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In this study we developed efficient polymer solar cells (PSCs) and polymer light emitting diodes

(PLEDs) incorporating multilayer structures prepared through solution processing. To prevent

dissolution of the bottom layer by the subsequent layer, we used a polydimethylsiloxane stamp to

transfer the film onto the target surface. The active layer of the PSCs consisted of a poly(3-

hexylthiophene) (P3HT)-rich layer and a [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)-rich layer;

the active layer of the PLEDs consisted of a blue-polyfluorene as the light emitting layer (LEL) and poly

(9,9-di-n-octylfluorene-alt-(1,4-phenylene-((4-sec-butylphenyl)imino-1,4-phenylene))) (TFB) as the

electron blocking layer (EBL). We found that the efficiency of devices was readily manipulated by

changing the constitution of each stacking layer. After optimizing the fabrication conditions for each

functional layer, we obtained PSCs reaching a power conversion efficiency of 3.52%. The efficiency of

PLEDs incorporating an EBL was 27% greater (reaching 4.7 cdA�1) than that prepared without an

EBL layer.
Introduction

Organic optoelectronic devices have received a great deal of

attention from both industrial and academic research groups

because of their ease of fabrication and excellent mechanical

properties. Solution-processable organic semiconductors offer

particularly attractive routes for the high-throughput, low-cost,

and large-area fabrication of such optoelectronic devices as

photodectors,1,2 light emitting diodes (LEDs),3,4 and solar cells.5,6

The performance of devices prepared using soluble conjugated

organic compounds is limited, however, by their large band gaps

and relatively poor transport properties, resulting in weaker

performance relative to that of their inorganic counterparts.

Recently, white organic LEDs featuring multilayer structures,

fabricated through vacuum processing, have reached fluorescent

tube efficiency.7,8 Therefore, one potential solution to fulfilling

the increasing demand for devices prepared from soluble conju-

gated organics is to combine the functionalities of different

organic materials in multilayer device structures. Although

multilayer structures can provide high-performance optoelec-

tronic devices, solution processing often leads to dissolution of

the underlying layers by sequential layers. To overcome this
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obstacle, many methods have been developed to fabricate

multilayer polymer optoelectronics, including thermal lamina-

tion,9 transferring printing,10,11 and liquid buffer layer

method.12–15 In a previous study, we developed a non-invasive

and non-contaminative stamping technique for the fabrication of

multilayer structures through solution processing; as a proof-of-

concept, we demonstrated the use of this stamping technique to

form multilayer polymer structures for use in polymer solar

cells.16

One of the most promising bulk heterojunction (BHJ) solar

cells is that based on P3HT as the donor and PCBM as the

acceptor, with power conversion efficiencies (PCEs) approaching

5%.17 Although the BHJ provides a relatively large interface for

exciton dissociation, the efficiency remains limited by carrier

recombination in isolated pockets and unfavorable contact

between the organics and the electrodes (e.g., donor/cathode and

acceptor/anode), due to the random distribution of the donor

and acceptor materials in such structures.18–20 Even when thermal

and solvent annealing are applied to control the BHJ

morphology and, therefore, eliminate most of the isolated

pockets,21–25 unfavorable contacts remain between the organics

and the electrodes, due to the surface energy of P3HT (26.9 mJ

m�1) being less than that of PCBM (37.8 mJ m�1).26 Many groups

have reported that the efficiency of devices can be enhanced by

incorporating low-surface energy fullerene derivatives in P3HT/

PCBM blends.27,28 These fullerene derivatives can migrate

spontaneously to the top of the BHJ active layer during coating,

thereby preventing the donor from touching the cathode.

Nevertheless, this approach may minimize the surface area of the

donor–acceptor junction, and many of the PCBM molecules can
This journal is ª The Royal Society of Chemistry 2012
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remain in contact with the anode. There have also been

impressive improvements in the carrier balance of polymer LEDs

through molecule design,29,30 but the efficiency is far behind that

of OLEDs because the multilayer structure can easily balance the

hole and electron current by incorporating functional layers,

such as emissive layer, carrier transport layer, and carrier

blocking layer. For these reasons, in this study we employed

a multilayer structure, in conjunction with our previously

developed stamping technique, to prepare efficient PSCs and

PLEDs. To minimize unfavorable contact between the organics

and the electrodes in BHJ solar cells, while not significantly

shrinking the area of the donor–acceptor junction, we studied

bilayer structures incorporating different fractions of P3HT/

PCBM blend layers. Furthermore, to balance carrier transport in

PLEDs, we studied a bilayer structure incorporating blue-PF as

the light emitting layer (LEL) and TFB as the hole transport

layer (HTL).
Experimental

PDMS stamps were synthesized from the oligomer Silgard 184A

and the curing agent Silgard 184B. The detailed preparation

process has been reported previously.15 The transfer scheme is

illustrated in Fig. 1. Initially, the surface of the PDMS stamp was

treated with organic solvent, depending on the solvent used to

dissolve the polymers (Fig. 1B), and then the polymer film was

spun directly onto the PDMS surface (Fig. 1C). The stamping

process was then performed by attaching the PDMS stamp

coated with the polymer film onto the target surface under

thermal and physical driving forces (Fig. 1D).

After cleaning an indium tin oxide (ITO) glass, poly(ethylene

dioxythiophene):polystyrenesulfonate (PEDOT-PSS, CLE-

VIOS� P) was spin-coated to form a layer having a thickness of
Fig. 1 Schematic representation of the thin film transfer procedure using

PDMS substrates. (a) PDMS substrate prepared on the glass substrate;

(b) organic solvent spin-coated onto the PDMS surface; (c) polymer film

spun onto the PDMS substrate; (d) transfer of the film from the PDMS

surface to the target substrate.

This journal is ª The Royal Society of Chemistry 2012
30 nm. BHJ films featuring different fractions of P3HT:PCBM

were deposited on the treated PDMS stamp by spin-coating

(1500 rpm) chloroform solutions containing different solid

contents. Active layers featuring the stacking of two different

fractions of P3HT:PCBM blend films were formed through

sequential transfer from the PDMS stamp. The active layer of the

PLEDs consisted of poly(9,9-di-n-octylfluorene-alt-(1,4-phenyl-

ene-((4-sec-butylphenyl)imino-1,4-phenylene)))(TFB), deposited

by spin-coating a xylene solution containing 0.5 wt% (w/v) TFB

at various spinning rates, and B–PF, deposited on the PDMS

stamp by spin-coating a xylene solution containing 0.5 wt% (w/v)

B–PF and then transferred onto the TFB layer. Finally, 30 nm

thick calcium and 100 nm thick aluminium layers were thermally

evaporated under vacuum at a pressure below 6 � 10�6 torr

through a shadow mask. The active area of the device was

0.1 cm2.

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

PLEDs and PSCs were tested using an Agilent 4156C semi-

conductor parameter analyzer placed within a N2-filled glove

box. The EL efficiency was measured using a Photo Research

PR650 spectrophotometer integrated with Alignment 4156C.

The photocurrents of the PSCs were tested under simulated AM

1.5 G irradiation (100 mW cm�2) using a Xe lamp-based solar

simulator (Thermal Orel 1000 W). The external quantum effi-

ciency (EQE) spectrum was obtained under short-circuit condi-

tions. The effective range of the monochromator was 190–

900 nm. The absorption spectra were recorded using a Jasco-V-

670 UV-Vis spectrophotometer. The surface morphology of the

films was imaged using atomic force microscopy (AFM, digital

instrument). X-Ray photoelectron spectroscopy (XPS) was per-

formed using a PHI 5000 VersaProbe (ULVAC-PHI Chigasaki,

Japan) system, with a micro-focused (100 em, 25 W) Al X-ray

beam and a Wien-filtered + ion source (IOG C60-10, Ionoptika,

Chandler’s Ford, UK) operated at 10 nA and 10 kV.
Results and discussion

Making the active layer richer in donors and acceptors near the

anode and cathode, respectively, will decrease carrier recombi-

nation at the metal–organic interface31 and balance the hole and

electron mobilities.32 To optimize the film morphology in the

BHJ, we used a stamping technique to fabricate bilayer PSCs

containing a PCBM-rich layer (top layer) and a P3HT-rich layer

(bottom layer). Fig. 2(a) presents a schematic representation of
Fig. 2 (a) Schematic representation of the control over the P3HT-rich/

PCBM-rich compositions of bilayer structures. (b) Side-view SEM image

of a P3HT-rich/PCBM-rich bilayer structure.

J. Mater. Chem., 2012, 22, 1364–1369 | 1365
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Fig. 4 XPS depth profiles of bilayer structures with (-) the top layer

(1 : 1.75 P3HT/PCBM ratio) transferred onto the bottom layer (1 : 0.25

P3HT/PCBM ratio) and (C) the top layer (1 : 1 P3HT/PCBM ratio)

transferred onto the bottom layer (1 : 1 P3HT/PCBM ratio).
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the device. The thickness of each layer was 120 nm, as measured

by the Alpha-step. Fig. 2(b) displays a cross-sectional SEM

image of the bilayer structure on the ITO glass. The interface

between the top and bottom layers is clearly evident after the

transferring from the PDMS stamp. To determine the influence

of the BHJ film morphology in vertical direction on the carrier

mobilities and the cell performance, we also constructed PSCs

having a bilayer structure with different fractions of P3HT/

PCBM blends. The solid contents of P3HT and PCBM in the

bilayer active layers were kept constant for all devices to mini-

mize the effects of other factors on device performance. The

bottom layer was P3HT:PCBM blended with different weight

ratios of P3HT only (1 : 0), 1 : 0.25, 1 : 0.5, and 1 : 1; the

composition of the top layer featured weight ratios of 1 : 2,

1 : 1.75, 1 : 1.5, and 1 : 1, so they all add up to 2 : 2. In addition,

we also fabricated a single BHJ layer having a P3HT/PCBM

ratio of 1 : 1. Fig. 3 presents AFM images of films of various

compositions, revealing the interfaces between the bottom and

top layers. The printed bottom layer surfaces were fairly flat,

with a root-mean-square roughness ranging from 2.3 to 3.5 nm,

depending on the P3HT:PCBM ratio. The flat surface of the

bottom layer resulted in good contact after transferring the top

layer onto the bottom layer through the stamping process.

Because only P3HT contains sulfur atoms, measuring the

content of sulfur—through XPS depth profiles—allowed us to

determine the concentration gradients within the active layers.

Fig. 4 displays XPS depth profiles of the bilayer structures having

bottom/top compositions of 1 : 0.25/1 : 1.75 and 1 : 1/1 : 1. For

the latter, the sulfur concentration was nearly the same

throughout the top and bottom layers. In contrast, for the film

featuring bottom/top compositions of 1 : 0.25/1 : 1.75, the

atomic concentration of sulfur at the surface of the top layer was

1.2%, but it reached 2.1% after etching through 240 nm of the
Fig. 3 AFM images of (a) 100% P3HT bottom layer and (b)–(d) P3HT-

rich layers with P3HT/PCBM compositions of (b) 1 : 0.25, (c) 1 : 0.5, and

(d) 1 : 1. The images were recorded in tapping mode; surface area: 10 �
10 mm2.

1366 | J. Mater. Chem., 2012, 22, 1364–1369
film. The occurrence of an intermixed zone may have been caused

by residual chloroform in the top layer, partially swelling the

bottom layer during the stamping transfer process. Thus,

enrichment of PCBM on the side of the photoactive layer close to

the cathode and enrichment of P3HT close to the anode can be

controlled using stamping technology.

Thermal treatment can have a great effect on the performance

of OPVs because it strongly affects the crystalline order and

phase separation of the photoactive layer, thereby influencing

charge carrier transport and collection.33 To examine the influ-

ence of the bilayer film morphology on the charge transport

properties, we fabricated hole- and electron-only devices to

calculate the hole and electron mobilities by fitting the dark

current–voltage (J–V) curves to the space-charge-limited current

model.34 Table 1 lists the calculated electron and hole mobilities

for single-layer devices and bilayer devices of various composi-

tions. The hole and electron mobilities of the single BHJ layer

device (me ¼ 2.16 � 10�7 m2 V�1 s�1, mh ¼ 9.93 � 10�7 m2 V�1 s�1)

were similar to that of the bilayer device (me ¼ 1.79� 10�7 m2 V�1

s�1, mh ¼ 9.88 � 10�8 m2 V�1 s�1) in which the top and bottom

layers both featured a 1 : 1 P3HT/PCBM ratio. Thus, the

stamping process generates a good contact interface between the

top and bottom layers. Although the electron and hole mobilities

of other combinations were both lower than that of the single-

layer BHJ device, they exhibited a better balance of charge

carrier transport. We attribute the lower charge carrier mobilities

to enrichment of PCBM on the side of the photoactive layer close

to the negative electrode and enrichment of P3HT close to the
Table 1 Hole mobilities, electron mobilities, and hole-to-electron-
mobility ratios of devices with BHJ and P3HT/PCBM composition-
controlled bilayer structures

Composition of P3HT
and PCBM (bottom/top)

Hole mobility
mh/m

2 V�1 s�1

Electron mobility
me/m

2 V�1 s�1 me/mh

1 : 1 (BHJ) 9.93 � 10�8 2.16 � 10�7 2.18
1 : 1/1 : 1 (bilayer) 9.88 � 10�8 1.79 � 10�7 1.81
1 : 0.5/1 : 1.5 (bilayer) 8.54 � 10�8 1.21 � 10�7 1.41
1 : 0.25/1 : 1.75 (bilayer) 7.20 � 10�8 8.34 � 10�8 1.16
P3HT only/1 : 2 (bilayer) 6.16 � 10�8 8.29 � 10�8 1.34

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The cell performance tested under AM 1.5 G (100 mW cm�2)

conditions for bilayer structures with various P3HT:PCBM composi-

tions. (A) Single layer (1 : 1 P3HT/PCBM ratio); (-) the top layer (1 : 1

P3HT/PCBM ratio) transferred onto the bottom layer (1 : 1 P3HT/

PCBM ratio); (C) the top layer (1 : 1.5 P3HT/PCBM ratio) transferred

onto the bottom layer (1 : 0.5 P3HT/PCBM ratio); (:) the top layer

(1 : 1.75 P3HT/PCBM ratio) transferred onto the bottom layer (1 : 0.25

P3HT/PCBM ratio); (;) the top layer (1 : 2 P3HT/PCBM ratio) trans-

ferred onto the 100% P3HT bottom layer.

Table 2 Performance parameters of devices with BHJ and P3HT/PCBM
composition-controlled bilayer structures

Composition of P3HT
and PCBM (bottom/top)

JSC/mA
cm�2 VOC/Volt PCE (%) FF

1 : 1 (BHJ) 9.69 0.58 2.51 0.45
1 : 1/1 : 1 (reference cell) 9.67 0.58 2.62 0.47
1 : 0.5/1 : 1.5 (bilayer) 10.95 0.58 2.87 0.45
1 : 0.25/1 : 1.75 (bilayer) 11.67 0.59 3.52 0.51
P3HT-only/1 : 2 (bilayer) 10.25 0.58 2.76 0.46
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positive electrode, causing the charge carriers to be collected

efficiently by their respective electrodes. For the system in which

the top layer had a P3HT/PCBM ratio of 1 : 1.75 and the bottom

layer had a ratio of 1 : 0.25, we obtained the most-balanced

charge transport (me/mh ¼ 1.16), with electron and hole mobilities

of me ¼ 8.34 � 10�8 m2 V�1 s�1 and mh ¼ 7.20 � 10�8 m2 V�1 s�1,

respectively.

Fig. 5(a) displays the EQE spectra of bilayer devices featuring

different combinations of P3HT and PCBM in their top and

bottom layers. The single-layer BHJ device featuring a P3HT/

PCBM ratio of 1 : 1 exhibited a maximum EQE of 55%; for the

bilayer device in which the bottom layer had a P3HT/PCBM

ratio of 1 : 0.25 and the top had a ratio of 1 : 1.75, this value was

65%. Fig. 5(b) presents UV-Vis absorption spectra of bilayer

P3HT/PCBM films of various compositions. The reference film

[1 : 1 (bottom)/1 : 1 (top)] and the optimized bilayer film [1 : 0.25

(bottom)/1 : 1.75 (top)] displayed the same absorption behavior

because their overall compositions were the same. Nevertheless,

the imbalance of the charge transport properties in the device

having the composition 1 : 1/1 : 1 allowed more space charge

carriers to accumulate at the metal–organic interface, resulting in

recombination of charge and decreased photocurrent generation.

Fig. 6 presents the current density–voltage (J–V) characteris-

tics of bilayer devices having various bottom/top layer combi-

nations. Table 2 summarizes the device parameters for all the

devices prepared in this study. The device having a single-layer

BHJ and the bilayer device having a P3HT/PCBM ratio of 1 : 1

in each layer exhibited efficiencies of 2.51 and 2.61%, respec-

tively. The bilayer device in which the top layer had a P3HT/

PCBM ratio of 1 : 1.75 and the bottom layer had a ratio of

1 : 0.25 exhibited the highest PCE (3.52%), with a short-circuit

current (JSC) of 11.67 mA cm�2, a fill factor (FF) of 0.51, and an

open-circuit voltage (VOC) of 0.59. As expected, the presence of

a graded concentration in the active layer can result in a higher

PCE than that of the corresponding device without a graded

concentration in the active layer. Thus, the vertical composition

profile is an important factor for further optimization of device

performance.
Fig. 5 (a) EQE spectra of devices and (b) UV-Vis absorption spectra of

P3HT:PCBM films in bilayer structures with controlled P3HT/PCBM

compositions. (-) The top layer (1 : 1 P3HT/PCBM ratio) transferred

onto the bottom layer (1 : 1 P3HT/PCBM ratio); (C) the top layer

(1 : 1.5 P3HT/PCBM ratio) transferred onto the bottom layer (1 : 0.5

P3HT/PCBM ratio); (:) the top layer (1 : 1.75 P3HT/PCBM ratio)

transferred onto the bottom layer (1 : 0.25 P3HT/PCBM ratio); (;) the

top layer (1 : 2 P3HT/PCBM ratio) transferred onto the 100% P3HT

bottom layer.

This journal is ª The Royal Society of Chemistry 2012
To further demonstrate the application of stamping techniques

for the preparation of organic electronics, we used the same

method to also fabricate PLEDs with multilayer structures.

Typically, a PLED structure consists of an anode, a layer of

PEDOT:PSS, an emission layer (EL), and a cathode. Direct

contact between the PEDOT:PSS layer and the conducting layer,

due to the absence of an HTL and/or electron blocking layer

(EBL) between the PEDOT:PSS and EL, is one of the reasons

why PLEDs feature inefficient charge injection and quenching

effects. The injection barrier between the PEDOT:PSS and EL

layers is usually high, leading to a high driving voltage and,

therefore, low power efficiency, especially for blue light-emitting

materials, where the energy level of the highest occupied

molecular orbital (HOMO) is very deep relative to the work

function of PEDOT:PSS. It is also difficult to insert another

organic layer between the PEDOT:PSS layer and the EL because

the layer beneath often has a solubility similar to that of the EL

in common organic solvents and will, therefore, be washed away

while depositing the upper layer. Here, we used stamp-transfer

processes to fabricate a bilayer polymer structure to improve

PLED performances.
J. Mater. Chem., 2012, 22, 1364–1369 | 1367
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Fig. 7 presents the device performances of bilayer PLED

structures with various thicknesses of the TFB layer and a fixed

thickness of the blue EL sandwiched between the anode and

cathode. The current efficiency and power efficiency of the

PLEDs increased after incorporation of the TFB layer. It was

found that devices with a thinner TFB layer have better I–V–L

characteristics, and poorer efficiency resulted when the films were

thicker than 50 nm. Devices with a 20 nm TFB layer have the best

I–V–L characteristics, but devices with a 0.5 nm TFB layer have

the highest current efficiency. The current efficiency is defined as

the ratio of the brightness and the current density. The ratio is

higher for the devices with a 0.5 nm layer of TFB than the ones

with 20 nm. The real reason for this high ratio is unknown. It is

most likely because of the optical effect due to the ultrathin layer

of the TFB, resulting in the improvement at the interface, and

avoiding the wave-guide loss at the same time.

We attribute two factors for the improved device performance

after the addition of the TFB layer. First, the decrease of the

energy barrier for the hole injection, due to the HOMO energy

level (5.5 eV) of TFB being positioned between those of PEDOT

(5.2 eV) and blue PF (5.8 eV), assisted charge injection into the

EL. This improvement is evident in Fig. 7(a) and (b), with

increased current density and brightness. Fig. 7(c) shows the TFB

thickness dependences on the current efficiency, which can

indicate the overall improvements resulted from the existence of

the TFB layer. Second, the existence of the TFB layer prevented

direct contact between the EL and the highly conductive

PEDOT:PSS polymer blend, minimizing the possibility of

exciton quenching or dissipation from the adjacent layer. This

enhancement is evident in Fig. 7(d), with a lower efficiency roll-

off at the stage of high current density relative to that of reference

devices prepared without a TFB layer.

In addition, IVL characterization revealed that the effects of

additional interface states on charge injection were fairly small
Fig. 7 (a) Brightness–V characteristics, (b) J–V characteristics, (c)

current efficiency, and (d) power efficiency, plotted with respect to the

current density for PLEDs featuring various TFB layer thicknesses.

1368 | J. Mater. Chem., 2012, 22, 1364–1369
relative to the improvements resulting from the decreased energy

barrier between the HTL and LEL.
Conclusions

We have demonstrated that organic solar cells possessing

a P3HT-rich/PCBM-rich bilayer structure and multilayer light

emitting devices can be fabricated through the use of the

stamping process. Among our systems, the solar cell featuring

a bilayer structure containing a P3HT-rich (1 : 0.25) bottom

layer and a PCBM-rich (1 : 1.75) top layer exhibited the best

PCE (3.52%). The better performance is contributed from the

formation of inter-concentration gradient which is favorable to

the charge transport. The charge mobility calculated from the

SCLC model also indicates the concentration gradient within the

film can lead to a much balanced charge transport (me/mh ¼ 1.16

for the device with a P3HT-rich (1 : 0.25) bottom layer and

a PCBM-rich (1 : 1.75) top layer). When we applied a similar

technique to the fabrication of PLEDs, the current efficiency of

the device featuring a TFB interlayer increased by 27% (to 4.7

cdA�1, from 3.7 cdA�1 for the device prepared without a TFB

layer). Our results suggest that stamp-transfer processes not only

provide another route for the production of multiple-layer

polymer devices but also increase the flexibility of structure

design with potentially improved device performance.
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