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Highly efficient organic devices based on small-molecule organic

semiconductors
V.G. Lyssenkd, S. Hofmanfiand K. Le8

We discuss approaches to increase the light ouliogugfficiency in organic microcavity lasers (MGa)d organic light-emitting diodes
(OLEDs). We find that the introduction of metalsoirtavities leads to additional Tamm-plasmon ptarmodes, while the corrugation of
metal contacts, like perforated j-size holes ogréogic array of metal stripes leads to 2D confieatrof the cavity modes, which in turn
reduces the lasing threshold in MCs. Furthermoregliweidate light loss mechanisms in OLEDs and relvea external dielectric layers
and periodic gratings can be used to enhance quitngirom the OLED cavity.
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I ntroduction

In the past years, devices based on organic sethictors have
made rapid progress. To gain knowledge about ictierss between
light and matter, organic microcavities (MCs), aa.organic light-
emitting material sandwiched between two dieleaticors
(distributed Bragg reflectors, DBR), are widely stuldiEspecially,
the introduction of metal layers is of interesttmstruct an
electrically driven organic solid state laser amgpp@rtant progress
has already been achievkd.

First organic light-emitting devices (OLEDs) werenabnstrated by
Tang and VanSlyke in 198Nowadays, OLEDs are widely used as
display for smart phones or for lighting applicagoln comparison
to common light sources, OLEDs have several adgastahey are

This journal is © The Royal Society of Chemistryl30

flat area emitters offering a diffuse light peréept wide
viewing angles, and can be realized on flexiblestalbes. For
both display and lighting applications, high effiecy is crucial.
The efficiencies reached with the first OLEDs waquéte low.
For optimization, an adequate understanding otrtec
excitonic, and opticgbrocesses limiting efficiencies is required.
The reason for the low efficiency are: (i) the fiw@ént injection
and transport of charge carriers which is hindéedpace-
charge limited currents and contact resistangeth@ used
fluorescent emitter system, i.e. all electricabgited triplets are
a lost, and (iii) the light outcoupling is not aptzed for this thin
film structure, i.e. light is trapped inside the EIL.

Electrical improvements regarding charge injecfiom the
contacts and charge carrier transport can be aathiey adding
blocking layers and (molecularly) doped transpayets. With
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the latter, a pin-structure could be realized wiiiek been
intensively studied in the past years.

Excitons are excited states that are responsibliégfat emission.
They are generated by the recombination of holdsetattrons,
either forming a singlet or a triplet. Due to sptatistics, about 25%
singlets and 75% triplets are generated in the QLHIir
distribution on the different emitter molecule<igcial for the
design of efficient OLEDs. The internal quantumgjé.e. the
conversion efficiency of charge carriers into pimstan OLEDs
comprising only phosphorescent emitters is nowadaysst 100%.

However, due to internal losses (total interndkrfon, absorption,
surface plasmon polaritofisabout 70 to 80% of the generated
photons are trapped inside the OLED thin film diuee and the
substraté. Hence, optical properties and light outcoupling
enhancement methods are the main remaining obstacéehieve
high efficiency®** of the OLEDs.

In the following, we cover the theoretical backgndwf lasing in
MCs. Furthermore, we investigate the introductiometal layers
and corrugation into the cavities and their infloeon the lasing
threshold. Finally, we elucidate light loss meclsams in OLEDs
and reveal how external dielectric layers and pkcigratings can
be used to enhance the efficiency of top-emittihgDs.

Microcavities

In a planar microcavity, photons are confined between DBRs in
the cavity layer with thickneds. and refractive inder.. The
emission of the excited cavity layer propagategrowth z-direction
with resonance wavevectky= n/n.L. and can propagate at an

oblique angley with longitudinal wavevectdk, and a “parabolic-
like” dispersion:
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Fig. 1. Experimental angular-resolved TM- and TE-polarigetssion
spectra of the cavity parabola-like mode at 620(see Eq. 1) and
transmitted through DBR side-band at 570 nm.
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whererfic/nL.= E(0) is the energy of the fundamental mouaig,
= mhndcL,, while k= wsinp/c is related to the angleof the
emitted light. By measuring the angular-resolveteotion,
transmission, or emission spectra of MCs, one cstonethe
true dispersion curves of exciton-polaritons arerthature. In
Fig. 1, angular-resolved TE- and TM-polarized spoabus
emission spectra of the red fluorescent emitter 4-
(dicyanomethylene)-2-methyl-6-[p-(dimethyl-amingjyryl]-
4H-pyran (DCM) doped into the matrix tris (8-hydrexy
quinolinato)-aluminium (Alg), embedded between two DBRs
and excited by a cw non-resonant 405 nm laser blelsing-
threshold intensity, are shown. Both cavity-mod20(6m) and
emission through short-wavelength DBR sidebands 70
show a parabolic-like dispersion according to H. (

Purcell Enhancement®®. In 1946, Mills Purcell proposed to
control the spontaneous emission (SE) rate of eoctmomatic
dipole with emitting wavelength, and linewidthA), by using a
microcavity (MC) with a single cavity mode to tailihre number

of electromagnetic modes to which it is coupléBor case of the
“weak couplingAie Al the escape time of SE photons out of
the cavity is much shorter than the radiative ilifiet and
reabsorption is negligible. A simple derivation wsisahat the SE
rate in the microcavity mode is given by the Purfzsitor

F=3Q\c3 /4t2n3V, where n is the refractive index of the medium
and V is the effective mode volume. Additionallyetradiative
rateT’, is strongly enhanced at above-threshold excitafion
proportional to the density n of coherent photdreerefore, the
ratioT/(T',+I,) can reach ~1.

Rate Equations and Lasing*®. Above threshold, lasing occurs
when the round-trip gain is greater than the rotripdloss. The
threshold is determined as the pump power at witielmean
stimulated and spontaneous emission rates intasireg mode

are equal®?® The rates of spontaneous emission into lasing and
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Fig. 2. Experimental angular-resolved emission allasing threshold
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non-lasing modes are described as fractifrasd 14, of the total Spontaneous emission into the laser mode can heled by the
spontaneous emission rate. Corresponding angudatvesl replacement of the photon numizelby n +1 in the stimulated
emission spectra at the above-threshold excitatipnesented in emission tern®\n. Thus the generalized rate equations are:

Fig. 2. Due to the increased number of excite@stailecules, both

the gain and the rate of spontaneous emidsiorTio non-lasing . _
modes are increased. n/y =-An+ N+ AN, (4a)

N/y,=-N+P-pN-/N, (4b)

. -2
@ Fotm ey
cavity mode for 3 ~ -
A I 1;10" = whereA andP are cavity decay rate and pumping rate,
10 31 % 3 respectively, measured in units of the spontanemission rate;
R 3 0 g LBis the branching ratio which specifies the fractid
.*g 10° Jo* g . spontaneous emission directed into the laser niduesteady-
; e RE rel. Wavelength (nm) state solutions of Egs. (4) are:
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10% oL L, g T Figure 3 presents experimentally measured (cirafgshsities of
' Pump power (nJ) spontaneous and stimulated emission from an ordagiand
calculated using Eq. (5a). Here, experimental ahcutated
Fig. 3. Experimentally measured (circles) inteesitf spontaneous and results are in remarkable agreement.
stimulated emission from organic MC and calculatsitig Eq. (5a). -
:(a) 40 pJem? % cross correlation
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The discussion of lasing in MC with a four-levehimgeneously
broadened gain medium can be carried out usinceratations®
The model is defined by the Maxwell-Bloch equations:

a=-Ka+gv, (2a)
V=-y,12+gaN, (2b)
N=-yN+T+g(av’ +va’), ()

10™

Up-conversion (rel. units)
o

where ] ais complex amplitude of the laser field (in photarmber
units),N is a number of atoms in the upper level of thintas
transition,v is the gain-medium polarization amplitude summed
over all atoms, Ris the photon decay ratg,is the spontaneous
emission rate to modes other than the laser meds full width at
half maximum (FWHM) of the homogeneous gajns the dipole
coupling constant, anidis excitation rate.

calculated

Excitation (uJem™) 4

—
o
LI ||nn'|“

The polarizatiory; damps on a subpicosecond time scale may be
therefore adiabatically eliminated. As a resultsH@) can be
replaced by equivalent rate equations:

—
Q

Calculated Intensity (rel. units)

107 AL
: - 100 150 200 250
njm ==An+ BN, (32) Time (ps)
N/y, =-N+P- N, (30)
Fig. 4. (a) Time-resolved organic MC emission as meashyegh up-
conversion technique for pump powers above threslifb) The laser
whered = 2d ), P =T/ f = 4&/YEW|I' andn = f* is the photon output is modeled by a set of rate equations ferdifferent excitation
number. energie&.
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In a next step, the temporal development of thatechlaser pulses
above threshold is investigated in an up-conversigreriment,
when the 800 nm pulse of the amplifier is splitio laser beams.
One beam is frequency doubled and used as therm@ump
beam of the organic MC. The MC emission is guided another
non-linear crystal and is added with the secondr8@(ulses, the
gate beam, from the amplifier. Its temporal arrizah be varied by
a delay stage in a range up to ~500 ps. The tisw@uton of this
experiment is given by the gate pulse duratiorboiua 200 fs.
Figure 4 (a) presents five time traces of the cigkser for
different pump powers above threshold. At the ldwesorded
pump pulse power (0.78 nJ) the maximum output ccabout 150
ps after the arrival of the pump pulse with a pulsdth of 60 ps.
With increasing power, the MC pulse appears eaatier exhibits a
narrower temporal width. After a nearly doublingtioé excitation
power to 1.3 nJ, the organic laser shows the htgheput 40 ps
after pump pulse incidence with a reduced width4ps. The
existence of the gain switched state is much shtiréa the natural
lifetime of the excited state as observed by tfesmeous emission
lifetime. An additional requirement for gain swibe is a short
photon lifetime which is also fulfilled by, = 1.5 ps. In our
experiment, a 400 fs pump pulse excites a largebenimf Alg3
molecules, which have a comparably long radiaifetiine of about
Taigs =20 ns. The excitation is non-radiatively transfdrto the
DCM molecules with a lifetime afycy =5 ns. As the up-conversion
data shows, the laser emission occurs after sepie@deconds and
thus appears sufficiently earlier than the spordaaemission.
Again, the simulated time-resolved intensities gghme rate
equations (Fig. 4 (b)) is in good agreement with¢kperimental
data.

Metal Layers: Tamm-Plasmon-Polaritons. In order to realize
optoelectronic devices, electrical contacts areledeln case of
OLEDs, InO3:Sn (ITO) with typical layer thicknesses of 80-14@
is most commonly used as semitransparent electidaesecond
way to efficiently contact an organic active lajethe utilization of
thin metallic layers, which can easily be deposkiganeans of
thermal evaporation under high vacuum. This factivates the
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Fig. 5. Calculated transmission spectra of the organicwit@ different
thicknesses of Ag layer inserted between organittyckayer and TiQ top
layer of the bottom DBR.

This journal is © The Royal Society of Chemistryl30

Page 4 of 10

RSCublishing

® Metal Organic
7
[——cavity state  (630nm) [’ i

—— Tamm State 1 (657nm)
Tamm State 2 (689nm)

Absolute Electric Field [arb.unit]

P

7
Il
S
=
2>
i
o E

1000 2000

Thickness [nm]

Fig. 6. Spatial distribution of the cavity modes withitheavelength 630,
657, and 686 nm in MC with inserted 40 nm silvgelabetween left DBR
and organic laye

study of metallic structures inside organic MCs wihicay
enable electrical contacting. In addition, metdd®s anay serve as
broadband high-reflectivity mirrors and act as redak due to
the high thermal conductivity:

Similar to electronic Tamm states at the surfaca afystal,
optical Tamm states can form at the interface betvie/o
photonic structures having overlapping band &af$ie complex
interplay between a metal layer and a periodic DBRIts in the
formation of localized surface states at the iaigef

In order to verify this interpretation, the transfieatrix
formalisnf®is utilized to numerically determine the transmossi
properties of a half-wavelength organic microcawith
included silver layer of increasing thickness (Fij.At zero
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Fig. 7. Calculated (left panel) and experimental (rigiwbgl) angular-
resolved transmission spectra without (left pamt) with inserted 30 nm Ag
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silver thickness, only one cavity resonance (Tdste at the design
wavelengthl, = 632 nm. Upon increasing the silver thicknessaup t

panel (b), the emission intensity is increased factor of two to
0.11 nJ. By further increasing the excitation engtigy

~40 nm, we observe a continuous shift of the ca@gpnance
towards lower energies and the emergence of a ree fT S2)
from the DBR side band shifting to higher energiegshBpectral
movements of the modes saturate at a silver thisko€~40-50 nm,
at a minimal spectral distance of 22 nm. In Figh@, simulated
spatial distribution of the resonance cavity mode. 8620 nm
demonstrates a substantial enhancement of theieliéeld in the
cavity resulting in enhancement of the spontaneonission.

In Fig. 7, the calculated and experimental transioisspectra of
unpolarized light are presented. The simulatedmeters are
selected to obtain the best coincidence betweeeremental results
and simulations for two cases without and withehgedded
metallic layer. When metal is present, both Tametestare visible,
with the base eigenenergy of TS1 at 640 nm. Thie $¢ therefore
supported by the gain of DCM and may preferentigitigw lasing.
With no metal inside the structure, the ordinanyityestate is
located at 620 nm.

To demonstrate and investigate experimentallydbmg from the
Tamme-plasmon states, nanosecond pulses of 532nelevayh are
utilized to pump neighboring regions either withwithout 40 nm
Ag layer. In this experiment, regions with homogamemetal, 15
pm away from metal-free regions, are pumped viddbased beam

(diameter of 3um). In Fig. 8, the angle-resolved emission patterns

of the cavity in dependence on the excitation enarg presented.
In panel (a), both the cavity state and the TSkapp

Examining the quality facta® = AJ/AX. of the modes leads to
values of~ 1400 for the cavity state and abeus50 for TS1. In

580
600
620

640

Wavelength (nm)

1: 0.065nJ

580

600

620

640

Wavelength (nm)

111: 0.2nJ
-40 20 0 20 40 -40 -20 0 20 40
Angle (deg)

Angle (deg)

Fig. 8. Angular dispersion of the CS and TS1 in depeneencthe
excitation energy. (a) At low excitation energyftbmodes are apparent
with different intensities. (b) Increasing the puenergy leads to linearly
increased spontaneous emission until (c), thelibiéf the cavity mode
is reached. (d) By further increasing the excitgttbe emission of the TS1
mode at k=0 increases super-linearly indicatinmas

This journal is © The Royal Society of Chemistryl30

coherence threshold of the cavity state is reaeh&20nm
(panel (c), excitation energy 0.2 nJ).kxt 0 of the
corresponding parabola, a super-linear increasenigsion
intensity is observed accompanied by a reductidim@width. A
further increase in pump energy leads to the observof a
second non-linear threshold, this time of the T&1&40 nm. A
significant reduction of the spectral emission wergth is a
further evidence of lasing from a Tamm plasmon [, see
panel (d).

Confined modes

Elliptic Holesin Metal Layer. Light propagating in 3D space is
reflected from the interface between two media wifferent
refractive indices, or with different propagation constghfor a
2D waveguide. In a planar MC, light can be confiirethez
direction between two DBRs, and additionally in eitipslands

in thexy space within the thin metal layers.

560 ME)

700 : i
—-40-20 0 20 40-40-20 0 20 40-40-20 0 20 40
Angle (deg) Angle (deg) Angle (deg)

Fig. 9. Angle-resolved photoluminescence spedttheometal-organic MC
excited centrally in three holes of (a) 4 um, (lprd, and (c) 10 um
diameter by a 405 nm cw laser beam with a 2-um-elianspot.

The far field emission of holes with different diatar (4, 7, and
10 pm) exited exactly in the middle of the holsl®wn in Fig. 9
(a)-(c). The parabola-shaped dispersion curves eutbff
wavelengths at 655nm (TS1) and 690nm (TS2) origifraim
Tamm states formed due to the incorporated 40 twardayer.
Each of the states is represented by a set of anabplas as a
result of the splitting between TE and TM polaritigtht at
nonzero angles.

In addition to the states TS1 and TS2, a parabiciped
discretized cavity state (CS) is present at 619Time.
coexistence of Tamm states and the cavity parabasplained
by the lateral extent of the wave functions whiciym
substantially overlap at regions next to the metigie. The
discrete far field pattern of the CS is a typicabtrprint of

J. Name, 2013,00, 1-3 |5
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confined optical systems which is caused by thentaty
conditions of the holes in the metal layer.

As expected for good optical confinement, the epsmacing
between adjacent discrete levels decreases arahgiuar linewidth
narrows when the hole diameter is increg8égl 9 (b))?”-* With a
further growing diameter, the energy splitting \was (Fig. 9 (c))
and the parabola narrows until, at aboupirbhole diameter, it
becomes indistinguishable from the delocalizedtgawibde.

1E7

= Metal Hole
® Far from Metal
Maxwell-Bloch Fits

N
m
(2}

N
m
(5]

1E4

Emission Intensity [arb.unit]
I}
8

100

0.1 1 10
Pulse Energy [nJ]

Fig. 10. Cavity state (squares) lasing threshold qfrizhole compared to
unstructured spot (circles) confinement improveiig threshold by
decreasing cavity decay rate by factor of 3.

As presented in Fig. 10, lasing threshold and iefficy of the
emission from p-holes are improved in comparisosutwounded
Tamm-plasmon-polariton states.

External Efficiency Control via Gain Spectrum and Periodic
Structuring. Lai et al?® investigated emission from the array of
periodically spaced metal stripes and observedreobhemission
from both zero-ground state and Bloch-like excitestates. In the
following publicationg™®!, it was shown that at higher excitations

Fig. 11. Coherent multi-beam laser emission from organioglaC at
a

T@S\)&%@S&ﬁ%@ E'éﬁo'ﬁ%%%?ﬂ%)é?éac&?cﬁ?ﬁ%%ur different angles

between two interfering excitation beams.

Page 6 of 10

RSCublishing

the extended and confined modes can simultanecaskist and
be manipulated optically, depending on the excitasipot
position in periodically modulated inorganic MC sfiures.
These coherent phenomena in photonic boxes and hénee
been described theoreticaffy.

Periodic distribution of gain in planar MCs can beated by two
or more interfering laser beams with few-microniqer
depending on the angle between the excitation beantisese
cases, coherent emissions have a periodic digoibuesulting
in two or more normal and oblique lasing beams.

In Fig. 11 (a-d), the coherent multi-beam laserssion from
organic planar MCs at above-threshold periodicalbdmated
excitations is shown for four different angles bedw two
interfering excitation beams. In addition to spoetaus emission
with parabola-like dispersion (green), substantisffong multi-
beam lasing emission peaks (pink) occur near ttternoof the
parabola af = 0°. The corresponding spatial distributionshaf t
emission patterns are presented in Fig. 11 (e-h).

Fig. 12. Experimental angular-resolved emission spectia forganic MC
with periodically-modulated cavity layer below fefind above (right)
lasing threshold.

In case of a periodically rectangular patternedtgdayer of the
organic MC with periods ~7 and 11 pm, coincidencex¢énded
and confined modes were observe in far-field emisspectra
(Fig. 12).

Organic Light-Emitting Diodes

To achieve high luminous efficacy, the driving agjé of the
OLED needs to be low. With the introduction of ddpgensport
layers and exciton blocking layers, pin-OLEDs aehidriving
voltages close to the thermodynamic limit. We willis not
further discuss this aspect here. In the followthg, key factors
which determine the external quantum efficiency B Qf
OLEDs will be described and explained.

J. Name, 2013,00, 1-3 |6
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External Quantum Efficiency®*** Regarding the electrical
excitation, creation of electron-hole pairs anditexs, their
radiative emission, and optical outcoupling proessthe external
quantum efficiency\eqe is defined as the ratio of the number of
photons emitted from the device to the number of@a injected
into the molecular layers. It can split into foarrhs:

NEQE = VST M Mout (6)
wherey is the electrical efficiency (also known as charggier
balance factor). It describes the ratio of genérateitons to the
number of injected electrons. The ratio of singtefdets is
described by the exciton spin factgyy, with 5= 1 for
phosphorescent emitters, apgh = 0.25 for fluorescent emitters.
The effective radiative efficienoy (or internal quantum efficiency
of the emitter) describes the number of generatedons to the
number of generated excitons:

e = (T, +Ty). (7

The Purcel* factor F accounts for the quantum mechanical effec
that the radiative efficiency of an emitter depeadsts
surrounding. In free space F = 1, while in OLEDsaRges values
below and above T andl’,, are the radiative and nonradiative
decay rates of the emitter, which are strongly ddpat on the
emission spectrum. Here, the wavelength dependefittye
respective efficiencies (i.e. the photoluminesceabsorption and
gain spectra) needs to be considered. Often, tiupt of the
charge balance, the exciton spin factor, and theesfcy of
radiative decay are summarized as the internaltgoasafficiencyy;
<1

tal
metd surface plasmon modes
organic emission zone
(n=1.7-2.1)
waveguided modes
ITO (n=1.8-2.0)
substrate V substrate modes
(glass n=1.5)
air (n=1.0} outcoupled modes

Fig. 13. Light loss mechanisms inside the OLED resultimgf total

internal reflection. The light modes can be digtisfed into outcoupled,
wave-guided, and surface plasmon modes. Absorjagses in the ITO and
the doped transport layers can be expected togpfaior role. Refraction
at the interfaces has been omitted for simplifarati

Light Outcoupling. The last term in Eq. (6) is the outcoupling
efficiencynqy, It accounts for the ratio of outcoupled photons to
generated photons, i.e. the probability that liggmerated within the
device is coupled out through the transparent saties(Fig. 13).
The outcoupling losses are caused by the diffénelites of

This journal is © The Royal Society of Chemistryl30
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refraction of the organic materials, metal, ITOd éine glass
substrate. Thus, reflected light will be trappethimi the organic
and the glass, which leads to absorption in the dh@®the metal
cathode. As shown in Fig. 13, three different ligitdes can be
distinguished within the device: (i) surface plasnmoodes at the
organic/metal interface, (ii) wave-guided modes @if)
substrate modes. These losses indicate that thatee potential
for efficiency improvement by outcoupling the tragp

bottom emission on low index glass
J——
Electrical losses

Non-radiative losses

lemission
zone

Waveguided

Quantum efficiency (%)

© Measurements
m
os)
r

Substrate

Outcoupled :

100 150 200
ETL thickness (nm)

250

Fig. 14. Quantified loss mechanisms in a red phosphoregtes®LED for
different ETL thicknesses by Meerheim et al.[34jeTsimulated external
quantum efficiency agrees nicely with experimengallts (at low current
density of 1.51 mA/cm?, configuration as shown loa tight side). Reprint
with permission from [37]. Copyright 2010, Americknstitute of Physics.

modes®>36

The outcoupled emission exhibits a strong deperalendhe
EML position and thickness. Figure 14 shows thesexpentally
obtained EQE (dots) in conjunction with the simethtoss
mechanisms for a red phosphorescent OLED. The opted
emission is characterized by a first maximum, s fininimum,
and a second maximum. This can be understood laydieg the
resonance condition inside the OLED cavity forA°:= mj,
with L = n.d the optical thickness of the cavity (i.e. the cavit
lengthd multiplied by the refractive index;) andm =1, 2,.. the
resonance order. The cavity condition is a redutbastructive
and destructive interference of the light modes Falculation
of the electromagnetic field confirms this conditi@he
calculated field intensity for different cavity igthsL and
emitter positions is shown in Fig. 15.

Metal [ Tmiter| O

Field intensity (arb, units)
o = b v e o
—

e

A
100 0

_/ . .
0 0 200
Position (nm)

i L N L
100 200 300 400
Position (nm)

i L h
—100 0 100 200 300
Tosition (nm)

Fig. 15.Electromagnetic field intensities of the waveguidedes for the
devices shown in Fig. 14 at the peak wavelengthe@&mitter (610 nm, 0°)
for metal/organic/ITO structures. From left to igB/4\ cavity with emitter
located 70 nm from the metallic contactavity with emitter at 155 nm,
5/4). cavity with emitter at 250 nm. Increasing the Bfilckness and thus
the cavity thickness shifts the emitting moleculesugh a first maximum,
a minimum, and a second maximum. Reprint with pssion from [9].
Copyright 2010, American Institute of Physics.
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If the emitting molecules are placed in the maximafrthe electro-
magnetic field, a large number of radiation modesaaailable, and
therefore a strong coupling to the outcoupled madesbe
expected. The coupling of the emitting moleculethto
electromagnetic field influences the outcouplinficefncy strongly
and explains qualitatively the dependence of thteaupling
efficiency in Fig. 14. Placing the emitters int@ thode of the field,
in contrast, leads to low outcoupling efficienci€he influence of
the emitter coupling to the field and the Purcé#a& on the
outcoupling efficiency are often referred to asitgeeffects.

A large number of methods have been studied todwgplight
outcoupling, for example, the use of a resonanitgdvthe
excitation of surface plasmoiisthe use of periodic structures
placed in the optically active layer to introduce@y scattering
normal to the substrate pldfiaigh refractive index glass in
combination with a half-spheYe and many more. Despite the fact
that white OLEDs with fluorescent tube efficiencies be achieved
at lab scale, outcoupling methods for OLED fabi@abn industrial
scale are still pending.

Top-Emitting OLEDs

Top-emitting OLEDSs are characterized by a highfiertive bottom
electrode and a semitransparent top electrodeinacmhtrast to the
previously described bottom-emitting OLEDs emihtigway from
the substrate. Thus, the OLED forms an MC, wherdighe is
reflected back and forth between both electrodaditey to a
narrowing of the emitted spectrum and inefficieght outcoupling
at non-resonant conditions.

Capping Layer. To improve light outcoupling and to weaken
the microcavity effects, a capping layer of a higtiex material is
deposited onto the top electrode. This changesahsmittance of
top contact as known from thin film optics and imyes the EQE of
the OLED®?In Fig. 16, it is demonstrated that the maximum
efficier;gy is obtained at neither the highest marlbwest

>

|

S db
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0.9000
0.8500
‘ . 0.8000
0.7500

0.7000
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-
o
o

100
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HTL thickness (nm)

(%))
o

0.6000

/

=

[ 4
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ETL thickness (nm)

Fig. 16. Normalized light transmission of the top contactuding the
capping layer at the wavelength of 510 nm as atiomof capping and
spacer 1 layer thickness calculated based on tleevfog OLED structure:
Ag (80 nm)/spacer 1 (Y nm)/emitter (15 nm)/ sp&€85 nm)/Ag (15

TRY58RRY i@@ﬁ?&’ﬂ@»@%ﬁ heoGEaFEYe indastippggnic materials

used’is assumed to be 1.
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transparency of the top contact, but at a certainevin between,
which depends on the interference effects withendbvice.

In fact best outcoupling results are obtained wi@ronly the
transmittance of the top electrode is optimizeddnying the
capping layer, but when the optical structure efwhole device
is adjusted.

Bragg Scattering®*'. In Fig. 17(a,b), angular —resolvedand
p-polarized spontaneous emission spectra of a ptapar
emitting OLED are shown. As typical for MCs, the #ad light
demonstrates parabolic angular dependence of emispictra.
In order to enhance the EQE, a corrugation in fofma line
grating with 750 nm period and 40 nm height isddtrced by a
nano-imprint photoresist layer beneath the botttaotede.

planar b)

-
a
=)

/

Wavelength [nm]
2
[A®] ABaaug

~
a
=]

o
@
=)

Wavelength [nm]

[A®] ABaaug

02 04 06 08 1.0

sin(0) [a.u.] sin(0) [a.u.]

Fig. 17. Measured angular dependent emission spectra &omdsp-
polarized light of planar (a-b) and corrugated teqmitting OLED (c-d)
operating in the second optical maximum. Braggtedag at the one
dimensional shallow sub-pum grating superimposespszectral features to
the resonant cavity emission, resulting from carcdive and destructive
interference of the cavity emission and Bragg scett modes. Reproduced
from Ref. [46]. Copyright 2013, International Sdgiéor Optics and
Photonics.

The corresponding emission spectra are given inlHi¢c,d).
The Bragg scattering at the 1D grating superimpskag
spectral features to the cavity-mode. By analyzirggrheasured
emission spectra with the simulated emission ferthole k
space, these features can be identified as Braggszhwave-
guided and surface plasmon modes of different er¢fég. 18).

Moreover, the EQE of the corrugated OLED is enhdrimea
factor of 1.16 in comparison to the planar refeeenc

J. Name, 2013,00, 1-3 |8
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Fig. 18. Measured spectral radiant intensity of the cortredjaevice in p-
polarization (false color scale) along with the siated power dissipation
spectra of the identical planar reference (graye3aaitside the
experimentally accessible region. Black arrowsdat# the reciprocal
lattice vector and link the modes of the simulaitsthar MC to the
measured modes arising from Bragg scattering (edlbnes: scattered
surface plasmon (SPP) or wave-guided (WG) modes)rdeiuced from
Ref. [48]. Copyright 2013, International Society @ptics and Photonics.

Conclusions

The external efficiency of light-emitting structsris strongly
influenced by their optical design. Our articleatdisses some
approaches to increase the external efficiencygdric
microcavities and organic light- emitting devicesorganic
microcavities with highQ-factor ~1000, where the emitting layer
embedded by distributed Bragg reflectors, the 10inement
increases spontaneous emission due to Purcelt.effiether
optimization of thicknesses of the metal, activgamic and
adjusting dielectric layer minimizes absorptiordight by metal,
allowing the lasing of the coupled Tamm-plasmoraptins. High
above threshold excitation, lasing substantialbyeéases the ratio
between radiative and non-radiative emission. Catiag of metal
contacts, like perforated p-size holes or periediay of metal
stripes leads to 2D confinement of cavity modesrefesing the
lasing threshold.

Using light refractive, diffractive, or scatterietements in OLEDs,
the external quantum efficiency can be stronglyagicied.
Especially for top-emitting OLEDs a dielectric onjacapping

layer and periodically structured line-grating iease the efficiency.

It is expected that by optimization of the gratpeyiod, grating
height, and the implementation of two-dimensiorratiggs, the
light outcoupling and thus the EQE can be furthgsroved.

Acknowledgements

This journal is © The Royal Society of Chemistryl30

Faraday Discussions

RSCublishing

We thank Mauro Furno, Qiang Huang, Rico Meerheinhid®
Schwab, Cornelius Fuchs, Robert Brueckner, Andreasiik,
and Markas Sudzius. The authors gratefully ackndgéehe
financial support of this work by the Bundesminiwter fir
Bildung und Forschung (BMBF), Deutsche
Forschungsgemeinschaft (also via the excellenczesiu
CfAED), and the European Community.

Notes and references

# Institut fur Angewandte Photophysik, TU DresdehQ®9 Dresden,
Germany

* E-mail: karl.leo@iapp.de

1 R. Brickner, A.A. Zakhidov, R. Scholz, M. SudgziuS. I.
Hintschich, H. Frob, V. G. Lyssenko and K. Leblature
Photonics2012,6, 322

2 C.W.Tang and S. A. Van Slyk&ppl. Phys. Lett.1987,51, 913.

3 J. Blochwitz, M. Pfeiffer, T. Fritz and K. Ledppl. Phys. Lett.
1998,73, 729.

4 M. Pfeiffer, T. Fritz, J. Blochwitz, A. NollauB. Plénnigs, A.
Beyer and K. LecAdvanc. in Solid State Phy4998,39, 77.

5 J. Blochwitz. "Organic light-emitting diodes withdoped
chargetransport layers”. TU Dresden (Dissertatia@p1.

6 J. Huang, M. Pfeiffer, A. Werner, J. Blochwikz,Leo and S. Liu.
Appl. Phys. Lett2002,80, 139.

7 M. Pfeiffer, K. Leo, X. Zhou, J. S. Huang, M. ff@nn, A.
Werner and J. Blochwitz-NimottQrganic Electronics2003, 4,
89.

8 W.L. Barnes, A. Dereux, and T.W. EbbesBiature 2003, 424,
824.

9 M. Furno, R. Meerheim, S. Hofmann, B. Lissem #&nd.eo,
Phys. Rev. B2012,85, 115205.

10 H. Benisty, H. De Neve, and C. WeisbudkBEE IEEE J.
Quantum Electron.1998,34, 1632.

11 J. A. E. Wasey and W. L. Barnels,Modern Optics 2000, 47,
725.

12 S. Astilean and W. L.Barne&ppl. Phys. B2002,95, 591.

13 Y. Rag Do, Y.-C. Kim, Y.-W. Song and Y.-H. Lek,Appl. Phys
2004,96, 7629.

14 B.C. Krummacher, J. Frischeisen, N.A. Reinke \&h Brutting,J
.Appl. Phys.2008,104, 123109.

15 C. Weisbuch, M. Nishioka, A. Ishikawa and Yakawa,Phys.
Rev. Lett1992,96, 3314.

16 J. M. Gérard, B. Sermage, B. Gayral, B. Legré&dCostard and
V. Thierry-Mieg,Phys. Rev. Letl998,81, 1110.

17 E. M. PurcellPhys. Rev1946,69, 681.

18 P.R. Rice and H.J. Carmichdehys. RevA , 199450, 4318.

19 G. Bjork and Y.YamamotdEEE J. Quantum Electron1991,27,
2386.

20 Y. Yamamoto, S. Machida, and G. Bjo@pt. Quantum Electran
1992,24, S215.

J. Name, 2013,00, 1-3 |9



Faraday Discussions

Journal Name

ARTICLE

21
22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

H. Yokoyama and S. D. Brorsah,Appl. Phys1988,66, 4801.

M. Koschorreck, R. Gehlhaar, V.G. Lyssenko, $Wvoboda, M.
Hoffmann and K. LeoAppl. Phys. Lett2005,87, 181108.

C.-Y. Lu, S.-W. Chang, S. L. Chuang, T. D. Ganm and D.
Bimberg,Appl. Phys. Let2010,96, 251101.

A. V. Kavokin, I. A. Shelykh and G. Malpuedphys. Rev. B005,
72, 233102.

M. Kaliteevski, I. lorsh, S. Brand, R. Abram, Ghamberlain, A.
Kavokin and |. ShelykhPhys. Rev. B007,76, 165415.

M. Langner, M. Sudzius, H. Frob, V. G. Lysserka K. LeoAppl.
Phys. Lett.200995, 091109.

A. Muller, C.-K. Shih, J. Ahn, D. Lu, D. Gazuéad D. G. Deppe,
Appl. Phys. Let2006 88, 031107.

C. Reinhardt, R. Briickner, J. Haase, M. Sud8us. Hintschich, H.
Frob, V. G. Lyssenko and K. Ledppl. Phys. Lett.2012, 100,
103306.

C. W. Lai, N.Y. Kim, S. Utsunomiya, G. Roumpés, Deng, M. D.
Fraser, T. Byrnes, P. Recher, N. Kumada, T. Fupsaamd Y.
YamamotoNature(London) 2007450, 529.

E. Wertz, L. Ferrier, D. D. Solnyshkov, R. Jehi. Sanvitto, A.
Lemaitre, |. Sagnes, R. Grousson, A. V. KavokinSenellart, G.
Malpuech and J. BlociNature Phys2010, 6, 860.

L. Ferrier, E. Wertz, R. Johne, D.D. Solnyshk®v Senellart, I.
Sagnes, A. Lemaitre, G. Malpuech, and J. Bldehys. Rev. Lett
2011,106, 126401. .

M. Wouters, T.C.H. Liew and V. SavorRhys. RevB 2010, 82,
245315.

K. Walzer, B. Maennig, M. Pfeiffer and K. LeBhem. Rey 2007,
107, 233.

R. Meerheim, B.Lussem,and K.Létpceedings of the IEER2009,
97, 1606.

L. Xiao, Z. Chen, B. Qu, J. Luo, S. Kong, Q.ngoand J. Kido.
Advanc. Material22011,23, 926,.

G. He, M. Pfeiffer, K. Leo, M. Hofmann, J. Bstock, R. Pudzich
and J. Salbecldppl. Phys. Lett, 2004,85, 3911.

R. Meerheim, M. Furno, S. Hofmann, B. Lusser KnLeo,Appl.
Phys. Lett.2010,97, 253305.

T. Shiga, H. Fujikawa and Y. TagaAppl. Phys.2003,93, 19.

P. Andrew and W. L. Barnes, Science 2004, 6210

J. Feng, T. Okamoto and S.Kawafgpl. Phys. Lett. 2005, 87,
2411009.

J. M. Lupton, B.J. Matterson, |. D. W. Samuiél,J. Jory, and W. L.
BarnesAppl. Phys. Letf 2000,77, 3340.

R. Reineke, F. Lindner, G. Schwartz, N. Sejdier Walzer, B.
Lissem, and K. LedJature2009,459, 234

Q. Huang, K. Walzer, M. Pfeiffer, K. Leo, M. faimann and T.
Stibinger,J. Appl. Phys.2006,100, 064507.

P. A. Hobson, S. Wedge, J. A. E. Wasey, |. Sdgel. Barnes,
Advac. Materials, 2002, 14, 1393.

This journal is © The Royal Society of Chemistryl30

RSCublishing

45 L. H. Smith, J. A. E. Wasey, |. D. W. Samueld &V. L. Barnes,
Adv. Funct. Mater 2005, 15, 1839.

46 T. Schwab, C. Fuchs, R. Schol, X.Li, F. Xie, @hoy, K. Leo,
and M.C. GatheRroc. of SPIE2013, 882911

47 T. Schwab, C. Fuchs, R. Scholz, A. Zakhidovl-&o, and M. C.
Gather,Opt. Expres®014,22, 7524

48 C. Fuchs, T. Schwab, T. Roch, S. Eckard, A.abas S.
Hofmann, B. Lissem, L. Miller-Meskamp, K. Leo, M Gather,
and R. ScholzOpt. Expres2013,21, 16319.

J. Name, 2013,00, 1-3 |10

Page 10 of 10



