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Abstract

Employing complimentary color phosphorescent emsttef the well-knownFIrpic and new
unsymmetrical orange emittér-POB with 9-phenyl-9-phosphafluorene oxide (PhFIPO) ehgi
solution-processed white organic lighting-emittidigdes (WOLEDs) had been fabricated to cope
with the variation of EL spectra at different worgivoltage through excitation of boEirpic and
Ir-POB with the same mechanism in the device. Througlstcocting a thin exciton formation zone
by the energy level layout between host 4,4'(d¢arbazol-9-yl)triphenylamineTCTA) and
1,3,5-tris-(N-(phenyl)-benzimidazole)-benzend RBi), both Flrpic and Ir-POB in the single
emission layer can be excited by energy-transferhaag@ism to bring stable white EL spectra in wide
range of driving voltages with small CIE coordinat&riation of Ax = 0.0044 and\y = 0.0197.
Furthermore, in order to overcome the disadvangageciated with energy-transfer mechanism, both
Flrpic and Ir-POB have been excited by direct charge-trapping maestrann WOLEDs by
judiciously controlling the energy level layout Wween phosphorescent emitters and co-hosts
polyvinyl carbazole RVK) and 1,3-bis(5-(4tért-butyl)phenyl)-1,3,4-oxadiazol-2-yl)benzene
(OXD-7). The concerned WOLEDSs not only maintain stablé&evBEL in even wider driving voltage
rang with CIE coordinate variation ak = 0.0078 and\y = 0.0053, but also furnish much higher EL
efficiencies of maximum external quantum efficierfgy) of 22.4%, a maximum current efficiency
(n) of 58.4 cd A and a maximum power efficiencyg| of 41.3 Im W*. Hence, by unifying
excitation mechanism of the phosphorescent emjtbgtimized trade-off between white EL stability
and high EL efficiencies have been successfullyieagh. Definitely, these results can provide
crucial information for developing WOLEDs with higierformances.
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emitters; Stable white EL; High efficiency; Whiteganic lighting-emitting diodes (WOLEDS)

1. Introduction

Organic light-emitting diodes (OLEDs) can convddctricity into light named electroluminescence
(EL) by organic luminescent molecules[1]n addition, the EL color or wavelength of the Qb£is
generally up to the band-gap of the involved orgdominescent molecules[2]. Hence, through
changing the chemical structures of the organidtersj the OLEDs can show various EL colors|3,
4]. Through employing three emitters of primaryarsl (Red, Green and Blue, RGB)[5, 6] or two
complimentary color (Yellow and Blue)[7, 8] emitsethe OLEDs can even emit white EL, which is
very suitable for lighting purpose, since the wtiile from OLEDs can exhibit very broad spectral
line-shape. This is very desirable feature of widileEDs (WOLEDSs), because the broad spectral
line-shape of white EL should make it similar tce thatural sun light, representing the most
favorable lighting light.

To construct WOLEDSs, primary- or complimentaryetoemitters are typically employed to
construct single or several individual emitting dey in one device to bring broad white EL
spectra[9-11]. Obviously, WOLEDs with single emissilayer are preferable due to their simple
structures to make fabrication much easier. Unfately, WOLEDs with single emission layer
generally exhibit a critical drawback of variation the EL spectra at different working
voltages[12-15]. For sure, this disadvantage witdurage the practical application of WOLEDs as
new lighting sources. It had been shown that casesmergy transfer between different emitters or
different excitation modes of the emitters haveunetl the variation of EL spectra at different
working voltages[16, 17]. In order to cope withstlproblem, the emitters employed are set into

different zones to fabricate WOLEDs with multi esig layers[18, 19]. However, this strategy



should definitely make fabrication of WOLEDs as eryw complicated process. Hence, it is very
necessary to construct WOLEDs with single emisdayer at the same time maintaining stable
white EL spectra.

As new lighting sources, one of the priorities M/ OLEDs is energy-saving, since many
traditional lighting sources cannot convert el@tyiinto light efficiently and cause terrible wasif
energy. Conventional organic fluorescent emittarsnot fulfill this purpose well due to the facttha
they can just harnessa. 25% of all the electrically generated excitons[2@inportantly,
phosphorescent emitters, especially 2-phenylpyettiype (ppy-type) Ir(lll) complexes, can harvest
both singlet and triplet excitons in the EL procesfurnish 100% internal quantum efficiency in the
OLEDs[21-23]. Accordingly, the EL performances loé tphosphorescent ppy-type Ir(lll) complexes
are very crucial for furnishing highly efficient W@&Ds[24-28]. Based on these advanced
phosphorescent emitters, many WOLEDs had been rootestt to show very high EL
efficiencies[28-33]. Even for the polymer-based VEDIs with simple structures, EL efficiencies as
high as of 12.34 cd A 9.59 Im W' had been achieved[34], showing great potentiathete
phosphorescent ppy-type Ir(lll) complexes in WOLER®cently, new functional phosphorescent
ppy-type Ir(lll) complexes with unsymmetrical sttues can show very high EL efficiencies in
monochromic OLEDs[35-37]. Reasonably, introducihgse novel phosphorescent emitters into
WOLEDSs should furnish impressive EL performances.

So, in this research, together with well-knowry-bkue phosphorescent emittéirpic, one
unsymmetrical phosphorescent ppy-type Ir(lll) coaxpbearing a 9-phenyl-9-phosphafluorene oxide
(PhFIPO) moiety has been employed to constructisolprocessed complimentary color WOLEDs

with single emission layer. Through controlling #gatton mode of the complimentary color



phosphorescent emitters, the solution-processed BIBLwith single emission layer can show very
stable white EL spectra at the same time maintgihigh EL efficiencies. The concerned results will
definitely provide crucial information for optimrzg the EL performances of WOLEDSs.
2. Experimental

Chemical structures of the key materials employadniaking WOLEDs are shown in Fig. 1.
Well-known phosphorescent emittélrpic is commercial available and the orange phosphentsc
emitterlr-POB with unsymmetrical structure had been prepareduryeported strategy[37]. It had
been shown thdr-POB can exhibit high EL efficiencies in monochromic EXDs[37]. Accordingly,
it should possess the potential to bring attradiizgperformances in WOLEDs as well. In addition,
its orange emission can complement with the skg-klmission fronfirpic to bring white emission
in the devices. Poly (3, 4-ethylenedioxythiophep@)ystyrene sulfonate acid (PEDOT:PSS) had
been adopt to deposit hole injection layer (HIL)3,5-tris-(N-(phenyl)-benzimidazole)-benzene
(TPBiI) layer serves purpose of both hole-blocking aedtebn-transporting. Host materials involved
in the WOLEDs are 4,4' 4"-tris(carbazol-9-yl)trgstylamine TCTA),
1,3-bis(5-(4-(ert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)benzen€DXD-7) and polyvinyl carbazole

(PVK). The chemical structures of the materials aforgiored are shown in Fig. 1.
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Fig. 1. Chemical structures for the materials used to ¢albei WOLEDs.

3. Resultsand discussion
3.1. Achieving stable white EL through excitation of phosphorescent emitters by
ener gy-transfer
In the electrical excitation process of WOLEDs, theolved emitters have great chance to be
excited by different mechanisms, typically enenmgnsfer and direct charge-trapping, due to the
layout pattern of the energy-levels between hodenas and phosphorescent emitters[1t7had
been shown that different excitation mechanismslired in WOLEDs generally induce the
variation in white EL spectra at different drivimgltages[16, 38]. Adopting structufeshown in Fig.
2, three solution processed WOLEDs (Deviges, W2 andW3) had been fabricated with different

ratio between complimentary color phosphoresceritersFIrpic andir-POB.
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Fig. 2. Structures and energy-level layout for WOLEDSs.

Despite the decent EL performances (Table 1, Figai®l S2), all the WOLEDs exhibit variable
white EL spectra under different driving voltagdsg( 3). With increasing driving voltage, the
orange component is weakened in the white EL speuthile blue component is enhanced. The
variation of the white EL spectra can be clearlgicated by the CIE coordinates (Fig. 3d). For
device W1, CIE coordinate variation wittAx = 0.0655 andAy = 0.0276 can be observed.

Unfortunately, even larger CIE coordinate variati®nindesirably detected witkk = 0.0627 and\y

=0.0274 for devic&V2 andAx = 0.0932 andy = 0.0333 for devic&V3.



Table 1 Maximum EL performances of devicésl, W2 andW 3.

Device w1l w2 W3
Viurn-on(V) 4.5 4.4 4.1
Luminancel (cd n?) 28060 27431 23524
Hext (%) 13.1% 7.7% 8.9%
n (cd AY 335 21.9 24.5
ne(Im W1 20.7 13.6 17.9
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Fig. 3. EL spectra at different voltages for (a) DevM&l, (b) DeviceW2 and (c) Devicew3
together with (d) corresponding CIE(X,y) coordirsate

In order to find the origin of the variation inet white EL spectra of devic¥gl, W2 andW 3, the
excitation mechanisms fdtlrpic andIr-POB should be clarified. To fulfill this purpose, cent
density ()-voltage V) curves for the devices with emission layer conepoBy different ration of

Flrpic to Ir-POB have been obtained (Fig. 4). When setting?OB content of 0.8 wt.-% and



varyingFlrpic content of 6.0 wt.-%, 8.0 wt.-% and 10.0 wt.-%hats been found that tliev curves

of the concerned devices remain nearly unchangegd4g), indicating the energy-transfer excitation
mechanism oflIrpic. Differently, the current density can be effectyvcreased in the devices by
settingFlrpic content of 10.0 wt.-% and varying-POB content of 0.8 wt.-%, 1.0 wt.-% and 1.3
wt.-% (Fig. 4b), indicating the direct charge-traygpexcitation mechanism ¢f-POB. In addition,
Ir-POB can possess much higher HOMO level than that@fA and comparable LUMO level to
that of TPBI, favoring its direct charge-trapping excitationvesdl. In addition, the HOMO levels of
Ir-POB and PEDOT:PSS are quite close to form shallow well, which canaffectively reduce the
hole current density at low doping level ofPOB[39]. In addition, the nearly identical LUMO
levels of bothir-POB andTPBi can make the electrons frohiPBi layer flow easily to the LUMO
of 1r-POB, which can enhance electron current density. Hehagher current density can be
furnished at higher doping level of-POB in emission layer (Fig. 4b). Based on the exa@tati
mechanisms for the phosphorescent emitters, thatier of white EL spectra of devicé§l, W2
and W3 with increasing driving voltage can be explainesl fallows. Owing to the direct
charge-trapping excitation associated withPOB, the charge-trapping process lofPOB will
definitely compete with charge-transporting prociesthe device. With increasing driving voltage,
internal electric field of the device will be enltad to favor charge-transporting process and
disfavor the charge trapping process |ofPOB. In addition, the enhanced charge-transporting
process will promote the formation of excitons ba host to facilitate energy-transferRirpic. So,
with increasing driving voltage in devicegl, W2 andW3, the blue content in the white EL spectra
is effectively enhanced and the orange contenglaively weakened, inducing undesired variation

of white EL spectra (Fig. 3).
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Clearly, the variation in the white EL spectranfr devicesW1, W2 andW3 is induced by the
different excitation mechanisms associated Wthpic andIr-POB, respectively. Hence, exciting
both Flrpic and Ir-POB with the same mechanism should be a feasible wagope with this
problem. Based on the energy-level layout of theia#s with structureA (Fig. 2), owing to the
higher LUMO level of TCTA than that ofTPBi, electrons can be easily confined at the interface
betweenT CTA andTPBi. At the same time, the much deeper HOMO levelBBi can effectively
block the holes transported froRCTA at the interface betwedCTA andTPBi. It can be expected
that inserting a layer of CTA between doped CTA emission layer and PBi layer can form a
recombination zone or exciton formation zone. By thay, bothFIrpic andlr-POB can be excited
by energy-transfer mechanism to relieve the proldénvhite EL variation aforementioned. So, the
WOLEDs with TCTA layer possessing different thickness have been rmgadelopting structur®
(Fig. 2) and the EL results have been summarizédhbie S1. Among them, devit®4 in which a
thin TCTA layer with optimized thickness of. 4 nm acts as exciton formation zone can show the
best EL performances (Table S1). The excitons fdrmethis zone transfer energy to bdthrpic

andIr-POB (Fig. 2). From the EL results in Fig. 5, devM&l can show comparable EL efficiencies



to devicesW1, W2 and W3 (Fig. 5a and b) with maximum luminancen,) of 38844 cd crf,
maximum external quantum efficiencyef) of 12.6%, maximum current efficiency,{ of 33.2 cd

A and a maximum power efficiencyd of 24.4 Im W". Importantly, devicaV4 can maintain
stable white EL spectra in wide driving voltagegarfrom 5 to 11 V (Fig. 5c), indicated by much
smaller CIE coordinate variation witkix = 0.0044 and\y = 0.0197 than that a1, W2 andW3
(Fig. 3d). The weak EL band a&b. 420 nm should be assigned T&€TA (Fig. 5c¢), since the
recombination zone locates in the tRIGTA layer and the formed excitons cannot be consumged b
the phosphorescent emitters. The existence of kedland fromTCTA makes EL spectra a4
different from those oW1, W2 andW3. Obviously, difference in the white EL spectralig to the
different excitation mechanism W4 from those inW1, W2 andW3. However, with increasing
driving voltage > 11 V, obvious variation in whiit. spectra can be detected (Fig. 5¢c and d), due to
the drifting of recombination zone into the dogedTA layer. So, more advanced strategy should be

developed to cope with the problem of white EL atoin.
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3.2. Achieving stable white EL through charge carrier-trapping mechanism for phosphorescent
emitters

Generally, white EL spectra can be obtained throweiting phosphorescent emitters by
energy-transfer mechanism in complimentary color MZDs. However, the energy-transfer
excitation mechanism will definitely induce energgs, disfavoring EL efficiencies. In addition,
drifting of recombination zone should be addresssdwell. Hence, new strategy should be
developed to maintain both white EL stability andhhEL efficiencies. In this section, taking
advantage of energy-level layout Fifr pic andlr-POB, this purpose has been successfully fulfilled
by excitation of the phosphorescent emitters thnowdirect charge-trapping mechanism in
solution-processed WOLEDs. The prepared WOLEDSs tagvpctureC in Fig. 6. BothPVK with
high LUMO level andOXD-7 with deep HOMO level have been employed as co-hwgerials.
Clearly, this strategy makes the energy-levelsahli-lrpic andIr-POB lie in between those of

co-host materials at the same time furnishing aolarfeatures.
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Fig. 6. Structure energy-level layout for the WOLEDs wphosphorescent emitters excited by
charge carrier trapping.

The energy-level pattern between hosts and ploospbent guests will favor direct
charge-trapping excitation mechanism for bbthpic andIr-POB. In order to confirm botl¥lrpic
andIr-POB are dominantly excited by direct charge-trappingchanism, PL and EL spectra have
been compared (Fig. S3). The EL spectra of daéaaking as an example are quite different from
the PL spectrum of the film with the same conterthit of the emission layer of devidé6. For the
PL process, there should be just energy-transtergss without direct charge-trapping. Obviously, if
there were obvious energy-transfer in the EL precgseat resemblance between EL and PL spectra
would be observed. So, it can be safely concludhed Flrpic and Ir-POB are mainly excited
through direct charge-trapping mechanism. In adiljtthe obvious dependenceJe¥ curves on the
content ofFlrpic andIr-POB in the emission layer have clearly indicated treiarge-trapping
excitation mechanism in the WOLEDs (Fig. S4).

Furthermore, in order to clarify the excitation heior of Flrpic and Ir-POB, device T1

(ITO/PEDOT:PSS(40 nm)/EML(40 nm)/Al(100 nm), withalectron injection layer) and devig&



(ITO/EML(40 nm)/TPBIi(40 nm)/LiF(1 nm)/AI(100 nm), itthout hole injection layer) had been
fabricated. The component of devicE$ andT2 is similar to that of devic&/6 with PVK (63.0
wt.-%):0XD-7 (27.0 wt.-%):Ir dopant (10.0 wt.-9%j(rpic:Ir-POB = 40:1.5). It have been found
that the turn-on voltage for boihl andT2 wasca. 10 V. EL spectra for botfil andT2 can show
obvious difference (Fig. S5). For devi€é without electron injection layer, there are maingles in
the emission layer with driving voltage less th&h\ When driving voltage is higher than 10 V,
electrons are injected into the emission layeF bf At this time, holes and electrons can combine to
form excitons and hence induce EL to turn on theage Form the EL spectrum of devidé (Fig.
S5), it can be clearly seen that the blue EL baooh Flrpic is much higher than that fron-POB.

It indicates thaFIrpic should possess much higher ability to trap elastthanir-POB. Based on
the similar analysis and the EL pattern of devi& it indicates thatr-POB should possess much
higher ability to trap holes thaflrpic. In addition, theJ-V curves for the hole-only devices with
different doping levels oflIrpic for hole-only devices (Fig. S6a) amnd-POB for electron-only
devices (Fig. S6b) have been obtained. Gener&iéyJV curves are quite similar under different
doping levels of the phosphorescent dopants. Hsiglrindicates thdtlr pic andlr-POB cannot act
as effective hole and electron trap, respectivébgether with the energy-levels &lrpic and
Ir-POB, it can be concluded that electrons can be eagégted intoFIrpic, serving as electron trap,
while Ir-POB can capture injected holes and serve as hole(fiigp 6). Importantly, owing to the
fact thatFlrpic andIr-POB act as trap for electron and hole, respectivédigre is no obvious
competition in their excitation process, guaramigaielatively stable content of blue and organic
light in the final white EL spectra. It should beted that the mixed ambipolar host can guarantee

both holes and electrons distribute more eventpénemission layer of the WOLEDSs. It will reduce



the competition betweeRlrpic andIr-POB in the excitation process as well. Definitely,wiil
benefit the stable white EL as well.

Encouragingly, the EL performances of WOLEDR®, W6 andW7 have realized this idea (Fig.
7, 8 and S7). All the WOLEDs can show very stablatevEL spectra in wide range of driving
voltage (Fig. 7). From 6 to 13 V, CIE coordinateiggon for W5 is Ax = 0.010 andAy = 0.015,
while Ax = 0.0075 andy = 0.0078 folW6 together withAx = 0.0078 andy = 0.0053 folwW7 (Fig.
7d). In addition, devic®/7 can exhibit the highest EL efficiencies of 22.498,4 cd A* and 41.3 Im

W among the three WOLEDs.
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Fig. 7. EL spectra at different voltages for (a) DevMs, (b) DeviceW6 and (c) DeviceW7
together with (d) corresponding CIE(X,y) coordirsate



Table 2 Maximum EL performances of devicéss, W6 andW?7.

Device W5 W6 W7
Virn-on(V) 4.4 4.2 4.1
Luminancel (cd n?) 38788 33903 37008
Next (%) 14.9% 17.1% 22.4%
n (cd AY 36.5 42.7 58.4
e (Im W1 23.1 27.9 41.3
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Fig. 8. EL efficienciesvs. current density curves for (a) Deviee¢5, (b) DeviceW6 and (c) Device
W7.

In brief, both of the two strategies can ful§thble white EL spectra in wide driving voltagegan
Importantly, exciting both the phosphorescent earstvia charge carrier-trapping mechanism can
achieve optimized trade-off between EL efficieneyd &L spectral stability in WOLEDs. Clearly,
good match of the energy-level layout lofPOB with that of other functional materials in the
WOLEDSs has played a critical role in fulfilling ghpurpose. Obviously, the two strategies have been
realized by control the energy-level layout of tmaterials in the WOLEDs. With the emitters
possessing energy-level layout similar to thaElofpic andlr-POB, WOLEDs with stable white EL

spectra can be obtained. Hence, the strategiegatpin this research should be universal.

4. Conclusion

Two strategies have been developed in solutiongssed complimentary color WOLEDs to
furnish stable white EL in wide range of drivingltage through controlling energy-level layout of
the involved materials. It has been found thatying excitation mechanism of the phosphorescent

emitters with either energy-transfer or direct geatrapping, is very crucial for fulfilling stable



white EL spectra. The energy-transfer excitatiors lbaen realized by constructing an exciton
formation zone in the WOLEDSs, while laying the aeqelevels of phosphorescent emitters between
those of co-host materials can fulfill direct chetgapping excitation. By these advanced strategy,
stable white EL spectra with CIE coordinate vaoatof Ax = 0.0078 and\y = 0.0053 have been
achieved at the same time maintaining high EL iefficies of 22.4%, 58.4 cdAand 41.3 Im W.

This research can be an effective outlet to obitegh performance WOLEDs.
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Highlights

1. Stable white EL has been achieved by unifyingitakon mechanism of the phosphorescent
emitters.

2. Functional orange phosphorescent emitter witbh@ayl-9-phosphafluorene oxide (PhFIPO)
moiety has been employed for WOLEDs

3. Optimized trade-off between stable white EL $@eand efficiencies has been fulfilled in

solution-process WOLEDSs.

Graphical Abstract

0.46
i — =W5 CIEx = ==W6 CIEX == ==W7 CIEx
0.44 W5 CIEy ==#=W6 CIEy == ==W7 CIEy
0.42fF
—_— 2 e 3 > e P >
=040 e
= A : : 4 : .
e S — '
= 0.38 | EL Efficiencies ~— — =
Sosch 22.4%,584cd A and 41.3 Im W
- 5
0.34
ok o«
0.30 a4 a a4 i
6 12

8 10
Voltage (V)




Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




