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We have succeeded in fabricating a thick-film organic light emitting diode having a doped hole
transport laye(DHTL). The basic cell structure is anode DHTL/emitter layer/cathode. The DHTL
is composed of a hole transporting polycarbonate polym@C-TPB-DEG and
tris(4-bromophenybminium hexachloroantimonaf€BAHA) as a dopant. As an emitter, we used
tris(8-hydroxyquinoling aluminum (Alq). With a 650-nm-thick DHTL, the device showed
considerable reduction in cell resistance compared with an anode/nondoped HTL/Alg/cathode
device with the same HTL thickness. Although the electroluminescent quantum effidignayas
rather low in the doped device, we should be able to increase it by interposing a thin
tetraphenylbendidindTPB) layer between the DHTL and the emitter layer while keeping the
driving voltage low. The anode/DHTL650 nm/TPB(50 nm/Alg(50 nm/cathode showed
luminance of more than 4004 cd?rat 10.0 V and 220 mA/cfy © 1998 American Institute of
Physics[S0003-695098)03317-9

In recent typical organic light emitting diodé®LEDs),  hole transporting polycarbonate polym@&C-TPB-DEQG as
the total thickness of organic layers was restricted to lesa HTL and trig4-bromophenybaminium hexachloroanti-
than 150 nnt. Although such an ultrathin film enabled us to monate, TBAHA'®Y as a dopantFig. 1), because it is well
inject and transport sufficient charge carriers with low driv-established that TBAHA plays a useful role as a one-electron
ing voltage(less than 10 V, pinholes based on the ultrathin oxidizing agent for polyvinylcarbazole§?VC2).181° The
films and resulting instability of the device performance areprevious reports stimulated us to use this dopant molecule.
serious problems for practical device application. Several atThe combination of PC-TPB-DEG and TBAHA allowed us
tempts on this problem have shown that the use of conducte construct thick devices and ensured there was no phase
ing polymers and low molecular materials as buffer layersseparation like the LEC.
between an anode and a hole transport lgy#fL) could Figures 1 and 2 show chemical structures and the two
suppress leakage currents effectively. Yasgal? and DOLED device structures used in this study, respectively.
Antoniadis et al®>* successfully used doped polyaniline PC-TPB-DEG was prepared according to Ref. 20. TBAHA
(PANI) and Shirotaet al® used starburst polyamines as the was purchased from Aldrich Co. Ltd. and was used without
buffer layer. Excellent coverage of pinholes with these buffeffurther purification. After plasma washiri@amco Int. Inc.,
materials is thought to suppress noisy leakage currents. Monglodel BP-1) on an ITO-film-coated glass substrate, a thick
recently, Antoniadis reported on doped tetraphenylbendidin@HTL was prepared on the ITO by spin coating from a so-
(TPB) as the effective buffer layér. lution containing 50 mg of PC-TPB-DEG and TBAHA
Our approach to this problem is the construction of(g.1, 1, 10, 20 wt % against PC-TPB-DEG conjeint1 ml
thicker organic layers than those used at present. Howevegs dichloromethane. The spinning rate was 1000 rpm. The
the use of 500-nm-thick organic layers, for example, norhjcknesses of the spin-coating films were typically 650 nm.
mally requires a very high driving voltag@ver 100 Vj,
which easily leads to breakdown by electric discharge. One
of the previous successful attempts to make thick devices i O_Q Q
the light emitting electrochemical ce{LEC) proposed by \ . .
Pei et al.”~'° They demonstrated 1Bm-thick devices by @ @ O b Q Q
mixing electroconducting and ion-conducting polymé¥sn OC%OCHZCHZ 2 oc
this device, the phase separation of the two polymers is a

significant problem and various efforts to form a bicontinu- PC-TPB-DEG
ous network morphology were attempted. Br

In this letter, we report a doped organic light emitting @ Q @
diode (DOLED) having a thick doped hole transport layer +
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(DHTL). The DHTL was chemically doped with an acceptor /©/
molecule, although electrochemical doping was perforimed Br

situ by applying a driving voltage in the LEC. We used the TBAHA TPB

FIG. 1. Molecular structures used in this study, PC-TPB-DEG, TBAHA and
¥Electronic mail: adachic@giptc.shinshu-u.ac.jp TPB.
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FIG. 2. Two structures of doped organic light emitting dig@®©LED). (a) g 10
Basic cell structure(b) improved cell structure. A thin TPB layer was T {owts
inserted between PC-TPB-DEG and Alg. 1L
The films were then heated at 80 °Q fbh in air toevapo- o1 ‘

rate residual solvent. Trig8-hydroxyquinoling aluminum 0.1 1 10 100 1000
(50 nm as an emitter material, and a Mg—Ag cathqdé0

nm) were vacuum deposited onto the polymer film at pres-
sures around 810 © Torr. The active area of the devices F!G. 3. (8 Current—density—voltage characteristids-¥) of ITO/PC-TPB-

was 2X 2 mne. For comparison. we also fabricated a devi DEG: TBAHA/Alg/MgAg devices with various dopant concentrations: 0O,
as ’ ,0 co pa.so » We alSo labricated a ae CeO.l, 1, 10, and 20 wt %(b) Luminance—current density characteristics
of the same thickness without TBAHA. Furthermore, we (__j) of ITO/PC-TPB-DEG: TBAHA/AIG/MgAg devices with various
fabricated an improved device, in which a thin TPB layerdopant concentrations: 0, 0.1, 1, 10, and 20 wt %.
was interposed between the DHTL and Alg layers.
Figure 3a) shows the current density—voltagd—V) . -
characteristics of ITO/PC-TPB-DEG:TBAHAG50 nm/ from the Alg layer caused imbalance of hole/electron injec-

Alg(50 nm/MgAg devices with various TBAHA doping Eon ﬁg%t?ggpgg‘g'?rgm'cf rleosulteg |2rz)lovtvoEIL efﬂcr:egcy.
concentrationg0, 0.1, 1, 10, and 20 wt %In the case of —ach T~ IFb- ) A1, 10, an wt %layer ha
nondoped device, it was really difficult to observe a Iargeabsorpt_lon basgd ona charge transfer complex at around 485
injection current, even though a high driving voltage of over™M- ThiS Species can receive an energy transfer from Alg
30 V was applied. On the other hand, the doped device§XCitons. which leads to exciton quenching. Figure) 4
showed a pronounced injection current depending on th&learly shows the effect of inserting a thin TPB _Iayer. DHTL
TBAHA concentrations. At the doping level of 20 wt %, in (10 Wt%/Alq (@) and DHTL/TPB/AIq (b) devices were
particular, we could achieve a high current density exceedin%ompared- Thé —J characteristics show that, , increased
244 mA/cn? under an applied voltage of only 7.0 V. This PY @ factor of 3.4 with the TPB insertion and the brightness
J-V relation was the same as that for a device composed dgached 4004 cd/rat 10.0 V and 220 mA/cfh Thus, it is
the typical thin organic layers: anode/T@B nm)/Alq(70 possible that the inserted TPB layer caused the radiative de-
nm)/cathode. Figure ®) shows luminance—current density cay Of excitons inside the Alg and blocked electrons effec-
(L-J) characteristics of the four devices. The devices dopedVely. With our present experimental results, however, it is
with 0.1 and 1 wt % of TBAHA showed similar electrolumi- hard to clarify which processes operate as a dominant factor
nescent(EL) efficiencies®, , and these values were compa- for getting high EL efficiency and we need more detailed
rable with®, , of the typical thin film device, 1%—-2%:2>  experimental consideration. With the TPB insertion, the in-
The devices with the TBAHA concentration of 10 and 20 crease in driving voltage was not seriously high, as shown in
Wt %, however, showed rather low efficiency. Thus, theFig. 4(b), which is desirable. AU=100 mA/cnt, the in-
compatibility of low driving voltage and higt, , should be crease of driving voltage in this devi¢le) was only 1.0 V in
developed. comparison with that in the devid@). Thus, we succeeded
Next, we tried to interpose a thin TPB layé0 nm  in combining both a low driving voltage and high luminance
between the DHTL and Alqg laydiFig. 2(b)], because we with the three layer structure.
thought that serious exciton energy transfer from Alg to  Here, we consider the role of the TBAHA dopant. In the
DHTL could be responsible for quenching the Alq fluores-first place, the increase in carrier concentration under thermal

cence. Also, we supposed that electron injection into DHTLequilibrium in the DHTL is possible reason for the reduction
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5000 ' layer by inserting a thick ETL. We believed that the feasi-
bility of thick layers will open up novel possibilities of or-
4000 : / 1 ganic LEDs.
g In conclusion, we fabricated DOLED having DHTL.
< 3000 With the 650-nm-thick DHTL, we could combine both a low
(o]
g driving voltage and high_. Excellent performance of the
£ 2000 thick OLED was attributed to the thick DHTL layer as a hole
3 .. . . . .
= @ injection and transport layer and also the insertion of a thin
1000 |- TPB layer as an exciton blocking layer and electron blocking
layer.
0 i .
0 50 100 150 200 250 The 'authors thank M. OhtéRicoh Co..Ltd.) for the
Gurrent density /mA/em? preparation of PC-TPB-DEG and K. Nagai for themea-
surement.
250 T
& 200 [ /
L
< (a)
g 150 - i -
2 1See, for examplenorganic and Organic Electroluminescence/EL96 Ber-
% 100 (®) lin, edited by R. H. Mauch and H.-E. GumligkVissenschaft und Tech-
bt ! nik, Berlin, 1996.
@ b v : 1 2Y. Yang and A. J. Heeger, Appl. Phys. LeBi, 1245(1994).
g 50 ! 3H. Antoniadis, M. R. Hueschen, J. McElvain, J. N. Miller, R. L. Moon, D.
B. Roitman, and J. R. Sheets, Am. Chem. Soc. Polym. P&§r382
or i (1997.
v : 4J. R. Sheets, H. Antoniadis, M. R. Hueschen, W. Leonard, J. Miller, R.
0 ‘2 "‘ é é 0 12 Moon, D. Roitman, and A. Stocking, Scien2&3 884 (1996.
Vol N 5Y. Shirota, Y. Kuwabara, and H. Inada, Appl. Phys. Lé8, 807 (1994.
oltage 6See, for example, Proceedings of Conference for Electronic Materials in
FIG. 4. (@) Current—density—voltage characteristick-{/). (a) ITO/PC- San_ta B?arbara_, CA, 1996, and_Photomduce_d Charge Transfer Center Sym-
TPB-DEG: TBAHA (10 wt %)/Alg/MgAg, (b) ITO/PC-TPB-DEG: TBAHA 7posmr_n. Materials for Electronics and Imaging in Roches_ter, NY, 1997.
(10 Wt %/TPB/Alg/MgAg. (b) Luminance-current density characteristics Q- Pei. G. Yu, C. Zhang, Y. Yang, and A. J. Heeger, Scie2& 1086
(L-J). (@) ITO/PC-TPB-DEG: TBAHA(10 wt %)/Alg/MgAg. (b) ITO/PC- (1995.
TPB-DEG:TBAHA (10 wt %)/TPB/Alg/MgAg. 8Q. Pei, Y. Yang, G. Yu, C. Zhang, and A. J. Heeger, J. Am. Chem. Soc.

118 3922(1996.

. . . 1618 . . °Y. Yang and Q. Pei, Appl. Phys. Le®8, 2708(1998.
in cell resistivity:>"" Thus, improved carrier transport prop- 14 pej and v. Yang, J. Am. Chem. Sdcl§ 7416(1996.

erties are anticipated to contribute to the reduced operatingy. cimrova, W. Schmidt, R. Rulkens, M. Schulze, W. Meyer, and D.
voltage. Second, we can also expect a reduction in hole in-Neher, Adv. Mater8, 585 (1996.

jection barrier height at the anode/DHTL interface. To un-"Y. Cao, G. Yu, A. J. Heeger, and C. Y. Yang, Appl. Phys. L6g.3218
derstand the role of the TBAHA dopant, we measured the,19%:

ionization potential [,)?* of DHTLs. Thel, values of 10 14$' %gﬁbi'nzuéagiip\j J'ApH,je%i;spipglégF;h(ﬁgl;)m 1292159

wt % and even 20 wt % was 5.48 eV, the same as that ofy yang and o. Pei. Appl. Phys. Le@O, 1926(1997.

nondoped HTL. It seems likely, however, that the carriersy, yamamoto, S. Kanda, S. Kusabayashi, T. Nogaito, K. Ito, and H.
injection from anode to DHTL occurs through the localized Mikawa, Bull. Chem. Soc. Jprg8, 2015(1965.

levels created by the TBAHA dopant. To understand the de®’F. A. Bell, A. Ledwith, and D. C. Scherrington, J. Chem. S@c, 2719
tailed operating mechanism of the DOLED, we need fine (1969

. . 18H. Block, M. A. Cowd, and S. M. Walker, Polymds8, 781 (1977).
measuremgnts df, values, carrier concentrations, and Carlio' 1 partri dge. Polyme24, 733 (1983.
rier mobilities.

. 20\, Mychajlowskij, G. Liebermann, W. W. Limburg, J. F. Yanus, and D.
For further development, we are now studying the use of k. murti, U.S. Patent No. 5,419,998ay 30, 1995.

other host and dopant materials for the DHTL and the for#C. w. Tang and S. A. VanSlyke, Appl. Phys. Leifl, 913(1987.

mation of thick electron transport layef&€TL) with ad-  #S. A. VanSlyke, C. H. Chen, and C. W. Tang, Appl. Phys. L&%.2160
equate dopants. In addition, the formation of thick organio”l%r?iiiiion otentials were determined using a Riken-Keiki AC-1
layers s also expected _fQI’ making organic laser diOd?%‘c. Adachi,pT. Tsutsui, and S. Saito, Appl. ghys. L&, 531(1990..
(OLDs).** The most promising recent structure for a practi- F, Hide, M. A. Diaz-Garcia, B. J. Schwartz, M. R. Andersson, P. Pei, and
cal OLD is a waveguide typ® 2°In this structure, indium— A J. Heeger, Scienca73 1833(1996.

tin—oxide (ITO) hole injection anode and a magnesium- or?®m. A. Diaz-Garcia, F. Hide, B. J. Schwartz, M. D. McGehee, M. R.
aluminum-based metal electron injection cathode suppressAndersson, and A. J. Heeger, Appl. Phys. L&0, 3191(1997.

the waveguiding of photons, resulting in a high laser thresh>'N- D- Kumar, J. D. Bhawalkar, P. N. Prasad, F. E. Karaz, and B. Hu,
old. The formation of thick carrier transport layers betweenzgcppel' ESZEVL?/R.:;IOQ\?E(]I;QQIED ‘Burrows, and S. R. Forrest, Natdon-

an electrode and a waveguiding emitter layer is expected tod('m) 389 362’(1'997)_ T ’ o '

reduce the laser threshold and is unavoidable.particular, 2o Hide, B. J. Schwartz, M. A. Diaz-Garcia, and A. J. Heeger, Chem.

it is necessary to separate the metal cathode and the emittePhys. Lett.256, 424 (1996.

Downloaded 06 Apr 2011 to 133.5.128.1. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



