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We present photoluminescence and electroluminescence studies of bilayers and blends formed from
poly(vinyl carbazole (PVK) and polypyridyl vinylene phenylene vinylenéPPyVP\) copolymer
derivatives. Bilayers of PVK and the PPyVPV copolymers have a photoluminescence emission
which cannot be assigned to either the photoluminescence of PVK or the PPyVPV layer. The blends
of the two polymers show a similar new photoluminescence emission for a large range of
concentrations. Absorption and photoluminescence excitation spectra confirm that the additional
feature is an excited state species which results from an exciplex at the polymer/polymer interface.
Bilayer light-emitting devices utilizing the PPyVPV copolymers show an electroluminescence
spectrum consistent with emission from the exciplex. The efficiency of the bilayer devices as
compared to single layer devices increases by over three orders of magnitude due to the exciplex
formation and the elimination of exciton formation near the luminescence quenching electrodes.
© 1998 American Institute of Physid$0021-960808)51216-0

I. INTRODUCTION from blendsof PVK and a conjugated/nonconjugated multi-
block copolymer was reportédout emission from separate
Conjugated polymer based light-emitting devicéd  layers was not studied.
have been a topic of great interest since the report of elec-
troluminescencéEL) in poly(phenylene vinylene(PPV).1 A
large variety of conjugated polymers, copolymers, and theit!- EXPERIMENT

derivative$® exhibit EL properties, including PPVs;* The synthesis of the PPyVPV copolymers is described
poly(phenylphenylene  vinylene polyphenylenes, poly-  ejsewheré® Figure 1 shows the schematic molecular struc-
thiophenes, polyquinolines, polypyriding8, poly(pyridyl  ture of polyvinyl-carbazolg¢ (PVK) which forms a hole-
vinylenes,"*~** and many derivatives and copolymers of transport layer and the pdlyyridyl vinylene phenylene vi-
these materials. The configurations of these devices mayylena (PPyVP\) copolymers used in these studies. We
consist of a simple single layer, or bilayers and blend$  report results for a two-ring repeat copolyrmigig. 1(b)]

used to enhance efficiency and tune the emission wavewith side groupR; = COOG,H,s5, C;,H,5 and a macrocycle
length, or multilayers that may allow the device to operate(“wrap” ) OC,H,,0O which connects the two sides of the
under an alternating currefAC) applied voltagé:** One  phenyl ring. Figure () shows another copolymer with a
method for improving efficiency is insertion of a hole- OC,jH,40 wrap on every other phenyl ring and side groups
transport (electron-blocking layer between the anode and of R,=C,,H,5 or OCgH3; on the remaining phenyl rings.
emitting polymer and/or an electron-transpothole-  All of the copolymers are soluble in common organic sol-
blocking) layer between the cathode and emitting polymer. Avents such as tetrahydrofurdiiHF), xylene, and chloro-
well known and commonly used hole-transpeéelectron-  form. The PVK was purchased from Aldrich Chemical Co.
blocking layer is poly N-vinyl carbazol¢ (PVK), which has  The PL and EL measurements were made using a PTI QM1
a large band gaf8.5 eV) and is itself luminescerft®'®PVK  Juminescence spectrometer. The absorption measurements
is an extensively studied photoconductive polymer which ofwere made using a Perkin Elmer Lambda 19 UV/Vis/NIR
ten forms exciplexes with organic molecules, e.g., dimethykpectrometer. The current voltage characteristics were mea-
terephthalaté® Recently, there has been interest in exciplexsured using two Keithley 195A multimeters. The voltage was
formation between PVK and conjugated polymers. Osaherapplied using a HP 6218A dc power supply. Quantum effi-
and JenekHé'° reported photoluminescend®L) due to  ciency (Q.E) measurements were made using a calibrated
exciplex formation in bilayers of poly(-phenylene benzo- United Detector Technologies Silicon PhotodigdB/-100).
bisoxazolg¢ (PBO and tris-tolyl)amine, but not EL, al- The samples for PL and absorption measurements were
though they suggest exciplexes may be important in lightspin cast on quartz. The PVK was spin c&st3000 rpm
emitting devices! Recently, PL and EL exciplex emission from a 10 mg/ml solution in THF. When bilayers were
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FIG. 1. Molecular repeat unit ofa) PVK, (b) PPyVP R;)V, and (c)
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made, the copolymers were spin c&stL000 rpm) from xy- § 020

lene(~10 mg/m) so the underlying PVK layer was not dis- £

solved. If single layers of the copolymers were used, either §

xylene or THF was the solvent. In the case of blends of PVK <0.10

and the copolymers, a mutually compatible solvent, typically

THF, was used. The blend ratios ranged from 0.0&% 0.00 ===
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polymer in PVK by weight to 50%, as well as pure PVK L5
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and copolymer films. For devices, the polymers were spin
cast on indium tin-oxidé¢ITO) substratesDonnelly Applied  FiG, 2. (a) Absorption of films of PVK(----), PPyVPMCOOC,,H,9) (- ), a
Films), which had previously been patterned and cleanedbilayer of PVK and PPyVPYCOOGH,s) (—), and a blend(10%) of
The PVK layer in the bilayer configurations was dried for PPyVP\gcgg%f%)qaads)P\zK ; ----- )~b(|b) Absirpga;lKof F’(;/K (=), )
~30 s in a laminar flow hood before the copolymer layer"raPpe y ehiza) (), a bllayer o and wrappe
was spin cast. All fabrication steps for the devices were con;:’g \éf,\é?qsr ) (), and a blend10% of wrapped PPYVPIOCHzd
ducted in ambient atmosphere in a Class 100 cleanroom.
Aluminum electrodes were thermally evaporated onto the co-
polymer surface at low pressures 10 ° Torr). To prevent The absorption spectra are very similar to the corre-
damage due to heating, the substrates were mounted onsponding photoluminescence excitati@d?LE) spectra, Figs.
cold water cooled stage during Al deposition. In addition,3(a) and 3b). The PLE also probes the presence of any new
evaporation rates were0.5—-1.4 A/s for the first 100 A of ground state transitions, as the PL is monitored at the peak
deposition and then increased+®-5 A/s until the desired wavelength of the PL while the excitation wavelength is
thickness was reachddsually 1000 to 2000 A The active  changed. For both bilayer systems the PLE is the sum of the
area of the devices was 5—7 rim individual PLEs. The blend&10% copolymer in PVK also
show no new absorption features as compared to the indi-
vidual layers.The lack of any new absorption or PLE fea-
tures in the bilayer films or blends implies that the new emis-
Figure 2a) shows the absorption of PVKdasheg sive species giving rise to a new emission in the bilayer or
PPyVPMCOOGCH,s) (dotted, a bilayer of PVK/ blends is not directly accessible from the ground state of the
PPyVPMCOOGC,H,s) (solid), and a blend of 10%wt:wt)  copolymer or PVK
PPyVPCOOC,;H,s) in PVK (dot-dash. The absorption of Figures 4a) and 4b) show the PL of a single layer ¢8)
the single PVK layer has an onset at 3.5 eV and show®PyVPMUC;,H,5) and (b) PPyVPMCOOGCH,s), a single
maxima at 3.6 and 3.75 eV, similar to previous repbftst  layer of PVK, and a bilayer of PVK with each of the two-
is clear that the absorption of the bilayer system is nearly @ing repeat copolymers. The PL of single PVK layers was
sum of the two individual absorptions with no new features,excited at 3.6 eV and has a peak emission energy at 3.05 eV,
as expected for no significant interaction between the twas previously reportet® The PL for both single layer co-
polymers. Similarly, the blend shows no new ground statgolymer films excited at 3.1 eV shows emission peaks near
transitions, although the concentration of 2.05 eV, which is considerably redshifted due to
PPYVPMCOOG,H,s) in the PVK is small, therefore dimin- aggregatiof?! from the solution PL(not shown, which is
ishing the strength of copolymer absorption relative to thepeaked at 2.6 eV. When the bilayers were excited at an en-
PVK absorption. Figure (®) shows the same general behav- ergy equivalent to the excitation energy for the single PVK
ior for the four-ring repeat wrapped copolymer, wrappedlayer (3.6 eV), the PL emission spectrum contained contri-
PPYyVPVR,=0C;gH33). In this case, the copolymer film is butions from both individual layer§3.05 and 2.05 e) as
somewhat thicker and has a higher optical density, leading tavell as from a completely new species emitting at 2.5 eV,
the larger absorption. All features in the bilayer or blendwhich we identify with an exciplex. For the
absorption spectra are assignable to one of the two constittRPyVPMCOOC ,;H,5) copolymer there is a weak shoulder
ent polymers. on the low energy side of the exciplex near the PL emission

Ill. RESULTS
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FIG. 3. (a) PLE of films of PVK(----), PPyVP{COOC;H,5)(—), a bilayer
of PVK and PPyVPNCOOG.H,) (-),
PPYVPMCOOGC,,H,) and PVK (-++). (b) PLE of films of PVK (----),
wrapped PPyVPYOCgHs3) (—), a bilayer of PVK and wrapped
PPyVPMOC,¢H33) (--), and a blend10%) of wrapped PPyVPYOC ¢H35)

and PVK(---).
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FIG. 5. PL of a bilayer PVK/PPyVPYOOCGC,H,s), as a function of both
excitation energy and emission energy.

into the peak absorption of the copolymer, PL from the co-
polymer strongly dominate@xcitation energy 2.6 to 3.0 eV
and principal emission energy 1.8 to 2.2)eV

The exciplex phenomena are not restricted to the un-
wrapped copolymers. Figure 6 shows the PL for single layer
films (solid), bilayer films (dashed, and PVK(#), for the
three copolymers, wrapped PPyV®C,sH;5)(a), wrapped
PPyVPMC;,H,5) (b), and wrapped PPyVP\(c). In each
case the excitation energy used to excite the PL in the bilay-

energy for the single layer of the copolymer. In both casesers is at the first peak of the PVK absorption, with the result-

when the bilayer is excited at an energy less than the absorhg exciplex emission peak near 2.4 eV. The PLE spectra of
tion edge of the PVK, but greater than the absorption edge ahe bilayers of wrapped copolymers and PVK are similar to

the copolymer, the Plnot shown is peaked at the same those of the unwrapped copolymers in the same configura-
energy as the single layer PL, although there is a low

intensity tail to the blue side. The variation in the PL inten-
sity was measured as a function of both éxeitationenergy

and the emission energy, as is shown in Fig. 5 for
PPYyVPMCOOG,H,s). At excitation energies above 3.6 eV,
the PL due to the exciplex and PVK are apparent, but if the
excitation energy is lowered below 3.4 eV these peaks essen-
tially disappear. As the excitation energy is further lowered

FIG. 4. (a) PL of a PPyVP\C,,H,s) film (—) and PVK film (#), and a
bilayer PVK/PPyVPYC,,H.s), (- -). (b) PL of a PPyVPYCOOGC ,H,s) film
(—) and PVK film (#) and a bilayer PVK/PPyVPYOOGC, H,s5)(- -).
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FIG. 6. (a) PL of a wrapped PPYyVP¥C,¢Hs5) film (—) and PVK film(#)
and a bilayer PVK/PPYyVPWOC,¢H33)(---). (b) PL of a PPyVPYC,,H,s)
film (—) and PVK film (#) and a bilayer PVK/PPyVPY{C,,H,z) (---). (C)
PL of a wrapped PPyVPV filnt—) and PVK film(4#) and a bilayer PVK/
PPYVPV(- - -).
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TABLE |. The PL quantum efficiencie&.E) of solutions and films. R A et e O [ e et
(a) % PPyVPV(OC, H,,)

PLQE. PLQE. PL Q.E. E oses[ s 4l 3

Polymer solution film film w/PVK § - [ 5% ]

22 6ero - 1% 3

PPYyVPMCy,H,0) 0.87 0.14 >0.18 gk F o ]

PPYyVPMCOOG,H,s) 0.70 0.17 >0.10 25 dere [ oo E
wrapped PPyVPYOC,¢Hs5) 0.93 0.05 >0.07 g5 :Gu—reg.\% ¢
wrapped PPyVPYC.H.s) 0.86 0.13 >0.09 E a6l J

wrapped PPyVPV 0.83 0.10 >0.19 =

Eng ‘g;/ (eV) SIO% =
\

tion, with the exciplex emission drastically reduced when the !
excitation energy falls below 3.5 eV. A notable feature for
the wrapped PPyVPWDC ¢H33) copolymer is the high en-
ergy shoulder in the single layer PL which is closer to the
solution PL of this copolyme(not shown and is attributed

to unaggregated sites in the film. The same shouluaw on

<
Normalized Intensity (a.u.) i—
T .

the low energy sidealso appears in the bilayer film, support- '% 3

ing that the PL has contributions from exciplex sites and E ]

from unaggregated regions of the wrapped copolymer. Note £ 1

that this shoulder appears when the bilayer film is excited lf 3

and monitored from either side, indicating self absorption is ; :

not the cause. The wrap around every other ring tends to / - ]

disturb the aggregation that occurs in the unwrapped copoly- A A TN W S

mers of this family. The PL of both wrapped L5 2.0 25 3.0 3.5
PPYVPMC;,H,s) and wrapped PPyVPV shows shoulders in Energy (eV)

their single and bilayer configurations, respectively, that arg; ;. () Normalized PL intensity of films of wrapped PPYVRSC,qHay)
attributed to unaggregated regions. in PVK [% PPyVROC,¢H3s) by total weighi. The PL intensity was nor-

The PL efficiency of the bilayer films was measured formalized by dividing by the absorption at 3.6 é¥kcitation energy (b) PL
the five copolymers and compared to that of the single Iaye'g‘tenSity of the same films as {@) with intensity normalized to 2.4 eV. The
. . . . .2 eV shoulder in the PL increases with increasing weight % copolymer.
films (Table ). For _bllz_iyers e_xcfted _W|th wavelengths _Ie§s () PL of a 10% blend of wrapped PPYVROC,dHap) in PVK (—), a
than 330 nm, the principle emission is that from the radiativenilayer PVK/wrapped PPyVPMC,¢Hs9) (--), and a pure film of wrapped
decay of the exciplex at the interface. The reduced emissioRPyVPMOC,¢Hs,) (@).
from exciton creation in the bulk of the PVK and copolymer
films implies that a substantial fraction of these excitons mi-
grate through the thif~40 nm) films to the interface, where ciplex and PVK exciton PL are significantly reduced, but the
they either form exciplexes or undergo nonradiative decayPL that remains has retained the same features as that of
This exciton diffusion length is similar to that reported for other blend concentrations, with most of the luminescence
PPV22 Hence, we use the total absorption of the bilayer filmoriginating from the exciplex emission. Hence at high con-
to calculate the PL efficiencgas not all of the excitons mi- centrations the excitons tend to migrate to the interfaces
grate to the interface this tends to underestimate the effwhere they can radiatively decay via exciplexes. When the
ciency). All of the copolymers show very high efficiencies in exciplex PL peak of the blends is normalizgd their maxi-
solution, but due to aggregatidh?! the film efficiencies are mum value at 2.4 e\ the low energy shoulder of the PL
substantially lower in single layer films. (2.2 eV) increases in intensity as the copolymer concentra-
We have blended wrapped PPyV@®C;gH;3) with  tion increasegsee Fig. )], indicating there is increased
PVK at concentrations varying from 0.05% to 50% copoly-emission from the copolymer unaggregated sit@s com-
mer in PVK (by weigh). Figure 7a) shows the PL intensity pared to exciplex emissi¢rnn the films. Figure %) shows
of the blends normalized by the absorption of the PVK at thehe PL of the 10% blend with the bilayer of wrapped
excitation wavelengtk330 nn). The PL of pure PVK #)is  PPyVPVOC,;¢Hs3) and PVK and a single layer of wrapped
identical to that shown in Figs. 4 and 6. A PL peak assignPPyVPVOC,¢H33). The bilayer and blend are very similar,
able to the exciplex begins to emerge at concentrations d@mplying that the principle emission is from the same exci-
low as 0.05% copolymer, with a clear peak at 2.4 eV ob-plex species.
served at concentrations greater than O.(. An addi- We fabricated bilayer devices using ITO as the anode
tional shoulder is seen at 2.2 eV for concentrations 0.1% andnd aluminum as the cathode. Figure 8 shows the EL spec-
higher. As the concentration increases to 10% the total Pitrum of typical ITO/PVK/PPyVPVYCOOGCH,5)/Al and
intensity increases as well, but the peak and shoulder posiTO/PVK/wrapped PPyVPYOC,¢H3s)/Al devices with the
tions do not shift, indicating the effect is not due to dilution PL spectrum from the same devices and individual polymer
of the emissive chromophores by the host polymer PVK. Atlayers. The devices can easily be seen in a brightly lit room
the highest concentration reported hés@%), both the ex- and appear bright green to the eye. The similarity between
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RN ~18-20 volts, with the brightness following the current. The
n maximum brightness for the bilayer device shown is 300
cd/n?, a more than 50 times increase over the single layer
device. In addition to the increased brightness, the current
density for the bilayer device is five to ten times lower, in-
dicating an increase in efficiency of three orders of magni-
tude from less than 0.0001% for the single layer10.1%—
0.5% for the bilayer. The increase in turn-on voltage can be
remedied through the use of polyaniline network
electrode$?23which lowers the threshold voltage to below 5
volts while maintaining the same efficiency and brightriéss.
The increase in efficiency of the bilayer device com-
pared to the single layer device is primarily due to charge
confinement at the PVK/copolymer interface. The electrons
are injected from the Al electrode into the conduction band
of the copolymer, but are confined when they reach the elec-
tron blocking PVK. Also, the holes are injected into the va-
lence band of the PVK and are confined at the copolymer
interface. The electron and hole blocking at the interface
FIIGf. 8. EIg(l:Dtrc\)/Illir\nl(zgsgenﬁO) 2:, gégyvev: ;jeveize;(g?/ﬁ\‘/;/c%poly?ﬁg enhance exciplex formation. That the electrons and holes are
/SL) (f(?gr(:)Figs>./4 and Bof%hze 2ssi)ngle and biIeIIO)[/)er filmsywith P%/& ;3r)é shown unable to ea§|ly conduct through both layers Iead; to a small
for comparison. current density<1 mA/mn?t) and hence a greatly increased
efficiency. In addition, the buried interface implies that most
of the radiative recombination will occur at the interface and
the PL and EL of the bilayer devices demonstrates that thgway from the EL quenching electrodes.
eXCipIeX is responSible for the EL emission. Figure 9 pre- Quenching at the electrodes has been reported for phe_
sents the current density voltage and brightness voltage Chfi\ﬁylene vinylene oligomers by Pagt al?? and in MEH-CN-
acteristics for a typical single layer[ITO/wrapped ppyv by Beckeret al?* Beckeret al. also noted that the re-
PPyVPUOC;¢H33)/Al] and bilayer [ITO/PVK/wrapped moval of the recombination zone away from the metal
PPYyVPUOC,¢H33)/All device. The device structures are glectrode to a polymer/polymer interface is crucial to in-
shown in the insets. The turn-on voltage of the bilayer detreasing the EL efficiency in their PPV/MEH-CN-PPV bi-
vices is significantly increased over the single layer devicgayer device€” In order to probe the effect of the electrodes
due to the additional thickness and the insulating nature ofn the luminescence properties of our single and bilayer
PVK. The turn-on voltage for the bilayer in this case isjjms, a number of samples were fabricated on ITO. Elec-
trodes were evaporated on single layers of PVK and wrapped
PPYVPMOC ¢H33). On each film the PL was measured in

Luminescence Intensity (a.u.)

1.5 2.0 2.5 3.0 35
Energy (eV)

2.5 4
E a0k < the vicinity of and far from the electrode, with the exciting
2 ' 3 3 light entering the sample from the ITO side and recording
215 2 & the EL from the ITO side. The insets of Fig. 10 show the
§ 10F Eh device configurations. The relative PL intensities of PVK at
5 ost I these two locations for 330 nm excitation wavelengiig.
5 00 ; 0 “ 10(a)] show that the PL increases modestly when the excita-
"0.0 tion light is incident on the electrode. In the absence of

quenching, an increase in PL intensity is expected for two
300 reasons: reflection of the excitation light by the Al and re-

bed
=]
)

001 01 1,
F Curr. Dens. (mA/mm”) 3

25t O 1950 flection of the photoluminescence by the Al. The small in-
x a . . . g .
et ool E crease for PVK indicates significant quenching near the Al
2.0 7; ' ] 2003 electrode. Figure 10) shows the same experiment for a
g0o0 ul 1150 2 single layer of wrapped PPYyVR®@C;¢H33) using a 450-nm
1.0 £ 0.0001 g 100% wavelength excitation. The nearly twofold decrease in PL
&

intensity indicates extensive quenching by the Al electrode
for this polymer.
o 5 1'0 1'5 2'0 2‘5 : Fo.r bilayers in which the Iuminespence occurs primarily
Voltage (V) at the interface, the PL and EL intensity should be unaffected
by the presence of the electrode, i.e., no quenching should
FIG. 9. Current voltage and luminance voltage characteristicéafaingle  occur. Figure 1(b) shows the PL intensity for a PVK/

layer and(b) bilayer devices. The insets show the device structures. Th . . _ .
symbol PPyVPV represents the copolymer PPYVEYC,¢Hs) in the in- ‘wrapped PPyVPYOC;¢Hso) bilayer with a 330-nm excita

sets. Also shown inb) is the internal quantum efficiency of the bilayer tON [exper?mental Conﬁgure_‘tiqn _Shown in Fig.(&Q. When
device. the excitation wavelength is incident on the evaporated Al
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electrode, the PL intensity increases dramatically. The in- T 50et5 h
crease is attributed to the reflection of the luminescence ani ‘ , 3
the excitation light. The large increase indicates that very 0'Oe+0356 ‘4(‘)(‘,‘ 450 560 550 ‘é(‘)(',' 6;6' ‘7'00
little, if any, quenching occurs at the Al electrode, implying Wavelength (nm)

that the emission is primarily occurring at the polymer/
polymer interface. Figure 1&) shows the PL intensity of the FIG. 11. PL of bilayer films of PVK/PPyVPV with the configuration shown
bilayer when the lower energy excitation is usd&0 nm. schematically in@). The excitation energies we(b) 330 nm(E,P and(c)

In this case, the PL intensity is also increased, but the emigt>0 NMG.H.
sion is shifted away from the single layer emission to the

exciplex (interface emission, when the exciting light is in- Juminescence and electroluminescence feature assigned to
cident on the reflecting electrode. Although the low energyexciplex emission at their interface. The absorption and PLE
excitation is used, the emission at the interface is observegpectra show that the emitting species is not directly acces-
because the wrapped PPyVRICgH33) PL is quenched at  sible from the ground state. Blends exhibit photolumines-
the electrode and the interface emission is enhanced. Enefence which confirms the presence of exciplex emission. The
gy is transferred from excitons in the wrapped exciplex is also the primary species of electroluminescence
PPyVPUOC,¢H33) to exciplex at the interface. The dif- emission in the bilayer devices. The electroluminescence
sion  coefficient for excitons in the wrapped emission sites are removed to the polymer/polymer interface
PPYyVPMUOC,¢H33) can be estimated from the diffusion dis- away from the quenching metal/polymer interface, greatly
tance (~10°° cm) and the lifetime of the exciton in the increasing device efficiency.

copolymer (~1 n9,®® giving a diffusion coefficient of

~10"3 cn?/s. Thus, exciplex emission in the bilayer devicesACKNOWLEDGMENT
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