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Effective Temperature Models for the Electric
Field Dependence of Charge Carrier Mobility
in Tris(8-hydroxyquinoline) Aluminum

P.J. Jadhav, B.N. Limketkai, and M.A. Baldo

Abstract The development of accurate and predictive models of charge carrier
mobility is a crucial milestone on the path to the rational design of organic semicon-
ductor devices. In this chapter we review effective temperature models that combine
both the temperature and electric field dependence of the charge carrier mobility into
a single parameter — the effective temperature. Although effective temperature mod-
els were originally developed for use in disordered inorganic semiconductors, here
we compare various models to data from the archetype small molecular weight or-
ganic semiconductor tris(8-hydroxyquinoline) aluminum (AlQ3). We conclude that
it may prove impossible to develop a universal effective temperature model that
is valid for all electric fields and temperatures. But several effective temperature
models are observed to work well within the typical operational environments of
electronic devices. Thus, the effective temperature concept promises to be a practi-
cal and useful tool for the development of organic semiconductor technology.
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1 Introduction

Organic semiconductor-based devices such as organic light emitting devices
(OLEDs) are attracting increasing commercial interest. Unlike most conventional
semiconductors, however, the molecules in an organic semiconductor are held
together by weak van der Waal’s forces. Consequently, organic semiconductors
possess narrower electronic bands than most conventional covalently-bonded semi-
conductors. The result is localization of charge carriers [1], especially in the disor-
dered amorphous organic semiconductors typical of applications such as OLEDs.

Localized charge carriers in organic semiconductors move by electric field or
temperature-induced charge hopping. There are proven microscopic models for
charge hopping between sites under low electric fields [2—4]. But charge transport in
thin films of organic semiconductors is complicated by energetic and spatial disor-
der. For example, the conductivity of a thin film is observed to depend on the charge
carrier density as well as the electric field and temperature [5—10]. The absence of an
analytical model that explains all these dependencies has complicated the rational
design of organic semiconductor devices.

The modeling of charge carrier transport in organic semiconductors has been
dominated by quasi-empirical models such as the various Poole Frenkel descrip-
tions for the electric field dependence of mobility [9, 11]. But empirical relations
complicate the construction of predictive device models because many parameters
are of obscure physical origin and difficult to extrapolate between materials. This
chapter reviews an alternative approach: effective temperature models. These mod-
ify the distribution of charge carriers, increasing their temperature to represent the
effect of an applied electric field. We present comparisons to organic semiconductor
data that demonstrate the utility of the effective temperature approach for device en-
gineers. It correctly models device behavior near room temperature, and the physical
origin and limits of the approach are clear.

Much of the theory discussed here was originally proposed many years ago for
application to disordered conventional semiconductors such as amorphous Si [12—
15]. We review effective temperature models that build on the success of percolation
theory in understanding the charge density and temperature dependence of charge
transport. Percolation theory at low electric field is reviewed in Sect. 2. To summa-
rize: percolation theory in the absence of an electric field predicts that mobility is
strongly dependent on the charge carrier density [10]. Given the presence of just
a few charge carriers, the current flow is retarded by sparsely distributed low en-
ergy sites also known as traps. The mobility of carriers increases dramatically as
these deep sites are filled. Because the majority of hops out of a trap are to sites
with higher energy, the mobility is also strongly temperature dependent. Given an
exponential density of states (DOS), the theory predicts u ~ n’/T where u is the
mobility, n the charge carrier density, T the temperature, and T the characteristic
trap temperature [10]. Interestingly, this solution is almost identical to the success-
ful but controversial trapped charge limited (TCL) model for charge transport in
organic semiconductors [5, 16, 17], although percolation theory correctly models
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the localized nature of organic semiconductors whereas the TCL models consider
an unphysical band edge above an exponential distribution of traps.

Percolation models in the absence of an electric field have previously proven suc-
cessful in organic thin film transistors where the lateral electric field in the channel
can comfortably be neglected due to the large dimensions of the channel [10]. The
electric field, however, is typically much larger in thin vertical organic devices such
as OLEDs or organic photovoltaics (OPVs). Large electric fields lead to a nonequi-
librium distribution of charge carriers that can prove difficult to model. In response,
the effective temperature model notes that the effect of electric field on mobility
in hopping transport is similar to that of temperature [15, 18, 19]. Increasing the
temperature raises the population of charge carriers to higher energies, where the
DOS is broader, and hence the mobility improves. Increasing the field has a similar
effect — the carriers gain energy by hopping in the direction of the field. So the mo-
bility can be seen as dependent on some quantity To(F, T), which is a function of
electric field and temperature. We define Toi(F, T) as the effective temperature. The
form of the function T (F, T') is the subject of Sect. 3 of this chapter.

In Sect.4 we compare the various effective temperature theories to current—
voltage and mobility data for organic semiconductors. We focus particularly on
analysis of the current—voltage characteristics of the archetype small molecular
weight electron transport material tris(8-hydroxyquinoline) aluminum (Al1Qj3) [20].
There is extensive data available on the charge transport characteristics of AlQj
[5, 21-23], providing a convenient system to test various approaches to modeling
charge transport in disordered organic semiconductors. Finally, in Sect. 5, we con-
clude by discussing the limits of the effective temperature approach.

2 Percolation Models of Mobility at Low Electric Fields

Percolation models of charge conduction were originally applied to charge trans-
port in inorganic amorphous semiconductors [12]. More recently the percolation
formalism has also been applied to organic materials [10, 24]. Here, we review
the percolation approach. It begins by noting that charge transport in organic semi-
conductors occurs via electric field or thermally-activated hops between localized
states. The hopping motion of charge carriers can be described by the kinetic master
equation [25]

an (l‘)
ot

= [RaaPa (1) (1 = Pu(t)) — RaaPa (1) (1 = Pa(1))], (D
a#d

where Py(t) is the occupational probability of site d at time ¢ and Ry, is the transition
rate from the donor site d to acceptor site a.

Next, we assume that polaronic effects are negligible compared to energetic dis-
order. The activation energy AE for hopping is then dependent only on the site
energy differences and not on the molecular conformation energies required to form
activated complexes prior to charge transfer. Under this assumption, the hopping rate
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R4, from a site with energy Ej to a site with energy E, at a distance rg, apart can be
described by the Miller—Abrahams rate model for phonon-assisted tunneling [2]:
Re — voexp (—2arg,)exp ((Ea — Eq)/ kT), Ey—E4q> 0, ?)

da = Vo exp (—2arda) , E,—E;4 <0,

where vy is the attempt to hop frequency dependent on the phonon DOS and inter-
molecular overlap. Miller Abrahams is perhaps the simplest solution that satisfies
the detailed balance requirement in Eq. (1) at equilibrium.

Under the condition that the system is close to equilibrium (i.e., the difference
between donor and acceptor quasi Fermi levels g — o, < 2kT), the master equation
with Miller—Abrahams transition rates can be linearized to obtain a conductance
[26]:

gvo  exp[—20trgs)exp [~ |Ea — Ea| /2KT |

~ 4KT cosh [(Ea — Ua) /2kT] cosh [(Ed — Ua) /2kT} ' )

da

Here, u4 and u, are the quasi-electrochemical potentials that deviate from the equi-
librium electrochemical potential as 1 — gFr, where u is the chemical potential, F
is the applied field, and r is the position of the sites.

Equation (3), or a simplified version thereof, can be used to model every possible
hop between localized sites in the organic semiconductor as a distinct conductance.
Each conductance is characterized by the respective site energies, the intermolec-
ular spacing and the quasi Fermi energies. Unfortunately, the energy distribution
of the sites (also known as the DOS) is usually unknown because, until recently, it
has not been easy to measure. It is commonly presumed to be a Gaussian distribu-
tion [11] with a tail of states that extends into the energy gap between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO). Recent Kelvin probe measurements of the archetype organic semicon-
ductors N, N’-diphenyl-N, N’-bis(1-naphthyl)-1, 1’-biphenyl—4,4’-diamine (0.-NPD)
[27], and copper phthalocyanine (CuPC) [28], however, have observed an exponen-
tial DOS. In this chapter, we tentatively assume that exponential tails are a universal
characteristic of organic semiconductors. Further measurements of other archetype
organic semiconductors may confirm this assumption. Disorder in the intermolecu-
lar spacing is usually neglected since it is expected to yield a charge carrier mobility
that decreases with electric field, in contrast with experimental results [11, 29].

Assuming we know the distribution of site energies, and if we neglect the spa-
tial disorder, the remaining problem is to solve the conductance network. In an
organic semiconductor the conductances corresponding to each possible hop are
expected to vary by many orders of magnitude. Percolation theory seeks to sim-
plify the determination of the macroscopic conductance in this disordered system
[12, 30]. Conceptually, the film is broken into numerous conducting clusters defined
relative to a reference conductance G. For a given reference conductance G, all con-
ductive pathways between sites with Gy, < G are removed from the network, which
leaves a collection of spatially disconnected clusters of high conductivity, G4, > G.
As the reference conductance G is decreased, the size of these isolated clusters in-
creases. The critical percolation conductance is defined as the maximum reference
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conductance G = G, at the point when percolation first occurs, meaning the first for-
mation of a continuous, infinite cluster (cluster that spans the whole system). This
infinite cluster will be composed of clusters that are all connected by critical con-
ductive links with conductance G.. Since the conductances comprising the infinite
cluster are expected to vary by many orders of magnitude, it is assumed that the
conductivity of the cluster is that of the most resistive link. The total conductance of
the system is then equal to G,. To determine the threshold for percolation, the aver-
age number of bonds per site is calculated. A bond is defined as a link between two
sites which have a conductance Gg, > G. As the reference conductance G decreases,
the average number of bonds per site B increases. A large average number of bonds
per site indicates a large average size of a cluster (collection of sites with G4y > G).
Therefore, it is assumed that once the average number of bonds per site B reaches
some critical bond number B, the average cluster sizes will be large enough such
that they all touch and form a continuous pathway that spans the whole disordered
system (form an infinite cluster). The critical bond number is usually determined
using numerical simulations. It has been estimated to be B, ~ 2.8 in an amorphous
three-dimensional system [31].

To apply percolation theory, Eq. (3) is simplified by noting that bonds at the crit-
ical conductance involve site energies that are high above the quasi-electrochemical
potential (Eq — g > kT'). The conductance in Eq. (3) for small applied electric
fields can then be approximated in the zero-field limit as [26]

|Ea— Eq|+ |Eq — Ua| + |Ea — Hal
2kT

“)

Y
Gaa = % exp[—2arg,|exp | —

Next, the conductance between sites can be written as G = Goexp [—s;;| with
Go = qVo /kT and [10]

n |Eq — Eq| 4 |[Eq — pa| + |Ea — Ual
2kT '

(5)

Sda = Z(era

The critical conductance is written G = Goexp|[—sc]. The conductivity of the
disordered system is therefore 6 = oy exp [—s.|, where s is the critical exponent of
the critical conductance when percolation first occurs (when B = B ).

The average number of bonds B is equal to the density of bonds, M, divided by
the density of sites that form bonds, NV, in the material. At the percolation threshold,
when B = B¢, the density of bonds is given by

Np = / Pra, / dEq / dEag (Eq) g (E) 6 (5S¢ — Saa), ©)

where rj; is integrated in three dimensions over the entire material, g (E) is the DOS
in the material, and 6 is the Heaviside unit step function. The density of sites that
form bonds at the percolation threshold (B = B.) is given by

N = / dEg(E) 0 (se — 5aa). %)
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Determination of the conductance at the percolation threshold rests on the eval-
uation of step function. Setting sq, = s¢ in Eq. (5) yields either (1) a maximum
hop distance, rmax = Sc/2¢, obtained when E, = Eq = U, = g, or (2) a maximum
energy, Emax = U + sckT in the limit of rg, — 0. The maximum energy is crucial.
Because the hops typically take place in the tail of the DOS, the maximum num-
ber of density of sites in the percolation cluster occurs at En,x. Consequently, it
characterizes the system and sets the integration limits in Egs. (6) and (7).

Assuming an exponential DOS with characteristic temperature 7p, Vissenberg
and Matters [10] obtained

3
M T; Er+ sckT
Bczﬁban()(Zo?T) exp{ Frre ], (8)

S k TO

where they assumed Er < kTy and sckT > kTy Solving for the critical conductance

yields
To/T

3
T Tt
Z (20, 7 )
B. \2aT
where 7 is the charge carrier density. Again, we stress that this result is largely a
recapitulation of previous studies. Indeed, Vissenberg and Matters remarked that
their result in Eq. (8) is in agreement with previous results up to a numerical factor

[10]. Perhaps surprisingly, given their contrasting physical foundations, Eq. (9) is
also identical to the TCL model up to a numerical factor [5, 16].

0 = 0pe ** =0y

3 Effective Temperature Models

The result of the previous section is only valid close to equilibrium. The electric field
is limited such that the difference between donor and acceptor quasi Fermi levels
Ug — Ua << 2kT. Close to equilibrium we can assume that the electron distribution
is characterized by the lattice temperature, and we can also linearize the hopping
conductivity expression of Eq. (3).

Although the low electric field percolation model is useful in organic field effect
transistors, it is not suitable for OLEDs or OPVs due to the much larger electric
fields in these devices. Under an applied electric field, charge carriers hop from
sites deep in the DOS to higher energy levels where the DOS is broader (see Fig. 1).
The effect of the electric field is to create a population of “hot” carriers above the
Fermi level [18]. The aim of the effective temperature concept is to model the elec-
tric field by a nonequilibrium distribution of electrons characterized by an effective
temperature Tef.

We expect Te to be a function of the temperature 7" and electric field . The sim-
plest cases are F' = 0 and T = 0. The former is trivial: Tof = T, and the expression
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Fig. 1 Electron hopping
within the energetic tail of a
distribution of localized sites
under an electric field F. Due
to the potential gradient,
electrons from lower energy
states can hop into states
further from the Fermi energy
where the density of states is
broader, and hence gaining
energy with respect to the
local Fermi level

Donor

Acceptor

e

Energy

Density of states Density of states

for mobility should reduce to the proven low field percolation model. At 7 =0, how-
ever, To = Tr where Tr = gF 20k, q is the electronic charge, F is the magnitude of
the electric field, ¢ is the inverse of the decay length of the localized wave functions
and k is the Boltzmann constant. Marianer et al. [18] have a simple approach to this
result. When an electric field is applied at 7 = OK, an electron can increase its local
energy E by AE = qFr by hopping against the field over a distance r. The hopping
mechanism at 7 = 0 is tunneling, and so the hopping rate into the acceptor state is

v = vyexp(—20ar) = voexp (—2aAE/qF) , AE>0. (10)

Marianer et al. [18] assume that “The energy relaxation rate does not depend
exponentially on the energy difference.” Consequently, we assume that relaxation
from the hot state is independent of energy:

v=yvy, AE<O. (1)

To obtain the carrier distribution, we can label the relaxed state as the donor
and the hot state as the acceptor. For steady state current flow between donor and
acceptor states, the population of the donor and acceptor states should be invariant
in time. Substituting Eqgs. (10) and (11) into Eq. (1) is consistent with a Fermi—Dirac
distribution with T = Ty = ¢F /20tk.

Alternatively, we may obtain K7y = gF /20 by demanding self consistency within
a percolation cluster at T = 0. At T = 0, the percolation limit is given by Eq. (1)
assuming no backward hops [24]:

f(Ec)exp[—20trgq] = exp[—se], (12)

where E. is the maximum donor energy and we have neglected filled acceptor sites
in the tail of the distribution.

We are concerned with the carrier distribution f(E.) at energies approaching
the maximum possible donor energy Epmax. From Eq. (12), f(Emax) = exp[—sc].
Because there is no thermal excitation at 7 = 0, carriers at Ey,x must be excited
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by the electric field. Thus, sites at Enx must participate in bonds of length rgq, > 0.
It follows that, for short hops, the maximum acceptor energy cannot be less than
Emax.- The maximum acceptor energy is obtained by hops parallel to the electric
field. Thus, for carriers with energy close to Enax, the percolation limit is

Ec = Emax — qraaF. (13)

For T = 0, Egs. (12) and (13) yield an occupation function f(E.) of the form
Aexp[—E./kTr], where kTr = qF /2« identical to the result of Marianer et al. [18].

The remaining issue is the determination of the effective temperature for arbitrary
electric fields and ambient temperatures. There are two models as follows.

(1) The linear model

The gain in potential energy for any hop within the percolation cluster is partly
due to thermal energy and partly due to the electric energy. The potential energy
gained from thermal energy is maximized for short range hops. But the poten-
tial energy gained from the electric field is maximized for long range hops. Under
the linear effective temperature model, the maximum potential energy gained from
temperature-induced hops is added to the maximum potential energy gained from
electric field-induced hops, i.e.,

T =Tr+T. (14)

To our knowledge, there is no rigorous justification for Eq. (14). Rather, the lin-
ear model implicitly treats the electric field in the form of Ty as a perturbation to
the lattice temperature, 7. The above analysis of hot carriers at T = 0K is used to
determine the form of the perturbation 7x. Given T = Tr + T, the expression for
conductivity obtained for an exponential DOS is [24]

To/Tets

0 70 16T,
T et > nlo/Ter, (15)
q | Bc(20)’ 2T — Tr)* (2Terr + Tr)
(2) Non linear models
Several authors have proposed an effective temperature of the form
Thy=T"+(BT¥)", (16)

where n ~ 2 and 8 =~ 1.4. Marianer et al. [18] and Baranovskii et al. [15] both
ran Monte Carlo simulations considering electrons hopping through an exponential
DOS. The resulting electron distribution is a Fermi distribution characterized by
an effective temperature given by Te"ff =T" 4 (BTr)". Baranovskii et al. [15] found
n=2and f = (1.38 £0.06) consistent with the earlier findings of Marianer et al.
[18], who fit their distribution to n = 2 and 8 = 1.34.
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Arkhipov et al. [19] derived the effective temperature for an algebraic DOS. Their
result was obtained from the low field model of Eq. (5):

E—qgrF—pu

Sc =20r + T

A7)

Similar to the percolation approach, they required that the number of sites, N, in
Eq. (7) exceeded one (but note [8]). The DOS was taken to be

E_
Eo

Y
g(E)=go( ”), E>p, —1<y<ee. (18)

The effective temperature was determined to be

4= (@)= G+ RN+ B4y
o=t AT 27 ,
19
where f = Tg/T. At weak fields where f < 1, and, where v > 0, Tey reduces to
T (T, F) = 2 e
(T, F)=T 1+1+yf . 20)

At strong fields T is simply proportional to 7g:

34 1/1+y

T (T, F) = [Ty} . @)

The T¢gr derived by Arkhipov et al. [19], though different in precise form to the

results of Marianer et al. [ 18] and Baranovskii et al. [15], is similar to Eq. (16) when

B =1and 0 < y < L. The various theories discussed in this section are depicted as
aplot of T vs T at an effective temperature of 300K in Fig. 2.

4 Comparison to Experiment

The effective temperature theories are tested against current—voltage and mobility
measurements conducted by Briitting et al. and Limketkai et al. using the archetyp-
ical small molecule tris (8-hydroxyquinoline) aluminum (AlQ3) over a wide range
of electric fields and temperatures [22, 23]. The device used for the measurements
is a 300 nm thick AlQj; film with calcium cathode and aluminum anode. AlQj5 is an
electron transporter, and electrons are injected from the calcium cathode. Calcium
has a low work function and so interface effects are minimized. This is important
because no injection effects are taken into account in the theory. Figure 3 shows the
current—voltage data for the device. The circles represent data, and the solid lines
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Fig. 2 Ty vs T plotted for 350 . . . T T T
various effective temperature N
theories at an effective 300
temperature of 300 K. Solid
line: Togp = T + Tg; broken 250
line with dots: -
To = T"+ (BTr)" where g 200
B = 1.34 and n = 2; dotted = 150
line: B=1.1andn=1.5;
broken line: T 100
transformation under the
model derived by Arkhipov 50
et al. [19]; from Eq. (19) with NG
7=0.7 o
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T(K)

Fig. 3 Temperature 102
dependence of I-V
characteristics of an -~ 107
Al/AlQ,/Ca device, AlQ; E 10
thickness: 300 nm. Symbols 3 10-5
are data. Lines are fits to >
theory. The offset voltage is g 1076
Vbi = 2V. As can be seen, the 8 107
data fits the theory over a = ol
wide range of temperature o 10
and field. From [24] 5 109

© 10710

10~

Voltage—Vset v)

Tab!e 1 Fit parameters used o o T
in Fig. 3

Vofiset =2V 2x103Sm~!  0.575x10"m~! 450K

represent the current calculated using the conductivity expression in Eq. (15) [24].
The parameters used to fit the data to theory are given in Table 1. The parameters
have been calculated for an offset voltage of 2V [24]. As can be seen from the
figure, the theory accurately fits the data over a temperature range of 100-320K.

Mobility data for AlQ; taken through transient electroluminescence (EL) mea-
surements [23] has also been fitted to the theory [24]. Though the transient mobility
measurement may not be exactly comparable to the predictions from the steady
state theory, it is useful to compare the trends. The mobility for our theory is ob-
tained from the conductance in Eq. (15) using 4 = o/gn. The charge density is
not experimentally defined in transient measurements, and consequently a best fit
constant value of 2 x 10'8ecm ™3 is used.
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Fig. 4 Temperature and
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Figure 4 shows the fit as a log of mobility plotted against the square root of
the electric field. Plotting against \/F should yield a straight line according to the
Poole—Frenkel phenomenological model for mobility [9, 11]:

(O] 1 1
U = Loexp [_ﬁ] exp {B (ﬁ - k_To) \/f] ; (22)

where © is a temperature-independent activation barrier, and Lo, B and T are
constants. It is evident that neither the data nor the theory exhibit Poole-Frenkel
dependencies over a wide range of electric fields.

Next, to show the equivalence of temperature and electric field, we examine the
current—voltage data as a plot of voltage vs temperature at constant conductance
in Fig. 5a. The mostly straight lines are consistent with the Tef = T + Tp form of
effective temperature within the temperature limits of the theory: from 100 to 300K,
and over an electric field range: of 10°>-10°Vcem™! over a conductivity range of
seven orders of magnitude. At very low fields there is a deviation from the straight
line. This is attributed to variation of the charge carrier density, n, with current. It
is evident in Eq. (15) that the conductance is strongly dependent on n. The linear
effective temperature theory also matches the data in this regime.

Figure 5b shows the voltage—temperature plot for AlQ; devices of 700 A thick-
ness with different cathodes at a constant conductivity of 0.1 Sm~! [22, 23]. The
different cathodes alter the current—voltage characteristics, either by varying the
density of free charge within the AlQ; or by varying the injection barrier. As
the work function of the cathode increases, the plots seem to show a constant voltage
shift to higher voltages but again the linear form of T is still observable.

Figure 6 shows a voltage—temperature plot for an AIQ; device of thickness 700 A
with a MgAg cathode [22]. The temperature range is wider for this data and a clear
deviation from the linear is observed at low temperature. Some uncertainty is in-
troduced by the possibility of an injection barrier at the MgAg/AlQ; interface;
however, good agreement at low temperatures is evident for an effective temper-
ature given by T/t = T" + (BTr)" withn =1.41 and = 1.24.
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Fig. 5 a Voltage vs temperature as a function of conductivity for the Al/AlQ;/Ca data (AlQ;
thickness 300 nm) collected by Briitting et al. [23]. The circles are data and the lines are a theo-
retical fit. The plots are linear over a wide range of conductivity except at very low fields. This
fits the linear dependence of effective temperature on field and temperature. b The same plot for
70nm AlQj devices with Ca, LiF and MgAg cathodes at a constant conductivity of 0.1Sm™!.
The Ca plot is not data but a calculation for a 70 nm thick device using a linear extrapolation
from thickness dependence studies for AlQs3 in [23] and the current—voltage characteristics of the
300 nm thick AlQj device in a. The different cathodes seem to add a constant voltage shift but
the linear effective temperature dependence on field and temperature still exists. At temperatures
lower than 100 K, the data veers to lower voltage values than predicted by theory

25
20 f
S 15
[ -
o -
s [
5 10Ff
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40 80 120 160 200 240 280
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o

Fig. 6 Voltage vs temperature as a function of conductivity for a 700 A thick AlQjz device with a
MgAg cathode. The lines are fits to theory and the circles are data from [19]. The fit parameters
used here are ones deduced from the Briitting et al. data [23], except for 7y = 500K, and Vofrser =
1'V. The theoretical fit represents an effective temperature dependence given by T = 7" + (B 7x)"
where n = 1.41 and 8 = 1.24. The dashed line shows the linear effective temperature dependence

The T/}, = T" + (BTr)" form is further explored through the Briitting et al. data
[23] for a 3,000 A thick AlQ; device with Ca cathode. The transient mobility data
(Fig. 4) are transformed under the various effective temperature models discussed
in Sect. 3. Figure 7 shows a plot of the transient mobility data for various electric
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Fig. 7 The transient mobility data of Fig.4 under various effective temperature transformations.
The first four are given by T/l = T" + (BTg)" where:an=1,=1;bn=15B=11;en=2,
B = 1.3; d Transformation under the model derived by Arkhipov et al. [19]; from Eq. (19) with
v=0.7

fields and temperatures vs the effective temperature. Specifically, Fig. 7a—c shows
Te:f =T"+ (BTr)" withn =1, 1.5 and 2 and optimal f3 values [32]. The 3 has been
optimized to fit each transformation, except for n = 1, where it is taken as § = 1.
If the mobility is a function of the effective temperature, then all the data (for all
temperatures and fields) should collapse onto a single function. Figure 7d shows the
transformation under the expression in Eq. (19) derived by Arkhipov et al. [19] with
an optimized value of y = 0.7.

5 Discussion

Comparisons with data demonstrate that the effective temperature model shows
promise: both the steady state current—voltage data and the mobility data exhibit uni-
versal behavior parameterized by an effective temperature. Data are observed to fit
the effective temperature model over a wide range of temperatures, carrier densities,
and electric fields. Figure 6 confirms that the 7'k = T" 4 (B T¢)" model with n ~ 1.5
provides the best fit over the widest range of temperatures, albeit with the addition of
the empirical parameter n [32]. But for engineering purposes, where performance
near room temperature is most important, the linear model provides the best fit;
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compare Fig.7a, b. It is observed to work well when Tg is a small perturbation
(Tr < T). The linear effective temperature model fails at lower temperatures when
the electric field temperature, Ty, approaches the lattice temperature, 7.

Despite the success of the effective temperature models in describing charge
transport in AlQs, each model possesses an uncertain physical foundation. The lin-
ear theory essentially treats the electric field as a perturbation and is experimentally
observed to be valid only above T ~ 100 K. Despite the apparent failure of the model
at low temperatures, the form of 7r is determined using arguments at 7 = OK.
Its success at room temperature may then be due to the implicit combination of a
fit parameter and ¢, the orbital decay constant. Since quantum chemical calcula-
tions can be used to determine o, further studies should be able to resolve this. The
T!. = T"+ (BTr)" models are closest to universal but they are fundamentally em-
pirical. Numerical studies have also suggested that even T}, = 7" + (B7f)" models
cannot be truly universal because 3 apparently varies when the effective temper-
ature is used to simulate transient or steady state currents [33]. Lastly, the theory
of Arkhipov et al. [19] applies only to algebraic densities of states, and provides a
relatively poor fit to the data. The later theory is notable, however, for suggesting
that the form of the effective temperature may depend on the DOS.

The linear model has also been criticized by Cleve et al. [33] as possessing in-
correct asymptotic behavior at low electric fields. They require that

d do dT,
R e (23)
dr F—0 dTerr dF F—0

Their concern was d Tyt /dF # 0 in the linear effective temperature model. Phys-
ically, we expect that a successful model of conductance should smoothly evolve
from electric field-independence at F = 0 to increasing electric field-dependent
nonlinearity at F > 0. Plots of the charge carrier mobility using the linear effective
temperature model in Fig. 4 are consistent with the expected behavior. Moreover, we
note that the effective temperature depends on the magnitude of the electric field.
Hence, as required by symmetry arguments,

Tt (6/2) — Ter (—6F/2)

=% =0, OF >0. (24)

In any case, comparisons with data show no evidence of failure of the linear
model at low electric fields. In fact, the linear model arguably fits the low electric
field data better than the 7% = T" + (B Tr)" models.

6 Conclusion

It has been established that percolation theory can successfully explain the mo-
bility in organic semiconductors at low electric fields. Organic semiconductor
devices, however, often operate at larger electric fields. The electric field distorts the
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distribution of carriers within the organic semiconductor, leading to a substantial
change in the charge carrier mobility. Effective temperature models seek to describe
such complex hot carrier phenomena with a single effective temperature dependent
on the electric field and the lattice temperature. It remains unclear whether a truly
universal effective temperature theory is possible [33]. Nevertheless, comparisons
to data from the archetype small molecular weight electron transport material A1Q5
yield three important conclusions. First, the most accurate effective temperature
model over a wide range of temperatures is the empirical relation 7/, = T" + (B Tr)"
with n ~ 1.5 [32]. Second, the simple linear model is arguably superior to the
empirical models near room temperature. It also replaces constants of unclear physi-
cal origin with parameters that may potentially be obtained using quantum chemical
simulations. Third the linear effective temperature model is simply understood as a
first order perturbation in the carrier distribution, i.e., it is expected to be valid for
Tr < T, which typically corresponds to the operating conditions of most organic
devices. Thus, for organic semiconductor engineers concerned with the rational de-
sign of OLEDs and OPVs, the linear model of effective temperature may provide the
most practical description of the electric field dependence of charge carrier mobility.
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