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Transient electroluminescend&L) from single- and multilayer organic light-emitting diodes
(OLED9 was investigated by driving the devices with short, rectangular voltage pulses. The
single-layer devices consist of indium-tin oxid€TO)/tris(8-hydroxy-quinolingaluminum
(Algs)/magnesiuniMg):silver (Ag), whereas the structure of the multilayer OLEDs are ITO/copper
phthalocyanine(CuPg/N,N’-di(naphthalene-1-W¥N,N’ -diphenyl-benzidine(NPB)/Alq;/Mg:Ag.
Apparent model-dependent values of the electron mobility) (in Alg; have been calculated from

the onset of EL for both device structures upon invoking different internal electric field
distributions. For the single-layer OLEDSs, transient experiments with different dc bias voltages
indicated that the EL delay time is determined by the accumulation of charge carriers inside the
device rather than by transport of the latter. This interpretation is supported by the observation of
delayed EL after the voltage pulse is turned off. In the multilayer OLED the EL onset—dependent
on the electric field—is governed by accumulated chakeses at the internal organic-organic
interface (NPB/AIg) or is transport limited. Time-of-flight measurements on 150-nm-thing Alq
layers yield weak field-dependept, values of the order of 10 °cnm?/Vs at electrical fields
between 3.%10° and 1.3 1° V/cm. © 2001 American Institute of Physics.

[DOI: 10.1063/1.1330766

I. INTRODUCTION ever, the interpretation of the results often turns out to be
difficult. In a single-layer OLED the time-dependent EL on-
from a triphenylamine derivative/t@®-hydroxy-quinoling  yniil the two leading fronts of injected carriers—holes and

aluminum (Alg) bilayer structu_ré, organic light-emitting  gjactrons—meet in the device. The time after the EL tends to
diodes(OLEDs) have been studied extensively due to the'rsaturate(rise timet,) is the time until electron and hole

pptentlal application |r_1_flat-panel (_3I|spla§/‘s9. Besides _e_ffl- distributions have interpenetrated, which is controlled by the
ciency, long-term stability, peak brightness and stability un-

. . " ) . charge-carrier motion into th Ik of th mple. In a bi- or
der high driving conditions, the response time of OLEDs |sC a ge carrier motio tqt e.bu . of the sample a-b °
. S . LT . multilayer structure the situation is even more complicated

an essential criterion for their application in such thin-film

displays. The response time, i.e., the time lag between a(i)_ecause of possible charge-carrier accumulation at the inter-

dressing the device by a short, rectangular voltage pulse arﬂf‘l interface or i.nterfacgs, respgctively. In'bilayer structures,
the first appearance of electroluminescefEe), is deter- [OF €xample,ty is the time until the leading front of the
mined by the superposition of various elementary electroni€harge —carriers  with the lowest mobility(minority
processes: charge-carrier injection, charge-carrier transpof@rriers—in most cases electrons—reach the internal
buildup of space charges, formation of the excited state, an@rganic—organic interface and recombine with the first in-
the radiative decay of the excited state. It is usually difficultjected opposite charge carriers—in most cases holes—
to disentangle these electronic processes. One way to do ®aiting at the interface, wheregsreflects the buildup of the
involves time-resolved studies, e.g., transient EL measuremninority carrier density in the recombination zone. The tem-
ments. Time-resolved EL experiments have already beeporal decay pattern of the EL at the end of the applied volt-
successfully applied to organic crystals;'low-molar-mass  age pulse reflects the depletion of the charge-carrier reservoir
organic compound§; ?*and polymeric materiaf&~**How-  established during the preceding on-phase. The correspond-
ing EL signal differs in a characteristic way for single and bi-
dElectronic mail: wri@zurich.ibm.com or multilayer devices. Whereas in the former the EL decays
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FIG. 1. Schematic energy-level diagram, device structure, and ¥olecular structure of the invegtigsitegle-layer OLED(b) multilayer OLED, and(c)
sample used for TOF measurements.

monotonously, the latter structures often feature an EL overexperiments on an ITO/AlgMg:Ag OLED. Transient ex-
shoot following the end of the voltage puf&e. periments with different dc bias voltages and investigations
It is common practice that in single-layer devices theof the EL decay behavior were performed to clarify the in-
onset of EL is interpreted as being the transit tifyg 06f the  fluence of space charges on the EL onset. In addition we
majority charge carriers. However, it has been found that th@resent TOF measurements on a 150-nm-thing Ailn to
mobility values obtained vidy, from single as well as bi- determine the electron mobility in Adqunder operation con-
layer systems, are orders of magnitude lower than those delitions of OLEDs and to compare these results with mobility
termined from time-of-flight(TOF) measurements, espe- values calculated from time-resolved EL experiments.
cially at low voltages>?3This discrepancy was attributed
to the accumulation of space charges at interfacial barrier
which have a major effect oty in time-resolved EL experi- T EXPERIMENT
ments. This interpretation was recently confirmed for a bi- Our single-layer OLEDs consist of glass substrates
layer device by an analytical theot{lt has been shown that (7059 Corning covered with a patterned ITO anotRirface
the EL onset is governed by the growth of the interfacialresistance 4X)/square, 80-nm thicknegsfollowed by a
charge densities and the concomitant redistribution of thd€00-nm-thin Alg layer as active material and finally a
electric field inside the sample rather than by charge-carrieMg:Ag (10:1) alloy as metal top cathode. The structure of
transport. Therefore, it is all but straightforward to identify  the multilayer OLEDs is ITO as anode, CuPc as buffer layer,
with t,. However, transient EL measurements have the adNPB as hole transport layer, AJgs electron transport and
vantage that they provide information directly from the emit-emitting layer, and a Mg:Ad10:1) alloy as cathode. The
ting device. So far there exists no detailed TOF investigadevices for the TOF measurements consist of ITO,;Alg
tions under operation conditions of OLEDs, i.e., in devicescharge-transport layefCTL), 5, 6, 11, 12-tetraphenyl-
with a typical thickness of 100 nm and under the action ofnaphthacengrubreng as charge-generation layéCGL),
electric fields exceeding $&/cm, to determine the charge- and Mg:Ag(10:1) as counterelectrode. The schematic device
carrier mobilities in such thin films. structures together with the energy-level diagrams and the
In this work we report on transient EL measurements ofmolecular structures of the materials used are shown in Figs.
multilayer OLEDs, which consist of indium-tin oxid€TO)/ 1(a)-1(c).
copper phthalocyaningCuP9/N,N’-di(naphthalene-1-\ All layers were prepared in a high-vacuum systgray-
N,N’-diphenyl-benzidine(NPB)/Alg;/magnesium(Mg):sil-  bold) by vapor deposition using resistively heated tantalum
ver (Ag). In order to investigate the mechanism of the timeand tungsten boats. The base pressure in the chamber ranged
evolution of the EL in single-layer devices, we performedbetween 4107 and 2< 10" ® mbar. The typical deposition
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rate for the organic materials and the metals was about 1 A/s. 800
For the deposition of the Mg:Ag alloy the evaporation rates __ 04f 600 E
of Mg and Ag were controlled independently by separate % §
thin-film deposition monitorgLeybold Infikon. The active 3 03¢ 400 £
area of our devices was22 mn?. The evaporation chamber fu, 2
was attached directly to a glovebox, which allows device = 02 20 §
fabrication, first characterizations, encapsulation, and storageé oAb~ 0o T
of the devices completely under inéergon conditions. _E, &

For the transient EL experiments we used a HP 8116A "' [ \ 200 5
DC pulse/function generatgb0 MHz, rise time=7 ns, de-  14=0-48us . 400 ©
cay time=10 n9 to apply rectangular voltage pulses to our 0 i 5 10

Time (us)

devices. The repetition rate of the pulses was 1 kHz, and the
pulse length varied between 5 and 8. In addition the FiG. 2. Comparison between time response of EL and cell current in an
function generator permitted us to drive the OLEDs withITO/CuPc(20 nm/NPB (45 nm/Algs (50 nm/Mg:Ag  multilayer OLED
various offset voltages before applying the rectangular voltipon application of_ a rectangular voltage puls<=T of 16 V with a pulse length
age pulses. The encapsulated devices were fixed in a custo 'riﬁse:nd a repetition rate of 1 kHz. The EL signal was averaged over 256
ized HP 16058A test fixture together with a Hamamatsu pho-

tomultiplier 5783-01 (time resolution =0.65 n$ located

directly on top of the emitting area to detect the EL intensity.ce|| current is also plotted in Fig. 2. The voltage dependence
The photomultiplier was connected to the 80nput resis-  of the transient EL of the multilayer structure is shown Fig.
tance of a digital oscilloscop€Tektronix 2440, sampling 3 with increasing voltage a decreasing delay time and a
rate: 500 MS/s, resolution: 20QV) to record the time-  gteeper rise of the EL was observed. At the beginning and
dependent EL signals. Our experimental setup allowed us tanq of the applied voltage pulses, weak parasitic effects—
detect with a second digital oscilloscog&ektronix 2440 negative and positive peaks—occurred in the EL signal
the applied volte}ge pglse and the time.—dependent. cell currenkigs. 2 and B which are caused by capacitive coupling
thro_ugh the devices simultaneously with the EL signal. Bothetfects. In Fig. 4a) a typical function generator output signal
oscilloscopes were connected to a personal computer for thg 1045 pulse width is presented. The corresponding EL
transfer and evaluation of the experimental data. The RGignal together with the cell current of an ITO/

time constant of the setup, including the OLED device, Wasa|q, (100 nm/Mg:Ag single-layer OLED is shown in Fig.
=0.2 us. 4(b) detected under the same experimental conditions as for

The transient photocurrents were recorded with the TOkp¢ multilayer device in Fig. 2. The EL grows afte0.64 us
tef:hnique“.8 The charge. carriers were generated_in allo'.nmandtr is determined to be=2.32 us. Figure 5 presents the
thin rubrene layer, which served as CGL, by illumination time-resolved EL of the single-layer structure parametric in
through the ITO anode with pulses of a Nd:YAG pumpedihe applied voltage. With increasing voltage a decreasing EL
optical parametric oscillatofOPO (Spectra Physics GCR  gnset and a steeper rise of the EL is observed, equivalent to
170 and MOPO 71)0driven at 530 nnipulse duratior8ns, 5 faster response time of the OLED. Note thatand t,
repetition rate-10 Hz). The photocurrents were amplified by exceed the values measured with the multilayer device. The
a low noise current amplifiefHVA, FEMTO Messtechnik  ransient EL behavior of the single-layer OLED upon apply-
and recorded by a digital oscilloscopgektronix TDS 640  ing different positive and negative offset voltages before the
A, 500 MHz, sampling rate: 2 GS/sTo avoid space-charge rectangular voltage pulse is shown in Figidsitive voltage

accumulation in the device the excitation density was chosepfers to the ITO electrodeThe pulse length was 18s and
to limit the emitted charge to 0.08U, whereC is the de-

vice capacitance ant is the applied voltage. After each
measurement the sample was shorted and kept in the dark for 0.4
a few minutes before the next signal was taken. During the
measurements the device was held in a cryostat under
vacuum &10 °mbar). All experiments—transient EL and
TOF—were performed at room temperat295 K).

Ill. RESULTS

EL intensity (arb. units)

Figure 2 presents the transient behavior of the EL of
an ITO/CuPc(20 nm/NPB (45 nm/Algs (50 nm/Mg:Ag
multilayer OLED upon applying a rectangular voltage pulse
of 16 V. The pulse length was &s, the repetition rate 1 kHz,
and the EL signal was averaged over 256 samples. The EL Time (us)
onset occurred with a delay time f0.48 us. Fort>t4 the FIG. 3. Voltage dependence of the transient EL from an

EL_signaI incre_ased and tended to saturate a#&r76 MS, ITO/CuPc(20 nm/NPB (45 nm/Alg; (50 nm/Mg:Ag  multilayer OLED.
defined by the intercept of the tangents. For comparison th&he pulse width was s and the repetition rate 1 kHz.
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sive current transient is plotted in a double linear represen-
tation and in Fig. &) on a double logarithmic scale. In the
FIG. 4. (a) Typical function generator output signal of 13 pulse length.  |atter figuret, is determined from the intersection of the
(b) Comparison between transient EL and cell current in anaqymptotes to the current transient tosse. 1 us. In addition

ITO/Alg; (100 nm/Mg:Ag single-layer OLED upon application of a rectan- . . .
gular voltage pulse of 16 V. The pulse length was) the repetiion rate (€ time required for the current to decrease to one-half of its

1 kHz, and the EL was averaged over 256 samples. value att, is shown €;,=2.4us).

Time (pus)

the repetition rate 1 kHz. Both; andt, are influenced by V. DISCUSSION

different dc bias voltages. With increasing negative offset  First we shall discuss the time-resolved behavior of
voltagesty andt, increase, whereas increasing positive offsetthe EL of an ITO/CuP¢20 nm/NPB (45 nm/Algs (50 nm)/
voltages lead to decreasirig andt, . The inset depicts an Mg:Ag multilayer OLED. The energy-level diagram under
enlargement of the EL decay behavior for the various offseflat band conditiorf§'*° portrayed in Fig. (b) clearly proves
voltages. Figure 7 presents a detailed investigation of the Ethe existence of energy barriers for both electrons and holes
decay of an ITO/Alg(100 nm/Mg:Ag sample after the volt- at the NPB/Alg interface. Therefore the observed green
age pulse has been turned off. The EL decay signal is noremissiofi* from the devicgpeak maximum at about 515 nm,
exponential and can be represented by two exponential deolor coordinates 0.30, 0.52an be attributed to the recom-
cays with time constants 0&=0.3 s and =10 us, bination of accumulated holes and electrons at this interfacial
respectively. Figure 8 shows a typical TOF signal of anlayer. It is also straightforward to associate the transient EL
ITO/Alg; (150 nm/rubreng10 nm/Mg:Ag device obtained

10"
T T T ] 8
16V 5
15 5 18
£ 5 . =
3 Y {4 @
g £ 2
&8 1.0 @ £
Q -l
-E 0.5 w L 8V pulse > N o
@ 10°F A .
0 5 10 15
0.0 ) ) ) ) Time (us)
0 5 10 15 20

Time (us) , FIG. 7. EL decay behavior at the trailing edge of a/$ong rectangular

8-V pulse from an ITO/Alg (100 nm/Mg:Ag single-layer structure on a
FIG. 5. Voltage dependence of the time-resolved EL from ansemilogarithmic scale. The EL decay is nonexponential and can be de-
ITO/Alg; (100 nm/Mg:Ag single-layer device. The pulse length was 19 scribed as the sum of two exponential decays with time constants, of
and the repetition rate 1 kHz. =0.3us andrg=10us, respectively.
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transient

FIG. 8. Typical -current from an ITO/AIGL50 nm/
rubreng(10 nm)/Mg:Ag device in(a) a double linear andb) double loga-
rithmic representation & =5.9x 10° V/cm. The excitation was through the
positively biased ITO electrode at,.=530 nm. Via the intersection of the
asymptotes to the plateau and to the trailing edge of the current trartgient,
is determined to be 1.4s. Additionally marked is the time required for the
current to decrease to one-half of its valuetgit;,=2.4us); w.=2.3

X 10" % e/ Vs (via ty) and we=1.1X 10" % cm?/Vs (via ty;,).

behavior with this interfacial charging. However, one has to
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FIG. 9. Electric-field dependence for upper and lower bounds of the appar-
ent electron mobility in Alg calculated viay from time-resolved EL mea-
surements: for the ITO/CuR20 nm)/NPB (45 nm)/Algs; (50 nm/Mg:Ag
multilayer OLED, assuming that one of the following limiting cases occurs,
(a) there exists a homogeneous electrical field within the complete device
structure(down triangle$ or (b) the entire electric field drops across the
Alg; layer (up triangle$; for the ITO/Alg (100 nm/Mg:Ag single-layer
OLED under the assumption®) u.>uy, (squaresand (b) we=uy, (dia-
monds. For comparisonu, values from TOF measurements of an
ITO/Alg; (150 nm/rubreng(10 nm/Mg:Ag device calculated via,, are
presentedcircles. Up;=1.2 V was considered for all calculations, i.e., tran-
sient EL and TOF.

proportional to 1tfy, we conclude that holes are responsible
for the accumulation of charge carriers at the NPBjAIg
terface. A further argument against attributirygfor applied
voltage pulses<10 V to a carrier-transit time is the relatively
large variation ofty upon varying the height of the applied
voltage pulse and the lack of a saturation behaviott of
within this electric field regiméFig. 3). Comparable results
have been reported previously for a polymeric bilayer
LED.3! More comprehensive studies of EL transients from
the above-mentioned multilayer OLED at lower electrical
fields can be found in Ref. 52.

The same relationship betweégnandj is obtained for

clarify whether the buildup of space charges at the NPB/AIq the high electrical-field range, bt tends to saturate with
interface determined the EL onset in the entire electric fieldncreasing, andjty is no longer of the same order of mag-

range investigated or merely modifigég in a part of this

nitude as Caig, U- Again this proves that accumulated

range where, for example, the charge-carrier transport caghargesthole9 at the NPB/Alg interface play a minor role

predominate.

at higher fields—although they are present—and thas

In Fig. 9 it is shown that for applied rectangular voltage governed by charge-carrier transport. Such a saturatiag of

pulses<10 V [i.e., F'?<880(V/cm)'?? (case & and F*/?

is also observed with different dc bias voltages, whgre

<1340(V/cm)'? (case b] the calculated electron mobilities shows a tendency to reach a constant value as the offset
(me) are field dependent, whereas ferll V [ie., F¥2  yoltage increases.

=920(V/cm)* (case aand F/?=1400(V/cm)* (case h] It should be mentioned that the peaks in the cell-current

e is field independent. The latter indicates that at higheisignal at the beginning and end of the applied voltage pulse

electrical fieldst, is limited by charge-carrier transport and (Fig. 2) are caused by the charging and discharging of the

at lower fields by space charges due to accumulated holes|ED, which can be treated as a capacitor, and the rise time
and electrons at the NPB/AJdnterface. A detailed analysis t, determined by the intercept of the tangeffiig. 2) reflects

of t4 (for low electric field$ as a function of the cell current  saturation of the electron-carrier density in the recombination

j yields an inverse relationship betwegpandj, i.e., ty de-
creases with increasirjgln addition the producijt 4 is of the
same order of magnitude é&,% U (a few 10 ®As). Both

zone, i.e., at the NPB/Alginterfacial layer.
Next we calculate the electron mobility in Alwyia tgy
from the multilayer OLED(Fig. 3). Usually the charge-

results indicate that, reflects the time needed to accumulatecarrier mobility x is given by pw=L/(t,F) with F=(U
a space-charge layer at the internal interface rather than theUy;)/d, whereF is the electric fieldL is the thickness of
transit time of charge carriers. Taking into account that holeshe active materiallJ is the voltage applied to the device,

are the majority carriers in our multilayer OLED afds

andUy, is the built-in voltage calculated from the difference
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TOF: mobilities of both groups are field independent in the high
19 :L‘;;,‘;f";’a,_ 1005 [59] field range. Whereas the data of Kalinowskial'® can be
J[F SAARRNTTT LT TT] eated s a continuation of our resuls to higher electri
0 — ’;_ RSPS ORI I fields, those of Hosokawet al? differ only by a factor of 2
,k " oo 1 to 3. However, in both studies),; was not considered.
= . RO ﬂ“gVVVV. -e- ’_'*' “'ﬂ Mckl et al?? investigated the low field range of the above-
g 1x10 EQVO IRd-00BogaD. e """""" mentioned bilayer structure with the same active layer thick-
E z D; : °°?°°°:°A sdaa Aaa nesses, but with a calcium cathode. For the calculatign.of
2 ¥ ;eu : 4 4 : : they took into account the built-in fieldJ,;) of their device
8 10 TN ooy kmevewer=n msrah'm: : and assumed a drop of the entire electrical field across the
= | o singiedayer OLED [[& Nakamura of ol 1906 [‘;]21 Alqs layer(corresponding to our case.dhey ended up with
., |y mutiayer OLED  [l@  Kalinowski et al. 1998 [18] a field dependence qi,. in the low field regime that corre-
B B L e e e lates with our results. However, the data presented by Naka-
400 600 800 1000 1200 1400 1600 1800 mura etal’ from an ITO/4,4.4'-
F'2(v/em)'2 tris(N- (m-tryl)-N-phenyl-amino)-triphenylamine ~ (MT-

FIG. 10. Comparison of the electric-field dependence.pin Alg, calcu- DATA) (60 nm/TPD (20 nm/Alqs (60 nm/Mg:Ag OLED

lated in this article from time-resolved EL and from TOF res(ee Fig. 9  strongly differ from our and all .Other pUb“S'hqde ValU?S- .
with data published in the literature. The latter were obtained via transienf hese authors assumed a uniformly applied electric field

EL measurements from the following device structures: ITO/ gyer the entire devicdour case aand observed a pro-

TPD (60 nm/Alg, (60 nm/Mg:Ag (Hosokawa et al}?> and Kalinowski
etal’® ITOTPD(60 nmIAlg, (60 nmiCa (Mickl etal?), and nounced field dependence gf, both in the low and high

ITO/MTDATA (60 nm/TPD (20 nmy/Alqs (60 nm/Mg:Ag  (Nakamura electrig-field regime. ?I'he. built-?n voltage., however, was not
et al”). The TOF studies were performed with the following device struc- taken into consideration in their calculations.

tures: Si/Alg (400 nm/Al (Kepleret al*®) and Si/Alg (200 nm/Au (Chen To investigate the mechanism that determines the time
et al®). evolution of EL in single-layer OLEDs we performed tran-
sient EL measurements with an ITO/A.00 nm/Mg:Ag
structure as shown in Figs(l®) and 5. At first sight it is
of the work functions of ITO and Mg:Ag alloy U,; striking thatty andt, exceed the values measured for the
=1.2V). Before going into more detail we have to point out multilayer device. The shorter response time of the latter can
that by usingty instead oft,, (transit time obtained via TOF be attributed to an improved injection efficiency due to the
measurementsn the above-mentioned equation we can onlylowering of the injection barrier by inserting a thin CuPc
obtain apparentvalues for the charge-carrier mobilities be- layer between ITO and NPB.A detailed study of the influ-
cause is determined by the buildup of space charges insidence of such an interface grading in the multilayer device
the devices, and/or the charge-carrier transport behavior, desed in this work can be found in Ref. 53. In addition one
pendent on the electric-field range investigated. The accumiras to keep in mind that in the multilayer OLED the accu-
lation of holes at the NPB/Algjinterface in the multilayer mulation of holes [u,(NPB)=10 3cnm?/Vs,** e,
device, as discussed above, leads to a redistribution of the,(NPB)> u.(Algs)] at the NPB/Alg interface enhances the
electric field inside the device in such a manner that the fiele&tlectric field inside the Alglayer and therefore results in an
in the electron-transport layer (AJgincreases and the field improvement of the electron-injection efficiency. The recom-
in the hole-transport layefNPB) decreases. Therefore the bination zone of electrons and holes in our single-layer
actual electrical-field distribution in the multilayer OLED is OLED lies near the ITO anode because of the higher injec-
unknown. Fromty one can only determine upper and lower tion barrier for holes and their approximately two orders of
bounds of theapparent only operationally defined electron magnitude lower mobility in Alg?>°® Therefore a further
mobility e in Algs for the limiting cases that) there exists argument for the longer response time of the latter is the
a homogeneous electrical field within the complete devicenore than 60% greater Addayer thickness, which electrons
structure or(b) the entire electrical field drops across the have to cross before recombining radiatively with the first
Algs layer. Under these assumptions, in Algs is between injected holes.
1.2-1.9<10 °cn?/Vs (case aand 2.3-3.%10 ®cn?/Vs In principle, in single-layer OLEDs$, reflects the time
(case b for electric fields ranging between &20° and when the two leading fronts of injected carriers—electrons
3.0x 10 V/em (Fig. 9). In Fig. 10 we compare these calcu- and holes—meet in the sample, whergasan be attributed
lated apparentu. values with those published in the litera- to the time until electron and hole distributions have inter-
ture. Hosokawaet al? and Kalinowski et al® presented penetrated. The latter is controlled by the charge-carrier mo-
data from an ITO/N,Ndiphenyl-N,N-bis(3-methylphenyt  tion into the bulk of the device. An open question is which
(1,1 -bipheny)-4,4' -diamine (TPD) (60 nm)/Algs; (60 nm)/ process prevails, i.e., the control of by charge-carrier
Mg:Ag bilayer OLED. They performed transient EL mea- transport or by the accumulation of charges. Therefore the
surements and calculated indirect valuesggiin Alg; viaty calculated values of thapparentelectron mobility in the
under the simplified assumption that there exists a homogeAlg; range from 9.4 107° to 1.1x 10 ° cn?/Vs, assuming
neous electric-field distributioftorresponding to our cas¢ a ue>pup, and 4.7-5.%10 8 cm?/Vs assumingu.= u;, at
inside their devices, despite the presence of the TPRQ/Algelectric fields varying between 6@10° and 1.5< 10° V/cm
interfacial layer. As shown in Fig. 10 the calculated electron(Fig. 9. An answer to this question is provided by transient
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EL measurements in the single-layer device upon applyingpyy TOF measurements:°>61However, only little informa-
different positive or negative offset voltages before admittingtion exists concerning TOF studies under operation condi-
the rectangular voltage pulgEig. 6). With increasing nega- tions of OLEDSs, i.e., in typically 100-nm-thick devices, and
tive offset voltagety increases and with increasing positive at electric fields=10° V/cm. Moreover, it is illegitimate to
offset voltagety decreases. These results indicate that everonclude from the results obtained with thi¢km) to thin
without an apparent internal organic—organic interfgcées (=100 nm devices because the morphology of thin and
determined by the accumulation of space charges and thkick films can vary, and the transport in thin layers is ex-
concomitant redistribution of the electric field inside the de-pected to be dispersive because the carrier thermal equilibra-
vice rather than by charge-carrier transport. Othervtjse tion time within the density of state®OS) is longer than
should not vary with dc bias voltages. A more precise look athe transit time. A typical dispersive TOF signal obtained
the EL decay behaviofinset of Fig. § indicates a slow from an ITO/Alg (150 nm/rubreng10 nm/Mg:Ag device is
decrease of the EL decay with increasing the offset voltageshown in Fig. 8. A thin rubrene layer was used as CGL to
which clearly proves a charging of our device by the variousensure that a thin charge-carrier packet was generated and,
applied dc bias voltages. because of the applied electric field, subsequently injected
Another argument against attributing purely to transit  into the Alg; film. In the case of dispersive transporg, is
time can be put forward by investigating the EL decay fromnormally defined by the intersection of asymptotes to the
a single-layer OLED after the voltage pulse is turned offplateau and trailing edge of the measured current transient in
(Fig. 7). The EL decay signal is nonexponential and can bea double logarithmic representation as shown in Fidp).8
described as the sum of two exponential decays. The first onehis analysis differs from those used in most theories of
with time constantr,=0.3us is determined mainly by the charge transport in amorphous organic semiconduéfdrs.
RC time of the experimental setudefined as 63% of the these theories the transit time is defined as the average arrival
total valug, whereas the second one with time constant time (ty,), which is the time required for the current to
=10us clearly testifies to the existence of a delayed ElLdecrease to one-half of its value at the transit t[isee also
caused by the accumulation of charge carriers. Fig. 8b)]. Transit times calculated in this manner are typi-
The presence of accumulated charges in the single-layerally two to three times those determined by the intersection
device is also manifested in the cell current at the end of thef the asymptotes. However, in our case of dispersive TOF
applied voltage pulsgFig. 4(b)]. It takes more than s to  transients the mobility determination \ig, is the more ap-
discharge the device, compared=d.5 us required to reach propriate method becausg, is not characterized by the fast-
the equilibrium current after the voltage pulse is turned onest charge carriers ag is, and therefore we end up with
So far we can only speculate where the charge-carrier accurore realistic(averagetl values foru.. The field depen-
mulation takes place in the single-layer OLED. Possibly ardence of u. calculated viatq, is weak, and the absolute
interfacial layer is built up at the Mg:Ag cathode because ofmobility values are comparable within a factor of 2 to those
oxide formation, as previously reported for an ITO/ obtained via transient EL measurements. Figure 9 presents
poly(phenylphenylenevinyleng PPPVJ/Al device?® As our  this comparison of TOF and transient EL data. A more pre-
device fabrication was performed at pressures between dise look at the TOF results indicates that the field depen-
X107 and 2x 10 ®mbar rather than in ultrahigh vacuum dence ofu, is similar to that of the multilayer OLEDtran-
(UHV), we cannot completely rule out that there are impu-sient EL studies, assuming a homogeneous electrical field
rities in our OLEDs, e.g., oxygen, which can result in thewithin the entire device structurewhereas the absoluje,
buildup of such a thin interfacial layer between Algnd  values are lower. In th@, calculations viay (transient EL
Mg:Ag. Furthermore, it has been shown, both experimentallydatg one has to consider both the electric field and the
and theoretically, for different Alg-metal systen®§>8that  “Schubweg” between cathode and recombination zone. The
metals such as calcium, magnesium, and gold react with thiatter can be less than the Altayer thickness and therefore
Alg; to form an interfacial layer. the resultingu, values are higher than those determined via
However, after the rectangular voltage pulse is turnedfOF measurements. Furthermore, the absojutevalues
off, the electrons have to pass through nearly the entirg Alq(TOF data are higher than those obtained from the single-
layer (100 nm under a built-in potential 0&£1.2 V to leave  layer structurgtransient EL studies These are further con-
the device at the cathode. On their way back to the Mg:Agvincing arguments that charge-carrier accumulation has an
electrode, the electrons may recombine radiatively withinfluence onty in the single-layer OLED.
holes, which penetrated more deeply into the A&yer dur- A comparison of our TOF data with literature
ing the preceding voltage pulse on-phase, resulting in a deesults>®*%lis presented in Fig. 10. All published electron
layed EL signal. Simulations by Ruhstafigprove the exis- mobility values in Alg obtained via TOF measurements
tence of such a hole interpenetration inside the;Adgyer. show a pronounced electric-field dependence. In addition
So far we have approached the goal of obtaining a valu¢ghese mobilities vary over several orders of magnitude. None
for the electron mobility in Alg in an indirect way. Exact of these effects were observed in our studies. These discrep-
mobility determinations hence require TOF studies. Chargeancies from our work and among the literature data them-
carrier transport in amorphous organic solids has been exteselves might be attributed to differences in the layer thick-
sively studied in the past two decaéfébecause these mate- ness of the films investigated, as pointed out earlier. To the
rials have been widely used as photoreceptors in xerographlzest of our knowledge the TOF investigations presented in
applications. Even the transport in Algas been investigated this work are the first which have been performed with only
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