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Local tuning of organic light-emitting diode color by dye droplet
application

T. R. Hebner and J. C. Sturm?®
Center for Photonic and Optoelectronic Materials (POEM), Department of Electrical Engineering,
Princeton University, Princeton, New Jersey 08544

(Received 8 June 1998; accepted for publication 28 July 1998

We have demonstrated that fluorescent dyes may be introduced into previously fabricated polymer
thin films by local application of a dye-containing droplet. The UV fluorescence spectra of the films
and the spectra of organic light-emitting diodes made from these films can be successfully tuned by
this method. The technique has been implemented by ink-jet printing of the dye dropldQ9®
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A main goal of the field of organic light-emitting diodes tion in OLED threshold voltage, however. Recently, the pat-
(OLEDsy) is the realization of full color flat panel displays. terning of hole transport layers by ink-jet printing, followed
OLEDs are attractive because of their potential to be used fdpy spin coating of a polymer has been used to demonstrate
large area displays and potential low cost and because theyatterned OLEDs if indium tin oxiddTO) with a low work
do not have the inherent viewing angle problem associateflinction surface is usett. This method of ink-jet patterning
with liquid crystals. One of the difficulties in realizing this cannot be directly extended to realizing color displays, how-
goal has been the integration of red, green, and blue devicesser. In this letter, we report a technique in which the emis-
on the same substrate. Integration has been difficult becausése color of a thin organic film can be adjusted by the local
standard deposition techniques, such as spin-on for polymeegpplication of a wet dye dropletfter a uniform organic film
and evaporation for small molecules, both create blankehas already been deposited by conventional technitjues
films of one organic layer, and patterned layers are clearlgpin coating in our cageand the application of such dye-
attractive for multicolor integration. Patterning and etchingcontaining droplets by ink-jet printing. This overcomes the
of organics is difficult using photoresist and standard semiprevious drawbacks of thickness nonuniforniityor only
conductor wet etching techniques because of their sensitivitgingle color capability* of the previous ink-jet printing
to aqueous and solvent solutions. Therefore, much attentiowork.
has been focused on various alternatives for color displays. This initial work was based on molecular doped poly-
These methods includé) integrating organic white emitters mers, using coumarin 6, green and other dyes to adjust
with pixelated red, green, and blue color filtér§i) integrat-  the emission of poli@-vinylcarbazolg (PVK) films in
ing organic blue emitters with pixelated red and green downsingle-layer device¥? As a first experiment, a solution of
conversion material$? (iii) adjusting the emission of a 100 mg of PVK in 7.5 ml of chloroform was spin coated
single type of broadband organic emitter by integrating withonto two glass substrates and the solvent was given time to
pixelated microcavitie$;(iv) stacking of red, green, and blue evaporate. Onto one of these films, a droplet of a solution of
emitters on top of one anoth&f;(v) laterally patterning red, 0.3 mg of C6 dissolved in 7.5 ml of acetone was applied
green, and blue emitters using etchitf;(vi) selective ysing a pipette with a droplet volume o£011 ml. To isolate
photo-oxidation of dopants by patterned UV exposlieid  the dye without any possible PVK interaction, another drop
(vii) using an ink-jet printer to directly deposit patterned or-of the same C6 solution was applied by the same method to
ganic layers? a bare glass substrate. A control sample of C6 blended in

The above methods have potential drawbacks. Color filsplution with PVK before spin coating was also fabricated
ters and down converters have inherent energy ineﬁiciencie@referred to as a “blend” filn. UV fluorescence spectra of
Microcavities have a direction-dependent resonance frey|| four samples are shown in Fig. 1. Note that pure PVK has
guency which causes angular color and brightness variationg. deep blue luminescence, and the PVK/C6 blend film and
Stacked structures require transparent contacts and contagke film with C6 applied through a droplet had identical
to intermediate electrodes. The reported dry etching \X/ork,green luminescence, which was clearly visible by eye. The
in principle, applicable to all classes of organics, required &lye on top of glass had a red luminescence, suggesting that
metal cathode etch mask by shadow masking, and the depe dye applied on top of the PVK was not remaining iso-
vices patterned directly by photoresist required special polytated on top of the PVK, but was interacting with it in some
mers and had low demonstrated efficienéies. way.

The direct deposition of patterned red, green, and blue 14 confirm the location of dye, similar samples of blend
fluorescgnt polymers by ink-jet printer and the faprication offilms and droplet doped films were prepared as above, except
OLEDs in these layers was recently repor{%d?hlckness _ ITO-coated glass substrates were used. Secondary ion mass
and morphology nonuniformities led to a substantial variagpectroscopySIMS) was then used to profile sulfur using a
PHI 6300 quadrupole-based SIMS instrument. C6 contains
¥Electronic mail: sturm@ee.princeton.edu sulfur which is not present in PVK, so that sulfur profiles
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FIG. 1. PL spectra of PVK film, PVK/C6 blend film, PVK film with C6
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deposited after spinning, and C6 deposited on glass.

will indicate the C6 profile. The concentration of sulfur is
constant throughout the depth of the film for the film which
had C6 deposited with a dye droplet after spin-coating PVK, 0.4
just as in the blend devicéd-ig. 2), indicating that not only

does the C6 diffuse into the PVK, but it diffuses in such a
way that its profile is identical to that of a blend film. This
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was most surprising since no high temperature steps were (b)
done after the dye dopant application to promote diffusion.
The Iarge sulfur signal in the ITO is a SIMS artifact due to F'G- 3. (a) I -V curve of a PVK:C6 blend devidgontro) and a device with

mass interference from OThe different absolute levels of

C6 deposited after spinning aritd) the EL spectra of PVK film, PVK/C6
blend film, and PVK film with C6 deposited after spinning.

sulfur (and C§ in the two samples are due to the concentra-
tion of dye used in our experiment and are not thought to be

significant.
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FIG. 2. SIMS profiles of carbon and sulfur {a) a blend film of PVK/C6

OLEDs were then made by depositing a 30 nm thick
magnesium:silve(Mg:Ag) (10:1) cathode with a 170 nm
thick Ag cap on top of the above samples on ITO. These
devices were then tested and an electrolumines¢ghj
spectra was taken using a Photo Research PR 650 Colorim-
eter. Figure &) shows the current versus voltage curve of
spin-coated blendcontrol) and a dye-doped device and Fig.
3(b) shows EL spectra of three devices, one with undoped
PVK, one with C6 applied via a droplet onto PVK, and one
device made from a blend film. The reason for the differ-
ences in the turn-on voltages of the blend device and the
dye-doped device is unknown at this time. The blend device
and the device with C6 deposited after spinning have the
same EL peak wavelength, which is redshifted from the pure
PVK device consistent with the UV fluorescence results. To
the best of our knowledge, this is the first OLED reported by
such a local dye diffusion technique.

The introduction of dyes into polymers is not a new
problem; it has been around in the textile industry for many
years, but not on a local scdfé¢There are two models de-
scribing the diffusion of dyes into polymers: the pore model
and the free volume model. In the pore model, dye molecules
infiltrate the polymer matrix by way of open pores in the
surface of the polymer layer. In the free volume model, the
polymer absorbs the solvent, which lowers the glass transi-
tion temperature of the polymer, creating a larger free vol-
ume in which the dye molecules can diffuse. To determine
which of these models most closely describes C6 diffusion
into PVK, the following experiment was conducted. A blend
film was prepared by spinning a solution of 100 mg PVK and
0.3 mg of C6 dissolved in 7.5 ml of chloroform onto a glass

and (b) a PVK film with C6 deposited via a dye droplet. The background substrate. Next, the surface was washed with acetone, which

sulfur signal in an undoped PVK film was100 cts/s.
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C6 PI_- d L- Figure 4 shows a UV fluorescence image of some lines
Inte 1nes which were printed by this method, demonstrating the suc-
cessful introduction of dye into the polymer. The extension
towards multiple colors using such a printer and multiple
dyes should be straightforward. The minimum widths of the
dyed lines in Fig. 4 are-400 um. However, we expect to
achieve~100 um resolution, consistent with the small pixel
size in high information content displays, in the near future.
In conclusion, we have demonstrated that fluorescent
6.4mm dyes may be introduced into polymer thin films by local
application of a dye-containing droplet. The UV fluorescence
and spectra of the film can be successfully tuned, and the
method can be implemented by ink-jet printing of the dye
droplet. The method should be applicable to the realization
of full color OLED displays.

FIG. 4. UV fluorescence image of ink-jet printed C6 dyed lines on a PVK The assistance of Dr. Steven Novak of Evans East for
film. The true colors are green lines on a deep blue background. SIMS and insightful discussions with Dr. Ludwig Rebenfeld
of Textile Research Institute and Professor Rick Register of
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