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Influence of trapped and interfacial charges in organic multilayer
light-emitting devices
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The influence of trapped and interfacial charges on the device characteristics of organic multilayer
light-emitting devices is investigated. We have studied devices consisting of 20 nm copper
phthalocyanine as buffer and hole-injection layer, 50 mN'-di(naphthalene-1-¥N,N'-
diphenyl-benzidindNPB) as hole-transport layer, and 65 nm @@ishydroxyquinolinatgaluminum

(Algs) as electron transport and emitting layer sandwiched between a high-work-function metal and

a semitransparent Ca electrode. Current—voltage measurements show that the device characteristics
in negative bias direction and at low positive bias are influenced by charges trapped within the
organic layers. This is manifested by a strong dependence of the current on the direction and speed
of the voltage sweep in this range. Low-frequency capacitance—voltage and static charge
measurements reveal a voltage-independent capacitance in negative bias direction and a significant
increase between 0 and 2 V, indicating the presence of negative interfacial charges at the NPB/Alq
interface. Transient experiments show that the delay time of electroluminescence under forward bias
conditions is controlled by the buildup of internal space charges rather than by charge-carrier
transport through the organic layers. Z01 American Institute of Physics.

[DOI: 10.1063/1.1332088

I. INTRODUCTION enough about the energetic situation in an operating device
ElectroluminescencgEL) in organic solids requires sev- with high densities of injected charge carriers. This is be-
eral steps, including the injection, transport, capture, and racause the accumulation of charge carriers as space charges

diative recombination of positive and negative charge carriggn significantly modify the electrical potential inside the
ers inside an organic layer with suitable energy gap, t0 yielgjeyice. In the device under consideration, we can indeed
visible light output. A very successful approach to optimizegyect 1o have space charges for several reasons. First of all,
these individual steps separately is the concept of organigpace charges can arise in the bulk of a single layer of a
multilayer light-emitting devicesOLEDs) with heterostruc- material if a contact is able to inject more carriers than the

tures between different organic materiafsThe simplest material has in thermal equilibriufnThis leads to space-
OLED of this kind consists of a heterostructure between a q ' P

hole-conducting materialusually a triphenyl-amine deriva- charge-limited currents, which have been observed in vari-

-10 .
tive) and an electron-conducting aluminum chelate comple>9us tYp?S of OLED%. In the prese.nce of an orgqnlc—
(Alg), where light emission is generated in the Alayer  0'9anic interface in a heterolayer device, the energetic level
close to the organic—organic interface. As shown by theoffset at the interface can be another source of the buildup of

early work on molecular crystals, the relevant mechanism ofnterfacial space charges. Even in the absence of these ener-
EL in organic solids is injection-type luminescence, whichgetic barriers, the significant differences of charge-carrier
has the consequence that the optimization of the yield irmobilities for majority and minority carriers in the respective
these devices requires high and equal densities of positiiayers(see Sec. IV Bleads to the presence of mobility bar-
and negative carriers at the internal interface. riers at the internal interface, which in turn can be the source

A common starting point for device optimization is to of interfacial space-charge formation. Clearly, knowledge of
consider molecular energy levels, namely the highest occuhe charge and field distribution inside a device and of also
pied and lowest unoccupied molecular orbitals, which arets variation with the applied voltage is crucial for the physi-
relevant for the magnitude of the energy barriers at the inga| understanding of device operation. Also, from the appli-
jecting contacts and at the organic—organic interfé&&®e  cation perspective, knowledge of space charges is important
also Fig. 3. Although the knowledge of these energy levelsty, gevice optimization with respect to efficiency, temporal
is a prerequisite for choosing the right combination of Or'response, and long-term stability.

nic materials and electr i not n ril Il . .
ganic materials and electrodes, it does not necessarily te We present experimental evidence of the presence

of space charges in metal anode/copper phthalocya-

dAuthor to whom correspondence should be addressed; electronic maikine (CuP9/N N’-di(naphthalene-l-yJN N’-diphenyl-ben-
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resistance of a digital oscilloscopéektronix 2440 to
N O record the EL signal. A second digital oscilloscofesk-
C} . . @ @ tronix 2440 allowed the voltage pulse and the time-

dependent current flow through the device to be monitored

NZNP N O\ArDN ~ . . .
@’”’ﬁj@ l %6 L simultaneously with the EL signal—V measurements were
h i } |

h 24 P carried out with a frequency response analy¢®olartron
8 - Instruments S11260 Typically, the oscillator level was set
\ 3.0 Cathode to 50 mV, and the measurement averaged over 100 cycles of
3.6 the respective frequencies. Static discharge measurements
were performed with a Keithley electrometer EM 617.
CuPc|  NPB Algy Charging of the OLED was performed for a duration of 1
Ancde min by the built-in voltage source of the electrometer. Di-
5.3 5.4 rectly after charging, the device was separated from the
5.7 source and connected to the Coulomb input of the electrom-
FIG. 1. Schematic energy-level diagram and chemical structures of the ofter to measure the total stored charge of the OLED. Switch-
ganic materials used for OLEDs. ing was done manually, and care was taken to achieve high

electrical isolation. All measurements were performed with
encapsulated devices at room temperature.

zidine (NPB)/tris(8-hydroxyquinolatgaluminum (Algs)/Ca

devices by current—voltagel {V), capacitance—voltage

(C-V), and transient EL measurements. lll. EXPERIMENTAL RESULTS
A. |-V characteristics

IIl. DEVICE PREPARATION AND EXPERIMENTAL Figure 2 shows the dependencel eV and luminance—

METHODS o . .
voltage characteristics on sweep direction and speed for a

The devices were fabricated on glass substrédetott  metal anode/CuPc/NPB/AJfCa device. In Fig. @) the volt-
AF 45) precoated with a high-work-function anode such asage was incremented in steps of 50 mV frer3 to 7 V and
indium—tin—oxide(ITO), Pt, Ir, Ni, or Pd &75 nm thick- back again. Current and luminance were detected with the
ness. The organic multilayer structure consists of 20 nmparameter analyzer set to medium integration time and the
CuPc as buffer layer, 50 nm NPB as hole-transport layer, andelay time between individual data points set to 0. In this
65 nm Alg; as electron-transporting and -emitting laysee  mode the time required to acquire a single data point de-
Fig. 1. In the case of a metal anode, EL was observegends on the magnitude of the detected current and ranges
through a semitransparent 20-nm-thick Ca cathode. The aérom 10 to 100 ms for the given device. FigurébP was
tive area of our devices wasX2 mnt. Prior to use, all measured with long integration time and an additional delay
organic materials were purified by vacuum train sublimation.of 10 s between individual data points. In both cases the
Deposition of the organic materials was carried out in a high<urrent increases significantly in the forward bias direction
vacuum systenfLeybold by thermal evaporation from re- above a threshold voltagd @ V and is virtually unaffected
sistively heated tantalum and tungsten boats. The base prest higher voltages by sweep direction and speed. The onset
sure in the chamber ranged betweex 7 and 1x10° 8  of EL determined at 10* cd/nf is 2.1 V and is not affected
mbar. Typical deposition rates were 1 A/s. The evaporatiorby external parameters. We note that the onset voltage for
chamber was attached directly to an argon glove-box systendetectable EL is significantly lower than the optical gap of
which allowed devices to be fabricated, characterized, andlqg; (2.7 V) and corresponds instead to the built-in voltage
encapsulated under inert conditiods:V and luminance— (i.e., the difference in work functigrof the two electrodes.
voltage characteristics were measured with a Hewlett PackRemarkable differences in the current flow are observed be-
ard parameter analyzdHP 4145B and a Si photodiode low 2 V, where no detectable EL and thus no double carrier
(Hamamatsu S2281The luminance calibration of the pho- injection takes place. The fast measurement shows a strong
todiode was obtained with a Photo Research PR704 spectrbysteresis between up and down swelgee Fig. 2a)]. Im-
radiometer. Transient electroluminescef@&L) was mea- portantly, the voltage where the current passes through zero
sured in a setup that allows the simultaneous detection df not at zero bias but at aboutl.4 V for increasing voltage
time-dependent EL as well as current and voltage across trend about+1.9 V for the other sweep direction. Further-
device. The OLEDs were characterized in a customized HPnore, under these measuring conditions, a step-like structure
16058 A test fixture with a Hamamatsu photomultiplier at about 0.5 V is observed in both sweep directions, which is
5783-01(time resolution=0.65 ng located directly on top characteristic for a multilayer structure containing CuPc. We
of the emitting area to detect EL intensity. A HP 8116 A do not observe this feature if the CuPc layer is omitted. The
pulse/function generatai50 MHz, rise time=7 ns, decay delay time of 10 s between subsequent data points used in
time =10 n9 was used to apply rectangular voltage pulses tahe slow measurement is sufficient to achieve zero crossing
the device. The pulse length was varied between 8 and 306f the current at 0 \[see Fig. 2b)]. In addition the structure
ms with a duty cycle of 0.1%—-1%. Additionally, a dc offset at about 0.5 V disappears. During these measurements we
voltage could be applied before the rectangular voltagebserve a higher current for decreasing voltage between 2
pulse. The photomultiplier was connected to the(bOnput  and 0.5 V and below-1 V. In these regimes the current is
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(%]
5 g
Q107 110"
§ R 1, E states in organic semiconductors. For some polymeric semi-
30 310" 4 conductors this method has been used to prove the existence
_10_9 [ 10° of p-type doping leading to Schottky junctions with low-
: work-function metalgX~**Furthermore, in combination with
10 L 10* temperature-dependent measurements, the energy of shallow
: acceptor states and deep trap states has been deterthined.
10“‘_3 I A S 710‘5 The materials used in this study, especially NPB and;Alq
are expected to have very few intrinsic carriers and extrinsic
Voltage (V)

dopants. In addition, they have been purified before usage.
FIG. 2. Current—voltage and luminance—voltage characteristics of a metdDnly CuPc is known to be easily doped by atmospheric oxy-
anode/CuPd20 nm/NPB (50 nm/Alq; (65 nm/Ca device measured in  gen leading top-type conducting behavidr. Thus, in the
different sweep directions and with differe_nt dela_y an_d integration timesabSence of free or trapped charges inside the device, we ex-
between individual voltage step&) medium integration time and no delay . . .
time, (b) long integration time and 10 s delay time. pect to measure a bias- and frequency-independent device
capacitance corresponding to a series of three dielectric me-
dia with dielectric constants, ;, thicknessd;, and areaA.
also relatively noisy. This is most likely caused by leakageGiven the active device area and the thickness of the indi-
currents, which can occur after operation of the device fovidual layers together with the dielectric constants of the
longer times at higher positive bias. materials in the range from 3.5 to 4, one can estimate the
The observation of such hysteresis effects in the&y ~ device capacitance to be about 1.5-2 nF.
characteristics is a hint of the presence of trapped charges in Figure 3 shows the differential capacitance-dQ/dV
the device, which can require high time constants for theas a function of frequency of the same device as in Fig. 2 for
device to reach equilibrium after the Voltage has beera different applied bias and as a function of bias for a fixed
changed, especially in the bias regime below 2 V, where th&equency of 10 Hz. The frequency-dependent measurements
device resistanceR=V/I) is extremely great. in Fig. 3(@ show that at zero and negative bias the capaci-
tance is essentially frequency-independent up tbHHwith
a value close to 2 nF as estimated above. AboveHx) the
capacitance drops rapidly to a value much lower than the one
The measurement of bias- and frequency-dependent deorresponding to the materials’ dielectric constants. This can
vice capacitance is a well-established technique for the inbe ascribed to parasitic effects due to lead/contact resistances
vestigation of conductivity, doping concentration, and trapand capacitances, which will not be discussed further here.

B. Bias-dependent capacitance
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FIG. 5. Typical signals obtained in transient electroluminescence and cur-
VOItage (V) rent measurements after application of a rectangular voltage pulse. The

) ~method used to determine the delay and rise time is indicated.
FIG. 4. Measured charge and calculated capacitance of the same device as

in Fig. 2 after applying a different voltage for about 1 min.

used here. In negative bias direction the capacitance has ap-
] ] _ proximately the same constant value of 2 nF as in the ac
The frequency dependence of the capacitance is almost idefeasurement. The slight decrease with increasing negative
tical for all applied bias values above about 200 Hz. Belowyas can be explained as resulting from leakage currents that
200 Hz and for positive biagl and 2}, an increase in the |eaq to a partial discharge while we switched between the
capacitance is observed. At low frequenciés:(0 H2) the  \jtage source and the Coulomb meter. Consequently, the

(k:;ipacnance appears to saturate at a value depending on tgasuring error increases with increasing negative voltage.
ias.

To study the bias dependence in more detalil, the applieg Transient EL
bias was varied at a fixed frequency of 10 Hz. This frequency™
is in most cases low enough to monitor the saturation value In TEL measurements one is interested in the time-
of the capacitance at low frequencies and still yield a goodesolved EL response to a pulse excitation, usually a rectan-
signal-to-noise ratio. The curves shown in Figb)3were gular voltage pulse. Figure 5 shows typical current and EL
taken from—5 to 3 V in steps of 25 mV with an additional signals upon excitation with a rectangular voltage pute
delay of 10 s between the data points. No difference wa¥). The EL signal is characterized by a finite delay between
observed for the opposite sweep direction. Whereas there the application of the voltage pulse and the first appearance
only a very weak bias dependence in the negative bias rangef EL, an extrapolated rise time to reach a steady-state value,
the capacitance increases significantly for positive bias aind finally the plateau value itself. The time-dependent be-
about 0.2 V and reaches a maximum at 2.1 V, which coin-havior of the current is characterized by a fast initial decrease
cides with the onset of EL. Above this voltage the capacifrom a high starting point to the steady-state value, which
tance decreases sharply to a value of about 2 nF before éorresponds to the current in theV characteristics at the
finally drops further as the bias exceeds 2.5 V. Note that irgiven voltage(The cutoff in Fig. 5 is caused by the limited
the regime of double carrier injection accompanied by re-dynamic range of the oscilloscopelhe initial decrease of
combination, the capacitance is not well defined, and thus nthe current also contains the charging current of the device.
measurements for voltages alko¥® V have been performed. However, this process is expected to be much faster than the

To determine the low-frequency saturation value of theobserved decay. Given the device capacitance of 2 nF and a
device capacitance we have performed static discharge meseries resistor of 10Q for V<5 V (and 10Q) for V>5 V)
surements. Figure 4 shows the measured ch@rder vari-  to measure the current, the resulting charging current should
ous charging voltageg and the capacitance calculated usinghave decayed after roughly BC time constants, yielding
the relationC=Q/V. Although the scattering of data is con- only about 1us (or 0.1 us) for this process.
siderable, it is clear that the capacitance in positive bias di- The observation of delayed EL has been used to extract
rection increases and reaches a maximuh\dwith a value  charge-carrier mobilities and their field dependence in poly-
about twice as high as for negative bias. At 2 V, the maxi-meric and organic LED¥~%° Additional information about
mum value of 5 nF is slightly higher than that obtained in acthe kinetics of charge-carrier recombination and trapping can
measurements, indicating that in the latter the capacitandee obtained from the rise to the steady state and the decay of
has not reached its saturation value at the frequency of 10 Hihe EL signal after the voltage pulse has been switched off.
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T e T — ' IV. DISCUSSION

1.0} .

7/ In the following discussion we are mainly interested in
the role of the NPB/Alg interface for the electrical charac-
teristics of a large family of OLEDs incorporating both of

“ | these materials or derivatives thereof. Therefore we will treat
49V 39V 3.0V 2.5V the devices under investigation as bilayer systems composed
of a hole-conducting and an electron-conducting compart-
ment and having only one organic—organic interface, which
,JZ is the NPB/Alg interface. Thus we do not explicitly take
into account the fact that, for reasons of device reliability and
10" lifetime, the hole-transporting layer actually consists of two
layers, namely CuPc and NPB, and therefore has another
organic—organic interface. Where necessary, we will men-

FIG. 6. Normalized transient electroluminescence signals for a metal anod¢ion the peculiarities of this second interface separately.
CuPc(20 nm/NPB (50 nm/Alg; (65 nm)/Ca device for voltage pulses with o
different amplitudes and lengths. A. Steady-state characteristics

EL Intensity (a.u.)

T T T

107 10" 10° 10
Time (s)

From thel-V and luminance—voltage characteristics
shown in Fig. 2 it is immediately obvious that the operating
voltage range of the OLEDs of interest can be divided into

However, especially for multilayer structures, the interpretatwo regimes. These are the forward-bias regirde-@ V),
tion of these transient experiments is not as straightforwargvhere light emission is observed and current flow is orders
as for a single-layer device because the injection of botlof magnitude higher than in the second regidf<(2 V),
types of carriers may not occur simultaneoufly. where no light is emitted. The threshold voltage2oV is

Figure 6 shows normalized TEL traces for voltage pulsesietermined by the built-in voltagég,, which is the contact
with different amplitude and duration on a logarithmic time potential difference of anode and cathddgoring interface
scale. The high sensitivity of the setup allows us to detectlipoles at the electrodedn a fully depleted device the ex-
TEL with a reasonably good signal-to-noise ratio at a pulseernal voltage must overcome the resulting built-in voltage
amplitude of as low as 2.5 V, which is only 0.4 V higher before a net drift current can flow. Therefore the relevant
than the onset voltage detected in dc measurements. At thiguantity is not the applied voltagé but rather the corrected
voltage the delay time is almost 10 ms. It becomes rapidlyeffective valueV—Vg,.?? In our case we independently es-
shorter with increasing pulse amplitude and is onlys3at a  timated aVg, of abou 2 V by measuring the maximum open-
voltage of 5V, i.e., about three orders of magnitude lower circuit voltage of illuminated samples.
At 14.2 V (the highest voltage accessible with the pulse gen-  The observed dependence of the current on sweep speed
erator usey] the delay time is less than 500 ns. The depenand direction indicates that extremely slow processes are in-
dence of the delay and rise times determined as defined iolved. Numerical simulations on NPB single-layer devices
Fig. 5 on the applied voltage is shown in Fig. 7. It is remark-by Nguyenet al. show that the hysteresis observed in the
able that the delay and rise times vary over more than 3—V characteristics can be explained qualitatively by the
orders of magnitude in a narrow voltage range between 2.presence of deep traps, which require high time constants for
and 5 V. reaching thermal equilibrium after a variation of the voltage
across the devic®.

A crucial point for a more quantitative understanding of
the device characteristics is therefore the knowledge of the
electric field distribution inside the individual layers. This is

-1
10 '. ' ' ' ' ' C of overall importance because the hole-conductiNg’B)
102k 2 ] and electron-conducting materials (A)opf this device have
KA W delay time t, quite different charge-carrier-transport properties. NPB and
- 10°F ue ¢ risetimet related triphenyl-amines are purely hole-conducting ma-
® “ '.’. ] terials with relatively high hole mobilites and very
e 107 '\ ] weak dependence of the mobility on the electric field
Foosh 1\,.... ] F [#nnes=6.1X10 4_c_mZ/vS-exp_(1.5<1o 3(cmiv)Y2
..:o P 3 \JF)], whereas Alg exhibits predominantly electron trans-
10k "ay : : * o port with lower carrier mobilities and a strong electric field
"owm dependence [tte,aiq,=7-1X 10" 0crP/V s- exp(1.2
10'70 5 4 6 8 10 12 14 X 10~ 2(cm/V)Y2. \[F)].24?50n the other hand, recent inves-

Vol y tigations by time-of-flight and TEL have shown that hole
oltage (V) transport in Alg is also not negligible, although its low-field
FIG. 7. Delay and rise time vs applied bias obtained from transient elech0le mobility is considerably lower than the values for elec-
troluminescence signals shown in Fig. 6. trons [ uh,alg,=6X10" Henf/Vs- exp(9x10~ 3 (cm/V)Y2
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-JF)].2527 Owing to the strong field dependence of the ence of the CuPc layegipresumably some residual dopjng
charge-carrier mobility of holes and electrons in the jAlg and is not seen if this layer is omitted. When the bias voltage
layer, the time scale to reach a stationary charge distributiors increased above 0 V, the capacitance increases, indicating
depends strongly on the electric field distribution in thisthat the NPB layer has reached the flatband condition and its
layer. A further point concerns the injection of carriers from resistance drops drasticaflyWith increasing bias, holes are
the electrodes into the organic layer and from one organiinjected from the anode and gradually reduce the immobile
layer into the adjacent one, where the electric field in thenegative charges at the NPB/Alipterface. AtVg, the nega-
individual layers and at the interfaces also plays an importartive interfacial charge is fully compensated and the device is
role. in the flatband condition. The additional positive charges in-
To a first approximation one can assume from theside the device for &V=Vp, are directly measured in the
energy-level diagram of the OLED shown in Fig. 1 that thedischarge experiments shown in Fig. 4. An interesting point
voltage drops homogeneously over the entire device. Ao mention is the critical voltag¥. at which the crossover
NPB and Alg, have similar dielectric constants, the electric from the dielectric to the charged state of the device is ob-
field in the hole- and electron-conducting layers is given byserved. This crossover occurs at a value/pfthat is given
F@®=(V—Vg)/dy, Whered,, is the total thickness of both by the magnitude of the interfacial charge densitand the
organic layers. The capacitance in this case 0§  thickness of the Alg layer via®
=¢g,80Aldy;, WhereA is the device area. However, such a VARY, o
situation is not very realistic for the OLED operated under a Zc "B . 2)
forward bias condition, because from the large difference in daigs €réo
hole and electron mobility in NPB and AJq respectively, Using V.~0 V, Vg~2 V, and &,~3.5, the interfacial
one has to expect that most of the applied voltage will drogcharge density can be estimated to bes—5.9x 10!
at the Alg layer. Indeed, recent electroabsorption measuree/cn?, which is in good agreement with the value of
ments by Rohlfinget al. have shown that the voltage drop at ¢~ —6.8x10'* e/cn? obtained on ITO/NPB/Alg/Ca
the Alg layer for positive bias is almost ten times greaterdevices?®
than at the NPB laye?® Thus the electric field in the NPB
layer is virtually negligible as compared to the field in the
Algs layer: F{g=0 andF §)) = (V—Vg)/daq>F®. Sucha B. Transient response
discontinui_ty in the electric fi_eId must bg accompapied byan The scenario described above has important conse-
accumulation of charge carriers at the interféte simplest  q,ences for the transient response of OLEDs, because the
case being in an infinitely thin layevia compensation of the negative interfacial charges cannot be
o expecteda priori to occur instantaneously. This is directly
AF= , (1) seen in the frequency dependence of the capacitance, which
reo shows that the enhanced capacitance between 0 and 2 V
whereo is the interfacial charge density, and equal dielectricresulting from the redistribution of the electric field can only
constants:, in both materials are assumed. The capacitancbe monitored up to frequencies of about 200 Hz. Further-
is now determined by the Algthickness alone and, &® more, in forward direction\{>Vyg,) the electric field inside
=g.g0Aldypq, IS greater tharc®. the Algg layer and at the Algfcathode interface is enhanced
From ourC—-V measurementsee Fig. 3we can indeed by the presence of the positive space charge at the NPB/Alq
see that there is a transition from a situation similar to caséterface. From this field enhancement at the cathode side
(a), where the capacitance is equal to the geometrical capacdne has to expect a strong influence on the electron-injecting
tance of the device fo¥<0 V, to the situation in casé) properties of the cathode into Alg even if the injection
for V approaching 2 V. In the latter case the capacitance idarrier is assumed to be small as in the case of Ca.
about twice as high as in the reverse bias direction, which  Transferring the scenario described above to TEL ex-
corresponds well to the thickness of the Algyer of 65 nm  periments, several processes have to occur subsequent to the
compared to about 70 nm for the sum of the CuPc and NPBpplication of a positive voltage pulse with>Vg, before
layer thicknesses. By systematically varying the thickness ofight emission can take place: First the injection of holes,
both organic layers in ITO/NPB/AlgCa devices, Berleb leading to a compensation of negative interfacial charges and
et al. have recently found that the value of the capacitance irthe buildup of a positive space charge at the NPB{Aig
reverse bias direction always corresponds to the total thickierface, and then the injection of electrons at the cathode and
ness of all organic layers, whereas the valu@ & is deter-  their transport to the NPB/Alginterface, where they can
mined solely by the thickness of the Aldayer?® The in-  ultimately recombine radiatively with holes injected from
crease in the capacitance at a voltage well below the built-iNPB into Alg;. Therefore it is not as straightforward to ob-
voltage was attributed to the presence of negative charges &tin charge-carrier mobilities from the delayed onset of EL in
the NPB/Alg interface, resulting in a discontinuity of the these OLEDs as reported for single-layer deviteese, e.g.,
electric field as discussed above. GV measurements the detailed discussion of this issue in Ref. 20, where the
also prove that under sufficiently large negative bias the detransient response of Alepased single- and multilayer de-
vice behaves like a dielectric with no mobile charges insidevices is compared The important question here is whether
the organic layers. The weak voltage dependence of the céhe observed delay and rise times defined in Fig. porigi-
pacitance observed in this range can be attributed to the presate from electron transport through the Al@yer to the
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20 ——— — pulse. This is in the same range as the values measured di-
_ - (@) ] rectly in the discharge experimeritsee Fig. 4a)].
g 15+ Bearing in mind that the buildup of space charges has a
= ] non-negligible influence on TEL, one can nevertheless use
% 10 4 the delay and rise times obtained from the EL transients dis-
qu; I played in Fig. 6 to calculate charge-carrier mobilities in
= 5 J Algs. In our device structure, EL occurs when the leading
o I fronts of opposite carrier packages meet in the ;Alayer
0 ] close to the NPB/Alginterface. At a given electrical fieldl
05 S and layer thicknesd, the delay timey depends on the mo-
(b) bility w as
__ 0.4 1 q
<< 1 -
E 03 ] W= @
E 0.2- J If the mobilities of both charge-carrier types in Algre very
3 ] oV ] d!fferent, llnsteaq_of the amb|pqlar mobiligy= /..Lh‘f‘ He, the
0.1 o . higher drift mobility will determine the delay time. From the
1 delay time of the EL signal one can calculate the mobility by
0020 40 8 &0 taking into account the built-in voltage as
Time (ps) d
| | | FEF
FIG. 8. Transient electroluminescence and current at a pulse height of 4 V
for two different offset bias values. with
V—Vp
recombination zone or from the buildup of the internal space F= d - @

charge and the concomitant redistribution of the electric field . . . .
inside the device. A direct check whether the buildup ofAS the mobility of holes in NPB is approximately 3 orders of

space charges contributes to the observed temporal respo rgggmtude higher than that of electrons in Alqun e

of the OLED can be obtained by superimposing a dc offsef ’“e'A'%) and bec'ause most of th? gpplied voltage drop; a
bias to the applied voltage pulse. Figure 8 compares two gthe Algs layer as discussed above, it is reasonable to consider

traces obtained with the same voltage amplitutié & but only the thickness of the Alglayer in the calculation of the
different offset biases: 0 and 2 V. The bias valdeov is  €lectrical field. Furthermore, owing to the higher mobility of

chosen just below the onset of double carrier injection tct/ectrons compared to that of holes in Alque aq,
guarantee the compensation of negative charges at th&Ah.aigy): - recombination takes place in the Altryer
NPB/Alg; interface, as has been proved By-V measure- close to the NPB/Alg interface. Thus the delay of EL will
ments. Figure 8 clearly shows that the delay and rise times dfe determined by the transit time of electrons in the;Alq
the EL signal to a steady-state value are at least a factor of l2yer.

shorter if a positive biasf@ V is applied prior to application Using the measured delay and rise tintese Fig. 7 one

of the 4 V pulse. This directly proves that the buildup of acan calculate a field-dependent electron mobility in yAde
space charge at the NPB/Alipterface has a significant in- shown in Fig. 9. A plot of the logarithm of the mobility
fluence on the transient response of light emission in thigersus the square root of the electric field has been chosen
OLED structure. Also the decay of the current to the steadyecause these disordered materials are known to show a
state is much faster in the presence of the positive biadjeld-dependent mobility of the form cexp(3\F).*° This is
which in turn shows that the initial high current and its decayexplained by a disorder formalish or the phenomeno-
with time after the application of a voltage pulse are notlogical Poole—Frenkel modéf.The data in Fig. 9 show two
given by theRC time constant of the setup. Instead, thisregions with a significantly different behavior of log ver-
temporal behavior of the current directly reflects the buildupsus/F with a crossover at aboufF =700 (V/cm)*2. In the

of the internal space charge in the device. As the buildup ofow-field regime, a pronounced field dependence is observed
a positive space charge in the NPB layer reduces the electrand the calculated mobility varies over more than 2 orders of
field in the vicinity of the hole-injecting contact, the initial magnitude. This is followed by the second regime, where the
current att=0 in the absence of space charges is muctdetermined mobility changes by a factor of only 2. The ex-
higher than the steady-state current ¥orVpg,. By taking istence of two regions with different field dependences indi-
the integral of the current over time, one can directly esti-cates that two limiting processes are involved in the temporal
mate the accumulated charge injected into the device. ThEL response of these multilayer devices.

integration fromt=0 to 100us yields a charge of 7.3 nC for By calculating the mobility from the experimental data
zero offset bias and only 4.5 nCrf@ V positive bias. The we have so far neglected the influence of the internal inter-
difference of almost 3 nC is a crude estimate for the spacéace on the transient response. As discussed above, space
charge builtup by the positive bia$ 'V prior to the voltage charges build up with time at the NPB/Alinterface, which
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10™E y T T . r r out a CuPc layer one can find characteristic differences in the
4 frequency dependence of the capacitdhemd the TEL re-
10°k A ALARA A A . m om sponse at low field® The corresponding curves are in-
& o R CLLL : : : c o ® cluded in Figs. 8) and 9. In the bilayer device the enhanced
Nz 10°k .."" S 144 ) capacitance for positive bias can be observed up to a relax-
g a .’ ation frequency of about 50 kHz, whereas in the device dis-
= 107k .'..‘. ] cussed here it drops already at about 50 $&& Fig. 83)]. In
£ ", m  fromt, TEL the low-field response is also considerably faster with-
S " e fromi out the CuPc layefsee Fig. 9. Both observations indicate
= 107F %° 4 from TOF (Ref. [20]) 1 that the usage of CuPc as a buffer layer—although it im-
g | ?> fror:1 TEL (II:ief' [26']) proves device reliability and lifetime—deteriorates hole in-
, 10200 400 600 800 1000 1200 1400 jection, at least at low forward bias. An explanation could be
o e found in an additional energy barrier at the interface to NPB,
[Electric Field (V/cm)] as well as the possibility op doping in CuPc by oxygen.

FIG. 9. Calculated mobility values according to E4) from the delay and Both issues could lead to an accumulation of positive carriers
rise times displayed in Fig. 7. To calculate the field, a built-in voltage N the vicinity of the hole-injecting electrode, which would
=2 V was used. For comparison mobility data obtained by TOF on a 150yeduce the electric field at the anode and thus impede hole
nm-thick Alg; layer (Ref. 20 and by TEL on an ITO/TPR60 nm/Algs (60 injection and transport to the NPB/Aldnterface. This inter-
nm)/Ca device(Ref. 29 are shown. pretation is consistent with work by Azigt al. and Mat-
sumura and Miyamae, where a deterioration of hole injection

leads to an enhancement of the electric field in the;Adger oM oxygen—plasma-treated ITO into NPB upon introduc-
and facilitates electron injection at the cathode. The timdion of a CuPc buffer layer has been foutvd:!

required for the space charge to build up depends on the

applied voltage pulsé.e., the amount of current flowCon- V. CONCLUSION

sequently, if the buildup of the internal space charge takes &, oynerimental results show that the electrical charac-

significantly longer than the transit of electrons through th§gigjics of organic light-emitting devices that incorporate
Alg, layer, the ‘?'e'ay time wil b,e determmed t,’y the former hole-conducting triphenyl-amine derivativésg., NPB and
process and Y\."" hence contain no |nformat|or_1 about theyminym hydroxy-quinolingAlgz) can be separated into
electron_ mobility in Alg. Therefore, we .attr'bUte the three regimes. First, there is the forward-bias regime above
marked increase of the caICl_JIated mobnlty in the low-field o piitin voltageVg, of approximately 2 V, where double
region t.oacharglng effect at !nternal mterfapgs rather than Rarrier injection, transport, and radiative recombination in
a real field-dependent behavior of the mobility. the Algg layer close to the NPB interface occur. Second, for

This interpretation is sEpported by IrecTnt time-(?’]f—flighthigh reverse bias(<Vyg), the devices behave like an insu-
(TOF) measurements on thill50 nm Alqs layers, where lating dielectric sandwiched between two metal electrodes.

data shown as open triangles in Fig. 9 were obtained. Th ur C—V measurements show that there is a third regime

values of the electron mobility from TOF are only weakly |, een a critical valuy'.. that depends on the Alghick-
field dependent and are higher than the data from TEL in the, ¢ ¥.~0 Vfora 65-nr§1-thick Alg laye and the built-in
Cc

entire_range of the applied electric fields. Whereas thelzdifferi/oltage. The observation of an enhanced device capacitance
ence 1s (_)_nly about a factor of 2 apov,@: 700 (V/ ‘?m)l ' indicates the presence of negative interfacial charges at the
the mobility from TEL gr(_)ps drastically below this value, \ppja|q, interface, which become gradually compensated
and at JF=200 (V/cm)? is about 3 orders of magnitude by injected holes as the built-in voltage is approached. The
Iowe.r fhansine .extrapollated TOF daFa. ,Th's again COmc'rm%onsequences of this are seen in the TEL response, which at
that in the Iow-fl_eld regime t.he behavior is cqmplet(_aly domi-4\ forward voltages is completely governed by the buildup
nated by the buildup of the internal charge distribution ratherof the internal space charge rather than by the transport of

than by charge-carrier transport. electrons through the Alglayer.
The fact that the TEL response in heterolayer OLEDs

n ntroll h il f an internal har
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