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A numerical study of space charge effects in multilayer organic light-emitting diG@EEDS) is
presented. The method of solving the coupled Poisson and continuity equations, previously
established for single-layer polymer LEDs, has been extended to treat internal organic interfaces. In
addition, we consider the transient current and electroluminescence response. We discuss the
accumulation of charges at internal interfaces and their signature in the transient response as well as
the electric field distribution. Comparison to experimental transient data of a typical bilayer LED
based on tri@-hydroxyquinolinatgaluminum (Alg) is provided and good agreement is found. Our
results are consistent with commonly assumed operating principles of bilayer LEDs. In particular,
the assumptions that the electric field is predominantly dropped across théapég and that the
electroluminescence delay time is determined by electrons passing throughoAtae internal
interface are self-consistently supported by the results of the simulation. Moreover, the creation of
emissive singlet excitons is found to be strongly confined to thg silde of the internal interface

and the emission zone width is dictated by the exciton diffusion length. Design principles for trilayer
LEDs with improved power efficiency are also discussed. 2@1 American Institute of Physics.
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I. INTRODUCTION device desighthat compensates for the imbalance of mobili-
_ ) ) ) ties and injection rates and at the same time moves the re-
. Th92 discovery of bright organic electroluminescent .ompination zone away from the electrodes in order to avoid
dioded? has st_lmulated intense research in or_der to L,mderfuminescence quenching. Suitable multilayer desigh&

general nature of the excited state and transport mechanisms : o .
. . ) g methods are important to assist in this aim. Going beyond the
in these novel semiconductors have been identified, fur’[hert dv of steadv-stat —volt h teristi iran-
efforts to improve device performance are necessary and udy ot steady-state current-voltage characteristics, tran
guantitative numerical model is desirable to formulate desigr?'ent electrqlumlnes-cen_cg studies prowde additional -|nS|ght
criteria. For the simplest device structure, an organic eleclNto the device physm%q’, and are important for ac-driven
troluminescent layer sandwiched between two metal elecdisplay applications or suitable driving schemes for future
trodes, a number of theoretical studies regarding the injectioglectrically pumped lasing.

and transport of charge carriers and their radiative recombi-  In this article we discuss charge and recombination zone
nation have been carried otitt however, an analytical solu- confinement effects in multilayer organic LER®LEDs).

tion to the bipolar transport and recombination problem is inWe extended our modef to study multilayer structures and
general not available. In particular, the complex interplaypulsed electroluminescence therein. We consider both
between both field-dependent injection rates and charge catransient*®and steady-state space charge effects. Although
rier mobilities prevents a detailed theoretical prediction Ofcomparison to experiment is only presented for small mol-
device characteristics. Therefore, numerical solutions basegcule based multilayer LEDs, the concepts developed are of
on material_parameters are a useful t_ooI by which to undery general nature and will apply equally to multilayered poly-
stand and improve device characterisfics. Compared 10 mer LEDs. Some important differences between common
polymer light-emitting diode¢LEDs) that achieve consider- 1 mar and small molecule based OLEDs result from dif-

grt:zllerfr?gllsgjli eL\I/Ee[;]s Iinn S'g?}';;?{ir jitrr:catlu;éestzfr?)(;terztctur é‘erent mobility ratios of electrons and holes. In the presence
9 q of a finite concentration of traps, the steady-state current is
decreased but the charge carrier transit time remains, to a
dpresent address: IBM Research, Zurich Research Laboratory, 8803 RugOOd approximation unaltered. A detailed discussion of trap-
chlikon, Switzerland; electronic mail: bea@zurich.ibm.com . ' .
YAuthor to whom correspondence should be addressed; electronic maif?ontm”ed transient currents goes beyond the scope of this

jcscott@almaden.ibm.com article and will be given elsewheté.

0021-8979/2001/89(8)/4575/12/$18.00 4575 © 2001 American Institute of Physics

Downloaded 09 Oct 2003 to 128.114.130.133. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4576 J. Appl. Phys., Vol. 89, No. 8, 15 April 2001 Ruhstaller et al.

The text is structured as follows. In Sec. Il we describeappropriate states. Within the framework of continuum elec-
the numerical model used and the specifics of treatindrostatics, current injection from metal contacts into organic
multilayer structures. In Sec. lll we discuss transient featuresemiconductor materials has been described previtiesya
in electroluminescence in general and for heterostructure deesult of the interplay between thermionic injection and im-
vices. Section IV addresses steady-state effects by variaticege charge recombination. In the presence of an applied elec-
of applied bias and by modification of the cathode injectiontric field, Schottky barrier lowering occurs. Recent studies on
barrier, while Sec. V describes general principles of devicénjection into organic materials confirm the temperature and
design applied to trilayers. We conclude with a summary. mobility dependence of the injection current and therefore

are in favor of the thermionic injection modét? It has
Il. THE MODEL already been shown that co_ntapts with injection t_)arriers be-
low 0.3 eV are able to maintain space-charge-limited cur-

In this article we employ a numerical method previously rents(SCLC$ for typical operating voltage regimes at room
established to describe current-voltage characteristics andmperaturé:®° The same barrier height regime for ohmic
spatial distributions of charge, electric field, and recombinahehavior can be derived by considering the existence of SCL
tion rate in polymer LEDS. The numerical solution of the features in transient current; see Sec. Il B. The actual values
continuity and Poisson equations has been extended to tregf the anode and cathode barriers are still a matter of con-
internal organic interfaces, and the dynamical response to giderable debate. Photoelectron spectroscopy reveals that the
step change in voltage is obtained from the time-dependenrissumption of vacuum level alignment does not hold in
iteration sequence. generaf’ and that there is a theoretical suggestion of double
A. Transport and recombination layer formatior?® As will be discussed in Sec. IV B, varia-

) o tion in injection barrier height influences the current balance
In the bulk, bipolar charge transport with field-dependentang the internal charge distribution.

mobilities and Langevin bimolecular recombination is de-  The electric field distribution is obtained through inte-

scribed by the following system of equatioh$>° gration of the Poisson equation across the layers of total
dn(x) thickness L using the effective biasVgi=(V—Vpiitin)
Je(¥) =eue(X, E)NCOEX) + D (1) =~ (1)  =J5E(x)dx as constraint to determine the integration con-
stant, i.e., the electric field due to space charges is superim-
dE(x) e posed on the applied field, which is corrected for the built-in
ax 6—60[D(X)— n(x)1, @ field Vi /L.
an(x) 1 dJu(x)
i e dx rapG)n(x). (3 . Internal interfaces
Here,n is the density of electrong the density of holesE In multilayered device structures, internal interfaces

the electric field, and the recombination rate coefficient, SEParate materials with differing molecular energy levels and
Equation(1) describes the net curredy of electrons(holes charge mobilities. Each of these discontinuities can result in
analogous composed of the drift and diffusion term, which qharge accumulation and cause redistribution of the electric
are to satisfy the Poisson equation, E2). In Eq. (1) D is field.” Molecular energy level dlscontmumes for electrons in
the Fickian diffusion constant related to the charge mobilityth€ lowest unoccupied molecular orbitelUMO) and holes

by the Einstein relatioe D= 1k T.%! The electron continuity 1 the highest occupied molecular orbi#OMO) will be
equation, Eq(3), contains the only term shared with its cor- treated again in the context of transport in continuous media.
responding equation for holes, namely, the bimolecular re¥Vé US€ an expression for the current across internal inter-
combination rate. We use the Langevin foms: (e/eeo) faces in analogy to the hopping process of transport, which
X(me+ ) for the recombination rat?® Mobilities are has been thoroughly studied for organic semiconductors. As

taken to be field dependent with the Poole—Frenkel-like formsnNoWn by I_-lolsltein and '_E”ﬁﬁ and previously by Mar_c&gl
and by Levich! the hopping rate between two sites differing

H(E) = uo exp(VE/Ey), (4)  in energy bydE is proportional to
where u is the zero field mobility ande, the characteristic [{_(dEjL Ep)2
field. exXp —— | (5
4KTE,

where E, is the polaron binding energk the Boltzmann
constant, and the temperature. Rather than use this expres-
In keeping with the continuum approach to the electro-sion, which introduces an additiongahnd frequently un-
static behavior implied by Eq$1)—(4), we use a form for known) parameter, we use the Miller—Abrahathgorm in
the currents at the electrodes and internal organic/organiwhich the rate is activated for hops that increase the carrier
interfaces that reflects the thermodynamic properties of thenergy (uphill) and is constant for downhill hops. This is
materials, such as the diffusion constant and mobility. Thisstrictly applicable only in the low-temperature weak cou-
may be compared with the microscopic approach of Wolfpling limit of Emin—Holstein theory. We also ran simulation
et al,?? who considered details of the electronic structure asequences using an activated form for hops in both direc-
the molecular level and evaluated transition rates betweetions. The results differed insignificantly from those pre-

B. Injection and boundary conditions
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sented below, but the lack of a cutoff for downhill hops mers the quenching zone extends as far as 20 nm from the
(analogous to the Marcus—Levich “inverted” regioled to  electrode®® Unless the recombination zone approaches either
numerical instabilities. Moreover, this form does not satisfythe anode or cathode, exciton quenching plays a minor role
the condition of detailed balance. Hence for the current duén multilayer LEDs, and we therefore do not discuss this
to each carrier across an internal interface, we modify thedditional concern.

drift and diffusion currents according to

exp(—dE/KT), dE>0 E. Numerical solution
Je.n(Jien,aritct Iie.h aitr) = 1, dE<O ' Equationg1)—(4), (6), and(7) are solved numerically by
(6)  discretizing space and time. The device structure is divided

drnto cells with widths comparable to the hopping site sepa-

where the drift and diffusion currents are calculated using . _ . .
ation (~N_ **=0.4 nm,N,, being the density of chargeable

averaged properties of the materials to the left and right of ", . . A o
the interface. siteg. To account for the major discontinuities in mobility

We do not introduce exciton diffusion across the intemalparameters_ a_t internal interfa_\c‘lé?sa nonunif_orm cell-width
interface since excitonic energy transfer in triphenylaminealoloro‘?lcﬁl IS mp_lemented with sma_ller widths near mter_-
derivative (TPD)/tris(8-hydroxyquinolinatgaluminum faces In order io improve accuracy with rgducgd computation
(Algs) bilayers is unlikely® unless TPD is doped with dye time. Be_cause charge Qensmes are defined in the center of
molecules® Similarly, no exciplex-like recombination CElIS While the electric field, mobiliies, and currents are de-
across the interface is implemented. For a discussion of e ined at cell boundaries, the extension from single to multiple

ergy level alignment at organic/organic interfaces, see, fo YETS requires oqu approprlate treatment of the organic in-
instance. Ref. 27. terfaces as described in Sec. II C.

The coupled set of equations is solved iteratively starting
with an empty device and assuring that the time step is one
D. Singlet excitons: Generation, diffusion and decay order of magnitude smaller than the fastest transit time
across a cell in the device at any given iteration step. For the
simulation of current—voltage curves, the distribution of pre-

tion. diffusi dd hich all the t \\;ious bias is used as the initial condition for the subsequent
generation, diitusion, and decay which allows the tempora oltage setting. The system is considered to be in equilib-

: ) i T viation is a small fraction, typically ICP, of the total cur-
stant is not easily accessible experimentally but can be est|-
mated, for instance, by modeling the thickness dependence
of the efficiencies of photovoltaic devicgs3® The continu-

ity equation for excitons, including generation, diffusion, andF- Parameters

In addition to the Langevin recombination rate, we cal-
culate the density of singlet excitoigsby considering their

decay, is The parameters required as input to the simulation are
dsix,t) d2S(x,t)  S(x,t) the mobility an_d energy level parameters for each Iayer r_:md
TR yr(x,t)n(x,t)p(x,t)+Dg T —— the.work functions of th(_e.me_tal contacts. The determination

7) of field-dependent mobilities is crucial for a successful quan-

_ . _ o titative description of transient and steady-state operation of
wherey=1/4, following the(simple) spin statistics argument OLEDs. Common techniques are time-of-flighTOF)

and assuming Fickian diffusioﬁ.We use the diffusion con- measuremen‘f% and analysis of current_voltage
stantDg=1?%/7, with | being the diffusion length and the  characteristic§ in single-layer devices. If space-charge ef-
exciton lifetime. Given that the first term on the right-hand fects prevail(i.e., the contacts are ohmjcmobilities may
side is replaced by a dirac-delta-like steady-state source tergiso be determined by mapping the transient current peak
upon turnon att=ty, £6(x—Xg)0(t—to), Eqg. (7) can be position to the transit time of the predominant carffeac-
solved analytically. The exciton distribution in equilibrium cording to Eq.(9), as discussed below.

decays exponentially according to Similarly, the electroluminescend€&L) delay time can
£r X—Xq be used to estimate the mobility of the faster catfi&tin
S(X,t—0)= l—exp( i ) X>Xg. (80 the luminescent layer. In a,N’-di(naphthalene-11)

=N,N’-diphenyl-benzidine (NPRAIq; bilayer LED, the
We note that the exponential decay is determined byly, = assumption that the delay time is determined by electrons
whereas the exciton density g§ is dictated by the decay passing through the entire layer of Algdriven by the ap-
time 7. Therefore, in this special cadegan be considered as plied bias dropping entirely across Algis manifested by
the emission zone width. spectral evidence that recombination initially occurs near the
Exciton quenching near electrodes was found to occuinternal interfacé® This assumption is self-consistently sup-
for poly(phenylenevinylene (PPV)-type polymer® and  ported by the results of the simulation that will be discussed
Alg; alike 3 The presence of metal electrodes is believed tdn Secs. Ill and IV. We used the field-dependent electron
increase the radiative lifetime significantly and thereforemobility of Alg; determined in this way by Bartét al;'* see
lower the luminous efficiency by allowing nonradiative de- Table I. The hole mobility in Algis assumed to be 10 times
cay channels to play a dominant réfeFor PPV-type poly- smaller than the electron mobility, using the same field de-
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TABLE |. Mobility and energy level parameters for TPD and Als used T <200 T T
for the simulation. —_ g WY 1 2000
o 25 | EISO . ) |
Layer e Eoe ton Eon HOMO LUMO g Fuof |}
material (cn?V's) (kVicm) (cn¥Vs) (kVicm)  (eV) (ev) l:o 20 L 2 5 {1500 _
TPD 108 100000 3.x10° % 14800 5.4 2.5 g g E
Alg;  1.2x10°8 1959 1.%107 1959 5.7 3.0 'é 1000 %
< m
gn "5l J | 500
pendence, which is compatible with the recombination zone-5§ 5} . 4
occurring near the internal interfat8®4’ For comparison, —
various field-dependent electron and hole mobility param- 0 == = - 0
eters of Alg have been reported in the literature. Kepler 0 20 40 60 80 100
et al*® used a TOF technique and found the hole mobility to distance from anode (nm)

be nearly two orders of magnitudes smaller ttllgn the electrop,s 1 rransient distributions of the electric field and charge densities upon
mobility. Using the same technique, Nakaal-__ found an  appiication of 10 V to a single layeL00 nm of Algs with an electron
electron to hole mobility ratio exceeding 100. bkliet al*®  injection barrier of 0.3 eV. The continuous lines show the distributions close
analyzed the EL delay time in a sandwich structure to find do steady state at 2,8s. Corresponding instants in time are indicated in the
hole mobility that increases more strongly with field than the™Set PY Tows in the current transient.

electron mobility does and at typical operating fields there-

fore approaches that for electrons. For the hole-transpogyrements are performed using a pulse source, a Hamamatsu
layer, hole mobility parameters determined for photomultiplier, and Tektronix digital oscilloscopes. TRE
N, N’-diphenylN, N’-(3-methylphenyk1,1'-biphenyl-4,4-  time of this setup including the OLED investigated is p.®
diamine (TPD) by TOF measurements were taken from theThe device fabrication and the experimental procedures were
literature® and electron mobility was chosen to be small described previously in more detail in Ref. 14.
compared to that in Alg
In contrast to Alg-based LEDs, polymer LEDs based on B_ Transient space-charge-limited current
PPV derivatives typically have comparable mobilities for ) .
electrons and holes as well as HOMO and LUMO levels Ve simulate transient monopolar currents as a test of the
matchable to electrode work functions. Contacts are there2ccuracy of the algorithm prior to studying EL transients and
fore more nearly ohmic and charge injection is closer to balShOW that our numerical method reproduces analytical results
ance. Also, the bipolar transient current does not show anfP" the time-dependent monopolar current in single-layer de-
overshoot and recombination is, in general, not limited to//CeS: Transient behavior of SCLCs in organic semiconduc-
electrode interfaces. tors was described theoretically, ignoring diffusion, by Many
For excitons we use a lifetime of 16 ns, which is the 2"d Rakavy” and by Helfrich and Mark? In a monopolar
radiative lifetime typically found for Alg,*’ and a diffusion and single—lgyer configuration, the carrier transit time is
length of 10 nnP! The material parameters used in Secs. jjishorter than in the absencg of.space-charge gffects due to the
and IV are listed in Table I. Those used in the discussion of"hancement of the electric field at the leading edge of the
trilayer designs in Sec. V are summarized in Table 1. carrier packet. This transit time reduction is given by

t,=0.788./ uE, 9)

wherel is the layer thicknessy the carrier mobility(here,

Here and in Sec. IV we present simulation results forfield independent andE the applied electric field. The tran-
bilayer structures composed of a 50-nm-thick electronsient current overshoots its steady-state value by a factor of
transport layeETL), in which recombination also occurs, 1.21 and starts at 0.44 times the steady-state VafiJpon
and a 65-nm-thick hole-transport lay@dTL) and compare reaching steady state, the electric field and the charge density
them with experiment. Experimentally, a third thin layer of assume the familiar Mott—Gurney solution, i.e., proportional
copper phthalocyanin€CuPg is often deposited on top of to x¥2 andx ™2, respectively, whera is the distance from
the transparent anode and below the HTL for improved dethe injecting electrode. Transient SCLCESCLCS can be
vice stability. In the simulation this layer was omitted in this used to determine the charge carrier mobffitgnd to study
first study for the sake of simplicity, which we justify by the the quality of the injecting contaéf:>> The temporal evolu-
simulated performance being relatively insensitive to slightion of the internal electric field and the carrier densities is
variations of the anode injection barrier height. The anode iglustrated for an electron-dominated single-layer Adigvice
sufficiently ohmic, and hole mobility in the HTL is high. in Fig. 1 upon turnon of a 10 V step voltage. Electrons travel
from the cathode on the right-hand side of Fig. 1. Before
equilibrium is achievedcontinuous lines in Fig.)1 the lead-

The organic layers are evaporated on top of a glass suling charges experience an electric field that is always greater
strate patterned with a transparent anfiddium—tin—oxide than the average field, in this case 830 kV/cm including the
(ITO)]. The cathode is commonly formed by coevaporationbuilt-in contribution, and reaches a maximum at the time of
of magnesium and silvei90% Mg:Ag. Transient EL mea- arrival at the other electrode. This mechanism is responsible

IIl. TRANSIENT ELECTROLUMINESCENCE

A. Experiment
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FIG. 2. Transient current of a 100-nm-thick single-layer AlgD for vari-

ous electron injection barrief.2, 0.3, 0.4, 0.43, and 0.5 &VThe current
peak position shifts to longer times as the barrier is increased and eventuall
reaches the space-charge-ftagection-limited transit timet=2.03us, in-
dicated by the arrow, as can be calculated using the average electric field.

for the transit time reductioff. An ohmic contact is required -25 h ' L ' L -1

for the observation of a TSCLC peak as is illustrated in Fig.
2 by a variation of injection barrier height. Injection-limited
transients are characterized by a much lower initial currentfIG. 3. (&) Experimental current and electroluminescence responses of an
the absence of a transient current peak, and a lofsgperce- ITO/CuPc(20 nm/NPB (45 nm)/Alg (50 nm/Mg:Ag LED to 5 us pulses

.. - at a repetition frequency of 1 kHz and at pulse heights @a&hed ling 7
Charge'freb3 transit time that approachd:s!,uE. Similar ar- (short-dashed line and 8 V(continuous ling (b) Simulated transient elec-

guments apply to bilayer LEDs; see Sec. IV B. The beneficialroluminescence response of a bilayer TPD (65 nm)4A&) nm LED to

use of lithium fluoride(LiF) in forming an ohmic contact voltage pulses of édashed ling 7 (short-dashed lingand 8 V(continuous

was demonstrated previou%‘/e’o and confirmed by TSCLC line). For reference, the calculated current transient is also shown. Charac-
. . 55 teristic features that are reproduced: fast and slow rises, delayed electrolu-

measurements of smg!e_:-lay_er Aldiodes: Th_e above re- minescence and negative current upon turnoff due to charge removal driven

sults are slightly modified in the case of field-dependenty space charge, and built-in fieldompare to(@)].

mobilities®! Further, diffusion is responsible for rounding of

the cusp in the Many—Rakavy solutiSrbecause of broad-

ening of the carrier front and therefore the distribution of 1he delay time for EL is entirely determined by the arrival of
arrival timesl?61 electrons at the internal interface and varies with applied

bias, as expected. While the fast initial rise can be attributed
to the establishment of a high recombination rate density at
the Alg; side of the internal interface, the slow later rise is
Pulsed EL has been studied theoreticdlgnd quite ex- due to increasing penetration of holes into the Alayer.
tensively experimentally, e.g., in Refs. 13, 14, 16, and referGiven that the turnon delay time is reproduced correctly
ences therein. Here we present numerical simulations of bicompare to Fig. @], we conclude that the electric field is
layer devices and find mechanisms that we compare to thoggedominantly dropped across the EABlg;). The ratio of
established for single-layer devicks. electric field strength in the ETL compared to that in the
In Fig. 3(a@) the experimental current and EL response ofHTL will be discussed in Sec. IV A. We note some discrep-
an ITO/CuPc(20 nm/NPB (45nm/Alg; (50 nm/Mg:Ag ancy between experiment and simulation in the steepness of
device is plotted for various applied voltages, 6, 7, and 8 Vthe fast rise, possibly arising from too many electrons piling
Using this device structure, electron mobility parameteraup at the internal interface due to overestimation of the in-
were extracted from TSCLC and TOF measureméhts. ternal electron barrier height. Treusehal®? determined a
For comparison, we simulated a TPD/Algjlayer struc- LUMO offset at an TPD/Alg interface of only 0.1 eV by
ture with a 0.5 eV electron and 0.4 eV hole injection barrier,x-ray photoabsorption. By contrast, the hole pileup deter-
respectively. The mobility parameters used are given immines the transit time of electrons across Alfjrough the
Table I. The simulated device has the same;Alyer (50  enhanced electric field in that layer. Better agreement with
nm) and total(115 nn) thickness as the experimental device experiment for the current magnitude can be achieved by
[Fig. 3@]. We calculate the response to one pulse period ofidjusting the injection barrier heights, which does not alter
a rectangular voltage step and subsequent resetting to zettbe EL delay time. Thus, to match the simulated current to
In Fig. 3(b) the calculated transient current and EL responsehe experimental one, a cathode barrier of only 0.43 eV
to a voltage steps of 6, 7, dB V are shown. The initial high needs to be chosen even though the nominal barrier is as
current and fast decay are due to the fast holes crossing thiegh as 0.6 eV. Significant deviations from nominal barrier
TPD layer to the internal interface. The negative currenteights due to interfacial dipole layers at the injection con-
upon turnoff is bigger in magnitude for the higher initial tacts have been found previougfyThe simulated transient
voltage, since more charges have accumulated in the deviceurrents of the single-layer Adglevice in Fig. 2a) illustrate

10!

light output (a.u.)

current density (mA/cnf)

current density (A/cm?)

(=

f

current density (mA/cm?)

recombination rate density
(10%sem?)

time (us)

C. Pulsed electroluminescence
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the steady-state current variation with assumed injection 2500 — T . . ' .
barrier height. EL decay upon turnoff will be discussed in 2000 L ‘ .
Sec. E. ' 10
1500

o . 1000 10°
D. Temporal recombination zone shift

¢ field (kV/cm)

Next, we shall consider the charge and recombinationg
density as well as the electric field profile as they evolve %
towards equilibrium after turnon. In multilayer OLEDs
charge carrier mobilities can vary by several orders of mag- _
nitude from layer to layer. Therefore, the faster charges will ""E
penetrate the device and modify the electric field distribution .~
well before the other charge has built up a significant density S
within the bulk. As a result, the transient current peaks on a}:
very early time scale and is followed by a steep decay prior 2
to equilibrating[compare to Fig. @)]. In the case of com- %
mon bilayer OLEDs based on AJgthis effect is believed to &
facilitate the injection of electrons, because holes reach thes
internal interface well in advance and cause the electric field
to be greatest in the Aldayer. The experimental determina-
tion of the internal electric field is a nontrivial isstre?’62-6¢

As was pointed out by Pinnest al. for a single-layer FIG. 4. (a) Evolution of electric field and recombination zone for a bilayer
structure1,5 the position and magnitude of the maximum TPD (65_nm)/Alq; (50 _nm) device upon applica_tion of a 10V pulse us_ing a
electric field may vary during equilibrium. The penetration cathode injection barrier of 0.2 eldame asin Flg._:l)l(b) ThtnT charges first

. C L . meet at around 70 nm, 5 nm from the internal interface in the; Myer,
of the slower carrier smooths the electric field distribution. INgjying rise to a broad recombination rate density peak. During the fast rise
the transient EL of the bilayer device, further equilibration isin electroluminescencgsee inset in(b)], the recombination peak position
reflected by a slow approach to equilibrium dictated by the_shifts tO\_Nards the internal interface_z. Along With this, electro_ns pile up at the
low mobilty of holes in Al The interpenetraton of hole el eriece a0 slocepea i he sectic el at e el ferice.
and electron populations results from the low cross sectiofyce.
inherent in Langevin recombination. Equilibration is com-
pleted when holes either reach the cath@eathode-limited
device, leading to low current balancer encounter a high tion, Eq.(8). In this case, the doping method used to deter-
density electron space-charge region near the cathode, whichine the emission zone width actually measuf@sd may
results in a high probability of recombination. In our bilayer modify) the exciton diffusion length. In the literature, several
device we find an additional feature. While the initial EL studies on the recombination and emission zone in
may occur at a position in the emissive layer that is deterAlgs-based bilayer LEDs have been reporté®’~®°The ini-
mined by the mobility ratio of electrons to holes therein, thetial study by Tanget al*’ reported 5 nm for the recombina-
charge accumulation at the internal interface eventually be-
comes dominant and the recombination shifts to the;Alq

recombination rate density
(102 cms™)

90 100 110
distance from anode (nm)

side of the internal interface. In Fig. 4 the electric field and _ 10 L

recombination rate density are shown. At turn@n75 us), g N% ]

the recombination rate peaks in the Alsplk, 5 nm from the g 81 “g ]

interface. The continuing pileup of electrons at the internal k= p 2

interface causes a shift of this peak position toward the in- }: ! § ]

terface and the fast rise in Hiinset of Fig. 4. Correspond- 'z ol g 1

ingly, although the electric field at turnon is highest 5 nm 3 5 70 80 90  100]

from the interface, the electron pileup results in a local peak 5 oL distance from anode (nm) 4

in the electric field at the interface, but further penetration of E

holes into Alg causes the electric field peak position to shift ¢ 0 L

into the bulk. 60 70 80 90 100 110
We note that in the case of Fig. 4 the recombination rate distance from anode (nm)

density is confined to a very narrow region and the approxi-
mation by a Dirac-delta source is acceptable. Figure 5 shom/é# X _ _ U
h y di inal . d'p ibuti 9 . ifferent times for a bilayer TPD/Algdevice after application of a 10 V

t_ e corresponding singlet excl'ton Istri Utllon a_t Yar'ouspulse (same parameters as in Fig). Due to strong confinement of the
times after turnor{compare to Fig. ¥ The exciton distribu-  recombination rate density close to the internal interfaee Fig. 4, the
tion approaches a steady state neas2The inset shows the exciton density and therefore emission profiles decay exponentially with

exciton density on a Iogarithmic scale and reveals the eXpoqistance from the interface, similar to the prediction for a Dirac-delta-like
source at the interface. The inset shows the density on a logarithmic scale

nential decay Wit_h a CPHSt_ant of 10 nm, in agreement Withang reveals the exponential decay with a constant of 10 nm, in agreement
the assumed exciton diffusion length and the analytical soluwith the assumed exciton diffusion length.

G. 5. Singlet exciton density profiles obtained as the solution tq Bat
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FIG. 6. Simulated transient recombination rate densits@ene as in Fig. ——
3(b)] for 6, 7, and 8 V plotted on a logarithmic scale. While the electrolu- 2 (b) o~ 08f l
minescence drops to different values for different initial biases, the time % '"
. . | 0.8 | s i
constant of the slow decay alters only marginally, and is related to the © -
detailed residual space-charge distribution. 3 o~ & 0.6] lu l
- ! =
< E 0.6 | = -
o 2 v
tion zone width and about 20 nm for the emission zone-g & 4, | 04 50l 502
width. Lamet al®” estimated the emission zone to extend at.g g time (ps)
least 20 nm into the bulk of Algby a delta-doping method. 'g 02
Yamashitaet al % used a doping region of varying thickness 8
to conclude that the recombination zone width was 10 nm, & 0 . . . .

and Matsumura and Jintfederived an emission zone width

of 20 nm, which shrinks as the devices degrade. Indirect
experimental evidence for the equilibration process of exci-
ton distribution, as shown in Fig. 5, was found in rubrene-fig. 7. Early time scale upon turnoff after application of a 10 V pulse for 5

doped Alg multilayers by a temporal analysis of the relative us to a TPD/Alg bilayer device with a 0.5 eV cathode barrier heiglab.

spectral contributions of rubrene and éjéf Spatial dependence of electric field and recombination @demporal
dependence of recombination. During the fast removal of holes through the

HTL, the recombination rate density increases temporarily, due to charge

E. Delayed electroluminescence upon turnoff interpenetration on the Algside of the interfacdsee inset to(@)], and
) ) ) ) results in a transient rise in recombinati@xpanded in the inset t)].
While the turnon dynamics are dictated by the buildup of

space charge in the device, delayed EL upon turnoff is prob-
ing the slow removal thereof. The intensity of delayed EL isrecombine, while in regions with negative electric field,
determined by the amount of residual space charge in theharges move back toward the electrodes they were injected
device. Figure 6 shows the simulated EL transients of Fig. 3rom. To illustrate this mechanism, let us consider the turn-
on a logarithmic scale for 6, 7, and 8 V. An initial drop upon off regime of tre 8 V transient of Figs. 3 and 6, respectively.
turnoff is followed by a fast and slow EL decay. The long Figure 7 depicts the early time regime after application of a 5
decay constant changes only slightly for different biases angis pulse. As the applied field is switched off, the field
is related to details of the space-charge field distribution. changes sign in the HTL but remains positive in most of the
Upon turnoff, the electric field in the device is a super-ETL. Just to the right of the internal interface, where the
position of the built-in field and the space-charge field only.highest electron charge density has accumulated, the electric
Charge storage effects can either be studied by applying field goes negative, pulling holes back to the HTL and elec-
prebias in the time between pulsésyr by altering the duty trons towards the bulk of Al This interpenetration gives
cycle and thereby probing the residual charge upon tuffioff. rise to a local and temporal recombination rate increase as
Additionally, the internal electric field at the position of the inset of Fig. 7@ shows and is accompanied by the re-
maximum recombination can be probed by analyzing themoval of the hole accumulation layer at the HTL side of the
drop in EL upon turnoff-® internal interface. The fast removal of holes is manifested in
It is commonly assumed that the total field upon turnoffthe electric field profiles; see Fig(&f. The short-lived rise in
points in the opposite direction to the previously appliedrecombination is evident in the recombination rate density
field. However, if the accumulated space charge results in &ansient; see Fig.(B). The time scale of this effect is cor-
field that exceeds the built-in potential in magnitude, then thaelated to the quick removal of holes from the internal inter-
total field may change sign locally. This is more likely to face through the HTL. The interpretation is consistent with
occur in multilayer devices since the space-charge field exthe observation that the time delay of the transient peak in
hibits strong nonuniformity due to charge accumulation atthe recombination rate density is only marginally dependent
internal interfaces. As a result, in regions with positive elec-on the hole mobility in Alg as has been checked with 0.1
tric field, charges continue to interpenetrate each other andnd 0.01 mobility ratios in Alg. Our simulation shows a

5.00 5.05 5.10 5.15 5.20
time (us)
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FIG. 8. Long time scale upon turnoff of the same device as in Fig. 7FIG. 9. (a) Electric field and recombination rate density as well (a5
(distributions at 6, 7.2, 8.4, and 946 shown. As a result of the strongly  charge density distribution in a bilayer TPD (65 nm)/Al$0 nm device
nonuniform space-charge field that remains upon turn@if,the electric with a 0.5 eV cathode barrier at various biagés6, 8, and 10 V. As the

field remains positive in most of the Aldayer. Thereforgb) the residual  voltage is increased, the confinement of holes to the internal interface is
charges in the Alglayer continue to recombine. The charges and the re-enhanced, causing the electric field ratio from Ales TPD to increase.
combination zone are no longer confined to the internal interface during th&imilarly, the electron pileup on the AJgide narrows with increasing bias,
long-lived decay. resulting in enhanced confinement of the recombination rate densit{g)see

transient peak in the recombination rate that does not over-
shoot its steady-state value. Turn-off spikes in EL have beeinterface causes a local peak in the electric field distribution.
reported in polyméf and small molecufé based bilayer In Fig. 9 the electric field distribution is shown together with
LEDs. In the former case the overshoot occurred on a m#e recombination zone for biases from 4 to 10 V. Using an
time scale, compared to a sub ms time scale in the latteelectron injection barrier of 0.5 eV, the accumulation of
Both interpretations relied on interfacial phenomeimger-  holes increases with increasing bias, which results in a bigger
penetration of materials in the former, discharging of thedifference between the electric fields in the HTL and the
interfacial layer in the latter cagebut further insight into the ETL. Experimentally, direct probing of the internal potential
detalls of the dynamics is desirable. distribution with a sandwiched third electrode was reported
On a longer time scale, the charge density diminishes byy Hiramoto et al.5® whereas indirect electroabsorption
recombination in a relatively broad region near the internatechniques allow the determination of the average electric
interface. This is shown in Figs(&® and 8b), respectively, field in individual layers*®In support of our findings, in
for the electric field and recombination rate density as well aghese studies, using equivaleit);-based bilayer LEDs, we
for the electron and hole density. The time constant of thidiave found the electric field across thé; layer to be en-
long-lived EL is determined by the higher residual chargehanced by a factor of approximately-50 with respect to the
mobility, in this case the electron mobility, as is confirmedfield across the HTL.
by a variation of the mobility ratio from 0.1 to 0.01. A study The recombination rate density profile remains confined
of charge storage effects by means of duty cycle variation i$0 the internal interface for the bias range considered and

underway. narrows for increasing bias correlated with a narrowing elec-
tron pileup. Similarly, the hole accumulation is enhanced at
IV. STEADY-STATE SPACE-CHARGE EFFECTS higher bias.

A. Charge accumulation and electric field
enhancement

We will now discuss the bias dependence of space—B' Efficiency versus bias

charge effects in bilayer structures, described in Sec. IlIC.  The device quantum efficiency is proportional to the cur-
The difference between the high hole mobility in the HTL rent balance factdo and to other factors that are not related
and the low electron mobility in the ETL increases the electo the electrical properties of the devit&umerically, the
tric field in the ETL significantly above the average field. current balance factds in equilibrium can be evaluated us-
The accumulation of charges on either side of the internaing the electron, the hole, or the recombination current:
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voltage, whereas the device with the high injection baifeb eV) achieves o ,'/ N
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FIG. 11. (a) Electric field and recombination rate density as well(hs

charge densities for the two bilayer devices discussed in Fig. 10 at an ap-

plied voltage of 10 V with different electron injection barrier heigt@s2

and 0.5 eV. In the bulk-limited cas€0.2 eV), the electric field is small at

the cathode and reaches its maximum at the internal interface, where the

charges accumulate on either side. In the contact-limited @@aseeV),

J J J ' holes may penetrate into AJ@nd the electric field across the internal inter-
(10) face remains small. In this case, at high bias the number of exciting holes at

. . . . . the cathode decreases and current balance approaches unity.
whereL is the device thickness®R the recombination rate

density[rpn in Eg. (3)], andJ the averaged total current.

In an attempt to illustrate the beneficial use of small[SCLC with constant mobilities. At high bias the two curves
electron injection barriers, let us consider the current balanceonverge.
versus bias curve for TPD/Adgbilayer devices with two Figure 11 illustrates the charge, electric field, and recom-
different barrier heights, 0.2 and 0.5 eV; see Fig. 10. Theination rate density profiles at 10 V for the two cases of
device with the small electron injection barrier is bulk lim- injection barriers. We note that in the case of the small cath-
ited and shows ideal current balance over virtually the entirede injection barrier, both the electron space-charge density
bias range considered. Even at low bias the electron injectionear the cathode and the one at the internal interface are
barrier of 0.2 eV is a good enough contact to provide highsignificantly higher. Therefore, the electric field is higher at
electron density next to the cathode, which prevents holethe internal interface and smaller at the electrode than for the
from leaving the device without recombining. For compari-case of a high injection barrier. In fact, the electric field
son, a contact-limited case with 0.5 eV as the electron injectexhibits a local spike at the internal interfa¢due to the
ing barrier is calculated. In this case, current balance is lowopposing hole accumulation layesnly for the small injec-
at low bias upon turnon and reaches unity only at high biastion barrier case.
Such a change in efficiency versus voltage was found experi-
mentally when removing the beneficial LiF cathodev. TRILAYER DESIGNS
layer®®®° Indications for a significant injection barrier even _
for a nominal barrier as low as 0.2 eV in the case of calciumA' Device structures
was concluded from the absence of a TSCLC p&ai.sup- Here we consider three artificial OLEDs in order to com-
port of this, Campbell and Smithfound injection barriers pare the performance of different device design concepts.
into Alg; from low-work-function metals such as magne- We use field-independent mobilities, a constant total layer
sium, calcium, and samarium to exceed the nominal valu¢hickness, and the same and8ed eV) and cathod¢3.3 eV)
and to be pinned at 0.6 eV. In order to illustrate the influencevork functions for all devices to facilitate interpretation of
of the cathode barriers on the current—voltage characteristictje results. Figure 12 illustrates the energy level diagrams
the inset shows a variation in the apparent power law behawand layer thicknesses for the three structures considered, for
ior for the same two devices, each having identical mobilitywhich the parameters are listed in Table Il. The hole mobility
parameters. The slope in this log—log plot for the contactof the HTL is taken to be one order of magnitude higher than
limited case(0.5 eV) is higher (with a power above 3 the electron mobility in the HTL. While the mobilities are
whereas in the bulk-limited ca$6.2 eV) the current follows taken to vary significantly in different layers, the injection
more closely thel ~V? power law predicted for trap-free barriers for the anode and cathode are chosen as symmetrical

L
b= ‘]e,cathode_‘]e,anode_ Jh,anode_‘]h,cathode_ foeR(X)dX
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anode |40 nm| 40nm| 40nm| cathode FIG. 13. Current—voltage characteristics of bi- and trilayer devices after

correction of the built-in potentiglL.7 e\). The inset, showing the current—
FIG. 12. Schematic energy level diagrams for bi- and trilayer devices. Symvoltage curve on a log—log scale, attests to the SCLC behaviei/g) for
metrical injection barriers of 0.3 eV for the both anode and cathode areill three devices. Given that all devices have ideal current balance, device A
chosen by taking the metal work functions as 5.0 and 3.3 eV, respectivelywill demonstrate the best power efficiency.

(0.3 eV). The middle layer has the same hole mobility as theq 13 shows the current—voltage characteristics for the three
holes in the HTL and the same electron mobility as the elecyqyice structures. The inset, a log—log plot of the current—

trons in the ETL. Therefore accumulation effects at inter'voltage curve, clearly demonstrates SCLC behavidr (

faces are due to energy discontinuities only. Device A serves. V) for all three devices. Given that all three device struc-
as a reference bilayer structure and is similar in nature to thg,.«< exhibit ideal current balance. the current is a direct

TPD/Algs device discussed in Secs. Il and IV. Device B neaasyre of the light output. The currents at an external bias
contains a high band gap material as the middteitting, or ¢ 10 v/ are 54. 41. and 95 mA/chior devices A. B. and C
EML) layer, which causes the charges to accumulate on efagpectively. Device C will therefore have the best power

ther interface and hence enhance the electric field across trégﬁciency_ For the sake of completeness, it must be added
middle layer. Device C represents an ideal structure in termg o+ 4 device with a single 120-nm-thick 7Iayer of the ETL
of both current balance and recombination since 9|eCtr°nﬁ1aterial and the same electrodes shows poor performance

and holes can enter the middle layer without overcoming agy;i, cyrrent balance factors on the order of f&nd a maxi-

energy or mobility discontinuity and have a high chance ©Omum current of 13 mA/chat 10 V. In support of these

recombine in the same layer they are confined to by energy,ings trilayer polymer LEDs were found to exhibit perfor-
levels of the opposing transport layer. While the materials iny,5nce superior to single- or bilayer LE#s.

the trilayer devices have the same transport properties, the Charge, recombination density, and electric field distri-
HOMO/LUMO difference and therefore the emission color \tions are given in Figs. 1&—14(c) for the three devices

vary. considered. The recombination maximum is located in dif-

ferent layers, depending on the device structure. Bilayer de-
B. Results vice A has the maximum recombination in the ETat 60
While all three structures have an optimal current bal-"M)- Device B's maximum recombination is in the ETat
nm), with some penetration into the middle layer and a

ance of one in the entire voltage range considered, there a li h / interf . ,
differences in the current and light output achieved. Becausgatellite at the HTL/EML inter acgat 40 nm. Device C's

of its blocking nature, device B exhibits the smallest Currentrecombinationhzone is confinedf to the middle layer, Wiltlh a
and light output, while device C demonstrates the best perr_naxmum at the EML/ETL interfaceat 80 nm and a sma

formance. The bilayer structure is the intermediate case. Fii?gltg”igep?ottttgg yg;/ﬁ::g;rn;tceg:c;sé igsng]og:l’ :pl)ielgr:t the

internal interface of bilayer device Erig. 14a)]. The elec-
TABLE Il. Mobility and energy level parameters for the artificial materials tric field in “charge-blocking” device B is highest in and

of the trilayer devices discussed in Sec. V. uniform across the middle layer, into which little charge pen-
Device e o HOMO  LUMO e_trates. In “charge-confining” device C, the.electrlc field is
stucture  Layer (cm®Vs)  (cmPNVs)  (eV) @V) highest across the ETL due to a strong pileup of the fast
holes at the EML/ETL interface.
A HTL 1077 10°° 5.3 2.8
ETL 10°® 1077 5.6 3.0
B HTL 107 107 53 28 y|. SUMMARY AND CONCLUSIONS
EML1 10 10 5.6 2.8
ETL 10:3 10:; 56 3.0 We have presented a numerical method to simulate
c Er\TAtz 18*6 18,5 gg g'g multilayer OLEDs in both transient and steady-state opera-
ETL 10°6 107 56 30 tion using, as much as possible, experimentally determined

material parameters. The results illustrate the operating prin-
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FIG. 14. Distribution of charge and recombination densities as well as electric field for devices A, B, edr€ference bilayer structure &) trilayer
structure B, andc) trilayer structure C. In bilayer device A, the maximum recombination is located in the ETL at 60 nm. Device B has its highest
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ciples of a commonly used Adgbilayer organic LED. In only at high bias, emphasizing the importance of cathode
particular we arrived at the following conclusions. quality.

(1) The algorithm reproduces the major features of the  (8) Trilayer designs with ideal current balance were ex-
analytic solution for transient space-charge-limited currentglored, and improved power efficiency due to charge con-
in a monopolar single-layer device. finement is demonstrated.

(2) The effect of injection barrier height on the transient Further investigations will be directed at the influence of
current is demonstrated in a monopolar single-layer deviceraps and dye dopants on the device characteristics and at
The suppressed current overshoot and a lower initial currerftnding suitable combinations of available materials in
for high injection barriers are indicative of contact-limited as multilayer designs for further improvement of device perfor-
opposed to space-charge-limited operation. mance.
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