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Effective-medium theory of hopping charge-carrier transport in weakly disordered organic solids
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An effective-medium theory describing the temperature and electric-field dependence of the drift charge-
carrier mobility for the nondispersive transport regime in weakly disordered organic systems is elaborated.
Only the energetic disorder effects are taken into consideration, and polaronic effects are neglected. Both the
exact (approach ) and approximatdapproach 1) Miller-Abrahams expressions were used to describe the
carrier jump rates. In previous studies mainly approach II, which ignores phonon emission, was used. We show
that only approach | provides correct results for temperature and electric-field dependences of mobility in
solids with particularly low energetic disorder. Further, we show that in the case of a small degree of disorder,
ol/kgT, the temperature and field dependences of the charge mobility are much weaker than for larger disorder.
Theoretical predictions are in quantitative agreement with the experimental observation-gorgugated
polymer with weak energetic disorder.
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[. INTRODUCTION feature for MeLPPP only; a somewhat similar very weak
temperature dependence of the mobility was reported earlier
Charge-carrier transport phenomena in disordered organf®r  o-conjugated aliphatic-substituted polysilylenes and
solids are both of great technological and fundamental interPolygermyleneé.? Moreover, it was fount?* that the hole
est due to the widespread use of these materials in eIectrJiUOb'“lty in pli)ly(lg,%-_(jlc])c_ct?élflgoren%(PFQ shows ban ZX]:. ”
photographic receptors, electroluminescent and photovoltaittgemey weak €lectric-ield dependence over a broad fe
. 3 range at room temperature, indicating a low degree of ener-
devices, et¢ 3 It is generally accepted that charge transport

; - - getic disorder in this polymer as well. Obviously, more the-
occurs due to hopping, therefore mobilities of these mate”algretical work is necessary to explain this puzzle.

are generalgly very low, and strongly fIQ|d and temperature |, the present work we developed a theory of charge
d(_apenden%: In the past decade, experimental results on &yansport using an effective-medium approdEMA) based
wide range of doped polymers and main chain and pendamn the original form of the Miller-Abrahams type of jump
group polymers, as well as vapor-deposited moleculafates. It does, indeed, predict a much weaker temperature and
glasses, were successfully described by a formalism based @fectric-field dependence of the mobility at a low degree of
disorder, due to Bssler’* energetic disorder than previously developed disorder mod-
The present study was inspired by recent observations afls based on simple activated jump rates. Our approach al-
abnormally weak temperature and electric-field dependencdsws a description of experimental data on charge-carrier
of hole mobility in somen-conjugated polymers as methyl- transport in weakly disordered organic solids. It confirms
substituted ladder-type pdlyaraphenylene (MeLPPB,>®  thatthe EMA s, indeed, an appropriate analytical method for
which still have no plausible theoretical justification. Due to studying the drift mobility in such systems.
its rigid structure MeLPPP is a polymer with strongly re-  The present paper is organized in the following way. In
duced disorder, as proven by a weak inhomogeneous broa&_ec. Il the M|"'er-AbrahamS formallsm IS Out“ned, and |n'
ening of the vibronic absorption transitions. A Gaussian fit ofS€c. Il calculations of the temperature dependence of carrier
the low-energy tail yields a variance 6f0.0335 e\?’ It is drift mobility and a Gaussian distribution qf the dgnsny-of-
believed that charge transport in MeLPPP is controlled by?tates(DOS) are presented. The theory is applied to an

energetic disorder, and the weak temperature dependence giT.?lyS';’t O.f th; tem'\;)eﬁaatg;e geptsndelr\l/ce of ch?rge Icarlrlttajr mo-
the mobility proves that polaronic effects are unimportant. iy obtained on ie - >ection TV presents calcuiations

However, the observed dependence is at variance with th%f the electric_-field dependence _of the dr_ift mobility, which
as used to interpret the experimental field dependence of

conventional version of the disorder model. It was found that'2> US®
in the range of 393-150 K the mobility decreases by a factoFnoblllty in MeLPPP and PFO polymers.
of only 3, and the low-temperature asymptote in the Arrhen-
ius plot yields an activation energy of only 0.022 eV, i.e., less
than the variance of the distribution of singlet stétésis It is generally accepted that charge-carrier hopping be-

worth noting that such dependence seems not to be a unigiween localized states proceeds via absorption or emission of

Il. MILLER-ABRAHAMS FORMALISM
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a phonon. The Miller-Abraham@vA) formalism® has been
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cal theorie$ as well as in computer simulations of charge-

used extensively to interpret hopping transport in disorderedarrier transport in disordered organic systems in the frame-
solids. The key point of the MA model is an expression towork of the MA formalism.

describe an intersite jump raW®j; for a charge carrier be-

Hereafter we will refer all results obtained by using Eq.

tween sitesi andj in the single-phonon approximation. It (5) asapproach | and results obtained from Ed$) or (7) as
assumes a weak overlap of the electronic wave function behe (approximatg asapproach It we are considering a non-

tween neighbor hopping sitésindj with energys; ande; at
the intersite distance; =|r;;|, so thafjs;—&{|>2l;; , where
lij =10 exp(=r;j; /b) is the integral of overlapping, artyis the

localization radius of a charge carrier. In the case of absorp-
tion (g;>¢;) and emission £;<e;) of a phonon, respec-

tively, W;; , can be expressed '4s®
6 —&.
Wij:Ae_z(rij/b) ] IN(Sj_Si), (1)
i€
Wi =Ae 2 P N(s g +1], ()

where A is a dimensionless constant andN(e)
=[expe/ksT)—1] L. Equations(1) and(2) are the principal
results of the original paper by Miller and Abrahdmso
determine jump rates.

Let us substitutdN(e;—&;) andN(e;—¢;)+1 in Egs.(1)
and(2), by equivalent expressions:

1 e—(Sj—si)/ZkBT
E X Sj_Si (3)
S DT

1 e(sifej)/ZkBT
N(Si_sj)—kl:z?- (4)

SW( 2kBT)
For uncorrelated site energies and arbitrary spaeinge;

Egs.(1) and(2) can be combined with Eq$3) and (4) and
yield

N(SJ‘_Si):

and

|8j_8i|
W Ap2; b kgT 2kgT e (¢j=#)/ZeT  (5)
. oo [lej—eil
S okeT

In our subsequent treatment E&) will be used, which, by
the way, is identical to the MA result.

First, let us consider the situation whesy—&;|>2kgT.
In this case we can simplify E@5) to the form

W, = voe 2 Ib)gllej—eil+(sj— &) l/2KpT (6)

ij

wherevo=Al|e;—¢|/.. Here|e;—¢;| is the average energy

spacing of sites andj. One can easily see that

—(ej—ej)lkgT >c
W, —2(rij /b)) € 1 TUTEL g ey (7)

1, 8j<8i

ij= Vo€

It should be mentioned that only expressidfg or (7) for

the intersite jump rates have been commonly used in analyti-

dispersive charge carrier only, i.e., moderately high tempera-
tures and weak disorder.

IIl. TEMPERATURE DEPENDENCE OF THE
DRIFT MOBILITY

We start our consideration with the temperature depen-
dence of charge-carrier drift mobility. The appropriate two-
site cluster EMA theory for disordered systems was devel-
oped previousli# and the following two self-consistent
equations have been obtained:

Wio—We -0 Wa1—We -0
W+ W ’ W+ W o
122 21+ 2We 122 214_2\/\/e

where W, is the effective jump rate. The angular brackets
denote configuration averaging. To perform calculations us-
ing of Egs.(8), one first needs to choose certain forms of
Wy, andW,,, and then carry out the configuration averag-
ing. If the averaging is done correctly, then for zero electric
field one must obtain the same valueW§ from both equa-
tions. As shown in Ref. 14 we have to average over the
energy of the starting state and the target state in the
asymptotic occupational density of stat€3DOS and the
DOS, respectively.

Let us start with approach I. In this case,

lea—e4
2kgT

|82_81|
2kgT

Wio=W,
sin

e_(SZ_Sl)/ZkBT’ (9)

|81_82|
2kgT

. |81_82|
2kgT

whereW,; =A(kgT/h)exp(—2a/b). £, ande, in EQ. (9) are

the energy of the starting and target state, respectively, and
the reverse in Eq(10). Positional disorder has been dis-
carded, i.e.r,=a, wherea is cubic lattice spacing. Then,
assumingX.=W,/W,, from the first of Eqs(8) one obtains

WZl: Wl e*(elfez)/ZkBT, (10)

e*(szfsl)/ZkBT
oS |82_ 81|
2kgT
tan |82_81| ’
2kgT
|82_81|
2kgT

11
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It will turn out that for a/kgT>1,X.<1 is valid.
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whereY.=W,/W,, assumingY.<1. Substituting Eq(12)

The density-of-states distributions are assumed to béto Eq.(20) and performing the configuration averaging in

Gaussians with variance,

2
P(Sl): e—(1/2)[(sl—so)/a'] ,

P(e
- (e2)

1
=——e

—(1/2)(e910)?
a2

12

wheree,= — 0?/kgT.1® After substituting Eq(12) into Eq.

(11) and performing the configuration averaging neglecting

correlation effects, one obtains

i

Xe:.—, (13)
I1
where
l 0
lo=5— f dtlf dtogo(ty,ty)e 272 (14
@o(ty,ts)
155 dt f dt 15
f ! 2o1(ty,t) (19
Here
e—(llz)[(t1+x)2+t§]
QDO(tlltZ): X y (16)
COS}‘( t2_tl E)
X
|t2_t1|§
@l(tlatz): X ’ (17)
Sin t2_tl 5)

approach |, one obtains

io

Ye:Ev (21)
wherei is determined by Eq14), andi, by
i2=—J dtlj dtz;fj(ttll, ;) (22)
wher
a(ty tp) =g It tl¥2), (23

If we take into account that codb(t,|x/2)exp|t,
—t4/x/2)=1, we obtain the approximate expressiofy

=(W;»/W, (see Ref. 14
1 )
t——x| |,
V2

1 (> 2
Ye=\/—; _Ocdt e

where erfy)=(2/\/?)f%dtexp(—t2) is the error function. In
this case the effective drift mobility becomes.= ugYe,
where uo=(ea?vy/kgT)exp(—2a/b) is a temperature-
dependent parameter.

The results forX, and Y, obtained in the framework of
approaches | and I, respectively, are valid for small values
of o/kgT only, i.e. when the two-site cluster approach is
adequate. Earlier the authors of Refs. 16 and 15 developed
an EMA theory using approach I, in which contributions
from clusters containing more than two sitedosed-loop
contribution was considered. This enabled the authors of
Refs. 16 and 15 to extend the applicability range of the
EMA-results toward larger values of/kgT. As a result the
expressionue= o exf —(2013kgT)?] was derived, in good
agreement with data from computer simulatiéragyain done

1+erf (29

where x=o/kgT. Assuming the validity of Einstein’s law wjithin the framework of approach I1.

relating the drift charge-carrier mobility. to the effective
diffusivity De=a?W, for a disordered organic system,
=eaW,/kgT=uXe and u,=A(ea’/h)exp(—2a/b) is ob-

tained, wherew, is a temperature-independent parameter.

Let us consider approach Il. In this case,

W= W,e lle2—eal+ (e2=20) 2T (18)

W21=W2e*[‘81*82‘+(81*82)]/2|(BT’ (19)
whereW,= vy exp(—2a/b). Then, the first of Eqs(8) yields
e*(szfsl)IZKBT
oS le2— &4
2kgT
Ye= T gl salokeT |

oS |82_81|
2kgT

(20

Here we suggest a simple method that allows us to calcu-
late u within the framework of the present EMA calculation
for large values obr/kgT. In this case, charge-carrier trans-
port can occur only via thermal excitation of a carrier to the
effective transport energy leve},. The concept of the effec-
tive transport energy level was applied eatfifet® to de-
scribe hopping transport in disordered media. In the present
paper thee, level within the Gaussian-shaped DQFS.
functionP(e,) in Eq.(12)] was calculated from the equation

| Pieades=pe, 9

where p. is the site percolation threshold. For a three-
dimensional hopping systerp,=0.312%° From Eq. (25),
£p=—0/2 is obtained. Adopting this concept and using the
Gaussian ODOS distribution for the starting and target states,
Egs. (11) and (20) will be used to calculatew, for both
approaches. After averaging, the results read
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Xezi—,, (26)
1 —
il S 2
Ye:71 (27) 2 £
i E
where
- 1 JOC ( ) et(XIZ) d
ig=—— o(t) ————dt,
2 J = cosr{t§> 1
2 6 16
X -7 T T * 1T ‘* T ‘* T ‘T T ‘* T T -7
1 tank(t—) 0 2 4 6 8 10 12 14 16
«© 2
e t)— " dt, 28 (o/KT)
1 \/EJOO‘P( ) X (28

tz FIG. 1. Temperature dependence of the effective charge-carrier
drift mobility In(we/uq) calculated in the framework of the exact
1 . ot approa_ch I(curves 1 and Band In(ue/ug) calculated within the
i,llz_f o(t) dt, go(t)=e_(1’2)(t_°+x)2. approximated approach [curves 2 and ¥for a broad range of
\/ﬂ o X olkgT values. Curves 1 and 2 were calculated by taking into ac-
COS"(tE) count the existence of the effective transport energy level in the
(29 case of larger/kgT values. The intersection poinfsandB define
the transition from a weak to strong energetic disorder.
Herec=—¢g,/o=1/2.
If for ij andi], one uses the simplification coski@)

=exp(t}x/2), thenY, reads lows that the more exact approach | predicts a somewhat

weaker temperature dependenceugfthan approach Il. This
should be taken into consideration whenis estimated by
1_erf( i” comparing the experimental temperature dependenqge, of

Y :E e~ (W(x—c)?+(1/2c?
"2 with theory

It is worth noting that one should distinguish two situa-
} (30) tions when calculating the dependenceu@fon o/kgT in the
' framework of approach I, i.e(j) changingo while the tem-
peratureT is kept constant, andi) changingT while o is
constant. In the former case we haveugplug)=In(Yy) (Fig.
1, curve 4 and in the latter case In(ue/wy) =IN(XY), where
_ 1, o (V) (olkgT) 12 (31) o= (ed’vylo)exp(—2alb) is a temperature-independent
Ke=2/0 ' parameter. As one can show, at small valuesgT there
Figure 1 presents the dependencesulg,)=In(Xy) and is a considerable discrepancy between those dependences.
In(ue/1o)=IN(Ye) versus ¢/kgT)? (curves 1 and 2, respec- Such a discrepancy is absent in the framework of approach |,
tively), calculated via Eqs(26) and (27), respectively. For since parameter, does not depend upan or T. This cir-
large values otr/kgT, curve 1 can be approximated oy, ~ cumstance should be taken into consideration when one per-
=u, exd —(30/5kgT)?] and curve 2 byu.=puoexgd—(20/  forms a computer simulation of charge transport in the
3kgT)?]. Interestingly, a similar coefficient gfwas recently ~ framework of approach Il. Consequently, the suggested ap-
obtained for the temperature dependence of the zero-fielgroach | should preferably be used for studying the tempera-
mobility using a computer simulation of charge transport usture dependence of charge mobiljiy .
ing a correlated disorder mod@l Curves 3 and 4 in Fig. 1 Figure 2 shows the temperature dependence of the charge-
are calculated by Eqg13) and (21) for small values of carrier mobility «(T) (symbolg, measured by the conven-
o/kgT. As one can see, curve 3 gives the weakest temperdional time-of-flight technique at relatively low electric fields
ture dependence, and could be approximated by the expreis+ a -conjugated polymer with reduced energetic disorder,
sion we= w1 exf — (40795 T)?], which can be used for es- MeLPPP Within the temperature range 1850 <393 K,
timation of the parameteroc from the temperature equivalentto 1.60/kgT<2.6, the data can be fitted reason-
dependence of mobility in weakly disordered organic solidsably well by Eq.(13) employing approach |, and assuming
Note that curves 1 and 3 intersectat= o/kgT;=1.87(la-  ¢=0.0335 eV angu;=1.4x10 3 cm?/V s as fitting param-
beledA) and curves 2 and 4 at,=o/kgT,=2.54 (labeled eters. Note that a similas- value was also obtained by the
B). These intersection points can be considered as a demdgaussian fit of the low-energy portion of absorption spec-
cation between regions of weak and strong disorder. It foltrum of MeLPPP.’

+

X—C
1—erf(—>
V2

Using the expression for, under the condition ak>1, one
obtains
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1 Fiq
A E=8x10° Viem M :_gfdQ 1—COSk _,
0 E=6x10"Viem ' (277) k( X) F2
% ® E=4x10'Viem
Theoretical fit M . 5 fdQ n2k 1 36
o ‘. 2~ (amy? | ASITE %9
= ]
NE 1 F1=n(1—cosk,)+(1—cosk,)+(1—cosk,),
"y ]
ohad | Fo,=F2+ §%sir ky, (37
O
. W + W, We —W,
3)(10'42 - ; - :‘ - é - é - ; = 2W, 0= 2W, 38

The sets of equation82) and (33) allow one to calculate
three effective parameters, nameW, , W, , and W,,
FIG. 2. Experimental temperature dependence of the hole mowhich describe the effective drift velocity along, oppositely,
bility in ladder-type methyl-substituted pdjaraphenylene  and normal to the electric-field direction, respectively. In the
(MeLPPB measured at different electric fieldgsymbols (Ref. 6. case ofE—0 one obtains the set of equatiof®. Calcula-

The solid line is theoretical fit by Eq13) within the framework of  tion of the effective values o‘w;r , Wy, and W, for arbi-
approach |. The parameters used for the calculation are trary values ofE using Egs.(32) and(33) is a complicated

1000/T [K']

=0.0335 eV andu;=1.4xX10"2 cn?/Vs. task, and therefore we shall restrict our consideration to the
ranges of relatively weak and strong electric fields where the
IV. ELECTRIC-FIELD DEPENDENCE OF THE effective values can be calculated.
DRIFT MOBILITY For a range of relatively weak electric fields where the

. : o < + -
Next we shall consider the electric-field dependence 0{0"0\1\"”9 s valid, |2.e.,_ %ZiMlﬁanq Z/Velswe:rwed
the charge-carrier drift mobility in the nondispersive trans-<\7/v12“L Wa1, Eas.(32) yield the effective valuesV an

port regime calculated in the framework of approaches | andVe
II. For this aim one should generalize the set of equati8is

to the case of arbitrary electric fields. Here we will use the Wi, Wa1

procedure developed by Parris and Bookdwihere the full W+ W, W+ W,
self-consistency was performed by the EMA to calculate ki- We =71 W;=f- (39
netic characteristics of a disordered system for arbitrary elec- <+—> <+—>

tric fields. In our case full self-consistency under the electric Wit Wy Wio+Woy

field E directed along the X axis leads to the set of equa- L _
g g For strong electric fields wher@/, >W, we have n=4§

tions
=W/ /2W,>1 andM,=M,=1/275. Then the effective val-
P o uesW, andW, read
<W12_We > _ <W21_ We > -0 (32)
Q ’ Q ! <W21
1 WIZ
+ = e— - = —
Wi~ W o =3 We=77717+ We T (40)
Wi+ W, (1 ’ Wi, Wi,
2 W
For further calculations one has to choose explicitly expres-
Where sions forW,, and W, as well as to perform the configura-

tional averaging in Eq9.39) and (40).
We shall first consider charge transport under relatively

weak electric field in a weakly energetically disordered or-
M ganic system using approach |. Replaciag—e;, by ¢,
—g,—eaEe>0) in Egs.(9) and (10), one obtains expres-
sions forW,; andW,,. When performing a configurational
averaging one should take into account that in the expression
for W the valuess; ande, are the energies of the starting
and the target state, respectively, and the reverse in the ex-
J ko(l—cosky);, (35) pression forW, . Appropriate configurational averaging in
2 Eq. (39) leads to

Wit Wy We +W,

Q=Wet| — 2

WiL—W, WS —W,
( 12 21 e e)Mz, (34)

2 2

1

M=zn?
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s 303K
Xg=i—t, (41) o 363K |
1 s 303K
where o 273K ||
x 213K
L 1 0 © N PN B v 183K H
Iazﬁf,xdtlf,mdtqua(tl’tZ)e (ta=ty % 1)(x/2) — ..-Pa-' theory
(42 S 107 Wm ]
£ e vavvvvvvvvvv ]
+ O, X e 1
ii—ir dt fx at, 22 0012 (43 2] a) |
Vom e e Per(ty )]
and
~4I"‘I‘..I‘||1|‘.I||.I‘.|l.1
e—(llz)[(t1+x)2+t§] 200 250 300 350 400 450 500 550
@g (ty,tp)= < (44) E" [(Viem)™]
cosh |t,—t; ¥ f| =
2 10-2 F T T T T T T T T T T T T T
X [ 1
) to—ta % f| 5 [ b) |
e1(ty,ty)= X\ (45
sinl—<|t2—t11f|§)
—=10°F E
Here X; =W, /W, andf=eaE/ ¢. Having obtained values >
X¢ andX; we can calculate the effective drift mobilify, e
from the following expression: 2;
=.
Xe =Xe
Me= M1 (46) 10°F 7
To obtain Eq.(46), a determination of the drift mobility em-
ployed in Ref. 22 has been used. In the asymptotic case of a
strong electric field X~1,f>x) from Eq. (40) one obtains T i !

300 400 500 600 700 800 900
g2 [(Vlcm)m]

X = (xf/2)expkf/2)/sinh&f/2) and Xg = (xf/2)expxf/ 200
2)/sinh§f/2). Thus the inequality; >W, , used above
when obtaining Eq(40), is indeed valid. In this case the
charge carrier mobility given by E¢46) turns out to be field

independent:

FIG. 3. (a) Electric-field dependence of the hole mobility mea-
sured in MeLPPP at different temperatutegmbols (Ref. 6. The
solid line is a theoretical fit by Eq46) within the framework of
approach 1. The parameters used for -calculation are
=0.0335eV, T=390K (x=1.0), and u;=2.0x10 3 cm?/Vs.

. . (b) Experimental field dependence of the hole mobility measured in
also be obtained from Eqg4l). Thus expressiongtl) for PFO measured at room temperat(Refs. 10 and 1)1 A theoretical

Xo andX, are able to describe the electric-f?eld dgpendenc%t by Eq. (46), with the parametera=3nm, o=0.025 eV, T
of the m(_)b|l|ty Me OVEr a bro_ad f_leld range in solids under _ 350 g (x=0.97), andu,=4.4< 10 cn?/Vs, is given by the
the premise of weak energetic disorder.

Figure 3a) shows the field dependence of hole mobility
«(E) (symbolg at various temperatures measured in(47). For the present case ®f=1.0, our calculation predicts
MeLPPP. In combination with Eq.(41), these data can be that u, increases by a factor of 1.58, and becomes constant
fitted reasonably well by Eq46) in the framework of ap-  at higher electric fields.
proach I assumingr=0.0335eV,T=390K, (x=1.0), u, For comparing the results of our theory with experimental
=2.0x10 3 cn?/V's, anda=1nm for an electric fiellE  data over a larger field range, we used the data for the charge
changing from 4.6 10" to 2.5< 10° V/cm and an equivalent carrier mobility of poly9,9-dioctylfluoreng from Refs. 10
change of within 0.12<f<0.75, i.e.,f <x. Above(see Sec. and 11. Figure ®) gives the field dependence of the hole
[, Fig. 2) a slightly different parameter; was used for mobility (circles measured in PFO at room temperature. As
fitting the temperature dependence. This is, however, withimne can see these data also can be fitted well in the frame-
the range of experimental scatteringgoflatalcf. Fig. 3&@].  work of approach [cf. Egs.(46) and(41)]. Note that in the
When the electric field increases further, i3 x, the mo-  electric field range employed we have 048<7.68, i.e.,
bility is predicted to reach a constant value described by Ecthe cases of both weak and strong fields are covered.

Me= M- (47)
It should be noted that in such asymptotic cases(&d.can

solid line.
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Whenx—0 we obtain thaju.— w4 over the whole range site energies are correlated smoothly, e.g., by charge-dipole
of electric field, i.e., the drift charge carrier mobility is field (charge-quadrupojenteractions. The analytical results were
independent. This is indeed observed for molecular organisupported by computer simulatiofis?*% In order to ac-
crystals except for low temperaturksyhere coherence ef- count for the correlation effects in the present work, we as-
fects become important. sume that a cluster of energetically correlated neighbor sites

Let us, for the sake of comparison, consider the field deis redefined as an effective hopping site. This decreases the
pendence of the charge mobility in an organic system witteffective concentration of effective hopping sites while the
large energetic disordex & o/kgT>1) within approach Il. mean distance between these sites increases and becomes the
Replacings,— ¢, by e,—e;—eaEin Egs.(18) and(19), we  correlation lengtla, . The new sites are no longer correlated,
obtain expressions fow;, andW,,. First we consider the but distributed in energy according to the Gaussian function
case of relatively weak fields. Similar to the procedure ofof the width o4. Therefore one can use the conventional
obtaining expressior(24), here we use the approximate Gaussian disorder model for the rescaled hopping site sys-
expressiond W =(W;,) and W, =(W,,) instead of Eq. tem, on the premise of strong disord@pproach IJ. The
(39). Since we consider the case of strong energetic disordegorrelation lengtha, can be considered as a characteristic
we can take into consideration that transport occurs only videngthr. which depends on the electric field. This is in ac-
the effective transport energy leve, (see Sec. Il After cordance with the scaling analysis of Ref. 26. In the case of

appropriate configuration averaging, one obtains charge-dipole interactiom;:a\/adZ/ZeaEl@,T.26 For calcu-
lating Ye+ and Y, one has to replace by o4, x by X

1 2 2 cxf =04/kgT>1, anda by a.=ay(o4/eab)(x/2)>a, i.e.

=T ) A= (U (x—cF )2+ (L2)(cxTf) _ d/'®B ) c d c ) )

Ye 2{6 1 erf( V3 )] one should replace and f by x. and yf.x./2 (where f

=eaH ay), respectively, in Eq948) and (50). The original

x—c¥f Eq. (50) transforms to
+| 1—erf " , (48)
Me
whereY, =W, /W,. Using theY, andY, values, one can — Mgefwm)(od/kBT>]2+(¢i/2>(od/kBTF’Z(eaHod)l’L(1/4><eaaod)'
calculate the effective drift mobility,; (52)
Yo—-Ye which can be compared to the empirical expression derived
Me= Mo (490 from computer simulationg:?+2°
When 1k<f<x (relatively weak electric fieldsfrom Eqgs. Mexe—[o-ﬁqﬂd/kBT)]2+0-7ﬂ<Ud/kBT>3/2—21<ea90d>1/2_ (53

(48) and (49) one can obtains
Note that the two leading terms in the exponent are virtually

(V212)(alkgT) 1+ (olkgT)(€aBlo) —(V2(eallo)?  (50)  identical. The third term in the exponent of E¢50) and
(52) is able to describe deviations from the straight line in

where us= o/ \2mxf? is a power function of the electric the logu vs EL2 representation observed by computer simu-
field. lation (cf. Figs. 2 and 3 in Ref. 24at larger electric field.

Now let us consider the case of strong electric fields andsimilar calculations might also be performed in the case of
large energetic disorder. Using expressio@) in the  charge-quadrupole interaction. It is a demonstration that the
asymptotic case whef®>x (very strong electric fieldsone  EMA approach is able to recover the field dependence of the
can obtainYg =1 andY, =exp(-xf)<1. This implies the  charge-carrier mobility in a quantitative fashion.
validity of the inequalityW,>W, , used above. For this

pe=pze L

case the mobilityEq. (49)] can be expressed as V. CONCLUSION
kgT In the present work an analytical EMA approach was de-
He™ Hog 4 (5D veloped to describe the temperature and electric-field depen-

dences of the drift mobility of charge carriers in disordered

implying a field-saturated charge carrier velocity rather tharorganic systems under the condition of quasi-equilibrium,
mobility. Note that in this asymptotic case H§1) can also j.e., nondispersive transport. Spatial disorder was neglected,
be obtained from Eq948). Thus the obtained expressions and a low degree of energetic disorder was taken into ac-
(48) for Y. andY, describe the electric field dependence ofcount. Polaronic effects were neglected. Two approaches
the mobility u. over a broad field range in organic solids were considered, based upon either the exact expression de-
with moderate to large energetic disorder. It should be refived from the Miller-Abrahams formalism for transition
called that intersection pointd andB in Fig. 1 define the rates for single hopping even@pproach), or the simplified
transition from a weak to strong energetic disorder. expression(approach Il frequently considered as the so-

The correlated disorder model recently attracted much atealled Miller-Abrahams model, which ignores phonon emis-
tention due to its ability to explain the Poole-Frenkel-type ofsion. It turns out that the exact expression gives a notably
the field dependence of mobility in the range of relativelyweaker temperature dependence of the carrier mobility in
weak electric field$® It assumes that in an organic medium comparison to the simplified expression in the considered
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temperature range. The physical difference between apreatment, which was similar to that earlier reported in Ref.
proaches | and Il is that the latter is restricted to the conditior22. Using approach | we obtained solutions for calculation of

when|e,—e,|>2kgT is valid, while the former is valid for
the whole range of energies ande, when performing the

the charge mobility for systems with reduced energetic dis-
order (o/kgT~1). The results are in good agreement with

configuration averaging, i.e., the former approach can propexperimental data on MeLPRRef. 6 and PFO(Refs. 10
erly account for charge-carrier jump rates for any energyand 11 (solid curves in Fig. B In the case of very strong
spacing of neighbor hopping sites. It turns out that only ap-<lectric field, i.e.,f>o/kgT, our theory predicts the satura-

proach | yields the correct jump raw;; for systems with a
reduced degree of energetic disordefKgT~1). Thus one
should use expressions,= u, exfd —(30/5kg T)?] and .
=1, exd —(40/9%g T)?] in the cases of strong and weak
energetic disorder, respectivelfcf. curves 1 and 3 in
Fig. 1), rather than the conventional expresstff w,
= uo exd —(20/3kg T)?], to extract the parameter of ener-

tion of the drift mobility with increasing fieldue= 1.
Hence the experimentally observed weak increasg (&)
in some conjugated polymers within a broad rang&,ofan
be explained.

Finally, we have applied our EMA theofusing approach
Il) to calculate the charge-carrier mobility under arbitrary
electric fields for a disordered system with strong energetic

getic disorder from the temperature dependence of chargdisorder @/kgT>1) within the framework of both the

carrier mobility.

The results obtained in the framework of our EMA calcu-

Gaussian disorder model and the correlated disorder model.
The ubiquitous Poole-Frenkel-type An<\E dependence,

lations, using both exact and simplified MA expressions forobserved in both experiment and Monte Carlo simulations, is
the case of reduced energetic disorder, are in a good quantiecovered. In high electric field§$x) u.=uokgT/eaEis
tative agreement with experimental observation of very wealasymptotically approached.

temperature dependence of charge-carrier mobility in a con-

jugated polymerMeLPPB with exceptionally weak disor-

der, noting, however, that only the exact MA expression

gives a correct result for the charge carrier drift mobility for
To study the effect of the electric field on the drift mobil-
ity ue. we have performed the fully self-consistent EMA
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