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Effect of majority carrier space charges on minority carrier injection in dye
doped polymer light-emitting devices

S. Berleb, W. Britting,? and M. Schwoerer
Experimentalphysik Il, UniversitaBayreuth, 95440 Bayreuth, Germany

R. Wehrmann and A. Elschner
Bayer AG, Zentrale Forschung und Entwicklung, Werk Uerdingen, 47829 Krefeld, Germany

(Received 26 August 1997; accepted for publication 5 January)1998

By blending suitable dyes into pdj-vinylcarbazolg we have fabricated devices which emit light

in the whole visible spectrum. Their current—voltage characteristics can be described by
space-charge limited currents with effective trapping of the charge carriers by the dye molecules,
while the light intensity shows a Fowler—Nordheim-like behavior as a function of the external
electric field. However, the anodic space charge changes the field distribution inside the device and
leads to a cathodic field enhancement which has to be considered in the Fowler—Nordheim equation.
We were able to model the electroluminescence characteristics by assuming tunneling of the
minority charge carriers through a triangular barrier. The obtained barrier heights showed a strong
dependence on the dye molecules, suggesting that the injection of minority charge carriers takes
place directly into the lowest unoccupied molecular orbital of the chromophors. Using
poly(p-phenylenevinyleneand an oxadiazole starburst molecule as additional hole and electron
transport layers, respectively, luminance of 250 c¢damd external quantum efficiency of 1% could

be achieved. ©1998 American Institute of PhysidS0021-897@8)01808-9

I. INTRODUCTION three-layer devices with palg-phenylenevinyleng PPV) as
_hole transport layer and an oxadiazole starburst molecule as

The use of molecular dyes blended with polymer matri . .
glectron transport layer are investigated.

ces is a widely used approach to the color tuning of organi
light-emitting devices. Emission over the whole visible range

and also white light emission have been achie¥€dThe

aim of this approach is to separately optimize the electricall- MATERIALS AND EXPERIMENT

and optical properties by suitable matrices and dyes. Often  gaveral fluorescent dyes blended with pibly

the assumption is made that the electrical propefBarge  inyicarbazole (PVK) were investigated for their possible
carrier injection and transpgrére determined solely by the <4 in light-emitting device¢see Figure & low-molecular
matrix, whereas the dye is responsible for the emission Cha(ﬁ/eight coumaringl), (2) and mething3) dyes and a PVK-
acteristics. However, this does only hold for low dye con-gerjyated side chain polymer with a naphthalimide lumino-
tents. Additionally, the description of the device characterls-phore(4)_ The composition of the blends was 30/70 wt% of
tics in the rigid band modé& where the barriers for charge the dye in PVK, except in the case of dy® with a dye
carrier injection are simply given by the differences of the gntent of only 15 wt%. Although one has to expect fluores-
metal work functions and the energy levetsghest occupied  cgnce quenching with such high dye concentrations, at the
and lowest unoccupied molecular orbital, HOMO and i en values the highest electroluminescence yields were
LUMO) of the organic material, is not satisfactory. The as-;hieved in single-layer devicésompare also Ref. 30This

sumption of a homogeneous voltage drop over the device igjready indicates that the dye molecules have an influence on
no longer valid in the presence of space charges. Instead @fs electrical properties of the devices.

rigid bands one has to take into account a spatially nonuni- 1o polymer films were prepared by spin-coating of a
form electric field distribution. It has already been showng tion of the dye/PVK blend1% in dichlorethangto ob-
that in two-layer devices consisting of a hole transport layekain fiims of typically 100 nm thickness. For higher film
and an electron transport layer space charges lead to fiellicness up to 300 nm a precision doctor-blade technique
enhancement at the interface which promotes charge carigfas ysed. In the single-layer configuration the electrolumi-
injection through the barrié. . o nescent devices were fabricated with the polymer layer sand-
In this paper we present investigations of current—yjched between a transparent indium tin oxitEO) and an
voltage and brightness—voltage characteristics showing that| o ca electrode. For two-layer devices a spin-coated 50
different dyes together with space-charge limited currents,, ppv film (prepared by the precursor routeas intro-
(SCLO) of holes have significant influence on electron injec- 4 ,ced as hole transport material between ITO and the PVK/
tion already in single-layer devices. Additionally two- and gye plend. In the three-layer configuration an additional elec-
tron transport layer consisting of a 30 nm thick layer of an
dElectronic mail: wolfgang.bruetting@uni-bayreuth.de oxadiazole starburst molectitewas vacuum-evaporated on

0021-8979/98/83(8)/4403/7/$15.00 4403 © 1998 American Institute of Physics
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FIG. 1. Chemical structure of the materials used for organic light-emitting
devices: fluorescent dydd)—(4) used in blends with PVK, PPV as hole
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FIG. 2. Electroluminescence emission spectra of PVK and blend systems of
PVK with dyes shown in Figure 1.

and luminance were taken by a spot photoméiinolta
CS-100. Film preparation and all measurements were per-
formed under ambient conditions.

Ill. SINGLE-LAYER DEVICES
A. Experimental results

Figure 2 shows the electroluminesceri&.) emission
spectra of these dyes blended with PVK. Together with the
blue emission of PVK they span the whole visible range. In
Table | the corresponding CIE coordinaies y) are listed.

In Figure 3 the typical dependence of current and bright-
ness on the applied voltage for thick polymer layeats-@300
nm) is depicted. At low bias voltage the-V characteristics
are rather symmetrical and can be described by a power law
(1=<V") with an exponent between 4 and 7 depending on the
dispersed dye. A kind of “dephasing” between current and
voltage can be observed for bias around zero, which depends
on sweep direction and speed. This can be explained in terms
of trapped space charges near the injecting electrode.

At higher bias voltages\M(>30 V), when electrolumi-
nescence starts, the current increases more steeply with the
applied voltage than for low voltages. The rectification ratio
is typically 1¢ and higher. This behavior of the current is
only observed when applying both an electron and a hole

transport material and an oxadiazole starburst molecule as electron transpgrfjecting contact. Using two high work function metals, e.g.,

material.

top of the PVK/dye layer. The structures of PPV and the
oxadiazole are also given in Figure 1.

Current—voltage I(~V) characteristics of the devices
were recorded using a computer controlled source-measu
unit (Keithley 236. Simultaneously with the current the flux
of emitted light was measured using an integrating spher

with a calibrated Si photodiode and an electrométéei-

ITO and Au as anode and cathode, respectively, only holes
are injected and therefore neither light emission nor the steep
increase of the current can be observed. Thus double injec-
tion is responsible for both the electroluminescence and the
high current flow observed at high forward bias. In this re-
ime the current is much higher than one would expect from
e extrapolation of the low-bias current—voltage character-
istics (see Figure Band follows a Fowler—Nordheim law

Fl 2 exp(—C/V?)] as indicated by the fit curve in Figure 3.

thley 617. The external quantum efficiency was obtained as

the total emitted light power divided by the current and the ABLE ! CIE coordinates of ITO/PVK dye/Al devices.

average photon enerdgetermined from the emission spec-

trum). Emission spectra were obtained by a liquid nitrogen
cooled charge coupled devi¢€CD) detector coupled to a
monochromator(Princeton Instruments, So)arThe Com-

Dye None 1) 2) 3 (4)
0.20 0.40 0.62 0.51 0.28
0.20 0.52 0.37 0.44 0.48

color blue yellow red orange green

mission Internationale d’Eclairage€CIE) color coordinates
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TABLE Il. Characteristics of ITO/PVK-dye/Al devices E,nse: EL Onset

“ A light power field, 7ex: Maximum external quantum efficiencyg : effective barrier
107 [ - fit of light power heigh.
g
I O current
= 10° — fit of current ’;‘ Dye None (2) 2 (€)] (4)
% | % Egneet (10° Vicm) 16 7 9 8 20
s g Dext (%) 0.006 0.05 0.07 0.05 0.03
’g 10° s bs (V) 0.51 0.21 0.25 0.30 0.61
- r =
k=
10" -
i thick device shows a pronounced diode behavior, the current
10-12 1 1

voltage (V)

of the thin device is higher by several orders of magnitude,
except for high forward bias. In spite of the large discrep-

ancy and the occurence of local current maxima at low volt-
FIG. 3. Current—voltage and brightness—voltage characteristics of blen@ge in the thin device, the electroluminescence has almost
system PVi-dye(1) (film thickness 300 nm, active area 0.25%9mThe  the same onset and field dependence for both devices. In a
|-V characteristics beetween30 and+20 V can be fitted with a power forthcoming paper we will show that the local instable
law | = V4. For higher voltage it follows a Fowler—Nordheim type behavior. . . . .
The combined fit of the power law and the Fowler—Nordheim law is indi- maxima in the Cu_rr(,ant do not influence the .brlghtness—
cated by the solid line. The light power can also be fitted by a modifiedvoltage characteristics. Hence the evaluation of the
Fowler-Nordheim law(dashed ling as will be discussed below. brightness—voltage dependence is possible also for thinner

structures. However, for the quantitative evaluation of the

. , o current we have chosen rather thick polymer layers, since the
Interestingly the bnghtness—voltage'characterlstlcs als%ppearance of these low voltage current anomalies foe-
shozw a Fowlezr—Nordhelm-type_ behavifiight power Pe. 5 about 200 nm causes considerable difficulties for the

« V< exp(—C/V9)]. The dashed line in Fig. 3 indicates the fit interpretation of thd —V characteristics.
of this expression. Originally, the Fowler—Nordheim law gy rthermore we observe an influence of the dye blended
gives a quantitative description of the injection current den<itn PVK on the onset fieldsee Table )l and the exponent
sity for tunneling of charge carriers from a metal into ¢ ihe power law. We note that, e.g., for d§@ the exponent
vacuum or an insulator as a function of the electric field atyf e power law in the currer(’lsee I’:igure Bis close to 7
2 . . .

the contact: Howevgr, we will shpw below that in our case Additionally, the change of slope in the current with the
the Fowler—Nordheim law seen in the current is not due tq,nset of EL and the Fowler—Nordheim law above this volt-
tunneling of majority carriers and additionally the formula- 546 js not observed with this dye. This may be due to differ-
tion of the Fowler—Nordheim law for tunneling of minority ent rapping behavior of the dyes which changes the influ-
carriers has to be modified due to the influence of majorityance of electron injection on the majority carrier space
carrier space charges. _charges(see the last paragraph of the discuskidihus the

Generally, in these devices the onset voltage scales WitBjectrical properties of the polymer matrix and the dye can-
the polymer layer thicknessand thus the device character- ot pe separated — at least not at these high dye contents.
istics are field-dependent a_nd r_10t voltage-dependent. As an \yhen investigating the temperature dependence of elec-
example, we have plotted in Figure 4 current-voltage angroyminescence we found only a slight change of the EL
brightness—voltage dependence against the applied electfiGansity with temperature. Therefore it is reasonable to as-
field (V/d) for two different film thicknesses. While the g me that the injection of electrons takes place by tunneling
processes. Table Il gives a survey of the characteristic EL
data (EL onset field and achievable external quantum effi-

-1
102 | o 10 ciency of all thg materials under investigation. The effective
s . . . .
L .«««r,,(,(," &@@‘“ 1402 barrier heightspg will be discussed below.
10 "'"“««««—««,.««».'r(.‘*"'""'r',, g s
< [ curent {10° £ B. Discussion
5 T o grnm ) % In the following the injection and transport of charge
‘g 10° b — ] fon carriers in single-layer devices will be discussed and a model
- L S will be proposed that enables us to describe brightness—
10 Mﬁ lightpower:  110° —  voltage characteristics. Due to the low hole mobility and
i . . g:?;g"mm traps in PVK314the occurence of SCLCs is reasonable. One
10.121 - R olsAO A 2-010'6 indication for SCLC is the observed power law for low bias

FIG. 4. Current—voltage and brightness—voltage characteristics of blen
system PVKrdye2) for two different film thicknessed (active area 0.25

cm?).

electric field (10° V/iem)

voltages. A stronger argument is the “dephasing” of the
current and voltage for small bias. When decreasing the volt-
gge fast enough, e.g., at a rate of 0.1-1 V/s — the current
changes its sign already for a voltage-0 V and the current
can even flow opposite to the external voltage. At zero bias
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there is then still a current flow and the device behaves like a 10k - rigid band
charged battery. This is caused by trapped charges near the —— SCLC trap-free
injecting contact(space charggsFor these reasons we as- 08 “T SalCexpon ap(i=3)
sume that the current is space charge limited at least for thick Z 06 j
polymer layers §>200 nm). =

E 04

First of all we should discuss some general properties of
SCLCs. One requirement for SCLCs is a contact for carrier 0.2
injection — holes in our case — which is able to supply
more carriers than the bulk material can conduct. Generally,
in an analytical treatment of SCLCs it is assumed that this 2.0r
contact is electrically perfect, which implies that the electri-

cal field at the contact vanishes and diffusion currents are <) er
negligible’> As a consequence, this leads to an infinite Z 2}

charge carrier density at the injecting contact. Thus the ,\>-<\

above assumption represents only an idealistic picture which o o8

is not strictly valid in a real device near the injecting contact. 0at

However, it can be shown that a nonvanishing field at the virtual anode
contact due to a small barrier has only a slight influence on 0.0 i i s .

the current—voltage characteristics. For the buildup of space 00 02 O-i/do-‘s 08 10

charges it is only necessary that the injection current — part
of which flows back into the contact by diffusion — is higher FIG. 5. Electric potentialin units of the applied external voltagé) and
than the current flow across the buiee Ref. 15, chapter 9, field (in units of the external field//d) for the rigid band case and in the

. . . . presence of SCLTfor the trap-free case and for an exponential trap energy
for an exact treatment of the problem including diffusion anddistribution with |=3). For SCLC the potential and field at the cathode

a discussion of the role of the contactdhe use of this (x=d) take the same values as for a situation with a virtual anode inside the
simplified theory can also be interpreted as neglect of th@olymer layer(shown here fot =3).
contact resistance compared to the bulk resistance. This con-
dition is met in our case for thick polymer layers.

In the following discussion we assume that the electric
field vanishes at the hole injecting contact to facilitate the
analytical treatment. This makes it easier to derive some gen-

eral properties concerning the spatial distribution of the electhe field enhancement factertakes values in the range of

tric field inside the device. In this sense, the following results| 5_» for the simplified theory. These values should not be
are exact solutions of the simplified theory, however, they.qn literally since, even with the knowledge of the expo-
should be interpreted with care because the basic assUMPant | from the power law in thel—V characteristics;y

tions are not strictly valid in a real device. Nevertheless, they., 1ot be determined directly because the assumptions are
present a qualitative picture of the electrical field and poteny,q; strictly valid near the interfaces. However, it is obvious
tial in the devices under investigation. ~__ that the electric field at the minority carrier injecting elec-
In the case of an exponential or Gaussian distribution of,qe will be higher than the “external field”\(/d). This
the energetic levels of traps or in the trap-free casd #  5¢¢ has to be taken into account when describing electron
characteristics is given by a power Ia: tunneling processes in these devices. As shown in Figure 5
loc\/! +1/g2+1 the field enhancement at the cathode can be simulated in the
rigid band model by a virtual anode within the polymer
with =1 in the trap-free case ard-1 otherwise. With the  |ayer. Figure 6 shows a schematic energy diagram for the
assumption of a spatially homogeneous trap distribution it igpove model with the potentials for the electrgh&MO)
possible to calculate the electrical potentia{x) and the  ang holes(HOMO). Compared to the rigid band case the

electric fieldE(x) within the device, whera designates the  tynneling distance is reduced by the field enhancement at the
distance to the injecting electrode for majority carriers, i.e.cathode caused by SCLC.

d_2I+1V_ vV VvV 2
S S R i @

the anode: Our description of electron injection is based on the fol-
x| (21 +D/(1+1) lowing assumptions: As the maximugexternal quantum
d(X)=—-V d , efficiency of 0.05% photons per charge carrier is very low,

even in the double injection regime the current should be
2l+1 V/x\/(+D mainly constituted of holegPVK is known as a hole trans-
E(x)= 1 a( a) (1) port material®). Therefore it is reasonable to assume that all
the injected electrons recombine while most of the holes pass
Figure 5 shows the corresponding curves for the rigid bandhrough the device without recombination. Then the mea-
model and two different SCLC situations. An important con-sured light powelPg, is proportional to the electron current
sequence of space charges is the fact that at the opposite. The negligible dependance of the light power on the
electrode, the cathode, the electric field is higher than théemperature suggests that the electrons are injected via tun-
applied voltageV divided by the polymer thickness neling at the cathode following a Fowler—Nordheim f&w
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FIG. 6. Schematic energy diagram for the rigid band ddsshed lingand
in the presence of space chargeslid line) under forward bias/. The  FIG. 7. Fit of the modified Fowler—Nordheim equati¢f) to brightness—
anodic space charge leads to a reduction of the electron tunneling distanogoltage characteristics of devices with different thickness, having PVK

Therefore the calculated effective barrier heigiitsare lower than the real  +dye(4) as emitting layer.
barrier heighteg .

straight lines are obtained which are identical within the er-
ror of thickness measuremef® nm). With Equation(5) the
brightness—voltage characteristics can be described very well
over three orders of magnitude in the light power. In Table II

the obtained effective barrier heightsg for the different

whereE designates the electric field at the cathodg,the X
energetic barrier between the Fermi level of the electroddY®S are given. They are strongly correlated to the electrolu-

and the LUMO of the organic materiatj the elementary Minescence onset fields, indicating that the limiting factor for

charge, andv=42m*/h, with m* usually taken as the EL is the electron injection in these devices. The dependence
free electron mase,. In the case of SCL hole current the Of ¢g on the dye suggests that electron injection takes place

electric field at the cathode &= yV/d, with y>1. Inserting  directly into the LUMO levels of the dye, which act as eff-
this relationship into the above equation gives: fective hole traps. Hence, not only the photoluminescence

a2 efficiency but also the LUMO levels of the dyes play an
P V2. ex;< _ 2addp ) 4) important role for EL — at least for high dye contents.
EL 3qVy /° As we have mentioned before, the steeper increase of the

. — . current following the onset of electroluminescerisee Fig.
Introducing the external fiel=V/d and an effective bar- 3) also follows a Fowler—Nordheim behavior. The solid line

2 w32
o ) 3

Pe e Ez-exp( ~3qE

rier heightgs= 1y 23¢s(da<bs) One yields: in Fig. 3 for V>30 V indicates the fit to the Fowler—
o 2032 Nordheim law. In this case the current is much higher than in
PELocEZ.exp< - B ) (5)  the case of single carrier injection, although the current is
3qE still a majority carrier current. This behavior can only be

This equation is of the same form as the Fowler—NordheinfXplained by the influence of electron injection and recom-
quantitiesV andd, while the electric fielcE in Equation(3) the electron and the hole current would be approximately

is not directly accessible. The evaluation of EquatiBhis equal to the single carrier injection current. Thus the current
somewhat different than for the conventional Fowler—flow is still bulk-limited. Therefore the Fowler—Nordheim

characteristics seen in the current cannot be attributed to an
injection limitation via tunneling of the majority carriers
(holes.

Nordheim equation, since from a plot of &y /E?) vs 1E
(analogue to the usual Fowler—Nordheim plonly the ef-

fectivebarrier heightpg can be determined. The latter has no

direct physical meaning but is related to theal barrier

height ¢g by means of the field enhancement factpr IV. MULTI-LAYER DEVICES

which is a function of the anodic space chargds a priori A. Experimental results

unknown and must be determined by a different method. . - .
The brightness and the external quantum efficiency in

Based on the assumption thathas only a negligible : :

} ' ) 2 the single-layer devices are moderate. However, they can be
dependence on the dye in the devices under investigabion, increased significantly by using additional hole and electron
gives us the possibility of comparing the different dyes q“a“'transport layers. As an example we compare in Figure 8
tatively with regard to the real barrier heights for_EIGCtronbrightness—voltage curves for dy8) in a single-layer de-
injection. According to Equatioff) a plot of logPe /E?) Vs vice, a two-layer device with PPV as hole transport material
1/E should give a straight line. From the slope the effectivebetween ITO and the PVK/dye layer and a three-layer device
barrier height can be determined. In Figure 7 this plot iswith an additional oxadiazole layer as electron transport ma-
shown for two different polymer thicknesses. In both casederial on top of PVK. The inset shows the corresponding
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FIG. 9. Schematic energy diagram of the three-layer device composed of the
PVK/dye blend with PPV as additional hole transport layer and an oxadia-
zole as electron transport layer, sandwiched between ITO and Ca electrodes.
FIG. 8. Comparison of brightness and external quantum efficiency as Energy values of PVK and the oxadiazole are taken from Ref. 7 and 11,
.y ?espectively. The values of PPV have been determined by ultraviolet pho-

function of the applied voltage for single- and multi-layer devices. The g
single-layer device consisted of a PWdye&(3) film beetween ITO and Ca Louin;;]sj:ﬁg sge\;ittﬁicg]%weegéé% gTahpe o\;alefli of the dyes are not known,

electrodes. In the two-layer device PPV was used as additional hole trans-
port layer between ITO and the blend, in the three-layer system an oxadia-
zole layer was applied as electron transport layer on top of the PVK/dye
blend. The respective layer thicknesses are 50 nm for PPV, 90 nm for the
PVK/dye blend and 30 nm for the oxadiazole.

voltage (V)

comes less important, as can be seen from the fact that at 15
V brightness and efficiency of the single layer device almost
reach the values of the two-layer device.
external quantum efficiencies. The introduction of PPV re-  However the quantum efficiency is still not satisfactory
duces the onset voltage and increases brightness and qudiecause of the imbalanced charge carrier fiboles are the
tum efficiency. However, for high voltageVé&15 V) the  majority carrier$. The latter can be improved by introducing
difference to the single-layer device becomes smaller. Aran electron conducting and hole blocking oxadiazole Iayer.
additional oxadiazole layer does not affect the onset voltagé&his can be understood from the schematic energy level dia-
but increases brightness and quantum efficiency significantigram of the three-layer device shown in Figure 9. We note
as compared to the two-layer configuration. At a voltage ofthat there is considerable uncertainty and variation in the
15 V the luminance reaches 75 cd/and the external quan- literature data of the energy levels of the materials. Espe-
tum efficiency is around 1%. The maximum achievable lu-cially, the values of ITO and C@r Al) can be influenced by
minance in three-layer devices was about 250 éd/fh  surface contamination or interfacial oxide layers. Neverthe-
should be mentioned that due to the high absorption of PP\ess, one can gain qualitative insight into the relevant device
below 500 nm its use as a hole transport layer is only posprocesses. The main effect of the oxadiazole layer is to form
sible for materials with emission in the spectral range wella large barrier for holes due to its high HOMO energy, which
above 500 nm. Below, other transparent hole conductingrevents part of the positive carriers from passing through
polymers, like e.g., polyaniline or polythiophene, have to bethe device without recombination. Additionally, the LUMO
used. level of the oxadiazole almost matches the work function of
Ca, making electron injection into this layer rather easy.
Also, the oxadiazole has electron mobilities of P&nm?/V s
at fields of 7x 10° V/cm (Ref. 11 — in the same range as
the hole mobilities in PVK or PPV3!" Thus one has to
The above model cannot be applied easily to multi-layeexpect an improvement of the charge carrier balance. An-
devices because the field distribution in the different layers imther effect of this layer is to move the recombination zone
not knowna priori. Therefore the discussion for these kind away from the polymer/metal contact where the lumines-
of devices will only be given qualitatively. As we have dis- cence is quenched by the presence of nonradiative recombi-
cussed, in the single-layer device an anodic space charge mation centres. It has been shown recently on similar mate-
formed. This does not necessarily imply a vanishing barrierials that within a distance of 10—20 nm from the metal
for hole injection. Since PPV is known to form good hole contact almost all generated excitons are quen¢hatdith
injecting contacts on IT& and also has higher conductivity the extremely low electron mobilities in hole conducting
as compared to PVK, one can expect a better hole injectiopolymers like PVK* the electron penetration depthssum-
into the PVK/dye layer. This facilitates the formation of the ing an exponential decay of the density of injected electrons
space charge, which in turn leads to a higher field enhancén the film due to exciton formatidf) can be in the same
ment for electron injection at the cathode. These two effectsange. Therefore, in the single- and two-layer device a large
can explain qualitatively the significant reduction of the EL fraction of excitons is quenched nonradiatively at the metal
onset voltage seen in Figure 8. With increasing voltage thelectrode. These drawbacks can be overcome using the addi-
improvement of hole injection into the PVK/dye layer in the tional electron conducting oxadiazole layer which results in
two-layer device, as compared to the single-layer device, besignificantly improved quantum efficiencies of about 1%.

B. Discussion
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