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We have investigated the effects induced by periodic nanosphere arrays on the performance of

organic solar cells (OSCs). Two-dimensional periodic arrays of polystyrene nanospheres were

formed by using a colloidal lithography method together with plasma etching to trim down the size

to various degrees on the substrates of OSCs. It is found that the devices prepared on such

substrates can have improved light harvesting, resulting in as high as 35% enhancement in power

conversion efficiency over that of the reference devices. The measured external quantum efficiency

and finite-difference time-domain simulation reveal that the controlled periodic morphology of the

substrate can efficiently increase light scattering in the device and thus enhance the absorption of

incident light. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884963]

Organic solar cells (OSCs) are a promising renewable

energy source for their low cost, light weight, easy fabrica-

tion, and potential flexibility.1,2 Much effort has been paid

on their performance enhancement and so far power conver-

sion efficiency (PCE) of over 10%3 for small molecule and

9%4 for polymer solar cells has been achieved. For small

molecule devices, one of the most commonly used donor/

accepter (D/A) heterojunction structure is comprised of cop-

per phthalocyanine (CuPc) and buckminsterfullerene (C60).

Efficiency of the bilayer CuPc/C60 heterojunction based cells

lies within the range of (1 6 0.1)%.5–7 As a matter of fact,

the thickness of the active layer cannot be increased largely

to enhance light absorption due to the low charge-carrier

mobility (10�6–10�3 cm2�V�1�S�1) and short exciton diffu-

sion length (�10 nm) for most organic small molecular

materials.8,9 An effective approach to improve the sunlight

harvesting in the active layer is to use a periodic structure on

a substrate. In general, a periodic structure can effectively

increase the optical path, and therefore enhance the photon

absorption and the photocurrent of OSCs.10–13

In this study, we developed a simple method to form a

light-trapping structure for high performance heterojunction

OSCs based on CuPc and C60. The light-trapping structure

was made of polystyrene (PS) nanospheres via colloidal

lithography or nanosphere lithography (NSL), which has

been reported to improve the light extraction efficiency in or-

ganic light-emitting devices (OLEDs).14,15 With the light-

trapping structure, the photocurrent density was increased

from 4.77 mA/cm2 to 5.59 mA/cm2 leading to a 35% increase

in PCE.

Preparation process of the CuPc/C60 based OSCs with a

2-Dimensional (2D) periodic light-trapping array is sche-

matically shown in Fig. 1. Indium tin oxide (ITO) substrates

were first sequentially cleaned with detergent, ethanol, and

deionized water and treated with UV-ozone for 15 min.

Closely packed monolayer of PS nanosphere (purchased

from Nano-micro, PS N360) arrays were then formed on the

ITO substrates via colloidal lithography or the NSL method

(Fig. 1(a)). Detailed process for the NSL method can be seen

elsewhere.16 The samples were then treated with oxygen

plasma etching for different durations (1–8 min) to reduce

the NS to different sizes (Fig. 1(b)). Poly (3,4-ethylenedioxy-

thiophene):poly (styrenesulfonate) (PEDOT:PSS, Baytron

PVPAI 4083) was then spin-coated onto the samples at

4000 rpm for 50 s. After annealing at 140 �C for 10 min in air,

the samples were transferred into a vacuum deposition system

with a base pressure of 2� 10�6 Torr. A donor layer of CuPc

(20 nm), an acceptor layer of C60 (40 nm), an exciton blocking

layer17 of bathocuproine (BCP) (8 nm), and an aluminum (Al)

cathode (100 nm) were then thermally evaporated onto the

samples. All organic layers were deposited at a rate of 1 Å/s,

and the Al cathode layer was deposited at a rate of 5 Å/s. The

devices have a structure of ITO/PS array/PEDOT:PSS

(60 nm)/CuPc (20 nm)/C60 (40 nm)/BCP (8 nm)/ Al (100 nm).

For comparison, a reference device with the same structure

without the PS array was also fabricated. Current density–

voltage (J-V) characteristic of all devices was then measured

under AM 1.5 G illumination at 100 mW/cm2. External quan-

tum efficiency (EQE) of the devices was recorded by a

Newport monochromator 74125 and a power meter 1918 with

a 918D silicon detector. The device area is 0.09 cm2, which is

defined through a shadow mask.

Figure 2 is a scanning electron microscopy (SEM, Philips

FEG SEM XL30) image of an as-prepared (i.e., before oxygen

plasma etching) PS nanosphere array. It can be seen that the

PS spheres formed a well-ordered closely packed layer on the

ITO substrate. The diameter (360 nm) of the PS spheres was

also confirmed by the SEM image. Fig. 3(a) shows an atomic

force microscopy (AFM, Veeco MultiMode V) image of a PS

a)Electronic addresses: lsliao@suda.edu.cn, zkwang@suda.edu.cn, and

apcslee@cityu.edu.hk
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sphere array obtained after 5 min of oxygen plasma etching. It

can be seen that the average peak-to-valley height of the PS

nanosphere is about 60 nm with few defects, and the spacing

between PS spheres does not show any change after oxygen

plasma etching. For improving the conductivity and the

energy level alignment between the ITO and CuPc, a hole

transport layer of PEDOT:PSS was spin-coated on the surface.

Figure 3(b) shows that after further deposition of the CuPc

and the C60 layers, the surface of the stack does show peri-

odic features inherited from the PS array. The morphology of

the active layer presents a well-ordered structure with a maxi-

mum 20 nm of peak-to-valley height.

To investigate the effect of the periodic morphology on

the performance of OSCs, solar cells based on CuPc/C60

bilayer structure were fabricated on unpatterned and patterned

substrates. Fig. 4(a) displays the current density–voltage (J-V)

characteristics of the OSCs with and without the periodic

arrays under 100 mW/cm2 illuminations. Table I gives the key

parameters of all devices. The reference cell without any PS

array shows an open-circuit voltage (VOC) of 0.44 V, a short-

circuit current density (JSC) of 4.77 mA/cm2, and a fill factor

(FF) of 54%, corresponding to a PCE of 1.14%. Devices with

PS arrays of different etching durations show different J-V

characteristics (Fig. 4(a)). JSC decreased greatly when the oxy-

gen plasma etching duration of PS sphere is only 1 min. After

increasing the etching duration to 5 min, JSC enhanced to a

maximum of 5.59 mA/cm2, and then decreased back to

5.08 mA/cm2 when the etching duration is 8 min. With the

optimized etching duration of 5 min, the device also shows

mild increases in VOC and FF leading to a PCE of 1.54%,

which is 35% higher than that of the reference devices. It can

be seen from Table I that the increased PCE can mainly be

attributed to the enhanced JSC rather than VOC and FF through

the application of the PS nanosphere periodic array.

Generally, the photocurrent is mainly governed by three

factors: absorbed photons, charge carriers generated at

the donor/acceptor interface, and the charge collection

FIG. 1. Schematic illustration of the

fabrication process of OSCs with the

periodic PS nanosphere arrays: (a)

self-assembled PS monolayer formed

on the ITO surface, (b) a non-closely

packed array with smaller PS spheres

after oxygen plasma etching, (c)

PEDOT:PSS layer spin-coated on the

etched PS monolayer, and (d) a com-

pleted device.

FIG. 2. An SEM image of the self-assembled 2-D PS monolayer.
FIG. 3. AFM images of (a) the self-assembled PS monolayer with 5 min O2

plasma etching and (b) the CuPc/C60 active layers in (a).
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efficiency.18 The measured EQE spectra plotted in Fig. 4(b)

can explain partially the increased JSC and demonstrate the

enhanced absorption region using the PS nanosphere array.

The effect of enhanced light trapping can be seen in the blue

and green regions of the spectrum (below 550 nm), which

corresponds to the strong absorption shoulder of C60. Over

the spectral range of 550–800 nm, the EQE shows only mild

increases due to the relative poor absorption of CuPc. These

results suggest that the periodic structure can generate more

charge carriers by enhancing absorption in the active layer.

To further investigate the underlying mechanism of how

the periodic structure affects the performance of OSCs, the

space distributions of the power absorption per unit volume

in the flat and periodic devices were simulated using the soft-

ware based on the finite-difference time-domain (FDTD)

method (Lumerical Solutions, Inc.). The refractive indexes

of the organic materials were measured via ellipsometer.

Those of ITO, glass, and Al are used directly from the soft-

ware database. The diameter of the remaining nanospheres

in the periodic structure is set as 60 nm, which was deter-

mined by AFM measurements. Two wavelengths of 400 and

650 nm were simulated to see the response of the periodic

structure to the short and long wavelength regions. Figures

5(a) and 5(c) present the simulated absorption distributions

of the flat device under the irradiation of the light with the

wavelength of 400 and 650 nm, respectively. And Figs. 5(b)

and 5(d) are corresponding to those of the periodic device.

The absorption graphs of the two structures under the same

irradiation are using the same color scale to have an intuitive

comparison, while the scale bars are different for different

wavelengths. From Fig. 5, it can be clearly seen that the

absorption in the periodic device is strongly enhanced over a

broad region compared to that in the flat device for the light of

both 400 and 650 nm. This is due to the effective light scatter-

ing and trapping in the periodic structure. With the periodic

structure, the incident light can be scattered into modes propa-

gating within the organic layers, thus increasing the absorption

of light.19,20 The flat device has a maximum absorption of

4.60 W/m3 under the 400 nm irradiation and that of 2.22 W/m3

under the 650 nm irradiation. And the maximum absorption of

FIG. 4. (a) J-V characteristics recorded under AM 1. 5 G simulated solar

illumination and (b) EQE spectra of the devices: a reference cell (�); incor-

porating the PS monolayer after 1 min (�), 3 min (�), 5 min (�), 6 min (�),

7 min (3), and 8 min (") of oxygen plasma etching.

TABLE I. Summary of the performance of OSCs based on CuPc/C60 hetero-

junction structure.

Devices VOC (V) JSC (mA/cm2) FF (%) PCE (%)

PEDOT:PSS 0.44 4.77 54 1.14

1 min 0.30 0.09 11 0.003

3 min 0.42 4.60 34 0.66

5 min 0.48 5.59 57 1.54

6 min 0.48 5.29 53 1.36

7 min 0.46 5.16 54 1.28

8 min 0.44 5.08 52 1.17

FIG. 5. FDTD simulations of power absorption per unit volume distribution

of the devices for the reference cells ((a) and (c)) and the optimized periodic

nanosphere (60 nm diameter) array based cells ((b) and (d)). The simulated

power absorption per unit volume is indicated in the right color bar (the unit

is 1013 W/m3). The wavelength of incident light is, respectively, 400 and

650 nm for the top and bottom panels. All parameters for simulation are the

same as the experimental devices.
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the periodic device under the 400 and 650 nm are 8.04 and

3.02 W/m3, respectively. The maximum absorption for the

400 and 650 nm wavelengths are enhanced by about 75% and

36%, respectively. Therefore, the periodic structure in our

experiments is more effective for the absorption improvement

in the short wavelength region than that in the long wave-

length region. Through adjusting the structure parameters of

the periodic OSCs, like the periodicity and the sphere size,

high enhancements in different light regions may be realized.

The trends of the simulated results agree well with the experi-

mental EQE results shown in Fig. 4(b).

Another important effect of the controlled surface mor-

phology on the PCE can be ascribed to the increased interfa-

cial contact area between the donor and acceptor. Among the

various methods to improve the efficiency of the OSCs, con-

trol of the surface morphology is one important factor that

affects the exciton diffusion and the charge transfer in the

active layers.21 The nanoscale periodic morphology of the

interface allows for highly efficient exciton dissociation with

reduced recombination rates. Compared to most planar

bilayer or bulk heterojunction based cells, the periodic struc-

ture based cells by using above-mentioned NSL method can

demonstrate improved device performance.21,22

In summary, we have demonstrated an improvement in

PCE by 35% in CuPc/C60 based OSCs by using the 2-D PS

nanosphere periodic structure as an efficient light trapping

scheme. The periodic morphology was formed via the colloidal

lithography method. The photocurrent showed noticeable

enhancement compared to the planar structure based cell which

agrees well with the FDTD simulations. It results in an increase

mainly in JSC. The improvement in device performance was

mainly attributed to the increased optical path and the efficient

light trapping. This process is highly tunable and is a promising

option to realize high-efficiency and low-cost OSCs.
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