
www.elsevier.com/locate/cplett

Chemical Physics Letters 403 (2005) 293–297
White polymer light-emitting devices from ternary-polymer
blend with concentration gradient

Jong Hyeok Park a, Tae-Woo Lee a, Young Chul Kim b,*, OOk Park a,*, Jai KyeongKim c

a Department of Chemical and Biomolecular Engineering, Korea Advanced Institute of Science and Technology, 373-1 Guseong-dong,

Yuseong-gu, Daejeon 305-701, Korea
b Materials Research Center for Information Display, College of Environment and Applied Chemistry, Kyung Hee University, Yongin,

Kyunggi-do 499-701, Korea
c Optoelectronic Materials Research Center, Korea Institute of Science and Technology, P.O. Box 131, Cheongryang, Seoul 130-650, Korea

Received 21 October 2004; in final form 27 December 2004

Available online 22 January 2005
Abstract

We have fabricated a white polymer light-emitting-diode bilayer structure that contains a ternary polymer blend. The first layer

of poly(9-vinylcarbazole) acts as an energy donor and electron blocker, and the second layer comprising an immiscible polymer

blend of two light-emitting polymers, poly(9,9 0-dihexylfluorene-2,7-divinylene-m-phenylenevinylene-stat-p-phenylenevinylene) and

poly(2-methoxy-5-(2 0-ethyl-hexyloxy)-1,4-phenylenevinylene), emits light. The emissive white color of the device was observed to

be practically independent of the driving voltage (near CIE coordinate; 0.33, 0.33). In addition, it shows greatly enhanced luminous

efficiency compared to a ternary blended white light-emitting-diode.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The realization of efficient white emission from or-

ganic/polymer light-emitting diodes (OLEDs/PLEDs)

is necessary for a number of applications, such as illumi-

nation light sources, backlights for liquid crystal display,

and full color electroluminescent displays [1,2]. The de-

vice structures that have been proposed for white emit-
ting LEDs with polymers or small organic molecules

can be classified into two categories.

The first type is the multi-layer devices that are com-

posed of several different small organic molecules [1,3].

Kido et al. have developed a device with three emitting

layers, each layer emitting light in a different region of

the visible spectrum so as to generate white light [4].

Xie et al. have also reported white emission from an
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organic multiple hetero-structure [4]. In the second type,

white emission is obtained by co-depositing a red emit-

ting material with blue and/or green emitting materials

[5]. In a polymer-based example of this approach, Kido

et al. [6] have reported that composites of emitting dyes

and poly(9-vinylcarbazole) (PVK) emit white light. Both

methods require a precise control of chromophor con-

centrations (<10�3 wt%) to suppress the excessive För-
ster energy transfer occurring among the components.

White PLEDs fabricated by spin-casting the luminescent

materials from solution would result in a simpler and

therefore potentially less expensive manufacturing pro-

cess. Recently, Gong et al. and Cheng et al. [7,8] show

highly efficient white emission from phosphorescent

material doped PLEDs.

In a poorly miscible or immiscible blend system, each
material not only emits its own color but also partially

transfers its excitation energy to the narrower bandgap

material within a limited region of Förster radius such

as the interfacial region of the blend [9]. The partial
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energy transfer in such systems can broaden the emis-

sion spectrum and result in whitish light emission. How-

ever, in the case of polymer blend systems, the film

composition is not usually homogeneous in a direction

normal to the surface [10]. Consequently, the emission

zone varies, which results in color variation as the bias
voltage changes.

In this work, we tried to obtain highly efficient white

emission that is little influenced by the operating voltage

change by using a bilayer structure of A/(B + C) with

concentration gradient, where A is PVK, B is

poly(9,9 0-dihexylfluorene-2,7-divinylene-m-phenylenevin-

ylene-stat-p-phenylenevinylene) (PDHFPPV), and C is

poly(2-methoxy-5-(2 0-ethyl-hexyloxy)-1,4-phenylenevin-
ylene) (MEH-PPV). (B + C) is an immiscible blend that

finally emits white light. Judging from the energy band

diagram, the most excitons are expected to generate in

the interfacial region of the interlayer with concentra-

tion gradient irrespective of operating voltage.
Fig. 1. (A) Normalized absorption (Abs) and photoluminescence (PL)

spectra of PVK, PDHFPPV, and MEH-PPV (a: Abs of PVK, b: Abs

of PDHFPPV, c: PL of PVK, d: PL of PDHFPPV, e: Abs of MEH-

PPV, f: PL of MEH-PPV). (B) PL spectra of the PVK/

(PDHFPPV + MEH-PPV) bilayer films with different MEH-PPV

concentrations in the PDHFPPV +MEH-PPV immiscible blend layer

(solid line: 0.25 wt%, dashed line: 0.5 wt%, dotted line: 0.75 wt%

MEH-PPV) measured while exciting at 340 nm. The inset shows the

PL spectra of the PVK/[PDHFPPV +MEH-PPV(0.75 wt%)] bilayer

film excited at different wavelengths (a: 500 nm, b: 380 nm, c: 340 nm).
2. Experimental

PDHFPPV (Mw: 32000 and Tg: 125 �C) was synthe-
sized by employing the Heck reaction as reported else-

where [11]. MEH-PPV (Mw: 120000 and Tg: 65 �C)
purchased from H.W. Sands Co. and used without fur-

ther purification. The chemical structures of the emitting

polymers are shown in the inset of Fig. 1A. Several EL

devices with the concentration gradient were prepared as
follows. PVK and the PDHFPPV + MEH-PPV blend

were dissolved in monochlorobenzene (CB) and trichlo-

roethylene (TCE), respectively. A 60 nm-thick PVK

layer was spin-cast from the CB solution onto an in-

dium-tin-oxide (ITO) coated glass substrate followed

by baking at 100 �C for 2 h. And then, a 40 nm-thick

blend layer was spin-cast from the TCE solution on

top of the PVK layer. It was found that PDHFPPV
and MEH-PPV has good solubility in TCE, but PVK

partially swells up in it. So, we can prepare the bilayer

film with concentration gradient, which contains very

good film uniformity. The Li:Al alloy cathode was vac-

uum-deposited onto the blend layer under a pressure of

about 1 · 10�6 Torr to complete the device preparation.

The electrical and luminescent characteristics of the de-

vices were analyzed using a current/voltage source mea-
surement unit (Keithley 236) and a PR 650 spectroscan

spectrometer. Photoluminescence (PL) and electrolumi-

nescence (EL) spectra were measured using an ISS

PC1 photon counting spectrofluorometer.
3. Results and discussion

Fig. 1 shows the absorption (Abs.) and PL spectra of

PVK, PDHFPPV, and MEH-PPV. The spectral over-
laps between the emission of PVK and the absorption

of PDHFPPV, and between the emission of PDHFPPV

and the absorption of MEH-PPV demonstrate that the

bilayer system meets the necessary condition of För-

ster-type dipole–dipole energy transfer. Thus, we can ex-
pect a cascade energy transfer from PVK to PDHFPPV

and then to MEH-PPV in this bilayer system as in the

ternary blend systems.

With the result of the previous work that the PVK/

PDHFPPV bilayer film exhibited an emission spectrum

similar to that of pure PDHFPPV, [12] we examined

the energy transfer from PVK to the PDHFPPV +

MEH-PPV blend layer in the PVK (60 nm)/
(PDHFPPV + MEH-PPV) (40 nm) bilayer films with

various blend ratios. It is very interesting to observe in

Fig. 1B that the blend layer containing only 0.75 wt%

of MEH-PPV gives an emission spectrum that is the
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average of the individual spectra of PDHFPPV and

MEH-PPV when the PVK side of the bilayer film was

excited at the absorption peak wavelength of PVK,

340 nm. Here, the resulting spectrum is broad over the

whole visible wavelength range, indicating a white

emission.
The atomic force microscopic (AFM) images of the

PDHFPPV + MEH-PPV blend (2:1 by wt.) film showed

that a phase-separation had occurred in the blend (Fig.

2). Although PDHFPPV and MEH-PPV are immiscible

with each other, a partial excitation energy transfer can

occur from PDHFPPV to MEH-PPV across the phase

boundary within the Förster radius.

Judging from the PL excitation (PLE) experiment
(not shown) of the bilayer film recorded at the emission

wavelengths of 475 and 580 nm, which correspond to

the emission peak wavelengths of PDHFPPV and

MEH-PPV, respectively, the emission of PDHFPPV is

triggered not only by the absorption at 380 nm but also
Fig. 2. AFM image of PDHFPPV + MEH-PPV blend and bandgap

diagram of the bilayer device.
by the excitation energy transferred from PVK. On the

other hand, the PLE spectrum measured at 580 nm sug-

gests that the MEH-PPV emission mainly originates

from the excitation energy transferred from PDHFPPV.

It is well known that the dilution of a chromophore en-

hances the luminescence quantum yield because both the
concentration quenching and self-absorption are effec-

tively suppressed [13]. When the diluent and the chro-

mophore are the donor and the acceptor of the

Förster-type energy transfer, respectively, the PL inten-

sity as well as the quantum yield increases further be-

cause the dilution effect enhances the probability of

radiative singlet-decay and the diluent provides the exci-

tation energy to the chromophor. The inset in Fig. 1B
shows the PL spectra of the bilayer film with a 60 nm-

thick PVK layer and a 40 nm-thick PDHFPPV +

MEH-PPV blend (0.75 wt% MEH-PPV) layer excited

at 340, 380 and 500 nm, which correspond to the optical

absorption peak wavelengths of PVK, PDHFPPV, and

MEH-PPV, respectively. When excited at 340 and

380 nm, the bilayer film demonstrated similar lumines-

cence characteristics except that that the PL intensity
was much higher when the film was excited at 340 nm.

The comparison between the PL intensities of MEH-

PPV measured while exciting at 380 and 500 nm also

reveals the influence of efficient Förster-type excitation

energy transfer. This result implies that the luminescence

efficiency is enhanced when a cascade energy transfer

occurs.

Because PVK tends to swell in the presence of TCE,
the PVK and the PDHFPPV + MEH-PPV blend layers

are molecularly intermixed at the bilayer interface. Fig.

2 illustrates the expected concentration gradient of in-

jected electrons developed in the bilayer; the electron

concentration is highest at the top of the immiscible

blend layer and decreases towards the PVK layer, result-

ing in electron confinement at the diffuse interface of the

two layers. As shown in Fig. 2, the energy barrier for
hole injection is higher than that for electron injection

in the bilayer device. The injected electrons will accumu-

late in the diffuse interlayer region due to the high

LUMO level of PVK, which provides more chance for

the electrons and holes to recombine with each other.

In addition, among the excitons formed on the three dif-

ferent polymer molecules, the ones formed on the PVK

or PDHFPPV molecules in the interlayer region can act
as the Förster-type energy donor, as indicated by the PL

observations. More importantly, the accumulation of

electrons in the diffuse interfacial zone will favor the

exciton formation that is less influenced by the driving

voltage, which results in a voltage-independent white

PLED. Fig. 3a shows the EL spectra of the ITO/PVK/

[PDHFPPV + MEH-PPV (0.75 wt%)]/Li:Al device,

measured at various applied voltages. For the previously
reported white LEDs based on immiscible polymer

blends, the composition is not so homogeneous normal
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Fig. 3. (a) EL spectra of the ITO/PVK/[PDHFPPV +MEH-

PPV(0.75 wt%)]/Li:Al device measured at different forward biases.

(b) L–V curves for the white emitting PLEDs (1: ITO/(PVK +

PDHFPPV + MEH-PPV, 19/1/1 by wt.)/Li:Al, 2: ITO/PVK/

[PDHFPPV + MEH-PPV(0.75 wt%)]/Li:Al, 3: ITO/PEDOT:PSS/

PVK/[PDHFPPV +MEH-PPV(0.75 wt%)]/Li:Al). Inset: efficiency vs

voltage of device 3.
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to the surface due to different wettability of each compo-

nent on the surface that the emissive zone changes with

the bias voltage, which results in non-pure white emis-

sion [10,14]. However, the EL spectrum of the bilayer

PLED investigated in this work is practically indepen-

dent of the driving voltage (CIE coordinate; 0.34, 0.34).

Fig. 3 shows the V–L characteristics of the devices.

The optical output of the ITO/PVK/(PDHFPPV +
MEH-PPV)/Li:Al bilayer devices is much higher than

that of the ITO/(PVK + PDHFPPV + MEH-PPV,

19:1:1 by wt)/Li:Al ternary blend system. PVK generally

acts as an efficient energy donor, so it has been used as a

host material in both electro-fluorescent and electro-

phosphorescent systems [15–17]. However, as shown in

Fig. 2, the LUMO level of PVK (1.2 eV) is much higher

than the work function of Li:Al (3.3–3.4 eV). This differ-
ence sets up an energy barrier of �2 eV for electron

injection to the PVK blend-based devices. To overcome

this barrier, 2-tert-butylphenyl-5-biphenyl-1,3,4-oxa-
diazol, which is a good electron injection and transport-

ing material, has been blended with PVK [18]. In the

bilayer system, however, because the PVK layer plays

the role of hole injecting/transporting only, electron

injection could be enhanced by the relatively low

LUMO energy level (3.0–3.08 eV) of the
PDHFPPV + MEH-PPV blend layer without using

any electron transporting material. When an additional

PEDOT:PSS layer was inserted between the ITO and

the PVK layers, hole current was observed to increase.

The optical output of the ITO/PVK/(PDHFPPV +

MEH-PPV)/Li:Al device is much higher than that of

the ITO/(PVK + PDHFPPV + MEH-PPV)/Li:Al sys-

tem. Both the bilayer and the ternary blend PLEDs emit
white light as a result of the effective Förster energy

transfer from PVK to the immiscible blend. Thus, the

enhanced light output is attributed to the proper use

of PVK, which acts as the efficient energy donor and

the electron blocking material without increasing the

barrier to electron injection as shown in Fig. 2. In the

case of the ITO/PEDOT:PSS/PVK/(PDHFPPV +

MEH-PPV)/Li:Al device, dramatically enhanced light
output was observed at the same bias potential com-

pared with the ITO/PVK/(PDHFPPV + MEH-PPV)/

Li:Al device. This device shows �2 cd/A luminous effi-

ciency (inset in Fig. 3b).
4. Conclusions

We have fabricated a new white PLED with a poly-

mer bilayer film with concentration gradient. By con-

trolling the location of the exciton formation zone, the

EL spectrum was not affected by the driving voltage.

In this bilayer system, PVK acts as an effective Förster

energy donor as in conventional blend systems. In addi-

tion, because PVK is not involved in the electron injec-

tion process in this device, the working voltage was
dramatically decreased. The light output of the bilayer

device was much higher than that of the simple blend de-

vices, resulting from the increased electron injection and

effective electron blocking of the separate PVK layer.
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