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ABSTRACT:

We described an approach to achieve fine colorrabot fluorescent White Organic Light
Emitting Diodes (OLED), based on an Ultra-thin Ppeed emitting Layer (UPL). The UPL
consists of a mixture of two dyes (red-emitting @diert-butylbiphenyl-4-yl)amino-4'-
dicyanovinyloenzene or fvin and green-emitting  4-di(4ert-butylbiphenyl-4-
yl)aminobenzaldehyder fchg premixed in a single evaporation cell: since ¢héwo
molecules have comparable structures and simildtingetemperatures, a blend can be
evaporated, giving rise to thin films of identi@d reproducible composition compared to
those of the pre-mixture. The principle of fineaoluning is demonstrated by evaporating a

1-nm-thick layer of this blend within the hole-traost layer (4,4’-bis[N-(1-naphtyl)-N-



phenylamino]biphenylo-NPB)) of a standard fluorescent OLED structureotUplaying on
the position of the UPL inside the hole-transpayel, as well as on the premix composition,
two independent parameters are available to finehtrol the emitted color. Combined with
blue emission from the heterojunction, white lighith Commission Internationale de
'Eclairage (CIE) 1931 color coordinates (0.34, 4).3vas obtained, with excellent color
stability with the injected current. The spectrueneals that thécho material does not emit
light due to efficient energy transfer to the rediting fvin compound but plays the role of a
host matrix forfvin, allowing for a very precise adjustment of the deghant amount in the

device.

1. Introduction

Organic Light-Emitting Diodes (OLED) have made impot progress during the last two
decades particularly for applications in flat padedplays. The interest for White OLED
(WOLED) has recently been pushed forward by the igerighting market; they appear as
useful complements and even competitors of weldkdisthed fluorescent tubes and inorganic
LEDs thanks to their unique features (lightweidiglit sheets” emitting over a sizeable area,
low cost, glare-free emission, deposition over poadly flexible/transparent substrates[1])
going along with high efficiencies and a low enwimeental cost in terms of manufacturing,
operation and disposal compared to existing tedyies[2].

OLED emitting white light were first reported by Kido et al. 15 years ago [3]. Now,
WOLED are able to outperform incandescent lighbbwdnd even fluorescent tubes in terms
of luminous efficiencies[4]. A good white light ett@r should be defined by color
coordinates close to the Planckian locus arouncethe-energy white point (x = 0.33, y =
0.33 in the Commission International de I'Eclaira@®E) 1931 diagram), with a Color

Rendering Index (CRI) close to 100. Moreover thiesgeures should be independent on the
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injected current over a large span to allow forihence adjustment. They should be stable
during the device lifetime (no differential agin§tbe luminophores), and at last the OLED
manufacturing process should allow for a high rdpoibility and a precise tuning of the
color. The color stability issue is prominent fdt @LED devices but is of particular
importance for WOLED as only a shift of more tha@(®-0.01 for the x- and the y- values
of CIE coordinates, respectively, results in an apiable visible shift in the rendered color
[5]. This correspond to a four-step MacAdam ellipadich is a typical measure of an
acceptable color shift (even if the lower sendiivof the human eye in this part of the
colorimetric diagram make this definition maybe heat stringent for white emitters).
Although the basic principle to obtain white lightalways to mix either two or three emitters
with complementary colors[6-8], three different ghbapproaches can be used to achieve this
goal, each with its advantages and drawbacks j2]ilumiphores can be blended in a single
layer [9-11], separated in different layers in aene OLED[12, 13], or contained in several
formally independent devices each of which emugéitliof a different color [14], the latter
being however excessively complex and costly coethap the two other approaches. For
those first two categories, however, several te@inssues have to be addressed. The most
critical issue in producing white light is the acate and reproducible control of the emitted
color, as well as the absence of color shift upoltage modification. In this context, there is
a technical issue originating from the lowest-egerppant (the red emitter in a
Blue+Green+Red combination, or the yellow dopantairBlue+Yellow mix) because it
causes emission quenching from higher-energy Iyimgiphores due to energy transfer.
Moreover it has to be incorporated in very smalbants compared to the other lumiphores
or hosts. In a single blend, this is because Forg®onant energy transfer is extremely
efficient towards the lowest-gap material. In mooenplex multilayer devices, even though

energy transfer is also often exploited to playtio color, low doping rates in host matrices
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have to be used in any case, because concentigmching is strong with red emitters,
often characterized by longconjugated backbones and prompt to stro¥ggacking and/or
dipole-dipole interactions.

The most widely-used technique to achieve the reduvery low doping rates is co-
evaporation; low doping ratios are obtained upottirge large temperature differences
between the host and the guest evaporation bogbsactice batch-to-batch reproducibility is
a problem and co-evaporation becomes impractidabléoping rates below 0.3% [15].

A few solutions have been proposed to overcome limgation: the first one consists in
using ultra-thin layers ofpure dopants [7, 16, 17], whose position with respextat
recombination zone defines the color in a very igseedashion through the interplay of
Forster energy transfer and exciton diffusion [18]. This technique is limited to ultrathin
“layers” (of the order of 1 nm, which is also thypital size of an emitter, so that it may be
thought of as a “localized doping” or a “delta-dugpi scenario [16]) and is very sensitive to
concentration quenching. The emission spectrum doegenerally depend on the applied
voltage in this case as the recombination zoneiresrongly localized [16].

A different approach consists in using single wAeiteitting layers from different compounds
“premixed” in a single evaporation boat. Jdwal. used a mixture of host and dopant [20] and
obtained high color reproducibility with howeversaong chromaticity dependence on the
deposition sequence, attributed to the very differselting points between the guest and the
host molecules. Similar conclusions can be drawmfthe work of Steinbachet al [15]
who realized a yellow OLED by premixing two dopaims single cell. Shaet al.[21] used

a mixture of NPD with various fluorescent dopantslted together as an organic solid
solution formed by a rather complex high-tempemtand high-pressure fusion process.

Using a premixed blend offers a much higher prosesslicity and reproducibility; however



dopants should have similar evaporation ratesitoirte the time-varying composition of
the boat during the evaporation process.

In this study, we propose to merge both advantajebe ultrathin layer approach (low
current-dependence of color coordinates, fine cbraf chromaticity) with those of the
premixed blend (reproducibility and fine controladry low doping rates) with fluorescent
lumiphores that are weakly sensitive to quenchasges. In this way, we elaborated WOLED
made of an ultra-thin layer of two mixed dopantsthbof which having similar chemical
structure and being able to be premixed with highhbgeneity and evaporated with similar
rates. We have then two “knobs” that we can “tumadjust the color, namely the thin layer
position with respect to the recombination zone, tiedpremix composition. The Ultrathin
Premixed Layer (UPL) consists of a mixture of twaqalar starbust triphenylamine
molecules (4-di(4tert-butylbiphenyl-4-yl)aminobenzaldehyde and 4-di@rt
butylbiphenyl-4-yl)amino-4’-dicyanovinylbenzenmespectively dubbedcho andfvin in the
following), presenting very similar structures atiebrmal properties, and emitting in the
green and red region respectively. After evaporattbe resulting UPL film composition
relates to that of the initial powder mixture, whia turn controls the OLED emission
properties. Pure white light has been obtaine@foho:fvinratio of 1:2 with 1931 CIE color

coordinates (0.34, 0.34).

2. Experimental procedure

The device structure used in this study is showrFign 1(a). All organic layers were
evaporated on cleaned Indium Tin Oxyde (ITO) coafleds substrates (~Z0sq) without
breaking the vacuum (~¥Ombar or 1¢ Pa) at a deposition rate of 0.2 nm/s. The layer
thicknesses were monitored with an in-sguartz crystal. The active area of the devices

defined by the aluminum cathode is 0.3 cm2. Cogpepthalocyanine (CuPc), 4,4’-bis[N-

5



(1-naphtyl)-N-phenylamino]biphenylo{NPB), aluminum tris(8-quinolinolato) (Al were
used as a hole injection layer, hole transporteladtron transport layers respectively. (4,4'-
bis(2,2’-diphenyl vinylene)-1,1’-biphenyl) (DPVBivas employed as a blue emissive host
material. The thickness of each layer (see figus¢ Was defined so that the expected
recombination zone location corresponds to a maxirafithe optical field for an emission in
the blue range of the spectrum. In this device &ira¢the recombination zone is preferably
located at thea-NPB/DPVBI interface due to the charge confinemenposed by the

energetic barrier levels of these two materidlg (mo ~ 0.4 eV andAEyomo ~ 0.5 eV)

[7,13,17]. On the cathode side, lithium fluorideiF) was used to improve electron
injection. The 1-nm-thick UPL film was evaporatddaadistancel from theo-NPB/DPVBI
interface (by convention d<O is for the UPL inswd®&PB and d>0 for the UPL in DPVBI).
The layer thicknesses are controlled with a quaatance with an accuracy of 10%. The UPL
is a mixture of the two moleculetlio andfvin) depicted in Fig. 1(b) and whose synthesis,
thermal and spectroscopic characteristics have begorted in an earlier work [22]. They
were directly mixed as powders in the same evapordioat and their weight ratio was
adjusted before evaporation under vacuum. Fourumaxtatiosfcho:fvinof 1:0; 1:2; 2:1 and
0:1 respectively were investigated. The main prisgeiof fcho andfvin can be summarized
as follows. First, these starburst triphenylamingenules have similar structures except for
their electron-withdrawing groups (EWG), and forimeé-stable glassy materials with
evaporation temperatures around 90°C. Thereforejsedfcho andfvin as solids in the same
evaporation boat without further dissolution treatts. Second, the nature of the EWG
modifies the energy of the radiative intramolecualaarge transfer excited state, which causes
tuning of the emission color. The Highest Occupmlecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) energy levelens -5.3 eV and -1.6 eV respectively
for fcho and -5.4 eV and -2.4 eV respectively fimin. The HOMO energy levels were
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obtained by cyclic voltammetry and the LUMO eneilgyels were calculated from the
HOMO levels and optical band gaps measured fronotiset of absorption spectra [23]. The
similarity of the HOMO energy levels stems from {bealization of the electronic density
mainly on the triphenylamino core. In the oppositee LUMO levels are electronically
spread on the electron-withdrawing units, hencengger stabilization of the charge transfer
state is observed fdvin where the dicyanovinylene group exerts strongestedn-deficiency
than the aldehyde group presentdha Third, the presence of a twisted triphenylaminoec
substituted by terminal bulkiert-butyl groups prevents the molecules from interagctiith
each other and creating deleterious radiationlggsegates, therefore leading to a reduced
probability of self-quenching [24Finally the large Stokes shifts (up to 6050 camd 4850
cm* for solid films of fcho and fvin respectively) highly reduce the risks of emissien
absorption and self-quenching through energy teansf

The UPL films were also deposited on glass sulestriat record their UV/Visible absorption
spectra as well as their photoluminescence (PL)etigs. For PL measurements, 50-nm-
thick fcho andfvin thin films were excited with a Continuous-wave élaser at 405 nm.
Electroluminescence spectra and chromaticity coatds of OLED devices were measured
by a PR655 SpectraScan spectroradiometer at aamoratrrent density of 30 mA/émAll

the measurements were carried out under dark ¢onsliand ambient atmosphere.

3. Resultsand discussion

3.1. Validity of the UPL concept

First of all, it is significant to verify the vality of the UPL concept, namely the proper
composition of the films. Fig.2 shows the normaliz¢V/Visible absorption spectrum of the
UPL films with four different mixture ratios. A #t absorption band, centered around 335 nm,

was observed for both compounds, and ascribed- transitions located on the (ét-
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butylbiphenyl) amino unit. A second band peaking3@ and 500 nm fofcho and fvin
respectively, characterized the radiative amino-E@arge transfer [22]. Fig.2 shows that
the absorption spectra of evaporated films matckequell the initial mixture, proving the
validity of the UPL concept: firstly all bands arely fromfcho and/orfvin with no formation

of unexpected new molecular aggregates, and secadhdl initial mix composition is
preserved in the film, the visible band intensitarwing according to the relative
concentration ratio between both materials.

The PL properties of UPL films are shown in FiglBe PL spectra exhibit maxima around
490 nm and 620 nm for pufeho andfvin respectively, in accordance with the spectroscopic
characteristics of each molecule [22]. The PL gpeat the 1:2 and 2:1 mixtures are almost
identical to thefvin PL spectrum, showing that Forster Resonant Engaysfer (FRET)

from the green-emittinéchoto the redvin is almost complete in this case.

3.2. A first “knob” to tune the color: the positiof the UPL layer

In a first experiment, we evaporated a thin 1-noktfUPL of fixed compositionf¢ho:fvin=
1:2) at various distanced from the recombination zone. As shown in figurea#d in
accordance with previous results [7], the spectisicomposed of two broad peaks, centered
around 460 and 600 nm respectively, whose relatrights are highly modulated depending
on the distance : whend is large compared to the singlet exciton diffusiength and the
Forster radius, which are both here of the ordea tdfw nm, blue emission from the exciton
recombination zone prevails, as very few holes @) or electrons (for d<0) are captured
by the UPL. As NPB and DPVBIi have similar opticglestra and electronic gaps, the
emission from these two compounds is indistinglbshand is supposed to occur with

comparable probabilities [7]. The values of excithffusion lengths in NPB (4.9 nm) and



DPVBI (8.7 nm) given in [7] account correctly fdret more abrupt change in color observed

in the NPB side.

3.2. A second “knob” to tune the color: the compbtsn of the UPL layer

Now we fix the distancd to 3 nm in the NPB side (d=-3 nm following our aidns), which
corresponds to the typical order of magnitude fathbEdrster radius and singlet exciton
diffusion length, that is the region where the chaticity is expected to vary the most with
the ultrathin layer composition. Fig.5 shows elelctminescence spectra for different UPL
film compositions, showing indeed a large spectaaiation. The UPL-free OLED emits blue
light peaking at 460 nm. In the case of a pieteo layer, a single blue light spectrum was
observed, only slightly red shifted compared ta thfathe a-NPB/DPVBI interface (with a
maximum at 468 nm) with similar shapes (Fig.5.)sThiue peak is likely to result from the
combination of the light emitted by the excitonsnfied at thex-NPB/DPVBI interface and
emitted byfcho excitons. When the UPL is made of piven, the OLED emits orange-red
light at 580 nm with negligible blue emission. Télectroluminescence (EL) spectrumhah
appears to be blue-shifted compared to the PL specthis shift is due firstly to the optical
field in the OLED which is maximal for blue wavetgths at the heterostructuaned secondly
to polarization effects, as discussed in [24], #BNs less polar thafvin molecules leading
to a lower Stokes shift.

For intermediate composition mixtures, a spectruith v variable balance of blue and
yellow/red emission is observed. Fofcho:fvinratio of 1:2, white light with 1931 CIE color
coordinates (0.34, 0.34) is obtained, with a CRI7& and a 1.2% external quantum
efficiency. The (x,y) chromaticity coordinates ammarkably stable over a large range of
luminance (from 600 to 1200 cd/m?2) as shown in7i@. For lower current densities, the (x,y)

coordinates both increase but interestingly, agpjpears in fig. 7b, they remain at equal
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distance from the Planckian locus, meaning thaethéted color is close to a “warm white”
without visible green or pink hue. Another way epresenting this color variation is to draw
the evolution of the CIE coordinates in the ClIEgdéan and to compare them with the
MacAdam ellipses of various steps (fig. 8). It agmgethat for a luminance greater than 600
cd/mz, the color of the emitted light stays witlirMacAdam ellipse of step 1, meaning that
the color variation for those luminances cannotlistinguished by the human eye. As color
variation within a step 4 MacAdam ellipse is comhyoadmitted to be acceptable in the
lighting area, we can stand that our OLED are estable down to around 250 cd/m2 .
Except for low luminances, the reported color staftherefore not problematic at all in a
domestic lighting source; it could even be chasesome cases as the spectrum dependence
with the injected current mimics the behavior of innandescent light bulb. The current-
voltage and luminance-voltage characteristics a@va in Fig. 9a. The WOLED device
shows a good diode behavior with a turn-on voltédgfined when luminance exceeds 0.1
cd/m?) around 4.5 V. As shown in Fig. 9b, the cotrefficiency at 2.3 cd/A is remarkably
constant as a function of the current density. Ty good stability is expected with stable
fluorescent emitters, which validates the excelkability of the molecular materials in the

UPL layer.

3.3. Interpretation of the results

A picture of the main mechanisms at work is featwe fig. 10. As it is clear from fig. 3 and
5, the blue part in the EL spectra of fig. 5 ardyodue to excitons produced at the
NPB/DPVBI interface, and not tfzho since the latter fully transfer their excitatiomfvin
molecules. These interface excitons may transtgr #mergy through a direct Forster energy
transfer to fvin (process A), or tohofirst (process B) followed by a resonant tran$fem

fcho to fvin (process C). Note thdtho excitons can also be excited by singlet exciton
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diffusion from the interface. Holes are expecteeédsily pass through tHeho andfvin layer
because the HOMO levels tvin, fchoanda-NPB are quite similar.
To be more quantitative, we calculated the Fomsbergy transfer rate constant kgiven by

[25]:

K _9000n10k°g.d 1 _ R
1287 Nt RS ORS

(1)

wherex? is an orientation factor (0.476 for random ori¢giotas of donor and acceptor dipole
moments in the solid state};,is the fluorescence quantum yield of the energyodanthe

absence of the energy acceptog,idlthe Avogadro’s constant, n is the refractiveeix of the
host system andis the donor excited lifetime in the absence efdlceptor. J is the overlap
integral between the donor fluorescence spectrudntia@ acceptor absorption spectrum. R
features the distance separating an isolated dacemptor pair and (Rs the Forster radius
for the respective guest-host system corresponttinghe distance where fluorescence

emission and resonant energy transfer are equipi®bdeactivation processeg, oOf

DPVBIi and fcho have been valued to be about 0.45 [26] and 0.&2] [Bspectively.
Refractive indices were assumed to be similar (A~127]. It is worthwhile to
guantitatively compare the Forster energy transfees for processes A and C of Fig.9. The
Forster radius for thécho to fvin energy transfer process is as high as 4.1 nm, due t
considerable spectral overlap betwéemo emission andvin absorption [22]. This value is
much higher than the spatial separation betwiebo and fvin molecules inside the UPL,
explaining why the energy transfer frofoho to fvin is almost complete, as observed

experimentally under optical excitation in fig. 3.
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Regarding the energy transfer between the inter&céons andvin, we calculate R=3.9
nm, which is also higher than the 3 nm distancevéenh the NPB/DPVBI interface and the
UPL, leading to a very efficient Forster transfar.contrario, the Foérster radius between
interface excitons anidho molecules in the UPL is only 2.7 nm because ofwbak spectral
overlap between emission of the donor and absarmifahe acceptor. This value is lower
than the 3nm interface-UPL distance and leads tanammplete Foérster energy transfer.
Nevertheless, this transfer is still consequentesithe excitons diffuse also through the
NPB layer and come in the vicinity of theholayer.

Although there is no distinguishable direct greemssion offcho excitons, they play an
important role as illustrated in fig. 6. Indeedg thhite OLED (withfcho:fvin= 1:2) is almost
two times more efficient in terms of external quantefficiency than the purf@in OLED at
the same current density. It can also be seen fignd that the white OLED emits more
orange light in a configuration where there ares fegé molecules being evaporated. This
suggests thdtcho herein plays the role of a host fimin molecules, helpindvin emitters to
stay apart from each other (reduction of concentrauenching) and assisting them by
efficiently releasing their energy through FRETth®lugh we realized “nondoped” OLED in
the sense that a pure thin film of mixed dopants @aporated, it has to be reminded that the
1-nm-thick UPL has a thickness comparable with @b dimensions, meaning that the
UPL realizes a “localized doping” or “delta-dopingi which however in-plane interactions
between randomly-orientated emitters can affectguentum efficiency. The UPL approach
is then efficient in creating a local host/guestinalr system, where the adjunctionfaifo to

the redfvin fluorophore helps reducing quenching and enhatieesfficiency.

4. Conclusion
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In conclusion, White OLED were realized with a cepic of ultrathin premixed layer, in
which two isostructural materials of comparable tmgltemperatures and evaporation rates
were premixed and evaporated in a thin nanometyierlat a variable distance from a main
recombination zone. Fine color tuning was dematedty, by playing on two parameters:
the first one is the distance separating the URInfthe exciton recombination zone, the
second one is the UPL composition. Witftlhagreen)fvin(red) ratio of 1:2 UPL evaporated
at 3 nm of the NPP/DPBVi interface in the NPB side, obtained white OLED with CIE
(x,¥)=(0.34,0.34) and good color stability for lumnce >600 cd/m2. Below this value, a
color shift was observed but the color remainechenwwhite lying at equal distance from the
Planckian locus. The spectra were proved to bergedeby the red dopant (fvin) emission
and blue excitons generated at the heterostrucheegreen-emitting fcho molecules playing
the role of a host in a host/guest system, i.eaecing the efficiency through reduction of
concentration quenching and energy transfer. The I$Pa powerful concept that can be
applied in all cases where a fine control of ensisstharacteristics is highly sought and low

doping rates are difficult to achieve experimentall
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FIGURE CAPTIONS

Fig.1. (a) OLED device structure and (b) structfréhe dipolar emissive triphenylamine

derivatives.

Fig.2. UV/Visible absorption measurement of emisdives made of four different fcho:

fvin mixtures evaporated on glass substrates.

Fig.3. Photoluminescence of emissive films withrfdifferent ratios fcho: fvin.

Fig.4 : Spectra recorded for OLED with an UltratRiremixed Layer of fixed composition

(fcho:fvin= 1:2) placed at various positiod$rom the NPB/DPVBi exciton recombination

surface (by convention : d<0 in NPB, d>0 in DPVBI)

Fig.5. Electroluminescence spectra of UPL filmsened ina-NPB.

Fig.6. Variation of the External Quantum Efficienimy 4 UPL compositions (fvin ratio into

fcho of 0, 1/3, 2/3 and 1) in OLED with the UPL @l at d = - 3 nm. The fcho:fvin 1:2

composition corresponds to the white OLED.

Fig.7. (left) Variation of the CIE 1934 andy coordinates for the white OLEDcHo:fvin

ratio 1:2, d = -3 nm) as a function of the totalittea luminance. (right) : Position of (x,y)

coordinates with respect to the Planckian locus.
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Fig.8 : evolution of the CIE coordinates with tlieninance (value written near each point, in

cd/m?2) and comparison with the MacAdam ellipsegasfous steps

Fig.9. WOLED performance (UPL — fcho: fvin = 1: 2&) J-V-L characteristics, (b) current

efficiency versus current density.

Fig.10. Schematic emission mechanisms of OLED withe UPL film. Process A features
exciton diffusion and energy transfer from th&lPB/DPVBI interface to fvinfavorablg.
Process B corresponds to exciton diffusion andggnieansfer from the-NPB/DPVBI
interface to fchoynfavorablg. Process C represents energy transfer from feivn.

Processes A and C are in competition.

16



Fig.1.

fcho

(@)

(b)

17

~-CN
CN
fvin



fvin
fcho:fvin =1:2

— — — fcho:fvin = 2:1
fcho

Normalized Intensity (a.u.)

\
\
. \
0.2 \Y'4
O
300 400

Wavelength (nm)

Fig.2.

18



——— fCHO
= = fCHO:fvin = 2:1
10 — fCHO:fvin =1:2 /"/\’(\
fvin \\
\\\
i \
= 08} )
s WY
\
§? 0.6 Q\\
g \\ \
) \ \\
T 04t \‘
LY
N\
0.2} !
\

1

450 500 550 600 650 700 750

o
o

Wavelength (nm)

Fig.3.

19



d (nm) CIE (x,y)
g —O— -3.5 (0.19, 0.21)
< 40} —— -3 (0.34, 0.34)
E —0— -2 (0.46, 0.41)
P —— 0 (0.56, 0.43)
E —O— +5 (0.52, 0.42)
= 30 —<— +15 (0.46, 0.41)
=
g’ s | 53/0\
2
=
-l
w

400 500 600 700

Wavelength (nm)

d(nm) 3.5 3 2 0 +2 +5 +10 +15

e m¥ ﬂL)LJLALnLﬁ
- @O0 0O ®®O0

CIE coordinates | 0.19,0.21 | 0.34, 0.34 | 0.46,0.41 | 0.56, 0.43 | 0.56, 0.43 | 0.52, 0.42 | 0.48,0.39 ' 0.44, 0.37
(x,y) _ J

Fig.4 :

20



80

EL Intensity (mW/sr/m?)
iN
o

Fig.5.

»
o

N
o

fvin

fcho:fvin =1:2

— — — fcho:fvin = 2:1

fcho

a—NPB/DPVBI interface

Wavelength (nm)

21




Layer at NPB (d=-3 nm)

3.0
25| = Fcho:fvin 1:2 =
white
= m
= 20
o
w 15+ .
fvin alpne
10t \/
()

0.5 s

fvin ratio

Fig.6.

22



Fig.7.

X coordinate

y coordinate

0.38 +

0.36

0.34 +

0.32 4

0.30 +

0.28 —

0.26 —

0.38
0.37
0.36
035
0.34 |

0.38 |
0.37 |
0.36 |
0.35 |

0.34 | A A

n n I 1 n I

0 200 400 600 800 1000 1200

Luminance (cd/m?)

Planckian Iocus\,"/ ° .
,/’/ L Vd
] 1200 cd/m?2
///equienergetic
e white point
e (0.33;0.33)

\

0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42

X

23



0.365

0.36 -
100
0.355 - *
0.35
0.345 +
step 1
y 0.34
033 +~ L, S step 2
0.33
step 4
0.325
0.32 - = step7
0.315 1 1 1 1 J
0.33 0.335 0.34 0.345 0.35 0.355 0.36 0.365 0.37
X
Fig.8.

24




ANEEQV 2oueulwNT

103
102
{101
0

10

5 ¢ 8 =8 =2 -°
(;wo/yw) Ayisuaq juauing

Voltage (V)

-

=

ASvovMo:m_o_tm_ m.o._._:o

10°
0
102

Current Density (mAlcmz)

Fig.9

25



o-NPB/DPVBI
Interface
Formation
Zone

UML

Fig.10

26



