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The transition from transient trap-controlled hopping among traps has been observed
in a polymer matrix doped with two transport molecules of different ionization potential.
The nonequilibrium properties of the transport, characteristic of the disordered molecu-
lar state, are manifested by an apparent concentration-dependent trap depth.

The modulation of the microscopic charge trans-
port through extended states by interaction with
energetically shallow traps results in a trap-con-
trolled drift mobility measured by the time-of-
flight technique. A good example for an inorganic
solid is the case of electron transport in CdS
crystals. ' This transport mechanism is charac-
terized by the existence of thermal equilibrium
in occupancy between extended states and shallow
traps which is established in a time much shorter
than the transit time t~. Under these conditions
the injected sheet of excess charge is said to
move "coherently, " since on the average the car-
riers experience the same large number of trap-
ping events such that the relative dispersion of
the propagating carrier sheet can be described
with Gaussian statistics. Trap-controlled drift
mobilities have also been measured in doped mol-
ecular crystals. ' In this case, however, ques-
tions remain about the precise nature of the mi-

croscopic mobility in the ordered molecular state
since the validity of a band picture is seriously in
question.

Recent time-of-flight studies in molecularly
doped polymers have provided firm evidence of
an alternative microscopic mobility process.
The ability to study charge transport as a func-
tion of the dopant molecule concentration allowed
a clear identification of the mechanism as one in-
volving the hopping of charge carriers within a
random array of molecules. '' This is consistent
with the complete breakdown of a band picture in
the disordered molecular state leaving hopping
as the only possible process for the microscopic
mobility in such systems. The dynamics of tran-
sient transport in disordered materials such as
these are determined by stochastic processes and
general agreement exists between experimental
observation and recent theoretical work by Scher
and Montroll. ' The central point of this theory is
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the totally "incoherent" drift of an injected sheet
of charge because of a wide distribution of hop-
ping times which leads to a completely nonther-
mal equilibrium character of the transport pro-
cess in which carriers may experience quite dif-
ferent histories during their transit.

These features coupled with the relative ease
with which the concentration and nature of sever-
al dopant molecules may be varied make molecu-
larly doped polymers interesting model systems
to search for the analogous trap-controlled mode
of transport where the microscopic transport
process involves hopping.

Substantial evidence exists that the distribution
of nonequilibrium excess charge in the molecular
state is determined by the relative values of the
ionization potential (for excess holes) and elec-
tron affinities (for excess electrons) of the mol-
ecules present. '' Such reasoning suggests that
by molecularly doping an electrically inert poly-
mer matrix with, as an example, two donor mol-
ecules of different ionization potentials, it should
be possible to measure a trap-controlled hopping
drift mobility. The expectation is that hopping
transport of holes through an appropriate concen-
tration of one molecule will be modulated by trap-
ping on a molecule of lower concentration if the
latter has a smaller ionization potential. The
converse would not be true; i.e., if the molecule
of lower concentration has the higher ionization
potential it will not act as a hole trap.

In this Letter, we report the first unambiguous
experimental observation of a trap-controlled
hopping mode of transport by measuring the hole
drift mobility as a function of the relative concen-
tration of two different donor molecules molecu-
larly dispersed in an inert polymer. Being inert,
in this context, means that the undoped polymer
exhibits no photoinduced charge displacement on
the time scale typical of the drift experiments
(10 ysec-10 sec).

The polymer matrix used in the experiments
described was Lexan' polycarbonate and the mol-
ecules dispersed were N-isopropylcarbazole
(NIPC) and triphenylamine (TPA) which have gas-
phase ionization potentials of 7.27 and 6.8 eV, re-
spectively. ' Weighed amounts of Lexan, NIPC,
and TPA were dissolved in spectral-quality 1, 2-
dichloroethane. Lexan was used as received.
TPA and NIPC were purified by sublimation and
recrystallization from methanol and isopropylal-
cohol, respectively. The mixture was cast onto
ball-grained Al using a doctor blade technique;
dry film thicknesses were typically 9-11 pm.
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Plot of hole velocity I./t~ at 5{) V/pm and
296 K as a function of the concentration of triphenyla-
mine molecules. The open circles are for samples
which also contain 1 F10 ' NIPC molecules per cubic
centimeter. The inset shows the dependence of the ac-
tivation energy of transport at 75 V/pm on triphenyla-
mine concentration.

The films were allowed to dry at room tempera-
ture for 15 h before they were heated at 40'C in
vacuum for 1 h. Transparent Au electrodes of
0.32 cm' were then deposited by slow vacuum
evaporation. The transport parameters were de-
termined by the time-of-flight technique which
was modified as described elsewhere for analysis
of the typically featureless current signals in log-
arithmic units of current versus time. ' Free
carriers were photogenerated close to the sur-
face provided with the Au electrode by a 5-nsec
3371-A light pulse derived from a I, laser. At
3371-A Lexan is transparent and all the light is
absorbed by the NIPC and TPA molecules. Only
hole transport could be observed, which is ex-
pected, since both molecules are donorlike. 4

Figure 1 summarizes the results of the time-
of-flight experiments conducted at room tempera-
ture and with an applied field of 50 Vy'pm. Plotted
along the ordinate is the drift velocity L(tr,
where I. is the sample thickness and t~ is the
transit time determined from the logarithmic cur-
rent-versus-time plots. It should be pointed out
that at tr about 10-15% of the injected carriers
transited the sample. ' Plotted along the abscissa
is the TPA concentration, nTpA in units of mol-
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ecules per cubic centimeter. Concentrations
were calculated from the weight ratio of dopant
molecule to Lexan with 1.16 g/cm' as an average
density.

Two sets of samples were measured. In one
set the NIPC concentration was zero and the TPA
concentration was varied. The hole velocities
measured for these samples are shown as solid
circles in Fig. 1. With use of the same argument
applied to establish hopping transport in NIPC-
doped Lexan, 4 the strong concentration depen-
dence of L/tr shown in Fig. 1 also confirms this
transport mechanism for the TPA/Lexan system.
Thus at fixed temperature and field, the drift ve-
locity is controlled by the overlap of the wave
functions localized at neighboring TPA molecules
with average intersite distance p TPA TPA

In the other series of samples Lexan was doped
with NIPC molecules (with nN, pc= 1 x10" cm ')
and the TPA concentration was varied. nTPA was
kept below —3&10' cm ' to ensure that the aver-
age intersite distance pN, pc (nN, pc)

'" among
the NIPC molecules was not changed by the TPA
molecules. The drift-velocity results at 50 V/pm
are shown in Fig. 1 as the open circles. For nTPA
=0 (arrow), transport occurs via hopping among
NIPC molecules. ' Note that fpr the same concen-
tration of -1&&10"cm ' transport via TPA mole-
cules exceeds that via NIPC molecules by more
than one order of magnitude.

The addition of TPA reduces the drift velocity
from the value at n TPA 0 in a manner which, for
s TpA 10 —10" cm ', is approximately propor-
tional to n TPA . With further increasing TPA
concentration, the velocity goes through a mini-
mum at -2 &&10" cm ' and begins to rise again,
approaching, at -3&10"cm ', the value obtained
with films of the first sample series, which con-
tained no NIPC. Samples with n TPA)4 &&10 cm '
cannot be prepared without changing the average
intersite distance among NIPC molecules. Also
fpr tptal cpncentratipns in excess of 2&10" cm '
crystallization effects became apparent.

From these concentration studies alone, it is
possible to explain the general features of the ob-
servations in a relatively simple way. For nTpA
=0, the hole transport occurs via hopping among
the NIPC molecules present in a fixed concentra-
tion. As TPA molecules are introduced at low
concentrations, carriers occasionally become lo-
calized on a TPA molecule which, because its ion-
ization potential is lower than NIPC, acts as a
trap for holes. Since the overlap between TPA
molecules is so small at these concentrations,

further drift of the charge localized on TPA must
await thermal excitation back to an NIPC mole-
cule. The data points for n TpA( 2&10' cm per-
tain to this mechanism. At sufficiently high TPA
concentrations the overlap among the TPA mole-
cules becomes sufficiently large that TPA-TPA
hopping begins to compete with the hopping among
NIPC-NIPC and TPA-NIPC pairs observed at low
TPA loading. This process causes the drift ve-
locity tp rise for nT~A~ 2&&10" cm ', and it ap-
pears from the data shown in Fig. 1 that at n TPA
-4 &10 ' hopping among TPA completely domi-
nates the charge transport.

TPA in low concentrations inhibits hole trans-
port through NIPC because its ionization potential
is lower. It follows then that, in the converse
case, charge transport through TPA should not
be influenced by NIPC as long as the intersite dis-
tance (n~p„) "' remains constant. This is experi-
mentally confirmed in Fig. 1 by the coincidence
of the velocities measured for nTPA 4&&10 cm
for both sample series and by the point identified
by an asterisk which pertains to a sample with the
loadings n»pc-2&&10" cm ' and nTPA 8 5~10"
cm

In the absence of TPA the activation energy for
transport, 6», characterizes the transfer of
holes among NIPC molecules. In the trap-con-
trolled region (n~p„(2x10 c2m0'), "coherent"
charge transport would predict that the activation
energy is to be associated with the transfer of
holes from TPA to NIPC sites; viz. , &»-&TT
+IN —IT, where &TT is the energy for hopping
among TPA and IN —IT is the energy difference
between the highest occupied molecular orbitals
pf TPA and NIPC, respectively. Since &NN ~TT
+0.1 eV and IN —Ir-0.4 eV (difference of gas-
phase ionization potentials), one expects that in
the trap-controlled region ~TN- ~»+0.3 eV, in-
dependent of TPA concentration. The inset in
Fig. 1 shows that this is not the case. The ordi-
nate of this plot is the activation energy for trans-
port determined from the temperature depen-
dence of tr (measured at 75 V/ttm) and is plotted
versus the concentration of TPA molecules. Fo-
cusing attention on the open circles which again
show the data for mixed doped samples, one can
see that the activation energy is dependent on the
concentration of the TPA molecules. The full cir-
cles again refer to samples containing no NIPC.
With increasing TPA concentration, the activa-
tion energy increases from ~»-0.36 eV to ~TN
-0.52 eV at -2 &10"cm ' and then approaches
the value 4TT characteristic of hopping among
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TPA molecules at that concentration. It is sug-
gested that this concentration dependence arises
purely from statistical considerations and, spe-
cifically, from the detailed nature of the disper-
sive-charge drift characteristic of an increasing
number of disordered solids. ' ' '

The nonequilibrium transport in the presently
discussed system is characterized by a broad dis-
tribution of hopping times. In fact, the distribu-
tion extends beyond the time range of the experi-
ment since at tr only 10-15% of the carriers have
left the sample. Hence, carriers reaching the
substrate electrode at a time of the order of t~
will have experienced different combinations of
hopping sequences. For a system with only one
transport molecule, NIPS for instance, the hop-
ping-time distribution function g(t) is concentra-
tion-dependent but temperature-independent if we
assume, as did Scher and Montroll, ' that the hop-
ping distance rather than the activation energy is
the dominant stochastic variable. The addition of
varying amounts of a second transport molecule,
TPA for instance, makes the distribution function
explicitly temperature-dependent, in addition to
its dependence on NIPC and TPA concentration,
since ANNI A»,' and, consequently, the tempera-
ture dependence is no longer a simple scaling fac-
tor. It is suggested that the concentration depen-
dence of the activation energy observed in TPA)
NIPC-doped Lexan is a manifestation of the con-
centration- and temperature -dependent hopping-
time distribution function. The observed activa-
tion energy is interpreted as an average of 4»
and &TN, reflecting the various hopping sequen-
ces of the carrier for the particular TPA concen-
tration. If it were possible to increase the TPA
loading to a point where all carriers in transit ex-
perience similar trapping histories with respect
to TPA, the increase of the activation energy ov-
er ~TT would be expected to approach a concen-
tration-independent value -0.3 eV. However at

these concentrations, activation from TPA to
TPA dominates the activation from TPA to NIPC
and the activation energy approaches the value
characteristic of hopping among TPA molecules.
The concentration dependence of the latter activa-
tion energy is the subject of our current investi-
gation.

Trap-controlled hopping has recently been pro-
posed as a viable mechanism for transient hole
transport in a-As, Se,. '0 In this case, however, the
model cannot be tested by concentration studies
and the interpretation in terms of trap-controlled
hopping has to rely on numerical arguments. This
further illustrates the usefulness of molecularly
doped polymers as model systems for the study
of various aspects of charge transport pertinent
to the disordered solid state in general.
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