of the nanotubes is observed.

Energy Environ. Sci.
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Fig. 7 Reflection spectra with dye absorption turned off, for the optimized
nanotube array of Fig. 6 (in red) and the planar geometry (in blue). Also shown in
green is the reflection spectrum for the same nanotube array with a weaker chirp
(ay in the range [230 nm, 300 nm]). The weaker chirp gives a narrower but more
highly reflecting stop-gap.
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the array (see Fig. 5 – in this case there is no triangular corru-
gation at the top of the cell, so hc ¼ 0). This forms the array into
a 3D photonic crystal (modelled as 2D in this work). By
adjusting the period and amplitude of the modulation and the
dimensions of the array we create a 1D photonic stop gap in the
y-direction. Adding a linear chirp to the modulation period
broadens the stop gap to reect an even wider range of
wavelengths.

We apply to the nanotube radius r a modulation of the form
r(y)¼ r0 + Acos(2py/ay), where A is the modulation amplitude, ay
is the y-dependent modulation period, and r0 ¼ d/2. The period
ay is varied linearly along the length of the modulated region
according to the formula ay ¼ a1 + (a2 � a1) ( y � y0)/h, with h
being the height of the modulated region. Using this formula
gives a range of periods that is much greater than [a1, a2]. The
observed range of periods is what we report in this paper when
specifying the chirp, rather than a1 and a2. We nd an optimal h
to be 0.52 times the total height of the array. MAPD depends
strongly on the amplitude of modulation. The best performance
was found for A ¼ 80 nm, the strongest modulation studied.
Nevertheless we use A¼ 50 nm in subsequent calculations since
this may be more amenable to fabrication.

To optimize parameters an iterative approach was taken.
Starting with a and d held xed at 690 nm and 0.42a, respec-
tively, an optimal range was found for ay. Next using this range
for ay and holding it xed, new values for a and d were found.
The process was repeated until the parameter values converged.
Maximum solar absorption was found when (a, d) ¼ (470 nm,
0.5a), with a range of [230 nm, 425 nm] for ay and a nanotube
array height of 27.2 mm. This provides MAPD of 19.2 mA cm�2, a
21.2% improvement over the planar geometry. The dye
absorption spectrum for the modulated geometry (Fig. 6a)
shows signicant enhancement compared to other structures
over a wide spectral range up to l ¼ 770 nm. At longer wave-
lengths the modulation has almost no effect, suggestive of a 1D
photonic stop-gap with a lower band edge at 770 nm. This stop-
gap was veried by setting the imaginary part of the dye
Fig. 6 (a) Dye absorption spectra for nanotubes with chirped sinusoidal modulatio
structure are (a, d)¼ (470 nm, 0.5a) with a range of [230 nm, 425 nm] for ay. (b) Trans
stop-gap edge at 770 nm, transmission for our optimized geometry is strongly sup

Energy Environ. Sci.
refractive index to zero and calculating the reection spectrum
(see Fig. 7). The optimized geometry with modulation has a
clear reection stop-gap extending from 620 to 770 nm with an
average reectivity of roughly 0.7. The lower edge of the gap at
770 nm corresponds precisely to the absorption enhancement
cutoff in Fig. 6a. No stop-gaps are seen for unmodulated
nanotubes.

Optimizing the chirp of the 1-D Bragg grating involves a
tradeoff between the spectral width and quality of the stop-gap.
A stronger chirp (i.e., wider range in ay) tends to give a wider
stop-gap but a lower overall reectivity. If the period
changes too quickly in space, the reectivity is degraded at any
given wavelength. This is seen in Fig. 7, where we also plot
reectivity for a weaker chirp with a range of [230 nm, 300 nm]
for ay. The more weakly chirped geometry has a narrower
but stronger reecting (85%) stop-gap, ranging from 600 to
700 nm.
n (in red) and for the planar geometry (in blue). Optimal parameters for the new
mission spectra for the two cell geometries in (a). For wavelengths shorter than the
pressed relative to the planar case.

This journal is ª The Royal Society of Chemistry 2013
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An attractive feature of the photonic crystal mirror is
frequency selectivity of absorption. This enables longer wave-
length light to pass through the DSSC and potentially be har-
vested by a second solar cell below. Fig. 6b compares the
transmission spectra for our optimized structure and the planar
geometry. We characterize transmission in units of MAPD by
dening:

Tlmax

lmin
ðqÞ ¼

ðlmax

lmin

el

hc
IðlÞtðl; qÞdl (9)

Tlmax
lmin

ðqÞ is a measure of the short circuit current density that
would result if all transmitted photons in the range [lmin, lmax]
were collected by a secondary solar cell and converted to current
with 100% efficiency. We use the wavelength range [800 nm,
1200 nm] for evaluating performance in regards to transmission.
While a signicant amount of light in this range is transmitted,
our optimized design yields a transmitted MAPD of 10.2 mA
cm�2 compared to 13.9 mA cm�2 for the planar solar cell.
3.3 Corrugation of glass–air interface

Typical reection losses in our simulations are about 10% of
incident power for a cell with no back-reector (cf. Fig. 6b). To
reduce reection we introduce a triangular corrugation at the
glass–air interface, as shown in Fig. 5. The nature of our
computational method limits the corrugation period ac to
integer fractions of the nanotube array period (a, a/2, a/3, etc.).
The cases ac ¼ a and ac ¼ a/2 were chosen for study as these
numbers fall into the range of previously reported optimal
periods for nanostructured anti-reective arrays.47 For calcula-
tions involving corrugation, the height of the glass layer was
increased to 10 mm to be realistic. Absorption was found to vary
signicantly as the corrugation was shied horizontally relative
to the nanotube array due to local wave interference. To simu-
late solar illumination we average over several different
Fig. 8 MAPD as a function of the corrugation height hc for the corrugation
periods ac ¼ a (red line) and ac ¼ a/2 (blue line). The cell parameters are (a, d) ¼
(470 nm, 0.5a) with ay in the range [230 nm, 425 nm]. The smaller corrugation
period ac ¼ a/2 yields better performance at all corrugation heights.

This journal is ª The Royal Society of Chemistry 2013
positions of the corrugation relative to the nanotube array.
Starting with the optimized structure of Section 3.2 we investi-
gate the dependence of cell performance on the corrugation
height hc.

MAPD as a function of corrugation height is shown in Fig. 8
for (a, d)¼ (470 nm, 0.5a) with ay in the range [230 nm, 425 nm],
for corrugation periods ac ¼ 235 nm and ac ¼ 470 nm. For both
corrugation periods MAPD increases with hc up to hc x 200 nm,
aer which it plateaus. At all heights the cell with ac ¼ 235 nm
outperforms the cell with ac ¼ 470 nm. MAPD reaches a high of
20.6 mA cm�2 for the former, and only 20.1 mA cm�2 for the
latter. In both cases the improvement over cells with no corru-
gation is substantial, indicating a sizable reduction of reection
losses. Since much of the reection arises from the stop-gap, we
rerun the simulation without any sinusoidal modulation of the
nanotube diameter. Fig. 9 shows the reection spectra under
this setup for the corrugation period ac ¼ a/2 with hc ¼ 600 nm.
Also shown for reference is the reection spectrum with hc set to
zero (i.e., no corrugation). Reection is dramatically lower in the
corrugated case: roughly 1% of all light is reected for wave-
lengths up to l ¼ 700 nm. Above this we see two peaks where
reection rises to about 15%. However even at these peaks the
reection coefficient is below that of the uncorrugated case.
Total reection losses over the range [400 nm, 960 nm] as a
fraction of the incident power are 4.1% for the corrugated cell,
compared to 9.9% with no corrugation.

To obtain a nal optimized structure the cell parameters (a,
d, and the range of ay) are re-optimized with corrugation in
place using ac ¼ a/2 and hc ¼ 600 nm. The same iterative
optimization procedure described in Section 3.2 is used. Aer
optimization the new values for the cell parameters are a ¼
490 nm and d ¼ 0.48a, with a range for ay of [240 nm, 425 nm].
The height of the nanotube array for these parameters is
28.3 mm. In Fig. 10 we compare the absorption spectrum for the
new structure with the planar geometry. The optimized struc-
ture outperforms the planar cell by a signicant margin and is
Fig. 9 Comparison of the reflection spectra for the nanotube geometry with
corrugation (ac¼ a/2 and hc¼ 600 nm) (in red) and without corrugation (in blue).
For both cells the chirped modulation has been turned off to eliminate back-
reflection from the photonic crystal. Nanotube parameters for both cases are
(a, d) ¼ (470 nm, 0.5a).

Energy Environ. Sci.
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Fig. 10 Comparison of the dye absorption spectra for the final optimized
structure with corrugation of the glass–air interface (red line), and the reference
planar geometry (blue line). The optimized nanotube design outperforms the
planar geometry by a substantial margin at all wavelengths. Due to the addition
of a strong anti-reflection layer, there is a broad spectral region from roughly 480
to 600 nm over which essentially all light is absorbed.

Table 1 Summary of results obtained for the different geometries studied. The
first column shows MAPD and the second shows percent improvement over the
planar geometry MAPD. Additions to the cell structure are cumulative; each
geometry listed also has the features of the previous

Geometry MAPD (mA cm�2) % Improvement

Planar 15.6 —
Linearly modulated NT 18.0 15.4
Sinusoidal modulated NT 19.2 21.2
Glass corrugation NT 20.8 33.5
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more absorbing at all wavelengths. In the spectral region from
480 to 600 nm the absorption coefficient is essentially unity. The
stop-gap edge is shied from 770 nm to 800 nm for the new
geometry. The MAPD for the new structure is 20.8 mA cm�2, an
improvement of 33.5% relative to the planar case.

Table 1 summarizes our results, listing MAPD and the
percentage improvement over the planar case for each geometry
considered.
3.4 Real world performance

Thus far we have compared our design with a simple planar
geometry DSSC. However our design also outperforms the state-
of-the-art highest efficiency DSSCs, which use a layer of large
diameter TiO2 nanoparticles to provide random back-scattering
of light. The record for short-circuit current density in such a
C101-based DSSC is 17.94 mA cm�2, by Gao et al.46 Our MAPD
value surpasses this number and yields a signicantly improved
short-circuit current density, even if we assume a typical
recombination loss of 1.5 mA cm�2.39 Short-circuit current
densities comparable to ourMAPDhavebeen reported,7but such
cells use different dyes and therefore can't be directly compared
with ours. Photonic crystal light trapping clearly offers advan-
tages over random light scattering used in most cells.
Energy Environ. Sci.
As pointed out by Gálvez et al.,48 the best light-trapping
design for a given cell may not yield the highest efficiency,
depending on the charge generation prole and charge trans-
port properties. A full electrical simulation of our cell is beyond
the scope of this paper, but values in the literature can act as a
rough guide. Typical electron diffusion lengths in TiO2 nano-
particle layers are �20 to 30 mm,39 compared with up to 100 mm
for TiO2 nanotubes.49 Adding nanoparticles to a nanotube
electrode has been found to reduce the electron diffusion length
by �15 to 25% from the bare nanotube value.20,22 For the best
nanotube arrays this would give a diffusion length of 75 mm or
more, much greater than the nanotube length in our design.
Moreover, our photonic crystal mirror tends to conne charge
generation to the upper half of the nanotube array, closer to the
electrode. Charge collection efficiencies for our design should
therefore be very high. For materials with a lower diffusion
length, our design would still be effective, but a shortened
nanotube array would be required to compensate for the
reduced charge collection. Ultimately the optimal height of
the nanotube array in any real cell will be determined by the
tradeoff that exists between light harvesting and charge
collection.

For the purposes of estimating power conversion efficiency
we assume that a negligible fraction of generated electrons are
lost and that our MAPD of 20.8 mA cm�2 translates into the
actual short circuit current density. We use Gao's 11% efficient
cell as a reference, and assume the other cell parameters (open
circuit voltage, ll factor) remain unchanged. This gives a lower
bound on power conversion efficiency of 12.75%, with further
improvement likely from higher open-circuit voltage (due to
reduced recombination) not included in our estimate. An even
higher short-circuit current density is possible if charge
collection efficiencies are high enough to permit a longer
nanotube array.
3.5 Angular performance

An important consideration in solar cell performance is
absorption at off-normal angles of incidence. DSSCs are oen
either pointed in a xed direction or attached to a portable
device so that a signicant fraction of sunlight impinges from
an off-normal angle. Fig. 11 compares MAPD as a function of
the incident angle q for the optimized structure of Section 3.3
and the planar cell. For each angle q it is assumed that the entire
AM 1.5 spectrum is collimated and incident on the cell at angle
q with TE polarization. Our optimized structure displays very
good performance at low angles, with MAPD well above that of
the planar case. However at higher angles the MAPD decreases,
and the optimized design actually performs slightly worse than
the planar geometry for angles above 50�. Our design never-
theless outperforms the planar geometry when averaging over
all angles.

We also consider a structure that performs uniformly well at
all angles of incidence by optimizing geometrical parameters
for performance at 0�, 35�, and 70� with equal weight. Optimal
cell parameters under these constraints were found to be
(a, d) ¼ (620 nm, 0.75a) with a range of [235 nm, 415 nm] for ay.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 (a) MAPD as a function of the angle of incidence q for several cell geometries. The red curve shows MAPD for our final optimized nanotube array with (a, d) ¼
(490 nm, 0.48a) and a range of [230 nm, 425 nm] for ay. The green curve showsMAPD for a nanotube array with geometry optimized for broad-angle acceptance: (a, d)
¼ (620 nm, 0.75a) and a range of [235 nm, 415 nm] for ay. MAPD for the planar geometry is shown in blue. (b) Time-averaged Poynting vector and field intensity maps
inside the cell for the normal incidence-optimized geometry. The two cases shown are q ¼ 5� , l ¼ 740 nm (left), and q ¼ 20� , l ¼ 804 nm (right). Light is incident from
the top-left. Both cases show a clear PIR effect: the Poynting vector is pointed left (negative refraction) and is nearly parallel to the air–glass interface.

Fig. 12 Red diamonds: data used in this paper for the imaginary component of
the refractive index for the C101-based effective medium. Shown in blue is a fit of
two Lorentzian peaks to this data. The green line is obtained by doubling the scale
parameter of the two Lorentzian peaks to create a broader curve for study.
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The MAPD for the new optimized geometry is 18.5 mA cm�2 at
normal incidence, and remains roughly constant with angle up
to q ¼ 70�, as shown in Fig. 11. The new structure is out-
performed by the previous optimized geometry at low angles of
incidence, but has a much higher MAPD when averaged over all
angles.

At off-normal angles of incidence, absorption is enhanced
through parallel interface refraction (PIR), an anomalous type
of negative refraction seen in certain photonic crystal archi-
tectures. Light undergoing PIR couples to modes nearly parallel
to the surface of the photonic crystal, yielding long dwell times
in the active layer of the cell. Fig. 11b shows the time-averaged
Poynting vector and electric eld intensity |E|2 inside the
nanotube array for the normal incidence-optimized geometry,
for two different incident waves (q ¼ 5�, l ¼ 740 nm, and q ¼
20�, l ¼ 804 nm). These incident waves correspond to peaks in
the absorption spectrum. In both cases we see a strong PIR
effect, with Poynting vectors oriented in the negative x-direction
and nearly parallel to the cell surface. PIR was observed over a
wide range of angles and wavelengths, in particular for the
broad acceptance angle geometry.
3.6 Alternative dye systems

Although we have focused on the C101 dye in this work, our
light-trapping strategy is even more effective in dyes with a long
absorption tail and a broad spectral range with low but non-
negligible absorption. In contrast, a dye with an absorption
prole that falls off quickly with wavelength exhibits relatively
less light-trapping enhancement.

We illustrate this with a simple model. A pair of Lorentzian
curves are t to the imaginary part of the refractive index for the
C101 effective medium. The original data and the t are shown
This journal is ª The Royal Society of Chemistry 2013
in Fig. 12. The t overestimates the data for higher wavelengths,
but provides a plausible absorption spectrum with a mathe-
matical form that can be manipulated. The tted curve is
broadened by doubling the scale parameter for each of the
Lorentzian curves (while leaving the amplitude and central
wavelength unchanged). This gives a second absorption spec-
trum with a lower peak but a much longer absorption tail, also
shown in Fig. 12. We optimize the cell structure for this
broadened spectrum and determine the enhancement in MAPD
relative to the planar case. This is compared with the 33.5%
improvement in MAPD obtained for the original dye spectrum.
For these calculations the real part of the refractive index is le
unchanged from the original C101 effective medium.
Energy Environ. Sci.
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Fig. 13 Absorption coefficient for three different dye–geometry systems: unal-
tered C101 dye with a planar geometry (red curve), broadened dye with planar
geometry (green curve), and broadened dye with optimized nanotube geometry
(blue curve). Structural parameters for the optimized geometry are (a, d) ¼
(600 nm, 0.47a) with a range for ay of [265 nm, 440 nm]. Absorption enhance-
ment over the planar cell occurs for a wider range of wavelengths than in the case
of the original dye.
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For reference we calculate absorption in the planar case,
again assuming an 11.2 mm thick layer of the effective medium.
Because our broadened dye absorbs at much longer wave-
lengths than the original dye, we extend our calculation range to
[400 nm, 1200 nm]. The absorption coefficient for the original
dye and broadened dye with planar geometry are shown in
Fig. 13. The new broad spectrum dye has signicantly higher
absorption overall. The decrease in peak absorption due to
broadening is much less signicant than the increase in
absorption at higher wavelengths. The MAPD for the new dye in
a planar cell is 19.74 mA cm�2.

In optimizing the cell structure for the broadened dye we
vary a, d, and the range of ay; all other geometrical parameters
Fig. 14 The multi-step procedure proposed for manufacturing our nanotube arra
anodization process; (2) a thin layer of TiO2 is deposited conformally on the walls of
nanoparticles are deposited into the coated nanopores; (4) the alumina template is
nanoparticles) is transferred to a TCO substrate for use in a DSSC.

Energy Environ. Sci.
are unchanged from previous sections. The same iterative
approach for optimization described in Section 3.2 is used.
Aer completing this procedure we arrive at parameter values of
(a, d) ¼ (600 nm, 0.47a) with a range for ay of [265 nm, 440 nm].
As expected a large increase in absorption relative to the planar
case is seen for the optimized cell (Fig. 13). A photonic stop-gap
edge is observed around 950 nm. The most notable difference
from the original optimized design is the length scale of the
relevant parameters. The nanotube array has a much larger
period than before, and the chirped modulation has both a
larger average period and a wider range of periods. This has the
effect of shiing the absorption enhancement to longer wave-
lengths and over a wider range. The MAPD for the new
parameters is 27.2 mA cm�2, a 37.8% improvement over the
planar cell. Clearly, our design provides the most performance
enhancement for dyes with a broad absorption spectrum, even
if peak absorption is relatively low. This ties in well with current
research being done on panchromatic absorption in DSSCs.50
3.7 Fabrication strategy

In this section we discuss how our proposed design could be
made with current manufacturing techniques. Many different
methods for preparing TiO2 nanotubes have been developed,
including sol–gel techniques,51 coating of ZnO nanowires,52,53

direct anodization of Ti foil,13–15 and deposition of a TiO2 layer
into an anodized alumina template.54,55 The latter two tech-
niques, based on anodization, enable formation of highly
ordered nanotube arrays. Direct Ti foil anodization is widely
used in DSSC research, and is capable of producing nanotubes
with a wide range of geometrical parameters. These nanotubes
can have heights of up to hundreds of microns,14 diameters of
up to 350 nm, and tube-to-tube spacings of up to 500 nm.19,56

The main drawback of the direct anodization method is lack of
selectivity. To construct a cell with our design we need to
y: (1) modulated diameter alumina nanopores are grown from Al foil through an
the nanopores using either sol–gel or atomic layer deposition techniques; (3) TiO2

removed through selective etching; and (5) the nanotube array (now filled with

This journal is ª The Royal Society of Chemistry 2013
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deposit TiO2 nanoparticles selectively in only the interior of the
nanotubes. This is difficult to achieve using direct anodization.

A template method is better suited to create our nanotube
array. In this method alumina pores are created through
anodization of an Al foil. A conformal layer of TiO2 is then
deposited on the walls of the pores using either sol–gel
methods54 or atomic layer deposition.55 Chemical etching is
used to selectively remove the alumina template. This leaves an
array of highly ordered TiO2 nanotubes that can be transferred
to a TCO substrate for use in a DSSC. Like direct anodization,
template anodization allows for a wide range of nanotube
geometries. Deneault et al. have created nanotubes using this
method with heights of up to 48 mm, diameters of up to 350 nm,
and tube-to-tube spacings of >400 nm.54 However unlike direct
anodization, the use of an alumina template allows for selective
deposition of nanoparticles within the nanotubes. This can be
done by adding nanoparticles to the array aer the addition of
the TiO2 layer to the pores, but before the chemical etching of
the alumina. The proposed procedure is outlined in the
diagram of Fig. 14.

Another requirement of our design is the ability to modulate
the nanotube diameter. For anodization-based methods this is
typically done by varying the applied current or voltage during
growth. Periodic modulation of diameter has been demon-
strated for TiO2 nanotubes24,57 as well as alumina nanopores.58

Modulation periods from 100 nm to >2 mm have been achieved,
putting our required range of roughly 200–500 nm well within
current capabilities. Modulation amplitudes are typically on the
order of 20–30 nm, which is somewhat less than the 50 nm
assumed in this work. However given the large performance
gains associated with increasing the modulation amplitude
(�0.05 mA cm�2 in our work), there is a strong incentive for
improvements in this regard. Linear modulation of diameter
has been demonstrated for alumina nanopores,59 although the
depth of these pores was much less than in our design.

Finally, our design features triangular corrugation of the
glass–air interface for reduced reection losses. In three
dimensions this would correspond to either pyramidal or
conical nanopatterning of the glass. There has been a great deal
of work on nanopatterning at interfaces for anti-reection
purposes; Raut et al. discuss manufacturing strategies for these
nanostructures at length in their review.32
4 Conclusions

We have demonstrated the efficacy of light-trapping in hybrid
DSSCs consisting of modulated-diameter nanoparticle-lled
nanotubes. Our design improves solar absorption by 33% with
enhanced anti-reection, light connement, and back-reec-
tion in the cell. For a C101-based photonic crystal cell it was
found that periodicities on the order of 500 nm with nanotube
diameters of roughly half the period are optimal for solar
absorption. Chirped sinusoidal modulation at the bottom of the
nanotube array provides strong back-reection. Solar absorp-
tion is optimized for modulation period ranges of roughly 250–
450 nm. Triangular corrugation at the top of the cell is effective
for anti-reection. Our nal optimized structure gives an MAPD
This journal is ª The Royal Society of Chemistry 2013
of 20.8 mA cm�2 at normal incidence, well beyond the current
record for short-circuit current density in C101-based cells. This
suggests that photonic crystal light-trapping is more effective
than the random light scattering approach used in the best cells
today. Our structure features additional advantages over tradi-
tional DSSCs, such as a frequency-selective back-reector and
the possibility of improved charge collection coming from the
ordered nanotube array. Photonic crystal designs are very
versatile and can be tailored to any desired dye system to
increase absorption. Our results suggest that light-trapping
enhancement is most effective in dyes with relatively weak
absorption overall and a long absorption tail (e.g., black dye60).

Given better light collection than traditional DSSCs and the
potential for improved charge collection through ordered
nanotube arrays, we anticipate cells with our design with power
conversion efficiencies over 13%. This would be a record for
DSSCs. Future research will focus on extending the model to
three dimensions. Coupling of our optical model to an electrical
charge transport model would enable a complete DSSC device
optimization.
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