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Finite-source dye-diffusion thermal transfer for doping and color
integration of organic light-emitting devices

Chung-chih Wu,? Cheng_:;—chung Yang, Hsin-hua Chang,” Chieh-Wei Chen,
and Cheng-Chung Lee

Department of Electrical Engineering and Graduate Institute of Electro-optical Engineering, National
Taiwan University, Taipei, Taiwan 10617, Republic of China

(Received 17 January 2000; accepted for publication 30 May)2000

An effective process of performing controllable doping of polymer films in organic light-emitting
devices is reported. In this approach, a film to be doped is brought into direct contact with a
dye-dispersed polymer donor film to permit direct dye-diffusion thermal transfer. Theoretical and
experimental studies indicate that this doping process can be modeled by Fick’s diffusion theory and
that a desired dopant distribution may be obtained in a single transfer step by adjusting the diffusion
conditions. Doped-polymer light-emitting devices made by this process exhibited the same device
characteristics as those by the conventional blending process. Along with patterned color donor
plates, we also demonstrated multicolor devices of arbitrary patterns over large areas with a single
thermal transfer step. @000 American Institute of Physids$0003-6951(00)03829-8]

Organic light-emitting device$OLEDs) based on mo- process finite-source dye-diffusion thermal transféiS-
lecular organic materials or on polymer materials have bee®2T2).
extensively studied because of their various merits suitable In performing FS-D2T2, a pressuréypically, ~30
for flat-panel display applicatiorl€ The capability of solu- g/cnT) is applied on top of the receiver plate to ensure inti-
tion processing of po|ymers leads to manufacturing advanmate contact with the source film. If the dye diffusion at an
tage for large-area coating. However, it is difficult to inte- €levated temperature obeys Fick's diffusion theory, under
grate multicolor polymer materials or devices for full-color {he impermeable boundary conditions at two film—substrate
displays by conventional coating and Sequentiapnterfaces, the spatial distribution of dye concentration

photolithography** To resolve this issue, printing ap- C(x.0) atlonme t is given by an infinite sum of error 2
proaches have been aggressively pursued recently. For iﬁqnc'uons. ;
stance, ink-jet printing has been used to deposit directly pat- 1 i —x—2n(ds+dg) g
terned polymers or to introduce color-tuning dye patterns C(x,t)zECoE [erf a
into/onto continuous buffer polymer layets However, ink- n=0 2Dt g
jet printing is, in general, a sequential process and might X+ 2ds+ 2n(ds+ dg)

have a limit for substrate throughpUAlternatively, a large- +erf S Sk )]

area thermal transfer process was recently proposed for color 2\Dt

patterning of polymer layers in OLEISOwing to a transfer 1 o —x+2n(dst dp)

mask inserted between the donor and the receiver films, this +-Co> Ierf > R

process involves several mechanisms: the sublimation of dye 2 = 2\Dt

molecules from the donor film, travel of dye molecules to the X+ 2ds— 2n(dst dg)

surface of the receiver film, and the diffusion of dye mol- +erf ° SRk ] (1)

ecules into the receiver film. Interaction of all these mecha- 2\t

hisms has led to difficulty _in c_ontrolling profilgs of dye con- \perex represents the depth into the receiv@g, the initial
centration and to complication of processing steps. FO{ye concentration in the sourads anddg the thickness’ of
instance, long periods of annealing may be required to redispe source and the receiver layers, @ndenotes the diffu-
tribute dye dopants in the receiver film after the transfer prosjon coefficient of dyes in the matrix. Here, for mathematical
cess. and analytical simplicity, we have assumed that the source
In this letter, we report an effective transfer process forand the receiver matrices are of the same composition and
performing controllable doping of polymer films in OLEDs. that the temperature aridl are constant throughout both lay-
In this process, the polymer receiver film is placed in directers. The behavior ofc(x,t) versus normalized diffusion
contact with the dye-dispersed polymer donor film to permitiength (\/Dt/dRz) reveals that dyes originally in the source
direct dye-diffusion thermal transféFig. 1). Theoretical and basically undergo a redistribution process. Since dye redis-
experimental studies of this doping process show that it catribution is a self-limiting process, there would be no need
be modeled by Fick's diffusion theory under impermeablefor tight control of diffusion conditions to prevent overdop-
film—substrate boundary conditions. We, therefore, call thisng or consequent concentration quenching in the receiver as
long asCy is chosen to match the desired final equilibrium
ag| ) . concentration in the receiver. Also, shallow-to-flat profiles
ectronic mail: chungwu@cc.ee.ntu.edu.tw

binstitute of Optical Sciences, National Central University, Chung-Li, Tai- INt0 the receiver may be Obtained _by varying _the diff_USion
wan 32054, Republic of China. length, a feature maybe useful in different device designs.
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FIG. 1. Experimental arrangement for finite-source dye-diffusion thermal 0.1 1100C D=1'74X10_‘3 cmzlsec
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To verify these concepts, we performed a series of D2T2 0 10 20 30 40 S0 60
experiments based on the deep-blue-emitting polymer Time (min)
poly(N-vinylcarbazole) RVK). Since PVK only transports FiG. 3. Ratio of dyes transferred vs diffusion time at different temperatures.
holes, to prepare films for OLED fabrication;25 wt % of

electron-transport molecules (2-biphenyl)-5-(4-tert-butyl- cording to Beer’s law, the ratio of the amount of dyes dif-

phenyl)-1,3,4-oxadiazol(PBD) was added to the PVK ma- fusing into the receivetM) to the initial amount of dyes in

. . 516 . .
trix by blendlng.. Results presgnted in this !etter are fqr the source layerNly) can be obtained by dividing the asso-
source and receiver layers of this same matrix composﬂmr&iated absorbance intensities. ResultsVbiM . for various
and the same thicknegs-1000 A). The concept of FS- ' 0

diffusion conditions are plotted in Fig. 3, in which the least-

D2T2, however, can be extended to different source and re- " . o .
square fitting of experimental data from Fick’s theory is also

ceiver matrices by taking into account the concentration par- . -
tition effect1112 D{/es sugch as perylengslue), coumarin 6p presented. WittD as the only parameter, the fitting reason-

(C6, green), and nile regorange-redywere used in this ably follows the trend of experimental data. The extradded

. ranges from 10%*?to 10" *®cn¥/s, depending on the dye and
stgdy. Films were coated on.to quartz substrates for photolt{—he temperaturé100—150 °Cjused. The self-limiting effect
minescencéPL) and absorption measurements All the ther-iS explicated in the saturation /M versus time. PL re-

mal transfer experiments, device fabrication, and character- - .
o N sults show that within a few minutger tens of seconds at
ization were performed in air. . e . !
. o . even higher diffusion temperaturehe diffused dye profile
Figure 2 shows the growth with time of absorption andis deep enough to completely quench the luminescence from
PL intensities associated with the dyperylene)diffused P g pietely 9

into the receiver laver at 130°C. The initial dve concentra-the host, consistent with absorption results. The PL spectrum

tion in the source(Cy=2 1wt %) Was chosen tg/give nearly and intensity for the completely transferred receiver film are
. o IE X0 . . . basically the same as those of a conventional dye-blended

optimal equilibrium concentration for PL in the receiver. Ac- film with a similar dye concentration, showing no indication

of degradation. Fig. 4 compares device characteristics of

¥€:06:¢Z G20 AInr €1

0.015 - OLEDs using perylene-diffused and perylene-blended PVK-
|, Pervlene 7 :PBD films with similar dye concentrations as the active
— \ . . .
N _,~' PR emission layer. Both have the device structure of glass
g 0.0101 PPN AN indium-tin—oxide (ITO) anode/hole-injection layef~300
. o L Y B * .. . . .
3 e A S L @ A)lactive emission layer (~1000 A)/Mg:Ag (10:1)
e PP A A cathode/Ag protection layer, where the conducting polymer
g 0.005r .- N2 \H polyethylene dioxythiophene/polystyrene sulphor(@EDT/
Thot OR PSS, Bayer Corp.was used as the hole-injection layer.
_________________________________________________ S Within our experimental variation, both types of devices
0'00200 Y 420 430 440 450 460 gave nearly the same characteristics with an external quan-
tum efficiency of~0.8%. From these results, we conclude
Wavelength(hm)
20 2 !!!!!T
i Perylene " f —o—Blend EEEE!!!
- it < 102k —=— Diffusion a®
o L L / ....... Osec 10 ol
8 1o T=130°C 5"‘.‘1 — 13 (Fost % (Cp=1.4wt.% )
=, % !\ 2 Sec (& 1
= C2wto% 1\ , S 10'F 5 ~08% : o
2 10} Wiy oToo 3min (b) ] ot 10° 2
5 : INWiy O 5 10' 3
- i A C 10 o 10° 2
£ £ w 103
d 0.5+ 2 10" I;D 10-2§
m o 1002
N il 0 5 _10 15 2p
0.85 10 nnqnll!d ) . ) Vo:tage(v).
0 600 0 5 10 15 20
Wavelength(nm) Voltage(V)
FIG. 2. (a) Absorption spectra anth) photoluminescence spectra of dye- FIG. 4. Comparison of device characteristics of OLEDs using dye-diffused
diffused films vs diffusion time. films and dye-blended films. Diffusion condition: 130 °C, 5 min.
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about the aggregation of dopant molecules and subsequent
luminescence quenching during device operation. If this is an
issue, surely one solution is to use dopant molecules less
subject to molecular aggregatiéh.On the other hand, it
should be noted that the thermal transfer is performed at
elevated temperatures, and that dye diffusion in a polymer
matrix is a highly thermally activated process and heavily
depends on the thermodynamic properties of the polymer
matrix}*1° For glassy polymers, dye-diffusing capabilities
comparable to what are reported in this letiez., PVK:PBD
matrix) usually can only be obtained above their glass tran-
sition temperature T;) and it drops exponentially below
T,.***°For instance, our own thermal transfer experiments
on pure PVK show that a temperature above 2107¢ df
PVK) is necessary for a rapid transfer. Therefore, by using a
matrix with aT, and a transfer temperature much higher than
the operation temperature, the capability of dopant migration
and aggregation during device operation should be effec-
tively suppressed.

In conclusion, we have introduced FS-D2T2 as an effec-
tive method of performing controllable doping of polymer
films in OLEDs. We show that this doping process can be
{h] modeled by Fick’s diffusion theory. We applied this doping

technique to color tuning of OLEDs without degrading de-
vice performance. Along with patterned color source plates,
we have fabricated multicolor OLEDs of arbitrary patterns
over large areas with a single thermal transfer step.
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