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High-efficiency organic polymer light-emitting heterostructure devices
on flexible plastic substrates
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In this letter, we describe a high-efficiency organic polymer light-emitting heterostructure device
with aluminum cathode fabricated on a thin, flexible plastic substrate. The device consists of a hole
transporting (amine-fluoreng and an emissive(benzothiadiazole-fluoremeconjugated organic
polymer layers. The best heterostructure device has a green light emission and a maximum
luminance higher than 2000 cd/mDevice shows a maximum emission 6f56.2 cd/A and,
accordingly, a maximum luminous and external quantum efficiency-®f0 Im/W and~15%,
respectively. This organic light-emitting diode performance is acceptable for flat panel display
applications. ©2000 American Institute of Physid$S0003-695(00)01206-7

Flexible plastic substrate has a distinct advantage oveumnoccupied molecular orbit UMO) and the highest occu-
glass substrate in many applications. Unlike glass, the plastigied molecular orbifHOMO) levels for both polymers are
is usually more robust and compact, has lighter weight, anderived from their cyclic voltammograms and absorption
is more cost effective. The use of the plastic substrates wilspectra. The polymer optical band gaps were determined
also enable new product concepts such as curved displayspm the onset of the absorption peak that corresponds to the
smart cards, and all plastic electronics. Because of these ad-— 7* transitions ofw electrons. The polymer Fermi level
vantages, in the last decade, plastic substrates have been ugsgitions Ex=E,+HOMO) were derived from their dark
in  supertwisted nematic  liquid-crystal  displays conductivity(o) activation energiesK,) calculated from the
(STN-LCDs,!  active-matrix  liquid-crystal  displays Arrehius plots[ o= oy exp(—Ea/kT)]. The properties of the
(AMLCDs),? and organic light-emitting devicd®©LED9).>*  plastic substrate were reported elsewHerduminum top
While it is a very promising new technology, the plastic cathode electrode was evaporated in a vacuum chamber at
substrate, however, is limited by its low processing temperathe base pressure 10~° Torr through a shadow mask. The
ture, high heat-induced shrinkage, high gas permeability, loWDLED electroluminescend&L) spectra were measured with
chemical resistance, average water and solvent durabilityd charge-coupled devicéCCD) spectral analyzer through
and average transparency. The low thermal durability of the@ptical fibers. The CCD spectral analyzer has been calibrated
plastic substrate prevents, for example, the high temperatumith a Labsphere USS-600 Uniform Source System incorpo-
(=200 °0 postdeposition thermal annealing of the transpar<ating a calibrated lamp and a motorized variable attendator.
ent conducting oxidéTCO), which is typically used in the The OLED current—voltage characteristics were measured in
organic light-emitting device as the transparent electrode. A8 vacuumed metal box.
a result, the TCO on the plastic substrate usually has a lower Figure 2 illustrates a typical OLED dc current-voltage
transparency, a lower conductivity, and a poorer adhesion ifl —V) characteristic and electroluminescence spect(imn
comparison with its counterpart on the glass substrate. Ansed. The electroluminescence spectrum clearly shows a peak
other disadvantage of the plastic substrate is its relativeljocated at~570 nm, with a shoulder peak at545 nm; the

high permeability of the moisture and oxygen that can affecfull width at half maximum(FWHM) of this peak is about 80
the OLED electrical stability. nm. Thel -V curve displays a diode-like behavior, with an

In this letter we describe the optoelectrical characterisON/OFF current ratio of about 6:710" at +25 V. Through
tics of a high_efﬁciency, b”ayer Organic po'ymer ||ght_ the -V characteristic mOdeling, we have established that

emitting device with aluminum cathode fabricated on thethis characteristic cannot be simply described by either one

ITO coated thin, flexible plastic substrate. of the following models previously suggested in the litera-
The bilayer OLED structure, shown in Fig. 1, consists ofture: space charge limited curre8CLC); trapped charge
a hole transportin(HTL), ~170 A] and an emissivEL,  limited current(TCL); thermionic emission combined with

~2000 A] conducting polymer layers sequentially depositedthe diode series resistangg; or simple Fowler—Nordheim
on the plastic substrate by the spin-coating technique. Thynnell_ng. This resu!t |mpl_|es that none of the above mecha-
polymer absorption and photoluminescence spectra havdiSms is solely dominant in our OLED.

been published elsewhetdlhe schematic energy band dia- Ve found that the forward bias current-voltage charac-
gram of the OLED structure and the cross-section of thderistic can be simply described by the following equations

flexible plastic substrate are shown in Fig. 1. The lowesPased on the equivalent circuit shown in Fig. 1:

dApplied Physics Program. )
DElectronic mail: Kanicki@eecs.umich.edu Va=V'+V" with Rg=0 (1)
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given junction. These defects can be associated with the im-

JH' Oype® O purities and/or carbon or nitrog_en p(_)int _defects. In our case

A Eectode EL (2000 HL O St || 0 we assume that the HTL/EL junction is behaving like a
\ - 0y nmoNT Tm p*—p~ heterojunction, while the EL/AI junction is acting as
_— OOl [ a typical metal—-semiconductor junction. Also the ITO/HTL
\{@i © . cae (p*-like) junction is assumed to be ohmic-like in our

plastic flexible substrate
OLEDs, and therefore this contact will not provide any sig-

Vacuum Level

N - nificant contribution to thd —V characteristic. Hence, at a
constant electrical field the OLED carrier current is mainly
Lumo =230 210" é — limited by both junctions(e.g., multistep carrier tunneling/
3846V 1rgoev 4 hopping through the HTL/EL junction and electron injection
e8| |-4s0 | 426 |45 EIRIEER followed by the multistep tunneling/hopping through the
Sar a7 HoMo EL/Al junction), rather than by the carrier transport through
To BTL  EL Al metalf)xide(ITO)(1) the polymgr bulk; althoqgh the influence of the_deep gap
(* measured values) metalic layer (2) states-assisted bulk carrier transport can also be important in
: o’"xey‘:;‘n’/":;s(z)re the OLED. In agreement with our experimental data the
IT VOV g parer ® OLED injected current leve(and the OLED brightnegss
O . . . .
0] low birefringence indeed higher if the low work function metals are used.
Va [ pissicosse In the forward bias conditions, i.e., ITO is positively

FIG. 1. The OLED bilayer structure, the polymers chemical structures, th@'ased W'th respect .to Al, the light em|SS|or_1 occurred_ when
schematic energy band diagram of the OLED in equilibrium, the crossthe applied voltage is greater thar6 V. No light emission
section of the plastic substrate, and the equivalent circuit of the OLED argés observed when the reversed bias is applied to the OLED
shown. The EL and HTL polymers are benzothiadiazole-fluorene andsir;ctyre, j.e., Al is positively biased with respect to ITO. In
amine-fluorene copolymer, respectively. Thé& " represents measured . . .
values. this case, the reverse resistance of the OLED is large. Ac-
cording to the Ohm’s law, a reverse voltage divided by a
large device resistance yields a very small reverse current
(e.g., 4. 10" *mA/cn? at —25 V in Fig. 2 that is insuffi-
' 2) cient to cause the light emission. A certain current density
level (around 0.01 mA/crin our casgis needed to produce
whereV((=S'kT/q) and V{(=S"kT/q) are the fitting pa- the visible light. The electrons and holes that are injected,
rametersS’ andS" are the slopes of thie-V characteristics; and transported through the junctions by multisteps process
k is Boltzmann constanf; (=300 K) is the temperature,is  under the forward bias, into the polymer LUMO and HOMO
the charge of electron, arld and | are constants. The’ bands are relaxed to negatively and positively charged po-
andV” represent the voltage drops across the two junctiontarons through electron-phonon lattice coupling. These po-
connected in series, arfg is the equivalent device series larons will move toward each other under the influence of
resistance. The best fgolid line in Fig. 2 to the experimen-  the applied electrical field and they will recombine on a cer-
tal data has been obtained for the following fitting param-tain segment of polymer chain to form the singlet excitons.
eters: 15~4.07<10 *mA/cn?, 13~2.27<10 2mA/cn?,  Through the resonance interactions, these singlet excitons
V(~0.44, andV{~3.35. can form the excimers, which will emit light Stokes shifted
The above equations describe the deep gap statsith respect to the absorption spectriimThe proposed
(defectg-assisted multistep tunneling proc¥sthat can take mechanism of the light generation is in agreement with our
place across both junctions; and tiig and Vi parameters experimental daté’
represent the number of stefisvolving a series of closely Figure 3 shows a typical variation of the OLED bright-
spaced deep gap defecthat carrier must travel through a ness(or luminancel in cd/nf) with the applied current den-
sity (the inset shows the OLED spectral distribution of lumi-
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101 . : : : , 30 nance obtained at the different applied current dengitidse
| A=3.14mme integration of the OLED spectral distribution of luminance
T w: 125 _ over the wavelength yields the luminance of the OLED. A
2 "'Fe. 120 % near-linear relationship obtained between the luminance and
= L al E the applied current densit{d in mA/cn?), with a gradual
G Eoe {15 5 saturation ati=5 mA/cn¥, can be described by the follow-
c 103 400 500 600 700 800 2
a Ao 2 ing equation:
.g. L 410 e
§ 105 ¢ - Jos ©
F St 3 L=AJ+BJ, 3
y T =300 K| 00
10?30 -20 -10 0 10 20 30
Applied Voltage [V] where A(354=28) andB(—14*3) are constants. At the

FIG. 2. The experimentdl, O) and simulated—) current—voltage char- low (_:urrent InjeCtIOI‘_l this equatl(.)n. ca_n be app_rommat_ed_by.
ecteristics of the hilayer OLED are given. The inset shows the electrolumil J; and at the high current injection the light-emission
nescence spectrum of the OLED collected by the CCD system. saturates at a certain leveh our case at-2300 cd/nj for
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2500 — T - —T T current density(or luminance. The evolution of device ex-
T=300K ternal quantum efficiency also follows the same trend with
2000 1 the applied current density, and the maximum emission effi-
& ciency, luminous, and external quantum efficiencies for our
g 1500 F - OLED are~56.2 cd/A,~8.96 Im/W, and~14.8%, respec-
k) E'w S et tively. This excellent OLED performance could be obtained
§ 1000 t el through the development of the following technologies for
8 i ES% this device: minimum ITO surface roughnegsot-mean-
g 500 2 10 —;;3 3 square(rms) ~2.85 nm measured over 30X 30 wm?]; thin
~ £ \ flexible substrate(~0.2 mm); adequate refraction index
0 Y w4 matching between polymér-1.72) and substrate; good con-

Mo trol of the polymer morphologyaggregated specieduring
0 A |.2dc 4 D G.t :/ 5 10 spin coating through the opFimization of thg solvent concen-
pplied Current Density [mA/cm?] tration of the polymer solution and the spin speed; and ad-
FIG. 3. The evolution of the OLED brightness as a function of the operatingduate electron transport within the EL polymer through the
current density is shown. The solid line represents the fit of the experimentahtroduction ~ of  benzothiadiazole  group (electron-
data to Eq.(3). The inset shows the OLED Iuminance distribution Spec“awithdrawing group, e.g., EL polymer is used for both the
for different applied current densities. electron transport and light emission. The reduction of the
external quantum efficiency at the higher current density is
J~~12.6mAlcnd). The saturation in this curve is due to due to the light-induced defects creatidpond breaking
the OLED heating that is usually observed at the high curren@nd/or device internal field modification leading to reduction
injection levelst? of the density of the excimer states.
The evolution of the OLED external quantum efficiency
(= number of the photons emitted/electron supplied by th%r
external circuit, e.g., applied current densigy different ap-

We would like to thank Dr. R. Hattori and Dr. S. Gong

their technical assistance during this project. All devices
. oo - X ) have been fabricated at the University of Michigan Electron-
plied current densities is shown in Fig(the inset illustrates ics Manufacturing Laboratory. The organic polymers used in

tr;g dphoton ?%nsityt.disgihbut'iop spictra ?ttr:he different dap’this study have been provided by the Dow Chemical Com-
plied current densitigs The integration of the areas under pany (Midland, MI). The plastic film conductor was pro-

the photpn density _dlstrlbutlon provides the number_of _pho'vided by Polaroid Corporation. This research project was
tons emitted per unit area. We can conclude from this figur

o - . . : (?inancially supported by the Applied Physics Program and
that the OLED emission efficiency increases rapidly at ﬂrstthe Center for Display Technology and Manufacturing at the
then drops down gradually and starts slowly to flat out a

. . . . tUniversity of Michigan, Ann Arbor, and DARPA-ONR grant
about 4.78 mA/crh (27.7 cd/A with the increasing applied (N0014-99-1-0958

60 — - ————r——716

J {mA/em2)
—0.032

IS

1F. Matsumoto, T. Nagata, T. Miyabori, H. Tanaka, and S. Tsushima, SID
93 Digest, 1993, p. 965.
2N. D. Young, R. M. Bunn, R. W. Wilks, D. J. McCulloch, S. C. Deane, M.
J. Edwards, G. Harkin, A. D. Pearson, J. Soc. Inf. DBf, 275(1997).
3G. Gustafsson, Y. Cao, G. M. Treacy, F. Klavetter, N. Colaneri, and A. J.
Heeger, NaturéLondon 357, 477 (1992.
4G. Gustafsson, G. M. Treacy, Y. Cao, F. Klavetter, N. Colaneri, and A. J.
Heeger, Synth. Met55-57, 4123(1993.
SA. Berntsen, Y. Croonen, C. Liedenbaum, H. Schoo, R-J. Visser, J. Vleg-
gaar, and P. Weijer, Opt. Mate9, 125(1998.
Y. He, S. Gong, R. Hattori, and J. Kanicki, Appl. Phys. L&, 2265
(1999.
Y. He and J. Kanicki, Proceedings of Euro Display’99, 1999, p. 143.
L 8P. Y. Z. Chu, H. C. Choi, L. S. Health, C. S. Ko, J. Mack, P. Nagarkar, J.
6 2 4 6 8 10 Richard, W. Smyth, and T. Wang, SID 98 Digest, 1998, p. 1099.
Applied Current Density [mA/cm?2] Y. He, R. Hattori, and J. Kanickiunpublishegl
103, Kanicki, Handbook of Conducting Polymersdited by T. A. Skotheim
FIG. 4. The evolution of the OLED emission efficien@yl) and external (Dekker, New York, 1988 p. 543.
quantum efficiency(®) as a function of the applied current density are 'Practical Fluorescenceedited by G. G. GuilbaultDekker, New York,
shown. The inset shows the OLED photon density distribution spectra for 1990.
different applied current densities. 12p_W. M. Blom and M. J. M. De Jong, Philips J. Ré&4, 479(1999.

w

1414
50 |

1412

Photon Density Distribution

{1072 photons/cm?2-nm-sec]
n

o

40}

500 600 700 800
Wavelength [nm]

30}

T=300K e
---e--- External QE = ‘*~§ 16
—o— Emission Efficien X

Emission Efficiency [cd/A]

External Quantum Efficiency [%]

20



