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Abstract

The internal electric field distribution in a bilayer 4,40-bis[N -(1-napthyl)-N-phenylamino]-biphenyl/tris-(8-hydroxy-
quinoline) aluminium organic light emitting diode has been investigated experimentally using electroabsorption spec-

troscopy. The experimental results have been compared to those obtained from a drift–diffusion device simulation,

further validating the model and highlighting the potential worth of such modelling. With the aid of the simulation, the

electric field distribution can be explained in terms of charge carrier accumulation at the interface between the two

organic layers, due to the HOMO and LUMO band offsets, and charge injection into the device, demonstrating the

influence of contact materials on device behaviour.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the fabrication of the first successful or-

ganic light emitting diodes (OLEDs) by Tang and

VanSlyke [1,2], good progress has been made in

improving these devices for use in practical appli-

cations, notably including the use of conjugated

polymers [3]. However, there is still much debate

over the nature of charge injection, transport and

distribution in OLEDs, both in single and multi-
layer devices.

Much of the work done to characterise these

devices has focused on their current–voltage (J–V )
and current–luminance characteristics. However,

the charge carrier distributions in these devices

relate directly to the internal electric field via

Poisson�s equation. The investigation into the in-

ternal electric fields by electroabsorption (EA)

spectroscopy may help explain the charge distri-

bution in bilayer OLEDs [4–6], and hence enable

the design of more efficient devices. Charge accu-
mulation within a device alters the electric field

within the device, which ultimately affects charge

injection and transport. Recently, the internal

potential distribution in a bilayer OLED has been

measured by inserting a third electrode into the

bulk [7], but this method has a spatial resolution of
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about 100 nm, greater than the typical thickness of

a device layer.

EA spectroscopy uses an electric field to modu-

late the transmission of light through an OLED by
perturbing the energy levels of the organic layers

[8]. Applying both an ac bias of frequency X and a

dc bias to the device causes the formation of a dc

internal electric field within the device. This field is

due to the external dc bias plus the built-in po-

tential (Vbi) of the device. The ac bias does not

contribute to the internal field, provided that X is

large enough such that the charge distribution is
unaffected (X � kHz).

In this paper, we compare the electric field

distributions measured in bilayer 4,40-bis[N -(1-
napthyl)-N -phenylamino]-biphenyl (NPB)/tris-(8-

hydroxyquinoline) aluminium (Alq) devices by EA

spectroscopy with those obtained from a device

simulation. The devices studied were fabricated

from layers of 40 nm thick Alq and NPB, with an
ITO anode and either an Al or Al:Li cathode. Fig.

1 shows a schematic energy level diagram for an

ITO/NPB/Alq/Al device [9,10]. Average electric

fields in each of the organic layers (NPB and Alq)

have been calculated from the EA data as a

function of applied bias for both the ITO/NPB/

Alq/Al and ITO/NPB/Alq/Al:Li devices.

The devices were simulated using a one-
dimensional time-independent drift–diffusion model,

which has also been used to investigate J–V
characteristics of OLEDs [11]. This model is simi-

lar to those presented else where in the literature

(e.g. [12–14]). The simulation produces electric

field profiles for the devices, from which average

field values can easily be obtained, and carrier

density profiles to aid the explanation of the field

distributions. The model was also used to simulate

the electric field distribution in an ITO/NPB/Alq/
Mg:Ag device, which had been investigated ex-

perimentally using EA spectroscopy by Rohlfing

et al. [4,15]. Our model reproduces closely the data

in Rohlfing et al. [4] for the average field in the

NPB layer. Our model predictions for the average

field in the Alq layer track the measured data in [4]

but the modelled fields are much greater.

There have been other theoretical calculations
of the electric field distributions in bilayer OLEDs

[16–18], but this is the first time to the authors�
knowledge that direct comparisons have been

made between theory and experiment. In [17] the

same contacts are used as for the device of Rohl-

fing et al. [4] with TPD replacing NPB, but this

material is very similar to NPB. At low biases, up

to about 4 V, the predictions for the field in the
Alq layer from our model agree well with those

of Ruhstaller et al. [17]. At higher biases how-

ever, the average field in the Alq layer increases

with bias contrary to our predictions and the re-

sults of Rohlfing et al. [4]. Furthermore, Ruh-

staller et al. [17] predict very little variation in the

average field in the NPB layer with bias, again in

disagreement with our results and those of Rohl-
fing et al. [4].

2. Experimental method

2.1. EA technique

The fundamental EA response (i.e. under an

applied ac bias at frequency X) of a particular

organic layer at a particular wavelength of light is
proportional to the imaginary part of the third

order nonlinear susceptibility, Ivð3ÞðhmÞ, and the

square of the total electric field,

DI
I
ðhmÞ / Ivð3ÞðhmÞE2

tot; ð1Þ

where DI=I is the change in transmitted light in-

tensity (the measured EA signal), hm is the photon
energy, and Etot is the total electric field, consisting
of the interfacial field Ei, an applied dc componentFig. 1. Schematic band diagram of ITO/NPB/Alq/Al:Li device.
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of magnitude Edc, and an applied ac component at

frequency X of magnitude Eac (thus Etot ¼ Eiþ
Edc þ Eac cosðXtÞ). The dc component consists of

two contributions: one from the built-in field, and
one from the external applied field. Ei is observed

in low molar mass materials and is likely to origi-

nate from interface states, such as charge transfer

induced dipoles between the metal/organic inter-

face, which shift the molecular energy levels of the

organic material relative to those of the metal [6].

Hence the EA response is given by

DI
I
ðhmÞ / Ivð3ÞðhmÞ½ðEi þ EdcÞ2

þ f2EacðEi þ EdcÞg cosðXtÞ
þ E2

acð1þ cosð2XtÞÞ=2�: ð2Þ

If Ei þ Edc 6¼ 0, the EA response is modulated at

both the fundamental (X) and second harmonic
(2X) frequency of the applied ac bias. The response
at the fundamental frequency is

DI
I
ðhm;XÞ / Ivð3ÞðhmÞf2EacðEi þ EdcÞg cosðXtÞ;

ð3Þ

and the response at the second harmonic is given
by

DI
I
ðhm; 2XÞ / Ivð3ÞðhmÞðE2

ac=2Þ cosð2XtÞ: ð4Þ

The magnitude of the internal electric field is de-

termined by measuring the EA signal at both the

fundamental (X) and second harmonic frequency

(2X) of the ac bias, and comparing the signal

amplitudes to reference spectra obtained under

known biases. Different materials give different EA
responses at different wavelengths, so by per-

forming EA measurements on single layer devices

of the constituent materials of the bilayer device,

the fields in each layer can be identified from the

bilayer EA signal. The internal electric field ob-

tained from EA measurements is an average value

of the electric field within a particular layer, al-

though this technique has been extended to probe
the electric field distribution in a device [4,5].

2.2. Experimental details

The LEDs were fabricated on 20X/square ITO
on a glass substrate. The ITO anode was pat-
terned using conventional photolithography. Be-

fore organic deposition, the ITO was subjected to

a wet cleaning procedure including sonication in a

solutions of detergent and NaOH and rinsing in

deionised water and propan-2-ol. The LEDs

consisted of 40 nm NPB as the hole transport

layer and 40 nm Alq as the electron transport and

emitting layer. The NPB and Alq were supplied
by Kodak and were EL grade. The organic layers

and metal cathode were deposited by thermal

sublimation in a Pfeiffer PLS 500 system. The

sublimation rate for the organic materials was

between 0.2 and 0.4 nm/s (measured using an

oscillating crystal monitor) and the pressure

during sublimation was below 7
 10�7 mbar. The

cathode was defined by a shadow mask and
comprised of either Al or an Al:Li alloy. The

alloy was made by co-evaporating the Al and Li,

the Al rate being approximately 10 times as large

as the Li rate [19]. The cathode thickness was 200

nm and defined a device area of 4 mm2. After

fabrication the OLEDs were immediately trans-

ferred into a dry nitrogen glove box where they

were encapsulated using a glass cover and an
epoxy seal.

The EA measurements were carried out in the

reflection mode. This enabled thinner layers to be

studied than if the measurement was made in

transmission mode. Hence more realistic devices

could be studied than in the study by Rohlfing et al.

[4]. Broadband light from a 150 W Xenon lamp

was monochromated by a Digikrom 240 mono-
chromator, and focused onto the LED at �45�
through the ITO electrode. The light was specu-

larly reflected off the back metal electrode and

focused on to a UV enhanced photodiode. The

applied voltage consists of a dc voltage with a

superimposed ac component of 5 kHz. The photo-

detector output was amplified by an EG&G 5182

preamplifier, which separates out the dc and ac
components of the signal. The dc component was

measured by a Keithley 2000 multimeter, and the

ac component was measured by a Stanford SR830

lock-in. Above the turn on voltage, an optical
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bandpass filter was used to block the emission of

light from the LED.

The barrier height to electron injection into

the Alq LUMO with the two different cathodes
was compared using internal photoemission [20].

Monochromatic light of energy hm which was

lower than the band gap of the organic material

was chopped with a chopper wheel and focused

onto the device from the ITO side. Carriers at

the Fermi level of the cathode are excited over

the energy barrier between the cathode and the

LUMO of the organic material. The resulting
photocurrent was detected with a lock in amplifier.

The relationship between the photocurrent and the

energy of the incident light is given by Fowler�s
theory [21] and is IIPE � ðhm � UBÞ2 where IIPE is

the photocurrent and UB is the energy barrier.

Therefore a graph of the square root of the

photocurrent versus photon energy gives a straight

line with an intercept on the energy axis of UB.
Fig. 2 shows this for a ITO/Alq(130 nm)/Al

device and a ITO/Alq(130 nm)/Al:Li device. For

the device with the Al cathode, the electron injec-

tion barrier, UB was measured to be 1:1� 0:2 eV.

This is in good agreement with other reported

values of this barrier [20]. For the device with an

Al:Li cathode, UB was reduced to 0:6� 0:2 eV.

When changing the cathode from Al to Al:Li in a

single layer reference device, there was no change
in the EA spectrum save that of increasing the

built in field by 0.5 V. In the analysis of the data,

the effect of the interfacial field is subtracted away.

This means that only the response of the bulk

material to the applied field is used to work out the

field distribution of the bilayer device, indepen-

dently of differences in interfaces.

2.3. Analysis of EA data

The analysis of EA data from multilayer devices

has been carried out for several devices [4–6]. In

this paper we have followed the procedure de-

scribed by Rohlfing et al. [4] for analysing low

molar mass devices. In order to extract the mag-

nitude of the electric field in each layer of a mul-
tilayer device from EA data, reference EA spectra

must be found for each individual layer under a

known bias or electric field. The spectral features

of each layer can then be identified. Fig. 3 shows a

series of EA spectra taken at the fundamental

frequency (X) as a function of photon energy of an
(a) ITO/Alq/Al:Li and (b) ITO/NPB/Al:Li device

measured with an ac voltage of 0.5 V and with
various dc biases. The difference between any two

EA spectra taken at the fundamental frequency

measured at any dc bias will remove the contri-

bution of Ei. This can be seen from Eq. (3),

2EacðEi þ Edc1Þ cosðxtÞ � 2EacðEi þ Edc2Þ cosðxtÞ
¼ 2EacðEdc1 � Edc2Þ cosðxtÞ:

This difference spectrum will give the same line-

shape as the EA spectrum taken at the second

harmonic frequency (2X), which only depends on
the bulk. Fig. 4, where the first harmonic fre-

quency is measured with an ac voltage of 0.5 V,

and the second harmonic frequency with an ac

voltage of 0.7 V, confirms this for our results. In

the analysis of multilayer low molar mass devices,

the effect of the interfacial field is removed, and as

a convention, the first harmonic EA spectrum

obtained with 0 V dc bias is subtracted from the
first harmonic EA spectra taken at nonzero dc
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Fig. 2. The internal photoemission measurement of the Schot-

tky energy barrier from Al and Al:Li cathodes to the Alq

LUMO. The sample structures were ITO/Alq(130 nm)/Al and

ITO/Alq(130 nm)/Al:Li. The sample with the Al cathode was

held at a forward bias of 6 V, the sample with the Al:Li cathode

was at a forward bias of þ4 V.
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bias. This approach was also adopted by Rohlfing

et al. [4].

Fig. 5 shows the first harmonic spectra at vari-

ous biases from Fig. 3, with the first harmonic data

at zero bias subtracted from each spectrum. At an

energy of 2.78 eV, the EA response of Alq shows a

peak whereas at this energy, NPB only shows a

small response. Any peak at 2.78 eV in the EA
response of the bilayer device can therefore be

considered mainly from the Alq layer. At an en-

ergy of 3.05 eV, both Alq and NPB show a peak in

the EA response. The NPB response is much

stronger than the Alq response––about 8 times

bigger. This has also been seen in EA studies on
films of organic materials with coplanar electrodes

[4]. In both Alq and NPB, the subtracted first

harmonic EA peak in Fig. 5 scales linearly with the

applied dc voltage; this property is essential for the

analysis of the double layer devices.

Fig. 6 shows the first harmonic spectrum of a

bilayer device of ITO/NPB/Alq/Al:Li device mea-

sured with an ac bias of 1 V. The first harmonic
EA data at zero bias has been subtracted from the

raw data. The data exhibits a small peak at 2.78

eV, mainly coming from the response of the Alq

layer, and a larger peak at 3.05 eV, coming from

Fig. 3. The first harmonic EA spectrum of an Alq single layer device (ITO/Alq/Al:Li) (panel (a)) and an NPB single layer device (ITO/

NPB/Al:Li) as a function of dc bias (panel (b)). Vac ¼ 0:5 V.

Fig. 4. Comparison of the second harmonic EA response measured with Vac ¼ 0:7 V with the difference between two first harmonic

spectra for the ITO/Alq/Al:Li device (left-hand panel) and the ITO/NPB/Al:Li device (right-hand panel).
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the response of both the Alq and NPB layer. By

appropriately scaling the single layer NPB and Alq

response (with the 0 V data subtracted) and taking

a linear combination a fit could be obtained to the

bilayer data at each bias. Fig. 7 illustrates this for a
dc bias of þ2 V. The average electric field across

each organic layer in a bilayer device can therefore

be found as a function of applied dc bias. These

measured fields are presented in Section 4. A

similar analysis was performed on the EA data

obtained for the ITO/NPB/Alq/Al device.

3. Device simulation method

The devices were simulated using a one-di-
mensional time-independent drift–diffusion model,

which involves finding a self-consistent solution

for the following sets of equations with Schottky

contact boundary conditions.

Fig. 5. First harmonic EA spectra of the Alq single layer device (panel (a)) and the NPB single layer device (panel (b)) at nonzero Vdc
minus the EA spectrum at measured at 0 V dc bias.
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Fig. 6. First harmonic EA spectra of a double layer device of

ITO/NPB/Alq/Al:Li at dc biases from )4 to þ5 V with the EA

spectrum at Vdc ¼ 0 V subtracted. Vac ¼ 1 V.
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Fig. 7. First harmonic EA spectrum of the double layer de-

vice––see caption for the previous figure––at þ2 V minus the

spectrum at 0 V (long dashed line), compared with a linear

combination of the single layer NPB and Alq response (dotted

line), scaled to give the best fit linear combination to the bilayer

device data. The short dashed line is the Alq response, the solid

line the NPB response.
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Firstly, the time-independent current continuity

equations,

dJn
dx

¼ �qðG� RÞ; ð5Þ

dJp
dx

¼ qðG� RÞ; ð6Þ

where Jn and Jp are the electron and hole current
densities respectively, G is the electron–hole pair

generation rate (neglected), and q is the electron

charge magnitude. R is the optical recombination

rate and has a bimolecular form for exciton for-

mation, with a Langevin recombination coeffi-

cient, c,

Ropt ¼ cðnpÞ; ð7Þ

c ¼ 4pqlR

�
; ð8Þ

where lR is an effective recombination mobility,

taken to be the larger of the electron and hole

mobilities in the material, and � is the dielectric

constant of the material [22].

Secondly, Poisson�s equation relating the elec-

trostatic potential, w, or the electric field, E, with
the charge in the device,

dE
dx

¼ � d2w
dx2

¼ q
�
ðp � n� N�

A þ Nþ
D Þ; ð9Þ

where N�
A and Nþ

D are the ionised acceptor and

donor impurity concentrations. The equations

relating electron and hole densities to the electro-

static potential are derived from the Maxwell–

Boltzmann distribution,

n ¼ NC exp
q

kBT
w

��
� /n þ

vc
q

��
; ð10Þ

p ¼ NV exp

�
� q
kBT

w

�
� /p þ

Eg

q
þ vc

q

��
; ð11Þ

where /n and /p are the electron and hole quasi-

Fermi levels, respectively, and vc is the electron

affinity of the material.

The drift–diffusion equations defining the elec-
tron and hole currents, Jn and Jp,

Jn ¼ �qlnn
d/n

dx
; ð12Þ

Jp ¼ �qlpp
d/p

dx
: ð13Þ

Jn and Jp include both drift and diffusion compo-
nents, and ln and lp are the electron and hole

mobilities respectively. These mobilities have been

shown to be field dependent (for example [23,24])

and take the form below at constant T ,

lnðEÞ ¼ ln0 exp

ffiffiffiffiffi
E
E0

r� �
; ð14Þ

lpðEÞ ¼ lp0 exp

ffiffiffiffiffi
E
E0

r� �
; ð15Þ

where ln0 and lp0 are the zero field mobilities, and

E0 is a constant related to the disorder in the
material.

3.1. Schottky contact boundary conditions

At the metal–organic (Schottky) contacts, there

are three boundary conditions. Firstly, the elec-

trostatic potential wb can be determined from the

work function of the metal, /m, and the electron
affinity of the organic material, vc,

wb ¼ �/bn ¼ �ð/m � vcÞ; ð16Þ

where wb is the electrostatic potential at the con-

tact, and /bn is the barrier to electron injection

from the contact into the bulk. The barrier to hole

injection at the contacts, /bp, is given by

wbp ¼ Eg � /bn ¼ Eg � ð/m � vcÞ: ð17Þ

The electron and hole current densities at the

contacts, Jnb and Jpb, consist of three components:
thermionic emission, a backflowing interface re-

combination current (the time-reversed process of

thermionic emission), and tunnelling [12]. These

currents can be described in terms of an effective

recombination velocity, vrn and vrp respectively,

Jnb ¼ qvrnðnb � neqÞ þ ðJtn � Jtn0Þ; ð18Þ

Jpb ¼ �qvrpðpb � peqÞ � ðJtp � Jtp0Þ; ð19Þ
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where neq and peq are the electron and hole densi-

ties at the contact at thermal equilibrium, nb and
pb are the carrier densities at the contacts, and Jtn
and Jtp are the Fowler–Nordheim tunnelling con-
tributions to the Schottky boundary conditions.

Jtn0 and Jtp0 are the values of Jtn and Jtp at zero

bias. Charge injection and recombination at the

metal–organic interface has been shown to give

rise to the following expression for vrn:

vrn ¼ 16p�lnðkBT Þ
2
=q3; ð20Þ

with a similar expression for vrp in which ln is

replaced by lp [25].
The Fowler–Nordheim currents take the form

[26]

J ¼ CE2 exp
�j
E

� �
; ð21Þ

where j varies with the barrier height,

j ¼ 8p
ffiffiffiffiffiffiffiffiffi
2em

p

3h
/3=2
b ; ð22Þ

C ¼ 3e2

8ph/b

: ð23Þ

The model also incorporates image force lowering

of the barrier at the contacts [27],

/eff ¼ /b � D/b ¼ /b �
ffiffiffiffiffiffiffi
qE
4p�

r
; ð24Þ

provided that the field at the contact has the cor-

rect sign for barrier lowering. The value of the

dielectric constant, �, is typically about 3.0,
whereas in typical inorganic semiconductors � is

about 12 (Si) or 14 (GaAs). Consequently, it can

be seen from the above expression for image force

lowering that the effect is much more pronounced

in organic semiconductors than in inorganic ones,

owing to the lower dielectric constant.

3.2. Parameters

Table 1 contains the material parameters used

in the simulation which were obtained from ref-

erences. The mobilities of the minority carriers (ln

in NPB and lp in Alq) have been assumed to be

two orders of magnitude lower than that of the

majority carriers, such that the materials act as
preferential hole or electron transporters. The

concentration of dopants is not well characterised

and is highly sample dependent. The values shown

in the table are low enough to not significantly

affect the results.

Although the simulation naturally requires

quite a large number of material parameters as

input, only a few are critical in terms of obtaining
the correct results in this context. As we will

demonstrate in the next section, the important

parameters are the barrier heights to carrier in-

jection (/bn and /bp) and the offsets between the

HOMO and LUMO levels of NPB and Alq. For

example, even if the mobility of the majority car-

rier were to vary by as much as an order of mag-

nitude, it would only affect the precise numeric
values obtained from the simulation whilst the

qualitative behaviour would remain largely un-

changed.

We examined the possibility of traps in the Alq

layer in our model, at an energy level of 0.15 eV

and a density of 1:3
 1023 m�3 from [28], using the

method described in [11]. However, the inclusion

of traps was found to make no discernible differ-
ence to the results obtained.

4. Results

Figs. 8, 10 and 11 show the simulated and ex-

perimentally measured average electric fields in

each layer as a function of applied bias for IT0/
NPB/Alq/Al, ITO/NPB/Alq/Al:Li and ITO/NPB/

Table 1

Material parameters used in the simulation

Parameter NPB Alq

�s 3.0 [18] 3.0 [18]

ln0 (m
2 V�1 s�1) 6:1
 10�10 [18] 1:9
 10�10 [18]

lp0 (m
2 V�1 s�1) 6:1
 10�8 [18] 1:9
 10�12 [18]

E0 (Vm�1) 4:44
 107 [18] 7:1
 106 [18]

NC (m�3) 1
 1027 [18] 1
 1027 [18]

NV (m�3) 1
 1027 [18] 1
 1027 [18]

N�
A (m�3) 1
 1015

Nþ
D (m�3) – 1
 1015

Eg (eV) 3.0 [9] 2.7 [9]

vc (eV) 2.4 [9] 3.0 [9]
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Alq/Mg:Ag devices, respectively. The built-in field

has been subtracted from the simulated data to

allow direct comparison with the data obtained

by EA spectroscopy.

4.1. ITO/NPB/Alq/Al device

In Fig. 8, good agreement between the experi-

mental and simulated data can be seen. The barrier

to hole injection, /bp, at the ITO/NPB interface

used in the simulation was 0.7 eV [9,29] and the

barrier to electron injection, /bn, at the Alq/Al
interface was taken as 1.2 eV (its measured value is

1:1� 0:2 eV––see Section 2). Although it is well

known that the workfunction of ITO varies from

4.7 to 5.2 eV (e.g. [30]), the value of 4.7 eV was

chosen as it provided a good fit to the experimental

data. The effect of changing the workfunction of

ITO is discussed below.

Under small forward bias conditions, the elec-
tric field is homogeneous across the device due to

negligible charge injection from either contact

since Vapp < Vbi. As the applied bias is increased

above Vbi, holes are injected into the NPB layer

from the ITO contact; due to the large barrier

height, electron injection into the Alq layer from

the Al contact is negligible. The holes injected into

the NPB layer build up at the NPB/Alq interface
due to the offset between the HOMO bands, hence

the Alq acts as a hole blocking layer. This charge

build up causes the field to increase in the Alq
layer in accordance with Poisson�s equation. Fig. 9,
which shows the electric field and carrier density

profiles obtained from the device simulation

(Vapp ¼ þ3 V), demonstrates this point. Similar

explanations have been offered by Hiramoto et al.

[7] and Ruhstaller et al. [17]. The presence of hole

accumulation at an interface has been deduced

from transient current measurements on a TPD/
Alq device by Matsumura et al. [31].

As the applied forward bias is increased further,

the experimental curves can be seen to converge

and cross, with the average electric field in the

NPB layer being larger than that in the Alq layer.

A possible explanation for this behaviour is that at

higher fields, electrons are injected over the barrier

from the Al cathode into the Alq layer, and ac-
cumulate at the heterojunction (on the Alq side),

where the offset between the LUMO levels is 0.6

eV (see Fig. 1), i.e. the NPB acts as an electron

blocking layer. This negative charge build up

would reduce the magnitude of the field in the Alq

layer. A convergence of the curves is observed in

the simulated data, but they do not cross and

the field in the Alq layer remains the greater.
However, the model does show increasing electron
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accumulation in the Alq layer at higher biases,

which accounts for the convergence of the curves.

Varying the workfunction of ITO from 4.7 to

5.2 eV would result in a range of barrier heights to
hole injection (/bp) ranging from 0.2 to 0.7 eV.

Since the barrier to electron injection (/bn) is much

larger (1.2 eV), the qualitative behaviour of the

field distribution would be unchanged, with sig-

nificant hole injection, negligible electron injection,

and the accumulation of holes at the interface re-

sulting in the average field in the Alq layer being

larger than that in the NPB layer. If the barrier to
hole injection at the ITO contact was decreased,

the average field in the Alq layer would be even

greater, as more holes would be injected into the

system and hence accumulate at the interface. If

the barrier was increased, hole injection and con-

sequently accumulation at the interface would

decrease; the magnitude of the average field in the

Alq layer would be smaller than in the present
situation, but it would still be the larger of the two

average fields.

In reverse bias, the field across the device is

homogeneous, with the average fields in each layer

being equal (see Fig. 8), since virtually no charge is

injected and the device is fully depleted. This ex-

planation holds for all three devices. The simulated

curves lie exactly on top of each other, along with
the experimental Alq curve. The experimental

NPB curve sits slightly below the experimental Alq

curve, but they are the same within experimental

error.

4.2. ITO/NPB/Alq/Al:Li device

Fig. 10 again shows good agreement between

theory and experiment. In order to simulate this

device, all parameters were unchanged except for

the electron barrier, /bn, which was set as 0.6 eV as
this gave the best fit to the experimental data and

is consistent with the measured value reported in

Section 2.

As for the device discussed in Section 4.1, there

is little charge injection into the device at small

biases and so the field is homogeneous across the

two layers. For larger forward biases, there is

significant electron injection from the Al:Li cath-
ode into the Alq layer. The electron barrier at the

Al/Al:Li interface is smaller than the hole barrier

at the ITO/NPB interface. There is a large LUMO

level offset at the NPB/Alq interface of 0.6 eV (see

Fig. 1) so that the NPB acts as an electron

blocking layer. These two factors result in a large
electron density in the Alq layer and a build up of

electrons at the heterojunction. There is a large

hole density in the NPB layer including the hole

build up at the heterojunction, and this distribu-

tion of charges results in the average field in the

NPB layer being greater than that in the Alq layer,

again in accordance with Poisson�s equation.
In the simulation of this device, the values of

the electrode workfunctions used are critical. Since

the barrier height to electron injection /bn at the

Alq/Al:Li interface is smaller than for the previous

device, it now injects a significant number of

electrons. These electrons accumulate at the or-

ganic–organic interface and can determine which

layer has the greater average value of the electric

field. If /bp < /bn, a larger number of holes than
electrons will be injected, accumulate at the inter-

face and cause a larger field to form in the Alq

layer; the reverse situation occurs if /bn < /bp. If

the barrier heights are equal, the field will be

greater in the NPB layer as the band offset between

the LUMO levels in the materials is greater than

that for the HOMO levels, causing a greater con-

finement of electrons at the heterojunction, re-
ducing the field in the Alq layer.

Fig. 10. Comparison of simulated and measured average fields

in the ITO/NPB/Alq/Al:Li device.
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4.3. ITO/NPB/Alq/Mg:Ag device

Rohlfing et al. [4] used EA spectroscopy in ex-

perimental measurements of the average electric
fields in each layer of an ITO/NPB/Alq/Mg:Ag

device with layer thicknesses of 100 and 200 nm

for the NPB and Alq layers respectively as a

function of Vapp. They also investigated the electric

field distribution using EA spectroscopy for ITO/

NPB/Alq/Mg:Ag devices with various thicknesses

of Alq and NPB [15]. They found that the thick-

nesses of the layers made a quantitative difference
to the average fields in each layer, but qualitatively

the behaviour was found to be the same, indicating

that the fields are primarily determined by the

barriers to carrier injection and the accumulation

of carriers at the interface.

The parameters used to simulate this device

were unchanged except for the layer thicknesses

and /bn. The value for the barrier to electron in-
jection (/bn) at the Mg:Ag contact used in the

simulation was set at 1.1 eV. Although this is

larger than published values of 0.7 eV (e.g. [29]),

this produced qualitatively the measured electric

field distribution. Using a value of 0.7 eV for /bn in

the device simulation produced an average electric

field in the NPB layer greater than that in the Alq

layer, due to significant electron injection and ac-
cumulation at the NPB/Alq interface.

Under forward bias conditions, it can be seen

from Fig. 11 that there is good agreement between

the experimental and simulated values of the av-

erage electric field in the Alq layer; both show that

the average field in the NPB layer is smaller than in

the Alq layer. As can be seen from the carrier

density and field profiles at Vapp ¼ þ4 V in Fig. 12,
the electron density in the Alq layer is considerably

smaller than the hole density in this layer. Com-

bined with the accumulation of holes in the NPB

layer at the interface, this accounts for the field in

the Alq exceeding that in the NPB layer. The good

agreement between theory and experiment for the

Alq layer indicates that the hole charge accumu-

lation at the NPB/Alq interface is predicted accu-
rately in the device simulation.

However, the agreement between the experi-

mental and simulated average electric field values

in the NPB layer is disappointing. Although they

both exhibit similarly shaped curves, the magni-

tudes of the curves vary considerably. Our simu-
lated NPB curve follows the simulated and

experimental Alq curves under small forward bias

conditions (Vapp < 2 V), as we expect due to neg-

ligible charge injection. As the applied bias in-

creases, the number of holes injected into the NPB

layer increases, whilst few electrons are injected

into the Alq layer, resulting in a larger average

electric field value in the Alq layer for the reasons
outlined above. The experimental data of Rohlfing

et al. [4] shows that even under small forward bias

(including Vapp < Vbi), the average field in the layer

Fig. 11. Comparison of simulated and measured average fields

in the ITO/NPB/Alq/Mg:Ag device.

Fig. 12. Electric field profile and carrier density profiles

through the ITO/NPB/Alq/Mg:Ag device at þ4 V.
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NPB is smaller than that in the Alq layer. In fact,

the field in the NPB layer is shown by Rohlfing

et al. [8] to be smaller for Vapp < Vbi in forward bias
than under the corresponding reverse bias. We
expect the field in each layer to be equal for all

reverse biases and forward biases below Vbi due to
the negligible injection of charge. This situation is

observed in our simulation of this device, and in

Sections 4.1 and 4.2. At an applied bias of þ4 V,

the average field in the Alq is a factor of about 10

times greater than in the NPB according to Rohl-

fing et al. [8], whereas we obtained a factor of
about 2. From Fig. 9(a) of Ruhstaller et al. [17],

this factor is about 3. The large factor seen in

Rohlfing et al. [8] cannot be explained in terms of

charge injection and accumulation, since under

conditions of small forward bias (i.e. Vapp < Vbi),
charge injection is negligible.

Again, under reverse bias, we obtain a homo-

geneous electric field distribution across the device
from our simulation, for reasons previously out-

lined. Rohlfing et al. [4] state that under reverse

bias, the average field in both layers is identical

within the accuracy of the experiment and the

distribution is due to negligible charge injection. In

this case, the agreement between our simulated

average field values and their measured average

field values is good (see Fig. 12).

5. Conclusions

The combination of EA spectroscopy and our

drift–diffusion device simulation has been shown

to be an aid to understanding charge injection and

distribution in bilayer OLEDs. In particular, we

have demonstrated the use of an interface between

two layers that preferentially transport one type of

carrier to the other to confine carriers which is
vital for effective optical recombination. Further-

more, when coupled with EA data, our device

model can produce some useful information. For

example, in the case of the device studied by Ro-

hlfing et al. [4], the value of /bn at the Mg:Ag

electrode calculated from the metal workfunction

(/m) is incorrect. Such parameters are essential in

the accurate simulation of OLEDs e.g. J–V char-
acteristics.

This work also shows that the barrier heights to

carrier injection and the offset between the HOMO

and LUMO levels at the heterointerface (i.e. the

presence of blocking layers) critically affect charge
accumulation, and hence the electric field distri-

bution in the device. This also has wider implica-

tions in terms of current transport and device

efficiency.

The agreement between the simulated average

field values and those obtained experimentally by

EA spectroscopy is good, especially for the ITO/

NPB/Alq/Al (Fig. 8) and ITO/NPB/Alq/Al:Li de-
vice (Fig. 11) devices. In addition, the average

electric fields simulated for the ITO/NPB/Alq/

Mg:Ag (Fig. 12) were in quite good agreement

with the published data [4]. The data in reverse

bias showed good agreement, as did the average

fields in the Alq layer in forward bias. However,

the very low fields measured in the NPB layer

under forward bias by Rohlfing et al. [4] need
further consideration.
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