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Disorder in Charge Transport in 
Doped Polymers ** 
By Mark Van der Auweraer,* Frans C. De Schryver,* 
Paul M. Borsenberger, and Heinz 

1. Introduction 

The interest in the transport of charge carriers in molecularly 
doped polymers and related materials is related to the impor- 
tant application of these systems as photoreceptors in xe- 
rography“ - 31 and to the theoretical challenge of understanding 
the charge transport in these disordered solids. Charge carri- 
er propagation in disordered media containing a charge 
transport agent D can be described as a sequence of one-elec- 
tron oxidation-reduction processes, where each of the elec- 
tron or hole transfer steps is assumed to be completely inde- 
pendent of the preceding one (incoherent transport). For 
hole transport, some groups are initially positively charged 
(radical cations). Under an applied field, neutral molecules 
will transfer electrons to the radical cations. For this to occur, 
the groups must be donor-like in their neutral state. For elec- 
tron transport, electrons are displaced from the anion radicals 
to neutral molecules, which must be acceptor-like in their 
neutral state. 

Those transport processes can be investigated using a xero- 
graphic technique,[4, ’1 where the photo-induced discharge of 
a sample charged by a corona is determined, or by the deter- 
mination of transient photocurrents. The latter 
although requiring a more elaborate setup, is able to yield 
independent information on the quantum yield of photogen- 
eration, the mobility of the charge carriers, and the nature of 
the charge transport process. In this method the sample is 
sandwiched between a semi-transparent top electrode and a 
counter electrode. A strongly absorbed light pulse impinging 
through the top electrode creates a sheet of charge carriers 
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that migrates through the sample under the influence of the 
applied field (Fig. 1). Depending upon the sign of the ap- 
plied potential difference and the transport material, this 
method allows charge transport by either electrons or holes 
to be investigated.[6- lo) 

electrode 
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Fig. 1. Setup for the determination of transient photocurrents [6,7] 

For a straightforward interpretation of the transient photo- 
currents the electrodes should be non-injecting and hence create 
a blocking contact between the top electrode and the sample 
to avoid large dark currents and the creation of a space charge. 
The counter electrode should allow an efficient drain of the 
charge carriers that have crossed the sample to the elec- 
trode.[”, The energy of the light pulse should be such that 
the photogenerated charge is much smaller than the product 
of the applied voltage and the capacitance of the illuminated 
area of the sample. Otherwise the features of the transient 
photocurrent will be distorted by the space ~ha rge . [ ’~*’~I  The 
investigation of transient photocurrents was originally“’. 61 

developed for inorganic materials and later appliedC6* 7l to 
organic single crystals, which are characterized by a non-dis- 
persive charge transport. In this case the transient photocur- 
rent has essentially a rectangular shape.“, ’I The time depen- 
dence of the current can be described by Equations l a  and b, 
where t,, and q correspond to the transit times of the charge 
carriers [s] and the total photogenerated charge [C], respec- 
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tively. The transit time t,, is related to the mobility p 
[cm2 V-'s- '  ] by Equation 2. 

In Equation 2, I ,  cdrr E and V correspond to the thickness 
of the sample [cm], the drift velocity [cms-'I, the applied 
field [Vcm- '3. and the applied potential difference [ V ] ,  re- 
spectively. For non-dispersive transport the spread ( A , Y ~ ) ~ / *  
of a sheet of charge carriers that has traveled a distance x is 
given[17, by Equation 3, which can be written as Equa- 
tion 4 with Equation 5. 

In Equations 3-5 ,  (7 and D correspond to the charge of an 
electron or a hole and the diffusion coefficient of the charge 

carriers, respectively. Equations 3 - 5 imply the validity of 
Einstein's law relating mobility to diffusivity.["I Application 
of Equations 3-5 assumes that no photogenerated carriers 
are lost by recombination. Those recombination processes were 
investigated using "interrupt-field time-of-flight photocon- 
d~ctivity"."~] In this method the electric field is switched off 
immediately after the generation of the charge carriers and a 
large collecting field is applied after a delay time to collect 
the remaining charge carriers. However, the extent to which 
the recombination rates of the charge carriers obtained using 
this method are relevant for the experimental conditions in 
a normal time-of-flight experiment remains uncertain. 

While Equations 1 - 5 are able to describe transient photocur- 
rents in organic and inorganic single crystals,[5, 6 ,  15, the 
transient photocurrents observed for several amorphous in- 

showed a continual de- 
crease of the photocurrent. Often plotting the logarithm of 
the current versus the logarithm of the time yields plots inter- 
secting at t = t , ,[ '7,23-251 (Eq. 6). For photocurrents ob- 
tained at different applied fields and temperatures it was 
furthermore often possible to superpose plots of In [i(t)/i(t,J]. 
This property is called ~niversality.['~] 

and organic 

i ( t )  cc ta-' for t < t,, 
i(t) K i ( tJ  t 0 - l  for t > t,, 
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with 
O < a < l  and P < O  

These features of the transient photocurrents suggested a 
dispersive transport where the velocity of a sheet of carriers 
decreases as the packet traverses the sample. This is accom- 
panied by an increase in the width of the sheet of charge 
carriers that is proportional to t rather than t’”. 

(Ax2)’l2 K t (7)  

Hence the mean arrival time of the carriers becomes an 
ill-defined quantity which no longer allows the determina- 
tion of mobility in an unambiguous way using Equation 2. 
Seki [261 and Scher and Montroll[17] attributed the occur- 
rence of dispersive transport to a hopping mechanism with a 
waiting time distribution $ ( t )  that is characterized by infinite 
moments. For hopping between isoenergetic sites with a ran- 
dom positional distribution, “r hopping”, the waiting time 
distribution can be approximated by Equation 8 if the hop- 
ping probability between two sites separated by a distance a 
is proportional to exp (- a 7 ) .  As CI depends only to a minor 
extent on t ,  Equations 8 10 can describe a transient pho- 
tocurrent and correspond to Equation 6 with CI = - /I. 

with 
1 

CI = - 1 = - q[In (t/t,,)12 
3 (9) 

and 

According to Equations 6-10 the relationships 11 and 12 
hold between the transit time t,,, the mobility p ,  and the 
thickness I of the sample and the applied field E. 

According to Equations 9 and 10 small values of a, corre- 
sponding to a high concentration of the transport molecules, 
will yield a large value of y and hence of CI, corresponding to a 
nearly non-dispersive transport, while large values of a, corre- 
sponding to a low concentration, will yield values of ci close 
to zero, corresponding to a highly dispersive tran~p0rt.L~~ - 251 

For non-dispersive transport, the waiting time distribution 
would be characterized by finite moments (S$(t)  t”dt + co). 
This could be realized by a waiting time distribution $ ( t )  
resembling Equation 13. 

Although the analysis of Scher and Montroll could explain 
some aspects of charge transport in disordered systems success- 
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fully, the observed values of CI often differed from those ob- 
served for P.[” -291 Furthermore, for several systems, devia- 
tions from universality were observed when a system was 
evaluated at different  temperature^.[^^-^^] Those deviations 
could be attributed to the energetic disorder between the 
different sites involved in the hopping process. Beside fluctu- 
ations in the intermolecular distance and mutual orientation 
of two molecules (off-diagonal disorder)[331 an amorphous 
system will always be characterized by fluctuations of the 
molecular energy levels (diagonal disorder). Due to these fluctu- 
ations the narrow transport bands of molecular crystals are 
split into a distribution of completely localized states between 
which hopping occurs. The inhomogeneous broadening of 
the absorption and fluorescence spectra of organic glasses or 
of molecular dispersions of chromophores in polymers as 
opposed to crystalline counterpart structures are attributed to 
these disorder effects. It is easy to understand that for posi- 
tively or negatively charged radical ions this diagonal disor- 
der is brought about by fluctuations of the van der Waals 
interaction energy or of the ion-induced dipole or of the ion- 
permanent dipole interactions.[34’ 351 Starting from an expo- 
nential (Eq. 14) or a Gaussian distribution (Eq. 15) of the 
density of states (DOS), it is possible to use Monte Carlo 
calculations to describe the average position and energy of a 
charge carrier that is injected into this distribution of energy 
levels at t = 0 . [ 3 6 3  3 7 1  

In the framework of this model, off-diagonal disorder can be 
introduced as an overlap parameter &, which describes the 
interaction between the HOMOS (highest occupied molecular 
orbitals) and the LUMOs (lowest unoccupied molecular 
orbitals) of sites i andj.  c j  can be given by the sum of the 
parameters & and 5, which are randomly distributed with 
mean ya and variance Z/@. In this model the rate vij for a 
jump between site i and j is given by Equation 16. 

vij  = vo exp (- y A R i j )  for c j  < zi (1 6 b) 

In Equation 16, v,, and ARij correspond to an electronic 
prefactor [s- ‘1 and the center-to-center distance between 
two sites i a n d j  [ 4, respectively. This distance is character- 
ized by an average value a. Hence relative variation of the 
electronic intersite coupling is given by Zl(2ya). Hopping in 
an exponential distribution[38] of energy levels can be used to 
describe the dispersive transport of charge carriers in inor- 
ganic amorphous materials or polyvinylcarbazole. In the lat- 
ter materials the charge carrier transport can also be de- 
scribed in a multiple trapping formalism (see below). This 
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formalism was however less suitable for describing the trans- 
port of holes by molecules dispersed in an inert polymer. At 
higher temperatures the transient photocurrents are always 
characterized by a fast initial decrease followed by a plateau, 
until at t = t,, the current photocurrent decays to zero. 

CH' 
-%. 

I 
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Although the plateau suggests a non-dispersive transport 
(ix approaches 1 in Equation 6a), the tail of the photocurrent, 
corresponding to the spread of the sheet of charge carriers 
( ( A X ~ ) > ' ~ ~ / , U E )  is several orders of magnitude wider than 
expected for non-dispersive transport. Simulations starting 
from a Gaussian DOS were, however, able to simulate the 
features of the transient photo current^.[^^-^^] The funda- 
mental difference between hopping in an exponential DOS 
and in a Gaussian DOS is that while in the former system the 
average energy of the hopping carriers ( E )  relaxes to - co it 
relaxes to -o' /(kT) in the latter system. Therefore Equa- 
tion 6a is no longer adequate to describe the hopping in a 
Gaussian DOS at times shorter than t,r. On a heuristic basis, 
Scott et al.141] therefore derived Equation 17, based on com- 
bination of the slowing down of the charge carriers due to 
the relaxation of the energy in a DOS and a Gaussian distri- 
bution of inverse transit times. Here to and G, are the average 

and the standard deviation of the inverse transit times, re- 
spectively. Unless cx < 1 ,  this expression does not become 
zero when t -+ x , . ~ " ~ ]  This means that ix not only governs the 
short time but also the long time behavior, and this could be 
one of the reasons for the correlation between CI and c1 sug- 
gested by Scott.["'] As long as t ,  > l /oI,  Equation 17 will be 
very close to zero at times much larger than t o .  However, 
when l/cl becomes large compared to t o ,  which will occur for 
more dispersive transport, the long time behavior of Equa- 
tion 17 could be improved by replacing[411 Equation 17 by 
Equation 18, where erf is the error function. 

Contrary to Equation 17, Equation 18 does become zero for 
t -+ a. The transit times obtained by fitting experimental re- 
sults to Equation 17 or 18 permit the computational determina- 
tion of a mean carrier mobility in a true sense. Generally, the 
mobility obtained using Equation 17 or 18 and those derived 
from the transit times determined via the intersection of asymp- 
totes of Equations 6a  and 6 b indicate that the latter model 

always yields smaller values of the transit time. While t,, corre- 
sponds to the arrival of the fastest carriers at the opposite 
electrode, to corresponds to the most probable transit time. 

2. Temporal Features of the Photocurrents 

Figure 2 shows typical features of a transient photocurrent 
obtained by Monte Carlo calculations. On increasing o/(kT) 

7 - 1  

0 50 100 150 200 250 300 

t OlS) - 
Fig. 2.  Comparison of an experimental photocurrent transient (-) at T = 
312 K for a sample of 75% 1,1-bis(di-4-tolylaminophenyl)cyclohexane (TAPC) 
in polycarbonate (PC) with data simulated for (i = 3.5kT and L = 3.25 [39]. 

from 1.4 to 4.0, a gradual transition from a non-dispersive 
photocurrent transient to a dispersive photocurrent transient is 
observed. A typical experimental transient trace, shown in Fig- 
ure 2 for a sample containing 75 % of l,l-bis(di-4-tolylamino- 
pheny1)cyclohexane (TAPC) in polycarbonate (PC) at 31 2 K, 
can be fitted to a simulated photocurrent transient,[37. 391 with 
c = 3.50kT and C = 3.25. The photocurrent transient re- 

TAPC U 

ported in Figure 2 is typical for a large range of materials, 
temperatures, and applied field strengths. Similar photocur- 
rent transients are obtained for aromatic donors dispersed in 
polymers and thin vapor-deposited layers of the same mole- 
c u l e ~ . [ ~ ~ %  33,3s '-473 Although it is often impossible to analyze 
the photocurrent transients in the framework of Equation 6, 
they can be fitted to Equation 17 or 18 for a large range of 
materials and matricesL4' -461 (Fig. 3). For hole transport mate- 
rials, fitting to Equation 17 or 18 generally yields values of a, 
oI to and to that are identical to within the experimental error. 
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Fig. 3 .  Analysis of the transient photocurrent obtained for a 24% pEFTP in 
polycarbonate at 298 K and at an applied voltage of 1300 V in the framework 
of Equation 17 [42]. The sample thickness was 12.7 om. Excitation occurred at 
320 nm. Analysis in the framework of Equation I8 yielded identical results. , 
experimental data; -, calculated decay. 

A systematic investigation of the influence of the applied field 
on the fit parameters obtained for [4-[bis(4-ethylphenyl)ami- 
no]phenyl]-N,N,N',N'-tetrakis(4-ethylphenyl)-[ 1 ,I ' : 3', 1 "-ter- 
phenyl]-4,4'-diamine (pEFTP) dispersed in polycarbonate 

suggests[42] that upon increasing the applied field crI to increases 
from 0.35 & 0.1 at low fields (9.0 x lo4 Va-') to values rang- 
ing from 0.3 to 0.7 at high fields (0.8 to 1.6 x lo6 Vcm-') 
depending upon the temperature and the concentration of 
pEFTP (Fig. 4). While at low applied fields o,t, does not 
depend upon the temperature or the concentration, it in- 
creases at high fields upon decreasing the temperature or the 
concentration. The values of LY increase under all conditions 
upon increasing the temperature. While the values of LY at low 
fields do not depend upon the concentration, the values at high 
fields increase upon increasing the concentration (Fig. 5) .  This 
parallelism between the trends observed for LY and o,t, corrobo- 
rate the correlation between CI and oIto suggested by Scott for 

0 200 400 600 800 1000 1200 1400 

E (v/cm) 
Fig. 4. Dependence of u& on the applied field for pEFTP dispersed in polycar- 
bonate. 0, 24 wt-% at 298 K;  0 ,  24 wt-% at 343 K;  m, 11 wt-% at 298 K; +, 
11 wt- % at 343 K [42]. 

p-diethylaminobenzaldehyde-diphenyl hydrazone (DEH) .F4 1 

The more dispersive character of the transport upon increasing 
the applied field is on first sight surprising. It is, however, 
also predicted by  simulation^.^^^] 

0.9 

0.8 1*:1 
0.7 ='. I 

rn 
0.6 ' ' ' ' ' ' " ' I ' ' '  

0 200 400 600 800 1000 1200 1400 

E ~ / Z  (V/cm) 1/2 
Fig. 5. Dependence of a on the applied field for pEFTP dispersed in polycar- 
bonate. 24 wt-% at 298 K; 0 ,  24 wt-% at 343 K;  m, 11 wt-% at 298 K;  +, 
11 wt-% at 343 K [42]. 

The quantitative analysis of the features of the transient pho- 
tocurrents and their field dependence suggests that amorphous 

tolylamine (TTA)[43, 44, 511 and P E F T P I ~ ~ ,  461 dispersed in poly- 
carbonate give rise to a hole transport that can be explained by 
models based on the hopping in a Gaussian DOS. A similar 
result was obtained for several electron transporting mole- 
cules such as a 4: 1 mixture of 3,3'-dimethyl-5,5'-di-tert-butyl 

TApC[30,391 or DEH[48] and TApc,[391 DEH "u.493 501 tri- 
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diphenoquinone (33DPQ) and 3,5’-dimethyl-5,3’-di-tert-butyl 
diphenoquinone (35DPQ) dispersed in polystyrene (PS) or 
poly(4,4’-cyclohexylidenediphenyl)polycarbonate (PC-Z) .[471 
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TPD 

6 A. In the framework of the hopping in a Gaussian DOS 
with superimposed positional disorder the following depen- 
dence of the charge carrier mobility upon the applied field 
and the temperature was obtained for field strengths ranging 
between 1.0 x lo5 and 1.0 x lo6 Vcm-’. Here poo is the mo- 

for C21.5 (20a) 

for C < 1.5 (20b). 

DEH 

TTA 

Sometimes the initial spike of the transient photocurrents is 
followed by a cusp rather than by a plateau. This was attributed 
to the occurrence of space charges or trapping of charges at 
the in te r fa~e .”~ .  291 More recently, Borsenberger et al.[301 
have also reported a similar phenomenon in transient photocur- 
rents obtained using an a-Se layer as a photoemitting elec- 
trode, but in this case it was attributed to energy-selective 
carrier injection at the interface between the emitting elec- 
trode and the transport layer. 

3. Field and Temperature Dependence 
of the Mobilities 

As only a very small fraction of the sites have an energy equal 
to or smaller than ( c , ~ , )  = - u2/(k T ) ,  hopping will require an 
activation with a barrier of the same order of magnitude as 
(6 , ) .  Therefore one can expect that the hopping is activated 
and that the activation energy is proportional to l/T. This will 
yield a non-Arrhenius temperature dependence of the mobility. 
On the other hand, applying an electric field E will tilt the 
DOS and thus reduce the activation energy for uphill jumps 
in the field direction. The Monte Carlo calculations suggest 
that (c,) varies according to Equation 19.[36,371 

In Equation 19, E, does not depend upon (T and equals 
for an average intermolecular distance of 1.8 x 1 O6 Vcm 

bility at infinite absolute temperature and at zero field, T is the 
absolute temperature [K], (T is the width of the DOS [ey ,  k is 
the Boltzmann constant (1.38 x JK-I ) ,  C is a parame- 
ter describing the off-diagonal disorder, and C is an empiri- 
cal constant. Cis expected to scale with the square root of the 
intermolecular distance and equals 2.9 x (cmV-’)’/2 
for an average intermolecular distance of 6 A. The field and 
temperature dependence of the mobility p ,  reported in Equa- 
tion 20, were obtained using Monte Carlo  calculation^[^^^ 371 

to describe the average position and energy of a charge car- 
rier in a Gaussian density of states in the presence of an 
applied electric field. The hopping rate constant between two 
neighboring sites was assumed to be given by Equation 16. 
Using an effective medium theory[281 an analogous depen- 
dence was obtained. 

The key predictions of Equation 20 are that the logarithm 
of the mobility is proportional to the square root of the applied 
field and to the inverse temperature squared. A further pre- 
diction is that the slope of the field dependence of the mobility 
(a In,@@) is proportional to T-’. Simulations for other 
types of DOS always suggest a linear dependence between 
1np and E” with 0 2 n I 0.5.[521 Equation 20 describes ade- 
quately the field and temperature dependence of the mobility 
obtained for a large number of hole transport materials dis- 
persed in a polymer matrix or as vapor deposited layers. 
Plotting lnp versus E”’ yields a linear relationship with a 
slope equal to C [  (e o/(k T))’ - 2.251 or C[  (ea/(k  T))’ - Z2] 
and an intercept equal to 1n(po,)-(2oe/(3kT))”. Plotting the 
logarithm of this intercept versus 1/T2 yields again a linear 
relationship with a slope equal to (2ai3k)’ and an intercept 
equal to In p,,, . 

In analogy to the Poole-Frenkel formalism, In p is propor- 
tional to E’’’. However, while, beside other objections, it was 
difficult to attribute a physical interpretation to the large density 
of charged traps obtained by application of the Poole-Frenkel 
mechanism, this is no longer a problem for the hopping in a 
Gaussian DOS. A more recent interpretation, suggesting that 
the agreement with a Poole-Frenkel relationship is due to the 
presence of dipolar traps, cannot, however, be 
As observed for several systems, the slope of lnp versus El/’ 
(Fig. 6) decreases with increasing temperature and can even 
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u 
5 10 15 20 25 

Fig. 6. The slope S of I n p  versus €'Iz plots [36] for various systems: A ,  PMPS 
[57, 621; v, DEHjpolycarbondte [49, 501; 0 ,  TAPC/polycdrbonate [39]; 0 ,  FM 
[88,89] in polyester. 

become negative when eo/(k T )  becomes smaller than C 
(Fig. 7). This means that when the temperature is increased 
the mobility can become field independent or even decrease 
when the applied field is increased. Although the presence of 
off-diagonal disorder (Z > 0) will lead to a sign reversal of 
the plots of lnp  versus Ell2 at lower temperatures, this phe- 
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I .  I I I I I 
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E 'I2 (v/Cm)l/' 

Fig. 7 .  Hole mobility versus El!' in 75% TAPC in polycarbonate doped with 
2 %  p-dinitrobenzene, parametric in temperature [39,40, 801. 
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nomenon should, contrary to earlier statements,[541 also occur 
in the absence of off-diagonal disorder. According to Equa- 
tion 20 the apparent activation energy of the mobilities ex- 
trapolated to zero field can be expressed as Equation 21. 

8 o2 
lim E,(E) = ~ 

E - 0  9 k T  

When the mobilities were determined over a large tempera- 
ture range the analysis of the temperature dependence of the 
mobilities extrapolated to zero field always yielded a better 
fit in the framework of Equation 20 than in the framework of 
an Arrhenius expression. Furthermore, while analysis of the 
mobilities extrapolated to zero field strength using an Arrhenius 
expression yielded values of the mobility at zero field strength 
and infinite temperature that were two to three orders of mag- 
nitude larger than those obtained for single crystals,[55, 561 

values of the same order of magnitude or smaller than those 
obtained for single crystals were found when Equation 20 
was used. Upon increasing the applied field the apparent 
activation energy decreases according to Equation 22. 

Equation 22 describes the field dependence of the activation 
energy observed for a large number of systems, ranging from 
conjugated [57 - O1 and non-conjugated polymers[61, "1 to 
molecularly dispersed hole transport materials.[421 The cor- 
r e~pondence [~~]  between the values of the zero field activa- 
tion energies and mobilities obtained by extrapolation of 
Equation 20 or 22 and the values obtained by the determina- 
tion of the hole diffusion coefficient in the absence of an 
applied field supports the use of Equations 20 and 22. Simu- 
lations also suggest that at low fields lnp saturates upon a 
further decrease of field. This effect occurs apparently at higher 
field strengths when (T increases. This effect was experimen- 
tally observed for poly(methylphenylsilane), PMPS.[58, 631 

Saturation occurred at lower field strengths than suggested 
by the simulations. This was due to the different field depen- 
dence of the values of to and the values of t,, obtained at low 
fields on the basis of Equation 6.[641 This discrepancy is due 
to the field dependence of the features of the non-dispersive 
transient photocurrents at low applied fields. One has fur- 
thermore to take into account that at low applied fields the 
features of the transient photocurrents can be influenced by 
capture of the holes by a low concentration of deep traps or 
by slow geminate dissociation in the bulk. 

According to simulations in the presence of off-diagonal dis- 
order, the saturation observed at low field strengths in the plots 
of lnp versus E'" is replaced by an increase of the mobility 
upon decreasing the field strength (Fig. 8). This phenomenon, 
which occurs at field strengths smaller than 1 .O x lo6 Vcm-' 
is accompanied by a decrease of the slope of the plot of In p 
versus Ellz at higher field strengths when Equation20 is 
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Fig. 8. Hole mobility versw E'  
temperature [39]. 

in TAPC in polycarbonate, paramelric in 

valid. It is due to the fluctuations of the wavefunction over- 
lap parameter 1;. yielding an asymmetric variation of the 
overlap given by exp (- c), Equation 16. Due to these fluc- 
tuations, some indirect paths characterized by a favorable 
overlap but containing steps against the direction of the applied 
field can be faster at low fields than the direct path containing 
only steps in the direction of the applied field. In order to take 
full advantage of this effect, a carrier has to diffuse isotrop- 
ically. Hence in zero field the carriers arrive earlier at an 
acceptor site by routes involving backward jumps than by 
executing only nearest neighbor jumps governed by an over- 
lap factor exp (- y a). As the applied field is increased, back- 
ward jumps will be impeded and the "indirect routes" will 
become inhibited, inducing a decrease of the mobility. At 
larger fields this effect will saturate and become compen- 
sated by the effects of the tilting of the DOS caused by 
the applied field. When the wavefunction overlap parameter 
is characterized by a Gaussian distribution, Equation 23, the 
average diffusion coefficient corresponding to (exp[-2g(c)]) 
will be given by Equation 24. Here D(C = 0) corresponds 

to the diffusion coefficient in the absence of off-diagonal 
disorder. Hence off-diagonal disorder leads to an increase of 
the mobility by a factor exp (C2/2). The effect of off-diagonal 
disorder on the field dependence of the hole mobility could be 

observed very clearly between 279 K and 329 K for a molec- 
ular dispersion of TAPC in poly~arbonate.[~~~ The saturation of 
the mobility at low fields has also been observed for polyvinyl- 
carbazole.[6s1 At very large applied fields where only steps in 
the direction of the field are allowed (eaE $ k T )  and where 
the tilting of the DOS is so strong that all forward steps are 
exothermic v,,, will no longer depend upon the applied field. In 
this case udr will saturate and hence the mobility will become 
proportional to the inverse field ( p  cc E - ' ) .  Under these 
conditions one would expect, in the framework of the disor- 
der model, that the decrease of the activation barrier will make 
the mobility nearly independent of the temperature. 

As shown in Table 1, increasing the concentration of a disper- 
sion of TTA in polycarbonate leads to an increase of poo and a 
decrease of c. This is accompanied by a less important decrease 

Table 1. Influence of the concentration on the hole transport parameters of 
TTA in polycarbonate. 

Conc. pou a B C  pLo0 exp( - z2/2) 

[wt-%I [crn'V-'s-'] [ev] [(cm V-')':2] [cm' V-  ' s - '  1 
of TTA 

10 6 . 0 ~  0.150 4.36 2.68 x 4.5 x 10-8 
14 ~ . O X ~ O - ~  0.135 3.92 3.11 x 4.6 x lo-' 
20 4 . 0 ~  lo-' 0.123 4.50 2.21 x 1.6 x 
30 5.5xlO-' 0.116 4.50 2 . 0 6 ~  2.2 x 10-6 
40 1 . 0 ~ 1 0 ~ '  0.116 3.71 2.62xlO-" 1 . 0 ~  10-4 
50 1 . 5 ~  lo-' 0.108 3.60 2 . 7 9 ~  2.3 x 

of C.[441 The variation of 0 as a function of the concentration 
will be discussed in the following section. In the framework 
of Equation 16 the increase of poo is due to a decrease of y a. 
A plot of ln,uoo deviates at low and high concentration from 
the linear relationship expected on the basis of Equation 16. 
The deviations at high concentrations may be due to the onset 
of percolation.[661 However, if this effect is taken into account 
the experimental values of poo at low concentration are still 
larger than those calculated on the basis of the model of Ries. 
This can be due to an increase of C at low concentration 
leading to an increased enhancement of poo . To separate the 
effects of the concentration on the enhancement of the mo- 
bility by off-diagonal disorder or by an increase of the aver- 
age overlap, poo has to be multiplied by exp ( -  C2/2). 

4. Influence of Molecular Properties 
on the Transport Parameters 

For polymers containing functions characterized by a perma- 
nent dipole moment (carbonyl, ester, sulfone, halogens) or a 
large polarizability, variations of the mutual orientation or dis- 
tance between the polymer host and the transport molecule 
will cause variations of the solvation energy of the charge 
carrier. One expects the distribution of solvation energies to 
become wider when the polarizability of the polymer or the 
dipole moments of the polar functions in the polymer become 
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larger.t34s351 This will lead to larger value of 0 and a lower 
mobility. It has been reported that for trans-l,2-bis(9H-car- 
bazo1e)cyclobutane (DCZB) ,[671 N,N'-diphenyl-N,N'-bis(3- 
methylphenyl)-(l,l-biphenyl)-4,4-diamine (TMPD)[681 or 
2-(p-dipropylaminophenyl)-4-(p-dimethylaminophenyl)- 5- 
(o-chloropheny1)-I ,3-oxadia~oIe[~~] the hole mobility is de- 
creased upon increasing the permanent dipole moments of 
groups in the main or side chains of the host polymers. A 
similar result was observed upon increasing the dipole mo- 
ment of hole transport molecules dispersed in polyvinylbu- 
tyral.[701 Also the influence of the substituents on the hole 
mobility of triarylmethanes can be attributed to a change of 
the molecular dipole moment.r51, 711 For a series of hydrazones 
it was suggested that increasing the delocalization of the positive 
charge leads to a reduction of CT and an increase of poo.[721 
According to Vannikov similar results observed upon addition 
of polar molecules to a polymer doped with tr iphe~~ylamine~~~] 
were attributed to an increase of the polaron binding ener- 
gy.[74-781 On the other hand the addition of the electron trans- 
port compound 3,5-dimethyl-3',5'-di-tert-butyl-diphenoquino- 
ne (55DPQ) to a molecular dispersion of N,N.N',N'-tetra@- 
toly1)-I ,3-diaminobenzene (PDA)17'] did not increase the zero 
field activation energy but decreased the zero field mobility 
extrapolated to infinite temperature by two orders of magni- 
tude. 

The transport parameters (poo ,  CT, and CC') obtained from 
the analysis of the field and temperature dependence of the hole 
mobility of TTA dispersed in several polymers revealed[431 
that while the different polymers were characterized by similar 
values of Cz they showed large variations of a and poo . To some 
extent the apparent increase in 0 seems to be accompanied by 
a decrease of poo.  Although the changes of CT seem small, 
Table 2 a shows that at 298 K the variation of exp [ - (2 ea/ 
(3 k T))'] is as least as important as that of poo.  This would 
suggest that the polarity of the polymers increases from poly- 
carbonate over the polyesters to the polysulfone. The larger 
value of CT obtained for polymers with the ester group in the side 
chain compared to polyester or polycarbonate (Table 2a and 
Table 2c) can be attributed to a larger accessibility of this 
side group to the transport molecule. The variations in poo 
can be related to variations in the wavefunction overlap 
parameter y and variations in the off-diagonal disorder. 

For polystyrene,[8o1 which contains no functions with a 
permanent dipole moment, an important decrease of CT ac- 
companied by an increase of poo is observed (Table 2 b). In 
polystyrene the variations in the stabilization of the hole will 
mainly be due to fluctuations of the polarization energy caused 
by local variations of the intermolecular distances and orien- 
t a t ion~ . [~~]  Another intramolecular contribution to CT may arise 
from a distribution of intramolecular rotation angles of, for 
example, the phenyl groups in the transport molecule.[s11 In 
practice, if the different contributions to the width of the 
DOS can be considered independent, the total width of the 
DOS is given by Equation 25. 

CT = (C C T y  (25) 
j 
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Table 2. Influence of the matrix on the transport properties of hole transporting 
materials. 
a) For a dispersion of 40 wt-% TTA. 

poo[cm2V-'s-'] u[eV] L' c[(cmv-') ' j2] exp[-2ea,' 
(3kT)21 fa1 

Polycarbonate 0.01 0.123 3.77 2 . 6 0 ~  2.15 x 
Polyester 0.034 0.129 3.52 2.65 x 7.5 x lo-' 
Poly(methy1 0.0061 0.132 3.53 2.57 x 4.15 x lo-' 

Poly(viny1-3- 0.0069 0.137 3.75 2.55 x 1.65 x 

Polysulfone 0.0059 0.149 3.22 2.78 x 1.27 x lo-?  

b) For a dispersion of TAPC. 

methacrylate) 

bromobenzoate) 

loo [cm2V-'s-' ] a [eV] 1 C [(cmV-')1'2] 

Evaporated layer 0.13 0.068 1.00 2.5 x 
Polystyrene [b] 0.23 0.077 2.14 2.54 x 
Polycarbonate [b] 0.04 0.095 3.1 3.01 x 
Polycarbonate 0.01 0.118 4.4 2 . 8 2 ~  10-4 

+ o-DNB [c] 

+ m-DNB [d] 

+ p-DNB [el 

Polycarbonate 0.14 0.119 4.7 2 . 8 4 ~  

Polycarbonate 0.21 0.115 5.0 3 . 0 7 ~  

c) For a dispersion of 40 wt- % of DCZB. 

poa [cmZV-'s-' ] a [eV] exp[-2~a/(3kT)~] [a] 

Polycarbonate 0.0011 0.138 1 . 3 1 5 ~  lo-' 
Poly(hexy1 0.00032 0.138 1.31 x 

Poly(isobuty1 0.0063 0.140 8.85 x 

Polystyrene 0.0079 0.144 3.95 x lo-?  
Poly(benzy1 0.0042 0.152 7.32 x lo-' 

Poly(propy1 0.0020 0.158 1.95 x lo-' 

Poly(methy1 0.0063 0.170 1.18 x lo-' 

methacrylate) 

methacrylate) 

methacrylate) 

methacrylate) 

methacrylate) 

[a] At 298 K. [b] Concentration 75 wt-%, [c] Concentration 75 wt-% + 2% o-dini- 
trobenzene. [d] Concentration 75 wt-% + 2 %  m-dinitrobenzene. [el Concentration 
75 wt-% + 2 %  p-dinitrobenzene. 

As reported in Table 2 b, the dispersion of molecules with 
a large dipole moment in the polymer matrix will give rise 
to additional contributions to CT. This does not imply that 
there exists a simple relation between the dipole moment 
of the matrix or polar additives and 0. Although o-DNB 
(0-dinitrobenzene) , rn-DNB (m-dinitrobenzene), and p-DNB 
(p-dinitrobenzene) are characterized by permanent dipole 
moments of 6 D, 4 D, and 0.5 D, respectively, a similar in- 
crease of CT is observed.[40, "] A possible explanation could be 
that, as dipoleion interactions are characterized by a strong 
distance dependence (I/?), the hole interacts only with the 
closest nitro group. It is also possible that the additives work 
in an indirect way by changing the packing of the polymer of 
the transport molecule. The latter argument is supported 
by the changes of C induced by the additives. Although 
for DCZB[671 CT increases between polycarbonate and 
polymethylmethacrylate, this is not accompanied by an in- 
crease between polystyrene and polycarbonate. This dis- 
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crepancy could be explained by, for example, clustering or 
formation of microcrystals by DCZB in polystyrene 
(Table 2c). 

For vapor-deposited layers, the data reported in Tdbk 3 
suggest that D increases when the dipole moment of the trans- 
port molecule is increased.[831 The large value of 0 observed 
for MPMP is due to the fact that MPMP contains two diethyl- 
amino groups with almost opposite dipole moments. On the 
other hand, the random electric fields contributing to energetic 
disorder must be local fields in the immediate vicinity of a polar 
group. In polar polymers (polycarbonate or polyester) this 
effect is much smaller. This is due to the more important inter- 
actions between the dipole moments of dipolar moieties of 
the polymer and the hole compared to the interaction between 
the hole and the (small) dipole moments of the transport mate- 
rials. For electron transport materials dispersed in polymers 
(Table 3c) the width of the DOS is always much larger than 
that of hole transporting molecules. This can be explained by 
the large dipole moments of the cyano or cyanovinylidene 
groups. Furthermore, the size of the latter molecules is always 
considerably smaller. As the energy of ion-dipole interactions 
(of the polymer or of transport molecules) is proportional to 

Table 3. Influence of the chemical structure on the transport properties. 
a) Amorphous evaporated layers of hole transport materials or polymeric 
transport materials. 

[ I " , ,  [ c t n ~ V - ' s - '  ] u [eV] C C[(cmV-')I  2 ]  p [D] 

TAPC 
MPMP [a] 
TPD 
TTB [c] 
pEFTP 
DEH 
DEASP [d] 
PMPS [el 

0.13 
0.34 
0.035 
0.019 
0.069 
n.noi3 
n.0060 
0.015 

0.067 

0.074 
0.069 
0.068 

0.103 

0.098 

o.ion 

0.094 

I .no 
2.0 
1.2 
1.5 
i .n 
2.0 

0.0 
1.4 

1 .OO 
1.23 
1.52 
1.56 
1.90 
3.17 
4.34 
[bl 

b) Dispersion of hole transport materials in polycarbonate. 

pli0 [cm2V-'s-'] u[eV] C C[(cmV-')1'2] p [D] 

TAPC [f] 0.040 0.095 3.1 3.01 x lo-" 1.00 

TTA [fl o 010 0.120 3.77 2.60 x l W 4  [h] [b] 
PEFTP [gi 0.051 11.124 4.1 2 . 1 2 ~  10-5 1.9 

DCZB o.onii 0.138 [b] [b] lbl 
DEH [i] 0.00093 0.122 3.90 3 . 4 6 ~  in- '  

c) Dispersion of electron transport matcrials in polymere. 

[dl Bis(4- N,~~'-dielhylamino-2-methylphenyl)-4-methylp henylmethane 
(MPM P) . 
[h] No data available. [c] i\'.N,fl'.N'-Tetrakis(4-methylphenyl)(l ,l'-biphenyl). 
4,4'-diamine (TTB). [d] l-Phenyl-3[p-(diethylamino)styryl]-5-~~~-(diethylami- 
no)phenyl]pyraroline (DEASP) 1x41. [el From analysis or Poole-Frenkel plots 
in [58.63]. [fl 40 wt-%. [g] 30 wt-%. [h] C i s  obtained from [36] with = u'Ci 
( k2T) .  [i] 50 wl- "10. [j] Polystyrene. [k] Poly(4,4'-cyclohexylidenediphenyl)- 
carbonate. [I] 4-(n-Butoxycarbonyl)-9-fluorenylidenemalononitrile. [m] 
Polyester. 

the inverse square of the distance, similar dipole moments 
will give rise to a larger solvation energy and to a wider distri- 
bution of solvation energies for electron transporting materi- 
als. Furthermore, one should take into account that DPQ is 
a mixture of two isomers, which could lead to an additional 
broadening of the DOS. Although C is smaller for vapor-de- 
posited materials than for molecular dispersions, it is not 
possible to observe a systematic relation between C and the 
chemical structure of the transport molecule. 

To compare the different values obtained for poo it is neces- 
sary to multiply them by exp (- C2/2) to correct for differences 
in off-diagonal disorder. With the exception of TAPC, values 
ranging between 1.7 x and 3.3 x cm2V-'s-' are 
obtained for molecular dispersions containing 40 or 45 wt- 9'0 of 
the transport material. Only for TAPC dispersed in polycarbon- 
atedoespooexp(-C2/2)amountto3.3x 10-4cm2V-'s-1. 
The similarity of the parameters obtained for different com- 
pounds makes it unlikely that the features of the transient pho- 
tocurrents are related to multiple trapping.r64, 851 It would be 
unlikely that chemically different systems would be character- 
ized by a similar density of traps having the same depth relative 
to the transport level (isolated molecules or valence band). 

5. Field and Temperature Mobility 
of Dispersions of pEFTP in Polycarbonate 

The features of the transient photocurrents observed for hole 
transport by pEFTP dispersed in polycarbonate suggest the 
occurrence of hopping in a Gaussian DOS for concentrations 
between 11 % and 60 % and temperatures between 286 K and 
347 K.[42345, 46, Therefore it was attempted to analyze the 
field and temperature dependence of the hole mobility data 
of a dispersion of pEFTP in polycarbonate for a concentra- 
tion (weight fraction) ranging between 24% and 60% using 
Equation 20. Figure 9 shows that at 298 K In p is proportional 
to Ell2 for concentrations ranging for 24 to 60 wt-%. The 

-" I 
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Fig. 9. Hole mobility in pEFTP in polycarhonate at 298 K versus El" ,  pard- 
metriciu concentration: m, 24 wt-%; o, 30 wt-%. *, 40 wt-%; 0.50 wt-%; o, 
60 wt- Yo 1421. 
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-12 
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-14 

intercepts, corresponding to p ( E  = 0), increase with increasing 
concentration. As the concentration is increased, the effective 
intermolecular distance becomes smaller, leading to an increase 
of exp (- y a)  in Equation 16. The slopes corresponding to 
C[a2/(k T)2  - C2] decrease gradually when the concentration 
is decreased, as observed by Yuh and Pait6'] for (N,N'-diphen- 
yl-bis-( 3-methylphenyl)-[l, l'-biphenyl]-4.4-diamine), (TPD) , 
and N, N'-bis-(4-methylphenyl)-N,N'-bis-(4-ethylphenyl)-[ 1 ,I '- 
3,3'-dimethyIbiphenyl]-4,4'-diamine (ETPD) .[''I This is rather 
surprising in view of relation 26 between the empirical con- 
stant C, relating the field dependence of the mobility to the 
temperature dependence,[371 and the concentration c.  

0 - x o o o o  
6 4 * *  

+ +  

- 

- 

H = .  .. . . .  
" ' i ' " ' ' " '  

On the basis of Equation 26 one would expect C to increase 
by 17 % when the concentration of pEFTP decreases from 60 
to 24%. This does not agree with the experimental results. 
Hence the decrease of C[a2/(k T)2  - C2] should therefore be 
attributed to a decrease of a or an increase of C upon de- 
creasing the concentration. 

When the hole mobility in samples containing 30 wt- YO 
pEFTP in polycarbonate (PC) is plotted versus the square 
root of the applied field a linear relationship parametric in 
temperature is obtained and the slope decreases with increasing 
temperature (Fig. 10). Analysis of the data, obtained by fitting 

0.02 

In(p crn2/Vs) 
-10 I 

0 

- 
I rn w mrnrnwmw.rnw 

the experimentally measured transient photocurrents to Equa- 
tion 17, in the framework of Equation 20 yields values for 
poo,  To and CT (Table 3) resembling those obtained for other 
similar molecules dispersed in polycarbonate. The values of C, 
although subject to a large experimental error, are similar to 
those that can be calculated for the data obtained by Borsen- 
berger for a dispersion of TTA in poly~arbonate.[~~] The values 
obtained for a resemble those calculated by the analysis of the 
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mobilities obtained for a more dilute sample containing 17 % 
pEFTP dispersed in polycarb~nate.[~~I However, as was also 
observed for the analysis of the 17% sample, the values of C 
are systematically smaller than predicted by simulations and 
the values found for other polyfunctional aromatic amines 
dispersed in polycarbonate. This discrepancy can be attributed 
to the largely anisotropic structure of pEFTP. 

A closer inspection of the plots of Inp versus E'" suggests 
that at high fields negative deviations occur from the proposed 
relation between lnp  and El/'. This means that the devia- 
tions from the model developed for hopping in a Gaussian 
DOS that were observed for the more dilute  sample^[^^,^^] 
are actually also present in this more concentrated sample. 
One could expect that this saturation or decrease of p with 
increasing field is due to a saturation of the drift velocity.[37] 
Considering that the free energy change associated with a 
jump of a charge carrier over a distance a equals eEa, the 
features of the plots of lnp versus E'" obtained for different 
concentrations at a similar temperature should scale with a 
or c-I i3 .  The more important changes of the plots of lnp 
versus Eli2 parametric in concentration, which were observed 
experimentally, can be attributed to changes of neither a nor C, 
as these parameters change only slightly when the concentration 
decreases from 30% (Table 3) to 17%.[461 Furthermore, in 
this framework of the disorder model it is difficult to explain 
why the features of the plots of lnp versus change in 
such a drastic way when the temperature is changed. If the 
deviations from Equation 20 were due to saturation, the drift 
velocity would, in increasing field, asymptotically approach 
a limiting value that was independent of temperature. How- 
ever, Figure 11 shows that for the sample containing l l % 
pEFTP the drift velocity, after reaching a maximum, starts 
to decrease upon a further increase of the applied field. As the 

n i  
* *  -.- c I 

o.04k 
E (V/cm) 

Fig. 11. Drift velocity in pEFTP (11 % weight) in polycarbonate versus Ell2,  
parametric in temperature: m, 29.3 K;  *, 343 K [42,46]. 

anomalous field and temperature dependence is maximized 
under these conditions, similar effects can be expected for the 
other samples at higher applied fields or at higher temperatures. 
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Such a decrease of the drift velocity, and hence of the jump 
rate, with increasing electric field corresponds to the dependence 
of the rate constants for electron transfer in the framework of 
Marcus’s This theory is actually another way of 
formulating the polaron model for charge transport.[s71 There- 
fore an alternative analysis in the framework of the polaron 
model was attempted for the data obtained for pEFTP. 

6. The Polaron Model 

The small polaron 781 was developed to describe 
charge transport in materials with small (< 0.05 eV) inter- 
molecular interactions and hence narrow valence and conduc- 
tion bands. In analogy with Marcus’s t h e ~ r y [ ~ ’ - ~ ~ ]  this mod- 
el is based on the instantaneous character of the electron 
transfer process compared to the rearrangement of the molecu- 
lar geometry and the polarization of the environment. This 
polaron model is based on the change in the equilibrium values 
of bond lengths or bond angles or polarization of the environ- 
ment when a neutral molecule is converted into the corre- 
sponding radical cation or radical anion. As this process is 
several orders of magnitude faster than the molecular vibra- 
tions, even processes which are thermoneutral will be character- 
ized by an activation energy. When the electron transfer be- 
comes exergonic an initial decrease of the activation barrier will 
be followed by an increase for strongly exergonic electron trans- 
fer processes. As the transport of charge carriers in amorphous 
materials can be considered as a sequence of uncorrelated eleo 
tron transfer steps, there is no reason why the formalism devel- 
oped for electron transfer processes should not be applied to 
charge carrier mobility. If those processes are important it 
will be necessary to take into account the changes of the 
equilibrium values of the bond lengths or the coupling to the 
medium upon oxidation or reduction when designing hole or 
electron transport materials. 

When the free energy change associated with a hop is 
smaller than twice the polaron binding energy the effective 
forward or backward rate will be described by a hyperbolic 
sine (Eq. 27). In Equation 27, /z corresponds to the reorgani- 
zation energy and is rebated to the polaron binding energy by 
Equation 28. 

vdr cc exp (- &) sin h 

Equation 21 would lead to an exponential increase of the 
drift velocity and hence of the mobility (udr/E). was 
the first to describe charge transport in non-conjugated poly- 
mers by the polaron model. This model has been used later 
by several other authors.[*’% 90-931 Although the tempera- 
ture dependence of mobility data obtained for mixed trans- 
port materials can be analyzed using Equations 20 and 25, 
the concentration dependence of the activation energy of the 

mobility in a mixed transport material can be explained in 
the framework of a polaron 

Except perhaps for a small range of fields close to zero this 
does not correspond to the experimental observations reported 
for pEFTP and other hole or electron transporting materials. 
On this basis the polaron model has been rejected for several 
systems.[37, ‘‘1 In the polaron model the effective rate constant 
of electron transfer between two sites is the sum of a forward 
and a backward reaction,[’’] The rate constants of both the 
forward (k,) and the backward reaction (k,) should be given 
by Marcus’s theory.[77- 7 y 1  

AGO 1 
k,  = k, exp[ - (m + __ + -)] 

4 k T 1  2 k T  4 k T  

In these equations AGO, k,, and /z correspond to the free 
energy change associated with a forward hole or electron 
transfer, the value of k, when AGO = - I ,  and the reorgani- 
zation energy, respectively. AGO = - e a  E and + e a E  for a 
hole and an electron, respectively. Taking into account that 
the effective rate constant is the difference between the val- 
ues obtained for the forward and backward processes, the 
mobility will be given by Equation 30. 

(- E e a  + A)2  
p = E - exp(- s ) ] e x p [ -  4 1 k T  

In Equation 30 AGO has been replaced by - Eae and + Eae 
for a hole and an electron, respectively. Equation 30 suggests 
that for 3, < 0.1 eV the mobility is independent of the applied 
fields at low fields. At high fields a decrease of the mobilities, 
which becomes more important when the hopping distance 
a is increased, is expected. To evaluate the difference between 
Equations 27 and 30 one should realize that for a polaron 
binding energy of 0.1 eV AGO already matches I at a field 
strength of 1 .0 x lo6 Vcm- for a center-to-center distance of 
the transport molecules of 20 A. For smaller polaron binding 
energies, the quadratic terms in the Marcus equation leading 
to the Marcus inverted region will become important even at 
lower field strengths. According to Sahyun,[”] this second-or- 
der term is also necessary to describe the field dependence of 
hole mobility in polyvinylcarbazole. Contrary to Equation 27, 
Equation 30 no longer leads to an exponential dependence of 
the mobility on the applied field. Equation 27 or 30 yields a 
zero field mobility as in Equation 31. When the matrix ele- 
ment Jcoupling two neighboring sites is no longer negligible 
compared to I., Equation 32 results. 

p , = r r ’ e l i , e x p [ - - ~ ]  4 k T  

p,,=a:’k,exp[-F] (114 - J) 
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In the non-adiabatic limit k,  will be proportional to J and 
hence depend upon the intermolecular distance a and the 
concentration c.[961 Since J becomes larger as the concentra- 
tion of the transport molecules is increased, it is possible that 
k,  will become independent of J i n  the adiabatic limit. Under 
these conditions it is also possible that, as indicated in Equa- 
tion 31, the zero field activation energy decreases when J is 
increased due to an increase of the concentration of the 
transport molecules.[961 Although the analysis of the field 
dependence of the mobility in the framework of the polaron 
gives apparently consistent results for DEH,[961 TTA, or 

for the zero field activation energy to values of the reorgani- 
zation energy that are physically acceptable. Furthermore, 
this model yields values of 100 cm2V-'s-' for poo.  It is 
difficult to understand why an amorphous system should 
give values for p a ,  that exceed those of single crystals by two 
orders of magnitude. 

The experimental data obtained for different concentra- 
tions of pEFTP at room temperature were analyzed in the 
framework of Equation 30 using k, ,  a and Table 4. Although 
for concentrations ranging from 17 to 50 YO realistic values were 
obtained for 3, and k,  (Table 4), the values obtained for a in- 
crease upon increasing the concentration of pEFTP. Also, at 

TpD,[87, 90-941 it ' is difficult to compare the observed values 

Table 4. Analysis of the hole transport in pEFTP at 293 K i n  the framework of 
the hopping of a small polaron. 

~ ~~~~ 

17 7 . 9 ~  lo6 0.33 27.0 2 . 2 ~  lo-'  
24 1 . 5 ~  lo7  0.37 31 5.6 x lo-'  
30 1 . 5 ~ 1 0 '  0.36 47 1.3 10-4 
50 1 . 4 ~  lon  0.41 41 1.2 10-3 

higher temperatures analysis of the data using Equation 30 
does not yield combinations of k,, a, and 1" that are physically 
acceptable.'461 According to Equation 11, the free energy of 
activation of the mobilities extrapolated to zero field should 
amount to 44. This is about five times less than the activa- 
tion energies calculated using Equation 22 from the experi- 
mental values of 0. Furthermore, the values of k,  would yield 
unrealistic values for poo exceeding those obtained for single 
crystals by several orders of magnitude. 

For molecules such as pEFTP, the possible validity of the 
polaron model may also be discussed from a more speculative 
point of view. The polaron model relies on the relaxation of 
a transport molecule and its environment during the residence 
time of a charge carrier ( 5  100 ns). Although apparently 
major conformational changes of the polymer are excluded 
in this time scale, the Stokes shift[971 of a dilute (0.1 wt-%) 
dispersion of pEFTP in polycarbonate suggests that some 
relaxation occurs during the lifetime of the excited singlet 

ADVANCED 
MATERIALS 

state ( 5  10 ns). As the Stokes shift of the fluorescence of 
pEFTP in a dilute dispersion of polycarbonate resembles 
that in a solution of diethyl ether, one can expect that both 
systems are characterized by a similar reorganization energy. 
Assuming that electron-phonon coupling is limited to low- 
frequency modes (h v < k T )  a value of 0.55 eV can be ob- 
tained[981 from the spectral data199, 'Ool for the reorganiza- 
tion energy in diethyl ether. This would correspond to a 
polaron binding energy of 0.27 eV and zero field activation 
energy of 0.14 eV. This is about four times larger than the 
reorganization energy determined by Mahrt et al.['o'l for a 
dispersion of TAPC in polycarbonate or in vapor-deposited 
layers. The zero field activation energy is only 25% of the 
observed activation energy, suggesting that the polaron ef- 
fect is less important than the disorder effect. Combining the 
effect of disorder and polarons, the approximation of Equa- 
tion 33 can be obtained for the zero field activation energy 

= 0)). 

E,(E = 0) = Ep,2 + 8 0'/(9 k T )  (33) 

According to Equation 33 an activation energy of 0.5 eV 
and polaron binding energy of 0.27 eV would yield a value of 
0.10 eV for O. This is very close to the value of C-J obtained in 
the framework of the disorder model (Table 3). Application 
of Equation 33 suggests that even a relatively large value of 
Ep/o will lead to a small contribution to E,(E = 0). This 
suggests that the effect of disorder is more important than 
the polaronic effect. Hence it becomes unlikely that the anoma- 
lous field, temperature, and concentration dependence of the 
mobility is due mainly to polaronic effects. This conclusion 
is supported by the similarity of the features of the transient 
photocurrents under conditions where the anomalous be- 
havior is obtained to those obtained at low temperatures and 
high concentration. 

The deviations obtained for pEFTP are probably due to 
the presence of several electron moieties in the same mole- 
cule. Spectro-electrochemical data["'] suggest that in radical 
cations of pEFTP the hole is localized on one donor moiety. 
Although the data were obtained in a medium polar solvent 
contributing to the reorganization energy and hence favor- 
ing the localization, one may assume that this tendency will 
also be observed in polymer films. The Stokes shift of the 
fluorescence of a dilute dispersion of pEFTP in polycarbon- 
ate suggests that during the singlet lifetime relaxation of the 
dipolar moieties of the matrix stabilizes the dipolar excited 
state to some extent.['o01 A similar stabilization and localiza- 
tion could occur during the residence time of a hole on a 
molecule of pEFTP dispersed in polycdrbonate. Further- 
more, increasing the applied field will lead to a larger free 
energy difference of the hole in the different triphenylamine 
moieties of pEFTP and hence to a more rigorous localiza- 
tion. This could lead to a decrease of the mobility upon 
increasing the applied field by a mechanism resembling the 
effect of off-diagonal disorder. 
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7. Conclusions 

For a large range of materials, temperatures, and applied 
fields, the transport of charge carriers in amorphous organic 
systems can be described by hopping in a Gaussian DOS. The 
connection between the features of the transient photocur- 
rents and quantitative information obtained from the field 
and temperature dependence of the charge carrier mobility 
agrees with the predictions made by Monte Carlo calculations. 
This would suggest that for the experimentally accessible field 
strengths polaronic effects influence the mobility and its tem- 
perature and field dependence only to a minor extent. This 
has as a consequence that, when designing suitable molecules 
for charge transport, molecular properties determining diago- 
nal and non-diagonal disorder are much more important 
than those governing electron -phonon coupling. 

The deviations obtained for pEFTP can be attributed to 
the presence ofthree weakly coupled donor sites with a nitro- 
gen-nitrogen distance of at least 12.1 A. Hence even at an 
applied field of only 2.4 x 10' V m -  ' the energy difference 
between the different donor sites will be larger than kT (at 
298 K). At an applied field of 1 .I x l o6  Vcm-' this energy 
difference will even exceed the width of the DOS. When a 
more complete expression (Eq. 30) is used it is no longer pos- 
sible to reject the polaron model on the basis of the features 
of the field dependence of the mobility. However, activation 
energies determined by a quantitative analysis of the temper- 
ature dependence of the mobility extrapolated to zero field 
would lead to excessive values of the reorganization energy. 
Comparing pEFTP to other molecules one should further- 
more consider that due to the large molecular dimensions the 
center-to-center distance for the same concentration (in 
weight- %) is significantly larger than for the smaller mole- 
cules. As, for pEFTP, deviations from the disorder model 
become more visible at lower concentrations, where this dis- 
tance is further increased, one cannot rule out that a suffi- 
cient lowering of the concentration would, for the other 
transport materials, also lead to deviations from the field 
and temperature dependence of the charge carrier mobility 
predicted by the disorder model. The absence of simulations 
at low concentrations, however, does not allow this issue to 
be resolved yet. 

From a fundamental point of view it is for the moment 
difficult to understand why Equation 16 should apparently be 
preferred to Equation 29, which has proved to be successful 
in the description of electron transfer in several liquid and solid 
systems. However, a closer inspection shows that when 3, is 
limited to values between 0.05 and 0.25 eV the free energy de- 
pendence of the hopping rate will show a similar dependence 
on the free energy change for Equation 16 and Equation 28. 
Hence it can be expected that the mobility will show a similar 
field dependence. If i, were equal to (or larger than) 0.5 eV the 
mobility would increase by one order of magnitude (a = 20 A) 
when the electric field is increased from zero to 2 . 0 ~  
lo6 Vcm- ' . In this case a consistent interpretation of the data 
would no longer be possible in the framework of the disorder 

model. On the other hand if /1 were equal to (or smaller than) 
0.025 eV the mobility would decrease by six orders of magni- 
tude (a = 20 A) when the electric field is increased from zero 
to 1 .O x 1 O6 Vcm- '. The absence of the latter effect, in spite 
of the small polaron binding energies determined by Bassler, 
can be explained by the assumption that the electron- 
phonon coupling is still strong enough to yield an efficient 
coupling to the heat bath.[37, Ho wever, it cannot be ex- 
cluded that the absence is due to approximations involved in 
the derivation of Equation 30. In this case the correct appli- 
cation of the polaron model would yield a field dependence 
of the hopping rate (Eq. 28) and the mobility that can, for all 
practical values of a, I., and the applied field, not be distin- 
guished from expressions such as Equation 16 that are based 
on the Miller -Abrahams expression.[' O3] 

If polaronic effects govern charge carrier transport, the design 
of new transport molecules should be oriented towards rela- 
tively rigid molecules characterized by a large molecular ra- 
dius, leading to a minimization of the outer sphere contribu- 
tion to the reorganization energy and a minimal change of 
bond lengths or bond angles upon oxidation or reduction. 
On the other hand, if the charge carrier mobility is deter- 
mined by diagonal disorder, research should be directed to- 
wards minimization of this disorder by means of suitable 
combinations of transport molecules and the surrounding 
matrix. 
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