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The emission of light and external coupling after the appropriate excitons have been formed in the
organic light-emitting device€OLEDS) has been investigated. The internally emitted light can be
classified into three modes: externally emitted, substrate waveguided, and indium—tind-6Qige

organic waveguided. A combined classical and quantum mechanical microcavity model is used to
calculate the distribution of light emission into these three modes in an OLED on planar substrates.
The ITO/organic modes maybe suppressed due to the thinness of the ITO/organic layers.
Consequently, as much as over 50% of the internally generated light is emitted externally in some
structures, much greater than th0% figure given by classical ray optics. This model is used to
examine how this distribution varies with exciton to cathode distance, the thickness of the ITO layer,
and the index of refraction of the substrate. It can also be applied to OLEDs on shaped substrates
where an increase in the total external emission up to a factor of 2.3 has been demonstrated. The
numerical results agree well with experimentally measured far-field intensity profiles, edge
emissions, and increase in external emission due to shaped substrates. Finally, based on these
results, we discuss different approaches to device optimization, depending on the fluorescence
efficiency of the emitter and whether a shaped substrate is use®002 American Institute of
Physics. [DOI: 10.1063/1.1425448

I. INTRODUCTION consists of a glass substrate that is made of either soda lime

Organic light-emitting device$OLEDS) have attracted 9/2sS(standard substratgyss;=1.51) or Schott SFL57 glass
wide interest due to their applications in flat panel displays.(h'ghjndex glassigiass~ 1.89), an indium-—tin—oxide(|TO)
One critical figure of merit for OLEDs is the electrolumines- (n,To—_1.8—2.0) anode, a polm-vmylcarbazolee (PVK)
cence (EL) efficiency 72" (externally emitted photons/ (Mpvk=1.67) ~hole transporting layer, a 8-

electron. It is the product of the internal quantum efficiency Ydroxyquinoling aluminum (Algs, na,=1.71) electron
int transporting and emitting layer, and a 30—-50 nm Mg:Ag

internally emitted photons/electrpnand the external
7L ( y b h (10:1) cathode followed by a 150 nm Ag cap. The EL spec-

coupling efficiencynﬁgt, the fraction of thus internally emit- h hat th 2 lusively f h
ted photons that actually escape outside. In this article, wgum shows that the emission comes exclusively from the

investigate the emission of light after the appropriate excitorﬁo‘Iqs layer. The OLED microcavity is c_onfined by the reflect-
has been formed in the OLED and calculayégt and its N9 cathode and the leaky ITO/glass interface.

dependency on the OLED structure, including backside sub- Thelemlt;ed l'gr?t can be cIashsmed kl)nto threehmodets): the
strate patterning and high index of refraction substrates. external modes that escape the substrate, the substrate-

The article is organized as follows: in Sec. Il the devicewaveguided modes that are trapped in the glass subsrate by

architecture used in both simulation and experiments is gdotal internal refraction(TIR) at the glass/air interface, and

scribed, and the combined classical and quantum mechanicgletr:T(l)_I/%??n'C'Wivefgu'd(.ad r;odes that are trapped by TIR
microcavity (CCQMM) model is developed before present- atthe glass interfacérig. 2).

ing selected nu_meric_al results. Exper_imental procedur_e angd Background and other theoretical treatments

setup are described in Sec. Ill. Experimental results, discus- ) ) o

sions, and device optimization approaches are presented in Due to the index mismatch between the emitting layer

Sec. IV. The conclusions are in Sec. V. and air, a large fraction of the light is trapped in the glass,
ITO, and organic layers. This effect is well known in inor-
Il. THEORY ganic semiconductor light emitting diodes, where the exter-

nal coupling efficiency is estimated by classical ray optics to
be 1/2? for largen.!> However, the multilayers of an OLED
A schematic diagram of the OLED structure used in bothrepresent a different photonic structure that is not well de-
modeling and experiments is shown in Fig. 1. The devicescribed by classical ray optics. The ray optics result leads to
an unrealistically high estimate for the internal quantum ef-
dAuthor to whom correspondence should be addressed; current addre flglency in some efficient devices. In addltlon-' severgl ;
Universal Display Corp., 375 Phillips Blvd., Ewing, NJ Oé618; electronicﬁrOUps have repgrted dependence Of. the far_ﬂelq emlssmn
pattern on the thickness of the organic layer, which is not

mail: mlu@universaldisplay.com i :
YElectronic mail: sturm@ee.princeton.edu explained by the classical thedt§.

A. OLED structure
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’/Oﬁ medial* This classical treatment provides a complete de-

Far-field angle; scription of radiation in the OLED microcavity and has been

] combined with transport theory to successfully calculate the
i Distance to P : P
oo charge recombination and exciton emission zones of a
giﬁg:r;y L single-layer polymer OLEB® From a quantum mechanical
~ - e point of view, Ujihara presented field quantization of a one-
ITO / 8,, mode angle dimensional optical cavity with external coupling in an early
UK 7(/ in Alg, article.lg_SimiIar quantum mechanical treatments were used
to describe the change in rate, spectrum, and directionality of
Alg Exciton-cathode emission from radiative dipoles in Ill-V semiconductor
7 distance, / microcavities?%:?*
% Mg:Ag/Ag cathode 77 The CCQMM model was developed by Bulowit al 22
Z Za In the QM treatment, the electromagnetic field in the layered
Far-field microcavity is represented by the sum of eigenmodes of the
detector\ z y cavity; the radiating molecule is modeled as a dipole; and the
\ transition probability into each mode is given by Fermi's
X golden rule. It has the advantage that the transition rates into
the external, substrate, and ITO/organic modes are computed
separately. The shortcoming of the quantum mechanical ap-
proach is that it does not account for the energy transfer from
the dipole to the metal electrodes. However, it was shown by
Edge Chanceet al.that this energy transfer arises exclusively from
detector the near field of the dipol¥ so it does not affect the shape

of the normalized far-field intensity patterns. In the model

developed by Buloviet al, the QM microcavity treatment

is augmented by the Green’s function analysis which is more

convenient in computing the total rate of energy loss, hence
he dipole lifetime in layered medf& We will use this model
ddetermine the distribution of luminous flux emitted into

FIG. 1. Schematic diagram of the setup for modeling and experiments.

The behavior of radiating molecules in an optical micro-
cavity is a general problem that can be approached in tw

ways: one based on classical electrodynamics and one bas 1 ihree above-mentioned modes and to examine its depen
on quantum mechanics. Using a classical approach, man P

groups have examined the far-field emission characteristic ence on the thickness and material constants of the constitu-

as a function of the OLED layer structure using wave opticsent layers. Numerical results will be compared with mea-

and a transfer matrix formalisfi}? Recently, the EL pattern sured intensity profiles and edge emission data.

of polymer LEDs was found to be accurately described by a

half-space dipole model that accounts for optical interferenc%. Exciton recombination process

effects due to the metal cathotfeThe most comprehensive

classical treatment of the general problem is that presented Both EL and photoluminescen¢®L) are due to the ra-

by Chanceet al,'* where the radiating molecule is modeled diative recombination of Frenkel excitons within the organic
as a classical oscillating dipole and the radiation fields in thdayers>® Since the quantum mechanical approach is based on
layered media are described by a dyadic Green’s functiorthe dipole approximation, and the classical analysis models
Some of their earlier work was based on a Hertzian vectofhe recombining excitons as oscillating dipoles we will use
approach that has recently been applied to OLEDY They  the terms “exciton” and “dipole” interchangeably. Our dis-
have shown that the Green’s function method is completelgussion is initially based on the emitter/electron transport

equivalent and more easily applied to general stratifiednaterial Alg, although the extension to doped systems is
straightforward.

The intrinsic rates of exciton recombination can be de-
I. External modes termined from the PL quantum efficiencyp, of a thick

Air /v fi|m22

\
Glass //\4 Il- Substrate 7pL=Wo/(Wo+Wg), Y

: 7 1o/ whereW, is the intrinsic rate of radiative decay amﬂR is

hto |/ -olorg. L - :

! / modes the intrinsic rate of nonradiative decay due to internal con-
% version and intersystem crossing. The PL efficiency of;Alq

Organics

has been accurately measured to be 329 2* For an ex-
citon placed inside the OLED microcavity, the total recom-
bination rate is

Cathode -
Emitting center
Wror=Wgr+Wer+Wyg,
FIG. 2. Three radiative modes in OLED$) external modes(ll) substrate (2)
modes, andlll) ITO/organic modes. Wr= Wyt Weyit Wio
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where the rate of radiative decélyy is the sum of the decay strate is thick, the transmission from glass to air is handled

rates of the external, substrate, and ITO/organic modes. by ray optics>'® On the other hand, the ITO/organic layers

denotes the rate of energy transfer to the metallic cathode viare thin compared with the visible wavelengths, so the ITO/

nonradiative dipole—metal transfer and excitation of surfacerganic modes are discrete. The wave vectorfor these

plasmonsWyr again denotes the rate of nonradiative decaymodes are described by transcendental equations that are

of the exciton, which is assumed to be unaffected by thesolved numerically for both the TE and TM polarizatiofs.

placement in the microcavity, thi/yg=WSx. The electric field is determined by the microcavity struc-
The fraction of internally generated photons that areture:

emitted externally is given by the external coupling effi- TE_ .

ciency 7gy=Weu/Wg, which is commonly held to be EC=ARsim (ko)x,

~20% by ray optics. Also of great interest is the number of EIM= B(k)cog 6, sirt(k,, )y ®
photons emitted externally for every singlet exciton created )
Nexcitor™= Wext/ Wror, Which takes the nonradiative decay +C(k)sir’ 6, cog (ko,)z,

into account; consequently, it is a better measure of the eXyhere A(k), B(k), and C(k) are functions of material con-
ternal emission from the exciton in the microcavity. This canstants and; k,, is thez component of the wave vector in the
be seen more clearly if we let denote the total lifetime emitting layer; is the dipole—cathode distance; afilis the

of the exciton. The amount of radiation each exciton emitsgngle of the mode in the emitting layer. Here, the cathode is
into the external modes is given bWe,m=We/Wror  taken to be a perfect reflector. For spontaneous emission, the
= Texciton- Various efficiency measures are related to eachyjectric fields are normalized such that the energy in each

other as follows: mode is equal to that of a single photon. Near an antinode in
ext_ int ext_ the electric field where the Sitk,J) terms are maximized
MEL= ML Mop = V" stlexcitons : - L
EL TR stexciion 3) the TE and first half of the TM radiation, both of which arise
Nexciton— an%t, from the in-plane component of the electric field, are maxi-

mized. Near a node in the electric field, the second half of the
TM radiation, which arises from the normal component of
the electric field, is maximized, leading to a large in-plane
TM component. We call the two components in the TM ra-

exact value ofye,qoqas a function of the emitter location in diation the antinodal and nodal contribution, respectively.

the cavity is critical in extracting the ratio of singlet/triplet Due to the high densn_y of modes in the external and
13,25 substrate modes, the sum in E@) may be replaced by an

excitons. . ; 1
Backside substrate patterning has been shown to inl_ntegral in the usual way==/(mode volumej~dk. On

crease the external emission by converting some of the sutBbe other hand, the ITO/organic wayegwdg can support at
strate modes into external modés?This increase in exter- MOSt & couple of modes. The sum in Eg) is then trans-

nal quantum efficiency will be modeled and compared withformed _mto a wo d|_men5|onal integral in thg—k, plane,
experiments in this article. The conversion of substrateand a discreet sum ik, .

modes into external modes can be accounted for by replacin/gIq T/IE(\E/Ke)i(r?tI(ta?P:cea; datsr?grl;nz(ijﬁu?e ti)r:ato gtigezlltc?:ye?t the
Weye With (Wt BWg,n) in the efficiency calculations, 3 . I '
where 18>0 is the conversion efficiend):® Tang and co-workers found the exciton diffusion length to be

20 nm, from examining the EL of an Aldbased device with
varying dye-doped region&.Throughout this work, we also
assume the exciton recombination profile to be the same as
the diffusion profile and use the same characteristic decay

The recombining exciton is modeled as a two-level sys{ength. To calculate the intensity as a function of the mode
tem whose transition rate is given by Fermi's golden rule: angle in Alg, 1(6), the radiation from an exciton at a single

20 point in space and at a single wavelengthqd 6,\,1) is
f= TE (m| w-E(k,2)|n)|?8(E,— Ey—hv), (4)  weighted by the PL spectrum of AJgnd the exciton recom-
" bination profile which we assume decays exponentially from

where u is the dipole moment ang(k,z) is the electrical the PVK/Alg interface with a characteristic lengthp
field for modek at the location of the dipoleE,,, andE,, are ~ =20nm:
the energies of the initial and final exciton states; amdis A —(dg—N)IL
the energy of the photon emitted. The total transition rate is ()= [J Vsingd H,A,I)P(Aj(e(j 7|:/L Pl dl , (6)
obtained by summing over al, and ». The OLED micro- JP(NdA[ e e odl
cavity consists of, in sequence, the reflective cathode, th@hereP()\) is the Algg PL spectrum] is the dipole—cathode
Alg; layer, the PVK layer, the ITO layer, ending in the glassdistance, andl, is the thickness of the Alglayer.
substrate. Following Ujihatd and Deppe and L&’ we
place an imaginary upper boundary a distabhgeaway from
the ITO/glass interfacé-ig. 1), solve for all the modes, and
later letL, tend to infinity. This treatment has the advantage In this section we discuss the nonradiative energy trans-
that all modes become normalizable. Since the glass sulfer that arises from the near-field interaction between the

wherey is the number of exciton forming events per electron
flowing through the OLEDr  is the portion of singlet exci-
tons, andpr=Wg/Wro7 is the probability of radiative decay
of the singlet excitons. It can be seen form EB). that the

D. Radiative modes

E. Energy transfer to the cathode
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S high Wy, i.e., cathode quenching, resulting in a very short
lifetime. The rate of energy transfer is twice as fast for a
0.8 - perpendicular dipole as for a parallel dipole, the physics of
which is similar to the radiation of dipole antennas immedi-
081 o ] ately above the earth’s surfa’eThe same principle was
s 0.4, Isotropic dipole ] used to determine the orientation of single molecules at an
' } \ interface by their fluorescence lifetim&s.In evaporated
02{ /.7 L dipole 1 Algs films, the molecular orientation is random, thus the en-
semble average is isotropic. In polymer OLEDs, a preferred
0.0

dipole orientation may exist due to spin coating of the poly-
mer layer>2®37In this exampleWgr decreases rapidly with
increasing dipole—cathode distance and the lifetime levels
FIG. 3. Normalized lifetime vs exciton distance to cathode in the OLED Off to approximately 90% of the intrinsic lifetime at a
(soda lime glass/100 nm ITO/40 nm PVK/80 nm Al4g). dipole—cathode separation of 80 nof. Ref. 22.

0 10 20 30 40 50 60 70 80 90
Distance to cathode (nm)

dipole and the metal cathode. The QM microcavity treatmenl: Selected numerical results

provides an accurate description of the far-field radiative -

modes, but does not take into account this energy transfer to The results of the CCQMM model are significant depar-
the cathode, which can dramatically increase the total decatyres from the classical theory as illustrated in the radial plot
rateWror. In the absence of the microcavity, a dipole placedof modal intensity versus the mode angle in Aldgrigure
close to a metal surface sees an energy transfer rate in tH¢a) depicts the classical model, in which the TE and TM
form of Wgro<l ~2 in the limit of short dipole—cathode sepa- radiations are identical and isotropic, and the modes are de-
ration | <\.4~1 Although the effect of the cathode is ex- lineated by the critical angles for TIR at the glass/air and
pected to remain preeminent for a dipole in the OLED weakTO/glass interfaces. The total emitted flux is given by
microcavity, the other dielectric interfaces also affect the

field distribution in the microcavity; therefore, a more com- F=27Tj [(#)singdo (7)

plete analysis is required for an exact solution. We use a

Green’s function formalism, taking into consideration thefor an angular intensity patterh(#). The emission at large
complex permittivity of the metal cathode. The readers areangles to normal is heavily weighted because of the large
referred to Refs. 14 and 33 for detailed derivations. The norsolid angles corresponding to largeso much so that 47%
malized lifetime 7/ 7=Wy/W+ot [79=1/(Wo+WyR) is the  of the emitted light is in the ITO/organic mode according to
PL lifetime] is plotted in Fig. 3 as a function of the dipole— ray optics. In reality, the cutoff wavelength of the thin ITO/
cathode distance and the dipole orientation for a giverorganic waveguiding slab may fall within the visible region,
OLED cavity. At a short distance away, the interaction be-and the strength of the ITO/organic modes are in general less
tween the near field of the dipole and the metal leads to ¢han what the classical theory leads one to believe.

6,=0 External () External b

0,=0 ( )
(normal) s modes g _ 340 ° modes
o= (norma‘l)/

¢/ 4——— Substrate
modes
Strength l
of the mode _.g T 8,=62°
s ITO/organic
k- A modes
Angle in Alg, layer 8, = 90° FIG. 4. Radigl plots of modal §trengt[ﬁnten;it)b Vs
0= 00° mode angle in Alg: (a) classical ray optics,(b)
Angle in Algg layer ° CCQMM model for an OLED with the structure: soda
lime glass/100 nm ITO/40 nm PVK/80 nm Alg3/
8,=0 ©) 8,=0  External cathode,(c) the same OLED as ifb) except on high-

(normil_) External (normak/ modes index glass substrate. (b) and(c), solid line: TE emis-

modes \ sion, dashed line: TM emission, the wavelength is 524

~
AN /"‘/ Substrate nm.
\ g modes
7

g

l.

Y .

A .ee,=620
,-I/ :.,-"' <4 |TO/organic modes
Ve D4 at short wavelength

\

Angle in Alg, layer 8 =90
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Wave optics is employed in the half-space dipole model, ~ 14] ' ' ' ' ]
where the exciton in the OLED is approximated by a dipole = 1] 7 1
located in a semi-infinite region of organic material on top of Pl F3% }E ~<
a semi-infinite metal cathodé.Figure 4b) shows the same % 1.0 }‘Eii% I I ]
radial plot calculated by the half space dipole model: £ 081 EE. E 1
1(9)|1+rsexp(i28cosh)|?+|1—r,expi25 cosh)|?, § 0671 = Measured TE EE o 1

(8) = 04 ° Measured TM I E . i
g { - Calculated TE E“E [
where§=2mngd/\ is the phase distance from the cathode, & 021 ---- Calculated TM ‘-E_“\ 7
andrg andr, are the Fresnel reflection coefficients for TE z 0.0 : . . . ,E“-E
and TM waves, respectively. The intensity in the normal di- 0 20 40 60 80 100
rection | (6=0) has maxima at=(m+1/2)7 or | =(m/2 Far-Field Angle (degree)

+ 1/4)N/nyq. For the EL spectrum peak of 524 nm, the first FIG. 5. Model i o )

. : . . 5. Modeling and experimental data of far-field intensity pattern of a
maXImljlm IS .Iocated 77 nm from the Cathoqe' II’.l Figh)4 planar OLED (soda lime glass/180 nm ITO/40 nm PVK/20 nm
the radiation is concentrated in the forward direction becausgig,/Mg:Ag) (solid square and upper triangimeasured TE and TM inten-
the dipole—cathode distance of 80 nm is close to the firssity and(solid and dashed lingsheory.
maximum. It should be noted, however, at other dipole—
cathode separations, the half-space dipole model still pre- i i )
dicts a large amount of radiation into the ITO/organic angleMTo= 1.8 purchased from Applied Films Corporation, or on
modes regardless of the actual OLED layer structure. bare O.5-mm—th|cl_< soda lime or high-index glass subs_trates.

The results of the CCOMM model for a device with an 100 or 200 nm thick ITO layersn(ro=2.0) were deposited
80-nm-thick Alg layer at the peak emission wavelengh onto the bare glgss supstratgs by rf m_agnetron sputterlng in
=524 nm is shown in Fig. 4c). The exciton is assumed to 2" Ar plasma with no _|ntent|onal heatlng.. The sheet resis-
be residing at the PVK/Alg interface, which is in close t@nce of the 100-nm-thick ITO was approximately X0(q,
proximity to the antinode in the electric fieldlefined the @nd the transmission was80% in the visible. The hole
same way as the maxima in the half-space dipole moddfansport layer in all devices was a 40 nm layer of PVK,
above,~77 nm from the cathodeat which point the TE and d_eposned by spin coating from a PVK/ChIorobezgne solu-
antinodal TM emissions are maximizgsee Eq(8) and dis-  tion after the ITO surface was treated by amﬂ)a_lsmae.’ The
cussions thereafterThe radiation pattern retains much of €l€ctron transport and emitting layer in all deV|ce§g/vas3AIq
the characteristics of that of an in-plane dipole again due t§€Posited by vacuum sublimation at pressureE) " Torr.
the fact that the electric field vector of both the TE and the! € deposition rate was 0.1-0.3 nm/s. The cathodes were
antinodal TM waves are in the-y plane. The external and 30—°0 nm of Mg:Ag(10:1) followed by an Ag cap evapo-
substrate modes form a continuum, because modal density f@t€d through a shadow mask with 0.5-mm-diam holes. Al
inversely proportional to the thickness of the region of spacéenses used for effective substrate shaping have a radius of
that the modes occupy. ITO/organic modes may exist agurvature of 2.0 mm and a height of 1.5 mm, placing the

shorter wavelengths, but only as discrete modes. HowevefPLED center exactly at the center of the curvature. They
the energy in them may still be significant due to spatialwere made from the same material as the substrates, and

confinement. were attached to the backside of the substrate with index-

In an OLED on standard soda lime glass substrates, th@atching oil. All Qevicgs were.dri_ven at a current density o_f
ITO/organic modes are confined by TIR at the ITO/glasst? mA{crr?. Far-field light emission was detected by a Si
interface due to index mismatch between the substrate arff'otediode on a stage with azimuthal rotation.
the emitting layer fgassr<Na) - With the use of high-index For the edge emission experlments, the ;ubstrate was
substrates ryass>Nag), the ITO/organic modes are con- diced, and thg eglges were vertical but not ppllghed, so they
verted into substrate-waveguided modes that exist predomfcted as a diffusive scatterer. The edge emission was mea-
nantly in the substrate. Although the far-field intensity pat-Sureéd by another Si photodiode placed immediately adjacent
tern of a planar OLED is independent of the index of thelo the substrate. Thls p_hotodmde was covered with _blgck
substrate, high-index substrates have been show to facilitaf@P€ except for a thin slit to prevent stray surface emission
light extraction by substrate patterning techniqffeBigure  Tom interfering with the measurement.

4(d) shows the radial plot of intensity versus mode angle in
the device as in Fig.(d), except on a high-index substrate. IV. RESULTS AND DISCUSSION
The ITO/organic modes are no longer present, and all modes. Devices on planar substrates

form a continuum. The radiation pattern resembles that of an The far-field intensit files f devi ith thick
in-plane dipole up to large angles from the normal, where € far-ield intensily profiies from devices wi Icker

interference effects from the ITO/organic layer on the TM quq Iayers(f4_|0—80 nrr]T) arebquahtatt)lvely s(;m_nar tol the Lalr_nE—D
radiation is observed. ertian profile, as has been observed in polymer S

elsewheré:'32% The exception was the device with a thin
Alq; layer, where a significant peak in the intensity is ob-
served in the TM polarized lightFig. 5). In the thin Alg
Bilayer OLEDs were fabricated on either 0.7-mm-thick layer, all excitons are close to the metal surface where in-
soda lime glass substrates coated with 1ERo=180nm, plane TM radiation dominates as discussed following Eq.

IIl. EXPERIMENT
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y T T 1.5 . . T :
ITO/organic modes - —&— Data
_S :u:’ Stralte mgdes §\5 S —8— QM microcavity model
g 80 mrlemaimades | é —A— Half-space dipole model
£ ] o 1.0 S
% 60 § V ’{////
N 40 s e
g & ¥
g 20 -§ 05 //,//;/
N n_ N E v A
20nm  40nm 60N 80 nm 5 r/«///
Alg, Alg,  Alg, Alg, < ood— . . .
20nm  40nm  80nm 80 nm
FIG. 6. Calculated distribution of radiative emission into external, substrate, Alg, Alg, Alg, Alg,
and ITO/organic modes as a function of Alidpickness for OLEDs with the
structure soda lime glass/180 nm ITO/40 nm PVK/#éathode. FIG. 7. Normalized external emission vs thickness of the;Alayer:

(squarep data, (circles QM microcavity theory, andup triangle$ half-
space dipole model. The devices are of the structure soda lime glass/180 nm
ITO/40 nm PVK/Alg/Mg:Ag/Ag. The lines are guides to the eye only.

(5). This coupled with the transmission at the glass/air inter-

face, which falls off at large angles, produced the peak in the
TM intensity profile. The model results are in excellent average exciton recombination site is farther away from the
agreement with the data. cathode than assumed. By the same cathode quenching argu-

By integrating or summind(6) [cf., Eq. (7)] over the ment, we would expect the actual external emission to be
appropriate ranges: -06.;=sin 'ny/ny, for external more than the modeling results.
modes, etc., we can compute the proportion of the internally ~ The thickness of the ITO layer affects the modal distri-
generated emission that goes into each mode. First, we ekution in two ways. It alters the ITO/organic modes by
amine the emission as a function of the thickness of thg Algchanging the combined thickness of the ITO/organic layer
layer for OLEDs on standard glass substrdfég. 6).°° The and the external and substrate modes through interference
overall height of the columns represents the rate of radiativeffects. It is possible to have an ITO layer so thin that no
decayWr. The sharp decrease in radiative output withAlgq ITO/organic mode exists for most of the visible spectrum. In
layer thickness can be attributed primarily to the cathodghe same vein as in Fig. 6, the distribution of light emission
quenching effect. In the device with 80 nm Algthe exci- is calculated for OLEDs with 100-nm and 200-nm-thick ITO
tons are close to the antinode of the electric field in thdayers(Fig. 8). The emission into the ITO/organic modes in
microcavity, where according to E@5), both the TE and the OLED with the thinner ITO layer is drastically sup-
antinodal TM contributions are maximized, leading to a largepressed, since the cutoff wavelength is only slightly above
external and total emission. In contrast, in the device with 2a@he low end of the visible spectrum. On the other hand, the
nm Algg, the excitons are close to the metal surface whergutoff is above the peak emission wavelength of Algthe
the nodal TM contribution at large angles dominates. TheéOLED with the 200 nm ITO layer, resulting in much stronger
large-angle radiation suffers from TIR resulting in far lessITO/organic modes. The absolute value of the emission into
external emission as a percentage of the total radiation. the external and substrate modes is moderately affected by
should be pointed out that in the 80 nm Aldevice roughly the interference effects, but not enough to prevent the pro-
one third of the emission is into the external modes, muchportion of external emission from increasing with decreasing
greater than the 18.9% figure according to classical ray op-TO layer thickness. According to our model, as much as
tics.

The external emission in the forward half plane of a
series of OLEDs on standard substrates with the; Adger
ranging from 20 to 80 nm was computed by integrating the 54 [E=JITO/organic modes

. . . . Substrate modes
measured intensity profiles according to E&). The normal- [ External modes
ized external quantum efficien€photon/electropas a func-
tion of the thickness of the Alglayer is plotted in Fig. 7
along with the calculated values by both the CCQMM model
and the half-space dipole modéiThe external quantum ef-
ficiencies decrease with decreasing Altpickness due to
cathode quenching as expected; however, both models under-
predict the efficiencies in devices with thinner Altayers,
while the CCQMM model is slightly more accurate. We at- 100nm ITO 2007 ITO 100Am ITO  Classical
tribute this misfit to the fact that a thinner Aldayer in- Slandord  Standard  highvindex  ray optics
creases the amount of electron current proportionally relative
to that of holes, thus improving the carrier balance, makin IG. 8. Calculated distribution of emission into external, substrate, and

. - . P TO/organic modes for various OLED structur@gass substrate/ITO/40 nm
the device more eff|C|er?P.An alternative explanatlon is that PVK/80 nm Alg;/cathod¢. The fluxes into the external modes of the sample

the CharaCte_riSti_C Iength of the QXCitOﬂ recombination profilyith 80 nm Alg, on standard substrates and the classical model are normal-
lengthens with increasing Adgthickness, which means the ized to 1.

6 T T T T

Normalized Flux (a.u.)

522% 7 | 2359 [ 18.4%
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TABLE I. Summary of increases in luminous flux for OLEDs on standard 4.0 ————T—7—77
and high-index substrates after attaching a lens to the backside of the suk »¢ 1 .
strate = 3.54 o 1
' =2 /
9 -5 3.0 4
Standard glass High-index glass g % 1 Model /; Oo—~=0
C £ o5- .
Theo. Expt. Theo. Expt. €9 ] /; E
S 8 201 . -
Q.E. for planar N/A 0.35% N/A 0.36% - E ] = /
devicé = W 151 e — -
. . 339 ] Data
Flux increase in 1.82% 1.5% 2.62x 2.3% @ @ 107 1
forward half space o 5, 1
G O 054 —0O— Forward half space i
c ] _e—
Flux increase in 1.82x 1.7x 3.20% 2.9x — 00— L .. : Florvyarld 1.20:3 ccl)nel i
forward 120° cone 12 13 1.4 15 16 17 1.8 19 20 21

#uantum efficiencyexternal photon/electrgris the same for both types of Index of refraction of the substrate

devices as measured from a group of large-area planar OLEDs. FIG. 10. Predicted increases in luminous flux emitted in the forward half

plane and the forward 120° cone as a function of the index of refraction of
] ) ) the substrate, assuming complete conversion of substrate modes into exter-
~52% of the light could be emitted externally in the planarnal modes. OLEDs have the structure: substrate/100 nm ITO/40 nm PVK/80

device with 100 nm ITO. External coupling efficiencies of nm Algs/cathode.
more than 40% have been calculated by other grotifs.

The use of high-index substrates eliminates TIR at the
ITO/glass interface, which also converts the ITO/organicfabricated on planar substrates, the far-field intensity patterns
modes into substrate modes. From ray optics, we expect thgre the same, irrespective of the index of the substrates, as
external emission to be independent of the index of the subexpected. Once a lens of the same index as the substrate is
strate. This is confirmed by the measured external quanturattached, the devices on the high-index substrates showed an
efficiency of identically fabricated OLEDs on both soda lime average increase by a factor of 3.2 in the intensity in the
and high-index glass substrat@able |), as well as the ob- normal direction versus an average increase by a factor of
served far-field intensity profiléFig. 9). The distribution of  only 2.2 for the devices on the standard substrates. These
light emission for an OLED on high-index substrates isresults are very close to the ideal scenario where the OLED
shown in Fig. 8 with the external emission normalized to thais a point source at the center of curvature of the lens, where
of an identical device on soda lime glass substrates. By conhe expected increase is given n&ass i.e., by factors of 3.4
verting the ITO/organic modes the device on the high-indexand 2.3 for high-index and standard glass substrates, respec-
substrate has more emission in the substrate modes andiigely.
higher total radiative output. High-index substrates not only convert the ITO/organic
modes, but also have a focusing effect on the distribution of
emitted light rays. With a large substrate indemy/fss,
=1.85), diffraction from the emitting layernf,=1.71)

Figure 9 shows the far-field intensity pattern of an ! : .
. : bends light rays forward in the substrate. In the ideal sce-
OLED with an 80 nm Alg layer on both standard and high- nario where the OLED is a point source at the center of the

index substrates, with and without a lens attached. In dev'cegurvature of the lens, the far-field intensity pattern in air is

identical to the ray distribution in the substrate, so the emis-
sion in air is also more concentrated in the normal direction.
If we were to look at the light emission in the forward 120°

cone, where most of the viewing takes place, the amount of

B. Devices on shaped substrates
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increase in external quantum efficiency is even more remark-
able. The observed increase was by a factor of 2.9 for the
device on a high-index substrate, and only a factor of 1.7 for
the corresponding device on a standard substrate. Our model
predictions of the increase in the forward half plane and 120°
cone for both types of substrates agree well with the data.
The discrepancy between theoretical and experimental val-
ues can be attributed to the finite size of the OLEDs and the

R,
AA&
100

imperfections at the edge of the leng@able ).

We also calculated the expected increase in the external
luminous flux by attaching a lens with the same index as the
substrate, assuming the same lens and OLED dimensions
(Fig. 10. The predicted enhancement factor increases mono-
tonically with the index of refraction of the substrate. As the
index of the substrate increases beyond that of the emitting
layer (naq=1.71), emission becomes more concentrated in

0 T T T T T T T T
0 20 40 60 80

Far-Field Angle (degree)

FIG. 9. Far-field intensity profile of OLEDglass substrate/100 nm ITO/40
nm PVK/80 nm Alg/Mg:Ag) on both high-index and standard glass sub-
strates:(open and closed squajeglanar soda lime and high-index glass
substrates(open triangles shaped soda lime glass substrate, érldsed
triangleg shaped high-index substrate.
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TABLE II. Measured values ofyeyi 7, compared with the calculations  predictedz$y 7 ratios of 0.75 and 0.56 for the device with

based on the CCQMM model and ray optics for different device struc:tures,[l.]icker ITO and on high-index substrate respectively Al-

The thicknesses of the PVK and Altpyers are 40 and 80 nm, respectively. . . ’ .
though discrepancies between the data and the modeling re-

Sample Measured Model sults exist, there was a recognizable pattern that confirmed
Soda lime glass/100 nm 1305020 112 the reduction of emission into the _external mod_es relative to
ITO/PVK/AIGs/Mg:Ag/Ag the substrate modes as the ITO thickness was increased, and

when high-index substrates were used. The agreement was
reasonable despite the simplicity of our assumptions, chief
among which is the lack of mode mixing scattering.

Soda lime glass/200 nm 0.51+0.08 0.75
ITO/PVK/Alg;/Mg:Ag/Ag

High-index glass/100 nm 0.41+0.06 0.56
ITO/PVK/Alg;/Mg:Ag/Ag

D. External efficiency optimization

It is clear from Fig. 7 that microcavity effects are at least
as important as the transport of carriers in device optimiza-
the forward direction due to refraction. Hence for higher sub+jon through layer thickness adjustments. Radiative emission
strate indices, the luminous flux in the forward 120° conejs maximized for an exciton at an antinode of the electrical
shows a larger increase compared with that in the entire fofie|q in the cavity. For a perfect metallic cathode, the first
ward half space for higher substrate indices. antinode is a quarter wavelength away, or approximately 75
nm at the peak emission wavelength of Alg~524 nm).
Because the excitons diffuse away from the PVK/Aiater-
C. Edge emission measurement face, the optimal Alg thickness should slightly exceed4.
On the other hand, thick Algincreases the operating volt-

Direct measurement of the substrate and ITO/organigge so in practice the best power efficiency is obtained with
waveguided light is difficult; therefore, we devised a methodA|q3 thicknesses around 50 nfhFurther device improve-

that indirectly measures the ratio of light emission into theant is possible if the external coupling can be decoupled
external modes over that into the substrate modes, i.efom the charge transport.

mea! 7 -2 A portion of the substrate waveguided light s There is a similar rule of thumb for the distance between
made to emit externally by attaching a lens to the backside afe exciton and the dominant reflective interf4tEO/glass

the substrate. Due to the thickness of the substrate, it Was, the anode side for optimizing external emission. That dis-
assumed that attaching the lens negligibly affected the b&znce should be a multiple of half wavelength for maximum
havior of the OLED. Since the ITO/organic modes werecqonstructive interference of electrical fields at the point of
heavily attenuated by the metal cathode and the absorption #e exciton(reflection at the ITO/glass interface contributes

the ITO layer, we assumed that the edge emission was e¥jq phase changé! Again using the case of~524 nm as an
clusively composed of the substrate motfek the absence example the optimal ITO thickness is given HyyxNpyk

of scattering that mixes the modes, it follows that +diroNro=M/2. The optimal ITO thickness according to
_r "o this rule is found to be approximately 100 nm, assuming
Fext Fsur= Fexit Faur= T 1F extt I 2F subs g
ext TsubT et T Tsub AT ext T 12T sub © dpyk=40 nm, Npyy = 1.67, andn;;o=2.0. Figure 11 plots
n‘ggt Foq 1T, Nexcitons Mep» MR= Wr/Wrot, and ngr=Wgr/Wror com-
Fb: F_b: -1 puted by the CCQMM model as a function of the ITO thick-
cp su

ness for OLEDs on soda lime glass. The efficiencies are
where F¢,; and Fg, are the emissions in the external and calculated for three material systems with; =0.32, 0.10,
substrate modes in a planar sample, and the primed symbadsid 0.90. The out coupling efﬁcienoyﬁ;t is independent of
are the emissions after lens attachmenptandr, are defined the nonradiative processes, thus is also independenpaf
asF i/ Fex andF L Fsup respectively. and a peak value of 52.6% is observed at an ITO thickness of

The measured ratios oiggt/nigbfor various devices are 100 nm as predicted by the simple rule of thumb noted

summarized in Table II. In the OLED with the structure: sodaabove. But calculation of the distribution into the three ra-
lime glass/100 nm ITO/40 nm PVK/80 nm AltMg:Ag/Ag, diative modes reveals that the suppression of ITO/organic
our measurements indicatedrﬁ;t/nigb ratio of 1.30-0.20. modes due to the thinness of the ITO lay€ig. 8 also plays
In other words, there is more emission into the externah role. As the ITO thickness increases above 100 nm, ITO/
modes than the substrate modes. This is confirmed by owrganic modes start to contribute to the radiative decay and
model, which predicted a ratio of 1.12. When the thicknessznﬁ;t decreases rapidly.
of the ITO is increased to 200 nm, #5/75:° ratio of 0.51 However, the more relevant parameter to device optimi-
+0.08 was obtained, indicating that emission into the subzation is the number of photons emitted externally per singlet
strate modes was almost twice that into the external modegxciton 7gy.iton, Which is a product ofnﬁgt and »gr. These
In the OLED on high-index substrates, the ITO/organicefficiencies in Alg (7p =0.32) are plotted in Fig. 14).
modes are redirected into the substrate modes; therefore, \ildne total decay rat@V/;ot does not change appreciably with
can expect substantially less emission into the externahe change in thickness of the ITO layer; however, the rela-
modes than into the substrate modes. As expected, the dafaee strength of the radiative decay and the dipole—cathode
indicated anﬁgtlnﬁgb ratio of only 0.41-0.06. The model energy transfer depends sensitively on the ITO thickness.
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FIG. 11. (a) Various efficiencies vs ITO thickness calculated for OLEDs

with the structure: soda lime glass/ITO/40 nm PVK/80 nm4kp: (closed

quare$ eciton= Wext/ Wror, (0pen circles Tep

ext__

=W,,/Wg, (Open up tri-

angles 7gr=Wg/Wso7, and(open down trianglesngr=Wgr/Wror. 7pL
=0.32 is used in the calculationd) and(c) The same efficiencies as (a)

with 7p =0.10 and 0.90, respectively;
The lines are guides to the eye only.

ext
cp

is the same in all three cases.
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FIG. 12. Calculatedyeyiion for OLEDs of the structure soda lime glass/ITO
(ni70=2.0)/40 nm PVK/80 nm Alg/Ag where the intrinsic PL efficiency is
0.32: (squarep planar substrate angircles shaped substratg8=1). The
lines are guides to the eye only.

With a thicker ITO, the increase in the rate of radiative decay
Wpg, together with the decrease in dipole—cathode energy
transferWgr, causeng to increase faster than the decrease
in nﬁ;t, resulting in a notable increase #Muygjon. 125 NM of

ITO gives the most efficient device on planar substrates
where 12.6% of the singlet excitons emit a photon externally,
whereas the device on 50 nm ITO is over 30% less efficient
at Neyciton=8.7%. Some preliminary data affirm the model
results, and will be published elsewhere. Material systems
with an inefficient emitter 5 = 0.10) or an efficient emitter
(7p.=0.90) are represented in Figs.(filand 11c). The
absolute rate of decay for the radiative and the dipole—
cathode energy transfer remain the same, although they now
represent different fractions of the total decay rate. The de-
vices on 125 nm ITO remain the most efficient devices pre-
dicted, where thegeyiiors are 4.6% and 26.7%, respectively.

It remains likely that in some highly efficient devicésp,

=1, 7er=0), a high 7¢,.iton 2N be achieved with thin ITO
layers that eliminates the ITO/organic modes.

Figure 12 shows calculategl.,io, as a function of ITO
thickness for OLEDs on both planar and shaped soda lime
glass substrates. Shaped substrgBesl) increasenayciton Y
a factor of more than 2 compared with planar substrates as
shown previously. Among the devices on planar substrates,
the most efficient devices predicted is on 125 nm of ITO,
whereas among the devices on shaped substrates, the most
efficient device is on 150 nm of ITOxaycitoi=26.8%). The
different ITO thickness alters the intensity distribution suffi-
ciently that the optimization is dependent on whether the
shaped substrate is used.

The highestzq,iton IS 0Obtained by using shaped high-
index substrates. It converts ITO/organic modegspective
of the thickness of the ITO layginto substrate modes which
can be harvested by substrate patterning techniques. It also
offers two advantages over the thin ITO/standard glass sub-
strate combination. First, from an engineering point of view,
high-index substrates allow a high conversion efficieggcy
for substrate features of the same size due to the favorable
refraction of light rays that enter the substrate. Second, the
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