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Abstract:

Efficient multilayer (ML) and single layer (SL) psphorescent organic light-emitting
devices (PHOLEDs) with a bipolar host 9,9'-[4'-(Byd-1H-benzimidazol-1-yl)
[1,1'-biphenyl]-3,5-diyl] bisH-Carbazole (EBBPC) are fabricated. The photophysica
electrochemical and carrier transporting propertie&BBPC host are investigated.
The maximum external quantum efficiency (EQE) caach 14.9%, 15.6%, 16.0%
and 15.4% for red (R), green (G), blue (B), andteviML-PHOLEDs. And the
maximum EQE can also reach 10.1%, 14.6% and 9.8R,fG, and B SL-PHOLEDSs.
Besides, the SL-PHOLEDs show low efficiency roli-dfie to the broader exciton
formation zone in SL OLEDs. The excellent perforceanf ML- and SL-PHOLEDs
could be attributed to the balanced bipolar trartspg properties and appropriate
energy level of the host.

Keywords: bipolar; organic light-emitting device; single-layeoll-off



1. Introduction

Phosphorescent organic light-emitting diodes (PHD&E have received
tremendous scientific and industrial interest icerd years for the high efficiency as
they could achieve 100% internal quantum efficieimcgrinciple by utilizing both the
singlet and triplet excitons [1-8]. In the meantjrttee PHOLEDSs reported generally
adopt multilayer configuration in which the emissilayers are sandwiched within
many functional layers to obtain balanced chargees and improve the device
efficiency. In these complicated structures OLEDwmwever, the presence of
heterojunction interfaces in the multilayer struetis detrimental to the device
stability due to the accumulation of charges, degifformation and the generation of
a higher electric field at the interfaces [9, 1Dherefore, special attention must be
paid to match the appropriate energy levels ofcjalayers and to avoid the above
phenomena. However, the employing of these contplicdevice configurations will
doubtlessly increase the complexity of the manufacand the fabrication cost. This
presents an intense motivation to develop singterl® LEDs (SLOLEDSs), as much
fewer types of material are required and simplercstire is adopted.

Moreover, in PHOLEDs, as triplet excitons have agldifetime by nature,
triplet-triplet annihilation (TTA) and triplet-potan quenching (TPQ) caused by high
concentration of excitons are the dominating loscimnisms result in efficiency
roll-off [11, 12]. Thus, the phosphorescent materials are often dopeda suitable
host material that can disperse triplet emittersetuce aggregation quenching and
TTA of guest triplet emitters and plays an indisgarie role in energy transfer and
carrier transport at the same time [6, 13]. Asghiperformance host material, it must
fulfill the some certain requirements including ightriplet energy level suitable for
dopants to facilitate energy transfer, similar ntiobfor both electrons and holes (i.e.
bipolar materials) to ensure a broad exciton redéoation zone, and the energy level
[highest occupied molecular orbital (HOMO)/lowestoacupied molecular orbital
(LUMO)] of the host material should be matched witighboring layers in order to
achieve both an effective carrier injection andoadycarrier confinement [3, 14-18].

Thus, many hosts do not suit for different guests}., 4,4N,N'-dicarbazole- biphenyl
2



(CBP) [19] and polyHN-vinylcarbazole) (PVK) [20] are unsuitable for blue
PHOLEDs, as the blue phosphorescent dye in comma@e us bis
[(4,6-difluorophenyl)-pyridinato-N,&] (picolinato) Ir(ll) (Flrpic) with the triplet
level of 2.62 eV, the triplet levels of CBP (2.58)eand PVK (2.5 eV) are lower than
that of Flrpic; hence the energy-transfer processnfCBP or PVK to Flrpic is
endothermic, which limits the device efficiencygeogting temperature and long-term
operational stability [18, 21].

More importantly, many host materials could notused as host in SLOLEDs
because of the unsuitable HOMO/LUMO level for alede or unipolar transport
property. In SLOLEDSs, Poly(3,4-ethylenedioxythiopbgpoly(styrene sulfonate)
(PEDOT:PSS) modified Indium tin oxide (ITO) is ubyaised as anode and excellent
hole injection is easier to achieve for most hasistefore, the hosts in the SLOLEDs
need to have better electron injection abilityabidition, in order to avoid TTA and
TPQ caused by the carrier accumulation at thereléet(especially cathode), the host
materials need to have balanced bipolar transpoopepties, excellent electron
transporting property in particular. As a resultere are relatively few reports on
well-performing SLOLEDSs [22-26].

In this paper, efficient ML- and SL-PHOLEDs with pbiar
9,9'-[4'-(2-ethyl-H-benzimidazol-1-yl) [1,1'-biphenyl]-3,5-diyl] bis-Carbazole
(EBBPC) host is reported. For comparison, ML-PHOIsEWith CBP, 2,7-bis
(diphenylphosphoryl)-9-[4N,N-diphenylamino) phenyl]-9-phenylfluorene (POAPF)
and 2,6-bis(3-(carbaz8l9'-[4'-(2-ethyl-H-benzimidazol-1-yl) -9-yl) phenyl)pyridine
(26DCzPPy) host are also fabricated. Iridium (Ibis-(2-methyldibenzo- [f, h]
guinoxaline) (acetylacetonate) [Ir(MDgacac)], tris(2-phenylpyridine) iridium
[Ir(ppy)s] and Firpic are used as the red, green and blpards. EBBPC host shows
balanced bipolar transporting properties and apjatgppenergy level which makes it
can be used as efficient host for most common glarsgcent dopants in ML- and
SL-PHOLEDs.

2. Experimental section

2.1. Materials and instruments



Ultraviolet-visible (UV-vis) absorption and phototinescence (PL) spectra at
room temperature are measured using Cary 500 UW\Rsspectrophotometer and
FL-4600 FL spectrophotometer, respectively. The sphorescence spectrum is
studied from the delayed emission of EBBPC at 77CKclic voltammetry (CV)
studies are recorded on a BAS 100 W instrument agong 0.1 M
tetrabutylammonium hexa-fluorophosphate in,CH as a supporting electrolyte with
a scan rate of 100 mV/s. All materials and solvemts commercially available and
used as received without further purification.

2.2. Synthesis

i}t O O

CuI K,CO

; THF, Pd(PPh3)4
Na2C03
N
O
B EBBPC

Schemel. Synthetic routes of EBBPC.

The synthetic route and structure of EBBPC is show&cheme 1. EBBPC can be
synthesized according to the method described in Reand 28. 11.2 g (70 mmol)
carbazole (B), 10 g (31 mmol) 1,3,5-triboromobenzéie 4.9 g (35 mmol) KCO;,
0.06 g (3 mmol) copper (I) iodide, and 0.06 g (3@mM,10-phenanthroline are added
to 100 mL of dried dimethyl formamide (DMF). Thextire is heated at 160 °C for
12 h under nitrogen atmosphere. After this mixttweled to room temperature, the
reaction is quenched with 200 mL of water and eté@ with 100 mL of
dichloromethane three times. Combining the orgémjer and removing the solvent,
the residue is then purified by silica gel colummrammatography with petroleum
ether/ethyl acetate (10:1) as the eluent to giv8 g of white power (C)'H NMR
(400 MHz, CDC}, d): 8.13 (d, 2 H), 7.75 (s, 1 H), 7.70 (s, 2 Ap4-7.25 (m, 6 H).
MS (ESI) [m/z]: calcd for @H1:BroN, 401.09; found, 401.00. Anal. Calcd for
CigH11BroN: C, 53.90; H, 2.76; N 3.49. Found: C, 53.82; H842 N 3.53%.

Under an argon atmosphere, 3.0 g (10 mmol) of nméeliate C, 4.5 g (10 mmol) of
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intermediate D, 0.23 g (0.2 mmol) of Pd(BRhAnd 10 ml of an aqueous 2M sodium
carbonate solution are added to 50 ml of THF, d&ednbixture is heated and stirred
under reflux. To the resultant, menthol is addegnecipitate solids. The solids is
collected and dissolved in dichloromethane to obsa oily matter. The oily matter is
purified by means of silica gel column chromatogmapo obtain 4.3 g of EBBPC
(yield 80%). As the eluent of silica gel column @matography, a solvent of hexane:
dichloromethane=10:1, and a solvent of henanelatiemethane=3:1 are used in this
sequence. MS (MALDI-TOF) [m/z]: calcd for.§Hs,N4 628.76; found, 628.90H
NMR (600 MHz, CDC} d [ppm]): 8.18 (dJ = 7.8 Hz, 4H), 8.00 (d] = 1.8 Hz, 2H),
7.91 (d,J = 8.4 Hz, 2H), 7.89 () = 1.8 Hz, 1H), 7.82 (d] = 7.8 Hz, 1H), 7.63 (d] =
7.8 Hz, 4H), 7.51 (d) = 8.4 Hz, 2H), 7.48 (t] = 7.2 Hz, 4H), 7.34 (] = 7.2 Hz, 4H),
7.30 (t,J = 7.2 Hz, 1H) 7.22 (t) = 7.8 Hz, 1H), 7.16-7.18 (m, 1H),2.86—2.90 (m, 2H)
1.40 (t,J = 7.2 Hz, 3H).**C NMR (600 MHz, CDGJ, § [ppm]):156.08, 143.25,
142.38, 140.54, 140.12, 139.77, 136.35, 136.14,0029128.68, 128.19, 127.95,
126.26, 125.26, 124.49, 124.33, 123.73, 122.79,5822120.57, 120.54, 119.19,
109.85, 109.62, 77.21, 77.00, 76.78, 21.28, 1206l. Calcd for GsH3,N4: C, 85.96;
H, 5.13; N 8.91. Found: C, 85.73; H, 5.20; N 8.65%.
2.3. Device fabrication and characterization

All the devices in this paper are manufactured tsgysubstrates coated with
conducting ITO. The substrates are cleaned withoB&® and deionized water, dried
in the oven and then handled in plasma for abauirb In advance of thermal vapor
deposition process, a PEDOT:PSS layer with thélgss to be approximately 40 nm
is spin-coated on the top of the ITO anode for HIGREDs. Finally, organic layers
and cathode materials are deposited on the substesquentially under vacuum
(~5.0x10" Pa). A shadow mask is used to define the cathodeta make four
identical 10 mrhi devices on each substrate. Luminance-currentg®lta
characteristics and spectra of unpackaged devieesi@asured simultaneously using
Goniophotometric Measurement System based on gpeeter (GP-500, Otsuka
Electronics Co. Osaka, Japan) in air at room teatpeg. The impedance studies are

carried out using an Impedance Analyzer (TH2829ghui Co. Changzhou, China).
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This setup allows frequency sweeps covering a rdrga 20 to 16 Hz. The ac
oscillator level is set to 100 mVrms for all measuents and the superimposed dc
bias is varied between 0 and +10 V.
3. Results and Discussion
3.1. Photophysical properties

Figure 1 (a) shows the UV-vis absorption and eraissspectra of EBBPC in
CH.Cl,. Fig.1 (b) and (c) depicts the cyclic voltammograthermogravimetric
analysis (TGA) and differential scanning calorimefibSC) curves of EBBPC. The
key parameters of EBBPC are summarized in TablEhg. optical energy band gap
(Eg) of EBBPC is calculated to be 3.35 eV from theetrts the absorption spectrum
according to the UV-vis absorption curve. The fegmence emission peak of EBBPC
is 400 nm and its singlet state;Ss estimated to be 3.1 eV accordingly. The
phosphorescence spectrum is obtained from the efélagnission of EBBPC at 77 K
and the triplet energy (J is estimated to be 2.74 eV (453 nm). The HOMCelef
EBBPC is estimated to be -5.71 eV through the cyelilitammogram measurement
and LUMO level is deduced to be -2.36 eV from HOM&hd E; The
oxidation signal of EBBPC exhibit quasi-reversilokeidation, we believed that it is
due to that EBBPC is a carbazole-containing comf#8k At the same time, EBBPC
exhibits high glass transition temperatuiig) (of 142.6 °C. From the structure of
EBBPC we can see that EBBPC contains two carbazeled one
benzimidazole groups. Such a molecular configuratienders the molecule in a
non-planar structure and which is strongly berafitd the thermal stability. The
carbazole group has high triplet energy and hdaesiorting property, while the
benzimidazole is an electron transporting groupe Trcorporation of ethyl at the
2-position of the benzimidazole ring limits the ext of conjugation which further
keeps the triplet energy gap at a very high leMeus, EBBPC has high triplet energy,

excellent charge transport properties and highmhéstability.
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Fig.1. (a) Normalized absorption spectrum (Abs), pbtoluminescence spectrum at 298 K (PLRT),
phosphorescence spectrum at 77 K (PLLT) of EBBPC, Abs dfirpic and PLRT of POAPF in CH,Cl,. (b)

Cyclic voltammogram of EBBPC. (C) Thermogravimetric aralysis (TGA) [Inset is differential scanning
calorimetry (DSC) curve] of EBBPC.

Table 1 Photophysical characteristics of EBBPC, POAPF, CBP and 26DCzPPy
Japsmar ApLmac” S T4 ES  HOMO' LUMOY T, Ty

(nm) (hm)  (eV) (eV) (eV) (eV) (ev) (°C) (°C)
EBBPC 240 400, 483 3.1 274 3.35 -5.71 -2.36 142.6 431.2

Complex

POAPF 294  510,N.A. NA. 2785 286 -5.26 240 129" 466
CBP 347 355,485 3.49 256 3.10 6.0 2.90 62 N.A.
26DCzPPy | N.A.  N.A.457 NA. 271 3.40 6.05 265 N.A NA

AMeasured in CkCl, (10° M) at 298 K and77 K. Estimated from the emission spectrum at 298
K. “Estimated from the emission spectrum at 778stimated from the UV-vis absorption
spectrumeaIcuIated from onset oxidation potentfeduced from HOMO ané,. "Obtained
from [30]." Obtained from[31]. Obtained from [32].

3.2. Carrier transportation properties

Admittance spectroscopy is a powerful method terimharge transport properties
of the material by analyzing the frequency-depehdeapacitance of a device [33-35].
The average transit timg. of the carriers can be extracted from a plot efrirgative
differential susceptance against the frequency ¢83he frequency of imaginary part

of impedance [Im4]] [35]. Here, the frequency dependence [IfZ{s used to
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determine the mobility of EBBPC and the carrier mighcould be obtained from the
eguation ofu:fde/(V-K), wheref,, x, 1, d and V represents the peak frequency,
constant numerical factor, carrier mobility, théckmess of organic material and the
applied voltage, respectively. Device A with sturet of ITO/TAPC (3 nm)/EBBPC
(50 Nnm)/TAPC (3 nm)/MoQ(3 nm)/Ag (100 nm) and device B with structure of
ITO/LIF (1 nm)/TmPyPB (3 nm)/EBBPC (70 nm)/Bphenr(®)/LiF (1 nm)/Ag (100
nm) is fabricated to measure the frequency depemdesf imaginary part of
impedance. Where TAPC, TmPyPB, and Bphen are
1,1-bis-(4-bis(4-tolyl)-aminophenyl) cyclohexene,3,b-tri [(3-pyridyl)-phen-3-yl]
benzene, and 4,7-diphenyl-1,10-phenanthroline, ectsely. TAPC (TmPyPB and
Bphen) and Mo®@ (LiF) are inserted between electrodes and EBBPfadititate the
injection of hole (electron) and block the trangpadrelectron (hole) for device A (B),
and the time that carrier transport through therinigyer could be neglected since the
insert layers are thin enough. Hole- and electnoly-devices also are fabricated to
give a qualitative explanation. The configuratiom te hole-only device is
ITO/MoOs(3 nm)/TAPC (40 nm)/EBBPC(20 nm)/TAPC(40 nm)/Mg®
nm)/Ag(120 nm) while the electron-only device has the structurdT@d/LiF(0.5
nm)/Bphen(65 nm)/EBBPC(20 nm)/Bphen(40 nm)/Ag(189.nAs the work function
of MoO; being high enough to block electron injection [3&jnd Bphen is used as
electron-transporting/hole-blocking layer [37], is@an be assumed that only single

carriers can be injected and transported througliévices.
600 800 1000 1200
-(c) ' E1I’2(V1’2/cn'11’2) '

r —=— Hole-only
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Fig.2 (a) and (b) are the frequency dependence ofmaginary part of impedance [ImZ(f)] for different

1
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voltage of device A and B, respectively. (c)Currentlensity-voltage characteristics of the hole-only rad

electron-only devices based on EBBPC, hole and elemtr mobility for EBBPC calculated from Imz(f).



Fig.2 (a) and (b) show the ImiX(of device A and B at different DC voltage with
frequency. Thus, the hole and electron mobilitfe8BPC could be calculated and is
shown in Fig. 2 (c). The electron mobility of th8BPC is ~2x10 cnfv*-s' and
this value is about twice of its hole mobility. FAg(c) depicts the current
density-voltage curves of the single-carrier desid&e also could see that the current
density of the electron-only device is higher thiaat of the hole-only device. Above
results indicated that EBBPC is a bipolar transpudterial with better electron
transporting property.

3.3. Monochromatic ML-PHOLEDs with EBBPC host
(a)

Bphen(50nm)
B, I Gll 61| G;I G,
TCTA(5nm)
TAPC(35nm)

Q N

ATE
o

Oy 0

26DCPPy

BIIBZIBa

| ITO/Glass Substrate

" " ¥ 4

Host:1.EBBPC 2.POAPF Guest:[ B 20wt% Flrpic [¥] 6wt% Po-01
3.CBP  4.26DCzPPy [G 10wt% Ir(ppy);  [IR Swt% Ir(MDQ),acac
ETL: G-a: EBBPC  G-b:Bphen G-c:TmPyPB  G-d: BmPyPhB

TmPyPB BmPyPhB

Fig.3 (a) The device structures of PHOLEDs with diffeent hosts and guests. (b) Chemical structures of ga

of organic materials.

To confirm the effectiveness of EBBPC as host fAKOREDS, red (R), green (G)
and blue (B) ML-PHOLEDs whose structures are shimwifig.3 have been fabricated
successfully. They share the similar structure: /MI@D; (3 nm)/TAPC (35
nm)/TCTA (5 nm)/emitting layer (EML, 20 nm)/Bphe®0(nm)/LiF (0.5 nm)/Mg:Ag
(15:1, mass ratio, 120 nm), the EML is the hostemalls doped with different
phosphorescent dyes. Where TCTA is 4,4 4"-trigb@zol-9-yl) triphenylamine.
TAPC, TCTA are hole transporting layers (HTL), Bphs electron transporting layer
(ETL). For example, the blue PHOLEDs are demorstrain detail. And the
corresponding devices are marked as devic€EBBPC host), device B(POAPF
host), device B (CBP host) and device,B26DCzPPy host). Previous literatures
showed that POAPF can be used as bipolar host ue BL-PHOLED and
SL-PHOLED [30, 38]. Thus, the devices with POAPKthare used as references. Fig.

4 shows the normalized electroluminescence (ELgtsp@f the devices Band B at
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6 V. As can be seen, both the devices exhibitythieal Firpic EL characteristics with
a maximum intensity ata. 471 nm. No extra emission is observed, indicathnag t

efficient energy transfer from host to guest haanbealized.
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Fig.4. Normalized EL spectra of device Band B,at 6 V [Inset: External quantum efficiency (EQE)-current

density curves].

Fig. 5 (a) depicts the current density-voltage-lanice curves of the blue devices.
The current density of device,Bs higher than that of device;Band the turn-on
voltage (driving voltage at a brightness of 1 cg/if device B (ca. 2.5 V) is also
lower than that of device Bca. 2.9 V). The low driving voltage and high current
density of device Bcould be attributed to the loWlOMO level of POAPF. The
HOMO/LUMO of EBBPC and POAPF is 5.71/2.26 eV andl2.26 eV, respectively.
While the HOMO of TcTa (5.7 eV) is higher than tludtPOAPF and the electron
injection barrier between Bphen and POPAF (0.4 s\gmaller than that between
Bphen and EBBPC (0.54 eV) as the LUMO of Bphen.& &/, which results in an
easier injection of carrier in devices used POABBtand a lower turn-on voltage.
Although the current density of device, B lower than that of device B2, the
maximum brightness and current efficiency (CE) e¥ide B is higher than those of
device B1. The maximum brightness of device(B2050 cd/rf) is about twice of
device B (11320 cd/m). As could be seen in Fig.1 (a), there is a lagmectra
overlap between absorption band of Firpic and #soence band of EBBPC than
POAPF, which means there should be a better erteaggfer between Flirpic and
EBBPC compared to POAPF and we can obtain a higffierency blue OLED using
Flrpic as dopant and EBBPC host than using POAPS$t. Heg.5 (b) shows the

10



efficiency-luminance characteristics of devicgsaRd B. At brightness of 100, 1000
and 10000 cd/f the CE of device Bare 28.7, 22.5 and 13.8 cd/A, while those of
device B are 21.1, 19.7 and 5.8 cd/A, and power efficien¢leE) of B are 26.2,
15.7 and 6.3 Im/W, while those ok Bre 22.1, 15.5 and 2.5 Im/W, respectively. The
similar results are also observed for the devigsgulr(ppy} or Ir(MDQ),(acac) as
dopant. The characteristics of the devices are sanmed in Table 2. As can be seen,
the devices based on EBBPC host show higher effices than those using POAPF

as host at the same brightness.
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Fig.5 (a) Current density-voltage-luminance curve®f blue devices B and B,. (b) Current efficiency-power

efficiency-luminance characteristics of blue deviceB, and B,.

Table 2. EL characteristics of the devices.

Device Von (V) |-ma><2 Ne.max, Ne.1000,  Mp.max, Mp.1oco, EQEmax  CIE(X,y)
(cd/m?) Nc.s000 (CA/A) Np.s000 (IM/W) (%) @6V

B: | 29 22050 319,225,173 334,157,93 160 16(0.32)

B, | 25 11320 212,197,121 222,155,6.9 104 16(0.33)

Bs | 28 16080  155,10.8,7.3  16.2,7.2, 3.6 79  (0.39)

PHOLEDs | 5, | 34 30640 229,217,189 205,138,999 112 16(0.33)
with G. | 28 81160 541,539,502 545 43.1,32.4 156 .32(0.61)
Eziz(; G, | 24 49120 500,485,436 524,375,272 145 .32(0.61)
cpand | G | 29 73930 445440419 465323248 130 .310.62)
bCzppy | G¢ | 34 63020 421,420,304 313,250,196 126 30(0.62)
Host R. | 32 39100 235,187,153 211,11.0,71 149 61(0.39)
R, | 29 16970  14.7,116,83  141,7.3,41 105  (0.88)

Rs | 30 32450 23.7,21.7,17.4 21314893 150 61(0.39)

Rs | 38 25440  1256,12.1,9.6  7.9,6.3,4.0 78 (0.89)0

PHOLEDs | G-a | 36 60480 502,497,446 385,285,212 146 .31(0.61)
with Gb | 34 54630 436,435,385 33.4,27.6,202 127 .31(0.61)
different | Gc | 34 63080  48.8,47.0,40.8 38.3,31.2,22.8 14.2 .31(0.61)
ETL Gd | 34 48930  43.0,395,423 270,266,241 124 .31(0.61)
WOLED | W | 34 37800 402,350,296 36.1,200, 13.7 154 .340.42)
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To investigate the above phenomena, the energy dévtbe materials is shown in
Fig.6 (a). The HOMO and LUMO energy level of POA&RE -2.40 and -5.26 eV [30],
respectively. Thus, they value of POAPF is 2.86 eV. It could be seen tHABBEC
has better energy levels matching with the adjacegdanic layer (TCTA and BPhen),
especially the HOMO, which results in that therdeiss energy loss in the charge
transporting of the devices using EBBPC host thasd with POAPF host, as a result,
device R, G;, and B show a higher luminance than device, B, and B,

respectively.

EBBPC -2.26¢y.
] POAPF -2.4ev ;

-S5.7ev;

EBBPC 57lev | o GEQE GEQE ;499

Fig.6 (a) Scheme of energy level of the materialh) EQE performance of devices based on different
hosts. (for example, REQEq, means the EQE of red OLED at 5000 cd/fj

The high efficiency of the devices possibly reséitsn the precise confinement of
triplet excitons within the emissive layers. Triplexcitons generally have long
diffusion lengths [39]. Good confinement of tripetcitons within the emitting layer
(EML) can be achieved when all corresponding maligri.e., the host materials and
the adjacent HTL and ETL have highertBan that of the triplet emitter [40]. The E
of POAPF and EBBPC are 2.75 [30] and 2.74 eV, r&spdy, which are higher
compared to Flrpic (2.62 eV), Ir(ppyf2.42 eV) [41], and Ir(MDQpcac (2.05 eV)
[42]. As we mentioned above, the electron-transpgricharacter of EBBPC is
superior to its hole-transporting character, sottipdet excitons mainly formed at the
interface of EML/HTL. TheEr of TCTA (2.85 eV) [43hnd Bphen (2.6 eV) [44] are
high enough to confine the formed triplet excit@isthe interface. As is shown in
Fig.6 (a), the LUMO levels of the dopants are lowman the hosts (EBBPC and
POAPF), so the electrons transport mainly on thgadts. The HOMO of POAPF is
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deeper than that of dopants while the HOMOs ofpljp and Ir(MDQ)acac are
deeper than that of EBBPC and there is only a seralgy gap (0.09 eV) between
Flrpic and EBBPC, which results in that the holassport mainly on POAPF in,B
G, and R while in G, and R it mainly transport on dopants, so it's more diificfor
the formation of the excitons in,BG, and R than B, G; and R because that the
hole and electron transport on different moleculkss.a result, the efficiencies of
devices with EBBPC host are higher than those wicde with POAPF host.

The EQE characteristics of the devices based der€lift hosts and dopants are
summarized in Fig.6 (b). As can be seen, CBP isitaide for blue PHOLED, while
POAPF and 26DCzPPy are unsuitable for red PHOLHidsTas a host material for
R, G, and B ML-PHOLEDs, EBBPC shows a relativelycalent performance
compared to POAPF, CBP and 26DCzPPy. It shouldtbbbwed to that EBBPC
possesses balanced bipolar transport characterisgtf-matched HOMO/LUMO
levels with adjacent layers and high & same time.

3.4. ML-PHOLEDs with EBBPC as ETL
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Fig.7 (a) Current density-voltage-luminance curvesof device G-a to G-d. (b) Efficiency-luminance

characteristics of device G-a to G-d.

Inspired by the better electron-transporting propsrof EBBPC, it could be an
excellent electron transport material for OLEDsu3hthe green OLEDs employing
EBBPC (G-a) as ETL and the control devices baseBpiren (G-b), TmPyPB (G-c)
or 1,3-Bis[3,5-di(pyridin-3-yl)phenyl]benzene (BmMyB) (G-d) are fabricated to
convince the feasibility of EBBPC as ETL in OLEDsThe current
density-voltage-luminance curves, current efficiepower efficiency-luminance

characteristics and EQE-current density curveshefdevices are depicted in Fig. 7
13



and Fig. 8, respectively. EBBPC has a higher LUM®eI (-2.36 eV) compared to the
other ETLs (-2.8 eV for Bphen, -2.7 eV for TmPyRB,6 eV for BmPyPhB). As a
result, device G-a shows lower current density tdawices G-b to G-d under the
same voltage. However, the maximum luminance ofcge-a can still reach 60480
cd/nt, which is 54630 cd/fp 63080 cd/rhand 48930 cd/fifor device G-b to device
G-d, respectively. Besides, the maximum curreritieficy is 50.2, 43.6, 48.8, and
43.0 cd/A for device G-a to G-d, and the maximumve@oefficiency is 38.5, 33.4,
38.3, and 27.0 for device G-a to G-d, respectivlyneans that device G-a shows
comparable or even better performance to the dtivee devices. All above results

confirmed that it is feasible to employ EBBPC ad BT OLEDs.
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Fig. 8. EQE-current density curves of device G-a tG-d (The inset is the EL spectra at 6V).

3.5. White ML-PHOLEDs with EBBPC as host and ETL

The excellent performances of monochrome devicgdaimg EBBPC as host or
ETL provide the possibility of its applications imgh efficiency white OLEDs
(WOLEDs). WOLED (marked as device W) with EBBPC lasst and electron
transport layer is fabricated. Efficient WOLED witdomplementary colors of blue
and yellow is achieved by carefully adjusting theekness of each emitting layers.
Fig.9 (a) shows the normalized EL spectra of WOLHERIer different biases. The
spectra almost has no change under the biasesSrtm10 V, which means that
device W possess excellent color stability. The Ctior coordinates just change

from (0.341, 0.424) at 5 V to (0.335, 0.424) at\,0which should be attribute to a

stable recombination zone in the emitting layer. isknown, the probability of
14



excitons formation is proportional to the densityetectrons and holes. Thus, there is
usually potential barrier between EML and HTL orLEThich results that carriers
accumulate at the interface of EML and HTL or E@hd the excitons often formed
at these interfaces, this contribute to a narraemeination zone and it may move its
position with the rise of voltage and lead to themge of spectra for multi-layer
WOLEDSs. Since we employing the same material-EBBRCETL and host, there
should be no barrier at the interface of EML and_Ehd the same situation occurs
between EML and HTL as is depicted in Fig.5, whimmngs about little carriers
accumulation and that most carriers are injectedElL, this lead to a wide

recombination zone even cover the whole EML ancegar a stable spectra, finally.
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Fig. 9 (a) Normalized EL spectra of the white OLEDs (Inset: Extern& quantum efficiency-current density
curves). (b) Efficiency-luminance characteristics of WOLED (Insetis current density-voltage-luminance
curves of the device).

Fig. 9 (b) depicts the efficiency-luminance andrent density- voltage-luminance
characteristics of device W. It can be seen thaicde/V also possesses a low turn-on
voltage of 3.4 V. The driving voltages are 4.3 &V at brightness of 100 and 1000
cd/nf, and the maximum brightness of the device canhr&I800 cd/rh (at 11 V).
The maximum efficiencies of the device can reacl?2 40/A and 36.1 Im/W. As is
shown in Fig. 9 (b), the device also shows a nadditilow efficiency roll-off. At a
luminance of 1000 cd/Mmthe current efficiency is 12.9% off its peak \eduand the
power efficiency also can reach 20 Im/W.

3.6. Single-layer PHOLED with EBBPC host
Considering the balanced hole and electron trahgpoperties and suitable LUMO

energy level, EBBPC is adopted to realize effici8htPHOLEDs as host materials,
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and blue (marked as device SL-B), green (markedeage SL-G) and red (marked
as device SL-R) SL-PHOLEDs is fabricated succelsfaind device SL-G with a
configuration of ITO/ITO (40 nm)/EBBPC:10wt%lIr(ppy§90 nm)/LiF(0.5 nm)/
Mg:Ag(15:1, mass ratio, 120 nm) is demonstratedeitail.
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Fig.10 (a) Current density-voltage-luminance curves (b)Current efficiency-luminance-power efficiency
characteristics of SL OLED (Inset: External quantum efciency-current density curves).

The current density-voltage-luminandearacteristics of device SL-G is shown in
Fig.10 (a), it could be seen that the turn-on \g@taf SL-G is ~3.4 V, whicindicates
an efficient injection of electrons and holes ia ttevices. At a low current density of
5 mA/cnt, the SL-G depicts a high brightness of 2580 édand the peak brightness
of the device can reach 28990 cd/at 10.5 V). Such results demonstrate that the
charges could transport well in the devices and d¢keitons could recombine
efficiently. We attribute above results to the bakd bipolar transporting properties
and well-matched HOMO/LUMO levels with electrodesyd also the high Eof
EBBPC, which paves the way to achieve excellentggnransfer between EBBPC
and guest material.

As shown in Fig.10 (b), the maximum EQE, currentl ggower efficiencies of
device SL-G can reach 14.6%, 52.3 cd/A and 35.AMmkspectively. The current
efficiency and EQE of device SL-G are compared \hibse of device G But, the
power efficiency of Device SL-G is lower due toatelely high drive voltage.
However, device SL-G shows a low efficiency rolf-cAt a luminance of 1000 and

5000 cd/m, the current efficiency is 0.5% and 4.9% off ieak values, respectively,

and the power efficiency also can reach 23.3 IM\§080 cd/ri. The performances

16



of the single-layer devices based on EBBPC hosshosvn in Table 3. Due to the
low current density, the maximum luminances of FIEREDs are lower than those
of ML-PHOLEDSs. Although the maximum EQEs of bluedared SL-PHOLEDs are
much lower than those of corresponding multilayevices, the maximum EQEs of
SL-B and SL-R also can reach 9.8% and 10.1%, ré&spsc We think that the lower
EQEs of single-layer devices are due to the faat tihe guests destroy the balanced
carrier transporting property of EBBPC. Howeverg tlefficiency roll-off of
SL-PHOLED is lower than that of ML-PHOLEDSs. Tabldigts the efficiency roll-off
of ML- and SL-PHOLEDSs. As can be seen, the efficieroll-off of ML-PHOLEDs
is more serious than that of corresponding SL-PHDLEor example, the EQE
roll-off of blue ML-PHOLED is 45.6% @5000 cdfinwhile that is only 19.4% for
blue SL-PHOLED. We attributed it to the broader itort formation zone in SL
OLEDs

Table 3. EL characteristics of the single-layer devices.

Lmax Nc.max, MNc.1000, npAmax, l’lpAlooo, EQEmax CIE(X.y)

Device|Von (V) )
(cd/m?)  Rnesooo (CA/A)  Mpsooo IM/W) (%) @8V

SL-B | 53 7130 216,208,176 10.4,82,54 9.8 (0.39)

SL-G | 3.4 28990 52.3,52.0,49.7 354,308,233 14.6.30(0.64)

SL-R| 7.7 4920 16.6,13.6,N.A. 55,32, NA 10.1  (Q0628)

Table 4. Efficiency roll-off of ML- and SL-PHOLEDs.
CERO, PERO and EQERO are CE, PE and EQE roll-off.

) CERO(%) PERO(%) EQERO(%)
Device EQEmax 2 2 2
@1000, 5000 cd/m“  @1000, 5000 cd/m“ @1000, 5000 cd/m
B ML | 16.0% 29.5,45.8 53.0,72.2 29.4,45.6
ue
SL 9.8% 3.7,18.5 21.2,48.0 4.1,19.4
ML | 15.6% 0.4,7.2 20.9, 40.6 0.6,7.7
Green
SL 14.6% 0.6,5.0 13.0, 34.2 0.7,4.8
Red ML | 14.9% 20.4,34.9 48.8, 66.4 24.2,38.3
e
SL 10.1% 18.1, N.A. 41.8, N.A. 18.8, N.A.

4. Conclusions
In summary, efficient multilayer and single-layelnosphorescent OLEDs have
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been demonstrated based on bipolar EBBPC host.ekample, the maximum
external quantum efficiency of the green ML- andFHOLEDs with EBBPC host
can reach 15.6% and 14.6%, respectively. Besithesde¢vice with ETL of EBBPC
shows comparable efficiency with the devices withLEof Bphen, TmPyPB, or
BmPyPhB. Furthermore, efficient WOLED applying EBBRs host and ETL is also
realized. The WOLED shows maximum external quangiffitiency of 15.4% and
good color stability. The excellent performancetlod devices should be attribute to
that EBBPC possesses balanced bipolar transpontactbastic, well-matched

HOMO/LUMO levels with adjacent layers and highd& same time.
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»ML- and SL-PHOLEDs with a bipolar host EBBPC are fabricated. » The
maximum EQE are 14.9%, 15.6%, 16.0% and 15.4% for R, G, B, and white
ML-PHOLEDs.» The maximum EQE are 10.1%, 14.6% and 9.8% for R, G, and B
SL-PHOLEDSs. P It could be attributed to the balanced bipolar transporting properties

and appropriate energy level of EBBPC.



