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With atomic-layer-deposition grown zinc oxide as the electron

selective layer, we developed plastic substrate compatible processing

for organic photovoltaic devices and demonstrated flexible inverted

organic solar cells on poly(ethylene naphthalate) with a power

conversion efficiency of 4.18%.
Organic photovoltaic (OPV) devices have attracted much attention

due to their promising properties such as mechanical flexibility, light

weight and potential low production cost. With various structure,

material and process advancements, the power conversion efficiency

(PCE) of organic solar cells (OSCs) has been improved significantly

and exceeded 5%.1,2 Current foci of OPV research include the

development of low-bandgap polymers for better solar energy

absorption, the improvement of longterm stability and processing

steps as well as device structure suitable for cost-effective large-scale

manufacturing.3–6

Conventional organic solar cells are often built on glass substrates

which make the cells unsuitable for some applications such as smart

cards, E-papers and ultra-thin watches. In addition, highly flexible

substrates are well suited for high throughput continuous roll-to-roll

manufacturing process which may greatly reduce the production cost.

Thus, the development of organic solar cells on flexible substrates is

a critical issue.

Conventional OSCs generally consist of an acidic poly(3,4-ethyl-

enedioxythiophene) : poly(styrenesulfonate) (PEDOT : PSS) layer

which is detrimental to the transparent conducting oxide (TCO)

anode and a low work function metallic cathode which oxidizes easily

in air. Therefore, these devices exhibit poor lifetimes.7–9 In addition, it

has been reported that the spontaneous phase separation of donor

and acceptor in bulk heterojunction (BHJ) OSC exhibits higher

concentration of acceptor at the TCO side. Such a vertical concen-

tration distribution of donor and acceptor disfavors charge transport

in the direction required in conventional OSC. An alternative solu-

tion is to use the inverted structure, with which the collecting nature

of electrodes is reversed.10–12

In inverted organic solar cells, an interfacial layer such as caesium

carbonate (Cs2CO3) is required to modify the polarity of TCO. With
aDepartment of Materials Science and Engineering, National Tsing Hua
University, Hsinchu, 30013, Taiwan
bInstitute of Electronics Engineering, National Tsing Hua University,
Hsinchu, 30013, Taiwan. E-mail: sfhorng@itri.org.tw
cInstrument Technology Research Center, National Applied Research
Laboratories, Hsinchu, 30013, Taiwan
dInstitute of Physics, National Chiao Tung University, Hsinchu, 30013,
Taiwan

862 | J. Mater. Chem., 2010, 20, 862–866
Cs2CO3, inverted OPV devices on glass with PCE more than 4% was

demonstrated.7 However, Cs2CO3 exhibits deliquescence which affects

severely the lifetime of OPV devices.13 Recently air stable zinc oxide

(ZnO) has been introduced into OPV devices as the electron selective/

hole blocking layer because of its high electron mobility. Kyaw et al.

prepared a ZnO electron selective layer by a sol–gel process in an

inverted OPV device on a glass substrate to achieve a PCE of 3.09%.14

Hau et al. adopted spin-coated ZnO nanoparticles as the electron

selective layer and maximum PCEs of 3.78% and 3.58% was achieved

for inverted OPV devices fabricated on glass and plastic substrates,

respectively.15 Krebs employed solution processed ZnO in air-stable

hybrid organic solar cells which require no vacuum processing steps

and fullerenes.16 In addition, solution processable ZnO was success-

fully applied to roll-to-roll processing of inverted OPV devices by

Krebs et al.17–19 The sol–gel process cannot be applied to flexible OPV

devices on plastic substrate since the formation of ZnO films requires

a high sintering temperature of more than 350 �C. Although solution-

processed ZnO nanoparticles can be prepared at relatively low

temperature, its properties depend strongly on the particle size and

a precise control of the layer thickness is difficult.

ZnO can also be deposited with atomic layer deposition (ALD).

ALD is a kind of chemical vapor deposition (CVD) technique with

the precursor gas reactants being introduced into the reaction zone

separately and sequentially.20 Due to the self-limiting characteristic of

the reaction between reactant gas and solid surface, conformal and

pinhole-free films can be deposited layer by layer at atomic scale.

Therefore, with ALD one has not only precise control over film

thickness but also superior film quality. Recently, the ALD process

has also been applied to the passivating encapsulation of organic

devices.21 Moreover, ZnO layer can be prepared by ALD at low

temperatures and in large areas22 and was shown to produce high

quality hybrid diodes with poly(3-hexylthiophene) (P3HT).23

Consequently, ALD-grown ZnO may be a promising candidate for

electron selective layers in flexible OPV devices.

In this communication, ALD was employed to prepare a ZnO

electron selective layer used in the inverted cell structure and the

effects of layer thickness and substrate temperature were also inves-

tigated. With the ALD-grown ZnO electron selective layer in our

flexible inverted OPV devices, a maximum PCE of 4.18% can be

achieved.

Fig. 1(a) and (b) illustrate the device structure and band diagram of

our inverted organic solar cells, respectively. ZnO was employed as

the electron selective layer due to its high electron mobility. Since the

valence band edge of ZnO is much lower than those of the highest

occupied molecular orbitals (HOMOs) of both P3HT and [6,6]-

phenyl C61 butyric acid methyl ester (PCBM), the ZnO layer serves
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 (a) The device structure and (b) the energy band diagram of the flexible inverted organic solar cell investigated in this study.

Fig. 2 The XRD pattern of a ZnO thin film deposited on a PEN/ITO

substrate for 400 ALD cycles at 45 �C. The inset SEM micrograph shows

the corresponding cross-sectional view of a thin film.D
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also as a hole blocking layer. Similarly, the MoO3 layer was used to

block the electron flow because of its small electron affinity and to

enhance hole transport to the anode, as reported in ref. 14.

To fabricate the device, indium tin oxide (ITO)-coated poly-

(ethylene naphthalate) (PEN) substrates (15 U ,�1, obtained from

Peccell Technologies, Inc.) were first cleaned in an ultrasonic bath

with detergent and de-ionized water for 10 min. ZnO thin films were

then deposited by ALD, using diethyl zinc (DEZ) and water as the

precursors. The pulse time of each reactant was set at 0.2 s, and

a nitrogen purge with a moderate interval of time was introduced

between the pulses of reactants to prevent CVD reaction in the vapor

phase. Two different substrate temperatures of 45 �C (background

temperature) and 80 �C were chosen, and the film thickness was

controlled by the growth cycle number. The background temperature

is higher than room temperature because the processing chamber and

precursor pipelines have to be heated to avoid the condensation of

precursors. Subsequently, a 1,2-dicholorobenzene (DCB) solution

composed of P3HT (24 mg ml�1, purchased from Rieke Metals) and

PCBM (24 mg ml�1, purchased from Nano-C) was spun onto the

ZnO layer at 600 rpm. The devices were then annealed at 110 �C for

20 min and were then completed with sequent deposition of a 2 nm

thick molybdenum trioxide (MoO3) and an 80 nm thick Ag top

electrode by thermal evaporation. The area of device is 4 mm2. Except

for the deposition condition of ZnO thin films, all the process

parameters were fixed throughout the device fabrication process.

The current density–voltage (J–V) characteristics of the devices

were measured with a Keithley 2400 source measurement unit using

a 100 mW cm�2 AM 1.5G solar simulator (Peccell, PEC-L11). The

illumination intensity was determined by a NREL calibrated Si

detector with a KG-5 filter. The external quantum efficiency (EQE)

was measured by a measurement system built up by Optosolar Inc. A

300 W Xe arc light source is coupled to a monochromator to obtain

the required scanning light. A lock-in amplifier, which comes with

a built-in chopper controller, was used to detect and measure small

signals accurately from a calibrated Si detector over the 350–1160 nm

spectral range. Surface roughness and morphology were character-

ized by atomic force microscopy (AFM, Veeco Dimension 3100) and

scanning electron microscopy (SEM, Hitachi S-4300). Surface

properties of the ZnO thin film were determined by contact angle

measurement system (KR€USS universal surface tester model GH-

100).

Fig. 2 shows the XRD pattern of a ZnO thin film deposited at

45 �C with 400 ALD cycles on an ITO-coated PEN substrate. The

first three diffraction peaks can be clearly observed and the (002)
This journal is ª The Royal Society of Chemistry 2010
plane has a higher diffraction intensity, revealing a (002) direction

preferred orientation. An SEM cross-section micrograph of the ZnO

film is included as the inset in Fig. 2, exhibiting a uniform thickness

around 72 nm.

The illuminated current density-voltage (J–V) curves of devices

with various ZnO thicknesses deposited at 45 �C are shown in

Fig. 3(a). For better observation, the fourth quadrant of the J–V

curve is expanded in Fig. 3(b). For the device without a ZnO layer,

the current density rises at around V¼ �0.2 V and quickly increases

as voltage increases, giving a small open-circuit voltage (Voc) of

0.33 V. With the addition of 18 nm thick ZnO, the magnitude of the

photocurrent increases and the rise of the current density is retarded,

leading to an increased Voc of 0.51 V. For the other three devices with

thicker ZnO thin films, the current density shows normal diode-like

characteristics and the Voc remains constant at 0.59 V. The fill factor

(FF), however, reaches a maximum of 0.56 at the thickness of 36 nm

and gradually decreases as the thickness increases. Note that similar

plateau features in the J–V curves, as shown in Fig. 3(a) for OSCs

without and with 18 nm ZnO, were reported previously and were

attributed to carrier transport problem.24–26 It is also interesting to

observe from Fig. 3(a) that the addition of 18 nm ZnO strongly

reduces the current density in the first quadrant. As the ZnO
J. Mater. Chem., 2010, 20, 862–866 | 863
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Fig. 3 The J–V characteristics of the inverted organic solar cells with

different ZnO thicknesses deposited at 45 �C, (a) under AM 1.5G illu-

mination, (b) expanded fourth quadrant with illumination, and (c) in the

dark.

Table 1 Summary of the performance parameters of inverted organic
solar cells with ZnO layer of different thickness grown at 45 �C by ALD
process. 100 mW cm�2 AM 1.5G simulated solar illumination is used

ZnO thickness/nm JSC/mA cm�2 Voc/V FF h (%)

No ZnO 8.50 0.33 0.21 0.57
18 nm 9.35 0.51 0.26 1.24
36 nm 11.34 0.59 0.56 3.78
54 nm 11.20 0.59 0.52 3.41
72 nm 11.03 0.59 0.47 3.07

Fig. 4 The J–V characteristics of the inverted organic solar cells with

different ZnO thicknesses deposited at 80 �C under AM 1.5 G illumi-

nation.
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thickness further increases, the current density at a constant voltage in

the first quadrant increases and then slightly decreases, similar to the

J–V in the fourth quadrant. A similar trend with ZnO thickness was

also observed from the dark J–V, as shown in Fig. 3(c). Because both

Voc and FF are significantly enhanced with the addition of ZnO, the

PCE is also greatly enhanced. The performance parameters of these

inverted OSCs with ZnO grown at 45 �C are summarized in Table 1.

The J–V curves can be understood by noting the dominant charge

transport mechanisms in the solar cells. For the inverted solar cell

without ZnO, the energy barrier height for electron (hole) injection
864 | J. Mater. Chem., 2010, 20, 862–866
from ITO (Ag) into the active layer is 0.9 eV (1.0 eV). The dark

carrier injection from the electrodes into the active layer is hence

inhibited and the total current is determined by recombination

among the photocarriers and the transport of the photocarriers in the

active layer.27 This is different from the case of organic solar cells with

Ohmic contacts, for which the total current is dominated by recom-

bination between the injected carriers and photocarriers. While the

recombination among the photocarriers is relatively constant, the

transport of photocarriers depends strongly on the bulk electric field.

Because ITO has a larger work function than Ag, the flat-band

condition is met at negative bias and hole transport to ITO is favored

at non-negative voltage. Early rise of the current density and small

Voc are therefore expected. Only at sufficiently high bias can there be

sufficient carrier injection from the electrodes into the active layer; the

inverted solar cell without ZnO therefore exhibits a plateau feature as

shown in Fig. 3(a).

With the addition of 18 nm ZnO, the hole transport to ITO is

blocked and the bulk electric field is reduced, which favors the

collection of electrons to ITO. Therefore, the rise of the total current,

i.e., the reduction in the magnitude of photocurrent, is retarded.

Furthermore, the suppression of current at high forward bias reveals

that the forward current is mostly due to hole transport, which is

reasonable since MoO3 serves as a buffer layer28 that enhances hole

injection from Ag/MoO3 into the active layer at high forward bias.

For the other devices with thicker ZnO, the collection of electrons to

the ITO cathode is further enhanced by continued reduction of the

bulk electric field. The creation of a potential well at the hetero-

junction between the ZnO conduction band and the active layer may

also play a role. With increased ZnO thickness, the energy of the

bottom in this potential well is reduced and electron accumulation is

favored, which enhances the electron transport to ITO. The reduction
This journal is ª The Royal Society of Chemistry 2010
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Table 2 Summary of the performance parameters of inverted organic
solar cells with ZnO layer of different thickness grown at 80 �C by ALD
process. 100 mW/cm2 AM1.5G simulated solar illumination is used

ZnO thickness/nm JSC/mA cm�2 Voc/V FF h (%)

No ZnO 8.50 0.33 0.21 0.57
18 nm 9.65 0.59 0.29 1.61
36 nm 11.90 0.59 0.60 4.18
54 nm 11.20 0.60 0.57 3.69
72 nm 11.30 0.59 0.50 3.35

Fig. 5 Comparison of the J–V curves of the inverted organic solar cells

with 36 nm ZnO grown at 45 �C and 80 �C.

Fig. 6 (a) The absorption and (b) the EQE spectra of the inverted

organic solar cells with 36 nm ZnO grown at 45 �C and 80 �C.

D
ow

nl
oa

de
d 

by
 N

at
io

na
l T

si
ng

 H
ua

 U
ni

ve
rs

ity
 o

n 
17

 J
an

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 2

3 
D

ec
em

be
r 

20
09

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

92
13

96
A

View Online
of FF as well as the forward current with ZnO thicker than 36 nm is

attributed to series resistance. It is also notable that ZnO can also

serve as a buffer layer which enhances electron injection from ITO

into the active layer at high forward bias. The devices with ZnO of

thickness more than 18 nm therefore exhibit diode-like J–V charac-

teristics.
Fig. 7 AFM images of the 36 nm ZnO thin films grown on

This journal is ª The Royal Society of Chemistry 2010
It was reported that the resistivity of ZnO grown by ALD

decreases at higher growth temperatures.29 Since lower ZnO resis-

tivity is beneficial to the photovoltaic response of solar cells, we

repeated the experiments at an elevated temperature. A slightly higher

temperature of 80 �C was chosen. Except for the ZnO deposition

temperature, all other processing parameters of device fabrication

remained unchanged. The measured illuminated J–V curves of the

resulted devices are shown in Fig. 4 and their performance parame-

ters are summarized in Table 2. The J–V curves exhibit similar trends

to those of the devices with ZnO grown at 45 �C, albeit with more

diode-like feature for the device with 18 nm ZnO. Similar to the

devices with ZnO grown at 45 �C, the FF and PCE reach their

maximum at the ZnO thickness of 36 nm and gradually decrease as

the thickness of ZnO increases. Comparing Tables 1 and 2 for devices

with identical ZnO thicknesses, the devices with ZnO grown at 80 �C

show consistently enhanced photovoltaic response. With 36 nm thick

film grown at 80 �C, a PCE of 4.18% was achieved, which is the

highest PCE for a flexible organic solar cell ever reported in the

literature.

Fig. 5 shows the comparison of J–V curves of devices with 36 nm

ZnO grown at 45 �C and 80 �C, respectively. The absorption and

EQE spectra of these two devices are also shown in Fig. 6(a) and (b).

It is clear from a comparison of the inverse slope of J–V curve at Voc

from Fig. 5 that the series resistance of the device with ZnO grown at

80 �C is smaller than that grown at 45 �C. The FF and PCE are

therefore improved for the device with ZnO grown at 80 �C. It is

noteworthy from Fig. 6(a) that both devices show strong absorption

around 400 nm and 600 nm, as compared to similar inverted devices

albeit with solution processed ZnO nanoparticles and glass

substrates.15 From Fig. 6(b), an increase in EQE over the range from

550 nm to 625 nm is observed. It is also notable that while the

absorption of the OSC with ALD ZnO grown at 80 �C is less than

that with ZnO grown at 45 �C from 460 nm to 550 nm (Fig. 6(a)), the

EQEs for both show no appreciable difference (Fig. 6(b)).

The series resistance is related to the energy loss in carrier transport

and is strongly affected by the interfaces across which carriers travel

to the electrodes. It is therefore interesting to investigate the effects of

ZnO growth temperature on its contact to the P3HT : PCBM active

layer. AFM morphologies of the ZnO grown at 45 �C and 80 �C were

measured and the results are shown in Fig. 7. It is found that the

surface morphology of the ZnO is altered when deposited at 80 �C,

and the root mean square roughness decreases from 2.13 nm to

1.43 nm. Moreover, the contact angle of ZnO increases from 95� to

100� as the growth temperature increased from 45 �C to 80 �C. The

ZnO thin film deposited at 80 �C exhibits therefore a more
ITO-coated PEN substrates at (a) 45 �C and (b) 80 �C.

J. Mater. Chem., 2010, 20, 862–866 | 865
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hydrophobic surface which is beneficial to the adhesion of polymer

films and leads to reduced series resistance. Improved adhesion also

leads to improved interface between the active layer and the ZnO

electron selective layer, which in turn results in enhanced electron

transport to the ITO electrode and thus enhanced EQE.

In summary, ALD-grown ZnO was used as the electron-selective

layer in flexible organic solar cells and a high PCE of 4.18% was

achieved at a ZnO deposition temperature of 80 �C. The improve-

ment in photovoltaic response was attributed to the blocking of hole

diffusion and an enhanced electron collecting efficiency to the ITO

electrode. Since the whole processing temperature can be kept below

110 �C, our inverted organic solar cells are readily compatible with

manufacturing on plastic substrates such as PEN.
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