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At variance with inorganic amorphous semiconductors, all eectronic states in disordered
organics are localized and electrical conduction can proceed by carrier hopping within the
manifold of those states that are, therefore, often referred to as hopping sites. One of the
most common approach to the description of charge transport in such systems is the
variable-range hopping theory. While the general principles of this theory have been known
and accepted for years, many important aspects and applications of this theory have only
been examined more recently. In this survey we discuss a number of facets of hopping in
disordered organic materials that have not received much attention in the past. Following a
genera outline of the cd culation of the equilibrium mobility it is shown how the concept of
an effective transport energy effectively reduces the description of hopping a much simpler
problem of trap-controlled band transport. The influence of high carrier densities and of
defect centers on the carrier mobility as well as the specia case of space charge limited
currents are discussed in detail. In subsegquent sections, the effect of doping on the density-
of-states distribution and on transport characteristics are considered. The effect of polaron
formation and deep trapping on the activation energy of the carrier mobility in disordered
organic materids are the subject of our fina section.

(Received October 25, 2004; accepted November 29, 2004)

Keywords: Organic materials, Hopping transport, Stochastic approach

1. Equilibrium hopping mobility in a positionally random and
energetically disordered hopping system

A general method

Charge carrier transport in organic materials as well as in non-crystalline solids is known to
be governed by positional and energy disorder. The presence of positiona disorder inevitably gives
rise to the energy disorder via dependence of the potential energy of interaction upon the distance
beatween interacting particles [1,2]. Due to disorder effects, carriers are almost permanently localised
and the only feasible mode of charge transport is carrier jumps directly between localized sates. The
mechanism is often referred to as hopping [3]. Most hopping models are based on the Miller-
Abrahams [4] expression for the probability v of a tunnelling jump between a starting state E4 to a
vacant target site of the energy E:..

v(r,Eq,E,) = v, exp[-u(r,E4 .E )], u(r,Eg,Et)=2y+% R )

where vy is the inverse locdization radius of the éectronic wavefunction, v, the atempt-to-jump
frequency, T the temperature, k the Boltzmann constant, and n the unity step-function.
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Since the hopping rate exponentialy decreases with increasing energy difference and with
increasing distance between localized states, most carriers will jump to target sites characterized by
minimum values of the hopping parameter u. Hereafter, such target sites will be referred to as
nearest hopping neighbours. Under these conditions, the average jump rate for a carrier localized in
asite of the energy E« can be found by the use of the Poisson distribution [5,6]. For a starting site of
energy E4 , the average number, no(Es, U), of hopping neighbours, whose hopping parameter is not
larger than u , is given by,

u/2y Eg +KT u—2y)
no(Eg,u) =477 J‘drr2 det o(E, )=

0 —o0

4?7’1{ ] [IdE o)+ EQ]‘kTudE[ g(Et)[l— Etk-_rlzgSt T] 2

Eq

where g(E) is the density-of-states (DOS) distribution. The first termin the right-hand side of Eq. (2)
gives the number of target states that are deeper than the starting site and the second one describes
the number of shallower states. The former is important as far as downward carrier jumps are
concerned while the latter governsthe rate of upward jumps. Since the probability density, wo(Eg,U),
that a nearest hopping neighbour has the hopping parameter u is determined by the Poisson

distribution WO(ESt , u) = exp[— nO(ESt , u)]w , the average hopping parameter, <u>o(Es),

for carrier jumps from a starting site E4 can be written as

00 a E ’ 00
(u),(Eq)= Idu uexp[-n, (Eq. u)]w =I duexp[-n,(E,,u)] . ®)
0 0
The average squared jump distance, <r?>y(Eg), can be eva uated as,
47_[ (U)/2y  Eq+kT((u)-2)

<r2> (Est)_ Idrr J‘dEt o(E )=

—00

Est+kT<u>0 B 5
[u>°] jdEg + dE[g(Et)[l—Et E“] (@)

2y . kT(u)0
T‘ Eq +KT(u), E-E 3™
x| [dE, o(E,)+ dE, g(E )[1— t ]
[o=aE)s [ emale) =y

Averaging hopping rates over E4 and using the Einstein relation yid ds the following expression for
the equilibrium mobility tuo:

o= 522 [ expl-(u) (B (1), (EL)1(EL) ®

where f(E) is the normalized energy distribution function of localized carriers. Without dramatic lost
of accuracy, the rather complicated Eq. (5) for the average squared jump distance, can be replaced
by asimpler estimate <r’>y(Ey) = (<u>y/2))>

The time-of-flight (TOF) technique is commonly used for the experimenta study of charge
carrier mobility in both organic and inorgani c non-crystalline materials. TOF measurements imply a
low carrier density that allows neglecting the possibility of trap filling. Under these conditions one



Stochastic approach to hopping transport in disordered organic materias 1107

can use a single-carrier distribution function in Eq. (5). The equilibrium TOF mohility can,
therefore, be cdculated by the use of the normalized Bolzmann distribution

f(E)= Eo dE g(E)exp(— %)Tg(E)exp(— %) as

-1
ev,| % E F E
= ok ol )ea{ -2 | e el () (e Dol )on{ | ©

The result given by Eq (5) is obtained without accounting the possibility of backward carrier
jumps into starting sites. For the dc conductivity it is essential that the downward jumps occur to
states other than starting ones. In a hopping system, atarget siteis alocalized state that normally has
only few hopping neighbours accessible for a next jump and it is quite possible that, after an upward
jump, a carrier will return to the initially occupied deeper site. Such ajump contributes to neither dc
transport nor energy rel axation.

After an upward jump over the distance r, a carrier will, most probably, not return to the
starting site if there is another hopping nei ghbour of the target site with a hopping parameter that is
smaller than 2r outside the sphere of radius r centred at the starting site. The average number of
such neighbours, ny(E: ,r), increases with increasing E; and r as,

E +2)KT(r-r')

0y (E,,r) = 27] dr'r* !)dzﬁ’sinzﬁ’ [dEg(E) =
0 arccos(r'/ 2r -0

(7)
_ﬂg E I I E +2KTyr I I Eu_Et 3 EI_Et 4
12 11_[0dE 9(E)+ i dE g(E)B{l 2kTyr] +{1 2kTyr] :

Since the round-trip carrier jumps do not contribute to transport and relaxation, only those
hopping neighbours should be accounted for from which carrier jumps back to initialy occupied
starting sites are improbable. The average number n(Eg, u) of such hopping neighbours, therefore,
can be written for upward jumps as.

Eq +KTu (17 2y)u-(E, ~E4 )/ kT]
Eau=ar [aEoE)  [oar f-ed-nE) . @
= 0

The verage hopping parameter, <u>(Eg), can be calculated by the use of Eq. (3), with the
function n(Es,u) instead of ny(Es,u), and the average square jump distance <r?>(E) can be estimated
as <r>>(Eq) = (<u>/2))? or evaluated from Eq. (4) with the function no(Eg,u) substituted by function
N(Eg,U).

Effectivetransport energy

The ca culation of both the mobility and conductivity can be significantly simplified if the
concept of the effective transport energy is employed. This method is based on the notion that, after
an energetically upward jump into a hopping site that belongs to the transport leve, a carrier will
make several downward jumps, which effectively reduces hopping to trap-controlled transport [7].
The occurrence of an effective transport energy was first revealed in Monte-Carlo simulation [8] and
was later proven by analytic consideration of charge carrier kinetics in disordered hopping systems
[9]. In general, the probability that a jump will be made to some site of the specific energy E;
depends upon the temperature, the density-of-state distribution, the localization radius, and the
energy of the starting site. However, if the DOS function is sufficiently steep and if the starting site
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is sufficiently deep, the most probable value of the energy E; does not depend upon Eg . In other
words, practically al carriers, localised in a deep tail of the DOS distribution will sooner or later
jump to one of the shallower states whose energies are close to some universal value which is
traditionally referred to as the transport energy, E; .

In order to obtain an expression for transport energy, one can carry out the replacement
E; = Eq +KTu in Eq. (2), where nO(Est,Ej ) =1, i.e an upward carrier jump from a starting site

is possible if there is at least one such hopping neghbour. The transcendental equation for the
energy of the most probabl e upward jumps can be written [7]:

JaE, o€ )E, -E) =,—6T(V<T)3 : (©)

If the DOS distribution decreases with energy faster than |E[* than (i) the vaue of the
integral in the left-hand side of Eq. (9) is practically independent of the lower bound of integration
for sufficiently deep starting sites and (ii) amgor contribution to the integral comes from states with
energies around E; . Physically, it means that target sites for thermally assisted upward carrier jumps
are located around the energy E; independent of the energy of starting sites and, therefore, Eq. (9)
reduces to:

foe oe ), -EF=S(r) (10

Equation (9) for the energy of most probabl e jumps was derived from Eq. (2) for the average
number of hopping neighbours. This eguation does not account for the possibility of round-trip
jumps between occasionally close hopping sites. This implies a possibility that carrier jumps to the
energy E; will be mostly followed by backward jumps to initially occupied sites. In order to preclude
this possibility and obtain an equation for the genuine transport energy one should use Eq. (8)
instead of Eq. (2) for the number of hopping neighbours:

E, (Ey —E )/ 2kT
4ﬂjdE[ a(E) J)drrz{l—exp{—nb(E[,r)}}zl : (12)

0

where ny(E; ,r) is given by Eq. (7). The energy E;, is the minimum energy to which carriers must
jump in order to contribute to the dc conductivity. This notion implies similarity between the
effective transport leve in variable-range hopping and the mobility edge in trap-controlled band
transport. In genera, once the effective transport energy is caculated, the hopping problem is
virtualy reduced to a much simpler problem of carrier multiple trapping in an energetically
disordered system of localized states [10-12].

The difference between temperature dependencies of the effective transport energy and the
energy of most probable jumpsisillustrated in Fig. 1 for a random hopping system with a Gaussian
DOS distribution of the width o,

N E?
9(E) :m@(p(‘?ﬂ] , (12)

parametric in the density of hopping sites N. Solid lines in this figure show the temperature
dependencies of the energy of most probable upward jumps calculated from Eg. (10) without
accounting for backward jumps. The dashed lines were calculated from Eq. (11). The difference
between dashed and solid lines for each DOS is dgnificant and more noticeable a higher
temperatures and/or at lower concentrations of localized states.
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Fig. 1. Temperature dependencies of the effective transport energy and the energy of most

probable jumps in a disordered hopping system with a Gaussian DOS distribution,

parametric in total density of localized states N. The data shown by the solid and dashed
lines are cal cul ated from egns. (10) and (11), respectively, for y=5nm™ and o= 0.08 V.

Averaging rates of carrier jumps to the effective transport levd, estimating the average
E, -2/3
square jump distance as <r2>=“dEg(E)} , and using the Einsten rdation yidds the

following expression for the equilibrium mobility:

E -2/3 E E E
ev,| ¢ ¢ I
U= k_TO M}dE g(E)} _LdEst f(E, )exp(— %) : (13)

For the single-particle Boltzmann distribution function this expression yields

4, =%EdE g(E)exp(— %ﬂ_lﬁdE g(E)Tsexp[— E—fT] , (14)

—00

where E;, can be cd culated either from Eq. (11) or, as a rougher approximation, from Eqg. (10) that
disregards the effect of round-trip carrier jumps.

The expression for the equilibrium carrier mobility derived on the basis of the effective
transport energy concept and given by Eq. (13) is simpler and more feasible for applications than the
use of Eq. (5). Temperature dependences of the mobility, calculated from Egs. (5), (10), (11), and
(13) for a Gaussian DOS distribution of the width o =0.08 eV are shown in Fig. 2 for different
va ues of thetotal density of localized states N. All the curves feature almost perfect straight linesif
plotted as log 4 vs /T2 Although absol ute val ues of the mobility strongly depend upon N, the slope
increases by a few percent when the density of hopping sites decreases by three orders of magnitude
The solid and dashed lines show the equilibrium mobility cal culated without consideration of the
round-trip hopping while the dotted curves show the effect of backward jumps. Taking into account
the possibility of backward jumps leads to a significant decrease in the vdue of the carrier
equilibrium mobility by more than two orders of magnitude especidly at lower temperatures and/or
lower densities of localized states.
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The effect of high carrier density on the equilibrium hopping maobility

Electronic applications of disordered semiconductors imply high densities of the injection
current and/or high doping levels in these materias. Realistic operating conditions for organic light
emitting diodes (OLEDS) in active matrix colour displays are at some 500 to 1000 Cd/m? peak. In
monochrome passive matrix displays, the peak brightness can be several 1000 Cd/m?. For yellow-
orange, an efficiency of 10 Cd/A istypical, beit not at the highest brightness. The maximum current
density in monochrome passive matrix displays is therefore of the order of severa 10 mA/cm? to
100 mA/cmy. For active matrix colour displays, the largest current densities will be found for blue
due to the poor eye sensitivity, and are of the order of hundred mA/cm?. Further assuming a mobility
of the order of 107 to 10° cnm?V™'s?, a layer thickness of 100 nm, and a voltage drop over the
organic material, not including the contacts, of 5V to 10 V depending on the colour, and a current
density of several 10 to 100 mA/cm?, the maximum carrier density in OLEDs can be as high as
10" cm® to afew times 10" cm®,
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Fig. 2. Temperature dependence of the equilibrium drift mobility in a disordered hopping

system with a Gaussian DOS distribution of localized states for different values of the total

density of localized statesN. Solid, dashed and dotted lines are cal cul ated from egns. (10)
and (13), (5), (11) and (13), respectively, for y=5nm™, 0=0.08 eV, w = 10%s™,

For organic thin film transistors, typicad mobilities are much higher. For polymers, reported
mobilities range between a few 107 to several 10™ cm?V's™?, while for polycrystalline materials like
pentacene they range from a few 10" to a few cm®V's™. The typical surface carrier density
accumulated under the gate insulator is then of the order of 10™ cm® to 10" cm. The accumul ated
charge is locdized in a sheet not thicker than a few nanometers. The carrier density in that sheet
therefore turns out to be of 10" cm® to 10™ cm®.

Since the carrier density in adoped polymer can be comparable with the density of localized
states, hopping sites in the deep tail of the DOS distribution can be fully filled by carriers. The filling
affects energy distributions of both localized carriers and vacant hopping sites. Therefore, the fidd
and temperature dependencies of the conductivity must be sensitive to the density of charge carriers.
The normalized thermd equilibrium energy distribution of localized carriersis given by a product of
the Fermi-Dirac function and the DOS distribution as

_ (E) i deEg(E) 1
(€)= 1+exp[(gE —E. )/KT] {I1+ exp[(Eg— E.)/ kT]} ' =

—00

where the Fermi energy Er is determined by the tota carrier density p via the following
transcendental equation:
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= | dEo(E) . (16)
2 1+exp|(E-E. )/KT]

Concomitantly, the density of vacant hopping sites, g(E), should be equal to the difference of the
DOS function and the density of occupied sites:

0.(€)=0(E)- i (€)= 1o ML an

Well above the Fermi levd, i.e. for E — Er >> KT, the density of vacant hopping sites is practically
equal to thetotal density of states. Therefore, if the effective transport energy, obtained whil e taking
the filling of localized states into account, satisfies the condition E;; — Er >> KT the mobility can still
be calculated from Eqg. (13) with the carrier distribution function given by Eq. (15). The temperature
dependence of the mobility cal culated for a Gaussin DOS distribution is shown in Fig. 3 parametric
in the carrier density p. At higher temperatures, the conductivity is due to jumps of carriers localized
above the Fermi leve and, concomitantly, the mobility weakly depends upon the carrier density. At
lower temperatures, carrier hopping from the Fermi level takes over and the mobility reveds an
Arrhenius-like behavior with the activation energy decreasing with increasing carrier density as
shown intheinset to Fig. 3.
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Fig. 3. Temperature dependence of the equilibrium mobility in a disordered hopping system
with a Gaussian DOS distribution parametric in the carrier density for the following set of
material parameters: y=5nm*, N=10" cm?® 0=0.08 eV, 1 =10%s". The inset shows
the Arrhenius plot for the same set of data

The concept of the effective transport energy is applicable if the effective transport levd is
located well above the Fermi level. However, this condition may not be fulfilled if the temperatureis
low and/or the carrier density is high. Under such conditions, the effect of filling reguires the use of
a more sophisticated model based on the averaging of the hopping parameter. In particular, the
carrier mobility can be cdculated from Egs. (13) and (14) in which the function g(E) is replaced by
oW(E) and the carrier distribution function is given by Eq. (15): transport energy needed for Eg. (18)
can be obtained from Eq. (10) with function g(E) substituted by g.(E).
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-2/3
_ev| ¥ ' deEg(E) [E—En]
K= KTp ﬁdE g(E)} ?1+ exp|(E-E. )/KT| *A ) (18)

-0 —00

It is worth noting that, in materials with a Gaussian DOS distribution, the position of the
Fermi levd is not always essentia for the charge transport characteristics because, under redlistic
conditions, the majority of charge carriers can occupy weakly filled states above the Fermi leve
[13]. Therefore, the equilibrium mobility can be affected by filling of deep localized states only at
sufficiently high carrier densities.

The dependences of the mobility calculated from Eq. (18) upon the carrier density are shown
in Fig. 4 for different initial Gaussian DOS (Eq. (12)) widths. Although the mobility remains
practically constant at low carrier densities it strongly increases at higher carrier concentrations.
These results prove that the time-of-flight (TOF) mobility in a given material can be much smaller
than the mobility estimated from, for example, IV characteristics of the space charge limited currents
measured in the same materia under the conditions of strong charge injection. It is worth noting that
the curves shown in Fig. 4 were calculated under the assumption that the DOS itsdlf is fixed and not
affected by the increasing carrier density. However, doping can significantly change the DOS
distribution and this effect will be considered in the following section.
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Fig. 4. Dependence of the equilibrium mobility on the charge carrier concentrationin a
hopping system with afixed width of a Gaussian DOS distribution.

The dependences calculated from Eq. (18) are shown by solid lines in Fig. 5 together with
experimental data obtained on PHT films of 54%, 70%, and 81% of regioregul arity [14].
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Fig. 5. Dependence of the equilibrium hopping mobility upon the dopant concentration in a
disordered organic semiconductor. Experimental points are taken from Ref. [14].
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In these materials, interchain carrier jumps along the stacking direction has been suggested
as a predominant conductivity mode. In terms of hopping transport this implies the occurrence of a
double-peak Gaussian distribution, [6]

o) =4 exp £ |+ Mo E (19)
J2mo, 202 ) \2no, 202 ) '

in which the first narrow peak describes ordered regions and the second one corresponds to
amorphous phase, i.e. 0> >> 0;. For materials with relatively high degrees of regioregularity one
should also assume that N; > N, . At large relative densities of charge carriers, i.e, a total carrier
density p > 0.01(N; + N,), the agreement between measured and calculated data in Fig. 4 is very
gratifying. It is aso remarkable that the experimental results for systems with different degrees of
regioregularity can be fitted under the premise of an undistorted Gaussian-shaped DOS distribution.
However, one has to assume unusually large widths of the DOS distribution in the disordered phase,
0> = 0.25...0.34 eV dthough the parent conjugated polymer features a low degree of disorder. This
indicates that the DOS width must strongly increase with increasing density of charge carriers such
that variations of the energy levds of the hole transporting moieties, caused by different degrees of
regioregularity, are smeared out.

These results imply a very strong effect of the Coulomb interactions on the energy disorder
in doped organic semiconductors. It was already recognized that the dipole-dipole interaction
between randomly located and oriented dipoles is one of the major causes of energy disorder in
organic materials [15]. Increasing regioregularity can suppress this type of disorder and,
concomitantly, improve the mobility a low carrier concentrations as one can see from Fig. 5.
However, a higher density of randomly distributed charge carriers generates a random Coulomb
potential distribution, which effectively broadens the DOS distribution. This effect, discussed more
fully in a later section, occurs together with the filling of deep traps. At reatively low carrier
densities the Coulomb DOS broadening dominates while most carriers till occupy sites above the
Fermi level. Under these conditions, the mobility decreases with increasing carrier concentration. At
higher carrier densities the Coulomb-induced DOS broadening almost saturates while the energy
distribution of localized carriers becomes shallower which leads to a higher average jump rate and
steeply increasing mobility with further increase of carrier density.
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Fig. 6. The effect of deep traps on the temperature dependence of the equilibrium mobility in

a disordered hopping system with a Gaussian DOS distribution. The following set of

material parameters was used for the calculation: y=5nm? 1p=10%s" N, = 10* cm?,
g=008eV, 5=0.03¢eV,E=0.6eV.
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Trap-controlled variable-range hopping

In addition to the intrinsic DOS distribution, disordered organic semiconductors often have
deeper localized states originating either from impurities or from chemical and structural defects.
Those states are normaly located well below the intrinsic DOS distribution and, therefore, they are
often referred to as deep traps. Although thetotal density of trapsis much smaller than the density of
intrinsic hopping sites, they can, especidly at lower temperatures, change the effective transport
energy. In addition, these traps can strongly affect charge transport characteristics because, under
equilibrium conditions, most carriers will occupy those deep states. In order to calculate the trap-
controlled variabl e-range hopping mobility, one may use either the method based on averaging the
hopping parameter, or the effective transport energy concept with a DOS distribution that
incorporates both theintrinsic DOS and a distribution of deep traps as

N, E? (E-E)
E)=———exp| ~—— |+ ———exp ——— |, 20
)= ot~z | e - | @

where N, and N, arethe total densities of intrinsic sites and traps, respectively, ¢ and ¢; the Gaussian
variations of the intrinsic site and trap distributions, respectively, and E; is the energy of the trap
DOS maximum. Temperature dependences of the equilibrium trap-controlled TOF mobility are
illustrated in Fig. 6 for different trap concentrations. At higher temperatures, practicaly all carriers
occupy intrinsic sites and the occurrence of traps does not change the linear log w vs UT 2
dependence that is typical for trap-free disordered organic materias. At lower temperatures, the
carrier distribution is pinned at the trap peak. Although the effective transport energy is less sensitive
to changing temperature than the equilibrium carrier distribution, it is aso affected by the traps
especially at high trap densities as one can see fromthe Fig. 7. In fact, traps can serve as an effective
hopping transport band a low T and high N;. Pinning the carrier distribution at an amost fixed
energy such as E; and steeper temperature dependence of the effective transport energy lead to a
weaker T-dependence of u at lower temperatures.
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Fig. 7. The temperature dependence of the energy of most probable jumps for the same
values of N; that used in Fig. 5, for thefollowing set of material parameters: y=5nm™,
=10"s" N =10% em?® G =0.08eV, & =003 eV, E = 0.6€V.

2. Variable range hopping in doped organic materials

As shown in the preceding sections, charge carrier hopping within a positionally random and
energetically disordered system of localized states is an adequate mode for the description of charge
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transport in disordered organic semiconductors. In a non-crystalline materid, the energy disorder is
mostly due to Van der Waals and dipol e-dipol e interactions within a positionally and orientationally
random system of molecules [16]. Doping of such a system creates, in addition, a random
distribution of dopant ions that will Coulombically interact with carriers localized in intrinsic
hopping sites. This interaction further increases the energy disorder. This effect is especialy
important in view of a small value of the didectric constant and, concomitantly, long range of the
Coulomb interaction typica for molecular semiconductors. Increasing energy disorder with
increasing dopant concentration will lead to broadening of the effective density-of-states
distribution.

Doping of a disordered organic semiconductor by charged moieties has two counteracting
effects. On the one hand, it increases the concentration of charge carriers and lifts up the Fermi leve
[17,18] but, on the other hand, it increases energetic disorder. While the former effect facilitates
conductivity, the latter strongly suppresses the carrier hopping rate and, therefore, the mobility. The
latter effect can dominate a some dopant concentrations such that doping appears to be even
counterproductive as far as the carrier mohility is concerned. [17,14].

Upon doping by ionized moieties charge neutrality must be maintained. There are two ways
to accomplish this. One is dectrochemical doping. If the ionization (or reduction) potentia of the
dectrolyte dectrode more or less matches the highest occupied molecular orbital (HOMO) of the
organi c semiconductor mobile mgjority carriers can be injected provided that the dectrol yte supplies
appropriate counterions that can diffuse into the semi conductor. An example is the work of Jiang et
al. [14] who injected holes from a solution of 0.1 M tetraethylammonium perchlorate into a film of
poly-hexylthiophene. Charge injection was compensated by concomitant doping with (permanent)
perchlorate anions. The dternative method is doping by a neutral entity whose dectron affinity is
large enough (or its ionization energy is small enough) to alow for charge transfer from the
semiconductor to the dopant [19]. Dictated by the redox potentia of donor-acceptor systems and,
concomitantly, the dissociation enthalpy, complete charge transfer and creation of free carriersin the
dark isin practice never possible, i.e. charge full transfer is an endothermic and reversible process.

Both modes of doping resemble the situation Onsager had in mind when he devel oped his
1934 and 1938 treatments of ionic and radiation-induced conductivity [20,21]. In both cases excess
mobile majority carriers and immobile counter charges (ions) are generated that roughen the energy
landscape in which the carriers migrate but in the ‘neutra’ doping case also charge redistribution
can and does occur. The majority of charge carriers will actualy form metastable geminate pairs
whose dissociation is facilitated by the ambient phonon bath and external eectric field. Therefore,
the average hopping rate is controlled by the carrier release from the Coulomb traps, i.e. by the
Onsager-type dissodiation of metastable geminate pairs. This process determines both the fidd and,
together with intrinsic disorder, temperature dependences of the mobility.

A high carrier density can be reached without introducing counter charges due to either the
field effect or high level of monopolar charge injection acraoss a contact. Under these circumstances,
the Coulomb interaction between carriers can aso strongly change the effective potentia landscape
and even make it strongly fluctuating in time. However, the interaction between charges of the same
sign is repulsive and, therefore, cannot create Coulomb traps. Instead, it gives rise to fluctuating in
time potentid barriers that still affect the mobility although this effect is significantly weaker than
the effect of Coulomb traps. The broadening of the DOS distribution is, therefore, much smaller and
the width of its deeper tail is affected much more weakly.

Doping-induced broadening of the DOS distribution
Anionized dopant, embedded in a random network of localized states, affects the energy of
nearby hopping sites due to Coulomb interaction of the dopant with charge carriers locadized in

those sites. For a given hopping site, the probability density, w(r), of having a nearest dopant ion a a
distancer is determined from the Poisson distribution as

w(r)= 4N, exp(—%TNdﬁj , (21)
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where Ny is the concentration of ioni zed dopant atoms. A carrier, trapped by this|ocalized state, will
coulombicaly interact with the dopant ion and the potential energy of thisinteraction, E. , is,

e2

E.=- , 22
ATE & (22

with e being the dementary charge, & the didectric permittivity, and ¢ the rdative didectric
constant. This energy, added to the intrinsic disorder energy, E;, yidds the total energy E of the
hopping site E = E¢; + E. In the present work, we consider a rdatively weak doping when the
concentration of dopant ions remains much smaller than the total density of intrinsic hopping sites,
N; . Under these conditions, the energy of dmost every localized state will be essentially affected
only by the nearest dopant ion. Combining Egs. (21) and (22) yidds a distribution of the localized
states over the Coulomb binding energy, g.(E.). Theresult reads:

47e°N,, 4N, €°
= ex . 23
(@, E? ‘{ 3 (aegE) )

dr
dE,

9 (Ec) = Wr(E, )

The distribution of hopping sites over the total energy must account for both theintrinsic DOS g (E)
and the distribution over the Coulomb energy g.(Ec) given by Eq. (23). Integrating over E; and E;
with the condition E; + E; = E leads to the following expression for the energy distribution function
g(E) in adoped materia

6 0 6
()= 4N, o {mmd e

wd_ EVs(eE £ |
(47@05)3_00 E04 3 (47E0€EC)3:|_J;) E\g|(E|) (E Ec El) (24)

where Jisthe Dirac ddta function. Evaluating the integral over E; in the right-hand side of Eq. (24)
yields:

4N, ¢ dE 471N e?
E)= d © ex d (E-E) . 25
9(E) (477505)3_[, E/ p{ 3 (477505EC)3}9'( <) (2)

It isworth noting that Eq. (25) ignores both the Coul omb interaction between mobile charge
carriers and contributions of non-nearest dopant ions to the Coulomb energy of localized states. At
low dopant concentrations, the validity of this approximation is obvious. It can be aso justified in
heavier doped materials because dopant ions and carriers form relatively short pairs. Dipole
moments of these pairs do affect the potential energy of more distant carriers but this effect is
weaker as compared to the interaction with the nearest dopant ion. This argument is not, of course,
valid in very heavily doped amorphous materias in which Ny approaches N; and different pairs start
to overlap. Since the value of N; in disordered organic semiconductors is typicaly around
10% ... 10°* cm® the formulated model is applicable at dopant concentrations up to 10%... 10™ cm®.

The effect of doping on an intrinsically Gaussian DOS distribution is shown in Fig. 8 for
several doping levels. An increasing concentration of dopant ions converts increasingly large
number of shalow sites into deep states. One should, therefore, expect that the doping-induced
change in the DOS distribution would immediately affect the carrier hopping mobility. However, the
density of mobile carriers also increases upon doping. Under equilibrium conditions, these carriers
fill deep states and lift up the quasi-Fermi energy. For afixed DOS distribution, this would |ead to a
higher average hopping rate and, concomitantly, higher carrier mobility. Thus, the mobility is
determined by the interplay of two competing doping-induced processes. On the one hand,
increasing density of mobile majority carriers shifts their energy distribution over locadized states
towards shallower sites, which facilitates the mobility. On the other hand, the Coulomb interaction
with localized dopant ions of the opposite polarity effectivey raises the density of statesin the deep
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tail of the DOS distribution and produces additional deep traps, which suppresses the jump rate and
reduces the mobility. Below, we show that this interplay may lead to a non-monotonic dependence

of the mobility upon the dopant concentration.
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Fig. 8. The effect of doping on the DOS distribution in a disordered organic semiconductor.
The Coulomb interaction between ionized dopants and charge carriers creates additional
deep traps and broadens the deep tail of the DOS.

Hopping in a doped organic semiconductor

At first glance, the calculation of the carrier mobility in a doped hopping system is
straightforward: One may just use the doping-modified DOS distribution, given by Eq. (25), in the
equations of the variable-range hopping modd. However, this simple approach would significantly
overestimate the role of the dopant-induced deep Coulomb traps. The reason is that the DOS itsd f
does not contain information about correlations between energies and positions of the localized
states. Since typical Onsager radius of a single Coulomb trap in an organic materia is 10 to 20 nm
and this trap consists of several hundreds of hopping sites, the correlations are essential as far as the
carrier release from such atrap is concerned.

The energetic requirements for dissodiative doping by an originally originally neutral dopant
will be discussed first. Experimentdly, it is known that an impurity can serve as, for instance, an
e ectron acceptor in an organic semiconductor even if the LUMO of the dopant is (1l €V above the
HOMO of the host molecules. Intuitivdy, it is not clear how the charge transfer can occur from a
host molecule to a dopant under such circumstances. In order to clarify the situation one should bear
in mind that both HOMO and LUMO energies are defined for isolated charges disregarding
Coulomb interactions and/or intrinsic fidds. However, in amorphous organic materias, charge
transfer from a host molecule to a dopant should directly produce a strongly Coulombically bound
short geminate pair rather than a free carrier. The size of such a pair is equa to the inter-molecular
distance that is typicaly 0.6...1.0 nm. The Coulomb binding energy of this pair isthen 0.5...0.8 eV
if the permittivity retains its typical macroscopic value of 3 and 0.8...1.2 eV if the permittivity goes
down to 2 at such short distances. If this energy gain is sufficient to compensate for the charge
transfer energy, the geminate pair of charges rather than a neutral dopant and a neutral host molecule
will form the ground statein a doped material.

Evenif acarrier has been transferred from a dopant to a host molecule it cannot immediately
contribute to the dc conductivity due to the Coulomb interaction that still bounds it to the parent
dopant ion. A carrier can be rdeased from a Coulomb trap in the course of a multi-jump Onsager-
like process facilitated by the external eectric fidd. Exact analytic consideration of this process,
including correations between energies and positions of hopping sites within Coulomb potential
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wells, is hardly possible and one has to formulate a simplified model that still retains essential
details of the carrier kinetics. We suggest a model based on the following simplifications: (i) every
collective Coulomb trap surrounding a localized counter ion is replaced by a single deep localized
state nearest to the ionized dopant and (ii) the energy of this site is a sum of the intrinsic disorder
energy and the dectrostatic energy A counted from the top of the potential barrier which is formed
by the Coulomb and external fidds as

3 2
A= |EF & (26)
TEE 4dTE

Under these assumptions the effective DOS distribution in a doped materia takes the form

N -N N e’ e’F
E\=—__d g (E)+—Cg|E - | , 27
g( ) N. g,( )+Ni g,[ +4n£0£a 71?05} @

A model of varigble-range hopping in a disordered material at a finite carrier density has
been formulated in Refs. [17,22]. This modd is based on the concept of the effective transport
energy [8,9,23] that virtually reduces the problem to trap-controlled transport with a broad energy
distribution of localized states [19]. In the following we aways assume that the material is
macroscopically neutral, i.e. that the average density of carriers is equal to the concentration of
dopants. The field dependence of the mobility, caculated with the DOS distribution given by eg.
(27) at a moderate concentration of dopants Ny = 10 cm?, is shown in Fig. 9 parametric in
temperature. A Gaussian distribution of the width o= 100 meV has been used as an intrinsic DOS
distribution. Although the curves follow the Poole-Frenkd type log 1 O F*? dependence at weaker
fields they tend toward saturation at stronger fields. Fig. 10 illustrates the temperature dependence of
the mobility at different external fidds. Although both the doping-induced Coulomb traps and the
intrinsic DOS distribution affect this dependence most carriers are localized in the former, which
gives rise to an amost perfect Arrhenius temperature dependence with the slope affected by the
external field. As shown in the inset to Fig. 10, an attempt to visuaize these data on alog i vs 1/T?
plot fails to yidd straight lines indicating that the mobility is effectively controlled by carrier jumps
from states around the Fermi level [17,22]. One should expect that, at lower temperatures, the
effective transport level should approach the Fermi level, and the temperature dependence of the
mobility has to almost leve off featuring the Mott TY* law.
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Fig. 9. Fidld dependences of the charge carrier mobility in a doped disordered organic
semiconductor at different temperatures.
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Fig. 10. Temperature dependence of the mobility in a doped disordered organic material.
The inset shows the same set of curves replotted in log £/vs 1/T? axes.

Fig. 11 illustrates the dopant concentration dependence of the mobility parametric in the
width of the intrinsc Gaussian DOS distribution. These dependencies are strikingly different in
materials with weak and strong energy disorder, i.e. with small and large vaues of the DOS width.
While doping a weakly disordered system suppresses the mobility the latter increases with doping
levd in strongly disordered materias. It should be, however, noted that the mobility always
decreases with doping more weakly than 1/Ny and, therefore, the conductivity, which is proportional
to the product of 1 and Ny , increases upon doping even in materials with small DOS widths.
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Fig. 11. Dependence of the carrier mobility upon the concentration of dopantsin meterials
with different variations of the intrinsic DOS distribution.

In order to understand why the mobility in weakly and strongly disordered materias is so
differently affected by doping one should bear in mind that dopants provide both charge carriers and
deep Coulomb traps. If these traps are deegper than those states that control the mobility in the
pristine material, the deep Coulomb traps will still trap majority of doping-induced carriers and their
mobility has to be smaller than the carrier mobility in the undoped materia. The dectrostatic energy
of a Coulomb trap can be estimated from Eq. (26) as 0.5 eV in afidd of 1 MV/cm witha = 0.5 nm
and £=3. However, the effective depth of a Coulomb trap is smaller due to the fact that carriers can
escape from this trap by jumps via localized states with energies below the maximum of the DOS
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distribution. [8,9,17,22,23] The activation energy of the mobility can be estimated from the curves
plotted in Fig. 10 and for the fidd of 1 MV/cm this energy isonly 0.36 eV.

In a pristine material with a Gaussian DOS the distribution of localized carriers has a
maxi mum at the energy E, of G°/kT below the maximum of theintrinsic DOS function. In astrongly
disordered material with g = 120 meV the energy Eisaslarge as 0.6 €V a room temperature. This
energy is larger than the activation energy of the Coulomb traps and carriers can easily leave the
latter and fill the deep tail of the intrinsic DOS at energies be ow and above E,,. Concomitantly, the
Fermi level devates which leads to increasing mobility upon doping. In other words, disordered
organic materials can be efficiently doped by introducing virtualy deep Coulomb traps because free
equilibrated carriers fill states in the deep tail of the intrinsic DOS distribution that are even deeper
than the Coulomb traps.

If the activation energy of the dopant-induced Coulomb traps islarger than E;,, most doping-
induced carriers are still localized within Coulomb potential wells of ionized dopants and in the degp
tail states below E;,. The dominant effect of doping is then creation of additional deep states in the
DOS and, concomitantly, the mobility decreases with increasing Ng. However, this decrease is
weaker than 1/Ny and the conductivity, determined by the product of the mobility and carrier density,
still increases with increasing dopant concentration.

It is known from both experimental studies and theoretical considerations that the mobility
must strongly increase a high doping levels [14,17,18]. However, this effect cannot be analyzed
within the framework of the present model because the latter is valid only a rdatively low doping
levels when the Coulomb potential wells of ionized dopants do not overlap. The increase of the
mobility at high values of Ny is associated with filling of deep tail states by carriers. This is possible
only if adding new dopants do not create new deep Coulomb traps, which is the case at very high
dopant concentration when Coulomb potentia wells aready strongly overlap and additional ionized
dopants smoothen rather than roughen the potentid landscape. [17]

Since the effective depth of Coulomb traps is controlled by the external fidd, one should
expect different dopant-concentration dependencies of the mobility at weak and strong éectric
fields. This effect isillustrated in Fig. 12. Indeed, at weak externd fields, Coulomb potentiad wells
are deep and ionized dopants serve as deep traps for carriers. Strong externa fields reduce the barrier
for carrier release from Coulomb traps making them shallower and, thereby, increasing the density
of free carriers and the average carrier mobility. It is interesting that the effect of the external fied
on the effective depth of a Coulomb trap does not depend upon the fied direction. Therefore,
carriers in the channd of an organic fidd-effect transistor should not experience the Coulomb
trapping by dopant ions due to a strong vertica field and their mobility along the channd should
increase with doping leve even if the laterd fidd is weak.
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Fig. 12. Dependence of the carrier mobility upon the concentration of dopants &t different
external fields.

The zero-fidd activation energy of a Coulomb trap strongly depends upon the distance a
between an ioni zed dopant and the nearest intrinsic hopping site, i.e. upon the size of the equilibrium
dark ‘geminate pair’ formed by the dopant ion and a charge carrier occupying the nearest site.
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Concomitantly, this parameter controls the critica value of the externa field at which the negative
dopant-density dependence of the mobility is changed to positive. The fidd dependences of the
mobility are shown in Fig. 13 for different sizes of the dark geminate pairs. As one could anticipate,
the critical value of the fidd, at which the effect of Coulomb traps vanishes and the mobility
saturates, strongly increases with decreasing a.

10°
0 L7 e e
“Z e /', e 17 3
5 10°F v . Nu—lo cm
- ,_/ , s N‘_ 1021 Cms
3 Jd - ——a=10mm T=300K
£ , R ---a=09nm vo=10"s
K ----a=08nm y=5nm*
K --—--a=0.7nm g=0.1eV
107+ KA LR a=0.6nm e=3
-
! |

0 2(I)O 4(I)O 6(I)O 8(I)O 1OIOO 12IOO

F¥ (Vicm)?
Fig. 13. Field dependences of the mobility calculated for different distances between the
dopant ions and nearest hopping sites, i.e. for different effective depthsof the Coulomb
potentia wells.

It should be noted that all our calculations have been done for a fixed size of the dark
geminate pairs. However, one should expect a distribution of the parameter a in a disordered
material. The curves shown in Fig. 14 were calculated for the following normalized Gaussian

distribution, f(a), of pair sizes
[2 &2 a’

where g, is the width of the distribution. The value of ap = 0.2 nm was used in the cd culations. With
thisvalue of &, , the function f(a) has a maximum at a = 0.5 nm, i.e. at the same pair size as has been
used in the mobility calculations with a fixed vdue of a see eg. Fig. 9. Since larger values of a
correspond to shallower Coulomb traps larger pairs give a mgjor contribution to the mobility at
weaker fields. Concomitantly, the weak-fiddd mobility is higher in a material with a distribution of
pair sizes. Very deep Coulomb traps, formed by short pairs, can keep carriers even a strong fidds
and, therefore, the strong-fidd mobility turns out to be smaller in materials with varying sizes of
charge-dopant pairs. As aresult, the slope of the log 1 vs F¥? curves decreases as compared to those
calculated with afixed value of a..
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It should be noted that the result, discussed above, were obtained under the assumption that
the density of charge carriers is equa to the density of dopants, i.e. that the fidd-driven carrier
gection from a sample is fully compensated by charge injection and vice versa. This condition can
be vidlated if ablocking contact is used, which istypical for the time-of-flight (TOF) measurements.
Upon application of an external dectric fidd al mobile carriers will sooner or later be extracted
from the sample and only Coulomb traps surrounding counter ions will remain in the bulk. In a
heavily doped material this will result in the formation of a zone at the blocking contact that is
depleted of mobile carriers. However, in an accidental ly doped (apparently pristine) materid with a
low density of dopant ions the field can still remain amost constant. In order to simulate the TOF
mobility, measured in such samples, one has to use the DOS distribution given by Eq. (27) and
assume the density of photogenerated carriers much smaller than the dopant concentration. The use
of this modd yidds the mobility that is orders of magnitude smadler than at higher carrier densities
and reveals a perfect Poole-Frenkd fied dependence within the entire field range as illustrated in
Fig. 15. This result offers a plausible explanation of the notorious difference [17,18] between both
the magnitudes and fidd dependences of the fidl d-effect and space-charge-limited-current mobility,
on the one hand, and the mobility measured in TOF experi ments, on the other.
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Fig. 15. Field dependences of the single-carrier (TOF) carrier mobility in a doped disordered
organic materid at different temperatures.

In cond usion to this section: it is shown that the density of states distribution in a disordered
organic semiconductor is strongly affected by doping. Due to the Coulomb interaction between
released charge cariers and ionized dopants the deep tail of the intrinsicdly Gaussian DOS
distribution broadens and the total density of deep localized states strongly increases with increasing
dopant content. Therefore, doping of a disordered organic semiconductor, on the one hand, increases
the concentration of charge carriers and lifts up the Fermi leve but, on the other hand, creates deep
Coulomb traps. While the former effect facilitates conductivity, the latter strongly suppresses the
carrier hopping rate. The trade-off between increasing densities of both charge carriers and Coulomb
traps is controlled by the intrinsic DOS width and externa fidd strength. In strongly disordered
materials and/or at strong dectric fidds, the carrier mobility increases with increasing dopant
concentration. Otherwise, carrier localization in Coulomb potential wells takes over and the mobility
decreases upon doping. The TOF measurementsin intentionally or accidentally doped samples yied
the Poole-Frenkd-like fidd dependence of the mobility that is orders of magnitude smaller than the
mobility measured at high carrier densities.
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3. Space charge limited currents in organic materials with a Gaussian
density-of-states distribution

If a current-voltage (IV) characteristic of an organic light-emitting diode (OLED) or an
organic thin-film transistor has to be anayzed, the first question to be answered is whether the
current is controlled by space charge in the bulk or by charge injection from the contact. It is
generally bdieved that the current in an organic device is limited by injection if the zero-fiedd
contact barrier is higher than 0.25-0.30 eV [16]. At lower barriers, one should expect the regime of
space charge limited current (SCLC) [19] [24]. In other words, the barrier height has been
commonly considered as the only parameter that universally determines the rdative contributions
from the injection and space charge effects to the observed IV characteristics irrespective of the
temperature and bias.

In order to anayse the interplay between charge injection and bulk conductivity one must
use specific models for both injection and SCLC. Variable range carrier hopping in a positionally
random and energetically disordered system of | ocalized states has been since long recognized as the
dominant charge transport mode in amorphous organic semiconductors and polymers [16,3].
Recently, it has been shown that a smilar hopping approach yidds a quantitatively correct
description of the fidd and temperature dependences of the rate of charge injection across a
metal/polymer interface [25,26]. Since the fidd and temperature dependences of the hopping
injection limited current (ILC) and hopping SCLC are different, one can expect that, a a fixed zero-
field barrier height, the conductivity can be determined by either ILC or SCLC depending upon the
bias and temperature.

The hopping model [25,27,28] considers charge injection across a metal/polymer interface
as a two-step process. Firstly, carriers jump from the Fermi level of a metal contact into localized
states that are sufficiently close to the interface and, therefore, can be reached directly from the
contact. Every injected carrier will immediatdy create an image charge of the opposite sign at the
contact. The superposition of the external fidd at the contact, Fy , and the Coulomb fidd of the
image charge form the potential well,

U(x)=A-—S  —eFx |
() 167%,£X o

for the charge carrier localized near the interface, where A is the zero-field barrier heigh. Carrier
hopping within this potential well results in either neutralization at the contact or crossing of the
potential barrier and penetration into the bulk as described by the one-dimensiona version of the
Onsager theory [21]. Combining the rate of first jumps with the Onsager escape probability one
arrives at the following expression [25,28] for the total hopping injection current, jin ,

deoexp(—ZVXo)IodE Bol (E)g[ E-U (%)dexap{‘ﬁ[Fox+e]} 00

a 167 ,£X
[dxexp - ClEx+ &
. KT 167, £X

where vis the attempt-to-jump frequency of carriers from the metd contact, a the distance from the
dectrode to nearest hopping sites inside the polymer, T the temperature, k the Boltzmann constant,
the inverse locdization radius, and g(E) the density-of-states (DOS) distribution. The function
Bol(E) is defined as

Jinj =

Bol(E) = (30)
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In order to fully describe the monopolar current in a polymer film, one has to combine the
above expression for the charge injection rate with the equations describing SCLC in organic
materials. The transport modd must be based on the variable-range hopping within a random system
of localized states characterized by a Gaussian DOS energy distribution function. The SCLC,
controlled by a Gaussian distribution of localized states, was earlier considered within the
framework of the multiple-trapping modd [29,13]. It has been also recognized that the variable
range hopping is mathematically eguivalent to the trap-controlled band transport with the so-called
effective transport energy, E; (e9. (10)), playing the role of the mobility edge and the effective ‘free
carrier’ mobility determined by the rate of carrier jumps between hopping sites of energies around
E:[8, 9].

The equation, relating the equilibrium energy distribution of localized carriers, o(E,X), and
the density of ‘mobile carriers, ny(X), occupying hopping sites around the effective transport levd,
then takes the form

g(E)—Np(E,X) nm(x)_exp[_%jp(e,x)zo . (31)

t

Thetotal carrier density n(x) and the dectric fidd F(X) are related by the Poisson equation,

dF(x) _ e
"o ze n(x) . (32)

The current density j is determined by the density of ‘ mobile€ carriers and their mobility u as,
j = euF (), (x) @)

It is worth noting that carriers, occupying hopping sites around E;; , mostly jump down to deeper
states and, therefore, their mobility can only weakly depend upon temperature [23]. In amorphous
materials with a high density of localized states, the total carrier density is practically equa to the
density of localized carriers:

n(x)= [ dEp(E,x) . (34)

In order to fully account for the interplay between the charge injection and the space charge effects
one should solve Egs. (31)-(34) with the boundary condition given by Eq. (29) in which Fo hasto be
considered as thefield at the injecting contact: Fo = F(0).

Solving Eq. (31) for the function o(E,X) and substituting this sol ution into Eq. (34) yields the
following equation rd aing the totd carrier density and the density of ‘mobile’ carriers,

¥ dEg (E)

] EER]

(35

KT

with the Fermi energy Er(X) being determined by the density of ‘ mobil€ carriers or, equivd ently, by
the fidld and current as described by Eq. (33):

EF(x)=kT|n{nml\EX)}=kT|n{m} . (36)

t
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Combining Egs. (32), (35), and (36) yidds the equation for the fi d distribution,

-1

dF(x) _ e UV, TN, (E]
i e j dEg(E){1+—j F(x)exp = . (37)

—00

In order to calculate the hopping 1V characteristics one must solve Eg. (37) together with the
injection boundary condition, j = jin(Fo) with Fo = F(0). It should be noted that the image-charge
potentia is not included into Eq. (37). This potentid is very important for charge injection but it
extends for only 10 nm or less into the bulk while the sample thickness, L, is typicaly 100 nm or
more.

Below, the results of the calculation will beillustrated for the Gaussian DOS distribution of
Eq.(12), with density of hopping sites N;. The calculated spatial dependence of the fidd is shownin
Fig. 16 for different heights of the injection barrier A. In accordance with what one should expect,
the field remains amost constant at high injection barriers while a strongly inhomogeneous space
charge controlled fidd digtribution has been obtained at lower barriers. For the invoked set of
materia parameters, the onset of SCLC regime corresponds to the barrier height of 0.2+0.3 eV.

16 5
14
1.2

1.0}
0.8

FL/V

0.6
0.4
0.2

OO L 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0

x/L
Fig. 16. Spatial digribution of the electric field at different heights of the injection barrier

calculated for the following material parameters: v=10"s*, N;=5x 10 cm®, g=0.1 eV,
y=5nm",

However, the injection barrier height is not the only parameter that controls the charge
transport mode. An interesting feature of the hopping injection is an anomaloudy weak temperature
dependence that can be observed even if the zero-field contact barrier A is high. The T-dependence
of the injection current is illustrated in Fig. 17 for different barrier heights together with the
temperature dependence of the hopping SCLC calculated for the same set of material parameters.
The latter dependence turns out to be much steeper athough the invoked DOS width of 0.1 eV is
much smaller than the injection barrier heights. This fact indicates a possibility of the crossover from
a ILC to SCLC with decreasing temperature irrespective of the injection barrier height. For every
particular value of A, SCLC can be dominant at sufficiently low temperatures although the crossover
temperature decreases with increasing A.
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T T
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F K . .
’ . '
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Fig. 17. Temperature dependences of SCLC and ILC. Materia parameters are listed inthe
captureto Fig. 16.

The IV characteristics, shown in Fig. 18, are cdculated at three different temperatures (i)
from Eq. (29) assuming injection-limited charge transport, (ii) from Eq. (37) with F(0) = 0 assuming
‘pure’ SCLC, and (iii) from Eq. (37) with the boundary condition for the field given by Eq. (29), i.e.
with the full account for both injection and space charge limitations. Since the injection rate only
weakly decreases with temperature the low-temperature IV characteristics are fully controlled by the
space charge in the bulk even if the injection barrier is as high as 0.7 eV. With increasing
temperature, SCLC increases much stronger than ILC and the latter aimost fully determines IV
characteristics a higher temperatures. At intermediate temperatures, one can obtain a combined IV
characteristic that is controlled by the space charge at low and high voltages and by the rate of
carrier injection at moderate biases.

scLe o ]

(©) 4

Current density, Alcm®

T=120K |1
A=0.7eV
L =100 nm| ]

0.1 1 10
Voltage, V Voltage, V Voltage, V

Fig. 18. Current-voltage characteristics of ILC, SCLS, and the current, controlled by both
injection from the contact and space charge in the bulk. The set of material parametersisthe
sameasin Fig. 16.
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4. Equilibrium hopping mobility of polarons in disordered organic
materials

Polaron effects on charge carrier transport in both organic and inorganic materials were
extensivey discussed in the literature during last two decades [16, 30-33]. The small polaron mode
[31,32] was often exploited, implying that a localized carrier is strongly coupled either to loca
polarization or to vibrations and/or rotations of the molecule a which it resides. These processes
cause carrier sdf-trapping and create a quasi-particle, a polaron, which can move only by carrying
along the associated structura deformation. The adiabatic zero-field activation energy of the polaron
mohility is E,/2, where E; is the polaron binding energy [16].

The model of trap-controlled transport with monoenergetic traps predicts exactly the same
temperature dependence of the mability if the energy of trapsis equal to Ey/2. The occurrence of a
single trapping level is typica for crystalline materials with defects or impurities. Therefore, it is
notoriously difficult to distinguish between the mobility controlled by the polaron formation and the
mobility controlled by monoenergetic traps. In disordered materials, both polaron formation and
carrier trapping by either defects or impurities occur on the background of a broad distribution of
either band-tall states or transport hopping sites. It was demonstrated [34-36] that the interplay
baween the polaronic and disorder effects may be responsible for the specific temperature
dependence observed in some amorphous materials. Bassler et al. [35]suggested that the effective
zero-fidd activation energy, E.", of the mobility in a random hopping system with a Gaussian
density-of-states (DOS) distribution can be approximated by a sum of the disorder and polaron
contributions as,

5,40

EE) = (P 4 @ = g
a a a 2 9KkT

: (38)

where E{” and E!* are the polaronic and disorder contributions, respectively, ois the width of the

DOS distribution, T the temperature, and k the Boltzmann constant. Since E, is mostly determined
by short-range rd axations it is not affected by the medium- and long-range disorder and can be
considered as a wdll-defined materia parameter, which is not subjected to distribution. We consider
the polaron effect and the effect of monoenergetic traps on hopping charge carrier transport in
disordered materials.

The rate v of a tunnding carrier jump over the distance r between an initially occupied
hopping site of the energy E4 to a vacant target site of the energy E; is usualy described by the
Miller-Abrahams expression [4] (Eq (1)). It is worth noting that the energy E4 accounts for the

polaron binding energy as. Ey = E—(Ep /2). If a carrier occupies a sufficently deep localized

state it can hardy find a nearby hopping site that is even deeper than the occupied site. Therefore, a
next jump of this carrier will, most probably, be an energeticaly upward jump. The rate of such
jumps is determined by the trade-off between the distance to a vacant site and the energy difference
beatween starting and target sites, E;— Eg .

The Mott theory of the variable range hopping [37] considers the interplay between jump
distance and the energy difference for carrier jumps within a constant DOS distribution around the
Fermi leve. Under these conditions, the energy of the most probable target site depends upon the
starting site energy. However, if the DOS function steeply increases with energy most upward
carrier jumps will be made to target sites whose energies do not depend upon energies of starting
sites [8,9]. As pointed out in a previous section, this implies the occurrence of a universal energy
levd of most probable jumps, caled the effective transport levd, Ey, in a disordered hopping
system. This levd effectively plays the role of the mobility edge in disordered materials with trap-
controlled band carrier transport. The major difference between the mobility edge and the effective
transport levd is that the former is normaly considered as a material parameter while the latter
depends upon temperature and external eectric fidd. Below we consider carrier hopping a weak
eectric fidds, which alows neglecting the fid d effect on E; .

The traditional Mott approach was applied to the caculation of the effective transport
energy in random hopping systems with an exponential [9,38] and a Gaussian [39] DOS distribution.
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The temperature and concentration dependencies of E;, obtained for an exponential DOS [9,38] are
in good qualitative agreement with the predictions of both Monte Carlo simulation [8] and analytic
models [40]. However, for a Gaussian DOS it was surprisingly found that, at higher temperatures,
most carriers will jJump to sites above the maximum of the DOS distribution [39]. This, obviously,
implies that the Mott approach to the variable-range hopping is not directly applicable to the
calculation of the effective transport energy. Therefore, in the present calculation we follow the
method described earlier for the caculation of Ey in hopping systems with non-constant DOS
distributions [23].

The equilibrium energy distribution of localized carriers is determined by the Boltzmann
function independent of the dominant carrier transport mode. Therefore, the normalized carrier
distribution function, f(Es), in a hopping system can be written as,

= ﬁ dE, g(ES —(Ep /2))exp(—%ﬂ g(ES —(E,JZ))exp(—%j . (39)

The equilibrium carrier diffusivity, D, can be evaluated as the product of the average carrier jump
rate <v>,

v, e, (€ o - 525 |-
:Voexp(—%]ﬁd&g - (E, /2))exp( E ﬂ j dEg(E R
12) e

and the average square jump distance, <r®>,

<r2>:ﬁdag<a>r“ | o

Under equilibrium conditions, one may use the Einstein relation between the mobility and diffusivity
p=eD/KT ,whichyidds

,u—ek—_l_exp( E+k(—TE/2]{ jdEg exp( kE ﬂ_l{idEg(E)Ts . (42

The Arrheniuslike factor exp(-E,/2KT) is the only difference between Eq. (42) and the

expression for the equilibrium hopping mobility obtained in [41] neglecting polaronic relaxation.
Therefore, EQ. (42) can be written as,

KT )

Ea(T)+(Ep/2)}

H=H exp{—

where E, is the activation energy of the carrier mobility in a hopping system with the same DOS
distribution in the absence of the polaronic effect. Remarkably, this result is valid for an arbitrary
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DOS distribution. Fig. 19 shows the temperature dependence of 1 in a material with a Gaussian
DOS distribution of localized states subjected to polaronic relaxation.

10"

10°F
3 N 0=0.08 eV
10°

107

10°
-11 L
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107 )

1T

0% I
10" I
0™ =
102 I

10% I

10% L : —
60

(1000/T)?, K*

Fig. 19. The effect of polaron binding energy on the temperature dependence of the
equilibrium trap-controlled carrier mobility in adisordered material with a Gaussian DOS
distribution. The dashed line shows the mobility in the absence of the polaronic effect.

It is notoriously diffcult to distinguish between the effects of polaronic reaxation and deep
trapping on charge carrier transport characteristics [34,35]. Both effects lead to an Arrhenius-like
contribution to the temperature dependences of the mobility, diffusivity, recombination rate, etc.
Therefore, independent experimental evidence is essential in order to distinguish between deep
trapping and polaronic rdaxation. Particularly, the latter but not the former must lead to an
unusually strong redshift of the photoluminescence spectrum with respect to the optical absorption
edge. Bdow the effects of polaronic relaxation and deep trapping on the temperature dependence of
the equilibrium trap-controlled carrier mobility are compared.

However, the fit of experimental data in terms of either deep trapping or polaronic effects
canyied different sets of material parameters. In some cases the fitting parameters can turn out to be
hardly realistic for one of the models, implying that the other oneis more likely in a given material.
Magin and Borsenberger [34] measured the eectron time-of-flight mobility in N,N-bis(2-
phenethyl)-perylene-3,4:9,10-bis(dicarboximide), hereafter PECI. On the basis of quditative
analysis of the data, they arrived at the conclusi on that € ectronic transport inthis material is affected
by both the energy disorder and either polaron formation or carrier trapping. The above-formulated
model of hopping transport of polarons does fit the temperature dependence of the carrier mobility
in PECI. This fit isillustrated in Fig. 20 by the solid line ca culated from Eq. (42) for a Gaussian
DOS with = 57 meV, N = 5 x 10° em®, y= 4 x 10" em™, and E, = 0.52 V. However, this fit
requires an unreasonably high value of the attempt-to-jump frequency 1, = 4 x 10" s*. That large
value of 1, is required in order to compensate for the Boltzmann exponential exp(-E,/2KkT), which
accounts for the polaron activation energy.

The experimentally observed temperature dependence of the mobility can be equally well
explained by deep carrier trapping. The hopping mobility in the presence of deep traps can also be
calculated from Eq. (42) with E, = 0 and the DOS function that accounts for Gaussian distributions
of both hopping sites and traps as,
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where Ns, Ny and a;, ¢ are the densities and Gaussian widths of the hopping-site and trap
distributions, respectivdy. The dashed line in Fig. 20 shows the temperature dependence of the
mobility, cdculated from Egs. (42) and (44) with o, = 57 meV, ¢ = 52 meV, E; = 0.295 eV,
Ns =5 x 10° cm?®, N; = 8 x 10 cm™, y= 10’ cm™, and a quite reasonable vaue of 1, = 2 x 102 s™.
The dashed and solid lines practically merge indicating that it is virtually impossible to distinguish
between polaron formation and deep trapping on the basis of the fit quality except for the likeihood
of the fitting parameters.

10
10° L
m experiment
[ polaronic effect
10" E — — -deep trapping
2 10°F
|
o
2
= -6
Z 10°¢
o
=
107k
10° - hopping within
aGaussian DOS -
10—9-.|.|.|.|.|.|“

5 10 15 20 25 30 35 40
(1000/T)?

Fig. 20. Temperature dependence of the carrier mobility in PECI [31]. The solid and dashed
curves are caculated taking into account the polaron formation and deep traps, respectively.
The parameters used for the calculation are listed in the text. The dotted line shows the best
fit of the data disregarding both the polaronic effect and deep carrier trapping with
0=104meV, N=5x10® cm?® 1p=2x 10" s*, andy=3.3 x 10" cm'*.

The effect of polaronic relaxation on equilibrium charge carrier transport in disordered
materials can be accounted for by simply adding a half of the polaron binding energy to the
activation energy of equilibrium carrier mobility and/or diffusivity. Although it is really diffcult to
distinguish between the effects of polaron formation and deep trapping on the basis of the mobility
measurements within a rel aively narrow temperature range it can be done if the fitting parameters
are physically unredistic for one of these models. Otherwise, independent, e.g. spectroscopic,
evidence is necessary in order to identify polarons as charge carriers in a disordered organic
material.
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