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Solvent-enhanced dye diffusion in polymer thin films for color tuning
of organic light-emitting diodes
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A method of solvent-enhanced dye diffusion in polymer films for organic light-emitting diode
(OLED) application is introduced. After an initial dye transfer from a dye source substrate into the
top of the device polymer film, the device substrate is then exposed to solvent vapor. Due to solvent
absorption by the polymer film, the glass transition temperature of the polymer is significantly
decreased which leads to enhanced diffusion of the dye in the polymer film. Secondary ion mass
spectroscopy and depth dependent photoluminescence show that the temperature for dye diffusion
can be decreased by at least 100 °C, to room temperature. OLEDs with 0.6% external quantum
efficiency have been demonstrated with this method using the polyme(9palylcarbazole
combined with electron transport molecules and the dyes coumarin 47 and coumarin2®01©
American Institute of Physics[DOI: 10.1063/1.1366368

Recent progress in polymer-based organic light-emittingdiffusion of dye in polymer below § decreases rapidfy—1’
devices (OLEDs demonstrates remarkable potential for Thus, diffusing the transferred dye throughout the polymer
commercial applications? The ease of processing along film requires a high process temperature, which can degrade
with the ability to tune the emission color makes OLEDs athe performance of the device. It is therefore desirable to
promising technology. Usually, the organic film is depositedtemporarily lowerTy of the polymer film after the dye is
on a substrate previously coated with a transparent conductaransferred and thereby enhance the diffusion of the dye.
[e.g., indium tin oxide(ITO)]. Subsequently, a cathode is The OLED polymer film(90 nm thick was deposited on
deposited onto the organic film. However, to fabricate a fulla glass substrate coated with ITG0 (/J). The polymer
color display, pixels emitting different colodmamely red, used was pol§@-vinylcarbazolg (PVK) (MW~ 1 100000 g/
green, and bluehave to be placed next to one another on themole, 71.5% by weight in the final solutipras the hole
same substrate, making patterning of the organic film inevitransport material and @-biphenyly)-5-(4-tert-butyl-
table. For OLEDs based on small molecules, these moleculgsheny)-1,3,4-oxadiazoléPBD) (28.5% by weight in the fi-
are thermally evaporated through a shadow mask onto theal solution as the electron transport materi&iThe poly-
substrate to obtain the desired patt%r'Fhis method is not mer blend also contained the dye coumarin 4JA7,
applicable for polymer based devices because it is not posmission peak at 440 niiThe dye diffused into the polymer
sible to evaporate polymers. film is coumarin 6(C6, emission peak at 505 nnThe dye

In our work, the polymer film is deposited by spin coat- source was a glass substrate with a spun-on polymer film
ing from solution forming a homogeneous layer on the subcontaining the dye to be diffused. The device substrate and
strate, which can_emit only one color. Ink-jet printing of the dye source substrate were then placed into intimate con-
polymer solutiorf,”” or screen printing of the polym&have  tact in a vacuum oven at 64°Crfd h for the initial dye
been introduced to overcome this problem. The emissiofyansfer. After this step, the dye is located primarily on the
color of the OLED can easily be changed by adding a smaliop of the PVK layer. Further diffusion of dye requires sub-
amount of chromophoregdyes into the polymer matrix.  stantially higher temperatures. Figure 1 shows secondary ion
Other methods make use of this fact, for example ink-jetnass spectroscop§SIMS) profiles of thermally annealed
printing of a dye solution on a substrate previously coatedsamples. Because only the C6 molecule contains s(iiue
with polymer;’ or photobleaching of a dy€.In a previous  atom per molecule it can be used as a marker for C6. The
letter,"* we introduced a method to locally transfer dye fromincrease of sulfur starting at a depth of 60 nm is an artifact
a dye source substrate into the polymer layer of the devicgjye to oxygen interference from the substrate. In this case,
The patterning can either be achieved by simply placing ghe samples were prepared by evaporating a thin film of C6
separate physical mask between the dye source substrate a5l 3 sample with a previously spun-on PVK/PBD lay@s
the device substrate during the transfer process, by patteringy thick. The samples were then annealed at 92 °C for 4
a thin film as diffusion barrier on top of the dye source, or byanq g h. After annealing, the penetration of C6 into the PVK
patterning the dye source itséff'3 Local heating of the de- layer is still clearly limited.
vice substrate was also used to pattern the dye tratfsfer. To lower the temperature required for dopant diffusion,

Polymers used for OLEDs have a relatively high glassye then studied the dye diffusion in air saturated with ac-
transition temperaturd, for polymer stability. However, gione vapor. It is known that the presence of solvents lower
the T, of polymer films'®2° The initial transfer of C6 into
¥Electronic mail: florianp@princeton.edu the PVK/PBD/CA47 film was carried out as described above

0003-6951/2001/78(17)/2584/3/$18.00 2584 © 2001 American Institute of Physics
Downloaded 16 Nov 2001 to 128.112.49.151. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 78, No. 17, 23 April 2001 F. Pschenitzka and J. C. Sturm 2585

3.5 — ' : .
10°F - .
g 3.0 " front,after .
g | .‘/ y ]
2] — .
—— ° -
=~ carbon 8 2% ‘w - frontbefore
2 10°F S L, e
7] E h £ . . -
S __——=8hours £ [ .
E £
L B |
4 c
g 10°F g 1.0 i
° 4 hours E 3
§ sulfur 0.5 = .
7] back,after O
10° = . L L . L . L . 00L | ) back before "
0 20 40 60 80 100 400 500 600 700

distance [nm)] wavelength [nm]

FIG. 1. SIMS profile of PVK film with C6 diffused and annealed for 4 h F|G, 3. Photoluminescend®L) spectra of PVK/PBD/C47 film on sapphire
(squaresand 8 h(circles at 92 °C in vacuum. substrate in which C6 was diffused. The backsinjgen squargsienotes the
excitation and emission through the sapphire substrate, the frontssitie
squarey denotes these of the polymer layer. PL measurements were re-
in vacuum at 64 °C for 1 h. A control sample was created incorded beforgsolid lineg and after(dotted line$ the anneal in an acetone

which the dye C6 was already contained in the PVK/PBD/atmosphere.

C47 solution(0.2% by weight before spin coating, and it

was not subject to the dye transfer step. Figure 2 showRegister, Princeton Universitystandard polymer modéfs

SIMS profiles of dye after the initial dye transfer and afterpredictTy to be reduced by-150 °C to—25°C.

the anneal in acetone vapor, along with the control sample to Under UV excitation, the vapor-annealed sample

establish an absolute reference level for C6. showed a stronger C6 emission than the not annealed
The polymer layer of the control samples shows a unisample, suggesting less “inactive” dye piled up at the sur-

form sulfur profile. As expected, the sample with C6 diffusedface. To investigate this observation further, the PVK/PBD/

into the polymer film without the anneal process shows @47 solution was spun on onto a sapphire substrate to enable

high concentration of sulfur at the surface. The concentratiol/V eXxcitation through the substrate. This allowed the UV

exponentially decreases with depth, due to the low diffusivfluorescence spectra to be recorded from the polymer surface

ity of the polymer belowT . The rise of the sulfur count at (the front side _ands from the back of the polymer filifi.e.,

about 80 nm is due to Dinterference from the ITO sub- the sapphire side”® Because of the relatively small absorp-

strate. The sample with the dye on its surface was then arfion length of 50 nm at the excitation wavelength of 254

21 H
nealed at 35°C for 10 min in acetone vapor. In contrast tJ'M  One can selectively probe the fluorescerard thus

the profile shown in Fig. 1, after the anneal at 92 °C for manyn€ dve concentratioff of the front versus the back of the
hours, the dye profile is now flat after only 10 min. To con- polymer film. To eliminate any attenuation effect due to the

firm the proposed diffusion enhancement mechanism, thgapph.ire ;ubstrgte, we cho;e a relative ”?eaSWeme”‘. of the
polymer thickness was measurédsitu during the anneal emission intensity of C4Twhich was contained in solution

process by ellipsometry. The thickness increased by 270/06}nd there_fore was homt_)geneously distrib_uted throughout the
Combining this volume expansion with the initial measuredpOIymer film and the diffused dye C6. Figure 3 shows the

o . spectra(normalized with respect to the C47 emission peak
Ty of the PVK/PBD blend of 125 °@measured by Jiang and from the front and the back after the initially transfer of C6 at

64 °C, and then again after an anneal in acetone vapor for 10

L I LA i A B L min at room temperature. After the dye transfer, the C6 emis-
S 4 & b A N AN A J . . .
F‘Eﬁ — sion is stronger from the front versus the back of the film

3 because of the higher concentration of C6 at the polymer
surface. After the solvent-enhanced diffusion, the C6 emis-
sion increased relative to the C47 emission for both sides.
However, the increase is more pronounced for the emission
from the sapphire side. This result shows that the dye diffu-
sion is indeed drastically enhanced due to the presence of the
acetone vapor, consistent with the SIMS data.

control sulfur
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FIG. 2. SIMS profiles of dye in a sample exposed to acetone for 10 minI denotes the intensity at the emission peak of the respective

(diamonds. The dye profile of the untreated sampitdangles and of a  dY€. If his 1, the C6/C47 ratio is uniform throughout the

sample with dye contained in the spun-on filsguaresare also shown. film. Figure 4 shows a comparison bfat different anneal
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FIG. 4. Comparison of the ratio of back/front emission of C6 vs C47 for FIG. 5. |-V curves and photocurrents of samples with C6 transferred by
different anneal temperatures. The anneal in acetone vapor at room tempeidye diffusion into the PVK film. The nonannealed samfii&angles shows
ture for 10 min had approximately the same effect on the dye diffusion as @ very poor ext. quantum efficiency. It improved by nearly an order of
conventional anneal for 12 h at 80 °C in vacuum. magnitude after the sample was annealed in acetone Vagoaresfor 10

min at room temperature.

temperatures after the initial dye transfer and then after dif,, the diffusion of the dye. OLEDS with efficiencies close

ferent diffusion processes. After the initial dye trandiés 4 those of devices with the dye contained in solution during
about 4, indicating that the concentration of C6 is higher atne spin-coating process were obtained. Future work will fo-

the surface of the polymer film. Using conventional anneal, ;s on the application of this process to full color OLED
for 12 h at 80 °Ch decreased to 1.6. However, solvent an-gisplays.

neal at room temperature yielded the samafter only 10

min. This work was supported by DARPA and NJCST.
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