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In less than 3 years’ time, a vast progress in power conversion efficiencies of organometal halide

perovskite solar cells has been achieved by optimization of the device architecture, charge

transport layers, and interfaces. A further increase in these efficiencies is expected from an

improvement in the optical properties via anti-reflection coatings and nanophotonic light

management concepts. In this contribution, we report on the development and implementation of a

nanophotonic front electrode for perovskite solar cells. The nanostructures were replicated via the

versatile and large-area compatible UV-nanoimprint lithography. The shallow design of the used

transparent and conductive nanostructures enabled easy integration into our solution-based baseline

process. Prototype methylammonium lead iodide perovskite solar cells show an improvement of

5% in short-circuit current density and an improvement from 9.6% to 9.9% in power conversion

efficiency compared to the flat reference device.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4918751]

The enormous potential and recent vast development of

organometal halide perovskite solar cells has triggered an

unprecedented fast progress of its power conversion efficien-

cies (g). Today, less than 3 years after the first reported solid

state perovskite solar cell1 a record efficiency of 20.1%2 has

been certified and several groups have reported efficiencies

above 17%.3,4 The current key challenges of perovskite solar

cells are the apparent uncertainties about the stability of the

devices,5–7 the discrepancies in measuring routines due to

hysteresis,8,9 and the difficulties in replacing the toxic heavy

metal lead.10,11 The promise of perovskite solar cells is

founded in their close to optimal combination of electrical

and optical material properties. Free carrier diffusion lengths

from 100 nm (Refs. 12 and 13) up to 1 lm (Ref. 13) have

been reported for the current work-horse materials, methyl-

ammonium lead iodide perovskite (CH3NH3PbI3) and the

partially chlorine-substituted mixed halide perovskite

(CH3NH3PbI3�XClX). In addition, the material shows a sharp

optical absorption edge at wavelengths of 800 nm (i.e.,

1.55 eV) with absorption depths below 350 nm (for

k< 750 nm).14 Since the combination of these material

properties allows for optically thick layers (�350 nm) in

combination with close to optimal charge carrier collection,

the first attention in the development of perovskite solar cells

was directed towards the optimization3,15–18 of the charge

carriers dynamics in the device architecture,3,7,13,15–23 in the

charge transport layers,12,24,25 and in the interfaces.4,26

However, in order to further improve the efficiencies, the

optical aspects of organometal halide perovskite solar cells

need optimization. The reflection at the air/substrate inter-

face is around 4% and additional reflection and parasitic

absorption losses are apparent at the transparent front

contact. While a broad range of anti-reflection coatings for

the front side of transparent glass and plastic substrates have

been explored,27 research on nanophotonic transparent front

electrodes for perovskite solar cells for improved light incou-

pling is lacking. Such nanostructured electrodes are intended

FIG. 1. Nanophotonic ITO front electrodes for application in perovskite

thin-film solar cells. (a) A photograph of the ITO front electrode on the glass

substrate. The colored haze depicts the light diffraction of the nanopatterned

regions of the electrode. Scanning electron microscopy (SEM) image of the

surface topography of the nanopatterned ITO front electrode with a period

of (b) 500 nm and (c) 1000 nm.
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to reduce reflection at both interfaces of the front electrode.

Moreover, they can be used to improve the light-trapping,

i.e., increase the optical path length in the photo-active

material. Such nanophotonic transparent front electrodes

have already been researched and prototyped for a

number of other solar cells, such as organic based PV,28–30

thin-film silicon,31,32 GaAs (Ref. 33), and crystalline

silicon.34,35 In this contribution, we report on the prototyp-

ing and application of transparent nanophotonic front elec-

trodes for improved light incoupling in perovskite solar

cells.

The nanophotonic front electrode was prepared by nano-

patterning a transparent glass-like resist on a plane glass sub-

strate (3� 3 cm2). With a soft-polymer mold and a UV-

nanoimprint process, periodic nanopatterns were transferred

into the transparent resist that hardens at intense UV expo-

sure (details on the nanoimprint process are described in the

supplemental material36 well as the literature37,38). A 125 nm

thick indium-tin-oxide (ITO) layer was then sputtered onto

the resist, forming the front electrode. The nanopatterned

regions exhibit areas of 0.5 � 0.5 cm2 and periods ranging

from 1200 nm to 500 nm. In contrast to the flat reference,

light diffraction at periodic nanopatterns causes spectral

selective redirection of light that can be observed by eye

(shown in Figure 1(a)). Due to the moderate conformal

growth of the sputtered ITO, the rectangular nanostructures

at the surface of the UV-nanoimprinted resist (80 nm height

and 300 nm width) reveal a semi-ellipsoidal shape (around

80 nm height and 320 nm width) at the ITO surface (see

Figures 1(b) and 1(c)).

A methylammonium lead iodide perovskite solar cell

was fabricated on top of the ITO front electrode. Since our

substrate holds both nanopatterned and flat regions, it was

possible to process both nanopatterned and reference devices

in parallel and on the same substrate, i.e., using the same

sputtered ITO material quality and layer thickness.36

Moreover, our experiments ensure optimal comparability of

the device architecture and material compositions, which is

otherwise difficult to achieve for solution-processed layers.

In Figure 2(a), a photograph of the entire device is shown.

Five areas of 0.5 � 0.5 cm2 with decreasing brightness indi-

cate the regions of the nanopatterns at the ITO front elec-

trode. Some of the nanopatterns show a colored haze due to

light diffraction at the two-dimensional nanopattern of the

front electrode. The solar cells layer sequence was deposited

onto these electrodes in the conventional device architecture,

with the hole transport layer at the front electrode and the

electron transport layer at the Al back electrode (layer

sequence in Figure 2(b)). The device architecture presented

here has been proposed before in literature by Bai et al.39 A

FIG. 2. Prototype methylammonium lead iodide solar cell. (a) A photography of the substrate from the front side. The five areas with decreased brightness

indicate the regions of the nanopatterns of the ITO front electrode. For the 500, 600, and 800 nm patterns, light diffraction is apparent by a colored haze. (b) A

schematic illustration of the nanopatterned perovskite solar cell. (c) Images of atomic force microscopy measurements of the nanopatterned resist, the nanopat-

terned resist covered with ITO, and the rear side of the perovskite solar cell. (d) The absorptance A and (e) the external quantum efficiency EQE of the methyl-

ammonium lead iodide solar cells with nanophotonic electrodes compared to solar cells deposited on the flat reference electrode. The period of the nanopattern

is varied from 500 nm to 1200 nm.
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spin-coated poly(3,4-ethylenedioxythiophene):poly(4-styre-

nesulfonate) (PEDOT:PSS) layer acts as hole transport layer

in contact with the ITO front electrode. The photoactive

methylammonium lead iodide perovskite CH3NH3PbI3Cl

layer was prepared by annealing a “pristine” spin-coated

precursor solution (CH3NH3PbI3�XClX). A spin-coated

[6,6]-phenyl C60-butyric acid methyl ester (PC60BM) and a

spin-coated zinc oxide establish the bilayer-structured elec-

tron transporting layer. Finally, the reflective Al back elec-

trode was deposited through a shadow mask defining the cell

area (approximately 15mm2). More details on the processing

conditions and composition of the applied solutions are pre-

sented in the supplemental material.36 The thickness of the

perovskite absorber layer was determined by profilometer

measurements to 320 nm. The conformity of the ITO deposi-

tion on the nanopatterned substrates was investigated with

atomic force microscopy measurements (Figure 2(c)). It is

shown that the front electrode is nanostructured but the back

electrode is flat. Since the photoactive perovskite layer is

significantly thicker than the nanostructure at the front elec-

trode, the nanopattern is not apparent at the back electrode.

The combination of PC60BM and ZnO layers is of particular

importance to our device architecture. This double layered

electron transport structure fills the cavities existing in the

methylammonium lead iodide perovskite layer after forma-

tion of the crystallites, while a low resistive contact with the

cathode is attained with the ZnO.

The photograph in Figure 2(a) reveals that absorptance

of incident light is increased for the solar cells deposited on

the nanopatterned front electrodes compared to the flat

reference. In order to quantify this observation we show the

spectral resolved absorptance of the solar cells deposited on

the nanophotonic front electrodes with periods ranging from

1200 nm to 500 nm in Figure 2(d). With decreasing period,

the absorptance in the entire wavelength range is enhanced.

This enhancement is attributed to a decreased light reflection

and increased light transmission at the nanostructured ITO

front electrode and the adjacent nanostructured layers. The

cause of this decrease reflection and increased transmission

lies in the complex nanophotonic properties of the nanostruc-

tured layer stack of the ITO front electrode and the adjacent

layers. We can picture these nanophotonic properties in two

macroscopic effects: (i) an effective match of the refractive

index due to the dimensions of the nanostructures below the

wavelength of incident light and (ii) parts of the light

reflected at the nanopatterned electrode are diffracted at the

two-dimensional grating texture beyond the angle of total

internal refraction of the front glass/air interface. The com-

bined effects ensure that incident light is transmitted with

reduced parasitic reflection losses into the photo-active per-

ovskite layer.

Having shown that the absorptance of perovskite solar

cells with nanophotonic front electrodes is enhanced, the

arising question is to which extent this enhancement leads to

enhanced photocurrent generation, i.e., power conversion

efficiency g. To answer this question and spectrally resolve

the effect, we compare the external quantum efficiency EQE

of the solar cells deposited on the nanophotonic front

electrode (with periods of 500 nm and 800 nm) to the solar

cell prepared on the flat reference front electrode (cf. Figure

2(e)). At very short wavelengths below 400 nm, the parasitic

losses in the ITO front electrode are known to dominate the

absorptance of the device such that the EQE is reduced. For

wavelengths longer than 800 nm, the EQE vanishes since no

light can be absorbed in the perovskite layer above its band

gap of 1.55 eV. For wavelength between 400 nm and 750 nm,

the EQE shows a similar trend compared to the absorptance,

i.e., the EQE is enhanced in this wavelength region for the

solar cells prepared on the nanophotonic front electrodes.

Moreover, the enhancement in EQE is maximum for the

nanophotonic front electrodes with 500 nm period of the

nanopatterns, which also showed the strongest enhancement

in absorptance (cf. Figure 2(d)). From the EQE, the short-

circuit current density JSC of the solar cells is derived under

consideration of the AM1.5 spectrum. We find that the best

nanophotonic ITO front electrode shows 5% improvement in

JSC compared to the flat reference due to reduced reflection

of incident light at the front interfaces of the solar cell.

Importantly, the enhancement in JSC also leads to an

improved initial power conversion efficiency g of 9.9% com-

pared to 9.6% for the solar cells prepared on the nanopho-

tonic front electrode and the flat electrode, respectively. This

relative improvement of 3% in g is less than the relative

improvement of 5% in JSC, since a slight decrease in fill fac-

tor FF is observed, while comparable open-circuit voltages

VOC are obtained (see Table I). Our prototype irrevocably

demonstrates that solution-processed methylammonium lead

iodide perovskite solar cells of very comparable electrical

properties can be fabricated on flat ITO electrodes and nano-

patterned ITO front electrodes with moderate aspect ratio of

the nanostructures. The shallow design of the used transpar-

ent and conductive nanostructures enabled easy integration

into our solution-based processing of the solar cell. It shall

be noted that power conversion efficiencies of up to 14.2%

have been realized on flat commercialized ITO substrates for

the given device architecture. However, due to reduced

transmittance, reduced conductivity, and increased rough-

ness of our in-house ITO, the efficiency of the flat reference

ITO decreased significantly.

To validate our interpretation of the improved light

incoupling at the nanophotonic ITO front electrode in meth-

ylammonium lead iodide perovskite solar cells, we perform

TABLE I. Solar cell parameters. Fill factor FF, open-circuit voltage VOC, short-circuit current density JSC, and the power conversion efficiency g of the meth-

ylammonium lead iodide solar cells fabricated on a flat electrode and nanophotonic electrodes with a period, p, of 500 nm and 1000 nm.

ITO electrode FF VOC (V) JSC (mA/cm2) (calc. from EQE) g (%)

Flat 0.59 0.89 18.3 9.6

Nanophotonic (p¼ 500 nm) 0.59 0.87 19.4 9.9

Nanophotonic (p¼ 1000 nm) 0.57 0.88 18.5 9.3
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three-dimensional electromagnetic simulations of solar cells

with flat and with nanophotonic ITO front electrodes. From

the simulated electromagnetic field distribution, we derive

the total absorptance of the solar cell and the absorptance in

the photo-active perovskite layer. The thicknesses of the

layers are taken from profilometer measurements and the ge-

ometry of the nanopatterns are taken from AFM images

(Figure 2(c)). To simplify the geometry, we assumed a cubic

nanostructure of the nanopatterns on the resist (height 80 nm,

width 300 nm) and semi-ellipsoidal nanostructures (height

80 nm, width 320 nm) at the surface of the ITO. The optical

data of the perovskite material is taken from ellipsometry

measurements of bare perovskite films (details in the supple-

mentary material36). Our simulations show a convincing

agreement between simulated and measured absorptance

with flat and with nanophotonic ITO front electrodes (see

Figure 3(a)). Moreover, assuming charge carrier collection

efficiency (viz., internal quantum efficiency) of 90% in the

photoactive perovskite layer, we obtain a simulated EQE

that matches well the measured EQE of the solar cells with

flat and nanophotonic electrode (see Figure 3(b)). These

agreements demonstrate the relevance and predictive power

of our simulations. Most importantly, our simulations prove

that the nanopatterns of the front electrodes induce improved

light incoupling that accounts for the reduced parasitic

reflection.

Having proven that the simulated reflectance and EQE are

in good agreement with the measured data of the prototype so-

lar cells, we numerically investigate the dependence of the

light management of the nanophotonic ITO front electrode on

the geometry of the nanopattern. In Figure 3(c), the simulated

average reflectance hRi450–700 (for 400 nm< k< 700 nm) is

shown for periods of the nanopattern from 400 nm to 1200 nm

and height of the nanostructures of 20 nm, 40 nm, 80 nm, and

120 nm. Two fundamental relations are validated: (i) the broad

band reflectance decreases with increasing geometrical fill

factor of the nanostructures (i.e., decreasing period) until a

minimum reflectance at periods around 350–400 nm and (ii)

the broad band reflectance decreases with increasing height of

nanostructures. These fundamental relations have been thor-

oughly studied for multiple applications of anti-reflection coat-

ings.27 The simulations show that improved geometries of the

nanopatterns of ITO electrodes bear the potential to further

decrease the reflectance losses. For example, half-ellipsoidal

nanostructures with a base-diameter of 320 nm (as applied in

this contribution) with periods of 400 nm and a height of

120 nm leads to broad band reflectance of 5.7%. This broad

band reflectance is already very close to the minimum broad

band reflectance of around 4.3% given by the planar air/glass

interface. In future studies, the shape, unit cell, and dielectric

layer stack of the nanophotonic front electrode will be

optimized to further reduce the reflectance losses. Foreseen

strategies to further decrease the reflection are nanopatterns

with increasing geometrical fill factor of the nanostructures

(decreasing period, hexagonal unit cell), an increasing height,

and a more tapered shape of the nanostructures. These strat-

egies will enable a further improved transmission at the interfa-

ces of perovskite solar cells. The applied UV-nanoimprint

process shown here is capable of replication at precision down

to a few nanometers, including random textures and high as-

pect ratios periodic nanopatters.40–43

The presented nanophotonic front electrodes for

improved broad band light transmittance into the solar cell

can also be applied for improved light transmittance at the

rear side of the perovskite solar cell. Such functionality is

highly desired in the long wavelength range for tandem device

concepts with perovskite solar cell.15,44,45 Similar nanopat-

terns to those investigated in this contribution have already

been replicated into transparent substrates on large scale for

photovoltaic applications at low costs.46 Thus, the industrial

realization of our nanophotonic front electrode for improved

light incoupling in perovskite solar cells is in reach.

FIG. 3. Numerical simulations. (a) Comparison of simulated absorptance Asim and measured absorptance Aexp, as well as simulated external quantum efficiency

EQEsim and measured EQEexp of methylammonium lead iodide solar cell with flat ITO front electrode. (b) The same comparison but for a nanophotonic ITO

front electrode (period 500 nm). (c) Simulated average reflectance (for 350< k< 750 nm) for nanophotonic electrodes with various heights of the nanopattern

and various periods.
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In conclusion, we present a versatile, large-area applica-

ble nanophotonic front electrode for application in perov-

skite solar cells. The nanopatterns of the nanophotonic ITO

electrode reduce the parasitic reflectance losses by effec-

tively matching the refractive indices of the layers at the

front side of the solar cell. Our prototype methylammonium

lead iodide perovskite solar cell shows an relative improve-

ment of 5% in short-circuit current density and a power con-

version efficiency improvement from 9.6% to 9.9%

compared to the flat reference device.
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