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Hopping transport in a molecnlarly doped organic polymer
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(Received 25 March 1977)

Electronic transport in the polycarbonate polymer Lexan molecularly doped with triphenylamine (TPA) has
been studied by time-of-flight techniques as a function of temperature, applied field, and TPA concentration.
Only hole transport could be observed. The experimental data provide evidence that the transport of holes
occurs by a hopping process which connects sites associated with the TPA molecule. The results are analyzed
in terms of the theory of stochastic non-Gaussian transport by Scher and Montroll. This theory provides a
consistent description of all experimental results if field-induced barrier lowering and temperature-dependent
dispersion are formally introduced in the final expression for the transit time.

I. INTRODUCTION

Scher and Montroll" recently advanced a theo-
retical framework to describe dispersive transient
photocurrents which are observed in an increasing
number of both organic and inorganic disordered
solids. The present paper discusses time-of-
flight experiments on molecularly doped organic
polymers which provide a novel class of materials
that are ideally suited for detailed experimental
examination of the theoretical predictions. ' '

The general features of Scher and Montroll's
theoretical concept have been verified in
detail for hole transport in the amorphous chal-
cogenides a-As, Se, (Refs. 8 and 9) and a-Se (low
temperatures). " In particular, the shape of the
transient current pulse and the correlated "anom-
alous" sample thickness and electrical field depen-
dence of the transit time t~ exhibit the predicted
functional relationships. Despite the overall
agreement with the Scher-Montroll theory, the
identification of the microscopic transport mecha-
nism is not straightforward in these materials,
since, in its general form, the theory describes
the statistics of the process and therefore does
not specify the underlying physical mechanism
constituting the statistical events. To unravel the
details of the transport mechanism, the theoretical
concept has to be narrowed to treat specific mod-
els. A rather detailed theoretical background
exists for hopping transport with a discrete activa-
tion energy. ' Theoretical refinements are in pro-
gress to include a distribution of hopping energies
and to describe alternative transport mechanisms
such as multiple trapping and trap-controlled hop-
ping. '" " Although these extensions of the theoreti-
cal concept will narrow the range of possible in-
terpretations of the transport mechanims, a clear
identification would require the experimental modi-

fication of materials parameters specific to the
proposed transport model, such as the densities
of hopping or trapping sites. In this respect, the
concept of molecularly doping of organic polymers
is extremely powerful.

The first comprehensive study of electron trans-
port in doped polymer systems has been reported
for the charge transfer complex of poly(N-
vinyl carbazole), PVK, with trinitrofluorenone,
TNF." With increasing TNF loading the hole
mobility was shown to exponentially decrease
from its value for undoped PVK, while in the
same concentration range, the electron mo-
bility, which in the undoped PVK is not mea-
surable, exponentially increases. These findings
were strong evidence that both carriers in
PVK:TNF are transported by a hopping mechanism.
While in PVK:TNF the matrix polymer itself is
capable of efficient hole transport and, in addition,
interacts with the dopant molecule to form a
charge transfer complex, such requirements on
the host polymer are not necessary. In fact,' for
some systems, the primary function of the polymer
is to provide the (inert) matrix for the solid solu-
tion of the dopant molecules. A specific example
is the dispersion of N- isopropylcarbazole, NIP C,
molecularly dispersed in the polycarbonate poly-
mer Lexan 145 (General Electric trademark). '
Time-of-flight experiments on NIPC-doped Lexan
clearly establish the existence of hole transport
which cannot be observed in the undoped polymer.
The hole mobility depends exponentially on the
NIPC concentration which indicates that car-
rier transport occurs by a hopping mecha-
nism involving the NIPC molecules as hopping
sites. In such systems, therefore, one has the
unique opportunity to vary the hopping-site density
in a controlled manner. It is furthermore possible
to change the molecular entity constituting the
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hopping site, study the influence of traps on hop-

ping transport by intentionally doping with an ap-
propriate combination of molecules, ' and, finally,
to examine aspects related to the polymer host
matrix such as morphology and polarization.

The present paper expands on the initial studies
of hole transport in Lexan doped with donor mole-
cules such as N-isopropylcarbazole, ' NIPC, or
triphenylamine, TPA, and discusses in detail
the field, temperature, concentration, and sample
thickness dependence of hole transport in TPA-
doped Lexan. Section III provides an overview of

the experimental findings which are presented in

terms of a compact phenomenological expression
for the mobility, Eq. (1). The results demonstrate
that the activation energy and field dependence of

the drift mobility increase with decreasing TPA
concentration.

The experimental results are discussed in Sec.
IV in terms of current theoretical models. In par-
ticular, the Scher-Montroll theory" of dispersive
transport in disordered solids will be examined.
It will be shown that a consistent interpretation
of the results is obtained when field-induced barrier
lowering and temperature-dependent dispersion
are formally introduced in the theoretical expres-
sion for the transit time.

II. EXPERIMENTAL

A. Samples

molecules in the films was lower than in the solu-

tion by an amount which increased with increasing
TPA (solution) concentration, drying temperature
and time, and decreasing film thickness. For
example, the loss from a nominal 0. 5-TPA film of

7 pm thickness increased from -2% for one hour

drying at 315 K to -5% at 335 K to -55% at 370 K.
Under similar conditions the loss from a 0.1-TPA
film was negligible. As a function of film thick-
ness, the decrease of the actual film concentration
became apparent for thicknesses below -5 p, m for
0.5 TPA, 1 h, and 315 K drying conditions. For
the preparation conditions used in these experi-
ments (315 K, 1 h, 10 p. m) the loss of TPA mole-

cules is insignificant and the solution concentration
can be assumed to equal the film concentration.
One has to bear i.n mind, however, that close to
the surface (-1 p, m) the TPA concentration is
expected to be lower than that in the bulk of the

film. While this concentration depletion layer
may distort the shape of the current pulse as it
is observed in the time-of-flight experiment, the

effect on the measured transit time is not signifi-
cant.

Films with the concentrations 0.1, 0.15, 0.2,
0.3, 0.4, and 0.5 TPA were studied, and for each
concentration at least two samples were examined.
The results were reproducible to a degree which

will become apparent from the data shown in Sec.
III.

Commercially available TPA [(C,H, ),N] and

polycarbonate polymer (General Electric Lexan

145) were dissolved in weighted amounts in a com-
mon solvent, usually 1, 2-dichloroethane. After

stirring, the mixture was cast in a dry nitrogen
ambient onto a ball grained clean aluminum plate

(5 x 7 in. ), using a draw-down coating apparatus.
The films were dried in vacuum at 315 K for 1-2
h before they were overcoated with semitrans-
parent gold electrodes (0.3 cm') to form a sand-

wich cell. The sample thicknesses were deter-
mined from the capacitance measured at 10 kHz

and using a dielectric permittivity of ~ =3. All

films were approximately 10 p.m thick.
The TPA concentration referred to in this paper

is defined as the weight ratio in grams of TPA to
Lexan as it has been introduced into the solution.
The concentration range studied was from 0.1 to
0.5 TPA. No signs of crystallization under am-
bient conditions could be noted in this concentra-
tion range. The actual concentration in the sam-
ple film was determined from infrared absorption
measurements by comparing peak intensities of

TPA and Lexan absorptions in the film with a
curve calibrated from solution absorption. These
studies showed that the concentration of the TPA

B. Time-of-flight experiments

The details of the experimental procedures used

to analyze the dispersive current pulses which are
typical for the system under discussion have been
described in detail elsewhere. '" In the limit of

non-Gaussian statistics, Scher and Montroll pre-
dict algebraic time dependences for the transient
current f(t) at times t&t r and t& tr, where tr is
the transit time [see Eq. (3)]. Hence, the salient
feature of the analysis of dispersive current
transients is a plot of log„I vs log„t which allows
a direct determination of the power exponents. An

operational transit time t~ can then be defined by
the intercept of the tangents approximating the cur-
rent pulse at early and late times.

The carriers were generated by a 5-nsec pulse of
3371A wavelength derived from a N,, laser. At this
wavelength Lexan 145 is transparent and the light is
exclusively absorbed in the fir st singlet transition of
the TPA molecule. For the concentration range
0.1-0.5 TPA, the absorption coefficient at 3371 A

is (1-2) & 10' cm ', i.e., for all concentrations the

light is absorbed within a small fraction of the
sample thickness. To minimize distortions of the

pulse shape, the light intensity was kept low and
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the light flash followed the application of the bias
field within a time shorter than -1 sec.

In a typical experimental run the field depen-
dence of the transit time was first recorded at
room temperature. The temperature was then
lowered in steps of 5-10 K. Measurements above
room temperature were performed only on films
with low loading because of the evaporation of the
TPA molecules described earlier.

The transit time strongly increases with de-
creasing TPA concentration and temperature. For
this reason it was not possible to investigate all
samples in the same temperature range. The sam-
ples with low TPA concentration were investigated
at higher temperatures than the high-concentration
samples. It was, of course, advantageous that the
loss of TPA molecules from the film at higher
temperatures rapidly decreased with decreasing
TPA concentration. Typically, a 0.5-TPA film
could be measured in the temperature range 200-
300 K, whereas the range for a 0.1-TPA film was
260-360 K. For the same reasoning the range of
the applied field varied with concentration, tem-
perature, and sample. At room temperature
typical field ranges for the 0.5- and 0.1-TPA
films were 15-100 and 40-100 V/p, m, respec-
tively.
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0.2
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III. RESULTS

A. Current shape

The shape of the current pulse indicates a broad
dispersion of the propagating hole-carrier packet.
Following the light flash, the current first drops
(initial spike), then levels off (plateau), and finally
slowly approaches the dark current level (tail).
The behavior of the current in the plateau region
exhibited strong variation as a function of the
resting history, concentration, and temperature.
For some cases (mostly low TPA concentration
or law temperatures), the plateau was absent and
the shape of the current was essentially feature-
less. In other cases (mostly high TPA concentra-
tions or high temperatures) a cusp was observed
instead of the plateau and the initial spike was
significantly sharper but reduced in amplitude.
The occurrence of a cusp is usually attributed to
field distortions due to space-charge or surface
trapping with release times of the order of the
transit time. ""Both of these effects are likely to
contribute to the pulse distortion in the discussed
doped-polymer systems because of the depleted
molecule concentration at the gold contact-polymer
interface. In the present experiments, samples
that gave rise to a large cusp were not further
used.

Figure 1 shows transient current traces in

FIG. 1. Transient hole current pulses in units log foI
vs log)at in TPA-Lexan for various TPA concentrations
at 7=296 K, and E =70 V/pm. The weight ratios X of
TPA to Lexan and the transit time tz determined from
the intercept of the tangents (dashed lines) are listed in
the legend.

logarithmic units recorded at room temperature
and 70 V/pm for various TPA concentrations. The
main feature of an algebraic time dependence
of the current pulse for t& t~, and t& t~, is
indicated and the transit time can easily be de-
fined. (In units I vs t the traces for the diluted
samples would be quite featureless. ) It is noted
that the slope describing the tail of the current
pulse is relatively insensitive to the TPA concen-
tration. For t & t~ the dashed lines in Fig. 1 were
drawn to be parallel. The rounding of I(t) around
t~ appears more extended in samples with low TPA
concentration. For t & tr the shape of 1(t)varies among
the samples in an inconsistent fashion. The transit
time t~, given in the legend of Fig. 1,decreases about
6000 times if the TPA concentration is lowered
from 0.5 to 0.1 TPA. As a function of fjeld at con-
stant temperature, the transient current essentially
maintains its shape; in particular the tail slopes are
quite insensitive to the time frame of the experi-
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FIG. 3. Field dependence of the hole drift mobility in
0.4 TPA-Lexan for various temperatures. Dashed lines
were calculated from Eq. (9) using eo-—0.23, p=11.1 A,
60 —-0.5 eV, and To ——435 K. See Sec. IVB.

FIG. 2. Transient hole current pulses in units logfoI
vs log&()t in 0.1 TPA/Lexan at 8 =70 V/pm for various
temperatures. The temperatures T and the transit time
t~, determined as described in Fig. &, are listed in the
legend.

ment ("universality" of the current shape).
Lowering the temperature at constant field gen-
erally leads to more dispersive traces and the
transition between the two time regimes at t- t~
becomes more washed out. Representative cur-
rent traces as a function of temperature are
shown in Fig. 2 for the 0.1 TPA sample.

illustrate several typical observations. In Fig. 3
the square-root field dependence of logyop is shown
for various temperatures. The same results are
replotted in Fig. 4 as a function of 1/T for various
applied fields. In both figures straight lines which
have a common intercept at p,„E,'~' and p„ 1/T, can
be drawn through the appropriate sets of datapoints,
and the values for p,, obtained from the two inter-

-4 i

B. Field and temperature dependence

In the course of organizing the experimental
results, it was found that the phenomenological re-
lationship

p = p, exp[ (a/k)(E" —Eo)(1/T —1/To)]

provides a useful and convenient description for
the field and temperature dependence of the mobil-,
ity. In Eq. (1), y., depends only upon the TPA con-
centration, n-&, and a, Eo and To are param-
eters. (A similar relationship was found to char-
acterize the electron and hole drift mobility data
for the charge transfer complex PVK:TNF.") It
is convenient then to represent the data in plots
of log„p vs E' ~' and log„p vs 1/T.

The results for a 0.4-TPA sample are chosen to

-5
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E
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-8 I i I I i i

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

&y ( 10 K )

FIG. 4. Temperature dependence of the hole drift mo-
bility in 0.4 TPA-Lexan at various applied fields.
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n vs E'/' and of the slope p (Figs. 3 and 5) vs 1/
T. These plots yielded straight lines with inter-
cepts at Eo ' and 1/T, for n = 0, and p = 0, re-
spectively, which were in good agreement with
the values obtained from 'the intercepts at p 0 Eo
(Figs. 3 and 5), and p, 0, 1/T, (Fig. 4). For, a fixed
TPA concentration the parameters a, Eo ', and
To as determined for different samples were in
agreement to within +20, +15, and +10%, respec-
tively.
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FIG. 5. Field dependence of the hole drift mobility in
0.j. TPA-Lexan for various temperatures.

C. Concentration dependence

In Fig. 6 the mobility values p,, obtained from
the intercepts at E,' ' and 1/To are plotted in units
of log»(p, /p') versus the average TPA intersite
distance which was calculated from the TPA con-
centration. [In calculating p from the TPA con-
centration, one tacitly assumes a uniform disper-
sion of pointlike molecules. In actuality, the di-
mensions of the TPA molecule are of the order
of the "hopping" distance and the molecules might
be aggregated as dictated by the morphology of the
host matrix pol.ymer Lexan 145. Nevertheless,
the further analysis will indicate that p-(nrp„) '/'
is a reasonable measure of the hopping distance. ]

cepts are in close agreement.
The results for T ~ 310 K were not included to

determine the common intercept. As is evident
from Fig. 4, the temperature dependence of the
mobility abruptly weakens above room tempera-
tures. This behavior is believed to be associated
with the glass transition which for a 0.4-TPA sam-
ple occurs at -325 K.

Calorimetry measurements on the same TPA-
Lexan films show that the glass transition temper-
ature T decreases with increasing TPA loading
from -418 K for puye Lexan 145 to -315 K for
the 0.5-TPA sample. " For pure TPA, T, -250 K.
In agreement with the calorimetry measurements
the deviation from the Arrhenius temperature de-
pendence shifted to higher temperatures as the
TPA concentration was lowered. Figure 5 shows
that for the dilute 0.1 TPA sample, where
T, -385 K, Eq. (1) describes the field dependence
of the mobility for temperatures ranging up to
-370 K.

In assessing the validity of Eq. (1) one has to
consider that the field and temperature range ex-
perimentally accessible are quite small. In par-
ticular, the exponent n of the field dependence
could not be determined rigorously, and for some
samples n= 1 provided an equally good fit to the
data as did n=2. A more stringent test of Eq. (1)
was provided by the plots of the activation energy

I

.5 4 I TPA

&9-

N

~8—
0

I4
I

l5 l7IO I I l3

p (A)

FIG. 6. Concentration dependence of the hole mobility
po determined from the intercepts illustrated in Figs.
3-5.
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Figure 8 shows the field dependence of the mobility
at 273 K for various TPA concentrations. With de-
creasing TPA concentration the field dependence be-
comes stronger. Defining P as slope of the straight
lines in Fig. 7, one finds a p/a p (273 K) - 5 x 10'
(V/cm) '/' cm '

The activation energy b, exhibits a similar con-
centration dependence. From the Arrhenius plots
shown in Fig. 9 one estimates Bn/Bp-3 x 10' eV
cm '. No field dependence of an/ap was observed
in the range 40-70 V/p, m.

Since no field and temperature dependence is
assumed in prefactor p, , of Eq. (1), the concentra-
tion dependence of 6 and P and the field and tem-
perature dependence of y are related. From Eq.
(1) one finds By/BT= —(Bn/Bp)/kT', and

By/BE = —(ap/Bp)/2v E . The experimental values

o 296
4—

~265

2.0
2.3

TPA-

a255 2.8

{

l2 l3

P (A)

I

l4 l5
I

l6 17
-6—

FIG. 7. Concentration dependence of the hole mobility
at 50 V/pm for T= 296, 265, and 255 K. The overlap pa-
rameters y (slopes) are listed in the legend. For T =296
K the mobilities for g =80 V/pm (bars) and 30 V/pm
(crosses) are also shown.

Figure 6 suggests the empirical relationship

p, -p exp(-y p)' . (2)

The strong concentration dependence of p, , con-
firms earlier interpretations that transport in
molecularly doped systems occurs via a hopping
process among sites associated with the dopant
molecule. 4 ' The power exponents p and q cannot
be determined from the data shown. To be con-
sistent with earlier papers, ""p =—2, and q = 1, is
assumed for further analysis. From Fig. 6 one
obtains y, -1.5 x 10' cm '.

Figure 7 shows the variation of log»(p. /p2) with
hopping distance p for various experimental con-
ditions. The results indicate an increase in charge
localization as the temperature is lowered. No
uniform field dependence of the localization pa-
rameter y was evident at 296 K for the field range
30-80 V/pm. With an experimental accuracy of
ny/y-10%-20%, one estimates from Fig. 7, By/

47 7CJ

CV

EtJ

Ch0 -8—

O.I5

5.9

-IO
2 4 6 8 lO 12

El/2
[( {04V/ )I/2]

FIG. 8. Field dependence of the hole mobility at T=273
K for various TPA concentrations. The slopes P and the
weight ratios X of TPA are listed.
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quoted above are indeed in reasonable agreement
with these relations.

The scatter of the parameter values E,' ', T„and a
determined for samples of different concentrations
was too large to unambiguou sly determine their con-
centration dependence. However, an overall in-
crease of all three parameters with decreasing con-
centration was indicated. Typical variations for the
concentration range 0.5-0.1 TPA are, respectively,
a=—4-5 K (V/cm) '~' E' '—= (I.V-2.0) x 10' (V/
cm)'~', and T,= 360-400 K. —

Results similar to those discussed here for
TPA-doped Lexan 145 were observed for the
dopant molecule N-isopropylcarbazole (NIPC).
Of the three parameters introduced in Eg. (1),
Ep and a were within the range of the values ob-
tained for TPA-Lexan, but T, was significantly
higher (-550 K).

IV. DISCUSSION

The strong concentration dependence on the
thermally activated drift mobility is evidence that
hole transport in'the TPA-Lexan system occurs
via hopping among sites associated with the TPA
molecules. Similar observations indicated hopping
mechanisms for transport of holes in NIPC-Lexan'

FIG. 9. Temperature dependence of the hole mobility
at 8 =70 V/pm for various TPA concentrations. The ac-
tivation energies and the weight ratios X of TPA to Lexan
are listed.

and electrons and holes i-n PVK:TNF.'" On a
microscopic scale, charge transport in molecular-
ly dispersed systems can be visualized as transi-
tion of an electron from a neutral molecule to the
neighboring "molecular cation" (hole transport) or
from the molecular anion" to a neighboring neu-
tral molecule (electron transport}. (The term
"molecular ion" is used quite freely in this con-
text. It includes the situation where the charge is
bound rather loosely on the transport molecule and
spreads substantially over neighboring matrix
molecules. ) This mechanism suggests that the
transport properties vary strongly with the pa-
rameters of the dopant molecules. This is quite
different from transport in the ordered state
(molecular crystals), where for a wide range of
materials electron and hole mobilities are of the
order of -1 cm'/V sec and have similar tempera-
ture behavior. Evidently, in the crystalline state
where narrow-band formation might occur, the.
influence of the molecular parameters on the
transport properties is reduced and one cannot
reasonably infer anything about charge transport
in disordered solids from the corresponding crys-
talline data.

A. Theoretical concept

The shape of the transient current pulse (Figs.
1 and 2} indicate that the hole packet injected by
the light flash undergoes a broad dispersion as it
propagates through the bulk of the sample film.
Under these conditions the theoretical framework
introduced by Scher and Montroll' to analyze dis-
persive transient transport should be applicable.
Scher and Montroll realized that trivial fluctua-
tions in transport parameters (activation energy,
hopping distance) can lead to significant fluctua-
tions of the individual hopping times (trap-release
time for extended-state conduction) due to the typ-
ically large argument of the exponential functions
that describe the charge transfer. For instance, a

O

fluctuation of 1 A for an average hopping distance
of 10 A changes the hopping time by about one or-
der of magnitude (compare Fig. 7). In the present
system the hopping sites are molecular entities of
dimensions comparable to the hopping distance,
and therefore fluctuations of the molecular orien-
tation constitute an additional source of disper-
sion. If the fluctuations of the individual hopping
times extend into the time range of the experi-
ment, i.e. , the transit time t~, the statistics de-
scribing the kinetics of the dispersion become non-
Gaussian. This leads to novel features of carrier
transport. For the "ideal" case of non-Gaussian
transport, where the dispersion of the carrier
packet is solely due to fluctuations of bulk param-
eters, Scher and Montroll find
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where

t = cW, '[L/l(E)]'I exp(h, /kT) .
n is a measure of the dispersion and assumes a
value between 0 and 1, c is a constant of the order
of unity, and I(E) is the mean (field dependent) car-
rier displacement per hop in direction of the ap-
plied field E and L is the sample thickness. The
"transit time" tT can be determined from the in-
tercept of the tangents approximating the transient
current in units log»I vs log«t (Figs. 1 and 2).
For temperature-independent fluctuations in the
hopping distance'

n =—(P /P)(»[L«(&)]p", (6)

where 2p, is the Bohr radius of the charge locali-
zation. For an exponential distribution of trap-
release energies" N(e) ~ exp(-e/kT, ),

n = r/T, . (6)

B. Dispersion parameter 0,

Equation (8) describes the current shape for the
"ideal" case of non-Gaussian transport indepen-
dent of the actual source of dispersion. In the
TPA-Lexan system, surface trapping and/or
space-charge in the depletion layer near the sur-
face influence the shape of the current pulse which
obscure the determination of the dispersion pa-
rameter n from the current trace. In fact, ex-
amination of the traces in Figs. 1 and 2 shows
that the & values determined from the pre and post
transit time current shape are different rather
than being equal. Typically, n(t & tr) & n(t& tr}.

A recent expansion of the theory includes the
contribution of charge release from an ideal sur-
fact at X= 0 to the transient current. ' The treat-
ment shows that surface effects can significantly
modify the initial shape of the current pulse. De-
pending upon the release time and density of sur-
face traps in relation to transit time and concen-
tration of the charge in transit, surface effects
can produce cusps or plateaus in I(t) for t& tr and
increase the dispersion for t& tT. The latter ef-
fect, however, is much less significant, which is
in qualitative agreement with the data shown in
Figs. 1 and 2. Typically, the a value obtained
from I(t& tr) is a lower limit to the bulk disper-
sion parameter. From Figs. 1 and 2 we estimate
n &0.35.

In the non-Gaussian regime the transit time de-
pends on sample thickness in a manner related to
the dispersion [Eq. (4)]. For a-As, Se, and a-Se,
this correlation was examined for a wide range

n = (1/yp) ln[L/l(E}] . (8)

Hence ~ can be calculated using the experimentally
determined localization parameter y. From Fig.
7, y 2&&10' cm ' at296K. For l-0.1p, L= 10 p.m,
one finds n = 0.58.

Equation (8) predicts that the dispersion in-
creases with decreasing concentration, and that
it is temperature and field dependent in a manner
dictated by z and l. While these qualitative trends
are indicated in the experimental results, the
predicted variations are somewhat too large. This

lo'
I I

0.3TPA

04 IO 6
E
EJ

+ 9.5
~ l4.2

0 33

lo-' I I I

6 8
E~2 ( 10 V/cm)' 2

I

IO l2

FIG. 10. Field dependence of mobility for 0.3 TPA for
various sample thicknesses. T = 296 K.

of sample thicknesses. '" A similar study was
carried out for the discussed doped polymers.
The interpretation of the results, however, is
problematic, since by solvent casting, it is
difficult to vary the sample thickness by
an appreciable amount and maintain a uniform
molecular solution. Sequential coatings of thin
layers to build up a thick layer could introduce
interfacial traps which cause an apparent decrease
of the mobility as the layer thickness increases.
These effects are difficult to separate from a
thickness dependence of the mobility which is due
to the statistics of the transport process, Eq. (4).
Figure 10 shows the field dependence of the mo-
bility for 0.3 TPA for various sample thicknesses.
The 33-p, m sample was prepared by two coatings
of -15 p. m each. Within the mentioned limitations
of these measurements one estimates ot-0.6.

An additional estimate of ~ can be obtained from
the concentration dependence of tT. By combining
Eqs. (4) and (6) and using the experimental result
tr~ exp(yp) (Fig. I) one derives

y = (1/p, )(ln [L/I(E)]]' '

and
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is expected since several sources are likely to
contribute to the dispersion with the resulting ef-
fect that n becomes insensitive to variations of
experimental parameters. However, the reason-
able agreement of the a values determined from
the different experiments (current shape, thick-
ness, and concentration dependence) suggest that
Eqs. (3)-(5) are quite satisfactory approximations
for a qualitative analysis of hole transients in
TPA- Lexan.

C. Field and temperature dependence

In a conventional semiconductor where charge
transport occurs in extended states the observed
exp(aE'~'/kT) field and temperature dependence of
the mobility would indicate a Poole-Frenkel mech-
anism" in which the carrier escapes from a
charged trapping center into the conduction band
under the influence of the applied field. In this
model QppE ' is the field-induced lowering of
the Coulomb barrier where a» —(e/wee, )' '- 5
(cm/V)'~ K is the Poole-Frenkel coefficient for
E = 3. This value is in remarkable agreement with
the average value a-4. 6 (cm/V)'~'K from our ex-
periments. A similar excellent formal agreement
with the Poole- Frenkel mechanism has been observed
by Gill for electron and hole transport for the
PVK:TNF charge transfer complex. " However,
the basic assumptions leading to the Poole-Frenkel
model are questionable when applied to the doped
polymer systems discussed and despite the strik-
ing experimental agreement, this model is not
likely to provide the correct interpretation of the
field dependence of the drift mobility. Similar
conclusions were advanced by Gill for the case of
PVK:TNF.

In the Scher-Montroll theory, barrier lowering
effects can be incorporated in the mean displace-
ment per hop l(E). For hole transport in a-As, Se,
the experiments indicate that for E& 10-15 V/pm,
and T & 270 K the mean displacement increases
in proportion to the applied field, l(E) o- E, i.e. ,
tz~ (L/E)'~ . At higher fields the field depen-
dence becomes steeper, and it has been shown
that an expression of the form

gpE
T

can account for the data on a-As, Se, for a wide
field and temperature range with reasonable val-
ues for the parameters n and p." It is tempting
then to apply Eq. (9) to the present system where
the hopping distance can independently be esti-
mated from the TPA concentration. The deriva-
tion of Eq. (9) a,ssumes that the hopping probabil-
ity in field direction increases exponentially as
exp(epE/2k T} and that its saturation occurs at

fields much higher than experimentally applic-
able. " [In Eq. (9) the conventional definition of
the mobility is 'used for easier comparison with
expressions given in the literature. One has to
keep in mind that because of the L dependence the
mobility loses its conventional meaning in non-
Gaussian transport. ]

The difference 'between earlier barrier lowering
formulas"'" and Eq. (9) is the presence of the
power exponent 1/n which is a consequence of
Scher and Montroll's treatment of dispersive
transport in three dimensions while the previous
models, although incorporating barrier fluctua-
tions, "were restricted to a one-dimensional anal-
ysis. A treatment similar to that leading to Eq.
(9}has been suggested by Maitra. " At high fields
the one- and three-dimensional treatment become
formally identical since the field introduces a
large spacial asymmetry. At low fields, how-
ever, the power exponent 1/n plays a significant
role. While for the one-dimensional treatments
the mobility approaches a field-independent value,
Eq. (9) predicts

pa:(I/E)(epE/2kT)' exp(-bo/kT) . (10)

The applicability of this relation is subject to the
conditions 0&n&1 and T& T,. Introducing Eq. (12)
in Eq. (13) leads to

x x xxp tx —E)(——) xp( ,'), (13}

The significance of a calculation in three dimen-
sions for the low-field data has been amply demon-
strated. ' At high fields Fq. (9) reduces to

go-(1/E) exp(epE/2kn T) exp(-6, /kT) . (11)

Note that I/o & 1 corresponds to the dispersion
parameter s &1 in the one-dimensional treat-
ment. "

The Arrhenius plots for various applied fields
intersect at a finite temperature T, rather than
T=O (see Fig. 4, for example}. Hence for T&T,
the temperature dependence of the mobility can be
described by an effective temperature 1/T —1/T»
which is apparent from the phenomenological ex-
pression Eq. (1}.

It is suggested that appearance of an effective
temperature results from a temperature depen-
dence of the dispersion parameter Q. . A possible
source for this dependence is a distribution of en-
ergy levels as is exemplified by Eq. (6)for the case
of an exponential distribution. Comparison of the
high-field approximation Eq. (10) with the phenom-
enological expression Eq. (1}suggests o to be of
the general form

(12)
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where E,= 2n, d,/ep In t.he high-field limit the
activation energy is given by

n(E) = 6, —(ep/2n, )E. (14)

Over the limited field range typical of these ex-
periments, Eqs. (1) a,nd (9) are expected to give
similar results. With the dispersion a being tem-
perature dependent, Eq. (9) contains five param-
eters p, ~„T„~„and8',. Of these only the
first three are significant since W, is only a scal-
ing parameter and b, has no influence upon the
(temperature dependent) curvature of the p vs E--
plots. This curvature, however, is strongly sen-
sitive to the choice of &o Tp and p. Now, p can
be calculated from the concentration of the TPA
molecules. With p fixed, ~, can be determined
from the field dependence of the activation energy,
Eq. (14). This leaves T, as the only parameter
available to adjust the curvature of the p, -vs-E
plots over the entire temperature range where
Eq. (12) holds. With T, and n, so determined, the
calculated dispersion parameter n(T), Eq. (12)
should then match the values estimated from the
current shape and the thickness and concentration
dependence of the transit time. This procedure is
now applied to several TPA samples. First, the
linear field dependence of the activation energy is
shown in Fig. 11. From this figure, the slope
p/2n, can be obtained for each sample. Using
0.5 TPA as an example one has p= 10.7 A from the
molecule concentration, p/2n, = 20 A from Fig. 11,
and therefore n, = 0.26. With these values Eq. (9)
has been fitted to the data for To 455 K. Figure
12 compares the experimental results with the cal-
culated mobilities in a plot of log»p vs log1p& The
agreement is remarkable over a wide temperature
and field range. The dispersion parameter calcu-
lated with the fitted ~, and T, decreases from
-0.74 of 297 K to 0.44 at 185 K. Although the
room-temperature value is somewhat large the
overall temperature variation is certainly consis-

IO-'

I

a =0.26
I I I I I I

0.5TPA

10-6

CV

E
1O7

10 8

1O5

E(V/cm)

1O6

FIG. 12. p vs E for 0.5 TPA at various temperatures.
Curves were calculated from Eq. (9) using parameters
listed in the figures.

tent with the experimental results. Figure 13 com-
pares the fitted curves with the results for a 0.3-
TPA sar@pie. Good fits were also obtained for
samples of still lower concentration but the ex-
perimental field range for these samples is so
limited that the fits do not provide a meaningful
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p, and the field and temperature dependence of
the charge localization y are related. It is, there-
fore, not possible to separate the two effects and
pinpoint the actual source for these dependences
without further experimental information. Al-
though several mechanisms for either effect can
readily be proposed (trapping, disorder, molec-
ular vibrations), such a discussion appears rather
speculative at present and will be deferred until
more detailed studies are available that relate
sample morphology, impurities, and parameters
of host polymer and transport molecule to the pa-
rameters introduced in Eq. (1) or Eq. (9). A de-
tailed comparison of the transport data for
PVK:TNF, NIPC-Lexan, and TPA-Lexan might
be a first step in this direction.

10-8

)05
e(lcm)

)06

FIG. 13. p, vs E for 0.3 TPA. See caption, Fig. 12.

D. y(E, T) and h(p), P(p)

The observed variation of the activation energy
& and field dependence p with intersite distance

test for the applicability of Eq. (9). The dashed
lines in Fig. 3 show the fitted curves for the 0.4-
TPA sample. It is seen that in the logypp' vs-E' '
plot Eqs. (1) and (9) indeed yield very similar re-
sults in the field range spanned by the experi-
mental results. A more stringent test of Eq. (9)
requires data at much lower fields than experi-
mentally feasible in these experiments. The low
end of the field range is determined by the signal-
to-noise ratio which decreases because of decreas-
ing carrier velocity and carrier generation effi-
ciency. The latter is temperature and field depen-
dent and decreases exponentially with increasing
hopping distance p. ' The algebraic field depen-
dence predicted by Eq. (9) for low fields could be
observed for hole transport in a-As, Se, in the
field range 1-10 V/pm. In this case"" p-40 A
and n-0. 5 (temperature independent).

V. CONCLUSIONS

Hole transport in triphenylamine-doped poly-
carbonate polymer, TPA-Lexan, proceeds by

hopping among localized sites associated with the
TPA molecule. Representative values for the
drift mobility at room temperature, 50 V/p, m ap-
plied field, and a 10-p m thick sample are p

- 7
&& 10 ' cm'/V sec for 0.5 TPA and p-1.5 x 10 '
cm'/Vsec for 0.1 TPA.

Equation (1) provides a useful phenomenological
description of the drift mobility over the experi-
mentally accessed field range of 20-100 V/pm
and temperature range of 100 K around room tem-
perature. The parameters introduced in Eq. (1)
slightly increase with decreasing concentration.
For the range 0.5-0.1 TPA, their respective
variations are a 4-5 K (V/cm) ' ', E,' '

(1.7-2.0) x 10' (V/cm)' ', and To 360-400 K.
These temperatures T, are significantly lower
than those obtained from a similar analysis of
electron and hole transport in the charge transfer
complex of PVK:TNF."

The activation energy b and the field dependence
at constant temperature (slope P) increase with
decreasing TPA concentration and, related to this
dependence the charge localization y appears to
increase as the temperature is lowered. The re-
spective variations are of the order of magnitudes
By/8T -1 x 10' K 'cm ', By/&E& -50 V ', &p/&p

(271 K)-5x 10' (V/cm) ' ' cm ', and sn/sp 3
& 10' eVcm '. These variations are consistent
with the concentration dependence of the param-
eters a, Tp, and ED '.

The Scher-Montroll theory of stochastic non-
Gaussian transport provides a consistent inter-
pretation of all experimental results if barrier
lowering and temperature-dependent dispersion
are formally introduced in the theoretical expres-
sion for the transit time tr, Eq. (3). A tempera-
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ture-dependent dispersion could arise, for in-
stance, from a fluctuation of hopping energies in
which case the characteristic temperature T„
Eq. (1},provides a measure for that spread.

The detailed study of electronic transport in
molecularly doped organic polymers furnishes an
important additional test for transport mechanisms
proposed in other disordered solids. That Eg. (9}
provides a consistent interpretation of the experi-
mental results for doped polymers and the chal-
cogenide glass a-As, Se, suggests that the trans-
port mechanism in these materials may be very
similar.
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