This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 14:14

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals

—— Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Anomalous Charge Transport in

Molecularly Doped Polymers

L. B. Schein ?, J. C. Scott ®, L. Th. Pautmeier ® & R. H. Young "

% IBM Research Division, Almaden Research Center, San Jose, CA,
95120

® Eastman Kodak Company, Rochester, NY, 14650
Version of record first published: 24 Sep 2006.

To cite this article: L. B. Schein , J. C. Scott , L. Th. Pautmeier & R. H. Young (1993): Anomalous
Charge Transport in Molecularly Doped Polymers, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 228:1, 175-184

To link to this article: http://dx.doi.org/10.1080/10587259308032156

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259308032156
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 14:14 18 February 2013

Mol. Cryst. Lig. Cryst. 1993, Vol. 228, pp. 175-184
Reprints available directly from the publisher
Photocopying permitted by license only

© 1993 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

ANOMALOUS CHARGE TRANSPORT IN MOLECULARLY DOPED
POLYMERS

L. B. SCHEIN, J. C. SCOTT AND L. TH. PAUTMEIER
IBM Research Division, Almaden Research Center, San Jose, CA 95120

R. H. YOUNG
Eastman Kodak Company, Rochester, NY 14650

Abstract It is shown that the relative widths of photoconductive current tran-
sients, obtained in molecularly doped polymers, are independent of the electric
field and sample thickness, even when the current before the transit time is
nearly time independent. Such a result has been termed universality in the
Scher-Montroll theory of dispersive transport. The implications of these
results for the field and temperature dependence of the mobility are consid-
ered.

In recent years, transient photoconductivity experiments in molecularly doped
polymers have been focused largely on the determination of charge carrier mobilities,
in an attempt to elucidate the hopping mechanism. Among the results obtained,!
perhaps the most challenging to account for theoretically are the dependence of the
activation energy on dopant concentration and the dependence of the mobilities z on
the electric field E. It is usually observed that (1) In u is approximately®3 linear in
JE and (2) there exists a temperature®> above which u becomes a decreasing func-
tion of E.

The above results are based on an analysis of the mobility obtained from the
transit time, which is only one point on the current-time I{t) curve. It may be pos-
sible to obtain further insight intc the hopping mechanism and its temperature and
field dependence from an analysis of the complete I(t) curve. In fact, several
studies®12 have addressed this subject. We report the result that the I(t) curve, nor-
malized at the transit time, is independent of the electric field and sample thickness,
even when the current before the transit time is nearly time independent. This is demon-
strated by comparing normalized I(t) curves and quantified by showing that the rela-
tive width w of this curve is independent of E from 5 to 140 V/um and sample
thickness from 3.8 to 42 um in a molecularty doped polymer. Here w is defined as
12 2= to)/ty ) where t; is the usual transit time, obtained from the intersection of
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FIGURE 1 Current transients observed in DEH:PS.

tangents to the I(t) curve plotted on linear axes, and t; 12 is the time at which the

current has decreased to half the value extrapolated from times before t; (see Fig. 1).

The observation that normalized I(t) curves are independent of E has been

termed “universality” and accounted for by the Scher-Montroll theory of “dispersive

transport.”®7 Universality has usually been associated with a current that decreases
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rapidly before the transit time®% and demonstrated with log current-log time plots.
In contrast, our observations are made on materials in which the current is almost
independent of time, i.e.,, [ oc t™ (- “), o = 0.9 and linear axes are used because of the
weak dependence of current on time. This implies that the average velocity of the
carriers is also almost constant. Under the condition in which the current becomes
time independent, it is predicted’ that a transition to “Gaussian” transport should
occur with wo E~ 112 (see Eq. 1). We see no evidence for a transition to Gaussian
transport.

Prior reports of this universality in molecularly doped polymers are limited.6-10
This may reflect a reluctance of some workers to report in detail the shape of I(t)
curves because of evidence that the width is sensitive to extrinsic effects, i.e., impuri-
ties or contacts. Compare, for example, the pulse shapes in Refs. 13 and 14. We will
argue below that in our samples intrinsic effects are being observed by establishing
reproducibility among different samples. We know of no other reports of universality
with respect to sample thickness in a molecularly doped polymer. Other
observations?!3 of universality have had a considerably less than 1, in contrast to our
observations with a = 0.9. Still other observations®!0 have been limited to narrow
field ranges. Universal behavior in electric field also has been reported in another
amorphous organic material, polysilylene.16

Typical transients are shown in Fig. 1 on linear time-linear current axes nor-
malized in magnitude and time at t;. The slowly decreasing current before the transit

. . -.07
time varies as ~ t

or o =0.93 at T = 305K. o decreases with decreasing temper-
ature to approximately 0.8 at 254K. These normalized I(t) plots (Fig. 1) overlap, as
can be demonstrated by the reader by overlapping transparent copies. We have
found it useful to quantify the shape of the post t, tail by calculating w. We find that
w is independent of E over a wide field range, as shown in Fig. 2. Plotted are w vs. E
for 50% p-diethyaminobenzaldehyde-diphenyl hydrazone doped polycarbonate
(DEH:PC) at 235K, 30% tri-p-tolylamine doped polycarbonate (TTA:PC) at 325K,
and 30% DEH:polystyrene (DEH:PS) at 295K. w is independent of E from 5 to
140 V/pm in 30% DEH:PS, 7—90 V/um in 30% TTA:PC, and 20— 125 V/um in 50%
DEH:PC. We have observed similar results over the experimentally accessible range
of temperatures and dopant concentrations in these materials. This includes
10— 50% TTA in PC (240 —360K) and 10— 50% DEH in PS (240 — 320K). Only the
10% DEH:PS data shows a slight 10% rise in w observed across the full field range.
In order to check the thickness dependence of w, samples from 3.8 to 42 um
thick of 30% DEH:PS were prepared. All samples had room temperature mobilities of
1.6+ 0.2 x 10~ 6 cm?Vs at E = 20 V/um. w for all the samples was 0.4 within 5%
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FIGURE 2 w, the relative width of the transient is independent of electric
field within experimental error.

indicating that w is independent of the sample thickness. We have found a similar
result in 50% DEH:PC over a thickness range of 9.9—29 um. These results should be
contrasted with results published by Yuh and Stolkal® on another molecularly doped
polymer N,N'-diphenyl-N,N -bis (3-methylphenyl)-(1,1 bipheny!)-4,4 -diamine TPD:PC
in which it was shown that w ocL™ /2,

As is usually observed, w decreases as T increases, i.e., the photocurrent tran-
sient becomes more rectangular at higher temperatures. Shown in Fig. 3 are the tem-
perature dependence of w (averaged over the complete field range at each T) for
several concentrations of DEH in PS. Above 30% DEH in PS or 30% TTA in PC
(not shown), w appears to be independent of concentration. However, in both mate-

rials, at 10% dopant concentration, w is about 10% larger at each temperature.
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FIGURE 3 The temperature dependence of w

In order to check whether the behavior of w reported here is an intrinsic
effect, films of DEH:PS were made from several batches of DEH recrystallized from
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various solvents (ethanol and methanol/toluene) and from two sources of polystyrene
(Scientific Polymer Products and Saint Clair-Koppors). In addition, we investigated
both commercial DEH normally used in IBM photoreceptors and DEH synthesized
in our lab from 1,1-diphenylhydrazine-hydrochloride and 4-(diethylamino)benzalde-
hyde. Films were cast from both tetrahydrofuran and dichloromethane. Identical
values of the room temperature mobility and w were always obtained within + 15%.
Impurities could be influencing w only if they were present in all samples at identical
levels, which seems unlikely. At low electric fields, we sometimes have observed a
weak dependence of w on E which varies from sample to sample. The irreproducibility
suggests extrinsic causes, e.g., residual impurities. This suspicion was confirmed by
eliminating the variability by further purification. Furthermore, these results cannot
be attributed to contact effects since identical results were obtained in DEH:PS using
UV photogeneration near an Al contact and injection from an amorphous Se
photogenerator layer.

In order to understand the implications of these results, we compare them
with several microscopic models. Two macroscopic effects are easily shown to be
inconsistent with the data. Film thickness variations would broaden the transients,
but with a field dependent w because i depends strongly on E. Dopant concentration
variations would produce a temperature independent zero-field extrapolated w
because the zero-field mobility has the same temperature dependence at all concen-
trations of DEH:PS. Both predictions are inconsistent with our data.

Consider the prediction of w from elementary diffusion theory. The Einstein
relationship gives a diffusion constant D = ukT/e where k is Boltzmann’'s constant
and e is the electron charge. During the time t; = L/uE in which the charge carriers
drift across the film, the charges diffuse relative to their centroid a distance /2Dty .
Therefore

v2Dty /KT M
w L ~ VTelE

as is well known.}! Our data are inconsistent with the predicted E and T dependence.

Furthermore, using L = 10 um, E = 10 V/um, at T = 300K one obtains w 2 0.02, more
than an order of magnitude smaller than the experimental result. Clearly simple dif-
fusion does not account for the value of w, as has been recognized for some time.!0:11
The predicted L dependence is inconsistent with our results but appears to be fol-
lowed in the system examined by Yuh and Stolka.!?

Next consider the prediction for hopping modulated by shallow intrinsic traps
at a single energy.!” If the trapping time 7, is considerably smaller than both the
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release time and the trap-free transit time L/(ipE), then w ~ N™ 2 N is the mean
number of traps visited and u; is the microscopic (trap-free) mobility. N is the given
by the ratio of 7, and L/(¢gE),

1
JN L

W= Ty . (2)

Hence, w can be independent of E only if the trapping rate 7, Vis proportional to the
drift velocity pgE. Such might be true at high fields, if most hops are in the direction
of the field. At low fields, however, carrier motion should be essentially diffusive, ,
should be independent of E, and w should increase as ./E . For hopping sites a dis-
tance a = 1 nm apart, the low field case should apply if eaE < kT, e.g., E <25 V/um
at T =300K. Our data extend well into this range, but w remains independent of E.
Furthermore, the predicted L. dependence is inconsistent with our data.

Biissler and coworkers!8 have investigated the consequences of a hopping
model in which individual hopping sites have random energies within a Gaussian dis-
tribution, the randomness originating in variations of the environment of individual
sites, with a standard deviation of about 0.1 eV. They also allow for a distribution in
the intersite electron-transfer matrix elements. Their simulations yield a predicted
width of

E)

which resembles Eq. 1 except for the enhancement factor f{E). As shown in Fig. S of
Ref. 18 for a particular set of parameters, f{E) is approximately proportional to E? for
E < 45 V/um, has a maximum near 150 V/um, and decreases at higher fields. Near its
peak, f{E) has a weaker, approximately linear field dependence that leads to an
approximately constant w over a modest field range (45 to 150 V/um). (These field
values should be reduced by a factor of = 1.6 to compensate for the smaller intersite
distance used in the simulations.) The E2 dependence gives w oc J/E at low fields,
inconsistent with the data shown in Fig. 2.

There is one known theory which accounts for w being independent of E over
a wide field range. As pointed out above, this is the Scher-Montroll theory of
“dispersive transport”®7 which was constructed specifically to account for such data.

It typically assumes a power law distribution (t™ 1+ c‘))

of hopping times coupled
with a random walk formulation. This theory has been applied to materials such as
As,Sey and trinitrofluorenone:poly(N-vinylcarbazole)’” and oxadiazole:polyester.8

Our observation of the curve shape (Fig. 1) or w (Fig. 2) being independent of E and
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L is an additional observation of universality. But our transients are characterized by
a particularly large a, namely a = 0.9, i.e., the current is almost time independent
before the transit time. The familiar characteristics of “dispersive” transport should
still persist, given a power law waiting time distribution, for all values of « up to 1.
However, as o approaches 1 it takes increasingly longer to reach the long time lim-
iting behavior characteristic of “dispersive transport.” For example, Fig. 5 of Ref. 19
shows that it takes 5 orders of magnitude in time longer for « = 0.9 as compared to

o = 0.5 to reach the power law behavior of the current. Hence it is unclear whether
our experimental time scale is long enough that Scher-Montroll theory would actually
predict universality for a = 0.9 in a power law distribution of hopping times. Another
possibility is that the waiting time distribution function is not power law: there are
other waiting time distribution functions that produce universality over a finite time
range. For example, Montroll and Scher?0 have given an example of a different func-
tion, their 4 which has a finite mean (unlike the power law distribution) and gives
universality over a substantial but finite range of times. Hence with either distrib-
ution, consistency with our observations of universality hinges on determining an
absolute time scale for the theory.

Within the Scher-Montroll theory, the “dispersion,” determining the width of
the current pulse, and the mean position of the carrier packet both depend on the
electric field only through I(E), the mean displacement for a Single hop. But, the ratio
of these factors is independent of 1 and therefore E. In fact the ratio, which is an esti-
mate of our w, only depends on o through the relation (Eq. 33 of Ref. 6)

(1 + a) "
+a
v {‘Fmr* ‘} @

where T is the gamma function. Therefore, the observation of universality does not
by itself provide direct information about the field dependence of 1 and therefore does
not shed light on the microscopic mechanism of the field dependence of the mobility.
Physically, the field dependence of the mobility merely determines the mean displace-
ment per hop, but does not affect the distribution of carrier positions in the sample.
However, an additional consistency check between our data and the Scher-Montroll
theory is provided by Eq. 4 since both « and w have been measured. The results
(Fig. 4) are in qualitative agreement.

In the Scher-Montroll theory, the electric field sets the distance scale over
which the mean of the packet of charge carriers is displaced as a function of time,
whereas the shape of the packet is field independent. [t follows that if universality
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FIGURE 4 w vs. « from the Scher-Montroll theory and our data.

with respect to E is observed at a given thickness, universality with respect to L
should also be observed. We have observed both forms of universality for 30%
DEH:PS and 50% DEH:PC. For a different molecularly doped polymer, Yuh and
Stolka!? found approximate universality with respect to E (at least at two fields dif-
fering by a factor of 6 as can be seen in their Fig. 4), but not L, inconsistent with the
theory. Perhaps their « is closer to 1 and a transition to a new behavior is observed.
Or, there may be another physical mechanism for field universality.

The observed temperature dependencies of w and « clearly suggest that the
waiting time distribution function depends on temperature. The original Scher-
Montroll theory was generalized to account for such dependencies by Marshall,2!
Schmidlin,?? Pollak,2> Noolandi,2* Rudenko and Arkhipov,2 Tiedje and Rose,26 and
others who pointed out that traps with a distribution of energy levels could also
produce the characteristics of “dispersive transport.” Some of these treatments yield
instructive analytical formulas for both dispersive transport characteristics and the
behavior of the mobility. For example, the basic equations governing carrier trans-
port are solved in closed form by Rudenko and Arkhipov for an arbitrary energy dis-
tribution of traps and the results are applied to particular models of trap
distributions. One model which predicts dispersive transport characteristics, traps dis-
tributed uniformly in energy, predicts several features of the mobility which are clearly
inconsistent with our data, e.g., a mobility that increases with increasing sample
thickness. Dispersive transport is also predicted for traps distributed exponentially in

energy.” 26 For a near 1 the mobility is almost independent of thickness and any
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field dependence of u arises almost entirely from the microscopic trap free mobility.
The field dependence of the microscopic mobility and trapping parameters are not
considered. A model in which multiple trapping with a narrow Gaussian energy dis-
tribution does not appear to give field universality, as can be seen in Fig. 13 of Ref.
27.

A satisfactory theory of charge transport in molecularly doped polymers must
be able to account simultaneously for universality of I{t) even when a approaches
1—the new result in this paper—and the characteristic field and temperature dependen-
cies of the mobility. Suitable multiple trapping theories can probably account for the
former but have offered no explanation of the latter perhaps because they generally
ignore any field dependence of the microscopic parameters such as trapping and
release times. The approach of Rudenko and Arkhipov and the work of Béssler show
promise in this area in that both the problems are addressed in a tractable manner. It
could be hoped that these approaches will be able to explain both features of the data
in a cogent manner.

The authors would like to acknowledge experimental work of N. L. Belknap
and discussions with H. Scher.
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