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Electric field-assisted dissociation of singlet excitons in
tris -(8-hydroxyquinolinato ) aluminum (ll1)

J. Szmytkowski, W. Stampor, and J. Kalinowski®
Department of Molecular Physics, Technical University of Gzkarul. G. Narutowicza 11/12,
80-952 Gdask, Poland

Z. H. Kafafi”
U.S. Naval Research Laboratory, Washington DC 20375

(Received 16 April 2001; accepted for publication 8 December 2001

Results based on the electric-field dependence of electro-modulated fluorescence and steady-state
photoconduction in films ofris-(8-hydroxyquinolinatp aluminum(lll) (Alg;) are consistent with

a model where singlet excitons dissociate into electron—hole pairs through charge transfer state.
Dissociation into free carriers or predominantly geminate recombination results from this
intermediate state. The quantum efficiency of charge separation is in agreement with predictions
based on a model using the three-dimensional Onsager theory of geminate recombination combined
with volume(bimoleculaj recombination of the photogenerated space charge. This model is used to
account for the decrease in the electroluminescence quantum efficiency pbadgd organic
light-emitting diodes at high electric fields. ®002 American Institute of Physics.

[DOI: 10.1063/1.1450055

The metal chelat&is-(8-hydroxyquinolinatp aluminum  that used without further purification. A reduction of trap
(1) (Algz) has been one of the most widely studied lumi- concentration in the initially purified material, demonstrated
nescent materials since its first use as an emitter and electroacently by the nondispersive photocurrent transients in thick
transporter in organic light-emitting diod¢sEDs).1=* The  Algs films under vacuuni,was leveled because all measure-
electroluminescencEL) quantum efficiencypg, of organic  ments were carried out in ambient atmosphere conditions.
LEDs based on a heterojunction involving doped or undoped he electric field modulated fluorescence was studied using a
Alg; varies with the applied electric fiel&, reaching a sinusoidal field with a frequency/27=175 Hz applied to
maximum at a field dependent on the type and concentratiothe samplé. The field amplitude ranged between®land 2
of the dopant. x10° Vem™!. The steady-state PC measurements were

For neat Alg-based LEDs, thepg (F) initially in- conducted by irradiating either side of the Alfiims sand-
creases at low fieldd.Fs), reaches a maximum value, then wiched between two semitransparent Al layers, which could
decreases at high fieldslFs). In the LF regime, the increase be either a positively or negatively biased electric contact. A
of the ¢g (F) is due to the decrease in the field-dependentNarva 200 W mercury lamp and an Osram 150 W xenon
recombination-to-transit time ratfo.Various possibilities lamp were used as the light sources. The active electrode
must be taken into account in order to explain the drop of tharea of the film was typically 0.1 émThe photocurrent was
eeL(F) at high electric fields(i) exciton—exciton annihila- measured within the quantal intensity range!!4Q,
tion, (ii) exciton quenching by charge carriers, diig field-  <10™ quanta/cris and a dc field range between314nd
assisted exciton—dissociation into an electron—hole pair. 1.5x10° Vecm™ 1. The light intensity dependence of the

In this letter, data obtained from HF photoluminescencephotocurrenj y, is quasilinear Kphoclg's), suggesting that the
(PL) quenching and LF steady-state photoconductii®RZ)  discharge of carriers at the electrodes dominates the carrier
measurements in solid films of AJgshow evidence for sin- decay proces$Thus, the carrier decay can be approximated
glet exciton dissociation and explain the observed HF drop iby first order kinetics where the bimolecular recombination
the quantum EL efficiency of Algbased LEDs. contribution is treated as a correction to the effective photo-

Films of Alg;, typically 0.5—1um thick, measured by dissociation efficiency of the excited stateee discussion
profilometry, were prepared by thermal vacu(el0 * Pa below).
evaporation at a rate 0.3—-0.4 nmsand deposition onto Figure 1 shows the fluorescen€EL) quenching effi-
quartz or glass slides covered by a semitransparent thin layeiency [Fig. 1(a] and dc photocurreng,, [Fig. 1(b)] as a
of Al. A sandwich structure was formed by vacuum deposi-function of the applied electric field at two different excita-
tion of a semitransparent Al top electrode. Algas pur-  tion wavelengths. A slightly stronger quenching and higher
chased from Aldrich and was used as is or purified by subj,n is apparent for the shorter excitation wavelength, the ef-
limation. No systematic difference was observed in thefect due to the production of higher excited stdteEhe
experimental data obtained with such purified material andnechanism by which singlet excitons are quenched by ap-

plying an electric field, and charges are photogenerated in-

dAuthor to whom correspondence should be addressed; electronic mai}{owes the charge separation process. This is shown in some

kalino@polnet.cc detail in_ Fig. 2. The Alg molecules are gxciteq directly by
YElectronic mail: kafafi@ccf.nrl.navy.mil absorption of lighthv,, to form the excited singlet states
0003-6951/2002/80(8)/1465/3/$19.00 1465 © 2002 American Institute of Physics
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FIG. 1. Fluorescence quenching efficierayand steady-state photocurrent Electric field /

(b) as a function of electric fi_eld at two different excitation wavelengths. Fig. 3. The electric field dependence of photogeneration efficiency shown
Three different samples of thickness 0.5 and 56 (a) and 0.7um (b)  for eight different samples of Alg The squares represent the steady-state
were used.BThe photocurrents were measured using a photon flux per unjhotoconduction measurements for six samples, and the circles represent FL
areal,=10" quanta/crfis. quenching measurements for two samples. The dashed line was calculated
using the 3D Onsager theory. The solid line is the prediction using the
% % . scheme in Fig. 2, plotted according to E&). The field evolution of the
Alq3 : Alq3 may the.n relax raFj'at'VGly to the ground state a-tbimolecular recombination efficiency,g and the total concentration of
a ratek;, or may dissociate into separated electrenand  holesn, used in the fitting procedure are given in the inset.
holesh, i.e., Algg . Other radiationless transitions of Alq
do not alter the electric field effects on fluorescence and pro- th lati fih it ited stat h
duction of charge. The initial separation step involves af[?] fel popuiation o ; € e;m &I?goengeo sta eslé?glq us,
charge transfefCT) state formed with a field-independent ed uoresclenfg '?, elgf" y I'_d,t t(h)7 ,X\Ilouf'l Ie::cheFase
probability 7, and a field-dependent CT dissociation proces nder an efectric field- applied to the Alg Tim (F)
Q into separated charge carriers =FL(0)[1—»n(F)]. The experimental ratio [FL(0)
The overall probabilitys for excited states to dissociate ﬂ_FL(F)]/FL(O)E 77(:]:_) ISTah mfasgre (I)fﬂthe fleld—lnduched
into separated charge carriers can be expressed as uorescence quenching. The fractional fiuorescence change
due to an applied electric field directly provides the value of

7= 70U 1~ nvr), (1)  the dissociation probability of the emitting excited states

where 70} represents the charge separation probability in{Ald3). These changes have been measured by applying a

cluding the geminate recombination step. This process Caﬁ_musoidal electric field to the _sample, which monitor the_
be reversed to reform the CT state by volufbénoleculay time-dependent fluorescence signal at the second harmonic

recombination(VR) and relaxation of the CT state into the @nd thus reflects fluorescence quenching only. A detailed de-
original singlet excited state Ajg The bimolecular recom- SCription 0; g]e experimental technique has been published
bination efficiency or probabilityp,g is determined by the elsewhere? , _ , _ ,

recombination timer,.. and transit timer, of the carriers to ~__ Data for eight Alg films with varying thickness, taken at
the electrodesz7yr=(1+ 7,c./7) 1. This recombination different excitation wavelengths and light intensities, are

probability involves more mobile electroi€ than holed? ~ Shown in Fig. 3. The dissociation efficienayplotted as a
Assuming the elementary steps in the recombination proceddnction of electric field is obtained fr(;;m F'g-_ll- The experi-
are governed by the relative carrier mobilityangevin's re- Mental data for the LF portionH<10> Vem ") and the

B _1 .
combination mechanismthe second order recombination HF portion F>10" Vem) were obtained from the PC
coefficienty can be expressed by the electron mobifity, measurements and the FL quenching, respectively. The over-

y=ep.lege, and o= (yN;) 1= epelepany,, wheren,, is lapping v:alllues ofn in the int.ermediate rangeé_around
the concentration of holes. The electron transit time can b&®” Vem™*) suggest that there is a common origin between
approximated byr=(d/2)/u.F, whered is the sample the FL quenching and the photogeneration process. Since the

thickness. Consequently, E() becomes LF photogeneration quantum yield is very low, the three-
dimensional (3D) Onsager model of geminate

7=10Q(1+edn/2epeF) 1. (20 recombinatiof{* can be used to describe the charge separa-

According to the scheme of Fig. 2, a field increase of thelion process in solid Alg,

dissociation efficiency»(F)] should show up as a reduction ~ The application of the Onsager theory to the photoion-
ization in solids has been described in detail in many

studiest® It predicts that the overall photogeneration effi-

Mo Q ciency is the product of the initial field-independent charge
* —P S —
hvex + Algs — Algs" < CT < e+h separation step probability, and the efficiency) o, of the
1-Q Nvr . . . .
Ky diffusion governed further separation under the combined ef-
fects of the Coulomb attraction and the applied fielg,s
Algs + hvy - =170Qons: The essential parameters in the Onsager formal-

FIG. 2. The photoexcitation and photodissociation of Algading to the |s_m are 7o and Fo, _the lattter _belng the |n|t|a_l Se.par?‘t'on
charge transfer state and electr@)hole () pairs, the latter giving rise to distance of the gemlna}m—h pair. The dashed line in Fig. 3 )
the photocurrent flowing in Algsolid films. was calculated according to the 3D Onsager model assuming
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ro=1.5 nm andy,=0.8. Above 910 Vcm™ %, the results  probability that an excited state Algrelaxes radiatively is

are in good agreement with those predicted from the Onsagdt;=[K:/(ki+ k) ](1—7), k, being the rate constant for
theory. At low electric fields, however, the efficiency is much nonradiative decay pathways other than exciton dissociation.
lower and its field increase much stronger than that predictetlsing the experimental value of the absolute PL efficiency
by the Onsager theory. This discrepancy was also observegs = k¢ (k¢ +k,) =25%7 P;=0.23 is obtained witly=0.07

in earlier studiegsee e.g., Ref. )6and cannot be resolved at a field =10° Vem™ ! (see Fig. 3 This would lead to

by adjusting the different parameteirs, and 7,), and/or by  about a 10% drop in EL quantum efficiengy of Algs.

the introduction of an exponential or Gaussian distribution ofThe g, decrease defined dsp{™)— g, (F)1/ o™ has

the initial separation parameter. Instead, the experimentdleen found to be on the order e20% atF of about
data are well fittedthe solid line in Fig. 3 based on the 10° Vcm™?!, which agrees within a factor of two with the
predictions derived from Eq2) and assuming that,Qo,s  above prediction.

is diminished by the VR of the separated carriers. The fitting  In summary, we have shown that the dissociation of sin-
procedure requires the concentration of holes and, consglet excitons can be considered as a common basis for the
quently, the VR efficiency, being high at low electric fields, electric field-induced fluorescence quenching and steady-
to decrease by orders of magnitude above Wcm™ ! (see  state photoconduction experiments performed on solid films
the inset in Fig. 8 Forn,<10' cm™ 3, the second term in of Alg;. A simple kinetic model is presented to describe the
the denominator of Eq.2) is much smaller than unity and experimental results. The model includes the charge separa-
7= 170{). This means that in the LF region the discharge oftion and volume(bimoleculaj recombination of the sepa-
the separated carriers at their exit contacts is not efficientated charges. Charge separation appears to follow the 3D
enough to suppress volume recombinatiorithe  Onsager model, and controls the relationship between the
recombination-to-transit time ratio is1). We note that the concentration of excitons and charge carriers at high electric
field dependence aof}, is a result of the field-dependent car- fields. At low fields volume(bimoleculaj recombination

rier generation and carrier decay processes. The latter inmust be invoked, whereas, the 3D Onsager mechanism ap-
volves the field-dependent carrier mobilities. For Algith plies to the singlet exciton dissociation of Algt high elec-
weSup,’ the electron decay is largely dominated by dis-tric fields. Whenever the recombination-to-transit time ratio
charge processes. A simple expression for the hole concers negligible with respect to unity, the singlet exciton disso-
tration n,=[(ed/2eqeF)+ (2unF/7lg)] "1 can be derived ciation process becomes a process limiting the electrolumi-
from the kinetics of holes decaying in both VR and electrodenescence quantum efficiency.

discharge processes. Note thai <2egeF/ed which is
roughly the capacitor charge. The decreases at high fields
as the field-dependent prodyet,(F)F increases more rap-
idly than »(F). At higher fields the space charge is reduced
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