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Effect of dipoles on carrier drift and diffusion of molecularly doped polymers
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Drift mobilities and diffusion coefficients of molecularly doped polymers, with dipole moment as a param-
eter, have been measured by fitting a theoretical equation to time-of-flight photocurrent transients. The slope of
the logarithm of mobility vs the square root of electric field is proportional to the dipole moment squared. A
similar relationship is observed for diffusion coefficients. We analyze the results using disorder formalism and
estimate the dipolar contributiany to the width of the density of states. The constant of proportionality in the
relation betweernry and the dipole moment squared coincides with the theoretical value given by the dipole
trap model. This result provides an important demonstration of the validity of both the disorder formalism and
the dipole trap mode[.S0163-182607)50430-9

Carrier transport in molecularly doped polymékéDP’s) found that mobility decreases exponentially as the dipole
has been studied for some decades. This has been importanoment of the molecule increastBurthermore, it has been
because the characteristics of carrier transport govern thestimated using simulations that the width of the variance of
performance of such devices as photoreceptdtayhite-  localized states can be described by an argument based on
light-emitting organic electroluminescent devidesnd pho-  dipolar disorder(the dipole trap modgf®** However, the
torefractive device& An MDP is a nonequivalent amorphous Validity of both the disorder formalism and the dipole trap
system because the organic molecules essentially retain théffodel has not been demonstrated experimentally. In this
identity, interacting only weakly through van der Waals Rapid Communication, we will report on the dipole moment
forces? % For this reason, carrier transport cannot be dedependence of mobilities and diffusion coefficients obtained

scribed by the band model and no complete mechanism had¥ fitting. The results will demonstrate the validity of both
been clarified as yet. the disorder formalism and the dipole trap model.

One means of investigating carrier transport properties is We investigated carrier transport in donor-doped
to measure photocurrent transients. Transit times have usgisphenolA-polycarbonate. Figure 1 shows the structure of
ally been determined from the intersection of the asymptotete donors and their dipole moments. The donor doping con-
to the plateau and the trailing edge of the transidfAgl!  centration was 26.3% in molar units. Consequently, the av-
The mobility obtained using this method sometimes exhibit€rage intermolecular distance in all samples was the same

a thickness dependence and negative field dependence at Id@ue, 12 A. Measurements were made by conventional
electric fieldst?—14 time-of-flight techniques at 293 Kthe 6.0—8.5um MDP

Other definitions of drift mobilitt®2°are also in use. One Was sandwiched between a semitransparent Al-coated quartz
is derived by assuming that the drift velocity of a packet isglass substrate and an Au electrode. This sandwich structure
constant while its width spreads out because of a constaif{as connected in a circuit with a voltage source and a resis-
diffusion coefficient:®*° The drift mobility and diffusion co- ~tance R, 200€2). The MDP's were excited through the alu-
efficient are obtained simultaneously by fitting a theoretical

equation for current to the experimental photocurrent tran- R1~N_@F1H= N_N©

sients. This derivation describes carrier transport well. The Rr © s <10
negative field dependence at low electric field and thickness;g :1 = —gilHS’ ﬁzf":, (:3{;2) CaHs” 5 (4.65) chs S
dependence of mobility obtained using the previous method: it = oe: . mec - srm '

can be explained by a superimposition of drift and diffusion 4: R1 = -CH2GeHs , R2 = ~CH3 @2.71)

in this definition. Thus, the analysis of carrier transport in

terms of mobilities and diffusion coefficients obtained using

this fitting method can be considered physically more mean- j©] o _CaMs
ingful than that based on mobility obtained using the previ- N-O)-CH= N-N© Yo I miuaun O SN
ous method. 6 (3.31) CaHs

The mobility of an MDP is very low and depends on
electric field and temperature, as well as on the structure of
donor and acceptor functionalityMany studies have been CoHs_
described by a formalism based on disorder due tesR# o O emercn- 6O
in the same manner as Gill's empirical equattofihis for- 8 (2.79)
malism is based on the assumption that charge transport oc-
curs by hopping through manifolds of localized states with FIG. 1. Structures of the donors used in this study and their
superimposed positional disorder. Recently, it has beepermanent dipole moments in debye.
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FIG. 3. Logarithm of diffusion coefficient vs square root of

FIG. 2. Logarithm of mobility vs square root of applied electric applied electric field, with dipole moment as a parameter.

field, with dipole moment as a parameter.

minum electrode using a 0.9-ns nitrogen laser p@éBC, whereo is the width of the density of staté®OS), 3 is a
JS-1200. The pulse penetrated less than Quin into the  parameter that describes the degree of positional disquger,
MDP, so penetration was sufficiently small compared withis the prefactor mobility, andC is an empirical constant,
the thickness of the MDP. The energy incident on the MDPyypjcally 2.9x10°% (cm/V)Y2 It has been reported that
per pulse was adjusted such that the maximum charge gegan be described on the basis of dipolar disofdét.The
eration in the MDP was less than 003/, whereCs is the  455umption is that a random distribution of permanent di-
capacitance of the sample aNds the applied electric field. 51e5 associated with the donor molecule generates fluctua-
Current transients were measured with a voltage amplifiefions i electrostatic potential that add to local variations in
(NF Electronic Instruments, BX-31¢and a digitizing oscil- potential resulting from van der Waals interactions. There-
loscope(Tektronix, model 11408 Over the range of fields fore, the totalo- can be written in terms of a van der Waals
0

investigated, the transients were reversible, with no signs L omponent and a dipolar component.. Assumin
hysteresis. To obtain mobilities and diffusion coefficients, h t?h ‘TVddW Waal P tp bd.d b dg .
the transients were fitted by a theoretical equation for thé"al the van der Waals component can be described using

photocurrent transients derived by assuming that a carrigpaussian statistics,

packet drifted at a constant velocity and was spread by

diffusion 1819 12
The electric field dependence of mobility is shown in Fig.

2. In all but a few cases, mobility decreases with increasing o~ 10

dipole moment of the charge transport molecule, as is the ./

case for mobility obtained using the previous metAdthe — >

logarithm of diffusion coefficient increases linearly with the s o

square root of electric field, as shown in Fig. 3, in the same
manner as mobility. In most cases, diffusion coefficient de-
creases as the dipole moment of the molecule increases, as is

2

E

L
the case for mobility. Furthermore, the slope of the logarithm % 5| hd b i
of mobility against the square root of electric field is propor- =

W °»

a )

—

0In(D/Do)/E2[10-3(cm/V)1/2]

=)
T
\
I
o N [T < B - -]

tional to the dipole moment squared, as shown in Fig. 4. In

this figure, the slope is 1.6810°* (cm Y2 v~¥?D7?), ar o
Further, the slope of the logarithm of diffusion coefficient .
against the square root of electric field is also proportional to =,|§ 3r o
the dipole moment squared, as shown in Fig. 4. =4

We analyzed this dipole moment dependence of mobility @
using the disorder formalisthin this formalism,
20 |2 o \2 P2 (debye)2
— N _ _ N2
MT.E)=no exp{ ( 3kT ) exp{ C[( kT) * }\/E] FIG. 4. Slope of logarithm of mobility and diffusion coefficient

(1 to square root of electric field vs dipole moment squared.
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the dipolar component can then be estimated with an expres:

sion due to Dieckman, Baler, and Borsenberdéms

- ACZ/3p

(U [
47 a%,

)

where ¢ is the relative concentration of dipolesg, is the
intersite distancéin A), ¢, is the relative dielectric constant,
p is the dipole momentin debye, and A is the constant
3.06. Younget al?® have recently derived an expression
similar to Eq.(3) which differs only in the value oA. The
width of the Gaussian DO&, can be also calculated as the

second moment of the DOS originating in interactions be-

tween the carrier and dipole moments as follows.

Consider the hopping of a positive charge carrale) of
chargee in the presence of an electric field of strendth
directed along the positivé axis, as shown in Fig. 5. The
anglest, ¢, ¢, andw are defined in the coordinates shown in
the figure. The potential given by the dipole moments
against the hole a0,0,0 is obtained by

= Amer? (sind cosp sinw cosy+sind sing sinw Sing

(4)

wheree is the dielectric constant, andis the distance be-

+coY cosw),

tween the hole and the dipole center. The potential for ori-

entation of the dipole along the electric fieldd& cosw. The
degree of freedom is restrictétipecause the dipole of the

molecule is surrounded by polymer and other molecules. In
order to simulate this effect, we assume that the orientation is

restrained by a bounding enerdy. Under these conditions,
the weightingW for the probability that a dipole orients in a

direction w degrees from the direction of the applied electric

field is obtained by

PE cosw<Ag

5
pE cosw—Ag,
— T

- o] -

IWy; pE cosw=A,

whereW, is a normalizing factor. We assume that the prob-

ability of a dipole existing in the region below the most

probable nearest-neighbor distance between hole and dipole

re is zero and that it is a constant in other regions. Nk
moment of Eq.(4) is given by

<u”>:foﬂdafozwdﬂowdwfohdwf:dr U™Wp, (6)

wherep is the density of dipole moments per unit volume.

The relation betweerr. and the intrinsic distancea,

(=p 3 is reported* as
r=0.54.. (7)

From Egs.(5) and(6), if n is odd{U")=0, and ifn is even
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is obtained. The variance is equal to the second moment and
corresponds to the width of the Gaussian distribution. There-
fore, a4 is given by the square root of the second moment.
Substituting Eq(7) for Eq. (8), we obtain

C2/3p
(O 8.35&12—8r .

©)

This equation demonstrates that the theoretical width of the
DOS distribution resulting from a random distribution of
permanent dipoles does not depend on the dipole bounding
energyA,. This means that the width of the DOS does not
depend on the orientation of the dipoles. Equati®h is
similar to Eq.(3), with the only difference being the value of
A.

In experimental results, the slope of the logarithm of mo-
bility against the square root of electric field is proportional
to the dipole moment squared, as shown in Fig. 4. Therefore,
from Eqgs. (1), (2), and (3), the slope of the logarithm of
mobility against the square root of electric fiel, is ob-
tained by
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Ac23 \2 , Oudw |2 ) mal fluctuations in this system. This results in a large diffu-
B=Cl gzoi7 | PO w7 | ~2°- (0 sion coefficient®?® from the fluctuation-dissipation
r 5
_ _ o theoren?
Then, the valueA is obtained as 8.32 by substitutirg To conclude, we have observed a dipole moment depen-

=2-9><210_4, KT=0.0253 (eV), &,=3.0, a=12 (A), and  dence of drift mobility and diffusion coefficient by fitting a
9Bl dp==1.68x10"" into Eq.(10). This experimental value theoretical equation of time-of-flight photocurrent transients.
is similar to_ the \_/aIL_Je in Eq9) and much Iarger_than thatin The slope of the logarithm of mobility against the square
Eq. (3). This coincidence between the experimental valugqot of electric field is proportional to the dipole moment
using the disorder formalism and the theoretical value deméquared. This result was used to estimate the dipole contri-

gnstlratttas the V%I'?'tyFOftEOth :L‘e %lsorlder formalism tan;j ttr:‘eoution to the width of the density of states using the disorder
vaiF()jct)heofrta;lpe ggseié folfjrn detr(; beemulf:)r? f:;r Cgrr?ﬁg:eer;tirzategformalism. The constant of proportionality in the relationship

. . e arger between dipole contribution to density of state width and the
Hopping occurs in the potential field originating from a ran'dipole moment squared coincides with the theoretical value.

dom distribution of dipoles. hi ifies that hooi K | . ial oriai
The finding that the slope of the logarithm of diffusion T Is verifies that hopping takes place in a potential originat-

coefficient against the square root of electric field is proporiNd from randomly distributed dipoles. The experimental re-
tional to the dipole moment squared suggests that diffusioft!ts clarify the effect of dipoles on charge transport and the
occurs in a potential originating from randomly distributed d!sorder formalism describing charge carrier migration in a
dipoles. The fluctuations in potential are larger than the therdisordered system.
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