
Energy &
Environmental Science

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Fe

br
ua

ry
 2

01
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 7
:0

1:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Instituto de Ciencia de Materiales de Sevi

Cient́ıcas-Universidad de Sevilla, Avda. Am

E-mail: h.miguez@csic.es

† Electronic supplementary informa
10.1039/c3ee23609a

Cite this: Energy Environ. Sci., 2013, 6,
1260

Received 26th September 2012
Accepted 1st February 2013

DOI: 10.1039/c3ee23609a

www.rsc.org/ees

1260 | Energy Environ. Sci., 2013, 6, 1
Angular response of photonic crystal based dye
sensitized solar cells†

Carmen López-López, Silvia Colodrero, Mauricio E. Calvo and Hernán Mı́guez*

Herein we report an experimental analysis of the performance of photonic crystal based dye solar cells (PC-

DSCs) as the incident light angle moves away from the normal with respect to the cell surface. Nanoparticle

multilayers operating at different wavelength ranges were coupled to the working electrode of a dye solar

cell for this study. The interplay between optical and photovoltaic properties with the incident light angle is

discussed. We demonstrate that an efficiency enhancement is attained for PC-DSCs at all angles measured,

and that rational design of the photonic crystal back mirror leads to a reduction of the photocurrent losses

related to the tilt angle of the cell, usually labeled as cosine losses. Angular variations of the cell

transparency are also reported and discussed. These angular properties are relevant to the application

of these solar devices in building integrated photovoltaics as potential window modules.
Introduction

Research on dye solar cells (DSCs) has become widespread due
to the attractive possibility of generating electricity utilizing
inexpensive materials and fabrication techniques.1,2 These are
photovoltaic devices in which the absorption of sunlight is
realized by dye molecules attached to the inner surface of a wide
band gap semiconductor oxide lm soaked by a redox electro-
lyte. In order to increase the optical path travelled by photons in
the electrode, thus increasing the probability of photon
absorption and giving rise to higher power conversion effi-
ciency, many strategies have been followed. Today, all record
cells make use of a diffuse scattering layer on top of the elec-
trode, normally composed of larger TiO2 particles with diame-
ters on the order of hundreds of nanometers, which reects
light back into the cell in random directions.3–6 Experimental
and theoretical studies on the subject led to the conclusion that
such an optical design yielded optimum cell performance.7–9

However, a price has to be paid to obtain a high efficiency cell
using this approach: multiple scattering caused by disordered
particles deposited on the back side of the electrode renders the
cell opaque, thus preventing their potential application as
window modules. Recently, some approaches have been
proposed to enhance the efficiency of DSCs while preserving
their transparency. Refractive elements, such as microprisms of
different shapes coupled to the topside of the cell, can be
employed to modify the light input angle.10,11 In this case, the
enhancement is achieved by reducing the reection losses
lla, Consejo Superior de Investigaciones
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occurring at large angles of incidence. Also, photonic structures
of different sorts have been introduced within the cell12–20 to act
as either back reectors, diffractive elements or local light eld
enhancers. Among them, photonic crystals have proved to
signicantly improve the efficiency while maintaining trans-
parency in well-dened designed spectral regions.16,17

Enhancement in this case results from the intense reection of
unabsorbed radiation back into the photoactive electrode in a
specic wavelength range determined by the spectral width of
its photonic bandgap. At the same time, photonic multilayers
can be devised to present a Bragg peak that matches the
absorption band of the dye but has no effect on longer wave-
lengths, maintaining a great deal of the transparency of the cell.
Although transparency is one of the most attractive features of
these cells as long as building integration is concerned, other
factors governing their performance should also be taken into
account in order to employ them as window modules, the
angular dependence of the photovoltaic response on the input
light angle being one of the most relevant ones. Angular effects,
which are signicant for any type of solar cell, are expected to
become particularly complex when photonic structures are
introduced to enhance the efficiency, since they present
intrinsic optical anisotropy.

The aim of this paper is to study the interplay between the
angle of incidence of incoming radiation and the most relevant
optical and photovoltaic parameters of photonic crystal based
dye solar cells (PC-DSCs). To carry out this task, one-dimen-
sional photonic crystals (1DPCs) reecting different wave-
length ranges, which overlap diverse regions of the dye
absorption band, are designed and integrated within the DSC.
We observed that the degree of both transparency and photo-
current enhancement, typically observed for such PC-DSCs,
depends strongly on the angular variation of the Bragg
This journal is ª The Royal Society of Chemistry 2013
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reection in all cases. The relative position of the dye
absorption band and the reection at each angle determines
both parameters. Also, we demonstrate that PC-DSCs can be
designed to reduce the energy losses caused by the tilt of the
incident light away from the cell normal, usually known as
cosine losses.
Experimental section
Preparation of TiO2 electrodes

Transparent 5 mm thick TiO2 electrodes with active areas of
0.25 cm2 made of 20 nm sized particle paste (18-NRT, Dyesol�)
were deposited via screen printing on top of the FTO glass
substrate (TEC 11 U cm�2, Nippon Sheet Glass). Aer this,
lms were thermally treated using successive annealing steps
in order to sinter the particles and remove the organic
components from the TiO2 paste. First, they were heated for 15
min at 180 �C. Temperature was then increased at a rate of
15 �C min�1 up to 450 �C and held for 15 min. A nal
annealing treatment at 500 �C was carried out for 15 min. All
electrodes used in this work were carefully selected aer
checking them using a motorized prolometer (Mahr�-perth-
ometer PGK), so that they could be employed for an appro-
priate comparison between reference and PC based cells.
Thickness variation with respect to the total thickness of the
lm was in the range of �5% in all cases.
Preparation of one-dimensional photonic crystals coupled to
TiO2 electrodes

1DPC structures were built by spin coating deposition of SiO2

and TiO2 nanoparticle suspensions on top of the working
electrodes. SiO2 nanospheres (average size of 30 nm) were
purchased from Dupont (34 wt% suspension in H2O, LUDOX�
TMA), while TiO2 nanocrystallites in a nal concentration of
25 wt% (average size of 6 nm) were synthesized using a
procedure previously reported.21 In order to prepare the
precursor suspensions to employ during the deposition
process, both types of nanoparticles were suspended in a
mixture of water (21 vol%) and methanol (79 vol%). TiO2

dispersions also contained a certain amount of polymer (PEG
20000, Fluka) following the weight relationship of PEG : TiO2 ¼
0.5, which has been proved to yield highly porous but trans-
parent lms.22 The periodic structure was then fabricated by
stacking 8 alternate layers made of such suspensions using a
spin coater Laurell WS-400E-6NPP working at a nal speed of
5000 rpm and an acceleration of 9180 rpm s�1. Aer each
deposition of TiO2/PEG suspension, a heat treatment (300 �C
15 min) was used to remove the polymer, hence creating larger
pores within the structure. Finally, all samples were annealed
at 450 �C for 30 min, with a heating rate of 15 �C min�1, to
mechanically stabilize the multilayer. To achieve the 1DPCs
reecting different wavelength ranges, the concentration of the
SiO2 precursor suspension used was 2 wt% while the concen-
tration of TiO2 nanoparticles in the suspension was slightly
varied, 3 wt% for DSC-B (blue-reecting), 4 wt% for DSC-G
(green-reecting) and 5 wt% for DSC-R (red-reecting).
This journal is ª The Royal Society of Chemistry 2013
Fabrication of DSSCs

The working electrodes were heated at 120 �C for 3 hours and
immersed overnight into a 0.2 mM dye solution (N719, Solar-
onix�) using ethanol as a solvent, which ensures a proper
adsorption of the dye onto the TiO2 surface. Aer the immer-
sion they were rinsed with ethanol and dried. Counter elec-
trodes were made by drop deposition of colloidal platinum
paste (Platisol T, Solaronix�) onto a conductive FTO glass
substrate and heated at 400 �C for 15 minutes at a rate of 10 �C
min�1. Both electrodes were sealed using a thermo-polymer
(Surlyn 30, Dyesol�). The cells were nally lled with the liquid
electrolyte through two holes made previously at the back of the
platinized counter electrode. The electrolyte composition was
100 mM I2 (Aldrich, 99.999%), 100 mM LiI (Aldrich, 99.9%),
600 mM [(C4H9)4N]I (Aldrich, 98%), and 500 mM 4-tert-butyl-
pyridine (Aldrich, 99%), using 3-methoxy propionitrile (Fluka,
$99%) as a solvent. The optimized pore network of the multi-
layer structure allowed the electrolyte to ow through it and
soak the electrode. Reference DSCs were made using TiO2

electrodes of the same thickness but without including any
photonic structure.
Optical and photovoltaic characterization

Ballistic transmittance spectra were recorded using an ultraviolet-
visible scanning spectrophotometer (SHIMADZU UV-2101PC).
Total reectance spectra of photonic crystals integrated in the
cells were obtained using an integrating sphere operating in the
UV-vis range attached to this spectrophotometer and illuminating
from the counter electrode. I–V characterization was carried out
with a solar simulator (Sun 2000, Abet Technologies) including a
150 W arc xenon lamp and the appropriate lter to replicate the
AM1.5 solar spectrum. The incident light power was conrmed to
be 100 mW cm�2 using calibrated silicon solar cells. I–V curves
were obtained by applying an external bias to the cell and
measuring the generated photocurrent with a digital sourcemeter
(Keithley 2400). Incident photon to collected electron (IPCE) effi-
ciency measurements were performed using a system composed
of a 300W xenon lamp, amonochromator with 1140 lines permm
grating (Model 272, Mcpherson) controlled by a digital scan
drive system (Model 789A-3, Mcpherson) and a picoammeter
(Keithley 6485). A UV lter with a cut-off wavelength of 400 nm
was used to remove the second order harmonics exiting the
monochromator. A silicon photodiode with calibration certicate
(D8-Si-100 TO-8 Detector, Sphere Optics) was used to correct the
cell response.

Angular measurements were taken using a sample holder
attached to a rotating stage, with an angular scale resolution of
10 arc min. In this study 0� refers to light incidence normal to
the cell surface. A black mask was used around the TiO2 elec-
trode and its lateral sides to prevent spurious light reections
and refractions, which might largely contribute to the cell
response and lead to erroneous interpretations, as it has been
recently pointed out.23 The reproducibility and reliability of all
results herein presented was conrmed by realizing three cells
of each type and performing the same structural and photo-
voltaic characterization.
Energy Environ. Sci., 2013, 6, 1260–1266 | 1261
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Results and discussion

In order to study the interplay between optical and photovoltaic
properties of 1DPC based DSCs with the incident light angle,
three periodic structures reecting different and well-dened
wavelength ranges in the visible light spectrum are stacked on
top of transparent nc-TiO2 electrodes. These nanoparticulated
structures act as back reectors increasing the chance of
unabsorbed photons to be harvested by the dye molecules.
Their highly porous network allows the electrolyte to pass
through them and soak the photoactive layer.22 A drawing of a
PC-DSC is displayed in Fig. 1A. Total reectance spectra
obtained under rear illumination conditions of 1DPC based
DSCs, in which Bragg mirrors of different lattice parameter were
introduced (DSC-B,G and R), are shown in Fig. 1B. The
absorption curve of a N719 dye sensitized TiO2 lm with a
similar thickness to those of the electrodes employed in the
solar devices is also plotted for the sake of comparison.24 The
largest spectral overlap between reectance and the ruthenium
dye absorption occurs in the case of the cell that incorporates
the PC whose reectance peaks in the green, DSC-G (green
dotted line). Please notice that the reectance peak of the blue
reecting PC appears considerably narrower as a result of the
overlap with the electrolyte absorption band.

The spectral position of the reection maximum, lB, of a
multilayer made of two types of alternating lms of thicknesses
Fig. 1 (A) Scheme of a DSC in which a 1DPC has been integrated. (B) Total
reflectance spectra of three DSCs coupled to different 1DPCs, namely DSC-B (blue
dashed line), DSC-G (green dotted line) and DSC-R (orange dash-dotted
line). 1DPCs are integrated in the cell and hence infiltrated with electrolyte after
dye sensitization. The absorption of a sensitized electrode is also plotted (grey
solid line).

1262 | Energy Environ. Sci., 2013, 6, 1260–1266
t1 and t2 and refractive indices n1 and n2, respectively, depends
on the incident angle with respect to the surface normal, q, as
expressed in the equation:

lB ¼ 2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � ðsin qÞ2

q
; (1)

where d is the unit cell size and n is the average refractive index
of the multilayer, which is in turn given by:

n ¼ t1n1 þ t2n2

d
(2)

Transmittance spectra from 0� to 60� were recorded to
evaluate the illumination angle effect on the transparency of
the DSC under study (Fig. 2A–D). The evolution of the spectral
dependence of the transmittance of the cell used as the
reference clearly indicates that it gradually loses transparency
as the angle varies from 0� to 60� (Fig. 2A), which is a direct
consequence of the increase both of the reectance at the air–
glass interface, according to Fresnel laws, and of the absorp-
tion, since the optical path through the active layer is longer.
On the other hand, the changes observed in the transmittance
curves of the PC-DSC (Fig. 2B–D) are more complex, being
mainly determined by the shi to shorter wavelengths of the
Bragg peak given by eqn (1). For the transmittance spectra
corresponding to DSC-B (Fig. 2B), the effect of the spectral
downshi of the Bragg peak is screened by the absorption of
other components of the cell, such as the TiO2 and the elec-
trolyte. However, gradual modications are clearly observed for
DSC-G and DSC-R (Fig. 2C and D, respectively). Angular color
changes are noticeable by the naked eye (please see the
pictures provided in the ESI, Fig. S2†).

The perceived transparency, sn, of the whole set of DSCs is
calculated from the transmittance spectra following the
expression based on the methodology prescribed in ISO
9050:2003, applicable to all transparent materials:
Fig. 2 (A–D) Transmittance spectra recorded for a reference DSC (A), and
different PC-DSCs, namely DSC-B (B), DSC-G (C) and DSC-R (D) from 0� (thick grey
line) to 60� (thick red line).

This journal is ª The Royal Society of Chemistry 2013
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sv ¼

X780
l¼380

svðlÞDlVðlÞDl

X780
l¼380

DlVðlÞDl
; (3)

where V(l) is the photopic spectral luminous efficiency function
that represents the wavelength-dependent sensitivity for an
observer in photometry (ISO/CIE 10527), Dl is the AM1.5 solar
spectral irradiance and the spectral transmittance of the
sample. At normally incident light, the perceived transparency
for a reference cell is around 23% and when the photonic
crystals herein considered are implemented in the device, sn
decreases to values ranging between 9 and 17%. Please take into
account that sn drops to 1% for a DSC in which a standard
diffuse scattering TiO2 layer is coupled to the electrode. The aim
of the work herein presented is to provide a comparative anal-
ysis of the optical and photovoltaic angular response of stan-
dard and PC based transparent cells. Nevertheless, to compare
the results herein obtained with those corresponding to an
opaque DSC in which a standard diffuse scattering layer was
coupled to the active electrode, a full angular study was also
realized for the above-mentioned devices and it is presented in
the ESI.†

In Fig. 3A we plot the transparency of the cells evaluated
through eqn (3) as a function of the incident light angle.
Regarding the trends observed as the angle increases, the
reference cell transparency decreases monotonically as expec-
ted from the larger absorption caused by an increment of the
light path inside the active layer and by the decrease of the light
coupling resulting from the higher reection at the air–glass
interface. On the other hand, the transparency of the PC-DSC
shows a very different angular variation in each case. The more
Fig. 3 (A) Transparency data obtained from transmittance curves versus incident
light angle and (B) normalized transparency to its value at normal incidence for a
reference DSC (grey squares), DSC-B (blue circles), DSC-G (green triangles) and
DSC-R (orange rhombi).

This journal is ª The Royal Society of Chemistry 2013
the Bragg peak and the absorption band of the ruthenium dye
overlap, the higher the light harvesting effect and thus the lower
the transparency should be. However, although this effect nor-
mally makes PC based cells less transparent than the corre-
sponding reference, they can also undergo a rise of
transparency when the Bragg peak position is shied with
respect to the absorption band of the dye as a result of tilting.
This explains why the transparency of DSC-G increases with the
incident angle, while the opposite trend is found for DSC-R. To
show this different behaviour more clearly, transparency is
normalized to its value at normal incidence (q ¼ 0�).

To evaluate the effect of the incident angle of the solar
radiation on the photovoltaic properties of the cells the current
intensity–voltage (I–V) characteristic curves were acquired. A
clear photocurrent density (JSC) increase for all the angles
measured (0� to 60�) is attained for those devices in which the
1DPCs have been integrated. Examples of I–V curves extracted
between q ¼ 0� and 50� are displayed in the ESI† (S3). At normal
light incidence, the photonic crystal based cell referred to as
DSC-G (green dotted line), whose photonic band gap has a
larger overlap with the absorption band of the ruthenium dye,
gives rise to the largest photocurrent enhancement, whereas at
larger incoming light angles the photocurrents generated by the
different PC-DSCs are similar. This behaviour is again the result
of the downshi of the spectral position of the reectance peak
of the PCs as the incident light angle moves away from the
normal incidence expressed in eqn (1).

A detailed analysis of the variation of JSC with incident light
angle was also performed. Results are shown in Fig. 4. As the
cell is tilted with respect to the incident beam the effective
cross-section or the apparent surface of the device decreases.
The intensity of light, I, from a collimated beam impinging on
an inclined plane follows Lambert's cosine law:

I(q) ¼ I(0)cos(q) (4)

This is the origin of the well-known performance “cosine
losses” that occur for solar cells operating at a tilted angle.

However, the drop of JSC observed experimentally will not be
exactly tted by eqn (4) (black solid line in Fig. 4B), as the light
path within the electrode is also larger when it is tilted, which
contributes to the increase of absorption. At the same time, for
large angles, some transmittance losses occurring as a result of
larger reections at the glass substrate surface must also be
taken into account. These effects are present in all devices
herein presented. However, for the case of the PC-DSC, the
different absorption enhancement attained as a consequence of
the overlap between Bragg peak and the dye absorption band
gives rise to clear deviations from the values obtained for the
reference cell. This explains the effect observed for those
PC-DSCs in which the overlap increases with the angle, as it is
the case of DSC-R (orange rhombi in Fig. 4B). The origin of this
compensating effect of the red light reecting PCs can be clearly
seen in Fig. 4C, in which the JSC enhancement for the different
PC-DSCs at different illumination angles is plotted. In contrast,
the photocurrent enhancement obtained for DSC-G is higher at
Energy Environ. Sci., 2013, 6, 1260–1266 | 1263
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Fig. 4 (A) JSC, (B) normalized JSC and cosine curve (solid line), as a function of the
angle for a reference DSC (grey squares), DSC-B (blue circles), DSC-G (green
triangles) and DSC-R (orange rhombi) and (C) JSC enhancement for the different
PC-DSCs with the same color code.

Fig. 5 Angular dependence of (A) VOC, (B) ff, (C) h, (D) normalized VOC, (E) normalized ff, and (F) normalized h for a reference DSC (grey squares), DSC-B (blue circles),
DSC-G (green triangles) and DSC-R (orange rhombi). Solid line in (D) is attained from eqn (5) considering T ¼ 300 K and m ¼ 1.5. Color lines in (E) are just a guide to
the eye.

Fig. 6 Incident photon to collected electron (IPCE) efficiency measured for a
reference cell (grey solid line) and DSCs made of nc-TiO2 electrodes coupled to
different highly porous 1DPCs, namely, DSC-B (blue dashed line), DSC-G (green
dotted line) and DSC-R (orange dash-dotted line) at (A) 0� and (B) 50�. (C) IPCE
enhancement at different tilt angles for the device DSC-R, from q ¼ 0� (red solid
line) to q ¼ 50� (black solid line). The red dashed line indicates the maximum
absorption of the N719 dye.

1264 | Energy Environ. Sci., 2013, 6, 1260–1266 This journal is ª The Royal Society of Chemistry 2013
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any given angle and shows a steady angular response, while that
of DSC-B decreases at larger angles as the Bragg reection peak
enters the absorption region of the TiO2 nanocrystals.

The angular dependence of parameters, such as ll factor
(ff), open circuit voltage (VOC) and power conversion efficiency
(h), is shown in Fig. 5. A minor photovoltage drop of approxi-
mately 1.5% is attained when the photonic structure is coupled
to the cell. In all cases, theory predicts that VOC gradually
decreases with increasing angles. VOC can be analyzed following
eqn (5), derived from a diode model,25 in which the nano-
structured TiO2 is treated like the n-material and the p-material
is the redox electrolyte.

VOC ¼ m
KT

e
ln

�
ISC

I0

�
(5)

wherem is an ideality factor, whose value is close to 2 in DSCs, T
the cell temperature, k the Boltzmann constant, e the electron
charge and I0 determines the diode dark current. The angular
behaviour of VOC can be understood, in a rst approximation
and neglecting second order effects, by considering the effect of
Lambert's cosine law on the photovoltage:26

VOCðqÞ ¼ VOCð0Þ þm
KT

e
ln

�
IðqÞ
Ið0Þ

�
¼ VOCð0Þ þm

KT

e
lnðcos qÞ

(6)

where VOC(0) is the open-circuit voltage at normal irradiance. A
normalized curve of VOC versus q is plotted in Fig. 5D by
considering T ¼ 300 K and m ¼ 1.9. It can be seen that stronger
deviations from this simple equation are observed for PC-DSCs,
for which the electromagnetic power within the electrode
depends strongly on the relative position of the Bragg peak with
respect to the absorption band of ruthenium dye. Regarding the
ll factor (Fig. 5B), the integration of a photonic crystal in the
cell gives rise to a small resistance to electrolyte ow, and
therefore to a slightly lower ll factor than that of the reference
cell. As the cell is tilted, the irradiance that reaches its surface is
smaller, which implies that lower photocurrent is generated,
thus reducing charge recombination.27 This increases ff, whose
angular change relative to its value at q ¼ 0 is displayed in
Fig. 5E. An opposite secondary effect caused by the reduction of
the amount of current is the hindered mobility of electrons in
the semiconductor network, which might increase the
internal resistance. However, this effect seems to be compen-
sated by the former and, overall, ff increases. The variation of
the power conversion efficiency, h, with the incident angle is
also plotted in Fig. 5C. At normal incidence, h is 2.9% for the
reference cell and 3.4, 3.5 and 3% for DSC-B, DSC-G, and DSC-R,
respectively. For the reference cell a drop of 25% of h is
produced at 45�, whereas the tilted angle of the DSC-R to ach-
ieve the same fall of h is 50�. The angular evolution of the
relative change (Fig. 5F) mimics that observed by the JSC, with
minor deviations caused by the opposite angular trends of VOC
and ff.

Finally, the selective spectral enhancement of light harvest-
ing is analyzed by acquisition of incident photon to collected
electron (IPCE) efficiency measurements (Fig. 6). When a 1DPC
is introduced in the cell, the IPCE efficiency increases for all
This journal is ª The Royal Society of Chemistry 2013
angles measured, which is in good agreement with the I–V curve
analysis. As expected, each PC-DSC performs better at the
spectral range at which the photonic crystal reects more
efficiently. The IPCE enhancement, calculated from the ratio
between the IPCEs of the PC based DSC and of the reference
cell, is plotted in Fig. 6C for the particular case of DSC-R.
Please notice that the maximum enhancement shis towards
shorter wavelengths as the tilt angle increases, as expected from
eqn (1).
Conclusion

In this paper, we have analysed the interplay between optical
and photovoltaic response as the incident light angle varies for
dye solar cells in which different photonic crystals are inte-
grated. We demonstrate that the light harvesting enhancement
effect that gives rise to higher photocurrent, and thus to higher
power conversion efficiency, is maintained for all angles
measured. We show that the characteristic cosine losses of
these angular measurements can be partially compensated by
the interplay of this effect with the angular variations of the
Bragg peak position. The characterization of the angular
performance of photonic crystal based DSCs herein presented
opens a promising route to highly efficient but transparent
modules and is of relevance to evaluate their potential for
building integrated photovoltaics.
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