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A general method to cd culate the equilibrium hopping mobility in a positionally random and
energetically disordered hopping system at weak and moderate dectric fidds is formulated.
Analytic expressions are obtained for the equilibrium mobility controlled by an arbitrary
density-of-states (DOS) distribution at arbitrarily high density of carriers. It is aso shown that
equilibrium charge transport occurs via carrier jJumps to hopping sites located around the
apparent transport level. This notion effectively reduces the variable range hopping to trap-
controlled transport. The results obtained by averaging of hopping rates and by the use of the
effective transport level approach are found to be in good quantitative agreement. It is aso
shown that multiple carrier jumps within pairs of occasionally close localized states strongly
affect both the position of the effecti ve transport energy and the equilibrium hopping mobility,
especialy at lower concentration of localized states.
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1. Introduction

Charge carrier transport in non-crystalline solids is well known to be governed by positional
and energy disorder in such materias. The presence of positional disorder inevitably gives rise to the
energy disorder via dependence of the potential energy of interaction upon the distance between
interacting particles [1,2]. Due to disorder effects, carriers are amost permanently localised and the
only feasible mode of charge transport is carrier jumps either via a band of extended states, if such
states do occur in a given material, and/or directly between locaized states. The former mechanismis
often referred to as the trgp-controlled transport [3] while the latter is known as hopping [4]. Trap-
controlled transport implies a negligible contribution of direct tunndling jumps of carriers between
localized states compared with carrier jumps via extended states. The rate of the latter is not affected
by positional disorder and, therefore, this transport mode can be considered as energy controlled
hopping or &hopping. In disordered hopping systems, both positional and energy disorder affect the
carrier jump rate and this transport mode is described by mode s of r &hopping.

Most such models are based on the Miller-Abrahams [5] expression for the probability v of a
tunnelling carrier jump over the distance r between a starting state of energy E4 to a vacant target site
of the energy E;. This expression can be written as

S a j E, >E,
v(r,Eg,E,) =V, exp(—2)r) x KT , ey

1 , E, <E,

where y is the inverse locdization radius of the dectronic wavefunction, v, the attempt-to-jump
frequency, T the temperature, and k the Boltzmann constant.
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The carrier jump rate exponentially decreases with increasing distance between hopping sites.
At first glance it may imply that an occasionally isolated hopping site may serve as atrap for carriers.
However, the rates of forward and backward jumps similarly depend upon the distance between any
two hopping sites and, therefore, within a positionally random system of monoenergetic hopping sites,
the carrier trapping time will be exactly equal to the releasetime. In other words, it is equally difficult
for a carrier to be trapped and released by an isolated localized state. Nonethd ess, it is not the case for
an energetically random system. While upward jumps require thermal activation, downward jumps
imply dissipation of the excess energy via phonon emission. The former process is much dower than
the latter one and the rates of forward and backward jumps between two fixed states of different
energies can be very different. Consequently, a deep locaized state can promptly capture a carrier and
keep it localized over along time. Due to this strong asymmetry of trapping and rel ease times, the
energy disorder is the main influence on charge transport characteristics in amorphous materials.

Analytic treatment of carrier hopping in a positionally random and energetically disordered
system of localized states is a notoriously difficult problem. Although al jump rates are known for a
fixed set of hopping sites, averaging over all possible spatial and energy configurations is not feasible.
In order to resolve this problem, severa simplifications of the phenomenon were introduced and
approximate methods of solving the simplified problem were suggested [6-9]. Amongst these methods
the concept of the effective transport level was shown to be especialy efficient [10,11]. This method
is based on the notion that, after an energetically upward jump into a hopping site that belongs to the
transport level, a carrier will make several downward jumps, which effectivey reduces hopping to
trap-controlled transport [12].

It is essentia for the dc conductivity that the downward jumps occur to states other than
starting ones. This assumption is certainly valid for the trap-controlled transport but the applicability
thereof for a more general case of carrier hopping in a disordered system needs specia justification.
Trap-controlled carrier drift and diffusion are due to carriers temporarily occupying a band of
extended states. Once a carrier is rdeased from a trap to an extended state, lots of other localised
states are available for further trapping and the probability of being ceptured by the same trap is
negligibly small. In a hopping system, a target site, which belongs to the transport levd, is still a
localized state that normally has only few hopping ne ghbours accessible for a next jump. The starting
siteisinevitably one of those states and it is quite possible that, after an upward jump, a carrier will
return to theinitialy occupied deeper site. Such ajump contributes to neither dc transport nor energy
rel axation.

In the present paper we formulate a generd method to calculate the weak-fidd carrier
mobility in a disordered hopping system. We dso consider the influence of “multiple hopping” of
carriers between occasionally close hopping neighbours on the dc hopping conductivity. The generd
approach will be applied to an analyticd treatment of the trap-controlled hopping and hopping
conductivity at large carrier densities. It is worth noting that our consideration is based on the
traditional approach to hopping in disordered systems disregarding possible corrdations between
energies and positions of hopping sites, athough such corrdations may affect the fidd and
temperature dependencies of the mobility [13,14].

2. Theory
2.1. Average hopping parameter and equilibrium carrier mobility

Since the hopping rate exponentially decreases with both increasing energy difference and
increasing distance between localized states in a random system of hopping sites, most carriers will
jump to target sites characterized by minimum values of the hopping parameter u, which is
determined as,

u(r,Ey,E,) =2y (lE - E)

kT @
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where n the unity step-function. 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
E4 can be found by the use of the Poisson distribution [15,16]. For a starting site of energy Eg , the
average number, ny(Eg,u), of hopping ne ghbours, whose hopping parameter is not larger than u , is
given by,

ul2y Eq +KT (u-2yr)
nO(Est,u)=47'rJ‘drr2 JdEt a(E,)=

0 —00
, ©)
3| E E. +KTu 3
_4mfu ¢ * E -E
(3 Tomder e o -5

where g(E) is the dengity-of-states (DOS) distribution. The first term in the right-hand side of egn. (3)
gives the number of target sates that are degper 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 governs the rate of upward jumps. The probability density, wo(Es;,U), that a nearest
hopping neighbour has the hopping parameter u is determined by the Poisson distribution as,

o, ()

U 4)

Wo(Est ' U) = exp[— no(Est ' U)]

Equation (4) forms a basis for calcul ating the average hopping parameter, <u>y(Eg), for carrier jumps
from a starting site of energy Eg. Using egn. (4) as a distribution function for averaging the hopping
parameter yie ds,

on, (E,u
ou

(u),(Eq)= Tduu exp[- ny(Eq,u)] ) =T duexp[- ny(E4,u)] - ()

The average squared jump distance, <r>>o(Es), can be eval uated as,

. (Wol2y  Ex+kr((u),-2v)

<r2>0(Ea)=n—o(m farr® JoEg(E)=
Eq +KT (u), ]5

) oot [ omlefa-EE

= (6)
5| 2y g, 0

-1
Eq+KT (), 3

x j:dE[ o(E )+ EJ dE, g(E[)[l— ETZUEi]

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

Ho = KT JdEst exp[_<u>0(Est)]<r2>0(Est)f (Es) . (78)

where f(E) is the normalized energy distribution function of localized carriers. Without dramatic | ost
of accuracy, rather complicated egn. (6) for the average squared jump distance, can be replaced by a
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simpler estimate <r’>y(Eg) = <u>y/2); This approximation yieds the following formula for the
equilibrium mobility (6o :

Uy = J dE, exp|- (u), (E ()2 (EL)F(Es) - ()

kT( y)

The time-of-flight (TOF) technique is commonly used for the experimental study of charge
carrier mobility in both organic and inorganic non-crystaline materials. TOF measurements imply a
low carrier density that allows neglecting the possibility of trap filling. Under these conditions one
can use a single-carrier distribution function in egns. (7a) and (7b). The equilibrium TOF mobility
can, therefore, be cal culated by the use of the normalized Bolzmann distribution as,

=U;dE g(E)exp(— %)Tg(E)eXp(—%j : C)

Substituting this distribution function into egn. (74) yie ds,

€)
" J dE, exp[_<u>0(ESt )]<r2>0(Eg)g(Est)e><p[—&j

KT

The results given by egns. (7a), (7b) are obtained disregarding the possibility of backward carrier
jumps into starting sites. If a carrier jump is most probably followed by the return of the carrier back
to the initially occupied state both these jumps do not contribute to dc hopping transport and energy
relaxation. In order to diminate from consideration multiple carrier jumps between close hopping
nei ghbours one must cd culate the probability of a backward carrier jump.

2.2. The effect of backward carrier jumps

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

T E +2KT (r-r')
n, (E,.r) 2nj drr? [ ddsng  [dE'g(E)=
0 —00

arccos(r'/ 2r)

73 E E,+2KTyr E'-E 3 E'-E 4 ’ (10)
— ' ' ' ] _ t _ t
12 11_[,dE 9(E)+ i dE g(E)Hl 2kTer +{1 2kTer }}

The probability, w(E; ,r), that the target site of the energy E; has at least one hopping ne ghbour of the
hopping parameter smaller than 2yr is determined by the Poisson distribution:

WE,,r)=1-exp[-n,(E.r)] . (12)

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

ul2y Eq +KT (u-2yr)

n(E,,u) = 47 Jdr r2 JdEt a(E f1-exp[-n,(E,.r)]}=
0 Es
Eq +kTu (17 2)u~(E, ~Eq4 )/ KT] . (12)

=4 [dE 9(E,) fdrr? {1-expl-n,(E.r)}

Average hopping parameter, <u>(Eg), can be calculated by the use of egn. (5), with the function
n(Es,U) instead of no(Eg,u), and average square jump distance <r>>(Ey) can be evaluated from egn. (6)
using the function <u>(Ey) instead of <u>o(Eg). Averaging the square jump distance over E4 under
thermal equilibrium conditions |eads to the following expression for the equilibrium mobility,

p=2e [ae, el (e, ])E) 1(E) 3

that for the Bolzmann energy distribution of localized carriers leads to

Hy =%EdE3 g(Est)eXp(_%ﬂ
< 1dEst expl- (u)(EL )](r*)(EL )o(E. )exp(_ = J

KT

-1

(14

Equation (16) is a rather complicated formula even if the expression for <r’>(Eg) is replaced by its
approximate value <u>%/2y. The cal culation of both the mobility and conductivity can be significantly
simplified if the concept of the effective transport energy is employed.

2.3. Effective trangport energy

The occurrence of an effective transport energy was first revealed in Monte-Carlo simulation
[10] and was later proven by anal ytic consideration of charge carrier kinetics in disordered hopping
systems [11]. 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 siteis
sufficiently deep, the most probabl e value of the energy E; does not depend upon Eg . In other words,
practically all 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 asthetransport energy, E, .

One can consider the average number of hopping neighbours as a function of the energy E;
defined as,

E, =E4 +KTu , (15)

rather than of the hopping parameter u. Carrying out this replacement of variables in egn. (3) yidds
the average number of hopping neighbours of energies not larger than E; for a starting site of energy
Es:
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Ny (Est ! Ej ) = 7_67(}*(-'-)—3 J.JdEt g(Et )(Ej B Et )3 : (16)
Eq

An upward carrier jump from a starting siteis possibleif there is at least one such hopping neighbour,
i.e. from n, (ESt  E; ) =1 on. The use of this condition in egn. (16) leads to the following
transcendental equation for the energy of the most probable upward jumps:

e ole ) - f = Sowry @)

If the DOS distribution decreases with energy faster than |E[ than (i) the value of the integra in
the left-hand side of egn. (17) is practically independent of the lower bound of integration for
sufficiently deep starting sites and (ii) a major contribution to the integra 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, egn. (17)
reduces to:

Jae o(E)(E, -EF =2 (k7). (18)

Equation (18) for the energy of most probable jumps was derived from egn. (3) for the average
number of hopping neighbours. This equation does not account for the possibility of round-trip jumps
between occasionally close hopping sites. Thisimplies a possibility that carrier jumpsto 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 egn. (12) instead of
egn. (3) for the number of hopping neighbours.
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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 totad density of localized states N. The daa shown by the solid and dashed lines
are calculated from egns. (18) and (19), respectively, for y=5nm™, and o= 0.08 eV.

Combining egn. (15), in which E; is replaced by E;, with egn. (12) and using the condition
n(ESt By ) =1 yidds atranscendental equation for the genuine transport energy
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E, (E, —E,)/ 2kT
4anE a(E,) J.drrz{l—exp[—nb(E[,r)}}:l : (19)

where ny(E;,r) is given by egn. (10). 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
general, once the effective transport energy is calculated, the hopping problem is virtually reduced to
amuch smpler problem of carrier multiple trapping in an energetically disordered system of localized
states.

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

g(E)=—N eXp(-E—zj : (20)

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 egn. (18) without
accounting for backward jumps. The dashed lines were calculated from egn. (19). The difference
between dashed and solid lines for each DOS is significant and more noticesble at higher
temperatures and/or at lower concentrations of localized states. Fig. 2 shows the temperature
dependencies of E; and E;, calculated from egs. (18) and (19) respectively for different widths o of the
DOS distribution. Common features of these results are that a higher temperatures the effective
transport energy leve lies above the maximum of the DOS distribution and that E;, and E; almost
linearly increase with increasing temperature. The slopes of the curves calculated from egn. (19) are
larger than those cal cul ated from egn. (18).
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Fig. 2. 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

inthe DOS didribution width o= The data shown by the solid and dashed lines are calcul ated
from egns. (20) and (21), respectively, for y=5nm™*, and N = 10* cm,

Averaging rates of carrier jumps to the effective transport leve, estimating the average square

jump distance as,
E, -2/3
)= Jeeote))

and using the Einstein relation yie ds the following expression for the equilibrium mobility:
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Ey

-2/3
_€EVy T _ E, ~Eq
= { L dE g(E)} L dE, f(Est)exp( =L j . (21)

For the singl e-particle Boltzmann distribution function given by egn. (8) this expression yidds
1/3

,ub:%[]&dEg(E)exp(—%ﬂ_l{jidEg(E)} exp(—%j , (22)

where E;, can be calculated either from egn. (19) or, as a rougher approximation, from egn. (18) that
disregards the effect of round-trip carrier jumps.

It should be noted that in order to calculate the mobility described by egns. (7a,b) or (14) one
must also solve the system of egns. (3)-(6) or (10) and (12). The expression for the equilibrium carrier
mobility derived on the basis of the effective transport energy concept and given by egn. (21) is
simpler and more feasible for applications. Temperature dependences of the mobility, cal culated from
egns. (7b), (18), (19), and (21) for a Gaussian DOS distribution of the width 0=0.08 eV are shownin
Fig. 3 for different values of the totd density of locadized states N. All the curves feature almost
perfect straight lines if plotted as log 1 vs 1/T?. Although absolute values 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
value of the carrier equilibrium mobility by more than two orders of magnitude especialy at lower
temperatures and/or lower densities of localized states. Fig. 4 shows the temperature dependences of
the mobility caculated from egns. (7b), (18), (19), and (21) for a Gaussian DOS distribution
parametric in the width of the distribution.

10°
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—__Eq.7(b) N=10%cm®
-+ Eqn. (21),(23)
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(1000/T)* (K
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Fig. 3. 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 tota

density of localized states N. Solid, dashed and dotted lines are calculated from egns. (20) and
(23), (7h), (21) and (23), respectively, for y=5nm™, c=0.08 eV, 1, = 10 s™.

2.4. The effect of high carrier density on the equilibrium hopping mobility

Electronic applications of disordered semiconductors imply high densities of the injection
current and/or high doping levels in these materials. Redlistic operating conditions for organic light
emitting diodes (OLEDS) in active matrix colour displays are at some 500 to 1000 Cd/m? pesk. In
monochrome passive matrix displays, the peak brightness can be several 1000 Cd/m? For yellow-
orange, an efficiency of 10 Cd/A istypica, beit not at the highest brightness. The maximum current
density in monochrome passive matrix displays is therefore of the order of several 10 mA/cm? to 100
mA/cm?. For active matrix colour displays, the largest current densities will be found for blue due to
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the poor eye sensitivity, and are of the order of hundred mA/cm?. Further assuming a mohility of the
order of 107 to 10° cn?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/cn, the maximum carrier density in OLEDs can be as high as 10" cm® to a
few 10" cm®.

10°

r y=5nm'1
. N=10"" cm™

12_-1

£ v,=10""s

____Eqn. (20),(23) 0=0.1eV
- - - Eq. 7(b)
.. Eqn. (21),(23)

10725 3 1 1 1 -
20 40 60 80 100

(1000/T)* (K?)

10"

mobility (cm?V?s™)

Fig. 4. Temperature dependence of the equilibrium drift mobility in a disordered hopping

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

distribution 0. Solid, dashed and dotted lines are cdculated from eqns (20 and (23), (7b),
(21) and (23), respectively, for y="5nm™, N=10" cm?, 1, = 10% s

For organic thin film transistors, typical mobilities are much higher. For polymers, reported
mohilities 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 typica surface carrier density
accumulated under the gateinsulator is of the order of 10* cm™? to 10" cm® The accumulated charge
is localized 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®,
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Fig. 5. 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". Theinset shows
the Arrhenius plot for the same set of data
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Since the carrier density in a doped 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 thermaly equilibrium energy distribution of localized carriers is given by a product
of the Fermi-Dirac function and the DOS distribution as

_ (E) 7 deg(E) "
f(E)= 1+ exp[(g ~E. )/KT| { ] 1+ exp[(Eg— E.)/ kT]} ' @)

where the Fermi energy Er is determined by the total carrier density p via the following
transcendenta equation:

—00]

K d
=] 1+ exp[(EEg—( IIEE)F )ikT] G

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)- o1 (B)= o 0 @

Wl above the Fermi levd, i.e. for E — Er >> KT, the density of vacant hopping sites is practically
equd to the total density of states. Therefore, if the effective transport energy, obtained while taking
the filling of localized states into account, satisfies the condition E;, — Er >> KT the mobility can still
be cal culated from egn. (21) with the carrier distribution function given by egn. (23). The temperature
dependence of the mobility calculated for a Gaussin DOS distribution is shown in Fig. 5 parametricin
the carrier density p. At higher temperatures, the conductivity is due to jumps of carriers localized
above the Fermi level 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 carier density as
shownintheinset to Fig. 5.
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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 Gaussan DOS distribution. The following set  of

material parameterswas used for the cadculation: y =5nm?, y,=10%s% N = 10" cm?®,
g=008eV, g=0.03eV,E=06¢eV.
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As mentioned above, the concept of the effective transport energy is applicable if the
effective transport level is located well above the Fermi level. However, this condition may not be
fulfilled if the temperature is low and/or the carrier density is high. Under such conditions, the effect
of filling requires the use of a more sophisticated model based on the averaging of the hopping
parameter. In particular, the carrier mobility can be calculated from egns. (12) and (13) in which the
function g(E) is replaced by g(E) and the carrier distribution function is given by egn. (23).

E (eV)

Fig. 7. The temperature dependence of the energy of most probable jumps for the same values
of N, that used in Fig. 6, for the following set of material parameters: y=5nm?, 1 =102 s?,
N =10% cm?® ¢ =0.08¢eV, =0.03¢eV, E,=0.6eV.

2.5. 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 normally located well below the intrinsic DOS distribution and, therefore, they are
often referred to as deep traps. Although the total density of traps is much smaller than the density of
intrinsic hopping sites, they can, especialy 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 variable-range hopping mobility, one may use either the method based on averaging
hopping parameter or the effective transport energy concept with the DOS distribution that
incorporates both intrinsic DOS and a distribution of deep traps as

__N _E_2 N, _(E_Et)z
g(E) - \/ETO', exp( ZO}ZJ + \/5_[_0} exp|: 20_t2 :| ’ (26)

where N; and N; are the tota densities of intrinsic sites and traps, respectively, g 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 1 vs 1/T ? dependence that is
typical for trap-free disordered organic materials. 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 especialy at high
trap densities as one can see from Fig. 7. In fact, traps can serve as an effective hopping transport
band at low T and high N; . Pinning the carrier distribution at an almost fixed energy such as E; and
steeper temperature dependence of the effective transport energy | ead to a weaker T-dependence of u
at lower temperatures.
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3. Conclusions

In the present paper, we formulated a generd method for considering charge carrier hopping
conductivity in disordered organic and inorganic materials at weak and moderate dectric fieds. This
method is applicableto an arbitrary DOS distribution and to an arbitrarily high density of carriers. The
use of this method for consideration of carrier hopping at strong eectric fields requires further work.
In order to solve this problem one must consider several effects caused by strong fieds including (i)
the fidd effect on the energy distribution of hopping neighbours of a given starting site and (ii) the
effect of a strong dectric field on the energy distribution function of localized carrier under both
equilibrium and non-equilibrium conditions. The concept of the effective transport energy
significantly simplifies consideration of the variable-range hopping of excess charge carriers. The
results, obtained by the use of this approach, are relatively simple and can be readily used for
calculations of device characteristics. Multiple carrier jumps between localized states, which are
occasionally close neighbours in the energy-coordinate configurational space, strongly affect the
effective transport energy and the equilibrium mobility in a random hopping system.
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