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Abstract

We have synthesized a spirobifluorene-bagdelVBi [4,4-bis(2,2-diphenylvinyl)-1,%2biphenyl] analogue DPVSBF [2,7-bis(2,2-
diphenylvinyl)-9,9-spirobifluorene], in which the bis(2,2-diphenylvinyl) groups are connected through the 2 and 7 positions of the spirob-
ifluorene framework, and have characterized its thermal properties, electronic properties (viz. absorption and photoluminescence), and
electrochemical behavior. The presence of the rigid spirobifluorene linkage imparts significant improvement in the material's glass tran-
sition temperature and morphological stability, while preserving most of the photophysical and electronic properties of its non-spiro, biphenyl
analoguePPVBi. Organic electroluminescent devices having the structure ITO/RPBSBFAIQ/LiF/Al display bright emissions with a
Amax at 474 nm (CIE coordinates: 0.16, 0.24) and exhibit maximum luminescence exceeding 40,50@\¢drdriving current density of
100 mA/cnt (6.4 V), a luminance of 4110 cd/wvas obtained with external quantum efficiency of 2.54%, luminance efficiency of 4.1 cd/A,
and power efficiency of 2.0 Im/W. Moreover, tBPVSBFbased device exhibits a 16-fold enhancement in the operation lifetime relative to
that of a similar device based @PVBi.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction efficient organic blue- and white-light-emitting diodes have
been prepared by utilizing a blue-emitting distyrylary-
Since their discovery by Tang et dll] research into  lene derivative, 4/4bis(2,2-diphenylvinyl)-1,2biphenyl
multi-layered organic light-emitting diodes (OLEDs) has (DPVBI), to function as the electroluminescent lay®6].
been actively pursued because of their potential applicationsThe active emitting material in these devices is characterized
in flat-panel displayg2]. Considerable attention has been by its high solid-state photoluminescence efficiency. Amor-
directed toward the development of new conjugated organic phous films of DPVBI fabricated by vacuum evaporation
materials that function as efficient light emitters and/or have a tendency, however, to crystallizg. This inherent
charge transporterg3]. Organic light-emitting materials  problem presents a limitation for its LED applications
having large band-gap energies, which emit blue light because crystal formation destroys film homogeneity and
efficiently, are of particular interest, because they are desiredcrystal boundaries raise the resistance of the sample, which
for use as blue light sources in full-color display applications. eventually leads to device failuf8].
In addition, they are able to serve as energy-transfer donors  Amorphous materials that possess hig values are
in the presence of lower-energy fluorophofék Recently, often less vulnerable to heat-induced morphological changes
and this characteristic makes them more desirable for fab-

* Corresponding authors. Tel.: +886 35 712121; fax: +886 35 723764,  ficating molecular LEDS[8,9]. Our goal was to attain a
E-mail addressshu@cc.nctu.edu.tw (C.-F. Shu). material that resemble®PVBi in its electroluminescence
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and charge transport properties, but possesses a signifiweight loss while heating at a rate of 20min—1. UV-vis
cantly higher glass transition temperature and a reducedspectra were measured using an HP 8453 diode-array
tendency toward crystallization. Herein, we report the synthe- spectrophotometer. Photoluminescence (PL) spectra were
sis of a spirobifluorene-basdaPVBi analogue DPVSBF, obtained on a Hitachi F-4500 luminescence spectrometer.
in which the two 2,2-diphenylvinyl groups are connected Cyclic voltammetry (CV) measurements were performed
at the 2 and 7 positions of the spirobifluorene frame- ysing a BAS 100 B/W electrochemical analyzer. The
work. Because the spirobifluorene linkage enhances molec-oxidation and reduction measurements were undertaken,
ular rigidity and hinders close packing and intermolec- respectively, in anhydrous GBI, and anhydrous THF,
ular interactions, we expected the glass transition tem- containing 0.1M TBAPE as the supporting electrolyte,
perature to increase and the tendency for crystallization at a scan rate of 50 m\/‘é The potentia|s were measured
to reduce[10,11} In addition, most of the desired elec- against an Ag/A§ (0.01M AgNQ;) reference electrode

tronic and optical properties of the corresponding biphenyl ysing ferrocene as the internal standard.
molecule will remain substantially unchanged because of

the tetrahedral nature of the carbon atom at the spiro cen-
ter, which connects the conjugated moieties through a
bonded networ12]. Molecular weight is another limit-
ing factor that must be considered when designing mate-
rials for OLED applications: molecules that have very
high molecular weights tend to be difficult to evapo-
rate — they may even decompose — during the thermal
evaporation used to deposit materials in the OLED fab-
rication process. The low molecular weight DPVSBF,
relative to that of 2,27,7-tetrakis(2,2-diphenylvinyl)-9/9
spirobifluorene $piro-DPVBI) [13], leads to its lower sub-
limation temperature. In faci)PVSBF can be sublimed
smoothly in a vacuum chamber without thermal decom-
position, whereas the sublimation conditions required for
Spiro-DPVBI are quite harsi13a]. We have prepared
electroluminescent devices based DRVSBF and have
compared them with those based BiPVBi. Besides a
bright blue emission with similar or better performance
characteristics, we observed a significant improvement in 2.3. 2-(2,2-Diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-
device lifetime when usingdDPVSBF. The morpholog- dioxaborolane 2)
ical stability is believed to contribute to the extended
lifetime. n-Butyllithium in hexane (2.5M, 40mL) was added
slowly under nitrogen to a stirred solution of 2,2-
diphenylvinyl bromide (13.0g, 50.2 mmol) in THF (80 mL)

2.2. Picosecond time-resolved measurements

Picosecond time-resolved experiments were performed
using a time-correlated single photon counting (TCSPC) sys-
tem (Fluotime 200, PicoQuant). The excitation laser pulse at
375nm (LDH375, PicoQuant) was focused onto a I-cm-thick
cuvette containing the sample solution. The fluorescence
emitted at a right angle to the pulse was collected by a lens
pair, a double monochromator (f/3.2, subtractive type), and
a multi-channel plate photomultiplier detector (R3809U-50,
Hamamatsu). A polarizer was used to select the polarization
of the emission with respect to the excitation laser pulse;in all
experiments reported here, the polarization was fixed at the
magic angle condition (542). The full width at half max-
imum (FWHM) of the instrument response function (IRF)
was determined prior to each measurement to be ca. 70 ps.

2. Experimental at —78°C and then the mixture was stirred further for 2 h.
n-Butyl borate (30mL, 111 mmol) was added a#8°C
2.1. General directions before the mixture was warmed slowly to room tempera-
ture and stirred overnight. Water (50 mL) was added, fol-
4,4-Bis(2,2-diphenylvinyl)-1,2biphenyl OPVBI) [14], lowed by conc. HCI to acidify the mixture (to pH 2), which

2,2-diphenylvinyl bromide 1) [15], and 2,7-dibromo-  was then stirred for 2 h. The reaction mixture was extracted
9,9-spirobifluorene §) [16] were synthesized as reported with EtOAc and the combined organic phases were dried
previously. The solvents were dried using standard pro- over MgSQ. Concentration under reduced pressure gave
cedures. All other reagents were used as received from2,2-diphenylvinyl boronic acid, which, without further purifi-
commercial sources, unless otherwise stated. Differential cation, was reacted with pinacol (8.50 g, 72.0 mmol) in ben-
scanning calorimetry (DSC) was performed on a SEIKO zene (100 mL) under reflux for 3h to effect condensation
EXSTAR 6000DSC unit at a heating rate of ZDmin~* and by the azeotropic removal of the water formed. The mix-
a cooling rate of 40C min—1. Samples were scanned from ture was concentrated under reduced pressure and the residue
30 to 400°C, cooled to OC, and then scanned again from was purified by column chromatography (hexane/EtOAc) to
30 to 400°C. The glass transition temperaturdg)(were afford2(7.53 g, 49%)*HNMR (300 MHz, CDC}): §1.18 (s,
determined from the second heating scan. Thermogravi- 12H), 6.03 (s, 1H), 7.28-7.36 (m, 10H§C NMR (75 MHz,
metric analysis (TGA) was undertaken on a DuPont TGA CDCl3):624.7,83.2,127.6,127.7,128.0,128.1,129.9,141.9,
2950 instrument. The thermal stability of the samples under 143.2, 159.9. HRMS [M]: calcd. for GoH23BO2, 306.1791;

a nitrogen atmosphere was determined by measuring theirffound 306.1796.
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2.4. 2,7-Bis(2,2-diphenylvinyl)-9;8pirobifluorene the current; power efficiency is defined as luminous fx/
(DPVSBF) whereV is the applied voltage.

A mixture of2(11.6 g, 37.9 mmol) and 2,7-dibromo-9,9

spirobifluorene §; 6.50 g, 13.7 mmol), Aliquat 336 (1.00g), 3. Results and discussion

2.0M aqueous KCO3z (20 mL), and toluene (60 mL) was

degassed and then tetrakis(triphenylphosphine)palladium3.1. Synthesis and characterization

(197 mg, 1.25 mol%) was added in one portion under nitro-

gen. After heated at 9@ for 8h, the reaction mixture Scheme lillustrates the synthetic route used for the

was poured into methanol (300mL). The precipitate was preparation of the bis(2,2-diphenylvinyl) derivative contain-

washed with water and methanol, purified by recrystalliza- ing a spirobifluorene skeleton. Compouhdas synthesized

tion from EtOAc/THF (5:1), and then sublimed to yield as described in the literature by the bromination of 1,1-

DPVSBF (5.10g, 55.4%)XH NMR (300 MHz, CDC}): § diphenylethylend15]. The lithiation of 1 with an excess

6.12 (d,J=1.3Hz, 2H), 6.57 (dJ=7.6Hz, 2H), 6.78 (s,  of n-BuLi, followed by treatment witm-butyl borate and

2H), 6.90-7.02 (m, 12H), 7.06 (ddd=7.5, 7.5, 1.0Hz, hydrolysis in aqueous HCI gave 2,2-diphenylvinyl boronic

2H), 7.15-7.22 (m, 10H), 7.31 (dd#= 7.5, 7.5,1.0Hz, 2H),  acid, which, without further purification, was converted to

7.49 (d,J=7.8 Hz, 2H), 7.69 (dJ)=7.58 Hz, 2H)13C NMR the boronic este® by its reaction with pinacol. The key

(75MHz, CDCB): § 65.4, 119.5,119.8, 124.0, 125.1, 127.3, intermediate, 2,7-dibromo-98pirobifluorene §), was

127.4,127.7,128.1,128.2,128.4,129.4,129.9, 137.0, 140.0prepared as reported previously by coupling the Grignard

140.1, 141.6, 142.3, 143.2, 148.2, 148.8. HRMS [M+H] reagent obtained from 2-iodobiphenyl with 2,7-dibromo-9-

calcd. for G3Hzg, 672.2817; found 672.2815. Anal. Calcd. fluorenone and then performing a dehydrative ring closure in

for Cs3Hzg: C, 94.60; H, 5.40. Found: C, 94.61; H, 5.42. acetic acid16]. The Pd-catalyzed Suzuki coupling reaction
between boronat2 and dibromide3 afforded the target

2.5. Fabrication of light-emitting devices compound, 2,7-bis(2,2-diphenylvinyl)-9;8pirobifluorene
(DPVSBF) [19]. The structure o DPVSBF was charac-
The hole-transport material 4;8is[N-(1-naphthyl)N- terized byH and 13C NMR spectroscopy. The vinylic

phenylamino]biphenyl (NPB) and the electron transporter protons give rise to a singlet &46.78, while the signal for a
tris(8-hydroxylquinolino)aluminum (AlQ) were sublimed at  quaternary carbon atom&®5.4 (C-9) indicates the presence
least twice through a temperature-gradient sublimation sys-of the spiro skeleton. High-resolution mass spectrometric
tem. Pre-patterned ITO glasses that have active device areaand elemental analysis data provided additional verification
of 3.14 mnt were cleaned thoroughly by sonication in deter- of the proposed structure.

gent, ethanol, and DI water, successively, for 5min in each

step. After being blown dry under a stream of nitrogen, 3 5 Thermal properties

the glasses were treated with oxygen plasma for 3 min and

the.n loaded into an Ulvac Cryogenic deposition system,  The thermal properties of the spiro-linked bis(2,2-
which was subsequently evacuated to a pressure below caginhenylvinyl) derivative were investigated by differential
2> 107> Torr. All of the organic layers were deposited at  gcanning calorimetry (DSC) and thermogravimetric analysis

a rate of 1.5-2.8/s. A Iaygr of LiF (1 nm) was depos?ted, (TGA). Fig. 1 displays the DSC curve dPVSBF, which
and then a layer of aluminum (150nm) was deposited as nqergoes a glass transition at 2G5 followed by crystal-
the cathode. The current-voltage—luminance relationships of};, 4tion at 161°C. and finally a melting transition at 24€.

the devices were measured under ambient conditions using
a Keithley 2400 Source meter and a Newport 1835C Opti- _
cal meter equipped with an 818ST silicon photodiode. The O LBl THF O
EL spectrum was obtained using a Hitachi F4500 spectroflu- 2 B(E-En0k _
orimeter. The active area of the device was 3.1%namd 3.aq. HCI O :

4. pinacol/benzene O\KT

that of the silicon photodiode was 100 riniThe device
was placed close to the photodiode such that all of the for-
ward light fell on the photodiode. The external quantum
efficiency was calculated according to a method described

previously[17]. The luminous flux (Im) is definefll8] by ) 0.0 ar

P, = Knm fA Pe ;. V() di, whereKp, is the maximum lumi-

nous efficacy (683 Im/W)Pe, is the spectral concentration

of radiant flux, andv() is the relative photopic luminous Pd(PPh3)4/K,CO;

efficiency function; the luminance (cdfinis defined by toluene/H,O/aliquat 336 DPVSBF

luminous fluxfra, wherea is the device area; the luminous
efficiency (cd/A) is defined by luminous fluxl, wherel is Scheme 1. Synthetic pathway BPVSBF.
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Fig. 1. DSC thermogram dPVSBF.

The value ofTy exhibited byDPVSBF is 51° higher than
that of the related analoguePVBi, which undergoes its
glass transition at 64C before crystallizing at 106C [7].

We attribute the enhanced morphological stability in the

spirobifluorene-based material to the presence of its rigid,
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microscopyFig. 2 shows the time-dependent optical micro-
grams of a vacuum-depositedPVBi film. Cracks and holes
were present in the film after its ambient storage for 30 min.
Two days later, the whole film appeared to have crystal-
lized. When heated at 8%, the morphological change was
observed in less than 1 min. In contrast, no change in mor-
phology was detected for tHePVSBF film after heating it

at 100°C for many hoursKig. 3). Itis important that OLEDs

be constructed from materials having a relatively high value
of Tq to avoid the problems associated with the presence of
grain boundaries in polycrystalline filni8,9]. In addition

to its high glass transition temperatuBRVSBF possesses
high thermochemical stability, as evidenced by TGA, which
indicated that the 5%-weight-loss temperature under a nitro-
gen atmosphere is 42€.

3.3. Photophysical properties

Fig. 4 depicts the solution and thin-film absorption and

spiro-fused, orthogonal bifluorene linkage, which hinders the photoluminescence (PL) spectra DPVSBF; its spectral

crystallization procesfl0,11] The relative morphological

data are summarizedable 1 Intoluene solutiolDPVSBF

stabilities of the two materials were further compared by possesses a lowest-energy transition Witlax positioned at

(b)

(a)
(c) (d)

Fig. 2. Optical micrograms of BPVBI film (a) kept at room temperature for 2 days, or heated a3for (b) 30s; (c) 120s; or (d) 240s. A scratch was

created for the purpose of providing contrast.

(a)

(b) (©)

Fig. 3. Optical micrographs of BPVSBF film heated at 100C for (a) 3 min; (b) 30 min; and (c) 3 h. The cross was created for the purpose of providing

contrast.
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—— but the emission maximum is red-shifted by 11-462 nm. The

0 in toluene spectral shifts observed in the solid state probably are due to
osf Kv“:""‘ the different dielectric constants experienced in the different
; in toluene environmentg$10b].

bs T The rigidity of the molecule also affects its excited-state

lifetime and emission efficiency. In fact, we determined the
excited-state lifetimes (radiative lifetimes in parenthesis) of
the spiro and non-spiro molecules in toluene solutions to be
1.2ns (1.85ns) and 450 ps (1.90 ns), respectively; the corre-
; ; : , ; sponding fluorescence quantum yielgg)are 0.65 and 0.24.
300 350 400 450 500 550 600 650 These values are compatible with the quantum yields — 0.73
Wayelenathc fom) for the former and 0.28 for the latter — determined by compar-
ison with a fluorescence standard, 9,10-diphenylanthracene
in cyclohexane ¢ =0.90)[22]. It is not surprising that the
PL efficiency of DPVSBF in dilute solution is greater than
377 nm that we attribute toa—mr* transition. Upon excita-  that of DPVBi by more than a factor of 2 because twisting of
tion, the solution exhibits a blue PL with an emission maxi- the biphenyl rings may result in efficient non-radiative con-
mum at 451 nm. The absorption band of the spirobifluorene- versiong23]. The presence of the spiro linkagelVSBF
based molecule is moderately red-shifted (24nm) with plays akey role ininhibiting the twisting motion, which leads
respect to that of its biphenyl analogue. This result indicates to its relatively longer lifetime (or larger value df).
that the planar fluorenyl linkage plays a role in enhancing
the 7 conjugation and reducing the HOMO-LUMO energy 3.4. Electrochemistry
gap[20]. In contrast, there is only a slight red-shift (7 nm) in
the PL spectra. In general, a small Stokes shifty—Aapg The electrochemical behavior &fPVSBF was investi-
is expected for a molecule having a constrained geometrygated by cyclic voltammetry using ferrocene as the internal
or existing in a confined environment because the nuclearstandard and the data are listedable 2 During the anodic
structure of the molecule does not deviate substantially from scanin CHCly, areversible oxidation was observedat0.73 V
its Franck—Condon geometfg21]. The smaller Stokes shift  (E°’) with the onset potential at 0.65V and, thRVSBF
observed foDPVSBF relative toDPVBI is consistent with has a lower oxidation potential relative to that of its biphenyl
the rigid structure of the former molecule. In the case of its analogue > =0.86 V). Upon the cathodic sweep in THF,
thin film, which we obtained by spin-coating a chloroform an irreversible reduction process was detected with an onset
solution ofDPVSBFonto a quartz plate, the absorption spec- potential at—2.42V, which is a value that is only slightly
trum is almost identical to that obtained in dilute solution, more negative than that of the reductive onset observed for

04
02

0.0

Normalized Abs./PL intensity (a.u.)

Fig. 4. UV-vis absorption and PL spectral®VSBF andDPVBi.

Table 1
Optical properties obDPVSBF andDPVBi
Absorption,Amax (NmM) PL, Amax (nm) P C Tops (NS4 7r (nsf+©
Solutior? Filmb Solutior? FilmP
DPVSBF 377 378 451 462 0.73 2 1.85
DPVBI 353 353 444 458 0.28 45 1.90
2 In toluene.

b Spin-coated from their CHglsolutions.

¢ The relative quantum yield was measured with reference to 9,10-diphenylanthracene in cyclothexar0j.
9 The excited-state lifetimes.

€ The radiative lifetimes.

Table 2
Electrochemical properties &fPVSBF andDPVBi

E (V)2 ErRd (V)2 HOMOP (eV) LUMOS (eV) E¢ (evy EJ (eV)e
DPVSBF 0.65 —2.42 —5.45 —2.38 3.07 2.94
DPVBI 0.79 —-2.39 —-5.59 —2.41 3.18 3.07

a Potential values are given vs. Fclf-c

b Determined from the onset oxidation potential.

¢ Determined from the onset reduction potential.

d Electrochemical band gap estimated usifj= EQxsei— Eroaer

€ Optical band gap, calculated from the absorption edge of the UV-vis spectrum.
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Fig. 5. Current—voltage—luminance curves for bieVSBF and DPVBi-
based devices.

DPVBI (—2.39V). The HOMO and LUMO energy levels
of DPVSBF estimated from the onset potentials for the oxi-
dation and reduction processes, respectively—&&5 and
—2.38 eV with respect to the energy level of the ferrocene ref-
erence (4.8 eV below the vacuum levi¥]. The band gap

of DPVSBF (3.07 eV) estimated from these electrochemi-
cal measurements is smaller than that determineD R/ Bi
(3.17eV). Again, this feature is due to the planarity of the
fluorene core: the enhancedconjugation between the two

tum efficiency of 2.54%, luminance efficiency of 4.1 cd/A,
and power efficiency of 2.0Im/W. A maximum brightness
of >40,000 cd/m was reached at a driving voltage of 15 V.
For comparison, a similar device wilbPVBi as the emis-
sion layer was also prepared under the same conditions. This
device gave amax at 460 nm (CIE coordinates: 0.16, 0.17)
and a similar external quantum efficiency (2.38%) relative to
the previous device. The luminance efficiency and power effi-
ciency are lower by ca. 30% than that base®&VSBF. The
higher luminance efficiency of thBPVSBF-based device,
relative to that of theDPVBi-based device, might also be
due to a red shift of the EL spectrum, so that it occurs
closer to the maximum of the relative photopic luminous effi-
ciency functior[26]. We also note that, for tHePVBi-based
device, a fast drop in luminance occurred at driving volt-
ages higher than 12 V. The performance characteristics for
the two devices are listed ifiable 3 The major difference
observed upon introducing this high&g; morphologically-
more-stable derivative appears to be the device’s lifetime. The
lifetime of a device involves many parameters, including the
stability of the materials, the quality of the ITO substrate,
and the encapsulation technique used. Thus, we performed
a relative duration test on the devices made fioRVSBF
andDPVBI under otherwise identical preparation condition.
The devices were driven at the constant current at which
their initial luminance was 10,000 cdfxThe luminance was
monitored until half of the original luminance was reached.

diphenylvinyl moieties leads to the reduced band gap energyFig. 6 shows the time-dependent luminance decay of the two

[25].
3.5. Electroluminescent properties

We fabricated light-emitting devices of the struc-
ture ITO/NPB (40 nmPDPVSBF (10 nm)/AIQ (30 nm)/LiF
(Inm)/Al (150nm), where NPB and AIQ refer to
4,4 -bis[N-(1-naphthyl)N-phenylamino]biphenyl and tris(8-
hydroxyquinoline) aluminum(lll), respectively. As expected,
a bright blue emission was observed withgax at 474 nm
(CIE coordinates: 0.16, 0.24Fig. 5shows thd-V-L char-
acteristics. At a driving current of 100 mA (6.4 V), a lumi-
nance of 4110 cd/fMwas obtained with an external quan-

Table 3
Performances dDPVSBF andDPVBi-based devices

devices. The device based ®@PVSBF had a half-life of
1280 min, or a projected half-lif§27] of 2133 h at a ini-

tial luminance of 100 cd/f In contrast, the device based on
DPVBI had a half-life of 78 min, and a projected half-life of
130h at initial brightness of 100 cdfnThus, there was a
16-fold enhancement in the lifetime of tB#PVSBF device.
This improvement may be due to the higher efficiency of the
DPVSBFbased device (so that a lower driving voltage can
be applied for the same initial luminance), and/or a more sta-
ble morphology of the film materials. Because DEVBI

film tends to crystallize quickly, its crystallization can lead
to an inhomogeneous film surface that may cause nano- or
micro-scale insulating and, thus, dark spots.

Brightness (cd/f) Next (%0) Lum. eff. (Cd/A) Power eff. (Im/W) Vrive (V) Viurn-on (V) Peak/FWHM (nm) CIEX, Y)
DPVSBF
928 2.87 467 2.08 4.82 2.7 474/82 0.16,0.24
4108 2.54 412 3.08 6.37
4124F 3.0% 5.33% 4.76
DPVBI
718 2.62 357 2.03a 5.52a 3.3 460/76 0.16, 0.17
3238 2.38 3.24 1.44 7.08
23753 3.01° 4.1F 3.5

a Values recorded at 20 mA/ém
b Values recorded at 100 mA/ém
¢ Maximum values of the devices.
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Fig. 6. Tests of the stability of (a) thBPVSBFbased and (bpPVBi-

based devices. The devices were driven at the constant current that provided

an initial luminance of 10,000 cd/m

4. Conclusions
We have prepared a new blue emit2RVSBF that pos-

of DPVBI, but has a higher glass transition temperature
as a result of the presence of its spirobifluorene linking
group. In comparison with the corresponding tetrasubsti-
tuted derivativeSpiro-DPVBI [13], DPVSBFis highly sub-
limable, which is most advantageous for device fabrication.
This material also has a much longer operation lifetime,
relative to that ofDPVBI, when incorporated into an elec-
troluminescent device; this property makd3VSBFa more

practical material. In a standard three-layer configuration and

at a driving current of 100 mA (6.4 V), the device exhibited
a luminance of 4110 cd/frwith an external quantum effi-
ciency of 2.54%, a luminance efficiency of 4.1 cd/A, and a
power efficiency of 2.0 Im/W.
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