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ABSTRACT

The current-voltage (JV) characteristics of ITO/polymer film/Al or Au devices of poly(phenylene
vinylene) (PPV) and a dialkoxy PPV copolymer can be fitted at high applied bias to a power law

of the form J=KV ~ where m increases with decreasing temperature, log(K) is proportional to m,

and K is proportional to d"%™ where d is the film thickness and o is a constant. & = 2 and = 1 for
the Al and Au cathode devices respectively. Different single carrier space charge limited
conduction (SCLC) theories, involving either an exponential trap distribution or a hopping
transport field and temperature dependent mobility, are used to try and explain this behaviour.
Both models are in good agreement with the general experimental results, but can also be
criticised on a number of specific issues. Mixed SCLC models and the effect of dispersive
transport are also explored. It is concluded that carrier mobility and trap measurements are
required to distinguish between these models. To this end, initial trap measurements of
ITO/PPV/ALI devices using deep level transient spectroscopy (DLTS) are reported. Very deep
positive carrier traps with emptying times > 4 minutes have been detected. The non-exponential

DLTS transients have been successfully modelled on an isoelectronic trap level emptying to a

Gaussian distribution of transport states, with a trap depth and density of = 0.8eV and 4x101 cm—3

respectively.

INTRODUCTION

Electroluminescent polymers can be used as the emissive material in organic light

emitting diodes (LEDS).I’2 To improve the performance of polymer LEDs it is vital to understand
what mechanism(s) control the current-voltage (JV) characteristics of a given device structure.
Certain device structures are injection limited, the JV characteristics being controlled by a
depletion region type Schottky barrier or by thermionic or tunneling emission into an insulator.
Other devices appear to be bulk limited, the characteristics being controlled by Ohmic or space
charge limited conduction (SCLC). Different SCLC models have been proposed for polymer light
emitting diodes (LEDs). SCLC with an exponential trap distribution has been used to model the
high applied bias characteristics of poly(phenylene vinylene) (PPV) and poly(2,5-dialkoxy-p-

phenylene-vinylene) (dialkoxy PPV) devices.3’4 SCLC with a mobility found for hopping
transport in disordered systems has been used to model the low applied bias characteristics of
dialkoxy PPV devices and the room temperature characteristics of poly(2-methoxy,5-(2’-ethyl-

hexoxy)-1,4-phenylene-vinylene) (MEH-PPV) devices.s-7 The first part of this work will report the
experimental JV characteristics of ITO/polymer film/Al or Au devices of poly(phenylene
vinylene) (PPV) and a dialkoxy PPV copolymer (see Fig. 1), and the results will be discussed in
terms of the different SCLC models. This analysis indicates that to distinguish between the
different models it is vital to measure the presence of any traps and the field and temperature
dependence of the mobility. The second part of this work deals with the measurement of traps in
ITO/PPV/ALI using deep level transient spectroscopy (DLTS).

EXPERIMENTAL
The PPV precursor polymer and the dialkoxy PPV copolymer were spin coated (devices
for JV characterisation) or spread with a Doctor blade (devices for DLTS) onto ITO on glass
substrates (cleaned with an oxygen plasma or by refluxing in alcohol). The PPV precursor was
converted under vacuum at 250°C for 6 hours (devices for JV characterisation) or 160°C for 2
hours (devices for DLTS). The PPV precursor was that with the tetrahydrothiophenium leaving
group. Devices of different thicknesses (d) of area (A) were prepared by shadow masked Al or Au



deposition. IV characteristics were measured using a Keithley 237 source-measure unit. DLTS
measurements were carried out using a Solartron Schlumberger SI1260 Impedance/Gain-Phase
Analyser. Temperature measurements (accuracy #0.1K) were conducted using an Oxford
Instruments CCC1204 closed cycle Helium exchange gas cryostat.

RESULTS AND DISCUSSION
1. CURRENT-VOLTAGE CHARACTERISTICS
Assuming an ITO work function of approximately 4.8eV, the measured ionisation
potentials and electron affinities of PPV and the dialkoxy PPV copolymer give estimated barriers
to hole injection at the ITO/polymer interface of approximately 0.3 and 0.4eV respectively and
electron injection at the polymer/Al interface of 1.6 and 1.1eV or at the polymer/Au interface of

. 2,8 .. . . L . - .
2.5 and 2.0eV respectively.””~ Given in most organic materials including PPV the positive carrier
mobility Wp is greater than the negative carrier mobility Hp, it can be assumed that in all of the

devices the positive carrier density p is greater than the negative carrier density n.” The
photoluminescent efficiencies of PPV and the dialkoxy PPV copolymer are approximately 25%
and 23% respectively. However, the electroluminescent (EL) external efficiency of the
ITO/polymer/Al devices are only approximately 0.002% and 0.01% respectively, whilst those of

the ITO/polymer/Au devices are at least an order of magnitude lower.z’ Given that the EL
efticiencies of ITO/PPV/Ca devices and state-of-the-art three layer devices are of the order of

0.1% and 1% respectively again emphasizies that in the devices in this work p>>n.2

dialkoxy PPV

\ PPV

(m:n=1:19)

Fig. 1 Chemical structures of PPV and dialkoxy PPV.
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Fig. 2. Variation of the current density J with applied bias V for a 90nm thick ITO/ dialkoxy PPV
copolymer/Au device.



Capacitance-voltage and impedance measurements show that both the PPV and dialkoxy

PPV copolymer devices are fully depleted.3’8 The JV characteristics of the devices of both
polymers are also in disagreement with the predictions of Fowler-Nordheim tunneling theory for

’

injection into an insulator.
Measurements of photogeneration and transport show that the ITO/PPV contact is

Ohmic.” Experimental and theoretical results also suggest that if the barrier to carrier injection at
one (or both) of the injecting electrodes is less than about 0.3 to 0.4eV, conduction in single layer

organic LEDs will be bulk limited.3’5 It should therefore be expected that in all the device
structures studied in this work the JV characteristics are dominated by the bulk limited transport of
positive carriers.
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Fig. 3(a). Variation of m with T for the power law fits to the high applied bias JV characteristics

of the ITO/PPV/AI devices (® 90nm, ® 130nm), ITO/dialkoxy PPV copolymer/Al devices (4
150nm, A 240nm) and ITO/dialkoxy PPV copolymer/Au devices (O 70nm, 0 90nm, A 130nm)

LI B Y L L N L N L S L L B B

K.(d/100nm)™ (Aecm™ V™)

I N O I

-
TTT T T T T T T T T T T TTT]

oo b v by by

0 5 10 15 20
m

Fig. 3(b). Variation of K/dOLm (d in units of 100nm) with m for the power law fits to the JV
characteristics for all of the devices (symbols as Fig. 3(a)). The values of o used are those in the
text.

The JV characteristics of the ITO/PPV/AI devices and those of the ITO/dialkoxy PPV
copolymer/Al and Au devices are reported in detail in ref.’s 3 and 8 respectively. Typical results
for all devices measured is shown in Fig. 2. Two distinct regions can be seen in a log-log
representation; a low applied bias region with a small slope, and a high applied bias region with a
much larger slope. In terms of SCLC, the different regions would be explained in terms of either a
change in the field dependence of the mobility and/or the movement of the Fermi level through
different trap distributions in the carrier energy gap. The main difference between the



ITO/dialkoxy PPV copolymer/Al and Au devices is the thickness dependency discussed below and
that the Au cathode devices require about twice the applied bias to produce the same current as
the Al devices. This indicates that although the majority positive carrier current may dominate the
characteristics of the Al cathode devices, a more detailed study must take into account the small
negative carrier current.

The experimentally observed JV characteristics in the high applied bias regime can be
analysed in terms of a power law:

J=Kv™ (1)
where K is a constant. This has three properties: (i) the exponent m increases with decreasing
temperature T (see Fig. 3(a)); (ii) log (K) is proportional to m; (iii) the power law prefactor K is

proportional to d_am, where d is the polymer film thickness and o is a constant (see Fig. 3(b)).
The value of o for each device structure was found by varying it’s value until the best line fits of

Iog(KJd_am) against m coincided. For the Al cathode PPV and dialkoxy PPV copolymer devices,
o = 2.1+0.3 and 1.9£0.3 respectively. For the Au cathode dialkoxy PPV copolymer devices, o =
0.840.1.

2. SCLC WITH AN EXPONENTIAL TRAP DISTRIBUTION

In this SCLC theory carriers are trapped by an exponential distribution of traps which lie
beneath an isolelectronic distribution of transport states. As the Fermi level rises through the
energy gap, trap sites below it become effectively permanently filled, no longer trapping carriers
and resulting in a rapid increase of J with increasing V. The theory predicts that the JV
characteristics should follow the power law Eq. (1) where the constant K is given by:

. l I+1
_ elsin(m/l) (2[+1) —(21+1)
K= Noogtt q[ o(/DH, (L + 1)J [ (+1) } d @)

where NpQS§ is the effective density of states, | is the mobility in the transport states, g is the

trap degeneracy and Ht is the total trap density. The power law exponent m is related to the
characteristic energy E¢ of the exponential trap distribution by:

m=l+l=(&)+l (3)
kT

so that the power law exponent m increases with decreasing temperature T. As previously shown,

modelling of Eq. (2) predicts that log (K) is proportional to m.3 Also, Eq.'s 2 and 3 predict that K

2m-1

is proportional to d_( /. Given the experimentally observed values of m of between about 4

and 19, (2m+1)=2m, so that K is effectively proportional to d-2m' Therefore, SCLC theory with an
exponential trap distribution is in very good agreement with the experimental JV characteristics,
predicting a power law behaviour with the observed properties (i), (ii) and (iii).

However, this raises a number of questions. Firstly, the value of o predicted by this
theory is =2. This is in very good agreement with the Al cathode devices, but not with the Au
cathode devices. This is suprising as the theory is a single carrier model and would have been
expected to be in better agreement with the Au cathode devices. Secondly, the broad optical
absorption spectrum found for these materials suggests that the transport states should be
distributed in energy, unlike the physical picture upon which the theory is based. Thirdly, other
energetically disordered materials have a field and temperature dependent mobility, while this
theory assumes a constant mobility.

Also, the experimental variation of m with T requires E¢ to also vary with T, decreasing

with decreasing temperature.” This can be explained in terms of the trap distribution being a

steeper function of energy than that of a single exponential.3 However, this could be treated as a
deviation of experiment from theory.

Evidence for the existence of an exponential trap distribution in these materials comes
from transient conductance measurements of PPV, the value of the distribution's characteristic
energy Et of 0.15eV agreeing very well with that found by modelling the JV characteristics of the

same devices using Eq.'s (1) and (3) in this work.3 Modelling of time-of-flight transient
measurements of poly(1,4-phenylene-1,2-diphenoxyphenyl vinylene) (DPOP-PPV) also show the

presence of an exponential trap distribution with E¢ of 0.04eV.



3. SCLC WITH A HOPPING TRANSPORT MOBILITY
In xerographic materials the transport states are energetically disordered, carrier transport
occuring by hopping between discrete molecular sites. The mobilities as measured by the time-of-
flight (TOF) technique have been successfully fitted by Baissler, Borsenberger and coworkers to a
temperature T and field F dependent mobility of the form:

wexp (20) oY _y
u(T,F)—uoexp[ (3ij jeXP Co‘/ﬁ[(k,r) z ) (4)

where simulations give ¢ as the width of a Gaussian distribution of transport states and X as the

. . - L . .11 .
level of off-diagonal disorder due to variations in inter-site coupling. An alternative
phenomenological equation sometimes used is that proposed by Gill:

WT,F) = uoexpL- kﬁo )exp(ﬁ JE j (5)

off KTegr
and:
1 1 1
—=- (©)
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where Aq is the zero-field activation energy and T* is the temperature shift factor.11 Given that
the conjugated polymers used in this and other works are energetically disordered, it has been
suggested that the carrier tranport should be very similar and that the mobilities should follow

Eq.’s (4) or (5) and (6).5’6’7 Here we explore this possibility for SCLC.
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Fig. 4. Calculated JV characteristics for SCL conduction with a field and temperature dependent
mobility given by the Bissler type formalism (Eq. (4)) with uo:lo'2 1s,'l, 0=0.1eV, =2

and c0=3x1o‘4cm” 2y "2 4nd with gr=3. This is calculated for d=100nm at kT=0.025 (®), 0.020

(Q), 0.015 (A), 0.010 (A) and 0.005eV (W) (T=290, 232, 174, 116 and 58K respectively).
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The SCLC modelling involved simple numerical integration over a range of different
fields F, a value of the current density J(F) for a given applied bias V(F) being calculated at the
exit electrode. Typical parameters for xerographic materials and for the few values estimated for

conjugated polymers were used with Eq.’s (4) or (5) and (6).6’ 10-13 Fig. 4 shows typical results
for the Béssler type mobility. Using the Gill type mobility produced very similar JV
characteristics. At high temperature and at low applied bias (V<1V) the characteristics follow a
slope slightly higher than that given by Child’s law of 2 expected for a field independent mobility.
The slopes of the curves continuously increase with increasing applied bias and decreasing
temperature. It is possible to fit all of the JV characteristics to the power law Eq. (1) over a small
range of applied bias. This is shown in Fig. 5 for the Bassler type mobility. The deviation from the
power law is apparent and the quality of the fit decreases with the decreasing slope of the curve.
However, for comparison with experiment and as a first approximation, the curves can be fitted to

Eq. (1).



Values of K and m were found by fitting the JV characteristics to Eq. (1) for applied bias
between 10 and 20V. It is found for both the Bissler and Gill type mobilities that the power law
exponent m increases with decreasing temperature as well as decreasing device thickness, that

log(K) is proportional to m and that K is proportional to d-ocm. o varies between 1 and 2
depending upon the parameters put into Eq.’s (4) or (5) and (6), and also increases with
increasing device thickness d. Unfortunately the experimental range of d values used is not large
enough to discover whether o varies with d, and the scatter in Fig. 3(a) means that it is not
possible to say whether the increase of m with decreasing d occurs experimentally. Therefore,
SCLC theory with a hopping transport mobility, using typical parameters for the variables, is also
in good agreement with the experimental JV characteristics, predicting a good approximation to a
power law behaviour with the observed properties (i), (ii) and (iii).
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Fig. 5. The calculated JV characteristics for SCL conduction with the mobility given by the
Bissler type formalism (Eq. (4)) with parameters as Fig. 4. This is calculated at kT=0.015eV
(T=174K) for d=50 (®), 100 (O) and 200nm (A ). Lines are power law fits to the characteristics
from 10 to 20V of applied bias.
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Fig. 6. Variation of the exponent m with temperature T for the power law fits of the calculated JV
characteristics for SCLC with a mobility given by the Bissler (®) and Gill (M) type formalisms
for d=100nm and for the power law fits of the experimental JV characteristics of the ITO/PPV/Al

devices (Q), ITO/dialkoxy PPV copolymer/Al devices () and ITO/dialkoxy PPV copolymer/Au
devices (A) as shown in Fig. 3(a).

However, as for the exponential trap distribution model, there are problems with this
approach. Firstly, the JV characteristics can only be fitted to a power law over about 2 orders of
magnitude ‘in J, while the experimental results in this work can be fitted for up to 4 orders of
magnitude. Secondly, the values of K are between 2 and 6 orders of magnitude larger than the



values found experimentally, suggesting that if this model is correct then a large amount of
trapping within the energy gap is still required. Thirdly, as is shown in Fig. 6, although the values
of m calculated for both the Bissler and the Gill type mobilities appear to be in good agreement
with the temperature variation of the experimental values between about 180 and 300K, below
180K the theoretical values of m increase at a much higher rate and deviate strongly from
experiment. Fourthly, it is not possible to fit both the low and the high field regimes observed in
the JV characteristics as this would require an abrupt and discontinuous change in the field
dependence of the mobility. Although off-diagonal disorder in some xerographic materials can
produce such an abrupt change, the decrease of the mobility with increasing field at low bias

would not fit the results presented here.

Unfortunately there is also relatively little experimental data from time-of-flight (TOF)
measurements about the field and temperature dependence of the mobility in conjugated
polymers. This is mainly due to this research area being relatively new and also the highly
dispersive nature of the transients measured for most materials to date. TOF measurements of a
poly(1l,4-phenylene-1,2-diphenoxyphenyl vinylene) (DPOP-PPV) and transient

electroluminescence measurements of PPV do show loguoc«/ﬁ.lo’ 14 However, TOF

measurements of PPV appear to fit a logue<F field dependence better and measurements on

poly(2-phenyl-1,4-phenylenevinylene) (PPPV) appear to show a logue<—logF field dependence,

the mobility decreasing with increasing field.n’13 The variation with temperature for conjugated

polymers of the TOF mobility appears to follow either an Arrhenius (logpe<1/T) or super-Arrhenius
10,12,13 The TOF

measurements were all recorded for fields below 5x105ch—1 (the transient luminescence

(loguocl/Tz) relationship, which is consistent with Eq.'s (4), (5) and (6).

measurement up to 106ch-1) and for temperatures above 234K. The experimental and modelling

analysis in this work using Eq. (1) was carried out for F(x:d)>5x105ch-1 and for T between 11
and 290K. Hence, although there is experimental evidence for a field and temperature dependent
mobility in these materials, whether it follows Eq.'s (4), (5) and (6) still remains debatable, in
particular at high fields and low temperatures.

Also, ne possible explanation of the deviation of experiment from theory at low
temperatures is that transport has become dispersive. Dispersion occurs because the carriers do not

. . o . 11 . .
have time to fully relax in the transport state distribution before transiting the sample.” "~ In this regime
theoretical modelling and experiment give an apparent mobility, as measured by the transit time
of the fastest carriers, of the form:

d (1—]/0(3)
) (7

F
where L is a constant and o3 is a parameter describing dispersive transport.11 In the steady state
regime the mobility would be expected to be the average value rather than that of the fastest carriers.

However, if it is assumed that the steady state mobility does indeed follow Eq. (7), then for SCLC the
JV characteristics should follow:

“App = HO(

T-u 8(m+ npm ovmoooynm ®)
Ilat( g« _

where m = 1/a3+1. This is of course exactly the relationship found experimentally between J, V
and d for large m for the Al cathode devices. One possible explanation is that because in SCLC
all states at the injecting electrode are occupied, the carriers at the highest energies in the density
of states distribution may never have time to completely relax crossing the device. As these are
the fastest carriers, they may end up dominating the SCLC mobility with the result that the field
and thickness dependence given by Eq. (7) still holds in the steady state.

4. MIXED SCLC MODELS
Two different mixed SCLC models were also considered.The first considered SCLC with
an exponential trap distribution but with field-assisted detrapping from that distribution. This was
taken to be of a Poole-Frenkel form with a mobility given by:

q)B ) (qI /7128)
F) = _XYB N\ 9
W(T,F) uoexp( m exp ™ )



where ¢B is the trap depth. It was assumed that the traps which dominate conduction at a given
moment are those at the Fermi level EF, so that EF = ¢B. The second model considered SCLC
with a hopping transport mobility but also with an exponential trap distribution. Both models
involved numerical integration as in Section 3. All of the JV characteristics reproduce the main
features found for the SCLC with a hopping mobility model: they can be fitted over a small bias
range to a power law and reproduce the experimentally observed features (i), (ii) and (iii), but
with m and o also varying with d.

However, in both models the slope m increases more rapidly with temperature than that
found in the hopping mobility models, thus exasperating the deviation from experiment. Secondly,
both models may be criticised as being physically unreasonable in assuming that all of the
transport states lie at a single energy.
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5. SCLC WITH A BROAD TRANSPORT STATE DISTRIBUTION

One of the criticisms of the SCLC models which involve an exponential trap distribution
is that they all assume that the transport states are isolectronic. This results in a relationship



between the free carriers nf in the isoelectronic transport states and the trapped carriers n¢ in the
exponential trap distribution (free carriers carry the current, trapped carriers do not) of the form:
—anl
nf = @nt (10)
where [ is given by Eq. (3) and:

[
/I
@:Nm{~l£l—J (1)

gH, sin(m/l)

It is from this power law relationship that all of these models are derived. However, if the
isoelectronic transport states are replaced by a Gaussian distribution as shown in Fig. 7(a), then
the resultant relationship between nf and n¢ is shown in Fig. 7(b). Over about 4 or 5 decades of nr,
Eq. (10) does indeed appear to be a good approximation to the relationship between the free and
trapped carriers. Hence, the SCLC models which involve an exponential trap distribution appcar
to work equally well with a more realistic Gaussian distribution of transport states.

The results in Fig. 7(b) also show that the slope of the curves vary with carrier density, so
that any deviations of the experimental JV characteristics from the power law Eq. (1) can be
explained in terms of some type of transport state distribution.

6. DEEP LEVEL TRANSIENT SPECTROSCOPY

It is apparent that all of the SCLC models are in general agreement with the
experimental observations and that it is very difficult to distinguish between them. The only way
to reliably do this is to independently measure the carrier mobilities and the presence of any traps,
and then use the resultant quantities in the SCLC models. Any information about these quantities
is therefore vital for any attempt at modelling transport in these materials.

One technique used to study traps in inorganic semiconductors is deep level transient
spectroscopy (DLTS). Traditional DLTS requires the presence of a depletion region. However, nearly

all polymer LED devices are fully de:p]eted.:«;’8 One notable exception are the thick (=500nm)
ITO/poly(phenylene vinylene) (PPV)/metal devices constructed by the group at Universitdt Bayreuth.
These contain enough extrinsic "accidental” dopants to form a depletion region type Schottky barrier at

the polymer/metal imerface.15 InCl3 compounds are produced during the thermal conversion of the
PPV precursor on the ITO substrate.17 These act as p-type acceptor dopants with a typical density Ny

of between 1016 and 10l 7cm_3. Typical ITO/PPV/ALl devices have a diffusion potential Vg of between

1.1 to 1.5eV and a depletion region width wq of between 50 and 150 nm.lS’17

In the DLTS technique, the device is held under a quiescent bias VQB at which it will
have a a depletion region width wg. A positive voltage pulse V is then applied, decreasing the
depletion region width. Any traps which intersect the Fermi level in the depletion region will be
pulled beneath it and filled. When the positive bias is removed, the depletion region will expand
back towards wq and the trap levels which have been filled will rise above the Fermi level. These
will then empty at a rate depending upon their depth beneath the transport states. The depletion
region width depends upon the amount of charge stored within the depletion region. Hence, as the
traps empty, the width will slowly return to the value it had under VQB before the voltage pulse
was applied. The width is directly related to the measured capacitance C. Hence, the variation of
the capacitance with time can be used to measure the decay of trapped charge within the
depletion region.

For emptying of a single majority carrier trap level (for Ng>>Ny):

1 X —x
C(t)=C 1- (i 12
() =C(w,) 2(Na_Nt){ - }n() (12)
n(t) = N exp(—e 1) (13)
GC'I N[)()Q<v> ( E )
e =—2 22 “exp| —— (14)
! g kT

where Ny is the acceptor dopant density, Ny is the trap density, x| and x are the two positions in the
depletion region between which the traps are filled, e, is the trap emission rate, Et is the trap energy,



Gcap is the trap capture cross section, NpQS is the density of transport states, <v> is the carrier
thermal velocity and g is the trap degeneracy.

].90510-91lllllll1l|llllIIIIIIIT

—

1910 °

I L

2 ;
o 189510

&

T T 1T

1.8910 °

""“h

v b e b oy

w5 Toaheg T

v by by e b by ey

1.885 10 °
0 510" 110° 1510° 210° 2510°

t (s)
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Typical results are shown in Fig. 9. Capacitance-voltage measurements gave Nj of

3x1017cm-3 and V4 of about 2V for these devices. The DLTS transients last for over 4 minutes,

indicating that the traps are very deep in the energy gap. The capacitance increases with time,
indicating that these are majority carrier p-type traps. On a log-log representation it is clear that the
transients are non-exponential. Therefore, the transients cannot be modelled on a single energy trap
level emptying to isoelectronic transport states. Instead, either the traps or the transport states must be
distributed in energy.

These results have been modelled on the physical situation shown in Fig. 10 of an
isoelectronic trap level emptying to a Gaussian distribution of transport states. The charge n(t) in
the trap states time t is calculated by integrating over a Gaussian distribution of emission rates:

n() = [N, (E Jexp(-e,(E E, (15)
The capacitance C(t) at time t is then calculated using Eq. (12). The model assumes that there is
Gca.pNDOS<V>

no retrapping and that the attempt-to-escape frequency is constant.
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Fig. 11. Calculated capacitance transients for the emptying of an isoelectronic trap level to a
Gaussian distribution of transport states. For a Gaussian width o = 0.1eV, kT = 0.025¢V,
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The resultant capacitance transients are shown in Fig. 11 on a log-log representation. It is
found that the slope of the linear region on this log-log representation increases with increasing
temperature T, increasing trap density Nt and decreasing Gaussian width ¢. Assuming that ¢ lies

10 14 -1
between 0.06 and 0.12eV and the attempt-to-escape frequency lies between 10 and 10 s
modelling the experimental C(t) transients shown in Fig. 9(b) on the linear region of the log-log

16 -3
representation gives Et = 0.8+0.1eV and N¢= 4%1x10 cm . The value of E¢ is in very good
agreement with thermally stimulated current measurements of traps associated with the presence of
16
oxygen in similar devices. Conductivety and positive carrier time-of-flight measurements in similar
13,18

devices also have the same activation energy.

7. CONCLUSIONS
Different single carrier space charge limited conduction (SCLC) theories, involving
either an exponential trap distribution or a hopping transport field and temperature dependent
mobility or a combination of both, have been used to try and explain the current-voltage
characteristics of ITO/polymer film/Al or Au devices of poly(phenylene vinylene) (PPV) and a
dialkoxy PPV copolymer. All of the models are in good agreement with the general experimental



results, but all can be criticised on a number of specific issues. The models are also very difficult
to distinguish between each other. The only way to resolve the nature of SCLC in these materials
is by experimental measurements of the field and temperature dependence of the mobility and the
depth and density of any traps in the energy gap. Deep level transient spectroscopy (DLTS)
measurements have identified at least one positive carrier trap in PPV devices, and this must be
taken into account in any future modelling.
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