IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 7, NO. 2, MARCH 2017

545

Light Trapping in Inverted Organic Photovoltaics
With Nanoimprinted ZnO Photonic Crystals

Amoolya Nirmal, Aung Ko Ko Kyaw, Wang Jianxiong, Kapil Dev, Xiaowei Sun, and Hilmi Volkan Demir

Abstract—Zinc oxide photonic crystal (ZnO PC) formed via
facile nanoimprinting was employed on the ZnO electron selective
layer of inverted organic photovoltaics (OPV). Optimized inverted
OPYV fabricated with these highly ordered periodic structures pro-
vided effective light trapping, which resulted in increased incident
light absorption in the active layer. Consequently, OPVs with the
ZnO PC layers show a 23% current density improvement com-
pared with OPVs with planar ZnO layer. Finite-difference time-
domain simulation studies show that the electric field intensity is
significantly higher in the active layer for devices with ZnO PC
structures in comparison with reference devices with planar ZnO
electron selective layer. Nanoimprinted ZnO PC is, thus, a viable
method for light absorption and efficiency enhancement in OPVs.

Index Terms—Organic photovoltaics (OPV), photonic crystal
(PC), zinc oxide (ZnO).

I. INTRODUCTION

ITH the lurking threat of climate change and nonrenew-
W able energy crisis, photovolatics for renewable energy
production has gained tremendous interest and extensive re-
search effort in the past few decades. Organic photovoltaics
(OPV) with its lure of low cost, solution processibility, roll-
to-roll production, and flexible substrate compatibility have
evolved as promising contenders in solar cell research. From
a 1% efficiency demonstrated by the first bulk heterojunction
OPV in 1995 [1], the efficiency figures have now approached
~11.3% for single cell [2] and ~12% for tandem cell [3]. Lower
power conversion efficiency, when compared with the currently
popular and widely used inorganic solar cells, is the foremost
drawback preventing large-scale deployment. The light harvest-
ing in solar cell is a critical parameter that determines the device
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performance. To enhance light absorption in an active layer be-
yond the limit dictated by the absorption spectra of the polymer
used, many novel approaches have been demonstrated. The di-
rect route of increasing the active layer thickness to improve
the incident light absorption is not favored for OPVs because
of the low mobility of charge carriers within the active layer. In
addition, thicker active layers lead to increased series resis-
tance, which adversely affects the device performance. Hence,
other avenues have been explored by researchers. Some studies
have involved either the modification of the topography of the
substrate or the interlayers of the OPV. These include V-shaped
and microprism substrates, substrates on textured films, and
buried nanoelectrodes, among many others [4]-[7]. A few at-
tempts have also been made to create structures within the active
layer itself, as in the case of active layer embossing [4], [8], [9].
All of these architectures revolve around the fundamental idea
of inducing light trapping, thereby increasing the optical path
length of the incident light and, thus, resulting in increased light
absorption.

Besides aforementioned techniques, the incorporation of pho-
tonic crystal (PC) structure in solar cell can also improve
the light absorption. Their ordered periodic structure and re-
fractive index contrast allows manipulation and localization of
incident light, resulting in efficient light trapping over a wide
wavelength range [10]. In the past, PCs have already been ap-
plied successfully in inorganic solar cells [11], [12]. PCs have
provided significant improvement in incident light absorption
in these solar cells, which translates to high power conversion
efficiencies for the devices. In addition to the efficient light
trapping effect, the incorporation of PC technology into organic
solar cells is beneficial, in the light absorption at the band edge of
polymers (around the red/NIR (near infrared) region of spectra)
[13], [14]. Demonstration of PC structure in OPV is, however,
sparse [15]—[17]. There has been a report of PC structure formed
on bulk hetero junction (BHJ) active layer of OPV device with
conventional architecture [16]. A 30% increase in current den-
sity was observed for this device compared with featureless BHJ
layer, which was credited to the optical interference provided
by the resonant structures of the PC geometry. However, forma-
tion of PC structure on an active layer has its drawbacks. Such
imprinting can raise contamination issues, since the OPV perfor-
mance is very sensitive to active layer contamination. Addition-
ally, the alternating thick and thin layers of the resultant active
structure can adversely affect the charge transport and collection
and encourage recombination of carriers [13]. An alternative, to
utilize the benefits offered by PC structure in inverted OPYV, is
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to apply such structure either on the substrate or on the electron
selective layer. An ITO/TiO,/P3HT:PCBM/WO3/Ag inverted
OPV device with photonic TiO crystal structure layer has also
been demonstrated [15]. Compared with planar TiO, layer, the
PC device showed improved device performance on account of
the enhanced absorption offered by the TiO, PC structure.

In this paper, we show the use of PC structure in electron
selective zinc oxide (ZnO) layer of the poly(3-hexylthiophene)
and phenyl-C61-butyric acid methyl ester (P3HT:PCBM) BHJ
inverted organic solar cells. ZnO with its high electron mobil-
ity is also highly transparent in the visible region, making it a
popular candidate to be used in inverted OPVs [18]-[21]. In ad-
dition, ZnO layer can be formed using simple, low-cost sol-gel
method providing homogenous films with good optical proper-
ties [21], [22]. Here, a low-cost, facile, and scalable technique
of nanoimprinting is used for the formation of PC structure.
The low refractive index ZnO PC structure with P3HT:PCBM
active layer provides the index contrast necessary for the field
localization provided by the photonic crystal and, thus, aids in
increasing the optical path length of incident light and subse-
quently enhances optical absorption in the active layer.

II. EXPERIMENTS

Nanoimprinting of photonic crystal layer has been demon-
strated on active layer of both regular and inverted OPV and has
been proven to be compatible with large-scale fabrication, as
well as with a range of materials [15], [17]. The photonic crys-
tal structure used for this experiment was obtained by a method
similar to that reported in the literature [23]. The initial step in
the process was to prepare the polydimethylsiloxane (PDMS)
mold, which was used to create the ZnO photonic crystal layer,
as shown in Fig. 1(a). A silicon master template with the de-
sired photonic crystal pattern was used to create the PDMS
mold. Once satisfactorily produced, this plastic mold could then
be used to form photonic crystal structure on any compatible
material by contact printing. For forming ZnO photonic crystal
structure in electron selective layer of inverted OPYV, indium tin
oxide (ITO) on glass was used as substrate. ZnO precursor so-
lution made using zinc acetate and diethanolamine was dropped
on this substrate, while ensuring that the substrate surface was
completely covered. The PDMS mold with PC structure was
placed on the precursor coated substrate and firmly held in place
and annealed on hot plate for the successful transfer of the PC
design from the mold to the ZnO layer. The plastic mold was
then carefully peeled back to reveal periodic ZnO structures on
the ITO substrate. The process is illustrated in Fig. 1(b).

An inverted OPV device structures was used for the studies
(ITO/ZnO/P3HT:PCBM/Mo003/Ag). The device schematic is
shown in Fig. 2(a). Ultrasonically cleaned ITO on glass was
used as the substrate. The electron selective ZnO layer for this
device was spin-coated from a ZnO sol-gel prepared by using
zinc acetate dihydrate as a precursor, anhydrous ethanol as a
solvent, and monoethanolamine as a stabilizing agent [24]. A
1:1ratio of PRHT:PCBM (40 mg/mL) in cholorobenzene solvent
was used as the active layer for the devices. The active layer was
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Fig. 1. Schematic representation of the process of fabricating (a) the PDMS
mold from the silicon template and (b) the ZnO photonic crystal using the PDMS
mold.
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Fig.2. (a) Schematic representation of the fabricated OPV devices. Illustration
of (b) the ZnO photonic crystal layer and (c) the planar ZnO layer (reference)
used in the devices.
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Fig. 3. (a) SEM image and (b) photograph of the ZnO photonic crystal struc-
ture formed on ITO coated glass.

spin-coated on the electron selective layer, and a subsequent
anneal was performed at 100 °C for 10 min to optimize the
active layer morphology. The samples were then transferred
to the evaporator for the deposition of MoO; hole selective
layer. Silver electrode was then deposited through shadow mask
to define OPV device area. The completed OPV devices were
later subjected to postannealing in nitrogen ambient at 160 °C
for 10 min.

Solar simulator using AM1.5G filter calibrated to obtain
simulated light intensity of 100 mW/cm? was used for the
current density—voltage (J-V) measurements for the fabri-
cated devices. From the J-V measurements, the vital device
performance parameters, namely, open-circuit voltage (V.),
short-circuit current (Jy.), fill factor (FF), and efficiency (1),
were extracted. Incident photon-to-charge conversion efficiency
(IPCE) spectra were measured using photovoltaic cell spec-
tral response/external quantum efficiency measurement system.
PerkinElmer UV/Vis/NIR spectrophotometer system was used
for absorption measurements.

III. RESULTS AND DISCUSSION

SEM image and photograph of the ZnO photonic crystals
formed on ITO-coated glass using the method discussed above
is shown in Fig. 3. The PC structure is well defined, as can be
seen in the SEM image in Fig. 3(a). The iridescence because of
diffraction, which is characteristic of photonic crystal structure,
is clearly visible in the photograph. Fig. 3(b) is the SEM of the
PC layer. The PC structures used for this study had a radius and
height of 200 nm, and a pitch of 600 nm.

Guaranteeing a uniform thin ZnO layer below the photonic
crystal during imprinting is difficult. A uniform, homogenous,
and crystalline layer is imperative for the optimum performance
of the device and to ensure that the active layer does not come
into direct contact with the ITO. ZnO interlayer affects V. and
FF, and this in turn has an impact on the efficiency of pho-
tonic crystal devices. Optimization studies performed showed
that the ZnO PC device with underlying ZnO layer thickness
of ~80 nm exhibited the best performance (refer to Table II in
the Appendix) as it was robust enough to withstand the pho-
tonic crystal formation, as well as ensured a good uniform
coverage. This translates to a better open-circuit voltage for
the devices. Similar optimization studies were systematically
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Fig. 4. J-V characteristics of OPV devices with the planar ZnO and the ZnO
photonic crystal electron selective layers.

TABLE I
DEVICE PARAMETERS OF OPV DEVICES WITH THE ZNO PHOTONIC CRYSTAL
IN ELECTRON SELECTIVE LAYER AND THAT WITH THE PLANAR ZNO
ELECTRON SELECTIVE LAYER

Voe (V) Jse (mA/cmz) FF n
ZnO PC OPV 0.609 —8.939 052  2.79%
Reference OPV (with planar ~ 0.613 —7.267 059  2.64%
ZnO layer)

carried out on the active layer spin-coating speed (refer to Ta-
ble III in the Appendix), and the best performance was obtained
when a spin speed of 2500 rpm was used for the active layer
coating. These optimized parameters were used for the rest of
the investigations. Two types of inverted OPV device struc-
tures (ITO/ZnO/P3HT:PCBM/Mo00O3/Ag) were fabricated for
these studies. The first type of device used a planar ZnO elec-
tron selective layer and was treated as the reference device [see
Fig. 2(c)]. The ZnO layer for this device was spin-coated from
a ZnO sol-gel. The second type of device had a ZnO photonic
crystal structure in its electron selective layer [see Fig. 2(b)].

The resultant J-V characteristics of the devices with planar
ZnO and ZnO PC electron selective layers are shown in Fig. 4.
Device parameters extracted from the characteristics are listed in
Table I. On comparison with the reference planar ZnO device,
it can be seen that the efficiency is higher for the ZnO PC
device. This increase is because of the enhanced current density
offered by the ZnO photonic crystal structure compared with
the planar ZnO layer. However, the FF for ZnO PC OPV is
lower compared with planar ZnO OPV. The low FF could be
because of the nonconformal active layer material filling of
the photonic crystal structure [13]. The topography of the ZnO
photonic crystal results in nonuniform thickness of active layer
across the structure. Such deposition, especially overfill in the
troughs, translates to thick active layer in those areas, resulting in
increased series resistance, poor charge transport, and efficiency
degradation. Although V,. and FF still remain lower than the
reference sample and this curbs the overall PCE increase to 6%,
the optimized ZnO PC device provides almost 23% increase in
the current density.
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Fig. 5. IPCE spectra of the reference OPV and the OPV with ZnO photonic
crystal layer.
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Absorption spectra of OPVs with and without ZnO photonic crystal

IPCE studies were performed on the reference device and
the optimized ZnO PC OPV device. The IPCE spectra obtained
is shown in Fig. 5. The IPCE data follows the trend of short-
circuit current density and shows an improvement with the use
of photonic crystal layer. The photonic crystal structure enables
enhanced light trapping, induces increased optical path length,
thus increasing the amount of photogenerated charge carriers.
This is reflected in both the IPCE and the current density of the
ZnO photonic crystal OPV device.

To verify the higher absorption provided by the ZnO pho-
tonic crystal layer, absorption measurements were performed
on P3HT:PCBM BH]J active layer coated samples of both ZnO
PC structure and planar ZnO layer on ITO. The resultant ab-
sorption curves are shown in Fig. 6. As can be seen from the
curves, the sample with ZnO PC structure showed increased
absorption. This enhanced absorbance values in ZnO PC struc-
ture is attributed to the incident light trapping induced by the PC
topography, resulting in higher absorption in the active layer.

To study the effect of photonic crystal on the absorp-
tion of incident solar photons within the active layer, a full
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Fig. 7. Refractive index map of device layers at 510 nm.

electromagnetic finite-difference time-domain model using
Lumerical software was developed. The 3-D device simula-
tion was designed with different layer thicknesses and their
respective refractive indexes. Because of the square symme-
try of the photonic crystal and incident broadband plane wave
source, a single unit cell was considered to run the simulation.
In these FDTD simulations, the ZnO photonic crystal structure
with square symmetry (period = 600 nm, height = 200 nm, and
radii = 200 nm) was used on top of the ZnO layer with vary-
ing film thickness 0, 40, and 80 nm, respectively. The periodic
boundary conditions were used perpendicular to the organic so-
lar cell layers, whereas physically matched layers were used
as boundary condition on the top and bottom solar cell design.
Two 2-D power monitors were used: the first one located at the
boundary between P3HT:PCBM and MoOj interface and the
other located at the boundary between P3HT:PCBM and ZnO
nanostructure. These two power monitors helped to evaluate the
light absorbed in the P3BHT:PCBM active layer because of
the presence of ZnO photonic crystal nanostructure on top of the
ZnO layer. Another 2-D electric field monitor was used to visu-
alize the electric field distribution in the different device layers
(in a plane perpendicular to constituent layers of OPV device).
Fig. 7 shows the refractive index distribution of different layers
at the central wavelength = 510 nm of simulation plane wave
spectral range (400-700 nm). The color bar on the right gives
the measure of refractive indexes.

The organic solar cell simulation was carried out for the de-
vices with both planar and photonic crystal ZnO electron selec-
tive layers. Fig. 8 shows the electric field distribution inside the
two simulated OPV devices at the source wavelength of 510 nm.
In Fig. 8(a), the electric field distribution is computed within the
reference device, which shows that the incident electric field de-
cays within the active layer. The position of active layer within
the device is depicted by white line everywhere. In Fig. 8(b),
because of the presence of the 2-D ZnO PC on top of the 80-nm
ZnO layer, the incident field is trapped and guided, which in turn
increases the absorption within the active layer of the device.
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Fig. 8.  Electric field distribution in OPVs with (a) the planar ZnO and (b) the

ZnO photonic crystal electron selective layers.

IV. CONCLUSION

In summary, the photonic crystals embedded in the electron
selective layer of the OPV lead to enhancement of current den-
sity by virtue of field localization. Optimized OPVs with these
PC structures can effectively trap incident light and increase
absorption in active layer. Numerical studies further support
this finding. Compared with the OPV devices with planar ZnO
electron selective layers, the ZnO PC, thus, provides enhanced
performance and the use of such photonic structures may also
be readily extended to any metal oxide interlayer employed in
OPV structures.

APPENDIX

TABLE 11
DEVICE PARAMETERS OF ZNO PHOTONIC CRYSTAL OPVS WITH UNDERLYING
ZNO LAYER OF DIFFERENT FILM THICKNESS

1ZO layer spin speed Voe (V) Jse (mA/cmz) FF n
ZnO PC OPV with no 0.507 —6.599 0.44  1.46%
underlying ZnO layer
ZnO PC OPV with one 0.554 —7.421 045 1.87%
underlying ZnO layer
ZnO PC OPV with two 0.608 —8.203 0.44  220%
underlying ZnO layers
Reference OPV with 0.613 —7.267 0.59 2.64%
planar ZnO layer

TABLE III

DEVICE PARAMETERS OF ZNO PHOTONIC CRYSTAL OPVS WITH ACTIVE
LAYER SPIN-COATED AT DIFFERENT SPIN-COATING SPEEDS

Voe (V) Joe mA/em?)  FF n
8001000 rpm  0.572 —~7.693 042 1.86%
2000 rpm 0.608 —8.203 044  2.20%
2500 rpm 0.609 —8.939 052 2.79%
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