
PARK ET AL . VOL. 5 ’ NO. 9 ’ 7055–7060 ’ 2011

www.acsnano.org

7055

July 31, 2011

C 2011 American Chemical Society

Photonic Color Filters Integrated with
Organic Solar Cells for Energy
Harvesting
Hui Joon Park,†,§ Ting Xu,‡, ),§ Jae Yong Lee,‡ Abram Ledbetter,^ and L. Jay Guo†,‡,^,*

†Macromolecular Science and Engineering, ‡Electrical Engineering and Computer Science, ^Applied Physics, The University of Michigan, Ann Arbor, Michigan 48109,
United States, and )Institute of Optics and Electronics, Chinese Academy of Sciences, Chengdu, 610209, China. §These authors contributed equally to this work.

E
nergy efficiency is becoming ever
more important for a green and sus-
tainable future. As global energy de-

mand continues to grow to meet the needs
and aspirations of people across the world,
ways to improve energy efficiency and har-
vest energy are essential. Recently, a num-
ber of approaches have been explored to
scavenge energy from the environment,
such as photovoltaic (PV),1 thermoelectric,2

and piezoelectric effects.3 However, little
attention has been paid to the significant
light energy wasted in displays used in our
everyday lives. For example, in prevailing
liquid crystal displays (LCD), only 3�8% of
the backlight can reach our eyes, where
most of light energy is absorbed by the
colorant-based filters and polarizers.4 There-
fore, approaches that can recycle or harvest
the absorbed energy to generate useful
electrical power could lead to revolution-
ary energy-saving e-media. This aspect is
especially promising when considering
widely used devices such as e-books,
which consume little power, or mobile
devices (such as cell phones), which are
in standby mode 95% of the time. In this
paper, we exploit a dual-function photo-
voltaic color filter device that can produce
desirable reflection colors and simulta-
neously convert the absorbed light to elec-
tricity. Such dual functionality can also be
exploited to make colored organic photo-
voltaic (OPV) panels for both decoration
and light energy harvesting.
The control of light interaction with nanos-

tructures and their unique applications in
photonics have been highlighted in the past
decade with the development of nanofabri-
cation and characterization techniques for
light management.5�9 Optical resonance
effects in nanoholes,10,11 nanoslits,12�14

and related nanostructures15�18 have been
exploited for color filter applications. Here

we will use organic semiconductors as an
integral part of a specially designed photonic
color filter for energy conversion. As a proof of
principle, we will demonstrate a reflectance-
type color filtering device capable of power
generation. Reflective colors are superior to
transmissive filter technologies10�14 for out-
door usage and can work under direct sun-
light for more energy absorption and energy
conversion using the scheme discussed in
this paper. Our conceptual devices recycle
the wasted energy in most display applica-
tions that require color filters to achieve
desirable colors and do not apply to colored
displays using emissive devices such as or-
ganic light-emitting diode (OLED). Further-
more, we adopt OPV cell structures for our
dual-function devices. Therefore, the ap-
proachalso takes advantageof theOPV, such
as low cost, easy fabrication, and compat-
ibility with flexible substrates over a large
area.19�24 In addition, this work points out
alternative applications of OPVs, which
complements the great efforts in improving
its power conversion efficiency (PCE)20�22

and practical fabrication methods.21,24

RESULTS AND DISCUSSION

Since reflectance-type color filters act
similarly to color paint, i.e., absorbing light

* Address correspondence to
guo@eecs.umich.edu.

Received for review May 14, 2011
and accepted July 30, 2011.

Published online
10.1021/nn201767e

ABSTRACT Color filters are indispensable in most color display applications. In most cases, they

are chemical pigment-based filters, which produce a particular color by absorbing its complementary

color, and the absorbed energy is totally wasted. If the absorbed and wasted energy can be utilized,

e.g., to generate electricity, innovative energy-efficient electronic media could be envisioned. Here

we show photonic nanostructures incorporated with photovoltaics capable of producing desirable

colors in the visible band and utilize the absorbed light to simultaneously generate electrical powers.

In contrast to the traditional colorant-based filters, these devices offer great advantages for electro-

optic applications.
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corresponding to specific wavelengths but reflecting
the others, here we focus on the CMY color scheme
where cyan,magenta, and yellow are the three primary
colors. Figure 1a�c present the schematic diagram of
the proposed energy-harvesting color filters, where
the conjugated polymer layers composed of poly(3,
4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and poly(3-hexylthiophene):[6,6]-phenyl
C61 butyric acid methyl ester (P3HT:PCBM) are sand-
wichedby anAunanograting layer and a continuous thick
Al film. The selection of each material and its role will be
further explained later. Large area metallic nanostructures

can be applicable to semitransparent electrodes for or-
ganic optoelectronics by controlling their optical transpar-
ency and electrical conductivity.25,26 Accordingly, the key
concept in our design is that the periodic Au nanogratings
in the device act not only as nanostructures to modulate
the incident light to generate different colors but also as
semitransparent anodes for OPV cells. In this structure the
low work function Al film acts as a cathode.
Color filters are desired to be polarization insensitive

to the incident light. To achieve this, we used different
design strategies for the transverse electric (TE)
and transverse magnetic (TM) waves so that similar

Figure 1. Energy-generating photonic color filters. (a�c) Schematic of dual-function devices. In all three cases, the
thicknesses of the Au nanogratings and PEDOT:PSS layer are 40 and 30 nm, respectively. Au nanogratings have a 0.7 duty
cycle (Au line width is 0.7 of the period). The photovoltaic property is schematically described in (b) as a representative. (a)
Cyan-colored device having 420 nm period Au nanogratings and 90 nm thick P3HT:PCBM photoactive layer. (b) Magenta-
colored device having 280 nm period Au nanogratings and a 65 nm thick photoactive layer. (c) Yellow-colored device having
220 nm period Au nanogratings and a 50 nm thick photoactive layer. (d�f) Photographs of dual-function devices having a 1
mm diameter circular shape. The inset images are the large-area version having about 1 cm size: (d) cyan, (e) mgenta, and (f)
yllow. (g�i) Scanning electron microscope (SEM) images of Au nanogratings. The left and right inset images are the high-
magnification top and tilted views, respectively. The P in the left inset image represents the period of Au nanogratings: (g)
420 nm period, (h) 280 nm period, (i) 220 nm period.
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reflection spectra for both polarizations can be ob-
tained for each color. First of all, the structure resem-
bles a Fabry�P�erot cavity. When the light impinges
on the Au nanogratings, it will interfere with the
waves reflected from the bottom Al film. When de-
structive interference occurs, the reflection spectra
will reach a minimum, the light energy of the corre-
sponding color will be absorbed, and the comple-
mentary color will be reflected by the structure. Figure
2a and b show the calculated reflection spectra maps
for TE polarized light (the E-field is parallel to the Au
nanogra ting direction) as a function of P3HT:PCBM
blend layer thickness (Figure 2a, Au grating period
fixed at 280 nm) and as a function of Au nanograting
period (Figure 2b, blend layer thickness fixed at
50 nm), respectively. The blue regions in these maps
represent the reflection minima where the light en-
ergy is absorbed by the structure. As expected from
the Fabry�P�erot interference, the resonant absorp-
tion wavelength is linearly proportional to the thick-
ness of the blend layer but almost independent of the
nanograting period. For TM waves (the E-field is
perpendicular to the Au nanograting direction), addi-
tional consideration needs to be taken, as it is well known
that TM waves can be efficiently coupled to the surface
plasmon (SP) modes through the subwavelength grat-
ing structures.7,8 Figure 2c gives the calculated map
of reflection spectrum for TM polarized waves as a

function of Aunanograting period. Here the P3HT:PCBM
blend layer thickness remains 50 nm. In addition to the
absorption band produced by the Fabry�P�erot intefer-
ence, there are two more resonant absorption stripes
(markedwithwhite dashed lines) that originate fromthe
splitting of SP modes in the plasmonic waveguide
structures.27,28 The dispersion characteristics of these
modes showstrongdependenceon theAunanograting
period because it provides the phase matching condi-
tion for the TMpolarized light to couple to the SPmode.
We can take advantage of the insensitivity of the
Fabry�P�erot resonance to the Au nanograting period
and choose a particular period so that the TM polarized
light is absorbed around the samewavelength as the TE
polarized light, thereby producing polarization-inde-
pendent reflection colors. Figure 2d shows the simu-
latedmagneticfield intensity for TMand TEwaves at the
same resonant absorption wavelength of 490 nm. The
thickness of the P3HT:PCBM blend layer and the peri-
odicity of the Au nanogratings are 50 and 220 nm,
respectively. It can be clearly seen that the field distribu-
tion for TM polarization exhibits obvious plasmon be-
haviors at the Au-PEDOT:PSS and Al-P3HT:PCBM
interfaces. For the TE polarization, the field distribution
resembles that of the conventional Fabry�P�erot inter-
ference, further supporting our design principle.
Figure 1g�i show the scanning electronmicroscope

(SEM) images of the fabricated Au nanogratings. Here

Figure 2. Calculatedmaps of the reflection for the proposed structures. The thickness of the Au nanogratings and PEDOT:PSS
layer arefixed at 40 and30nm, respectively. Aunanogratings have a 0.7 duty cycle. (a, b) Reflection for TEpolarizedwaves as a
function of (a) the thickness of the P3HT:PCBM blend photoactive layer (Au nanograting period is fixed at 280 nm) and (b) Au
nanograting period (the thickness of the photoactive layer is fixed at 50 nm). (c) Reflection for TM polarized waves as a
function of Au nanograting period (the thickness of the photoactive layer is fixed at 50 nm). (d) Magnetic field intensity
distribution for TM (top) and TE (bottom) waves at the same resonant absorption wavelength of 490 nm. The thickness of the
photoactive layer and the period of Au nanogratings are 50 and 220 nm, respectively.
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Au was chosen due to its excellent conductivity and
appropriate work function as an anode. The periodic
Au nanograting structures were fabricated using na-
noimprint lithography (NIL), followed by reactive ion
etching (RIE), metal deposition, and lift-off process, to
produce a large-area transparent electrode onto which
OPV cells can be easily fabricated. The fabrication of
the complete OPV structures using those Au nanograt-
ings as an anode is as follows. First, the conductive
PEDOT:PSS layer, often used in OPV structures as a
hole-transporting layer and with the high work func-
tion for hole collecting, was cast on the Au nanograting
anode. Such “composite” anode structures consisting
of metallic nanogratings and PEDOT:PSS can ensure
efficient hole collection and transport between the
metal lines. Next, a high-performance bulk-heterojunc-
tion (BHJ)19�24,29 photoactive layer composed of P3HT
and PCBM was constructed, serving the function of
converting the absorbed light to a photocurrent. After
thermal annealing to optimize the BHJ nanostructures,
a continuous Al cathode layerwas thermally deposited.
Al was selected due to its excellent performance as a
cathode material for the OPV cells when combined
with a thin LiF layer and cost-effectiveness.21,30 An
ultrathin 1 nm LiF was used to improve the perfor-
mance of OPV cells but did not affect the optical
properties of the device. The Al layer also prohibits
the direct transmission of incident light.
Following the design guidelines and the fabrication

processes described above, we demonstrate primary
CMY colors (cyan, magenta, and yellow) under thr broad-
bandwhite light condition. First, BHJ active layers of three

thicknesses (90, 65 and 50 nm) were selected to control
the TE polarized light to generate CMY colors, respec-
tively. Then Au nanogratings of three corresponding
periods (420, 280, and 220 nm) were selected to control
the TM polarized light under the given photoactive layer
thickness. In all three cases, the thicknesses of the Au
nanogratings and the PEDOT:PSS layer are 40 and
30 nm, respectively. All the Au nanogratings have a ca.
0.7 duty cycle (Au line width is 0.7 of the period). The
light is illuminated onto the color filter from the Au
anode side, and the photograph images were taken
showing distinct reflected CMY colors over large areas
(Figure 1d�f). Figure 3 shows the reflection spectra of
the CMY colors of the proposed structure: simulation
results by rigorous coupled wave analysis (RCWA)
method (upper panel) and experimental results mea-
sured by using a broadband white light source (lower
panel). Clearly the expected color filtering behavior
was obtained, and the experimentally measured
spectra are well matched with the simulation results
calculated for both polarized and unpolarized light
conditions. The angle dependence of reflective filters
was also tested by calculating the color variations for
the CMY color in the CIE 1931 color space chromaticity
diagram with increasing the incident angle (Figure S1
in the Supporting Information). The experimental
spectrum was further examined by changing the
viewing angle between the light source and detector
using a spectroscopic ellipsometer (from 0� to 60�,
Figure S2 in Supporting Information). Both results
demonstrated that the color variation is not so dra-
matic and acceptable in some ranges (<30�).

Figure 3. Color filtering behaviors in dual-function devices. (a�c) Reflection spectra calculated by RCWA simulation. Solid
line, dashed line, anddotted line represent unpolarized condition, TMmode, and TEmode, respectively: (a) cyan, (b)magenta,
and (c) yellow. (d�f) Measured reflection spectra. Open circle, half-down open circle, and half-up open circle represent
unpolarized condition, TM mode, and TE mode, respectively: (d) cyan, (e) magenta, and (f) yellow.
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Finally photovoltaic properties of the reflective color
filter devices weremeasured under AM1.5 G simulated
sunlight (at 100 mW cm�2 intensity), and the current
density versus voltage characteristics are summarized
in Figure 4. Themeasured PCEs for the CMY color filters
are 1.55%, 0.82%, and 0.60%, respectively. The cyan-
colored devices with the thickest photoactive layer
(∼90 nm), leading to sufficient light absorption in this
structure, showed the best efficiency with the highest
short circuit current density (Jsc) and fill factor. The
magenta-colored devices having well-matched ab-
sorption near the maximum energy band of electron-
donor materials P3HT, usually centered around
550 nm,20,21,31 have comparable Jsc values, with the
cyan-colored even with the thinner photoactive layer
(∼65 nm). The yellow-colored filters also successfully
generated electrical power as OPV cells, even though
they have reduced absorption around the energy band
of the electron-donor with the thinnest photoactive
layer (∼50 nm) giving the lowest Jsc. Furthermore, we
would like to point out that in our design because the
metallic nanogratings simultaneously serve as the semi-
transparent electrode for the solar cell, the use of wider
metal lines (0.7 duty cycle) is highly desirable because
they will significantly reduce the resistance of the
electrode, which is essential for large-area solar cells
without degrading the PCE. As an example, current OPV
cells built on ITO still suffer from insufficient conduc-
tance of the transparent ITO when they are made large-
area due to thevoltagedropon the resistive electrode.32

Moreover, the superior flexibility of metallic nanostruc-
tures on the flexible substrate without conductance
degradation under bent conditions33 and the applic-
ability to large-area roll-to-roll processing21,33 make
these dual-function devices appealing for large-area
flexible display applications.
As an alternative structure for a reflective color filter,

the continuous flat metal film can also be employed
rather than metal nanogratings. In this scheme, the
whole structure acts as a simple planar Fabry�P�erot
cavity and the color filtering can be realized by the
Fabry�P�erot interference effect. For the normal inci-
dence, the TE and TM illuminations within the planar
Fabry�P�erot cavity are theoretically indistinguishable
and the resonant wavelength is similar to the TE
component within the nanograting device. However,
the devices composed of continuous flat metal films
instead of nanograting structures suffer from signifi-
cantly low optical transmission through the continu-
ous metal film, inducing negligible photocurrent.

Furthermore, most of the devices tend to have an
almost short circuit behavior, which is still under
investigation.
Another interesting aspect of our design is that the

longitudinal thickness of the photonic color filter is less
than 200 nm, which is about 2 orders of magnitude
thinner than that of traditional colorant-based ones.
This is very attractive for the design of ultrathin colored
devices.

CONCLUSIONS

In summary, we demonstrated reflective color filter-
ing elements that simultaneously integrate the OPV
function into a single device. The light absorbed by the
color filter, which is otherwise totally wasted, is har-
vested by the OPV to generate photocurrents. The
dual-function devices, which are expected to lead to
higher efficiency, are currently under investigation
according to the design principles suggested in this
paper. Considering the scalability of OPV devices to
large areas, the unique energy-generating property of
the dual-functional color filters may lead to more
energy-efficient e-media. The dual functionality can
find another attractive application, where decorative
colored OPV panels can be envisioned for light energy
conversions.

METHODS
Au Nanograting Fabrication. Three types of large-area Au nano-

gratings having different periodicities (420, 280, and 220 nm)
were fabricated by NIL-based processes. NIL was performed in a

Nanonex NX2000 naonoimprinter (Princeton, NJ) using a SiO2

mold with a 0.7 duty cycle on a MRI-8030 resist (Microresist
Technology GmbH) spin-casted on glass substrates, at a pres-
sure of 600 psi and a temperature of 180 �C, for 5 min. After

Figure 4. Photovoltaic behaviors in dual-function devices.
Circle, square, and triangle symbols represent the devices
showing cyan, magenta, and yellow colors, respectively.
J�V plots of dual-function devices. All data were measured
at AM1.5Gwith an intensity of 100mWcm�2. Average solar
cell characteristics such as short circuit current density (Jsc),
open circuit voltage (Voc), fill factor (FF), and power con-
version efficiency (PCE) are summarized as follows: cyan
(Jsc = 5.28 mA cm�2, Voc = 0.51 V, FF = 57.5%, PCE = 1.55%);
magenta (Jsc = 5.04mA cm�2, Voc = 0.49 V, FF = 33.1%, PCE =
0.82%); yellow (Jsc = 3.98mA cm�2, Voc = 0.48 V, FF = 31.2%,
PCE = 0.60%). The inset image is a schematic of a dual-
function device showing photovoltaic property.
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cooling and demolding, Ti was selectively deposited on each
sidewall of the imprinted grating structures by angled deposi-
tion. Ti deposited on the resist patterns induced the undercut
structures during O2 reactive ion etching, facilitating the lift-off
process. O2 RIE (20 sccmO2, 12mTorr chamber pressure, and 30
W bias power), deposition of 40 nm Au with 1 nm Ti using an
electron-beam evaporator, and the lift-off process completed
the fabrication of Au nanograting structures on a substrate.

Dual-Function Device Fabrication. Au nanogratings on glass
were cleaned in acetone and isopropyl alcohol under sonica-
tion for 20 min, respectively, and treated by O2 plasma for 60
s. Cleaned substrates were then transferred to a N2-purged
glovebox, and the filtered PEDOT:PSS (H.C. Starck, Clevios PH
500) was spin-casted onto the Au nanograting electrodes
to deposit a ∼30 nm thick layer, which was subsequently
baked at 115 �C for 15 min. For the photoactive layer, P3HT
(Rieke Metals Inc., 4002-E, ∼91% regioregularity) and PCBM
(American Dye Source, purity > 99.5%) were used as received,
and blend solutions were prepared by dissolving both com-
ponents in chlorobenzene with a 1:1 ratio by weight. The
solution was stirred for ∼12 h in the N2-purged glovebox to
give a homogeneous blend system and filtered using a 0.45
μm filter. The blend solution was spin-casted onto the PEDOT:
PSS layer and annealed at 130 �C for 20 min. The thickness of
the blend film was controlled by changing the concentration
of solution (1�1.3 wt %) and the spin-coating speed
(700�2000 rpm). The thickness of the organic layer was
measured by a Dektek profiler. After thermal treatment, LiF
(1 nm) and Al (75 nm) were deposited by thermal evaporator
at a pressure of 8 � 10�7 mbar through the circular-shaped
shadow masks.

Solar Cell Performance Measurements. Current versus voltage
characteristics were measured with a Keithley 2400 system by
illuminating the OPV cells with AM 1.5 G simulated sunlight
using anOriel solar simulator with an irradiation intensity of 100
mW cm�2, which was calibrated by a power meter (OPHIR,
Nova-Oriel) and a reference silicon solar cell.
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