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Abstract: We report the conjugated polymer P(iBu-CBP) as a host with high triplet energy (Er 2.53 eV)
and suitable HOMO (5.3 eV) and LUMO (2.04 eV) energy levels. Upon doping with green and red emission
Ir-complexes, it gives devices with high luminous and external quantum efficiencies for green emission
(23.7 cd/A, 6.57%) and for red emission (5.1 cd/A, 4.23%), respectively, and low turn-on voltage (3 V). For
both devices, the efficiencies are higher than those of the corresponding devices with the same backbone
P(3,6-Cz) as a host by a factor of 4, even though the latter has an Er (2.6 eV) slightly higher than that of
the former. The results reflect that, in phosphorescent devices, the difference in Er between the host and
guest is not the only factor that determines the device efficiency, and the present side group modification
via the 9 position of carbazole also plays an important role, which allows a tuning of HOMO and LUMO
levels to provide more balance in electron and hole fluxes and provides prevention from formation of excimer.

Introduction ability of high Er polymers (at least higher than tkg of the
green guest 2.4 eV for an Ir-comple®)Recently a polycar-
bazole (P(3,6-Cz)) with an interconnection of carbazole units
in 3,6 positions was reported as a potential candidate for a host

from a quantum-chemical stu#y“c and found experimentalty

Doping heavy metal complexege.g., Ir and Pt complexes)
into host materials in an organic light emitting diode for
obtaining high external quantum efficiency has attracted great

a.ttention, oyving to 'Fheir efficient intersystem crqssing from to give a high efficiency green device (16 cd/A) when doped
singlet to triplet excited states followed by relaxing through_ with a green emitting Ir-complex. This polymer possesses high
phosphorescence. Thus, an electrophosphorescent (EP) deV|c%T (2.6 eV) and suitable highest occupied molecular orbital

allowing us to harvest both singlet and triplet excitons, is an (HOMO, 5.25 eV) and lowest unoccupied molecular orbital
efficient approach over a purely fluorescent device where only (LUMO, 2.05 eV) levels allowing ease of charge injections
singlet exciton provides a radiative pathway. For an efficient relative to the anode poly-(3,4-ethylenedioxythiophene):poly-
device, the host matrix should fulfill energy-level matching with (styrenesulfonate) (denoted as PEDOT:PSS for simplicity) and
neighboring layers or electrodes for efficient charge injections cathode (Ba/Al). However, it has drawbacks: imbalanced charge
and with the guest for effective energy transfer of singlet g, odaanq formation of a lower energy emission band, which
excitons and for efficient triplet confinement at the géest was claimed as an excimer emissksfhe formation of excimer

(reqqiring a higher trip.le.t energr tha',] that' of the gqest). usually lowers the photoluminescence quantum efficiency
Studies on a high efficiency EP device with a conjugated (PLQE) resulting in a lowering rate constant for thérster

polymer as a host in re_d emission have been extesdiue,n _ energy transfef.
greerf? and blue emissions they are scarce due to the unavail-
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Here, we report the conjugated polymetBR(-CBP) (Scheme  substituted fluorene (compourd), on the main chain to give
4) for use as a host which possesses High(2.53 eV) and the alternating copolymers Bu-CBPFP) and P{Bu-CBFF)
suitable HOMO (5.3 eV) and LUMO (2.04 eV) energy levels. (Scheme 5), do not promote, in fact decrease, the levels of
Upon dopmg with green and red emission |r.c0|‘np|exesl it gi\/es and therefore lower the device effiCiency due to back energy
devices with high luminous and external quantum efficiencies transfer oftr.
for green emissionf max = 23.7 cd/A,Qext = 6.57%) and for Experimental Section
red emission imax = 5.1 Cd/A, Qext = 4'23_%)’ respec_tl\_/ely,. Synthesis of Monomers and PolymersThe synthetic routes for
and low turn-on voltage (3 V). For both devices, the efficiencies ihe intermediates of monomers, monomers, and polymers used are
are higher than those of the corresponding devices with P(3,6-described in Schemes-5. The preparations of polymers P(3,6-Cz)
Cz) as the host by a factor of 4, even though the latter has anand P{Bu-CBP) were conducted using the Yamamoto coupling reaction.
Er (2.6 eV) slightly higher than that of the former. Evidently, P({Bu-CBR) and P{(Bu-CBFF) were prepared by the Suzuki coupling
the device efficiency of the phosphorescent emission is not reaction. The detai_led s_ynthetic procgdures for t_he monomers and
solely dependent on the differencekn between the host and polymers are described in the Supporting Information (SI).

. . . Instrumentation. Ultraviolet—visible (UV—vis), photoluminescence
guest, and the side group intB¢-CBP) also plays an important  p| ) photoexcitation (PLE), electroluminescence (EL), phosphores-

role. Incorporations of the comonomers with higkgrvalues, cence, ultraviolet photoemission spectra (UPS), scanning probe mi-
dialkoxy substituted phenylene (compoud@) and dialkyl croscopy, gel permeation chromatography (GPC), scanning probe
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High Triplet Energy Polymer as Host ARTICLES

Scheme 4. Synthetic Route for the Polymers P(tBu-CBP) and P(3,6-Cz)
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Scheme 5. Synthetic Route for the Copolymers P(tBu-CBPF) and P(Bu-CBPP)
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(a) P(tBu-CBP) (b) P(tBu-CBPP)

(c) P(3,6-C2) (d) P(tBu-CBPF)
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Figure 1. UV—vis (d) and prompt fluorescence (PR ) at room temperature, and delay luminescent (DL) with delay time of 5 ms after photoexcitation
(®) spectra 84 K of P¢Bu-CBP), P(3,6-Cz), PBu-CBFP), and P{Bu-CBFF) thin solid films.

Table 1. Triplet Energy, HOMO and LUMO Levels, PLQE, and

microscopy (SPM), film thickness monitor and power supplies and Hole Injection Barrier of the Polymers

luminance meter for measurements of device performance are also

described in detail in the SI. _ _holg
Device Fabrication and Characterization.An indium—tin oxide c HOMO LUMO pLOE "k‘)lsrcrtzg

(ITO) glass was exposed on oxygen plasma at a power of 50 W and a polymer (e\;) @) ) ) )

pressure of 200 mTorr for 5 min. A thin layer (15 nm) of poly(styrene

sulfonic acid)-doped poly(ethylenedioxythiophene) (Baytron P CH 8000 Eggﬂ:ggg) 22353 55;13 22-20 6240 00;13

from Bayer, its conductivity is 10 S/cm) was spin-coated on the P(Bu-CBFF) 208 53 55 81 0.3

treated ITO as a hole injection layer. Polymer solutions of P(3,6-Cz) P(3,6-Cz) 26 50 18 3 0.0

and P{Bu-CBP) in chlorobenzene (20 mg/mL) were filtered through a
5 um filter and then spin-coated on top of the PEDOT:PSS layer. The  2The difference in HOMO levels between the polymer and PEDOT:
1,3,5-tris(2-henylbenzimidazolyl)benzene (TPBI) layer (30 nm), which PSS (5.0 eV), which are measured by ultraviolet photoelectron spectroscopy.
was used as a hole/exciton blocking layewas grown by thermal

evaporation in a vacuum of 2 107 Torr. Finally, a thin layer of CsF )
(about 2 nm) covered with a layer of aluminum for a bipolar device ©f 77-electrons along the polymer backbone. For the absorption

was deposited in a vacuum thermal evaporator through a shadow mastspectra of the alternating copolymerstB(-CBFP) and P{Bu-
at a vacuum of 2« 107 Torr. The active area of the device was about CBPF), the two higher energy peaks remain unchanged but the
10 mnt. The bipolar device structure was ITO/PEDOT:PSS (15 nm)/ lower energy peaks at 337 and 344 nm show red shifts by 3
Polymer or doped polymer (80 nm)/TPBI (30 nm)/CsF (2 nm)/Al. The and 9 nm, respectively, as compared to that dBER{CBP).
fabrication of a single carrier device was similar to that of the bipolar Eqf P(3,6-Cz), it shows a totally different shape of absorption
ﬁe?llcg, but the dde""?e S"UCt“reOS/ wer%d!ffesrgnt. The S/"“‘l:t“re of tzr;)e spectrum as compared to the CBP-based polymers; its absorption
ole dominating device was ITO/PEDOT:PSS (15 nm)/Polymer (120 ooy ot 255 and 320 nm are the same as those with difference

nm)/Au and that of the electron dominating device was ITO/Ca (50 . 50,8 L o .

alkyl substituent§-5>8and similar to the characteristic absorption
nm)/polymer (120 nm)/Ca (3 nm)/Al. .

peaks of carbazole dimer rather than those of a carbazole
Results and Discussion monomea.c-d

A. Energy Levels Determinations (Singlet, Triplet, HOMO, _The emission peaks (PF in Figure 1) are observed at 4_16 nm
and LUMO). The chemical structures for the CBP-based With @ shoulder at 400 nm for #%u-CBP) and at 430 nm with
polymers, PBu-CBP), P(Bu-CBFP) and P{Bu-CBFF), and a shoulder at 400 nm and a low-energy band centered at about
P(3,6-Cz) are shown in Schemes 4 and 5, and their optical 925 Nm for P(3,6-Cz). fBu-CBFP) exhibits a peak maximum
spectra (UV-vis, prompt fluorescence (PF), and delay lumi- &t 403 nm, and RBu-CBFF) exhibits maxima at 403 and 423
nescence (DL) spectra) are shown in Figure 1. The homopoly- "M With a shoulder at 450 nm. The corresponding PLQE of
mer P(Bu-CBP) exhibits absorption peaks at 238, 300, and 334 those polymers are shown in Table 1 and that 4BE{CBP)
nm, which are similar to those of its repeat unit resemblance (20%) is higher than that of P(3,6-Cz) (3%) due to the absence
(tBu-CBP) and monomertBu-CBP-Br) (Figure S2) (whose  ©Of excimer emissiohin the former as evidenced by the lack of
chemical structures are referred to compout@sand 9 in (8) () Romero, D. B.: Schaer, M.; Leclerc, M- Ades, D - Siove, A Zuppiroli
Scheme 3, respectively), but its absorption onset shows a red " L.’Synth. Met1996 80, 271-277. (b) Huang, J.; Niu, Y.; Yang, W.; Mo,
shift by 16 nm as compared to the latter’s due to a delocalization éf; é"s";‘r”du"é'l-(?aﬁg’ojTgﬂggg’lgo\'f:cgfigﬂifi ’Ggi’%}?gr?rizé éﬁ;ggmﬁv
Chem. Phys2003 204, 1706-1712. (d) Ostrauskaite, J.; Strohriegl, P.

(7) Adamovich, V. I.; Cordero, S. R.; Djurovich, P. I.; Tamayo, A.; Thompson, Macromol. Chem. Phy2003 204 1713-1718. (e) Iraqi, A.; Wataru, I.
M. E.; D’Andrade, B. W.; Forrest, S. FOrg. Electron.2003 4, 77—87. J. Polym. Sci., Part A: Polym. Cherf004 42, 6041-6051.
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lower-energy emission baneé-625 nm) as to be discussed later
in this section. Both the alternating copolymersBe¢CBFP)

and P{Bu-CBHFF), have a significant enhancement in PLQE of
64 and 81%, respectively. The delay luminescence (DL) (or
phosphorescence} 4 K as shown in Figure 1 is utilized to
determine theEr of the polymers, in which the first vibronic
transition (T"=° — =9 of the phosphorescence is assigned
asEr.*2TheEr of PBu-CBP) (2.53 eV, 490 nm) is only slightly
lower than that of P(3,6-Cz) (2.6 eV, 478 nm) due to the side
group modification. However, upon incorporation of the comono-
mers, dialkyl substituted fluorene (compouhtj and dialkoxy
substituted phenylene (compoub®), to yield the copolymers,
P(Bu-CBFF) and P{Bu-CBFP), the Er’s drop significantly to
2.28 eV (545 nm) and 2.3 eV (540 nm), respectively (Figure 1
and Table 1).

The HOMO levels of the polymers are determined from the
cyclic voltammetry measurements (experimental detail and
results are given in Sl section 3) and listed in Table 1; no
reduction waves were observed down to abelit2 V, and all

the neighboring carbazole unit (as illustrated in Figure 2a). This
explains why theEr remains constant from a carbazole dimer
2.75 eV to a carbazole trimer 2.74 eV. For the mixed carbazole/
fluorene compounds, for example, carbazole-fluorene-carbazole
linked via the 3,6 position of carbazole and the para position
of fluorene (as illustrated in Figure 2b), the conjugation length
extends tg-quaterphenyl by covering the inserted fluorene unit,
and thusEr decreases to 2.38 eV.

The same behavior of variation Bf with chemical structure
was held well in the poly(3,6-carbazole) derivativa&’Here,
the triplet exciton of RBu-CBP) can also be deduced from the
above discussions and expected to be predominantly delocalized
over the biphenyl unit across neighboring carbazole units as
illustrated in Figure 2c. For FBu-CBFP) and P{Bu-CBFF),
the triplet exciton can be expected to delocalize over the
p-terphenyl ang-quaterphenyl units as illustrated in Figure 2c
and b, respectively. Hence, an increageelectron delocaliza-
tion in these copolymers, #u-CBFP) and P{Bu-CBFF),
occurs as reflected in decreases of absorption and emission

polymers showed irreversible oxidative behavior. The energy (especially for phosphorescence) energies as comparetBio- P(

level of LUMO was deduced from the onset of the Yuis
spectrum and HOMO level (Table 1). The HOMO level of
P(Bu-CBP) 5.3 eV is lower than that of P(3,6-Cz) (5.0 eV).
However, the HOMO levels of Fu-CBFP) (5.4 eV) and
P(Bu-CBFF) (5.3 eV) are close to that of u-CBP). The

CBP). Consequently, to maintain high of conjugated polymer,
the conjugation length of polymer should be carefully controlled.
Dijken et al*@ found that, for maintaining higler (2.56-2.6
eV), incorporation of a comonomer (e.g., oxadiazole or fluorene)
into the carbazole main chain should only limit meta position

resulting hole injection barriers for these CBP- and Cz-based coupling. Here, the higtEr of the conjugated polymer is

polymers at the interfaces with PEDOT:PSS are significantly
improved relative to those of the mostly investigated polymer
hosts PFOs/PEDOT:PSS (8:6.8 eVf3a< and PVKs/PEDOT:
PSS (1 eVYy and thus can lead to low operating voltage and
high device power efficiency.
B. Variations in Energy Levels of Singlet/Triplet and

HOMO/LUMO with Molecular Structures. The conjugation
lengths of carbazole derivativi&4°coupling via its 3,6 positions

favorably obtained by the direct modification of a side group.
The HOMO levels of the present CBP-based polymers are
close to each other; in other words, the copolymerization hardly
affects the HOMO levels (Table 1). FortB(-CBP), the side
group acts as an inductive acceptor, leading to substantial
lowering of the HOMO (as well as LUMO) with respect to
P(3,6-Cz) by about 0.3 eV (0.2 eV). The reasons are as follows.
First, for small molecules, an aryl substituent at the 9 position

have been |nvest|ga‘ted based on the Studles for 0||gophen_0f Carbazole WaS found to IOWer theHOMO |eVe| relative to
ylenes!! in which thez-electron delocalizations are extended the alkyl substituent, but only to a slight extent by about 0.1
along the longest molecular axis fgaralinkage with Er eV.1%Second, the additional carbazole group attached on the

decreasing with the number of phenyls and interrupted at the Side group of RBu-CBP) can also enhance the inductive effect

meta-linkage. For example, tHer of biphenyl (2.84 eV) is
higher than that ofp-terphenyl (2.55 eV), and th&r of
m-terphenyl (2.81 eV) is close to that of biphenyl because its
conjugation is interrupted on the meta position for which the
triplet state is localized at every composing biphenyl structure.
In this respect, Brunner et #l2found that theEr of a carbazole
dimer, linked via the 3,6 position, reduces from a monomer
3.05 eV to a dimer 2.75 eV and is close to that of biphenyl
2.84 eV. This indicates not only that in a carbazole dimer the
triplet exciton is more delocalized in the carbazole dimer than
in the carbazole monomer but also that the triplet exciton is

as in the case of tris(4-f8carbazol-9-yl)phenyl)amine (TCB),
in which the incorporation of Cz on the three phenyl ring leads
to a lowering in the HOMO and LUMO levels of triphenylamine
(TPA) by 0.14 and 0.6 eV, respective®y.This ensures the
HOMO levels of CBP-based polymers are lower than or
comparable to those of most reported Ir-compleies2o.12
leading to the idea that Ir-complexes can act as a trap for hole
carriers to promote efficient charge trapping.

C. Absence of Excimer Emission in RBu-CBP) Contrary
to P(3,6-Cz).Figure 3 shows UV-vis, PL, and PLE spectra of
P(3,6-Cz) and RBu-CBP) in solutions and as thin solid films.

predominantly delocalized over the bipheny! structure across For P(3,6-Cz) thin solid film, the low-energy emission band

(9) (a) Yang, X.; Neher, D.; Hertel, D.; Daubler, T. Kdv. Mater.2004 16,
161-166. (b) Kawamura, Y.; Yanagida, S.; Forrest, SJRAppl. Phys.
2002 92, 87—93. (c) Lamansky, S.; Djurovich, P. I.; Abdel-Razzaq, F.;
Garon, S.; Murphy, D. L.; Thompson, M. E. Appl. Phys2002 92, 1570~
1575.

(10) (a) Brunner, K.; Dijken, A. v.; Baer, H.; Bastiaansen, J. J. A. M.; Kiggen,
N. M. M.; Langeveld B. M. W.J. Am. Chem. So2004 126, 6035-6042.
(b) Rothe, C.; Brunner, K.; Bach, I.; Heun, S.; Monkman, AJPChem.
Phys 2005 122, 84706-1~84706-6.

(11) (a) Brike, J. B.Photophysics of Aromatic Compound®hn Wiley &
Sons: New York, 1970. (b) Higuchi, J.; Hayashi, K.; Yagi, M.; Kondo, H.
J. Phys. Chem. 2002 106, 8609-8618. (c) Higuchi, J.; Hayashi, K.;
Seki, K.; Yagi, M.; Ishizu, K.; Kohno, M.; Ibuki, E.; Tajima, Kl. Phys.
Chem. A2001, 105, 6084-6091.

(LEEB) centered at about 525 nm (Figures 1b and 3c) can be
contributed from either an excimer or aggregates. An excimer
is an emitting species that forms from a dimer of two molecules

(12) (a) Lo, S. C.; Namdas, E. B.; Burn, P. L.; Samuel, |. D.Méicromolecules
2003 36, 9721-9730. (b) Thomas, K. R. J.; Velusamy, M.; Lin, J. T.;
Chien, C. H.; Tao, Y. T.; Wen, Y. S.; Hu, Y. H.; Chou, P.Iforg. Chem.
2005 44, 56775685 (c) Sajoto, T.; Djurovich, P. I.; Tamayo, A,;
Yousufuddin, M.; Bau, R.; Thompsom, M. Fror. Chem 2005 44, 7992
8003 (d) Huang, Y. T.; Chuang, T. H.; Shu, Y. L.; Kuo, Y. C.; Wu, P. L.;
Yang, C. H.; Sun, I. WOrganometallic2005 24, 6230-6238. (e) Holmes.

R. J.; Forrest, S. R.; Sajoto, T.; Tamayo, A.; Djurovich, P. |.; Thompsom,
M. E.; Brooks, J.; Tung, Y. J.; D’Andrade, B. W.; Weaver, M. S. et al.
Appl. Phys. Lett2005 87, 243507-243507-3.
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tB tBu

(c) (d)

Figure 2. Chemical structures of conjugated units in the four polymers investigated in this study. The dashed line indicated the presence of oligo(para-
phenylene) in the polymer backbone.

of the same kind, one of which being in the excited state; it by 3 nm (Figure 3b). Thus, there is no excimer or aggregate
exists only at the excited state but is dissociative in the ground emitting species in PBuU-CBP) in solutions or as solid film.
state. In contrast, an aggregate involves intermolecular interac-For P(3,6-Cz), the PL spectra of its solutions do not vary with
tion between two or more lumophores in the ground state by concentration in the range 1074 to 5 mg/mL, but the PL
extending the delocalization afelectrons over these conjugated  spectrum of its spin-coated film shows a red shiff.igs by 6
segments. According to the method of characterization for nm and an additional LEEB centered at about 525 nm (Figure

aggregates in conjugated polymers used in our previous publica-3¢)  This indicates that new emission species (excimer or

tions}® the LEEBs of P(3,6-Cz) are contributed from excimer aggregates) form in P(3,6-Cz) thin solid film.

rather than aggregates as to be revealed below. . L . -
For P(Bu-CBP), the PL spectra of its solutions do not vary T thé new emission species is aggregates, a new “red shift

with concentration in the range 6 104 to 5 mg/mL, and the and “structureless” aggregate emission should appear in the PL

PL spectrum of its spin-coated film is similar to that at the SPectrum relative to the emission from the solutions at an

solution state except for a red shift in emission maximuag,| excitation wavelength around the absorption edge, and a PLE
spectrum monitored at the LEEB (56650 nm here) should
(13) (a) Peng, K. Y.; Chen S. A,; Fann, W. 5.Am. Chem. So2001, 123 ; i i g
11388.11367. (b) Peng. K. ¥.: Chen. S. A Fanm, W. S.. Chen. S. H.: Su, show a relauvel_y elevated luminescence mtt_ansﬂy in the longer
A. C. J. Phys. Chem. B005 109, 9368-9373. wavelength regionX430 nm) over that monitored at 430 nm

8554 J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006



High Triplet Energy Polymer as Host ARTICLES

16, @ (b)
—— P(tBu-CBP) - 5 x10° mgimL 101 P(tBu-CBP)
—=— P(tBu-CBP) - film , 5 mg/mL
1.2+ -3 0.8 -1
—_ ——P(3,6-Cz)-5x10" mg/mL ol 5x10
5 —&— P(3,6-Cz) - film 08 \n. 5x10°2
e 8 . 5x10°
-~ 0.4 11 \ 5x104
2 I BL = Film
5 0.4- 02] / \
c | ‘\-.u.‘..._
/
3 0.0 4 —
0.0
5 10] @ . P(36-C2) 14{ (d) P(3,6-Cz) film
Q —5 /mL —a—Em at 430 nm (PLE)
N 1 rr? m 1.2 —a—Em at 470 nm (PLE)
“© 0.8 | 5x10° ; +—Em at 500 nm (PLE)
| -2 1.04 —4—Em at 525 nm (PLE)
E 1 } |t 5x10 | A 4 Em at 550 nm (PLE)
| +—Em at 600 nm (PLE)
zO 0.6 L 5x103 0.8 \' \ Em at 650 nm (PLE)
<4 ‘ & 4
0.4 \ 5x104 0.64 A %‘ “— Exc at 320 nm (PL)
' +— Film ] 3 —&—Exc at 350 nm (PL)
1 —=— Exc at 360 nm (PL)
0'4__ ! PLE 4 ,r PLY o B at 370nm(PD)
0.21 0.2 ; al 4 Exc at 380 nm (PL)
1 H; =7 "
.‘“ )
0.0- 00l o ‘i s

200 300 400 500 600 'm'o 200 300 400 500 B.I:IU 700
Wavelength (nm)

Figure 3. (a) UV—vis spectra of P(3,6-Cz) andtB(@-CBP) solutions (5« 10~ mg/mL) in chlorobenzene and as thin solid film, (b) PL spectra ¢B&Y

CBP) solutions at various concentrationsX5L0~4 to 5 mg/mL) and as thin solid film, (c) PL spectra of P(3,6-Cz) solutions at various concentrations (5
x 107 to 5 mg/mL) and as thin solid film, (d) PLE spectra of P(3,6-Cz) thin solid film monitored at various emission wavelength65@30n) and PL
spectra of P(3,6-Cz) thin solid film excited at various excitation wavelengths{320 nm). The arrows in the PL spectra (b and c) indicate the excitation
wavelength.
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Figure 4. Electroluminescence spectra of P(3,6-Ce) &nd P{Bu-CBP) doped with Ir-complexes: 0 wt % dopam)(5 wt % Ir-R @), and 8 wt % Ir-G
(a). The bipolar device structure is ITO/PEDOT:PSS (15 nm)/polymer or polymer:dopant (80 nm)/TPBI (30 nm)/CsF (2 nm)/Al. The band diagram is
included on the right.

because of the existence of lumophore associates, which absorlfdenoted as Ir-GEr = 2.41 eV}° and bis(1-phenyl-isoquino-
light at longer wavelengths than the monomeric lumophores linato-N,C?)iridium(acetylacetonate) (kR, Er = 2.00 eV)
dol® However, no such aggregate emissions appear as alsdt is therefore a potential host for both guests. Figure 4 shows
confirmed by the identical PLE spectra in P(3,6-Cz) thin solid electroluminescence spectra of P(3,6-Cz) atBURrCBP) doped
film (Figure 3d). Thus the LEEBs are not from aggregates but with Ir-complexes and the band diagram of materials used in
from an excimer. Consequently, we can conclude that the LEEB the bipolar device structure (ITO/PEDOT:PSS (15 nm)/polymer
in P(3,6-Cz) is an excimer emission and the side groupt@P( or doped polymer (80 nm)/TPBI (30 nm)/CsF (2 nm)/Al). The
CBP) can significantly suppress the formation of excimer. energy levels of Ir-GP Ir-R,4 TPBI,*%2 and CsF°P are taken

D. Green and Red Electrophosphorescence from the  from the literatures. The work functions of ITO and PEDOT:
Device with P¢Bu-CBP) or P(3,6-Cz) as HostP({Bu-CBP) PSS were measured by ultraviolet photoelectron spectroscopy
has anEr (2.53 eV) higher than those of the green and red ;¢ | sy, v.3; Tao, v. T.. Chou, P. T.; Chien, C. H.; Cheng, C. C.;
guests: bis(2-phenylpyridinatg;C?)iridium(acetylacetonate) Liu, R. S.Adv. Funct. Mater 2005 15, 387—395.
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Figure 5. Brightness (top), current density (middle), and efficiency (bottom) versus electric field for Ir-R doped devices (left) and for Ir-G doped devices

(right). The Ir-R doping levels (by weight) are 5%), 10% @), and 15% ¥),

and the Ir-G doping levels (by weight) are 5%)( 8% @), and 15% ¥).

Current density versus electric field fortBg-CBP) @) was put together with those for Ir-doped devices for a comparison. The unit for electric fi€ld (10

V/cm) is so taken so that, at the normal thickness of emitting layer 100 nm, the applied voltage is 1 V. The bipolar device structure is: ITO/PEDOT:PSS

(15 nm)/P{Bu-CBP) or doped RBuU-CBP) (80 nm)/TPBI (30 nm)/CsF (2 nm)/Al.

Table 2. Device Performances of Ir-G or Ir-R as a Guest and
P(Bu-CBP), P(3,6-Cz), P(Bu-CBPP), or P(Bu-CBPF) as a Host?

turn-on Bmaxb(Cd/mz) anaxb (Cd/A) max Qextb'c
host guest (V) at cd/A atVv (%)

P(Bu-CBP) S5wt%Ir-R 3.0 5590 (1.85) 5.1(4) 4.23
10wt%Ir-R 2.8 6910 (1.64) 4.8(4) 3.98
15wt%Ir-R 2.8 6450 (1.84) 4.2(4.2) 3.48
5wt%Ir-G 3.0 26560 (5.11) 21.0(4.5) 5.82
8wt%Ir-G 29 31500 (5.23) 23.7 (4.3) 6.57
10wt%Ir-G 29 28030(5.95) 19.3(4.8) 5.35

P(3,6-C2) 5wt%Ir-R 2.9 980(0.28) 1.2(4.1) 1.0

8wt%Ir-G 2.7 8160 (1.52) 5.4(4.3) 15
P{Bu-CBRFP) 5wt%Ir-R 6.0 1800 (1.3) 1.4 (15.7) 1.17
8wt%Ir-G 6.8 3400 (2.5) 2.7 (16.9) 0.75

P{Bu-CBAF) 5wt%I-R 5.4 6750 (2.0) 2.0(@17) 1.67
8wt%Ir-G 5.0 7800 (2.3) 2.6 (13.7) 0.72

2The device structure is ITO/PEDOT:PSS (15 nm)/Polymer:dopant (80 nm)/
TPBI (30 nm)/CsF (2 nm)/Al. tBu-CBP) and P(3,6-Cz) were dissolved in
chlorobenzene (20 mg/mL) andtB(-CBPP) and P{Bu-CBFF) in tetrahydro-
furan (10 mg/mL).> The data for brightnes8f.a), luminous efficiency § max),
and external quantum efficiencéx) are the maximum values of the device.
The turn-on voltage was taken at 0.2 cé8/fQex Was calculated from the total

photon number evaluated from luminance and emission spectra on the assumptio

that the spatial emission pattern from the PLEDs was Lambertian.

(UPS). The emission spectrum oftB(-CBP) has a peak at

420 nm and no lower-energy emission (which appears in P(3,6-

Cz)s and was claimed from an electronféipdicating that the

with the dopants above 5 wt % and identical to the PL spectra
of the dopants, respectively.

Table 2 lists the performances (brightness, turn-on voltage,
luminous and external quantum efficiencies) of the devices with
the Ir-complexes doped with polymers at various doping levels,
and Figure 5 shows the brightness, current density, and
efficiency versus electric field for Ir-R and Ir-G dopedBy-
CBP) devices. For BBu-CBP), the best device performances
for Ir-R (Lmax = 5.1 cd/A, correspondin@ex: = 4.23%;Bmax
= 5590 cd/mM) and Ir-G ¢Lmax = 23.7 cd/A, corresponding
Qext = 6.57%;Bmax= 31 500 cd/m) are observed at the optimal
doping levels 5 and 8 wt %, respectively, both exhibiting low
turn-on voltage €3 V) (Table 2 and Figure 5). The present
green emission device is as efficient as that with the reported
carbazole copolymer doped by an Ir-G with dendrimer-like
ligandg®2 (the most efficient green emission device with a
conjugated polymen max = 23 cd/A)*2even though the present
Ir-G seems to have a higher tendency toward phase separation,
"as evidenced in Figure 6, than this Ir-G ligand, and might lead
to an inefficient use of guest molecules and a promoted triplet
triplet annihilation'® Figure 6 shows the SPM phase-contrast
images of both polymers, 8u-CBP) and P(3,6-Cz), doped
with the Ir-complexes and of their pristine polymer films. We

bulky side group oftBu-CBP can suppress the stacking of (i, that phase separation occurs in the Ir-complexes doped

carbazole units in the main chain. Complete emissions from

Ir-G (519 nm) and Ir-R (618 nm) are observed in the devices

(15) (a) Anthopoulos, T. D.; Markham, J. P. J.; Namdas, E. B.; Samuel, I. D.
W.; Lo, S. C.; Burn, P. LAppl. Phys. Lett2003 82, 4842-4826. (b)
Michaelson, H. BJ. Appl. Phys1977, 48, 4729-4733.
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polymers, as shown in Figure 6b, c, e, and f. But the extent of

(16) (a) Lo, S.-C.; Male, N. A. H.; Markham, J. P. J.; Magennis, S. W.; Burn,
P.L.; Salata, O. V.; Samuel, I. D. WAdv. Mater.2002 14, 975-979. (b)
Yang, X.; Neher, D.; Hertel, D.; Dibler, T. K. Adv. Mater. 2004 16,
161-166.
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a 10.0° d

Figure 6. Phase-contrast image of the six polymer samples, (EuP(
CBP), (b) P(Bu-CBP) doped with 8 wt % Ir-G, (c) FBu-CBP) doped
with 5 wt % Ir-R, (d) P(3,6-Cz), (e) P(3,6-Cz) doped with 8 wt % Ir-G,
and (f) P(3,6-Cz) doped with 5 wt % Ir-R, as measured using a scanning
probe microscope (from Digital Instrument Nanoscope |lI).

phase separation for the case withBRCCBP) is less than that
with P(3,6-Cz). Consequently, the doped devices show fast
decay in efficiency with the electric field as shown in Figures
5and 7.

For the polymer with the same backbone, P(3,6-Cz), at the
above optimal Ir-R and Ir-G doping levels fortBg-CBP), the
correspondin®Bmax and 7Lmax are both lower by a factor of 4
(Table 2 and Figures 6), even though it haskgrhigher than
that of P(Bu-CBP) by 0.07 eV. Thus the higher efficiency in
doped Pi{Bu-CBP) devices is not only due to its hidh but
also its side group which may also play some role. As the two
copolymers RBu-CBFP) and P{Bu-CBHFF) are used as hosts,
the devices with the dopants1R and Ir-G at the doping levels
5 and 8 wt % give an efficiency lower by factors of about 3
(R) and 9 (G) relative to those with Bu-CBP) as the host
(Table 2), even though the HOMO and LUMO levels of the
three polymers are close (Table 1). Thus, such lowering in
efficiency must be due to an increased back transfer of triplet
energy from the dopant to the host.

E. Why P(tBu-CBP) Performs Better Than P(3,6-Cz)?7To
understand why PBu-CBP) is a good host for an efficient
device, the charge transport properties aBB{CBP) and P(3,6-
Cz) are investigated by single-carrier deviééand the results
are shown in Figure 8. Bju-CBP) shows balanced electron
and hole fluxes, while P(3,6-Cz) shows the current density of
the hole is higher than that of the electron by 2 orders of
magnitude at 4x 10° V/cm. The results can be explained by

(17) (a) Blom, P. W. M.; de Jong, M. J. M.; Vleggaar, J. J.Appl. Phys. Lett.
1996 68, 3308-3310. (b) Yu, L. S.; Tseng, H. E.; Lu, H. H.; Chen, S. A.
Appl. Phys. Lett2002 81, 2014-2016. (c) Yu, L. S.; Chen, S. AAdv.
Mater. 2004 16, 744-748. (d) Hsiao, C. C.; Chang, C. H.; Jen, T. H.;
Hung, M. C.; Chen, S. AAppl. Phys. Lett2006 88, 33512-33512-3.

140 T I T I T M I
- Ir-R/P(3,6-C2) | 600
g 1204
2 " 500 @
E 1m_ 31. E'
{1 B =
— gw _4m -
%‘ 80+ Sos E
c 1 “os 300 @
3 3
s 4] 3
3 = 100
0 oo -0
0 2 4 6 8 10 12 14
Electric field (10° Vicm)
120 Tt 1~ 1 1 1 1
_ IG/P36C2) | | 3000
NE 1004 & —o—mAlem2 éﬁ
D 5 —e—odm2 e 12500
E 80+ i‘ ...'. :;,:II I tg_
— | z. i- ‘ = =
£el 3! 35 2
2 £l ] g - 1500 &
@ - . 0 —
T 40 4 g 0
e W1 T s anan 5 | 1000 &
E | Bectric field (10° Viem) ._.' 3
g™ 4 500 =
od —m— - L0
T T T T T T T T T T T T
0 2 4 6 8 10 122 14
Electric field (10° Vicm)

Figure 7. Brightness @) and current density) versus electric field for
5wt % Ir-R doped devices (left) and for 8 wt % Ir-G doped devices (right).
The inset is the efficiency versus electric field. The unit for electric field
(1% V/cm) is so taken so that, at the normal thickness of emitting layer
100 nm, the applied voltage is 1 V. The bipolar device structure is: ITO/
PEDOT:PSS (15 nm)/doped P(3,6-Cz) (80 nm)/TPBI (30 nm)/CsF (2 nm)/
Al.
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Figure 8. Current density versus electric field for single carrier devices
with P(3,6-Cz) O for hole and® for electron) and RBu-CBP) O for

hole andll for electron) as the active polymer layer. The hole and electron
dominating device structures are ITO/PEDOT:PSS/Polymer/Au and ITO/
Ca/Polymer/CsF/Al, respectively.
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the HOMO and LUMO energy levels of both polymers (Figure
4). For P{Bu-CBP), the injection barrier for the hole (0.3 eV)
is close to that for the electron (0.2 eV) (referred to as the anode
PEDOT:PSS and the cathode CsF/Al), whereas, for P(3,6-Cz),
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the injection barrier for the hole (0 eV) is much smaller than in Er between the host and guest is not the only factor that
that for the electron (0.4 eV). determines the device efficiency, and the present side group
In addition, both Ir-G and Ir-R can act as traps for both modification via the 9 position of carbazole also plays an
electron and hole carriers intB-CBP) as a host, but for P(3,6- important role, which allows a tuning of HOMO and LUMO
Cz), it only acts as an electron trap based on their correspondinglevels for balancing electron and hole fluxes and provides a
HOMO and LUMO levels (Figure 4). The other factor that leads depression of formation of excimer. Also, the tuning of HOMO/
to the improvement could be due to the enhancement of PLQE,LUMO levels allows a charge trapping of both electron and
which results in a more efficient FFster energy transfer from  hole in the dopants to occur. Thus, the present work provides
the host to the gue§t?® a new route for designing ambipolar transporting polymers with

Conclusions and Significance energy level matching and higgr, simultaneously.

In conclusion, we found that the higBr of conjugated Acknowledgment. We thank the MOE for financial aid
polymer P{Bu-CBP) exhibits balanced charge flux character- through Project 91E-FA04-2-4A, the NSC for constant financial
istics. Upon doping with Ir-R and Ir-G, devices with high supportin the past, and Dr. Xiwen Chen for fruitful discussions.
efficiency and brightness for green and red emissions can be
obtained which are higher than the case with the polymer having  Supporting Information Available: ~ Instrumentation details,
the same backbone and higtr, P(3,6-Cz), as the host. The detailed experimental procedures, and characterizations for all
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