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Abstract—Doping a small amount of a fluorescent dye into an dye dopants has improved with them [7]-{10]. The PL dye
organic light-emitting diodes (OLED’s) can lead to significant doping technique has been used to fabricate OLED’s whose

changes in the color of luminescence and an improvement in .,|ors"span the entire visible spectrum, with good efficiencies
the device properties (e.g., quantum efficiency, lifetime, etc.). The d i idth I device lifeti

process of_ energy transfer from the O!_ED material to the_dye ir_1 and line wi . S as well as gevice fnetimes. . .
these devices may involve several different processes, including Photoluminescent dye dopants have been incorporated into

carrier trapping as well as Forster and Dexter energy transfer a variety of different OLED structures and materials. PL
reactions. The important parameters for each of these processesdyes have been incorporated into both the hole transporting
are c_zllscussed. The color purity and chrqmatlcmes of a wide range layer (HTL) and the electron transporting layer (ETL) of
of different dye-doped OLED’s are reviewed. . . L
single heterostructure devices, as well as the emissive layer of
_IndexTerms—Chromaticity, color tuning, Dexter, doping, emis-  double heterostructure OLED's. In addition to these multilayer
sion energy, energy transfer, Bfster, luminescent dye. structures, PL dye dopants have been used very effectively in
single-layer devices, which are built from blends of hole and
I. INTRODUCTION electron transporting polymers or molecular materials. The role

ONSIDERABLE research is currently focused on th8f the dye in controlling the EL spectrum and the processes

development of new light-emitting device technologiel’at are involved in energy transfer to the dye are the same
for flat panel displays. The primary motivation is to replac¥nether a small molecule or polymer based device is being

bulky and energy consuming cathode ray tubes (CRT's) Wimscussed. We will use ex:’:\mples from both small moIecuI.e
energy efficient flat panels. Liquid crystal displays (LCD’s?nd polymer based OLED’s interchangeably throughout this

are a reasonable substitute for CRT's in some applicatiof&ticle-

however, it would be advantageous for ease of viewing in N @ddition to efficient color tuning there are a number
bright background environments to have an emissive displ&}, Other benefits of dye doping into OLED's. If the dye
rather than the reflective or transmissive panels of LcD'$ Well matched to the material it is codeposited with, the
One emissive technology that shows promise involves orgafit OUtPut from this device will come exclusively from the
light-emitting diodes (OLED’s). There are early reports ofye dopant, even at very low dye-loading levels [6], [11],
OLED’s built from molecular crystals [1]-[4], but the first[12]- The dye traps the excitons formed in the device and
efficient OLED utilized vapor deposited thin films, emitSubsequently emits. By shifting the emission from the HTL
ting green electroluminescence (EL) from aluminum tris(§ ETL to the dye, the efficiency of the device can be
hydroxyquinoline) (Alg) [5], [6]. A wide range of materials !mproved significantly. .Th|s increase in quantum _e_ffICIency
have been subsequently reported that efficiently produce ES_due largely to the improved luminescence efficiency of
throughout the visible spectrum. While the color of lighthe dispersed dye relative to the dense ETL or HTL that
emission can readily be controlled by altering the materidfsis doped into. In addition to improving the luminescence
that make up the device, this can often lead to decreased éfffantum efficiencies of OLED's, dye doping can enhance
ciencies and broad lines. An alternate method of color tuning'ii¢ Probability for hole—electron recombination, leading to
OLED’s involves doping small amounts of photoluminescerubstantial improvements in power efficiency [9], [10], [13].
(PL) dyes into the OLED structure. The dye in this devic&nother benefit of dye doping on the EL output is that dye-
intercepts the excitons formed in the OLED and emits on ifoped devices often give significantly narrower EL spectra
own. The first report of electroluminescence from a dye dopdh@n nondoped devices. This is a tremendous advantage in
in a molecular organic matrix concerned a tetracene dopdwil color display applications, which involve mixing of red,
in anthracene [1]. This device gave exclusively tetracef#een, and blue light at each pixel to generate the various
emission, but at a drive voltage of more than 400 V. OLED*0lors of the spectrum. In order to create saturated colors it

have improved significantly since that report and the use igf important for the individual red, green, and blue lines to
be as narrow as possible. If the lines are broad, substantially

Manuscript received October 29, 1997. , o unsaturated or washed out colors will result. Dye doping can
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California, Los Angeles, CA 90089 USA. also lead to signi |c.ant en angements in the stability of the
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Fig. 1. Typical band structure diagrams for a double heterostructure OLED (left), a single-heterostructure OLED (center), and a PL dye-doped sin-
gle-heterostructure OLED (right). The double arrows tied by a dashed line represent the correlated hole—electron pairs of the Frenkel exaitans form
the devices. The dye is represented by the HOMO and LUMO levels in the ETL.

ETL materials. This glass stability and other factors lead twe trapped in the material with the lowest exciton energy
longer device lifetimes for these doped devices, compared(tB.), but free to migrate within that layer [19]. The most
the undoped analogs. common situation is for the exciton to be trapped in the
In this paper, we will discuss the important parameters BTL [E.<(ETL) < E.x(HTL)]. The exciton diffuses randomly
choosing a good dye dopant for a given OLED structuréirough the matrix until it decays, either radiatively or nonra-
The process of energy transfer to the dye in these deviahatively. The emission from the OLED comes from the same
will be discussed as well as the use of dye doping to prok&citonic state that would be formed by photoexcitation.
mechanistic issues in these multilayer devices. We will focus The first efficient EL device was a single heterostructure,
on the properties of these devices including their constructiomith a tertiary amine HTL and an aluminum complex (Alq
efficiencies, color purity, and chromaticities. serving both as the ETL and emitter [5]. In this device, the
preferred conductivity of holes in the HTL and electrons in
the ETL leads to a build up of carriers at the HTL/ETL
II. L UMINESCENT DOPANTS IN OLED’s interface, as in the double heterostructure. The excitons are
In an OLED a number of different criteria need to be satiformed at the interface and are not spatially confined. As a
fied to have a high probability for electron and hole radiativeesult, it is important that the thickness of the ETL/EM layer
recombination. In order to balance the injection of holes arfm chosen such that the majority of the excitons decay before
electrons into the organic materials and improve the likelihodddey migrate to the electrode, where they will be quenched.
of hole—electron recombination within the organic materialBhe problem of exciton diffusion in the organic materials can
in these devices, multiple organic layers are typically usdm solved by moving to a double heterostructure device. In
with each layer optimized for its particular role as a carriex double-heterostructure OLED, an emissive (EM) layer is
injector or light emitter [7]-[10]. Both double heterostrucinserted between the HTL and ETL. This EM layer is chosen
ture OLED’s (HTL/emitter/ETL) and single-heterostructureso that it has a lower exciton energy than either the HTL or
(HTL/ETL) OLED’s have been fabricated and can have verigyTL, leading to efficient trapping of excitons in the EM layer.
good electron— photon quantum efficiencies [15, pp. 593|n addition, the highest occupied molecular orbital (HOMO)
633]-[18]. Schematic band diagrams for these two types of the EM is at a higher energy than that of the HTL, and
OLED are shown in Fig. 1. In this device, the preferreds lowest unoccupied molecular orbital (LUMO) is lower in
conductivity of holes in the HTL and electrons in the ETlenergy than that of the ETL, thus both holes and electrons can
leads to a build up of carriers at the HTL/ETL interface, as ibe efficiently transferred to and trapped in the EM layer.
the double heterostructure. In these OLED'’s, the hole—electronThe picture presented above for efficient confinement of the
recombination occurs at or near the HTL-ETL interface texcitons within the device is based on an EM layer sandwiched
form a Frenkel exciton. This Frenkel exciton is illustratetbetween the HTL and ETL. The EM does not need to be a
by the sets of linked arrows in Fig. 1. The exciton wildiscrete layer in the OLED, however, for exciton confinement
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, : ; , exciton, [H, dy€ is an encounter complex arj@*, dye™]*

is the exciplex. This process is illustrated for electron transfer
4 from the host to the dye, but it could also be the case that
electron transfer occurs from the dye to the host. Like the
1  excimer, the exciplex is only bound in the excited state, i.e.,
there is no donor—acceptor complex in the ground state. The
first report of exciplex states in OLED’s involved an exciplex
formed at the HTL/ETL interface [21]:

—&— C6 dopant

—o— Bu-PPyV dopant
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weight % of dye dopant In addition to effecting the electrical properties and color

Fig. 2. Plot of dye doping level versus OLED quantum efficiency. The PQ.f OL.ED. spectra, dye doping can Signiﬁcantly enhanc_e de-
dopants in this example are Coumarin 6 (C6) and a low-molecular weighice lifetimes. Tanget al. [6] demonstrated that by doping

polymer (polypyridylvinylene), the host matrix is polyvinylcarbazole [16]. g|uminum tris(8-hydroxyquinolate)Alq,) with laser dyes, the
OLED lifetime could be improved relative to undoped devices.
to occur. A PL dye-doped into the HTL or ETL can also acthe doping of ETL and HTL layers of molecular organic de-
as an emissive trap, in the same way the EM layer does in thiees with rubrene has been examined and showed an influence
double heterostructure OLED. As long as the exciton energythe doping site location on the stability of the devices [13].
(Eex) Of the host is greater than the absorption energy of tB®Bq, based devices give very high luminance (0000
dye dopant, excitons will be effectively trapped or confinedd/n¥) and luminous efficiency [22]. Devices were prepared
on the dopant molecules leading to improved EL efficiencwith a thin tertiary amine hole injecting layer (MTDTA) and
A schematic representation of the band structure in a dytested with an initial luminance of 500 cdfmleading to
doped OLED is shown in Fig. 1. Just as one observes time conclusion that for TPD/BeBqOLED’s the preferred
a double heterostructure, the excitons are trapped within thiee for doping is the HTL. A reference (undoped) device
organic material (on the dye), and hence can not diffuse to ti@O/MTDTA/TPD/BeBq,/Mg-In) gave a half-life(17 ,,) of
electrode where they would be quenched. In addition, sinoaly 23 h. When rubrene was doped into the HTL the OLED
the dye molecules are isolated, their luminescent efficiencigave al},, of 3554 h, while a device with the rubrene doped
can be significantly greater than the ETL or HTL material$nto the ETL gave ali,, of 110 h. Both of these doped
The luminescent yields (as measured by PL) for isolatekbvices had a longer lifetime than the reference device, but
organic molecules can be close to 1, while the efficienciése doped HTL structure is best. For comparison an analogous
for the thin film ETL and HTL materials (Alg and TPD, Alg; based device (ITO/MTDTA/TPD/AlgMg-In) gave a
respectively) are less than 0.35 [20]. Keeping the dye dopaht, of 1150 h. The authors site control of the location of
in low concentration in the OLED is very important, sincearrier recombination as the primary reason for the enhanced
the same dyes as pure materials give PL efficiencies typicdifggtimes in the TPD-doped OLED’s.
very poor. A plot of the EL and PL quantum efficiencies The importance of using the appropriate host-dopant system
as a function of the dye loading level is shown in Fig. %vas showed in another study, in which AlQased devices
[16]. A peak in efficiency is observed at just under 1%oped with different quinacridone derivatives were prepared
dye loading for both of the dyes investigated here. Abowand their lifetimes measured [9], [10]. For the undoped;Alq
this level the dye begins to aggregate, leading to extensi@&ED, the half-life time was about 4000 h, operating from an
self-quenching and luminescence losses. The self-quenchimigial luminance of 510 cd/fh The lifetime of the Alg device
process often involves formation of nonemissive excimeioped with quinacridone (Scheme 1,-RH) was decreased
states. In an excimer, the exciton is delocalized over tway a factor of 10. When methyl substituted derivative of
molecules, i.e.A* + A — A} (A5 = excimel). The excimer quinacridone (Scheme 1, R CH;) was doped into an
can luminesce, but typically does so with a low quantumtherwise identical Algdevice, the half-life increased to more
efficiency [26]. The dimer formed in the excimeric state ithan 6000 h with an initial luminance of 1400 cd/niThe
not bound in the ground state and dissociates to monomerslaminance efficiency of this long-lived device is nearly triple
relaxation from the excited state. that of the undoped device (at comparable luminance levels).
The formation of excimer states at high dye loading leveBevice lifetimes are closely related to the number of coulombs
has two negative consequences, the emission band is brofidharge that are passed through the device, i.e., high-current
and the quantum efficiency for luminescence is low. A relatdevels lead to a short lifetimes [9], [10], [23]. Since the light
process can occur even at low dye-loading levels, in which antput and current level are proportional, thg, value for a
excited dimer state is formed between the dye and a molecgleen device is dependent on luminance level that is produced.
of the host matrix. The dye/host dimer is called an exciplex aidan OLED is run at a 100 cd/fn(the brightness of an average
results from electron transfer from one molecule to the oth&@RT) rather than 1400 cdfnthe 6000 Wi} /2 is expected to
The process is illustrated in (1), whefé* is the host bound increase to>50 000 h. Close examination of a rubrene doped
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The higher stability of the doped devices is related to several ‘O el
factors. The higher luminance efficiency of the dye-doped Fko J
devices is expected to improve the lifetime, since the device “B“‘@L i e
does not need to driven as hard to achieve the same brightness e
as an undoped device. Other factors such as suppression of
crystallization and control of the site and energetics of carriegheme 3.

recombination also contribute to the improved OLED lifetimes ) ) )
for doped devices. For example, tetraphenylporphyrin (TPP) has a fairly high-

extinction coefficient €516 nm = 2.3x 10* M~! cm™1), and
, when doped at 1% in Alggives a film with an optical density
IIl. ENERGY TRANSFER IN DYE-DOPED OLED’S for the TPP of less than 0.05. At this optical density less than
There are a number of different processes that can ocdi®% of the Alg, emission would be absorbed and reemitted by
in dye-doped OLED’s which will lead to exciton trapping affPP. The result would be an OLED with an emission spectrum
the dye. The most simple process, often referred to as triviadrely changed from Alg At this doping level, however, an
energy transfer, involves emission from the donor (e.g.;Alg Alg, OLED doped with TPP gives emission exclusively from
reabsorption of the photons by the dye and finally emissidhe TPP dopants [45], indicating that other processes must be
from the dye. While this process can be efficient for vergonsidered in understanding PL dye-doped OLED's.
optically dense samples, it is not practical for OLED’s. The Clearly, other mechanisms beside the trivial energy transfer
organic films themselves must be very thig500 A per mechanism must be active in PL dye-doped OLED’s. The
layer) for the devices to function. At this thickness, it is nolominant processes involve both exciton and carrier trapping
possible to have enough dye present to absorb a reasondlyiehe dye dopants. An exciton is formed near the HTL/ETL
amount of the light, without going to doping levels so high thanterface in the OLED and diffuses through the medium until
the dye would self-quench and degrade device performaniteencounters a dye molecule. If the dye has a lower energy

temperatures (73C in vacuo) [14]. An undoped Algfilm °
J
@

t+-BuPh-PTC Sq
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Forster energy transfer can be a very efficient process for
transferring energy from an HTL or ETL bound exciton to a
PL dye dopant [25], [26]. For the purposes of this discussion
and the following discussion of Dexter energy transfer, we
will define the ETL or HTL molecule as the donor (of energy)
and the dye dopant as the acceptor (of energiyjster energy
—o—EL of Alq, transfer involves a dipole—dipole coupling of the transition
—a—PL indigo dipole moments for excited donor (exciton) and the dye in
in_solution its ground state. As the excited donor relaxes, its energy is

transferred via a strong Coulombic interaction with the dye
T molecule, Fig. 4(a). The advantage of this sort of energy
500 600 700 800 transfer process is that the dipole—dipole interaction can be
Wavelength (nm) quite strong over large distances, allowing efficient energy
Fig. 3. PL and EL spectra of an OLED prepared with an indigo doped Alransfer over distances of up to 180n very favorable cases.
E]Tr';efr?rIgﬁ?ﬁfﬁg;ﬁg;ﬁgﬁ”“m of Aland the PL spectrum of indigo |, o rqer to assess the efficiency of such a process it would be
Y ' useful to be able to evaluate the rate of energy transfer relative
to radiative relaxation of the donor (e.g., Algxciton). A high
absorption thaitex of the HTL or ETL, energy transfer to therate of energy transfer relative to radiative relaxation will lead
dye will be favorable. There are two different mechanisms thﬁj: emission exc|usive|y from the dye dopant_ An ana|ytica|
can be active for this energy transfer. The first is faCilitat%(pression for the rate ofdEster energy transfe(rdpn/dt)
by a Coulombic interaction between the HTL or ETL bounflags peen derived, and is given in (2a). In this equatidnis
exciton and the PL dye, and is referred to d@ssfer energy an orientation factor, which has a value of 2/3 for random
transfer. The second mechanism for energy transfer i”V°|V(§‘(§nor—acceptor orientations as found in doped OLED,
an electron—exchange interaction between the exciton and {§8he refractive index of the medium (= 1.7 for Algy)
PL dye, and is referred to as Dexter energy transfer. We Wﬂﬂo]’ NA is Avagardro’s numbery is the donor acceptor
discuss both of these energy transfer processes below. d¥haration and-, is the fluorescent lifetime of the donor.
independent process for exciting the dye molecules involves, ;) is the fluorescence spectrum of the donor, defined as
carrier trapping [24]. In this process the dye acts as a trgp(2c), wheredp;, is the fluorescence quantum yield, ()
for either holes or electrons. When current is passed throughihe molar decadic extinction coefficient spectrum of the
the device, one of the carriers (hole or electron) is trappedégceptor, and’ is the energy in wavenumbers. The integral
the dye and eventually recombines with the opposite carrigt, (2a) measures the degree of spectral overlap between
forming the dye bound exciton._ This carrier trapping proces§e donor PL and acceptor absorption spectra, Fig. 4(b). A
is very common and can occur in parallel with energy transfgfgn gegree of overlap favors a high rate of energy transfer.
in a given device. The only requirement for efficient carriefntortunately, it is difficult to apply this equation to randomly

trapping is that the dye dopant must have a HOMO energy,qq systems, such as those used in OLED’s. The problem

higher than the HOMO of matrix it i_S doped. into or a LUMOises from the fact that the dipole—dipole interaction and, thus,
energy lower than that of the matrix material.

the energy transfer will have a strong distance dependence.

The relative contributions of the dye dopant and the matrix,, 1,59 distribution of distances in the randomly doped

(HTL or ETL) to the PL spectrum of the doped thin film is Onlysample would lead to a broad distribution of rates. A more

governeo! by_ energy transfer processes, since phOtO?XCitaré%%mon approach to evaluatingfster energy transfer is to

of the thin film does not generally Igad to frge carriers. IEaIcuIate the Brster radiusR, given in (2b) [26], [27]. The

the EfL spectrum,.goweve;, both carrer trapépmg and ENerYrster radius is defined as the distance between the donor
transfer can contribute to dopant emission. By comparing tg acceptor at which the probability of intermolecular energy

two spectra, it may .be possiple to determine if carrier trappirffansfer equals that of relaxation of the donor by fluorescence
or energy transfer is more important in EL. An example r unimolecular processes. A largerbter radius is indicative

such a study is shown in Fig. 3. The device used in thbsf - . .
- . a very efficient energy transfer process, which will compete
0,
study had 0.7 mol % of indigo doped into the Aldayer with unimolecular relaxation very effectively at distances

of an ITO\TPD\Alqz-indigd\Mg-Ag OLED [11]. The EL shorter thanR,. A short Forster radius is indicative of a

spectrum from the device is very similar to the PL spectrum "~ . )

. . . . ; .~ ~very inefficient process that requires very short donor—acceptor
of the free dye in solution, consistent with dominant eMISSION 1 o< 1o be effective:
from the dye dopant. The PL spectrum of the dye-doped thin '

—EL
—&— PL of OLED

Luminescence Int. (arb. units)

film, on the other hand, has a large amount of emission from d 0.5201x2 [ B _dp

Alg, in addition to emission from indigo. Clearly, some degree & T AN e, / Fp(P)ea(w)=; (2a)
of energy transfer is occurring from Alcfo the dye to give IR, - .

. .. . ¢ 0.5291k . L dr

rise to the small amount of dye based emission observed in Ry = N Fp(P)ea(P) = (2b)
the PL spectrum, but the fact that the EL spectrum shows N Na Jo v

dominant emission from the dye is due to both energy transfer Opp = / Fp(p) di. (2c)
and carrier trapping processes working together in the device. 0
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FORSTER RADII FOR A SERIES OF DONORS AND ACCEPTOR;-SSBI;_DEINI OLED’s. See SCHEME FOR DESCRIPTIONS OFCOMPOUNDS
Extinction coefficient, Acceptor (dye Donor (Host) R, (A)
mol'dm’em™, (A, solvent) dopant)
9.3 x 10* (618nm, DMSQ) Indigo Alg, 29
Alx, 16
840 (538nm, toluene) Ce Alg, 22
3.0 x 10* (634nm, DMSO) BIS-OH Alg, 37
BIS-OH Alx, 21
2.3 x 10* (516 nm, toluene) Tetraphenylporphyrin Alg, 33
1.0 x 10° (530nm, EtOH) Rhodamine 6G Alg, 41
4.4 x10* (461nm, toluene) DCM Alg, 33

——Alg, - EL

—=—TPP - Abs.
—o— DCM - Abs.

Emission (arb. units)

Absorption (10 * M-1cm’ ') or

450 500 550 600 650

Intensity

Wavelength (nm)

Fig. 5. Absorption spectra of TPP and DCM, plotted with the EL spectrum
of Algs.

overlap, but to a low PL efficiency for the host matrix [11]. The
PL efficiency for Alx is roughly 100 times less than that of
Alg;, which leads to a decrease iy by a factor of 2. Energy
transfer from Alg to Cg( also results in a comparatively short
. = _ _dv Ry of 22 A. The spectral overlap bet.vve(_en /gIdPL.a.nd Go
Ry o [Fy (e, (V);r abs spectra are excellent, but the extinction coefficient fgr C
0 is low leading to a relatively shorR,. Thus, for achieving
(b) large Forster radii, it is important to have a donor with a high
Fig. 4. (a) Schematic representation dfr§ter energy transfer. (b) Overlap ®pr. (€.9.,®pr.(Alg;) = 0.32 [20] and an acceptor with a high
integral from (2) shown as the shaded region of the curves. €4, in addition to significant spectral overlap.
It is valuable to consider the impact that this radius has
A number of different dopants have been used in;Alpn the optimal doping level in dye-doped OLED’s. At too
based OLED's. The absorption spectra of two different dopariiggh a doping level the dye molecules self quench their own
(DCM and TPP, see Scheme 2) along with the luminescenemission leading to low quantum yields, and at too low a
spectrum of Alg are shown in Fig. 5. Both of these dopantslye concentration there will not be enough dye to trap the
have large extinction coefficients and good overlap with thaectrically generated excitons before they relax. The optimal
Alg; luminescence spectrum. Thedister radii for energy concentration of dye dopant in OLED’s has been found to be
transfer from Alg to these dopants and several others atgpically below 5 mol%. This number is easy to understand
given in Table I. Most of the radii calculated for these matéf we compare the average dye—dye distance and tiretér
rials are larger than 38, indicative of very favorable energy radius. Assuming the dyes are uniformly dispersed in thg Alqg
transfer processes. An aluminum tris(5-hydroxyquinoxalin@)atrix, a dye doping level of 1% would correspond a sphere
host(Alx3) [11], however, gives relatively shorFster radii. of 100 Alg, surrounding each dye molecule, with a radius of
The reason for the short radii in Axs not related to spectral roughly 3 Alg, molecules 4773/3 = 100). The diameter of
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Alg, is roughly 9A, leading to an estimate of 2K for the
maximum distance that an AJgexciton can be from a dopant %—\ —
molecule. This value is close to or below thérter energy o ‘F
transfer radius for most of the dyes in Table I. The situation —
improves further when exciton migration is taken into account. /‘% #,
An exciton that is formed near or outside of thér§ter radius * %
to the nearest dye molecule can readily migrate to a position % 2
that is within the Brster radius, promoting energy transfer 2, ‘2%
prior to relaxation. The distance the exciton can migrate can o,
be several times larger than thérBter radius. For Alg for
example, the exciton can migrate more than ﬁ0©rior to
relaxation [6], [28].

The Forster energy transfer process described above relféistances:
on strong dipolar coupling to facilitate long distance energyl 2m oo . N o
transfer. An alternative process for energy transfer may also @P" = WZQ/O Ep(n)Aa®) dv, 2% o 2/t (3)
active in dye-doped materials, which achieves energy transfer . i .
via an electron exchange mechanism. This process is ofterf '€ discussion thus far has centered on intermolecular
referred to as Dexter energy transfer and is shown schem&f€rgy transfer, however, in some OLED's intramolecular
cally in Fig. 6 [25], [29]! Either simultaneous or consecutiveEN€rdY transfer is very important. Both Eu and Tb complexes
electron transfers lead to the donor in its ground state and f}&v€ Peen used to make OLED's [31]-[34]. Examples of the
acceptor in its electronic excited state. This transfer mechaniQFHﬂpl,exe_ES used in these devices are shown in Scheme 3. The
can be visualized as occurring by formation of a transiefLED’S in these lanthanide ion based devices are designed
exciplex, which relaxes to a ground state on the donor and &n €Mit in the green or red. These high energy excitons
excited state on the acceptor. The rate of Dexter energy trandE ransferred to the ligands of the lanthanide complex, as

(dP, /dt) is proportional to the degree of overlap between th'(li_‘,escribed above, and the energy lis transfe_rred to the metal
donor emission spectrum&p) and the acceptor absorption©"- The EL spectra from these devices consist of very narrow

spectrum(A,4), (3) [29]. Contrary to the case found fobfSter lines and are identical t_o the atom_ic emission spe_ctra of
energy transfer, however, the emission and absorption spel&. same ons. _The do7m|nant.tran5|t|ons for the Tb ion are
are normalized, removing any dependence of the rate on i . Fg a7nd "Dy = Fs, W?'Ie those of the Eu complex
donor PL efficiency or the acceptor extinction coefficient. TH&'® "Po — ‘F1 and°Do — ‘F». The Th complex gives
integral of (3) is normalized such that complete overlap @€€n EL (two lines are observed af.. = 490 and 545

the emission and absorption spectra corresponds to valud'p: @nd the Eu complex gives red EL (two lines\al. =

1.00 [25], [29]. The parameteZ can not be obtained directly 28> and 617 nm). While this approach leads to very narrow
from optical experiments, but is related to the electronic matri'€S and good chromaticityide infrg), the efficiencies of the
element for electron—exchange energy transfer. The magnitigeorted devices are less than many dye-doped devices (the

of Z is dependent on the donor—acceptor distance, as show{@Ximum brightness of 460 cdfat a drive voltage of 16
(3), where r is the donor—acceptor distance #rid the sum of Y Was reported for the Eu complex based device [33] and

the van der Waals radii of the donor and acceptor moleculd® cd/nf at 24 V for the Tb complex device [31]). The low

Dexter energy transfer is fastest for very short donor—accepﬁ;ﬁdemies of the lanthanide based devices are related to their

separations and decreases rapidly as the separation incred@¥senergy transfer efficiencies. The energy transfer process

The rate of energy transfer by a Dexter type mechanishh these materials can be understood in terms of two energy
is expected to drop to negligible levels beyond a 15400 transfer processes necessary for the emission of the lanthanide

ion in the device. During this two-step energy transfer, several

can be significantly faster thanbFster transfer when eithernonradia_tive deactivation processes can occur: 1) at the Ii_gand
the donor or acceptor is not in a singlet statérser energy levels prior to the energy transfer from the ligand to the ion;

transfer requires that both the donor and the acceptor @e"_"iFhi” the manifol_d of rare-earth upper Ie_vels; and 3) a_t the
singlets. Dexter energy transfer, however, does not havee@iting level of the ion [35]. For example, in certain terbium
singlet requirement and can efficiently act to transfer ener?i?elates_ quenching of the emitting level of the ion by the
between triplet states or between singlet and triplet stafid@nd triplet (in solution) is a strong deactivation pathway
[25], [30]. It is often difficult to predict which energy transfer3°]- Consequently, the overall energy loss in this case is
mechanism will be dominant for a particular donor—accept8#ore pronounced than that in the case involving only a simple
separation. There is no question that at large distancestef~ €N€rdy transfer from the host molecule to the organic dye.
transfer is the only option, since the Dexter mechanism will

require electron transfer, which would be very slow at large IV. CHROMATICITY OF DYE-DOPED OLED’s

In order to determine how the light output of one OLED
__!The electron-exchange energy transfer rate is expected to drop to negggmpares to another with regards to color and saturation it
ible levels for a given site beyond a sphere containing 40 lattice sites [29;. . h S f . h
This is a sphere of radius 2.1 molecules, which corresponds to rougMy 1d Important to have a quantitative means of assessing these

for Alg;. values. The system that is commonly used to evaluate OLED’s

Fig. 6. Dexter electron—exchange energy transfer process.

donor—acceptor distance in Al429]. Dexter energy transfer
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(as well as CRT's and other emissive displays) is the CIE — T T T T T T
system (CIE= Commision Internationalde I'Eclairage) [36], o8 | i
[37]. The CIE is based on the stimuli generated in the human Green
eye by visible light. There are three different types of cone :
cell in the eye, responsible for color discrimination, with their
absorption maxima centered at 419, 531, and 558 nm [38]. If
the sensitivity functions for the three cones are summed, one I yellow
obtains the photopic response, which is centered in the green >
(at 505 nm), and falls off steeply toward the blue and red. The 04 - orange
. . cyan
CIE system is based on the fact that any pure (monochromatic) ] V\@e
color can be visually matched by an additive mixture of
red, green and blue light in the appropriate proportions. 0.2 =
Through color matching experiments, the required amounts
of red, green and blue primaries needed to match a light I purple
of arbitrary wavelength were determined. These experiments ok B',”e\l/ L
have led to a set of response functions for color matching, 0 0.2 0.4 0.6 0.8
(red), Y (green) andZ (blue), whereY corresponds exactly
with the photopic response function. Using these functions
a given emission spectrum can be converted into a set of
three tristimulus valuegX,Y, and Z) that uniquely define
the color and degree of saturation that will be perceived for
that emission source.

In order to represent the tristimulus values on a two di-
mensional plotX,Y, and Z are converted to their fractional
contributions [i.e.x = X/(X+Y +Z),y =Y/(X+Y 4+ Z)
andz = Z/(X +Y + Z)]. A plot of x versusy is used
to visualize how the colors are organized by the CIE system.
This plot is termed the CIE chromaticity diagram, and is shown
in Fig. 7. Monochromatic colors fall on the perimeter of the
horseshoe shaped curve starting with blue in the lower left,
running through the colors of the spectrum in a clockwise
direction to red in the lower right. The colors along the
line at the bottom are not pure colors, but would be made
by color mixing. White or the neutral point is found at the
center of the diagram, labelddt. As a given point is moved
toward the white point from the perimeter the color remains x
constant, but progressively more unsaturated. Using the CIE (b)
diagram it is easy to see how two parameters can be deﬁrﬁ‘&' 7. CIE chromaticity diagram. (a) The CIE coordinates of all visible
for a given z,y point. The dominant wavelengthA\p) iS  colors fall within the curve. Approximate positions of the saturated colors are

defined by the intersection point of a ray connecting the whilgbeled. (b) Positions of saturated colors are shown as crosses on the perimeter
. . . f the CIE diagram. The coordinates of the point used for illustrationof
point andz,y with the monochromatic (or saturated) COIOE\nd p. (labeled with anz) are those for an undoped Algpased OLED.

perimeter of the CIE, see Fig. 7. A second parameter foie white point (labeledv) in the center of the plot is obtained by summing

a given pointz,y is the purity of the colorp.. The color edqual amounts of red, green, and blue.

purity is defined as the ratio of the distance between the white

point andz,y to the distance between the white point ang. values of the sources limit the accessilple values for

Ap (i.e., |(z,y —W)/(Ap — W)|, alb in Fig. 7). A saturated the mixtures. In order for OLED’s to be used in full-color

or monochromatic light source will havega of 1 and very display applications, it will be important for their EL spectra to

unsaturated color will have a small value. correspond to red, green, and blue spectral regions, with high-
By mixing the outputs of saturated red and green lighi, values. A number of dye-doped OLED's have been reported

sources in different ratios it is possible to generate all of tivéith colors spanning the entire visible spectrum. Table Il lists

colors along the right side of the horseshoe of the CIE diagrathe dye, matrix doped, CIE coordinatelsp and p. values

If a blue source is added to the mixture, any of the colofer a number of dye-doped OLED’s. The CIE coordinates for

within the triangle defined by the, y coordinates of the three each of these devices are plotted in Fig. 8. The plots clearly

points can be prepared. For reference, the CIE coordinatedliofstrate that most of the OLED’s reported give substantially

the red, green and blue phosphors used in CRT’s (Natioamisaturated emission. Dye doping does lead to significant line

Television Systems Committee, NTSC, U.S. and Japan) ara&rowing relative to the undoped OLED, however, the degree

shown in Fig. 8 [39]. Highp. values for the individual points of line narrowing is not sufficient in many cases to achieve

are very important in full color display applications, since theaturated emission. Several promising candidates do show up,
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TABLE I
CHROMATICITY COORDINATES FOR AVARIETY OF DYE-DoPED OLED’s. THE IDENTITIES OF THE DYE DOPANTS
ARE GIVEN IN SCHEMES 1—-3 AND THE DEFINITION OF THE TERMS LISTED ARE DESCRIBED IN THE TEXT

# Dye Dopant 1\1;[:;2;; CIE Coordinates | A, (nm) P, ref.
1 TPB, C6, DCM1 PVK 0.27,0.39 white 0.28 40
2 C47 PVK, PBD 0.16,0.10 462 0.84 16
3 perylene BAlq 0.16,0.19 480 0.70 9
4 BCzVB(1) DPVBIi 0.14,0.21 483 0.73 42
5 C510 PS 0.20,0.34 493 0.43 12
6 C6 PVK, PBD 023,053 520 0.40 16
7 JF3 Alg, 0.26,0.57 533 0.51 46
8 Tb(MeOBB), PVK, PBD 0.26,0.57 533 0.51 31
9 Ccoé Alqg, 0.26,0.62 540 0.68 9
10 anthracene Alg, 0.28,0.57 541 0.59 43
11 C540 (C6) Alg, 0.27,0.65 543 0.79 6
12 Cc6 PS 0.29,0.65 546 0.85 44
13 BPEA (1.62%) Alg, 0.31,0.54 550 0.56 13
14 Bu-PPyV (0.5%) PVK 032,052 551 0.53 16
15 t-BuPh-PTC PS 0.36,0.51 561 0.64 12
16 DCM1 PS 0.39,0.59 564 0.94 12
17 Ph9 PS 0.43,0.51 570 0.83 12
18 rubrene TPD 0.49,0.50 574 0.88 22
19 BPEA (14.5%) Alg, 0.47,0.51 575 0.92 13
20 rubrene TPD 0.46,0.50 571 0.88 13
21 C60 Alq, 0.40,0.39 578 0.33 11
22 BIS-OH Alg, 044,041 582 0.55 11
23 rubrene Alg; 053,047 583 1 13
24 BIS-OH Alx, 056,040 593 0.90 11
25 nile red PVK, Alg, 0.58,0.41 594 0.97 16
26 DCM1 Alg, 0.60,0.40 595 1 6
27 Sq BSA-2 0.61,0.39 597 1 24
28 DCJT Alg, 0.62,0.38 598 1 9
29 Eu(MeOBB), PVK, PBD 0.53,0.36 602 0.65 31
30 Eu(DBM),(Phen) PBD 0.65,0.35 612 1 33
31 indigo Alx,, or Alg, 0.69,031 635 1 11
32 TPP Alg, 0.71,0.29 645 1 45

however, in the blue, green and red regions of the CIE (e.dgping levels for each dye was important, however, to prevent

2, 11, 12, 30, 31, 32 in Fig. 8), whoge values are close Forster energy transfer from the blue PL dye to the red and

to 1 with Ap values in the blue, green and red. Continuedreen PL dyes and from the green PL dye to the red PL dye. A

exploration of dyes and ETL or HTL host materials may lea@ultilayer stacked OLED has also been reported [41], which

to even more saturated red, green, and blue OLED'’s. has dyes separated into different layers in a single OLED. In
White light emission from single OLED’s has been achievelis device the blue and green emission come from TPD and

by dye doping as well [40], [41]. Two different approacheél_qi% layers, respectlyely, while the red emission comes _from

have been used to prepare white OLED's. The first Wh:‘{glle Req c_ioped A_Ig film. The CIE coordinates for this white

OLED was prepared by doping three different dyes into t ight-emitting device arer = 0.34,y = 0.36.

same polymer layer [40]. This device is point 1 in Fig. 8.

Each dye in this device acts as an exciton trapping site and V. CONCLUSION

an independent emitting center, leading to an EL spectrumDye doping into OLED’s leads to a number of advantages

that is the sum of the three dye spectra. Careful control of theger nondye-doped OLED’s. Color tuning can be achieved
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0.6 0.8 [14]

Fig. 8. Plots showing the CIE coordinates of the devices listed in Table [I:,L5]
The numbers correspond to the sample number in the table. Coordinates
of monochromatic light sources are indicated by underlined numbers, cor-

responding toApag. The CIE coordinates for red, green, and blue NTS({16]
CRT phosphors are shown by the triangle [39].

with improved quantum efficiency by dye doping, which hagﬂ]
led to OLED’s that span the entire visible spectrum with
reasonably good efficiencies and chromaticities. Even at véil)g]
low-doping levels, the emission from the doped device comes
exclusively from the dye dopant, as a result of efficierit9]
energy transfer and/or carrier trapping at the dye dopant. ?2\6]
shifting the emission from the HTL or ETL to the dye, the
efficiency of the device can be improved significantly. This
quantum efficiency increase is due largely to the improved
luminescence efficiency of the dispersed dye relative to tia;
dense ETL or HTL that it is doped into. Dye doping often
gives significantly narrower EL spectra than nondoped devicd&?!
This is a significant benefit in full-color display applications,
which require saturated red, green, and blue outputs for colé?l
mixing. Dye doping can also lead to significant enhancements
in the stability of the OLED as well, preventing crystallizatiorj24)
of the glassy HTL or ETL materials. The progress made in
developing and identifying new dyes, as well as understandi
the mechanism of electroluminescence in these doped devices
is very good. There are still many challenges, however, [#6]
the design of optimal host and dye materials for the highe[§t7]
efficiencies, most saturated colors and most robust devices
[42], [43]-[45]. (28]
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