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The role of doping and trap states for charge carrier transport in light-emitting devices based on unsubstituted
poly(p-phenylenevinylene) (PPV) was investigated and charge carrier mobilities were determined by different
techniques. Using temperature dependent impedance spectroscopy and thermally stimulated currents, the
energetic depth and density of states created by doping of PPV during device fabrication on different substrate
materials were determined. It was found that the conversion of PPV on indium—tin oxide (ITO) substrates
creates shallow traps with a depth of about 0.1-0.2 eV, which are responsible for the p-type doping of PPV
and govern the room temperature device characteristics. The total density of ionized acceptors at room
temperature is of the order of 101°~10'7 cm~3. The temperature dependent behaviour of electrical transport
quantities such as conductivity and mobility is dominated by deeper states with energies in the range 0.6-1 eV.
Their density can be varied by applying a vacuum to the devices. The charge carrier mobility in PPV was
determined by the time-of-flight (TOF) method on devices with the configuration ITO/PPV/AL which is
typically used in light-emitting diodes. Hole mobilities in the region of 107> cm? V™! s~ ! at room temperature
for an electric field of about 10° V cm ™! were obtained. Field and temperature dependent TOF measurements
yielded an exponential increase in the mobility with increase in the applied field and thermally activated
behaviour with activation energies between 0.4 and 0.7 eV on different samples. The values of the mobility at
room temperature are consistent with space-charge limited currents, but considerably larger than the values
from transient electroluminescence measurements. This indicates that the transit times obtained by the latter
method are dominated by the much lower electron mobility rather than by the hole mobility. Assuming
luminescence quenching within a distance of 20 nm of the Al contact, an electron mobility of about 10™8 cm?

V~!s7! can be estimated at room temperature and fields in the region of 10° V cm

I. Introduction

In the last two decades, the semiconducting properties of con-
jugated polymers have been intensively studied because of
their potential applications in electronics. Field effect tran-
sistors and Schottky diodes have been fabricated from a
variety of materials.”*> More recently, light-emitting diodes
(LEDs) based on conjugated polymers have attracted con-
siderable interest for large area displays.>~7 Poly(p-phenylene-
vinylene) (PPV) can still be regarded as the prototype
luminescent conjugated polymer and together with its many
derivatives has proved to be one of the best performing
materials for polymeric electroluminescent devices.®~'! In all
of these applications the transport mechanisms in the polymer
layer and the nature of the contacts between the electrodes
and the polymer are of great importance.

For devices based on PPV and its derivatives, both injec-
tion and bulk dominated mechanisms have been proposed as
the relevant processes for the current-voltage behaviour.
Parker!? was able to fit the current—voltage characteristics of
indium—tin oxide (ITO)/poly-[2-methoxy-5-(2"-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV)/metal devices using
Fowler—Nordheim tunnelling of holes. The barrier heights
obtained correspond to the difference between the work func-
tion of ITO and the ionization potential of MEH-PPV.
Similar behaviour was also observed for PPV devices at
higher electric fields.!®> The application of tunnelling theory
for charge carrier injection assumes an insulating material
with rigid energy bands forming a neutral contact with the
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metal electrodes. Band bending effects, e.g., due to image force
barrier lowering (Schottky effect), only occur within a small
distance of the interface.

It has been shown recently by the Sheffield group!* that
Fowler-Nordheim tunnelling cannot satisfactorily describe
their data on thin (d &% 100 nm) ITO/PPV/Al devices.
Although reasonable values of the hole barrier (0.3 eV) were
obtained in the high field regime, the theory cannot account
for the observed temperature dependence, the thickness
dependence and the magnitude of the current at a given bias.
Instead, they could fit their device characteristics very well by
space-charge limited conduction with an exponential distribu-
tion of traps with a characteristic energy of 0.15 eV and a trap
density of 5 x 10'7 cm™3. On the other hand, the Philips
group were able to describe their current—voltage character-
istics of dialkoxy-PPV based devices by space-charge limited
conduction with a hopping transport mobility without the
need for explicitly involving traps.!-1¢

Previous work by our group on thicker (d > 200 nm) ITO/
PPV/Al devices has shown that a Schottky barrier with a
depletion layer of width 50-150 nm is present at the Al/PPV
interface.!”'® From capacitance-voltage measurements, an
acceptor dopant concentration in the order of 10'7 ¢cm™3 was
determined. The occurrence of doping in PPV devices is not
unexpected, since in the used precursor route to PPV the con-
version of the deposited precursor polymer film to the conju-
gated PPV is performed at elevated temperatures directly on
the electrode used for hole injection in LEDs. The precursor
leaving groups (especially HCI) can easily react with the ITO

1769



substrate forming InCly, which in turn can diffuse into the
PPV layer and oxidize (dope) the polymer. The chemical reac-
tion at the ITO substrate has been proved by energy-
dispersive X-ray analysis!® and the subsequent diffusion by
secondary ion mass spectrometry (SIMS).2° A comparison of
different substrate materials has shown that the degree of
doping resulting from such chemical reactions depends on the
reactivity of the substrate material.>* While PPV devices on
Au substrates did not show measurable doping, in devices on
ITO an acceptor dopant concentration of about 107 c¢m™3
was found. Thus we could identify the usage of ITO anodes as
a major source for doping in PPV devices. This doping is
responsible for the formation of a Schottky contact at the
interface between PPV and metals such as Ca or Al.

From this brief survey of literature data, it is obvious that
within the same class of materials and even on nominally the
same PPV prepared by the tetrahydrothiophene leaving group
precursor route, different device characteristics are observed
and described by different models. Hence, in order to compare
different materials, device characteristics and their modelling,
it is necessary to obtain quantitative information about the
energy and concentration of gap states involved in transport
and also the charge carrier mobilities. In this paper we review
our recent results on devices based on PPV prepared by the
precursor route which were obtained by temperature depen-
dent impedance spectroscopy,?? thermally stimulated
currents?® and different methods for determining charge
carrier mobilities.?#2°

II. Impedance spectroscopy

Impedance or dielectric spectroscopy is a powerful tool to
study relaxation and loss processes in organic and inorganic
materials, both in solution and in the solid state.26—2° It
allows one to study not only material parameters such as the
frequency dependent complex dielectric constant (or equiva-
lent the complex conductivity), but also the influence of inter-
faces between two different materials. The application of bias
allows additional measurement techniques such as
capacitance—voltage spectroscopy, which is a well established
method to investigate depletion regions and the correspond-
ing doping or trap concentrations in semiconducting
materials.

For the analysis of the data it is important that there are
different but equivalent impedance and admittance represen-
tations. The quantities obtained directly in impedance spec-
troscopy are the real and imaginary parts of the frequency
dependent complex impedance:

du
—=Z 4,2 1)

7=
df

Further, one has the dielectric function é(w) defined by

1

€= oo wZ(Ald)

=¢ + ¢ 2
where ¢, is the vacuum permittivity, d and A4 are the thickness
and the active area of the sample, respectively, and w is the
angular frequency.

A. Temperature dependence of the dielectric function

Fig. 1 shows the spectrum of the frequency dependent dielec-
tric function of an ITO/PPV/Al diode with a thickness
d =700 nm and A = 25 mm? at zero bias U = 0 V. The ima-
ginary part of the dielectric function &"(w) shows four maxima
at room temperature which have to be attributed to relaxation
processes. The first of these processes lies at a frequency of
about 2 x 10° Hz and is virtually independent of temperature.

1770

1.5

MRALL BB AL aeail e

ITO/PPV/AI

e
282K -
262K
244K
222K
206K ]
186K |
168K
145K |

b0 o » a9 o + x x

okt s s i s saand s sl Lo

6
4
2
0 L n "
10" 10° 10" 10° 10° 10" 10° 10° 10
f/Hz

Fig. 1 (a) Imaginary and (b) real parts of the dielectric function € of
an ITO/PPV/Al sample (d = 780 nm, A = 25 mm?) at different tem-
peratures. There exist several clearly resolved maxima in &”, which
have to be attributed to relaxation processes. These processes are
more smeared out in ¢, which does not achieve saturation at the

lowest frequencies. The solid lines are fit curves described in the text.
Reprinted with kind permission from ref. 22.

The second and third processes lie at room temperature
between 2 x 10* and 3 x 10° and between 1 x 10? and
4 x 10> Hz, respectively. Both of these processes are tem-
perature dependent; they move to lower frequencies with
decreasing temperature and at low temperature they cannot
be completely observed in the measured frequency window.
The real part of the dielectric function & decreases contin-
uously with increasing frequency. Although one can see differ-
ent relaxation processes also in ¢ (i.e., hints of steps), they are
much more smeared out than the maxima in ¢”. At 0.1 Hz ¢
does not reach a saturation value in the measured tem-
perature range. The decrease in &' or the maximum of &’ above
10° Hz is not connected with processes in the diode but arises
from the no-load capacitance and the lead resistance of the
diode, as will be seen below. For the explanation of the two
other processes, a simple equivalent circuit consisting of a
series of two parallel RC elements used in previous work!” is
not sufficient since it does not contain two thermally activated
processes resulting in the observed shift with temperature. It
has been shown instead that it is the inhomogeneity of the
PPV bulk which gives an explanation for these processes.
Hence an additional RC element ascribed to a second process
in the PPV bulk is necessary to account for the observed
behaviour. The corresponding equivalent circuit is shown in
Fig. 2. The PPV device fabrication can lead to bulk inhomo-
geneity. Because PPV is insoluble, in our preparation route a
prepolymer is used for film fabrication which has to be ther-
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Fig. 2 Equivalent circuit used to model the behaviour of the dielec-
tric function shown in Fig. 1.



mally converted to PPV. During the conversion, aggressive
leaving groups such as HCl and tetrahydrothiophene are
formed which can react with the ITO substrate to form com-
pounds such as InCl; that can further oxidize (dope) the PPV.
Since the oxidizing agents are mainly formed at the interface
to ITO, it is expected that a gradient in doping will exist in
the PPV film with the highest value at the ITO. Such a gra-
dient of In and Cl is evident from the above mentioned SIMS
measurements. Consequently, one cannot expect a constant
conductivity profile throughout the whole PPV film.

According to the equivalent circuit shown in Fig. 2, the
complex impedance is given by

. 1
Z =R —_— 3
ot LR + oG, ©
Then from eqn. (2) one obtains the dielectric function as
C 1 -t
é =|joC,,, R e 4
T rrerd I

with C,,~! =%,;C;”'. As described in ref. 22, one can now
introduce distribution parameters «; to account for the
gradual change of the conductivity profile throughout the

PPV layer, leading to the following dielectric function:

3 [( C,.o Ro)* + Caco !
€ = | (JwC,, Ro)™ 5
& C; 1+ (wC;R)™™

C 1 C 1

geo

-1
_go OO OO geo - 5
C, TH(wGR) ™ T G, 17 Gat, th“h] ©)

This dielectric function is similar to the commonly used Cole—
Cole dielectric function to describe dielectric relaxation pro-
cesses in disordered media. There the distribution parameters
a; correspond to a distribution of relaxation times due to dif-
ferent local environments. However, in our case, it is clear that
the distribution parameters o; are caused essentially by the
inhomogeneity of the PPV conductivity. As can be seen from
the lines in Fig. 1, this equation yields reasonable fits over the
whole temperature range. The fit parameters obtained are
given in Table 1. We note that the identification of relaxation
processes observed in the dielectric function with RC elements
in an equivalent circuit such as that used here is not necessar-
ily unique if arbitrary numbers for R, and C; are involved.
However, as one can see from the data in Table 1, all capac-
itances involved are in the same range so that the position of
the relaxation process on the frequency axis is simply given by
the corresponding resistance and thus the assignment is
unique.

The physically most important parameters from these fits
are the dielectric relaxation times t; = R;C;. They are con-
nected with the dc conductivity © = g ¢,/4.. Because the dc
conductivity of PPV is thermally activated, we expect that the
dielectric relaxation times of the two bulk processes, 7, and t;,
show the same behaviour. In Fig. 3 an Arrhenius plot of the
bulk conductivities o, and o, calculated from the relaxation
times 7, and 7, by g, = g, &/1; is presented; o, and o, corre-
spond to the lower and higher conducting bulk sublayers,
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Fig. 3 Directly measured dc conductivities of an ITO/PPV/Al and a
Au/PPV/Au sample in comparison with the low and high conductivi-
ties calculated from the relaxation times which are obtained from
fitting the dielectric function of the ITO/PPV/Al device (of Fig. 1) and
the same for a free-standing PPV film (only one relaxation process is
seen in this case). Reprinted with kind permission from ref. 22.

respectively. The slope of the linear fit of In g, versus 1/T
results in an activation energy E! = 0.4 eV. g, yields a slightly
higher activation energy E. =0.44 eV. In Fig. 3 the tem-
perature dependence of the conductivities for the high and low
conducting regions are compared with three other indepen-
dent measurements. First the same spectroscopic method is
applied to a free-standing PPV film sandwiched between two
gold plates. In this case only one thermally activated process
(activation energy about 0.6 eV) is obtained and the value of
the conductivity is much smaller. Further, for two different
samples the results of direct dc conductivity measurements are
given. One of them also has the ITO/PPV/Al configuration
and is comparable to that in Fig. 1 and the other is an Au/
PPV/Au device. The agreement between the direct dc conduc-
tivity measurements and the data calculated from the
dielectric relaxation times regarding the activation energy and
also the absolute numbers of the conductivity (with the value
of o, calculated from ; for the ITO/PPV/AIl device) is excel-
lent. At room temperature the conductivities of the higher and
lower conductive bulk sublayers are about 10~7 and 107° S
cm ™!, respectively. The value 4 x 107° S cm ™! of the dc con-
ductivity, which measures the sum of both bulk sublayer
resistances and hence the mean conductivity weighted by the
widths of these sublayers, is only slightly higher than ;. Both
the free-standing film and the Au/PPV/Au sample have nearly
the same and larger activation energy of about 0.6 eV and
their conductivity at room temperature is about three orders
of magnitude lower than that of PPV on ITO. Both results
indicate the role of ITO in the unintentional doping process
during the preparation of the ITO/PPV/Al diodes leading to
an increase in the conductivity and a lowering of the activa-
tion energy to about 0.4 eV.

B. Temperature dependence of the ionized acceptor dopant
concentration

In the preceding subsection we have shown that detailed
information on the internal structure of the PPV layer in the

Table 1 Parameters obtained by fitting eqn. (5) to the experimental data depicted in Fig. 1

Parameter 186 K 206 K 222K 244 K 262 K 282 K
C/nF 3.63 525 4.76 4.77 4.73 3.24
R/Q 2.08 x 10° 2.99 x 107 5.37 x 10° 8.51 x 10° 1.63 x 10° 6.2 x 10*
oy 0.36 0.50 0.55 0.56 0.62 0.57
C,/nF 2.58 2.43 2.20 2.28 2.63 2.46
R,/Q 3.63 x 106 3.45 x 10° 5.25 x 10* 9.06 x 10® 2.59 x 103 7.79 x 107
oy 0.76 0.76 0.76 0.80 0.84 0.83
Cyeo/nF 0.76 0.77 0.78 0.71 0.74 0.80
R,/Q 73.24 70.81 68.13 69.15 65.00 69.80
o, 1 1 1 0.98 0.91 0.88
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Fig. 4 The reciprocal of the square of the capacitance as a bias
dependent function for an ITO/PPV/Al sample (d = 600 nm, A = 25
mm?) measured at 0.16 Hz at different temperatures. The acceptor
dopant concentration is obtained from linear fits according to eqn. (4)
between —5 and 1 V. Reprinted with kind permission from ref. 22.

diodes can be obtained by appropriately analysing the data
from dielectric impedance spectroscopy. More common for
semiconductor/metal contacts is the measurement of the bias
dependent capacitance of the depletion layer C;. Under the
assumption that at reverse bias the depletion layer resistance
is much larger than the serial bulk resistances, the junction
capacitance C; is approximately the total measured low fre-
quency parallel capacitance. For an abrupt junction the deple-
tion layer capacitance of a Schottky contact is given by3°

Co— 4 [LotNa™ )
’ 20U, —U)

where N,~ is the ionized acceptor concentration and Uy, the
diffusion voltage. Thus a linear plot of 1/C;* versus bias
voltage should give a straight line with a slope proportional to
1/N,~.

Fig. 4 shows the reciprocal of the square of the junction
capacitance of an ITO/PPV/Al sample (d = 600 nm) measured
at 0.16 Hz as a bias-dependent function for various tem-
peratures. Here the linear behavior of 1/C;*> versus bias
voltage in the reverse direction is clearly seen. This means that
the concept of a simple Schottky junction at the interface can
be applied to this device. All linear fits in Fig. 4 give a value of
about 1.5-1.7 V for the diffusion voltage, which is comparable
to our earlier results.!” In principle, one would expect to see a
reduction in the diffusion voltage with decreasing temperature
as the reduced effective dopant concentration leads to an
increased work function of the polymer. However, we note
that the determination of the diffusion voltage from the inter-
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Fig. 5 Temperature dependence of the ionized acceptor concentra-

tion for the sample in Fig. 4 and fits with eqn. (5) using two different

densities of valence band states. Reprinted with kind permission from
ref. 22.
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cept with the abscissa can be affected by several factors such
as bulk resistance or capacitance, leading to offsets of the data
on the voltage or capacitance axis. Additionally, since the data
were obtained from frequency dependent measurements at
fixed bias, as opposed to bias dependent measurements at
fixed frequency, we do not have enough data in the vicinity of
the diffusion voltage to make decisive statements about the
temperature dependence of the diffusion voltage. Nevertheless,
the tendency of the temperature dependence of N, ~ is signifi-
cant: with decreasing temperature (from 287 to 205 K) N,~
decreases from 1.4 x 107 to 6.9 x 10'® ¢m™3. The corre-
sponding depletion layer width at zero bias increases from
about 55 nm at room temperature to about 80 nm at 205 K.

One can obtain the temperature dependence of the ionized
acceptor concentration as in conventional semiconductors
from

o1 E, N, E,
No =—=N - 1— [1+4-2
AT Vexp( a T)[ \/ TN exp(kBT

)

where E, is the acceptor ionization energy, Ny the effective
density of states in the valence band and N, the density of
electrically active acceptors. For the sample shown in Fig. 4
we have the values for the density of ionized acceptors
N, (T) presented in Fig. 5. It should be noted that C; of all
our samples does not saturate at room temperature. This
means that the condition of complete acceptor ionization at
room temperature is not sufficiently fulfilled. Nevertheless,
assuming N,~ = 90% of N, at room temperature, one can
try to fit eqn. (7) to the calculated data for N, ~(T) shown in
Fig. 5. With Ny =5 x 10*! and 5 x 10%° cm™3,31:32 this fit
yields E, = 0.2 and 0.16 eV, respectively. Such low values are
in contrast to the activation energy obtained from direct dc
conductivity measurements and the relaxation times from
impedance spectroscopy (E, = 0.4 eV). However, the data
cannot be fitted using E, = 0.4 ¢V and Ny = 10*! ¢cm™3: for
these parameters N, ~ is only 2% of N, at room temperature.
From our data, one has to conclude that the characteristic
energies responsible for the transport in the PPV bulk (with
E, =04 eV for ITO substrates) and the temperature depen-
dent behaviour of the depletion layer (leading to an acceptor
energy E, = 0.16-0.2 eV) are significantly different. So far in
dc conductivity measurements by our group and others, acti-
vation energies between 0.4 and 0.9 V3335 (depending on the
substrate and environmental conditions) have been found with
no indication of acceptor states with energies lower than 0.2
eV.

III. Thermally stimulated currents

In order to obtain independent information about the energy
and density of gap states, we performed thermally stimulated
current (TSC) measurements on PPV LED structures. The
method of TSC has been widely used to determine the density
and energy distribution of trap states in inorganic semicon-
ductors, organic molecular crystals and polymeric photo-
conductors.3®=3° The experiment consists of filling the trap
states at low temperature either by passing a current through
the sample or by photoexcitation, then heating the sample in
the dark at a constant rate with or without an external field.
As the traps are released a current is measured and character-
istic peaks are observed. By integrating the released current
over time, the amount of trapped charges is obtained and
knowing the volume of the sample one can estimate the
average trap density. If the specimen is heated at a constant
rate f = dT/dt the measured current due to detrapping of car-
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Fig. 6 Comparison of TSC spectra of an ITO/PPV/Al and a Au/
PPV/Al device. Both samples were measured simultaneously after
identical trap filling. The spectrum of the ITO device can be fitted by
a superposition of two peaks. Reprinted with kind permission from

ref. 23.
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where n,, denotes the density of filled traps at the initial tem-
perature Ty, E, the trap depth and v the attempt-to-escape
frequency.

In order to determine the density and energy levels of states
created by the chemical reaction of the PPV precursor leaving
groups with the substrate, we performed TSC measurements
on devices with different anodes. Fig. 6 shows a comparison of
TSC spectra of ITO/PPV/Al and Au/PPV/Al devices in the
temperature range from 40 to 200 K. Both samples had a
PPV layer thickness of about 600 nm with an active area of
0.25 cm? and the trap filling was performed identically,
passing a current of 10 pA at 10 K for 5 min through the
device in forward bias direction (ITO positive). The curves
were recorded in the short circuit mode (without an externally
applied field) at a heating rate of about 5 K min~!. Whereas
there is no TSC signal detectable within our experimental
resolution (10713 A) when Au is used as the anode, the sample
with ITO clearly shows a peak at about 122 K. In several
measurement cycles we confirmed that this peak only
occurred when the traps were filled prior to heating the
sample. Thus, the elimination of PPV on ITO substrates
creates at least one trap state in the polymer which can be
detected with TSC. The TSC spectrum of the ITO sample was
fitted by a superposition of two TSC peaks as shown by the
solid line in Fig. 6. The least squares fit gives a trap depth of
AE = 0.18 eV (T,,,, = 122 K) for the narrow peak 1. For the
second underlying broader peak 2 a trap depth of about
AE = 0.03 eV is obtained. The values vary from sample to
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Fig. 7 Complete TSC spectrum of an ITO/PPV/Al device between

50 and 200 K (PPV converted in Ar atmosphere). Reprinted with kind
permission from ref. 23.
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sample typically between 0.03 and 0.05 eV for peak 2 and
between 0.13 and 0.18 eV for peak 1. The integral of the TSC
current I(¢) over time ¢ yields the amount of detrapped charges
Q,. If all traps are filled at low temperature the integral gives
the density of releasable traps. Q, saturates at a level of
25 x 10~° C, which corresponds to an average density of rel-
easable traps of n,= 1.2 x 10'® cm™3. This is in the same
range as the dopant concentration N,~ which we have
obtained from the capacitance—voltage measurements dis-
cussed before. These numbers suggest that the ITO related
trap states are responsible for the p-type doping of PPV and
hence for the observed Schottky-diode behaviour of ITO/
PPV/metal LEDs. In the case of the Au devices no such peak
structure is observable in this temperature range, which cor-
relates well with the absence of a voltage dependent capac-
itance and an increased bulk resistance of the LEDs with an
Au anode. The dopant concentration in PPV converted on Au
is estimated to be below 10*° cm~3 2!

In the TSC spectrum in Fig. 6 data were plotted only up to
a temperature of 200 K. Between 200 and 300 K further peaks
appear in the spectra independent of the chosen anode sub-
strates. As an example, we show in Fig. 7 the complete TSC
spectrum of an ITO/PPV/AI device between 5 and 250 K. In
addition to the already discussed peaks originating from the
reaction with the ITO substrate (peaks 1 and 2), there are two
narrow peaks in the temperature range above 200 K. The cor-
responding trap energies are about 0.9 and 1.0 eV for peaks 3
and 4, respectively. We have found that the relative peak
height, width and position can vary from sample to sample
and also depend on the device history. For the trap energies,
values between 0.6 and 0.9 eV for peak 3 and between 0.9 and
1.0 eV for peak 4 have been obtained. These energies are
similar to the activation energy obtained from temperature
dependent conductivity measurements as discussed before.
The small width of the TSC peaks 3 and 4 in Fig. 7 indicates
the existence of distinct trap levels. Nevertheless, a distribu-
tion of trap states cannot be fully excluded. However, the data
analysis used here does not allow us to make a quantitative
estimate of the width of the distribution. We note that such
deep trap states in PPV LEDs have recently been measured
independently by using deep level transient spectroscopy.*?
Trap depths of 0.8 eV and densities of 4 x 101® cm™3 were
found.

Our investigations have shown that the density of these
deeper states depends on the degree of exposure to air. The
trap density can be reversibly reduced below 10'° ¢m™3 or
enhanced to 107 cm ™2 by keeping the sample in vacuum or
ambient conditions. Thus we have evidence that a reversible
doping process by one or more components of air is
responsible for these deep states. Since reversible doping
effects by atmospheric oxygen have been reported for several
conjugated polymers (see, e.g., ref. 43), it is very likely that the
diffusion of molecular oxygen into the polymer and the sub-
sequent formation of polarons by a structural distortion of the
polymer chain are also responsible for the reversible doping
observed in PPV.

IV. Charge carrier mobility

Charge carrier mobilities were studied by the time-of-flight
(TOF) technique for two soluble PPV derivatives.*+*>
However, up to now the drift mobility could not be directly
measured in unsubstituted PPV because of a featureless
photocurrent decay. From their data, Meyer et al.*> could
only estimate an upper limit for the hole mobility of less than
1078 cm? V~! s~ 1. Therefore, our work was aimed primarily
at the direct determination of the drift mobility of carriers in
PPV and the investigation of the temperature and field depen-
dent characteristics of the mobility. In this paper, we present
results on the hole mobility in unsubstituted PPV obtained by
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the classical TOF method and compare these data with results
from space-charge limited currents and transient electrolumi-
nescence.

A. Time-of-flight measurements

The standard method to obtain charge carrier mobilities in
insulating materials is to measure the transit time of excess
carriers generated close to one electrode to reach the counter
electrode. In the conventional TOF method these carriers are
generated by illumination with a short ultraviolet light pulse.
Depending on the polarity of the electric field, only one type
of carrier will be accelerated towards the counter electrode.
Electrical injection by the contacts has to be excluded in this
experiment. For ITO/PPV/Al devices this has as a conse-
quence that the illumination through the transparent ITO
contact is not possible when the hole mobility is to be deter-
mined. Instead, a semitransparent Al contact has to be used.

In the following we discuss only briefly the results on the
hole mobility in PPV obtained by TOF, since a detailed
analysis has been published recently.?#?5 Fig. 8 shows a
typical photocurrent transient of holes in PPV. The structure-
less decay in a linear representation (see the inset) is typical for
dispersive transport in a large class of amorphous polymers.*®
The transit time t; can only be obtained from the change of
slope in a double logarithmic plot. The drift mobility can then
be calculated as

d2
=Ty )

where d is the thickness of the sample and ¥V the applied
voltage. The value calculated from the data in Fig. 8 is
u=14x10"° cm? V™! s7!, We note that photocurrent
transients with a clearly detectable transit time could only be
observed on samples, where the film casting and thermal con-
version was performed in several steps as described in ref. 24.
Thick films converted in only one conversion step did not
show this feature. Hence our improved film preparation tech-
nique is necessary for obtaining hole mobilities in PPV
directly by TOF. However, even with this improved prep-
aration method we have not been able to determine transit
times of electrons in PPV. This is probably due to severe trap-
ping observed before by measuring pt products with TOF+7
and also from trap limited conduction seen in the current—
voltage characteristics of Ca/dialkoxy-PPV/Ca electron-only
devices.*®

TOF measurements were performed in the temperature
range between 275 and 320 K and applied electric fields
between 6.4 x 10 and 4 x 10° V cm~! The mobility
obtained follows an Arrhenius law with a field dependent acti-
vation energy as shown in Fig. 9. The activation energy E,
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Fig. 9 Temperature dependence of the drift mobility in PPV at
F=64x10* V cm™! in an Arrhenius representation. The inset
shows the field dependent activation energy of the drift mobility with
an extrapolation to zero field. Reprinted with kind permission from
ref. 24.

decreases with increasing field and the extrapolation gives a
rough estimate of EQ) = 0.75 eV at zero field (inset in Fig. 9).
This value is in the same range as the measured activation
energy of the dc conductivity of PPV. We note that the activa-
tion energy varies from sample to sample between 0.4 and 0.7
eV. However, as impedance spectroscopic investigations and
thermally stimulated currents indicate, in PPV there are at
least two sets of gap states with energies in the ranges 0.05-0.2
and 0.6-1 eV, respectively. The combination of these different
states with varying density may explain the variations of the
activation energy from sample to sample.

The field dependence of the drift mobility at T = 277 K is
presented in Fig. 10. The drift mobility of the positive charge
carriers increases with increasing electric field. In both repre-
sentations linear regressions yield satisfactory fits of the
experimental data. It is therefore hard to distinguish whether
a polaron hopping model*® (a) or a Poole-Frenkel mecha-
nism (b) is more appropriate to describe the measured mobil-
ity of PPV.

Compared with the soluble PPV derivatives, the mobility
data for PPV are in the same order of magnitude as with a
phenyl-substituted PPV (PPPV)** and only about a factor of
10 lower than in diphenoxyphenyl-PPV (DPOP-PPYV),** indi-
cating that the precursor route to PPV does not necessarily
produce films with higher defect concentrations and reduced
carrier mobility.

B. Space-charge limited currents

Another method which is frequently used to obtain charge
carrier mobilities is the observation of space-charge limited
currents (SCLC) in current-voltage characteristics. In the
trap-free case the current—voltage characteristics should follow

10°
PPV at T =308 K 0.1
£
F=64x10*vem™ 3
[l
<« 107 3 0.0
E 100 200
k= Time/us
@
3 107 F
t,=LIUF f
L tr \
10—3 i . ol P
10° 10’ 10° 10°

Time/us

Fig. 8 Photocurrent transient of holes in an ITO/PPV/Al device at a
temperature T = 308 K and an electric field F = 6.4 x 10* V cm ™! in
a linear (inset) and in a double logarithmic representation. The PPV
thickness was 0.7 pm. Reprinted with kind permission from ref. 24.
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Fig. 10 Dependence of the drift mobility in PPV at T =277 K on
(a) the electric field (polaron hopping model) and (b) the square root

of the electric field (Poole-Frenkel model). Reprinted with kind per-
mission from ref. 24.



Child’s law with

.9 V2 1

j=g &k 5 (10)
which allows for a direct determination of the effective carrier
mobility u. This method was succesfully applied to hole trans-
port in dialkoxy-PPV by Blom et al.'>-!'®4® Assuming a
Poole-Frenkel-like field dependence of the mobility, they
could fit their data at room temperature up to fields of
3 x10° V cm™! with a zero-field mobility of 5 x 1077 cm?
V~!s7! From temperature dependent measurements, an acti-
vation energy of about 0.5 eV was obtained.

In order to identify SCLC, one usually plots the current—
voltage characteristics in a double-logarithmic representation,
where Child’s law yields a straight line with a slope of two.
Fig. 11 shows an I-V curve for an ITO/PPV/Al device
(thickness 600 nm, area 0.14 cm?) in the forward bias direc-
tion. Data were taken in the dc mode up to 5 V; above that
value up to 80 V a pulse technique was used. The solid line
indicates a power law with a slope of 2.5, which is larger than
predicted by Child’s law. Regarding the field dependent mobil-
ity obtained from the TOF measurements, however, this
steeper increase is understandable, since the mobility should
increase with increasing field. Strictly, eqn. (10) is no longer
valid in this case. The dashed line indicates the value of the
current that would be expected for Child’s law with a hole
mobility of 8 x 107° cm? V™! s~, which is in a reasonable
range regarding the TOF mobility data.

C. Transient electroluminescence

It was shown by Karg et al.5° that the presence of a Schottky
contact in our ITO/PPV/AI devices with a depletion layer of
width between 50 and 100 nm can be utilized to obtain infor-
mation on the charge carrier mobility from transient electrolu-
minescence (EL) measurements. The delay time between the
rising edge of the voltage pulse and the first appearance of EL
is in general determined by both the hole and electron mobil-

1ty:
o4
¢ (n + p)F

Assuming that the delay time is solely determined by the
transit of holes through the depletion layer at the Al contact,
mobilities of about 1077 cm® V™! s™! at a field of 2 x 10° V
cm~! have been obtained at room temperature. The data are
shown in Fig. 12 as a function of the square root of the elec-
tric field. These values are about two orders of magnitude
lower than the TOF results. One important reason for this
discrepancy is that the contribution of the electron motion to
the delay time was neglected since the electron mobility in
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Fig. 11 Current—voltage characteristics of an ITO/PPV/Al device in
a double-logarithmic representation. The straight lines indicate power
laws with different exponents. The dashed line was calculated from
Child’s law using a mobility of 8 x 1075 cm? V™15~ 1,
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Fig. 12 Charge carrier mobilities calculated from the delay time in
transient electroluminescence measurements. Left-hand axis: hole
mobilities obtained by assuming recombination directly at the elec-
trode. Right-hand axis: electron mobilities calculated from the same
data taking into account luminescence quenching at the cathode.

PPV and its derivatives was estimated to be several orders of
magnitude lower than the hole mobility.*7-*® This assumption
implies that electron—hole or exciton recombination takes
place directly at the Al contact. However, it is known from
organic single crystals®! and also was recently shown for poly-
meric light-emitting devices®? that the presence of the metal
electrode quenches EL within a distance of 15-20 nm from the
electrode. Recent measurements of photoluminescence quen-
ching in PPV in the presence of metal electrodes have indi-
cated even larger distances (up to 60 nm) where excitation
quenching plays a role.>® Hence the contribution of electron
motion to the transit time cannot be neglected.

Assuming a minimum distance of d = 20 nm required for
the electron to avoid EL quenching (instead of d = 100 nm for
the drift of holes through the depletion layer), the data in Ref.
48 yield an electron mobility of about 1078 cm? V™! s71 at
the above mentioned field. The electron mobilities calculated
from the original data under this assumption are given in Fig.
12 on the right-hand axis. The low values of the electron
mobility seem not unreasonable since it was estimated to be
much lower than the hole mobility in other experiments.*7*8
Thus, instead of the hole mobility, in transient EL measure-
ments one gains information about the electron mobility in
PPV. In order for the delay time of EL to be dominated by
hole transport, the ratio between the width of the EL quen-
ching zone and the depletion layer (or the sample thickness)
had to be much larger than the ratio of the hole to the elec-
tron mobility.

We note that other explanations for the origin of delay
times in transient EL have recently been given. One is the
build-up of interfacial charge densities and the concomitant
redistribution of the electric field inside the device.”* However,
the system under consideration in that work was a bilayer
system with relatively high electron mobilities in the electron
transporting layer (which was one requirement for the model).
Hence the model is probably not applicable for the case of
PPV with such low electron mobilities. Generally, the identifi-
cation of delay times in transient EL with charge carrier
mobilities is not straightforward and has to be checked in
each individual case.

V. Conclusion

The role of doping and trap states for charge carrier transport
in light-emitting devices based on unsubstituted PPV has been
investigated by temperature dependent impedance spectros-
copy and thermally stimulated currents. It was found that the
conversion of PPV on ITO substrates creates shallow traps
with a depth of about 0.1-0.2 eV, which are responsible for
the p-type doping of PPV and govern the room temperature
device characteristics. The total density of ionized acceptors at
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room temperature is of the order of 10'°~10'7 ¢cm ™3, The tem-
perature dependent behaviour of electrical transport quan-
tities such as conductivity and mobility is dominated by
deeper states with energies in the range 0.6—1 eV. Their
density can be varied by applying a vacuum to the devices.

The mobility of positive carriers in PPV has been deter-
mined by the TOF method in the region of 107° cm? V™! s~!
at room temperature for an electric field of about 10° V em™1.
Field and temperature dependent TOF measurements yield an
exponential increase in the mobility with the applied field and
thermally activated behaviour with activation energies
between 0.4 and 0.7 eV on different samples. The values of the
mobility at room temperature are consistent with space-
charge limited currents, but considerably larger than the data
from transient electroluminescence measurements. This indi-
cates that the transit times obtained by the latter method are
dominated by the much lower electron mobility rather than
by the hole mobility.
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