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The method of solvent-enhanced dye diffusion for patterning full-cgled, green, and blye
polymer light-emitting diode displays was investigated in detail. After local dry transfer of dye onto

a device polymer film, the dye remains on the surface of the polymer layer and must be diffused into
the polymer for efficient emission. Exposure of the polymer to solvent vapor at room temperature
increases the dye-diffusion coefficient by many orders of magnitude, allowing rapid diffusion of the
dye into the film without a long, high-temperature anneal that can degrade the polymer. The increase
in diffusion is due to absorption of the solvent vapor into the polymer film, which increases the
polymer thickness and decreases its effective glass transition tempefgtyreMeasurements of

the polymer in solvent vapor indicate that its thickness varies roughly linearly with pressure and
inversely with temperature, with thickness increases as large as 15% often observed. A model based
on Flory-Huggins theory is used to describe these results. The diffusion of the dye into the polymer
was evaluated by photoluminescence and secondary-ion mass spectroscopy. This dye-diffusion
increase is largest for high solvent-vapor partial pressures and, most surprisingly, is larger at lower
temperatures than at higher temperatures. This anomalous temperature dependence is due to the
increased solvent-vapor absorption and consequent reduction in the effective glass-transition
temperature at lower temperatures.2@04 American Institute of Physics

[DOI: 10.1063/1.1806548

. INTRODUCTION prepatterned polymer stamp containing the fyig. 1(a)].*°
However, the transferred dye tends to accumulate on the sur-
Polymer light-emitting diode¢PLEDS have emerged as face of the polymer film, where it is mostly inactive due to
a very promising candidate for commercial displays, anghe lack of energy transfer from the host polymer, or ineffi-
first-generation PLED displays can already be found in thesient due to dye concentration quenchitfdg. 1(b)]. Treat-
marketplacé.PLEDs are appealing in part because the poly-ng the sample in solvent vapor after the initial dye transfer
mer layer can be deposited by a low-cost spin-coating prowas found to promote the rapid diffusion of the transferred
cess. In most cases, further patterning is then necessary if thige throughout the thickness of the polymer at room tem-
polymer is to be used in a full-color display, because theperature[Figs. Xc) and Xd)]. This redistribution process
as-deposited uniform film is generally limited to emission of otherwise required annealing at temperatures near the poly-
only one color. mer glass transition temperatu(@y), where the polymer
Several groups have suggested the use of a dry dyeould degrade.
transfer from a large-area dye source to pattern the local In this paper, the process of solvent-enhanced dye diffu-
emission color of the polymer film as a route toward thesion in polymers for PLEDSs is investigated in detail. In Sec.
integration of red, green, and bI¢RGB) PLEDs>® These Il, an overview of the process and past work is given. Sec-
dry transfer processes are attractive compared to inkjet printion 1l A presents experimental results for the increase in
ing of the dye because they can in principle cover large area$ickness of the device polymer as a function of solvent,
in one step and because they avoid film uniformity and latvapor-exposure time, vapor pressure, and temperature, and
eral redistribution problems which occur during the drying of Sec. Ill B presents a model for these effects. Finally, Sec.
the printed dropletgfg In dry printing, the dye can be ther- 1V A describes experimental results for actual dye diffusion

mally transferred to the emissive polymer by printing from ain the presence of solvent vapor, and Sec. IV B describes the
increase in dye diffusion as due to the free volume increase
caused by the solvent. A separate paper will focus on the
- Electronic mail: tabe@princeton.edu _technology development associated with the approach, in-
)Present address: OSRAM Opto Semiconductors, Inc., 3870 North FlrstI di . f th devi d L
Street, San Jose, CA 95134, cluding patterning of the stamp, device and process optimi-

®Present address: Nanosolar, 2440 Embarcadero Way, Palo Alto, CA 9430zation, and the integration of red, green, and blue PLEDs.
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( ) FIG. 2. SIMS profiles of sulfu(from C6 dyg in a 90-nm PVK/PBD film
= - Dye with printed C6 layer before annealiigircles), after a 4-h anneal at 92 °C
.- Solvent vapor . diffusion in vacuum(triangleg and a 150-s anneal at 20 °C in acetone vaportorr
: 1;‘.‘ L .'-:'. - (squares The rise of all signals after 80 nm is a SIMS artifact.
oo, ° | °%% «71 inswollen
° polymer
coated glass substratAfter patterning the stamp, the dye
() is printed onto the top of the device polymer by placing the
target and source films in direct contact in vacuum at el-
3o - evated temperaturd$0 °C—80 °Q for 20—60 min.
seo (] Following printing, the dye is concentrated at the poly-
mer surface, where its photoluminesceliieg) efficiency is

FIG. 1. Schematic overview of patterned dye printing and subsequent dylalm'ted by a Iac!< of energy.transfer from th_e pOIymer and/or
diffusion. (a) Dye is printed onto target device polymer from prepatterned dye concentration quenching. Secondary-ion-mass spectros-
polymer containing dyeb) Printed dye remains at or near the surface of the copy (SIMS) was used to measure the initial dye
dye.(c) Polymer is exposed to solvent vapor and swells; dye diffuses rapidiygistrihytion® Because only the C6 contains sulfur, the sulfur
into the film. (d) Polymer returns to its original thickness after the solvent . . " .
vapor is removed. Vertical dimensions are exaggerated vs Iateraﬁs'gnal is used to mark the position of the C6 in the polymer
dimensions. film. Prior to annealing, the sulfur signal from the as-printed
sample shows a peak near the surface of the sample and
extends 40 nm into the sample, dropping to negligible levels
between 40 and 80 nm and then rising rapidly after 80 nm
(Fig. 2. Both the exponentially decaying tail of the profile
A. Dye transfer into the sample and the rise of the signal at 80 nm are SIMS
Spin coating or blade coating of the emissive polymer inartifacts. The rise at 80 nm is from &f0," signal (oxygen
PLED displays is desirable because both are simple and lofom the ITO being misinterpreted a§S". Spurious signals
cost. A patterning process must then generally be used t4ithin the polymer could also arise if the sample was not
locally introduce dye into the polymer film to obtain a full- Sufficiently outgassed in the SIMS chamber to remoy&dd
color, RGB display(alternatively, there have also been re-Wate) that had been absorbed by the polymer prior to load-
ports of selectively deactivating globally distributed dyesing. The exponentially decaying tail near the surface does not
through patterned UV radiatidf). Initial work to locally in- ~ fepresentany initial d|ffu§|on of the dye into the film during
troduce a dye utilized a shadow mask placed between th#€ printing step and is instead due to well-known “knock-
dye source and the target polymer lajétowever, this ap- On” effects. These effects occur when the® @simary ion
proach resulted in damage to the polymer layer due to physifor sputtering the surfagalisplaces the lighter sulfur atoms
cal contact between the metal mask and soft polymer. Afoward deeper locations during the measurement. This was
alternative soft printing process was therefore develdped. confirmed by a control sample consisting of a thin layer of
In this procedure, a “stamp” is prepared by spin-coating th&-6 that was evaporated directly onto the PVK/PBD layer
polymer Wlon 103 (obtained from Toyoba, M,  (Without hgayng; SIMS measurements on this sample re-
~20 000—25 000 g/mol, 98% by weighdoped with a dye, yealed aIS|m|Iar profile to the printed d_ye. The 70-°C print-
in this case coumarin-6C6, emission peak at 495 nm, 2% INg Step is thgrefore not adequate to diffuse the dye into the
by weighy, onto a glass substrate. The device polymer conPolymer and instead leaves the C6 accumulated on its sur-
sists of a thin(80—120 nm film of the hole-transport poly- face.
mer poly9-vinlycarbazolg (PVK) (M,, ca. 1 100 000 g/mol,
71% by weight in the final film mixed with the electron-
transport molecule 24-Biphenyly)-5-(4-tert-butyl-phenyf-
1,3,4-oxadiazol¢PBD) (29% by weight deposited by spin- The dye can be diffused into the polymer by annealing in
coating from solution(100 mg PVK, 40 mg PBD, and vacuum at elevated temperatures for long time periods. Fig-
7.5 mL chlorobenzeneonto an indium-tin oxide(ITO)- ure 2 shows that after 4 h at 92 °C, the C6 has diffused but

IIl. BACKGROUND ON SOLVENT-ENHANCED DYE
DIFFUSION IN POLYMERS

B. Dye diffusion
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is still far from uniformly dispersed. Annealing at higher 05 T T o wivogen. Messures
temperatures is not practical as the glass transition tempera- Nitrogen, Calculated
ture T, for this blend is only 120 °C® Furthermore, the use 04 N e e it
of a polymer with a lowerTy is not a viable approach be-
cause device polymers with a hidly are desired for PLED 8 0.3- -
reliability. §

A process to temporarily enhance the dye diffusion with- & 024 -
out later compromising the device performance was there- é
fore developed. Following dye printing, the polymer is ex- 014 i
posed to solvent vapor, which it absorbs. The absorption of
the solvent vapor causes an increase in the polymer’s free 00
volume. The increase in free volume dramatically enhances 400 450 500 550 600 650 700 750 800 850
the diffusion of the dye into the film, allowing the diffusion Wavelength (nm)

to take place at a low temperatuf@.g., room temperatuye

without damage to the polymer film. Finally, the polymer is FIG. 3. M_easured and fitted _reﬂectance spectra of a PYK/PBD film on

dried i nfogen, causing it 0 retur 1o ts orginal thicknesSShc g oocn Shereaanc 1 acelone vapat20 o 20 Gctcls

and slow-diffusion condition. to t;=536 nm,A=1.58, B=6980 nnd, and C=8.05x 10° nn*, and in ac-

Only 150 s in acetone vap@partial pressure=90 torat  etone vaport;=567 nm,A=1.56,B=7140 nni, andC=8.14x 1¢° nn".

room temperature is necessary to ensure that the printed C6

is distributed nearly uniformly throughout the PVK/PBD B C

(Fig. 2). Thus the 150-s room-temperature treatment in ac- N(A\) =A+ \2 + NAT (1)

etone vapor causes a far larger amount of diffusion than the

4-h anneal at 92 °C, demonstrating that the solvent vapoFhe three parameters B, andC, along witht;, were used as

causes a remarkable increase in the diffusion coefficient dour adjustable parameters to fit the reflectance spectrum

the dye. The next two sections seek to fundamentally undefFig. 3). Some caution was necessary for thin fil(gs80 nm

stand and characterize this enhanced diffusion. for PVK/PBD), in which the number of extrema in the re-
flectance spectrum was not sufficient for a unique determi-
nation of all the parameters. In these cas&sB, and C,
calculated from measurements of thicker PVK/PBD layers
under similar conditions were used to ensure an accurate

IIl. POLYMER THICKNESS AND INDEX determination oft;. Upon exposure of the film to solvent

OF REFRACTION CHANGES UNDER vapor, the film absorbs the vapor, causing an increage in

SOLVENT-VAPOR EXPOSURE and decrease in; that can be measured by the change in the
reflectance spectruirig. 3). Exposure of a bare silicon wa-

A. Measurement of changes in polymer thickness )
and index of refraction fer to solvent vapor caused no change in the reflectance, so

all the changes under solvent vapor were due to changes in

Because it was expected that the enhancement of dyge polymer.
diffusion in solvent vapor would depend on the amount of  Measurements of the increase of PVK/PBD thickness at
solvent imbibed by the film, we investigated in detail the saturated vapor pressure for several different solvents were
thickness increase of PVK/PBD films upon exposure to soltaken in small-volume chambe(§0—1000 crd) by placing
vent vapor under various conditions. In this section, wea small quantity of the solvent in the nearly closed chamber
present experimental resui(Sec. Ill A) and a mode(Sec.  and allowing the solvent to partially evaporate over a long
lIB) for the dependence of PVK/PBD thickness and indexperiod of time(10—40 min at room temperature. The thick-
of refraction on choice of solvent, solvent vapor pressureness increases are plotted versus the solvents’ Hildebrand
and sample temperature. solubility parameters in Fig. 4. Hildebrand solubility param-

A Filmetrics F20 reflectance spectrometer was used foeters are derived from the square root of the cohesive energy
in situ monitoring of polymer thickness and optical constantsdensity of the solvent and provide a simple estimate of their
under solvent vapor exposure. For such measurements, PViglative solvency behaviofS. The trend depicted in Fig. 4
PBD films of varying thickness were deposited by spin-resembles the observed solvency behavior of PVK, with the
coating onto silicon substrates. The normal-incidence reflecsaturated vapor of chloroformvhich readily dissolves PVK
tance spectrum from a tungsten-halogen bulb was recordegielding the highest thickness increase of 48%. The rest of
over a range of 450—850 nm, where the absorption in PVKhe measured solvents do not dissolve PVK and correspond-
is negligible.17 By measuring the bare silicon reflectance andingly have lower thickness increases that decrease in magni-
assuming the polymer extinction coefficient in the wave-tude for solubility parameters that are increasingly dissimilar
length range is zero, it is straightforward to extract the filmto that of chloroform. Because PVK is soluble in chloroform,
thicknesd; and index of refractiom; by fitting the measured the film thickness in saturated chloroform vapor should theo-
reflectance profile to that expected from a simple interferenceetically increase without limit as chloroform condenses into
model*® For this, we assumed the three-parameter Cauchgolution in the film. Although some instability in the thick-
model for the wavelength dependencengf ness of the film in chloroform vapor was observed, the thick-
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FIG. 6. Time dependence of PVK/PBD swelling upon exposure to acetone

FIG. 4. PVK/PBD thickness increase in various solvents at saturated vapofapor (120 torp in nitrogen at 0 min, followed by drying in a pure nitrogen
pressures at 20 °C. after the acetone vapor was turned off at 5 min.

ness remained finite, suggesting that the actual chloroforreach caseto obtain 130 s, which shows that a large part of
partial pressure may have remained slightly below the satuthe time constants are simply due to gas residence times and
ration pressure. The instability of the PVK/PBD thickness innot to delays in the uptake of the solvent. The discrepancy
chloroform due to its strong solvency behavior led us tobetween the experimental time constants for increasing and
choose acetone, which does not dissolve PVK but still had @ecreasing thicknes§9 and 255 sand the estimated time
relatively large thickness increase, as a candidate for moreonstant(130 9 is not understood and may be related to the
detailed study. actual absorption/desorption mechanisms. That much of the
For measurements at different acetone partial pressurene constants are due to the gas dynamics was further con-
and sample temperatures, PVK/PBD films were placed in &éirmed by an experiment using a much smai@4 cn?) vol-
chamber consisting of a temperature-controlled sample stageme where only the thickness-increase time constant was
mounted in a glass cylinder connected to a gas supply aneheasured. Using this smaller volume, a time constant of 1 s
exhaust(Fig. 5). The partial pressure of the solvent vapor in was observed, confirming that gas mixing in the larger cham-
the gas supply was varied by mixing pure nitrogen with ni-ber dominates the measured time constants.
trogen bubbled through a wash bottle containing liquid sol-  Further measurements of film thickness increases under
vent. This wash bottle was kept in a water bath to maintain aarious conditions were taken by waiting for 5 min after
constant temperature as the solvent evaporated. Partial presplvent vapor exposure to ensure that the film had reached
sures were calculated by measuring the amount of liquid solequilibrium. At room temperaturél9 °C), the equilibrium
vent evaporated and the nitrogen flow rate. increase in the PVK/PBD thickness was roughly linear with
Figure 6 shows how the thickness of a PVK/PBD film respect to acetone partial pressure up to 130 torr, where its
changes upon exposure to solvent vapor at room temperghiickness increase was 8flig. 7(@)]. Similar trends were
ture. Initially, a thickness of 91 nm was measured in a flowobserved at highe@5 °C) and lower(10 °C) temperatures.
of dry nitrogen. Acetone vapdr~120 tor) was then added Interestingly, the thickness increase in the PVK/PBD film
to the nitrogen and the thickness of the film rapidly increasedhecomes larger at lower sample temperatgfesa constant
to 99 nm. After 5 min, the acetone vapor was removed ancetone-vapor pressgreand a roughly inverse dependence
the film returned to its original thickness as it was dried byon temperature was measurgg. 7(b)]. Qualitatively, this
the flow of pure nitrogen. Fitting the increase and decrease dfiverse temperature dependence is due to the solvent’s ten-
the thickness versus time with an exponential function yieldsiency to evaporate from the PVK/PBD film at elevated tem-
time constants of 79 and 255 s, respectively. A rough estiperatures, where its saturation vapor pressure is higher. Over
mate of the time constant is determined by dividing thethe pressure and temperature range shown in Fig. 7, the poly-
chamber volumé8.6 L) by the gas flow rat¢~4 L/min for  mer could be returned to its original thickness by removing
the acetone vapor and drying it with nitrogen.

Reflectance Supply (nitrogen + As the polymer film absorbed acetone vapor, its index of

Sample Ivent . . .
Spsciometer = solvent vapor) refraction decreased. This decrease was roughly uniform
BRI v . over the 450—850 nm range that we studied and is shown in
d Eﬂiﬁﬁﬁ"c Fig. 8 for an acetone-vapor pressure of 120 torr at 19 °C,
¢ / corresponding to a film thickness increase of 7%. A decrease

| ] gl;ss in the index of refraction is expected as acetonéh a low

C

n) is absorbed into the higherfilm and is modeled in the
next section.

FIG. 5. Schematic of experimental apparatus used for dye diffusion at dif- We should note that despite considerable effort. we ob-
ferent sample temperatures and solvent-vapor partial pressures. A Filmetrics !

F20 reflectance spectrometer was used forithsitu measurement of the S_e_rved that the measured thickness Chahge COU'q vary sig-
polymer thickness. nificantly (up to even a factor of)Aavhen similar experiments
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Acetone Partial Pressure (torr) (solid line) and during exposure to acetone vafb20 tor) (dashed lingat
19 °C (thickness increase of 7%, from 89 to 95 nrihe addition of ac-

(b) etone with a lowen decreases; of the film.
fg_ : :ﬁngg:gg ] vices(with C6 present in the spun-on fijmafter exposing the
6] o s 50-60torr ] PVK/PBD/C6 layer to acetone vap@t20 torr for 10 min at
2 wl N Model, 125 torr 19 °C, corresponding to a thickness increase-@D%). The
g Modal, 105 torr forward-bias and electroluminescent characteristics of de-
e 12 ° - Model, 56 torr 4
2 10] ] vices exposed to acetone vapor remained similar to control
§ 8] ] devices fabricated without vapor exposure. Because the
-'::.-" 6] * ] current-voltage and electroluminescent characteristics of
; 4] ] these devices are intimately dependent on the microstructure
2] ] of the organic layer, this suggests that no significant changes
0 ——— . in the PVK/PBD microstructure take place during absorption
5 10 15 20 25 30 35 40 45 S0 of solvent vapor for thickness increases below5%.
Temperature (°C)

FIG. 7. (a) Experimental and modeled PVK/PBD thickness increases plottedB- Mode“ng of t_he ch_ange in polymer index of
vs acetone partial pressure for several different sample temperathyes. refraction and film thickness due to solvent vapor

Experimental and modeled PVK/PBD thickness increases plotted vs sample L .
temperature for different acetone partial pressures. Due to the difficulty in The decrease in index of refraction of the PVK/PBD

maintaining a constant partial pressure, each experimental partial pressuf#ms upon exposure to acetone vajas measured by reflec-

corresponds to a range of 10torr. Dry film thickness ranged fromignce spectroscopy and parameter fittimgas modeled by

80 to 100 nm. The model contains one adjustable fitting parameter: th%sing the Lorentz-Lorenz relationsfﬁ%]n this approxima-

Flory-Huggins interaction parametgr set equal to 1.53 for all the calcula- A . : ; .

tions shown. tion, the effective index of refraction of the binary mixture
(ny) is related to the indices of refractiam andn, of the

were conducted months apart. This variation may be due tcs)glr\]/tent and polymer, and the volume fractigg of the sol-

changes in the temperature calibration, adjustments in the
experimental apparatus, variations in the acetone temperature n?-1  nZ-1 np-1
(and evaporation rajeleaks in the chamber apparatus, or n2+2 = ¢Sn +2 +(1-¢ 2+ (2)

. . . . f S p
perhaps heating from the absorption of the white-light source
used in the reflectometry measurements. The problem wakhe polymer index of refraction, for the PVK/PBD blend
especially severe for acetone partial pressures near the safitith no solvenf was measured to be 1.67at A=589 nm,
rated vapor pressure and low temperatures0 °C), which ~ corresponding to th® line of sodium, and forns the index
led to large solvent absorption and thickness increageso  Of refraction of liquid acetone of 1.3@t 589 nm was used.
30%). In some cases near the saturated vapor pressure, larg8e volume fractiongs of acetone can be estimated by as-
and irreversible increases in film thickness were measureguming that it is equal to the measured thickness increase of
along with significant roughening of the polymer layer. Mi- the PVK/PBD film:
crographs of the roughened polymer layers indicated that teo— tg
some crystallization of the PBD had occurr@te PVK is ¢s= t_ry ()
atactic and cannot crystalligeThe possibility of PBD crys- solv
tallization led us to generally restrict measurements to filmwherets, is the thickness in solvent vapor amg, is the
thickness increases below 15%. To examine the possibility obriginal thickness. With these values, the calculateérom
other changes in the microstructure of the PVK/PBD filmEqg. (2) agrees very well withn; obtained by reflectometry
caused by lesser solvent-vapor exposures, cath@@d  over a range of polymer film thickness increases with no
Mg:Ag to a thickness of 50 nm, followed by 50 nm of Ag adjustable paramete(Fig. 9). The correspondence between
were deposited by thermal evaporation onto PVK/PBD demodel and data indicates that our assumption that the extra
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1.680 ] T T T T T T Ps = Xsyspzat. (7)
1,675 1 . .
1 wherePy is the partial pressure of the solvent vapor ﬁjﬁ‘
1'6701 i is the saturated vapor pressure of the solvent. Combining
z 1.6654 . Egs.(3), (6), and(7) leads to an implicit relationship fdg,
5 16801 ] tsolv_tdry tlwx ﬁx 2 Ps
© 1656 ] In t + : +x : =In E . (8)
© solv solv solv s
1.650 . o
« Data In obtaining Eq.(8), we make use of the fact that>1, so
16451 Lorentz-Lorenz relationship ] thatm 1= 0. Although in this expression the polymer thick-
1.640+— T v T T - ness appears to depend only pand the solvent-vapor par-

0 2 4 6 8 10 12

S ) tial pressureP, there is an implicit dependence on tempera-
Film thickness increase (%)

ture througerat. Pza‘can be expressed by the Antoine vapor-

FIG. 9. Measured index of refractiaat A\=589 nnm for a PVK/PBD film  Pressure correlation:
(dry thickness of 100 ninvs the film thickness change at 17 °C in acetone

vapor(partial pressures up to 130 tp(squares Also shown is the index of sat_

refraction calculated from the Lorentz-Lorenz relationship by using the mea- PS - exp[AntA—
sured increase in film thickneswith no adjustable parametersolid line).

nt
— | torr, (9)
T+ AntC

where for acetoneAntA=16.65, AntB=2940.46 K, and

— 23

volume of the film is equal to that occupied by acetone at it \N{C=-25.93 K _ )
liquid density is reasonable. Furthermore, it gives us confi- N general, the polymer-solvent interaction parameger
dence that the reflectance spectroscopy and parameter-fittiggn depend on both temperature and composidgnes) for
procedure is yielding correct information on film thickness @ 9given system. However, since the composition dependence
and index of refraction. is often weak and only a modest range of temperatures

A model was developed to express the PVK/PBD thick-(~35 °C) is employed in our experiments, we determined a
ness increase as a function of solvent partial pressure arkingle average value gf=1.53 by adjusting it to fit Eq®8)
sample temperature. In this model, we first approximate thé&® data at different temperatures and pressures. A higher
mixture of high-molecular-weight PVK and small-molecule V&lue of x corresponds to a weaker polymer-solvent interac-
PBD as a uniform, high-molecular-weight polymer. Flory- tion, and for a polymer with a high-molecular-weigpt- 0.5
Huggins theor§* can then be used to describe the excesdndicates the existence of an immiscibility gap over some

Gibbs free energyGF) of the polymer-solvent mixture: composition(¢y, ) Where a homogeneous solution is not
formed?! Indeed, acetone will not dissolve the PVK/PBD

é b film, as expected for a value gf=1.53. The dependence of
GE/RT= [xsln<—s> +Xp In(—E)} + X(Xs + MXp) pshy. polymer swelling ony is made apparent by taking the expo-
Xs Xp nential of Eq.(8) and expanding the left side for small,
(4)  —t4y. To first order in thickness increasg,,—tqy (corre-
sponding to small solvent conteg{<1), we find
Here, ¢, is the polymer volumexs and x, are the mole

fractions of the solvent and polymer in the mixtuReis the Lsow ~ tary = e_(lm%r (10)
ideal gas constant, is the temperature, anmd is the ratio of tary Pe

the polymer molar volume to the solvent molar volume. Th

Flory-Huggins polymer-solvent interaction paramejgris a . . . . .
y-riuggins poly b pen er swelling, the fractional increase in thickne&s,,

parameter that represents the strength of the solvent—polymg} Iteis i ith <ol dd d

interaction. Equatioii4) can be used to derive an expression_tdry) tdfy.'s Inear with solvent-vapor pressure and depends

for the solvent activity coefficienty,) from the relatiof’ exponentilally O A low X corresponds to strt_)ng solvent-
polymer interactions, leading to greater swelling. As noted

eThis more intuitive relationship indicates that for small poly-

£ before, the temperature dependence enters thrdegh
&(E) which increases with temperature according to 0}
IN(y) = RT . (5) Figures Ta) and 1b) compare the moddEq. (6), with
MNs  JpTn x=1.53 to the experimentally determined film thickness in-

Ny ! _
creases at different acetone partial pressures and sample tem-

Here, n is the total number of molecules in the mixture so Peratures. The model, which has only a single fitting param-
that ne=xn. Evaluation of Eq(5) leads to eter y, matche; the e>.<per|mental measureme_nts reasonably
well, reproducing the linear dependence of thickness on va-
_ _q 2 por pressure at low vapor pressures. The dependence on tem-
In(ys) = IN(g/Xs) + (1 =M )b + x(bp)”. ) perature is also well modeled. The predicted thickness in-
Next, we assume that an equilibrium exists between therease with vapor pressure is very large at high vapor
composition of the solvent-swollen polymer phase and theressures and low temperatures. This may partially explain
solvent-vapor phase, and that they can be related by a modiae difficulties in reproducing the data in this range, as noted
fied Raoult's Law: in the previous section.
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FI.Gi éol. Phot?lténglndescer;::e i%?ct_ra of fVK{PBD/CM salmplfsd_vf\f/lth TIG. 11. Photoluminescence spectra of PVK/PBD/C47 filileminated
printed fayer o ye aiter min acetone-vapor anneals at diieren hrough the sapphire substratiat have been annealed in acetone vapor

partial pressures at 18 °C. Also shown is an as-printed spectrum, which i 20 tori for 10 min at diff t le t t fter d inti
indistinguishable from the 56-torr spectrum. All spectra have been normal-a ory for min at difieren’ sample ‘emperatures aiter dye printing.

. L Also shown is an as-printed spectrum, which is indistinguishable from the
ized to the C47 emission peak at 420 nm. 35°C spectrum. All spectra have been normalized to the C47
emission peak.

IV. DYE DIFFUSION

A. Dye-diffusion experiments at 18 °C during the 10-min acetone-vapor exposure and then
) . illuminated from the front by an UV source to obtain the PL
The absorption of solvent vapor by a polymer film re- gpecira. Initially, the C6 emission is minimal, which indi-
sglts ina thicker film with greater free volume in WhIC.h the cates that the C6 is primarily on the polymer surface, making
diffusion of dye molecules is greatly enhanced. In this secj; inactive. Annealing at a low partial pressufs torr, cor-
tion, we present experimental results for dye diffusion i”responding to a polymer thickness increase~@%, is not
solvent-swollen polymers. sufficient to increase the C6 emission. As the partial pressure
Dye source plates containing the dye C6 were prepared rajsed to 92 tor(~5% thickness increaser 127 torr(
as described in Sec. Il A. The dye source plate was not pat-_goy increasg the C6 is able to diffuse into the polymer
terned in these experiments, although extensive experimentgq the C6 emission peak is enhanced dramatically.
have been done with patterned plates to make multiple re-  gimjjar results are obtained when the sample tempera-
gions of different emitting colors on a single substrate. Thgyre is varied and the acetone partial pressa20 tory is
details of these experiments are reported elsewHere. kept constantFig. 11). In this measurement, PL spectra were
The SIMS measurements presented earliiy. 2)  gptained by illuminating the sample through the UV-
showed that far more diffusion occurred at room temperaturgansparent substrate. Each spectrum is therefore dominated
in acetone vapof90 torp than at 92 °C without solvent. py dye present in the bottom of the film. As in the PL from
Straightforward modeling of these curves shows that at roonge top surface in Fig. 10, the anneal at 35 (-€3% thick-
temperature with acetone vapor, the C6 diffusion coefficienhess increagés not sufficient to diffuse dye into the film and
was >10""3 cn¥/s, whereas it was-10""" cn?/s without  increase the magnitude of the C6 peak relative to the as-
solvent vapor at 92 °C. printed value. However, lower temperatures of 26 °C and
To observe the optical activity of the dye as a function of20 °C, corresponding to 6% and 10% thickness increases,
depth, a solution of PVK/PBD mixed with the dye resultin enhanced dye diffusion to the bottom of the film, as
coumarin-47 (C47, emission peak at 420 nm, 0.2% by reflected by the increase of the C6 peak. These data confirm
weight was spun onto an UV-transparent sapphire substratéhat solvent vapor can greatly increase the dye diffusion and,
resulting in a film with C47a blue-emitting dygdistributed  most surprisingly, that in the presence of a solvent vapor
uniformly throughout the depth of the film. After C6 printing more diffusion occurs as the temperature is lowered.
and solvent exposure, the PVK/PBD/C47 films were exposed  SIMS measurements on similarly treated samples were
to UV (254 nm light either directly or through the sapphire used to confirm this trend. Figure 12 plots sulf@6) pro-
substrate. The resulting PL spectrum was recorded from thiiles in 90-nm PVK/PBD samples as-printed and after 2
side that was illuminated. Each spectrum was normalized temin anneal at 35 °C and 19 °@cetone partial pressure
the peak of the C47 signal. The absorption length in PVK/=120 tory. It is evident that the 35 °C~4% thickness in-
PBD at this wavelength is only 50 nhhso the height of the creasg anneal leads to minimal dye diffusion into the film,
C6 emission peakrelative to the C47 peakmeasures the whereas the 19 °C anne@l10% thickness increaséeads
quantity of C6 present in the top portion of the filifor  to a uniform dye distribution throughout the layer in only a
direct UV exposurgor in the bottom portior(for exposure few minutes. We note that other workers, who also employed
through the substrate a dye-diffusion process in solvent vapor, observed a more
The PL spectra of PVK/PBD/C47 sampléwith a  conventional trend of increased diffusion at elevated
printed C6 layey before and after acetone anneals at variousemperature$.in their work, the dye source and target films
partial pressures are shown in Fig. 10. Each sample was heldere exposed to solvent vapor and then placed in contact and

Downloaded 08 Feb 2005 to 128.112.140.24. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Graves-Abe et al. 7161

] j solvent vapor, the dye diffusion decreases as the temperature
<+——— Polymer ——>»

is increased, a most peculiar circumstance. This occurs be-
cause the solvent effect is so pronounced. At higher tempera-
tures, the film absorbs less solvent, as discussed in Sec. Ill.
The resulting decrease in solvent-enhanced diffusion at
higher temperatures more than offsets the relatively smaller
increase in conventional thermal diffusion.

=y

pry

B. Dye-diffusion discussion

S (CB6) Intensity (counts/s)

The diffusion of small molecules in polymers is gener-
0 20 40 60 80 100 120 ally characterized by two regimes. At low temperatures, the
Depth (nm) polymer film is in a glassy state with very limited diffusion.
As the polymer is heated above a certain temperdflyk it
FIG. 12. SIMS analysis of PVK/PBD films following printing of C6 dye enters a rubbery state and diffusion is rapidly increased. Con-
and 2-min acetone vap6t20 tor anneals at 19 °C and 35 °C. The sulfur- et ally, the diffusion of molecules into a polymer film re-
signal rise in two samples starting at a depth of 50 nm is thought to,be O~ ™7 . . . .
from the substrate. Also shown are fits to the 19 °C and 35 °C anneal§UI'€S the existence of voids into which the molecules can
derived from numerical modeling of the C6 diffusigsolid lines; the fits ~ move. AboveTy, polymer relaxation processes are relatively
correspond to the diffusion coefficients of x80*cn?/s and 3 quick, leading to the ready formation of voids and rapid dif-
X 10°%% /s, respectively. fusion of small molecule&: Below T, these relaxation pro-
cesses require long time scales, which limits the amount of
heatedusing relatively high temperatures of 80-200)€  free volume available for diffusion. The PVK/PBD blend
transfer and diﬁuse the dye Wh||e maintaining the SO|Vent—(1oo:4o by We|gm(w|th no So|vent presemhas been mea-
vapor atmosphere. The contact between the dye and sourggred to have a,=120 °c® This indicates that process
plates may have limited solvent evaporation at elevated tememperatures greater than 120 °C are desirable to diffuse dye
peratures, leading to a trend opposite to that observed in Oyto this blend; however, these temperatures are sufficient to
work. cause significant degradation of the PVK. Lowerifg is
Dye diffusion coefficients were estimated from the SIMS iherefore preferable to raisinfy
data by numerical modeling. Constant diﬁusion from a f|n|te The introduction Of acetone into the PVK/PBD b|end has
plane source was assunfédFits to the 19 °C and 35 °C the effect of lowering the effective glass transition tempera-
anneals in solvent vapor are shown in Fig. 12. Due to thgyre Tyert Of the film. It is well known thafT,, of a polymer
uncertainty in the as-printed and annealed profiles caused yan pe changed by mixing it with a material having a differ-
the “knock-on” effects during the SIMS measurement dis'entTg. The Fox equatioﬁ can be used to estimalg o, of a

could be as large as a factor of 5. The diffusion coefficientgransition temperaturet;

are plotted in Fig. 13, along with diffusion coefficients from
thermally annealed samplé%The enhancement of diffusion 1 _gw (11)

by acetone vapor is enormous. If the thermal diffusion coef- — Tgerr Tgi.
ficients from 90-130 °C are extrapolated to 20 °C, we
would expect a diffusion coefficient 6f 1073 cnm?/s, which

is nearly 182 times less than the solvent-enhanced diffusiont
at the same temperature. Furthermore, in the presence of t

A common approximation is to estimalg of a solvent as

wo-thirds of its melting temperatu?é. For acetone, the
elting temperature is 178 K, so th@§~ 120 K. T ¢ Of

the solvent-swollen polymer blend can be estimated by as-

suming that the measured thickness increase is equal to the

volume of acetone present in the fillas was confirmed by

modeling the change in index of refraction in Sec. I)l Bor

example, an increase of thickness of 10% in acetone vapor

implies an acetone volume fraction of 0.1/1.1=0.09 and a

3 PVK/PBD volume fraction of 1/1.1=0.91. The densities of

- acetone (~0.8g/cnf) and PVK and PBD (both

i ~1.2 g/cn?) are used to convert these volume fractions into

Diffusion Coefficient (cm®/s)
3

] p Solvent-Enhanced ] weight fractions; we can then use Edl) to find a decrease
Thermal % Diffusion in T, of the PVK/PBD blend of 50 °C.
Diffusion ] We call the glass transition temperature of the mixture
10 24 26 28 30 32 a4 (polymer and solventan effective glass transition tempera-
' ' ' S ' ture Tyerr. This is because it is not actually possible to raise
1000/T (K™) the temperature of the mixture in practice to reach this low-

FIG. 13. Diffusion coefficients of C6 in PVK/PBD vs inverse temperature ered Tg’e” because as the temperature is raised the solvent

for thermal diffusion and solvent-enhanced diffusigacetone vapor, UPtake decrgaseg th_US increasifg.. Defining a lower
120 torp. Ty.ei for the films is still a useful concept, however, because
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(@ ~35 °C due to evaporation of the solvent, and then begins to
120 e ] increase slightly as negligible amounts of solvent absorption
— o 45°C ,
1101 — X 10 occur and the system enters a normal, thermally activated
1001 ~, 19°C 120 diffusi'on r.egime. This 'plot' correctly explains thg observed
50 \o' la0 ~ dye-diffusion trend, which in contrast to conventional diffu-
£ gl ~_ \o 140 2 sion is highest at low temperatures, whéfe-Ty o¢¢) is larg-
5 o] N 10°C 5o £° est.
o i V. SUMMARY
40l -80 Through exposure to solvent vapor, the diffusion of

0 20 40 60 80 100 120 140

i printed dye on a polymer surface through the film can be
Acetone partial pressure (torr)

completed at room temperature. Thus, thermal damage to the
(®) active polymer can be avoided while still employing a poly-
mer layer with a highT,, for device stability. The enhance-

T ment of dye diffusion in acetone vapor is dependent on the

401 1 amount of solvent vapor absorbed by the polymer, which
50, 120 torr causes it to increase its thickness. This thickness increase is
5 ~. largest at low temperatures and high solvent-vapor pressures
Q‘geo- \\_/»{_M 1 and can be modeled based on Flory-Huggins theory. The
ol —w absorbed solvent increases the dye-diffusion coefficient by
701 '\ 105 torr 7 many orders of magnitude. At high acetone partial pressures

804 \/<55 torr | and/or low sample temperatures, diffusion times of only a
A few minutes were necessary to diffuse C6 dye throughout a

5 10 15 20 256 30 35 40 45 50

100-nm polymer layer. This enhancement is attributed to the
reduction of Ty .4 of the PVK/PBD blend as it absorbs ac-
FIG. 14. (3 Calculated effective glass transition temperatlijg,; of the ~ €tone vapor, although it appears that lowerifg; to the
PVK/PBD film (based on measured thickness incrgas® a function of  process temperatuf@ear room temperaturevas not neces-

acetone partial pressure for various annealing temperaiimes:T, s as a sary
function of T for various acetone partial pressures. '

Anneal Temperature (°C)
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