Exciplex emission in bilayer polymer light-emitting devices
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Photoluminescent and electroluminescent studies of bilayer heterojunctions formed from a
poly(pyridyl vinylene phenylene vinylendPPyVP\) derivative and polfinyl carbazolg (PVK)

show an emission peak which cannot be ascribed to either the PPyVPV derivative or PVK layer.
Through studies of absorption and photoluminescence excitdiof) spectra we demonstrate that

the additional feature results from an exciplex at the bilayer interface. The photoluminescence
efficiency of the exciplex is greater than 20%. The electroluminescence spectrum from the bilayer
devices is entirely due to exciplex emission, with internal efficiencies initially achieved exceeding

0.1%. © 1997 American Institute of Physids$§0003-695(97)00413-(

Conjugated polymer based light-emitting devicds 2-(4-biphenyly)-5-(4-tert-butylphenyk1,3,4-oxadiazofeex-
have become a topic of great interest since the report afiplex formation is not observed. Recently, PL and EL exci-
electroluminescen{EL) properties in polyphenylene vi- plex emission fromblends of PVK and a conjugated/
nylend (PPV).> A large variety of polymers, copolymers, nonconjugated multiblock copolymer was reporfethut
and their derivatives have been shown to exhibit EL properemission from separate layers was not studied.
ties, including a relatively new class: polypyridimesand In this letter, we report bilayer devices with PVK as the
poly(pyridyl vinylenes®® The configurations of these de- hole transport layer and a derivative of the copolymer poly-
vices may consist of a simple single layéerpilayers?> or  (pyridyl vinylene phenylene vinylene(PPyVPV) as the
blend$ used to enhance efficiency and tune the emissio@mitter layer. Absorption, photoluminescer&) and elec-
wavelength, or multilayers that may allow the device to op-troluminescenceEL) results demonstrate emission due to
erate under an ac applied voltae. exciplex formation at the interface between the PVK and

In single layer devices the low efficiency frequently is copolymer. The PL and EL of bilayer films are dramatically
due to the imbalance of electrons and holes. Inserting a hol@lifferent from that of a single layer film.
transport (electron-blocking or electron-transport(hole- The electron withdrawing nature of the side groups make
blocking) layer provides a means to enhance minority carri-the copolymer PPyVOOG,;H,5),V. Figure 1@, more re-
ers and block the majority carriers and confine them to theistive to oxidation than the unsubstituted copolymer. The
emitter layer, which increases the probability of copolymer is soluble in common organic solvents such as
recombinatiorf. Poly(N-vinylcarbazol¢ (PVK) has been tetrahydrofurar(THF), xylene, and chloroform. The absorp-
used as a hole transport |a§/eand occasionally in blends tion was measured with a Perkin EImer Lambda 19 UV/Vis/
with the emitter polymef®2 PVK is a well-studied photo- NIR spectrometer. The PL and EL measurements were made
conductive polymer which often forms exciplexes with or- using a PTI QM1 luminescence spectrometer while current—
ganic molecules, e.qg., dimethyl terephthaf&tén exciplex ~ Voltage characteristics were recorded using two Keithley
is a transient donor—acceptor complex between the excited95A digital multimeters with the voltage applied with a
state of the donor and the ground state of the accéPtor.  Hewlett-Packard 6218A dc power supply. EL quantum effi-

Recently, there has been interest in exciplex formatiorfi€ncy measurements were made with a Si photodiode cali-
between PVK and conjugated polymers. Osaheni and
Jenekh& 13 have reported PL due to exciplex formation in
bilayers of polyp-phenylene benzobisoxazpléPBO) and
tris(p-tolyl)amine, but not EL, although they suggest
exciplexes may be important in light-emitting devicés.
Even though many groups have studied bilayer and
multilayer devices, EL due to exciplex formation until
now has not been reportddcor example, in highly effi-
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cient bilayer devices of CN-PPV and PP&nd of PPV and @ \Clezs ®

a
3E|ectronic mail: epstein.2@osu.edu FIG. 1. Molecular repeat unit afe) PPyVRCOOCGC,,H,s5),V and (b) PVK.
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FIG. 3. PL of a bilayer of PVK and PPyMEBOOC,,H,s),V as a function of

FIG. 2. PL of PPyVRCOOG,,H,s),V at 2.8 eV excitation energy—), a both emission energy and excitation energy. The 3D plot shows three promi-
bilayer of PVK and PPyVEEOOG, ;H,q),V at 3.6 eV excitation energfr]) nent features: a peak due to the P\#kcitation energy from 3.6 to 4.2 eV,

and 2.8 eV excitation enerd), and PVK at 3.6 eV excitation energy-), emission energy 2.8 to 3.4 gVa peak due to the copolyméexcitation
all on quartz substrates. energy from 2.4 to 3.0 eV, emission energy 1.8 to 2.2, eid the exciplex

peak(excitation energy from 3.6 to 4.2 eV, emission energy 2.2 to 2.8 eV

brated with a quartz-tungsten halogen lamp. All fabrication
and measurements were conducted in ambient atmospher
PVK [Aldrich Chemical Co., Fig. ()] films were spin-
cast at 2000 rpm from a 10 mg/ml THF solution onto quartz
substrates. The copolymer layer was subsequently cast ongg
the PVK film from xylene(1 mg/m) at 1000 rpm as PVK is
insoluble in xylene. The bilayer devices were similarly fab-
ricated in a class 100 clean room from identical solutions a
stated above utilizing indium—tin—oxidéTO) coated glass
substrateg20 )/(J). Aluminum electrodes were thermally
evaporated onto thecooled copolymer surface at pressures
below 10 8 Torr resulting in active device areas of7

(excitation energy 2.6—3.0 eV and principal emission energy
T.8-2.2 eV.

The absorption and photoluminescence excitati®inE)
ectra are shown in Figs(a} and 4b). The onset of the
sorption of the single PVK layer is at about 3.5 eV and
shows two spectral features at 3.6 and 3.75 eV similar to
grevious reporté® The PLE of PVK follows the absorption
Showing nearly identical features. The absorption and PLE of
the copolymer peak at 2.95 eV, with the onset at about 2.4
eV. The absorption of the bilayer is the sum of the single

mn?. 0.20 ———————— T :

Figure 2 shows the PL of a single layer of the copoly- [ (a) |—— Bilayer 1
mer, a single layer of PVK and a bilayer of PVK and the 015 | PVK ]
copolymer. The PL of single PVK layers excited at 3.6 eV g i — — Copolymer ]
has a peak emission energy at 3.05 eV, similar to previous g 010 L 3
reports of the PL of PVK:8 The PL for single layer copoly- 2 »
mer films excited at 3.1 eV shows an emission peak at 2.05 < o —

eV. The bilayer when excited at an energy less than the 0.05 F x5 ]
absorption edge of the PVK, but greater than the absorption Y ]
edge of the copolymer shows PL peaked at the same energy  0.00 1

as for the copolymer along with a low intensity tail to the 1.0 & (b) | —— Bilayer

blue side. When the bilayer was excited at energy equivalent 5 osb | PVK

to the excitation energy for the single PVK lay&.6 eV), i‘; T — — Copolymer

the PL emission spectrum contains contributions from both % 0.6 |-

single layers(3.05 and 2.05 e)/ as well as from a com- &:) :

pletely new species, which we identify with an exciplex. To 0 04 ¢

the low energy side of the exciplex PL is a weak shoulder & 02 [ ,

near the PL energy for the single layer of the copolymer. r s 1
Figure 3 shows the PL intensity as a function of both the oot e
excitationenergy and themissionenergy. At excitation en- L5 2.0 2.5 3.0 3.5 4.0
ergies above 3.6 eV the PL due to the exciplex and PVK are Energy (V)

apparent, but if the excitation energy is lowered below 3.4 G 4. (a) Absorpti £(5) PLE of PPYVRCOOCHy,, PVK, and
: : +E1G. 4. (a) Absorption an 0 y SHos)oV, ,and a
eV these peaks have essentially disappeared. As the exc'%}layer of PVK and PPyVECOOG,H,5),V on quartz substrates. The PLES

tion energy is further lowered into the peak absorption_Of theyere recorded at 2.05, 3.05, and 2.55 eV, respectively. Note: The copolymer
copolymer, PL from the copolymer strongly predominatesabsorption is 5 times less than shown.
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A 100 other pyridine-based copolymefs. Through the use of
oo rTr e ] polyaniline network electrod&swe have lowered the thresh-
old voltage to below 10 V while maintaining the same
efficiency®
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-
1 lence band of the PVK and are confined at the interface. The
120 electron and hole blocking at the interface enhances exciplex
f A— emission. That the electrons and holes are unable to easily
0.0 - ‘ ] conduct through both layers leads to a small current density
0 5 iy s — o s (<1 mA/mn?) and hence a greatly increased efficiency. In
Voltage (V) addition, the buried interface implies that most of the radia-
tive recombination will occur at the interface and away from
FIG. 5. Current—voltagé—) and brightness—voltag&) characteristics of ~ the EL quenching electrodes.
a typical bilayer light-emitting device. Inset: P(:--) and EL (—) of a In summary, heterojunctions of PVK and
bilayer light-emitting device. PPYVRCOOC;H,5),V show a strong photoluminescence
and electroluminescence feature due to exciplex emission at
PVK layer absorption and the single copolymer absorptiorthe interface. The absorption and PLE spectra have shown
and shows both the copolymer peak at 2.95 eV and the PVihat the exciplex is not directly accessible from the ground
peaks at 3.6 and 3.75 eV. The PLE of the bilayer is also thétate. The exciplex is also the primary species of electrolu-
sum of the PVK PLE and the copolymer PLE and showsminescence emission in the bilayer devices. The efficiency of
both the PVK spectral features and the copolymer peak, athe bilayer devices is greatly enhanced over single layer de-
though the copolymer peak is shifted to slightly higher en-vices due to charge confinement and exciplex formation and
ergy. The lack of any new absorption or PLE features in theemission at the interface.
bilayer films implies that the new species is not directly ac-  This work was supported in part by the Office of Naval
cessible from the ground state of the copolymer or PVKResearch.
consistent with the assignment of an exciplex
The PL, PLE, and absorption were measured on the
same films making it possible to estimate the relative PL'J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K.
quantum efficiencies of the copolymer emission and the ex- 3M4a7°k5a3yég§9"'d Friend, P. L. Burns, and A. B. Holmes, Nat(rendon)
ciplex emission. The copolymer absolute PL efficiency waszp p, c. Bradley, Synth. Met54, 401 (1993, and references therein.
reported previously to be-18%2 A lower bound on the  ®A. R. Brown, D. D. C. Bradley, J. H. Burroughes, R. H. Friend, N. C.
quantum efficiency of the exciplex was calculated to be (237reenram, P. L. Burn, A. B. Holmes, and A. Kraft, Appl. Phys. Lét;.
~15%—20%, nearly .the same as the F:opolymer efficiency. 4Y.%3;n;93: Pei, and A. J. Heeger, J. Appl. Phy8, 934 (1996
We fabricated bilayer devices using ITO as the anodesp. p. Gebler, Y. z. Wang, L. B. Lin, J. W. Blatchford, S. W. Jessen, T. L
and aluminum as the cathode. The inset of Fig. 5 shows theGustafson, T. M. Swager, H. L. Wang, A. G. MacDiarmid, and A. J.
EL spectrum of a typical device with the PL spectrum from Epstein. J. Appl. Physrg, 4264(1995.

the same device. The devices can easily be seen in a brightlx\,(\;azn'gwggg’ f : JD'E?;;tbeI?; ’ kpii Ll';;]’yjs' vgaglaé%T?{gég. W. Jessen, H. L.

lit room, appear bright green to the eye, and have internal’g. Hu, z. Yang, and F. E. Karasz, J. Appl. Phys, 2419(1994).

guantum efficiencies 0f-0.1%-0.5%. Although the PL ef- 8C. Zhang, H. von Seggern, K. Pakbaz, B. Kraabel, H.-W. Schmidt, and A.

ficiencies are comparable, the EL efficiency of the bilayer ,J- Heeger, Synth. Me62, 35(1994. =

fi tion. ~0.1%—0.5%. is much areater than for a J. W. Blatchford, S. W. Jessen, L. B. Lin, T. L. Gustafson, H. L. Wang, T.

CP“ Igura » Y. L7090, g X M. Swager, A. G. MacDiarmid, and A. J. Epstein, Phys. Re%439180

single layer device which has an EL efficiency of less than (1996.

0.0001%. The similarity between the PL and EL of the bi-°M. Pope and C. E. Swenberglectronic Processes in Organic Crystals
; ; ; ; (Oxford University Press, New York, 1982. 739.

layer dewc_e c_;lemor_nstrates that the exciplex is resp_0n3|ble fqgl A. Osaheni and S. A, Jenekhe, Macromolecaies739 (1994,

the EL_em|SS|on. Figure 5 shows t_he_ Current—den_sny vqltag@S_ A. Jenekhe, Adv. MatefZ, 309 (1995.

and brightness-voltage characteristics for a typical bilayefs. A. Jenekhe and J. A. Osaheni, ScieR6& 765 (1994.

device. The turn-on voltage of the bilayer devices dependé“D-dD- Gebler, Y_-mZ- W%TQHA&G' MacDiarmid, D.-K. Fu, T. M. Swager,
; : ; i« and A. J. Epsteirfunpublishe
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erality of this concept has been demonstrated using severahknd A. J. Epstein, Synth. Metin press.
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