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Electrode Injection into Conjugated Polymers
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When conjugated sites of an electroactive polymer are placed a few angstroms from a metal electrod
carriers flow from the metal to these sites and remain trapped in the negative part of the generalize
image force potential. We determine the consequences of this event and calculate explicitly the charg
transfer rate from the electrode to the polymer molecules as a function of temperature and electric field
[S0031-9007(98)06843-4]

PACS numbers: 73.61.Ph, 71.38.+ i, 73.30.+y, 73.40.Sx
e

el
al

a

s
e

s.
s

t
n
e
tly

r

e

e

Recently, there has been increased interest in orga
devices, such as light emitting diodes or transistors. T
optimization of the performance of these devices requir
a good theoretical description of metal-polymer contac
Earlier models often considered the polymer as a hom
geneous semiconductor. Various macroscopic theories
metal-semiconductor interface rectification [1] were in
voked such as charge injection from Schottky barriers [2
Fowler-Nordheim field emission [3], or the thermoioni
emission-diffusion theory of Cromwell and Sze [4].

Other models explicitly took into account the polaroni
nature of the carrier in the polymer. The organic devic
current voltage characteristic arises from tunneling of t
charge carrier into polaron levels [5], or is determined b
a bipolaron lattice that is created near the interface [6,7

An important consideration in a quantitative descriptio
of the contact is the image force exerted on the char
carrier near the interface. In the Monte Carlo simulatio
by Garnstein and Conwell [8], this effect is included an
results in the great majority of carriers returning to th
electrode at low fields. In this paper, we draw attentio
to the negative part of the image force potential and t
possibility of Coulomb trapping of carriers at the inter
face. We shall show that this trapping within the first tw
polymer monolayers results in an increase of the effecti
Schottky barrier.

Another new result of the present paper is the calcu
tion of the charge transfer rate from the metal electro
to a single conjugated molecule. The calculation was c
ried out in the spirit of the quantum mechanical extensio
of the Marcus charge transfer theory by Kestner, Loga
and Jortner [9]. Moreover, Emin’s theory of small po
laron hopping [10], based on Holstein’s molecular mod
of the polymer chain, provides a microscopic definitio
of the charge transfer parameters. Consequently, we
able to compare quantitatively the injection rate at a giv
electrode with typical values of the space charge limite
current in the polymer [11].

For an ideal Schottky contact, the potential barrier
given by the difference between the metal Fermi ener
EF and the semiconductor electron affinityx0. Because
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the polaron is the lowest singly charged state in th
polymer, the Schottky barrier results in the difference
between the metal Fermi energy and the polaron lev
xP . Then, in the presence of an image force and extern
electric field F, the potential energyxPsxd 2 EF for
charge emission from the metal into the polymer, as
function of the distancex from the metal surface, is
written as

xPsxd  xP 2 qFx 2
q2

16p´´0x
, (1)

where q is the charge carrier,́ > 3 is the relative
dielectric constant of the conjugated polymer, and´0 is
the permittivity of the vacuum. The respective position
of the relevant levels are presented in Fig. 1. Close to th
electrodefx , qs16p´0´Fd1y2g, the image force potential
is strongly negative over a distance of a few angstrom
This condition leads to the existence of bound state
which can be filled when the chemical potentialEF in the
metal is high enough. However, these charges will no
be trapped in the form of singly charged polarons but i
pairs, in the form of bipolarons. Indeed, the image forc
increases the bipolaron stability as emphasized recen
by Brazovskii et al. [12]. The presence of such layers
of bipolarons, in turn, modifies the potential energy fo
charge emission which becomesx 0

P 2 EF instead of
xP 2 EF , where

x 0
Psxd  xPsxd 1 qSsxd . (2)

Here,Ssxd is a series of Coulombic terms originating from
the different trapped charges that we can write as

Ssxd 
1

4p´´0

3
X

i

264 qiq
r2

i 1 sx 2 xid2
2

qiq
r2

i 1 sx 1 xid2

375 ,

(3)

whereqi are the different trapped charges placed at th
distancexi of the interface and occupying the siteri in
the plane parallel to this interface. We note that the imag
force potential for each trapped charge is included.
© 1998 The American Physical Society
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FIG. 1. The relevant electronic levels which determine char
injection are presented (in the case of electrons) as a funct
of the distancex from the metal electrode. The electron
affinity x0, polaron xP , and bipolaronxBP levels defined in
the bulk of the polymer in the absence of the electrode a
replaced by functionsx 0

0sxd, x
0
Psxd, andx 0

BP sxd which contain
the generalized image force dependence. The electronic lev
are for zero external field and include the lattice deformatio
(polaron and bipolaron formation energy). The electric
double layer resulting from trapped bipolarons centered at
distancex1  10 Å is, in this case, responsible for a Schottk
barrier x

0
Ps`d 2 EF , 0.4 eV which is approximately 2 times

larger than the valuexP 2 EF , 0.2 eV in the absence of
generalized image force.

Far from the interface, these trapped charges can
viewed as a dipole layer formed at the metal-polym
interface in which one side of the dipole layer is th
charged bipolarons in the polymers and the other side
the screening charge distribution in the metal.

Of course, as emphasized by several authors [6,
when the density of surface bipolarons is of the order
D ø 1018 m22 (density of chains at the metal electrode
the bipolarons organize into a lattice. The conditions f
the stability of the bipolaron lattice in the presence o
Coulomb forces have been studied in detail by David
Saxena, and Smith [7] in the continuous (1D) ordere
limit. They find that the conditionEF . xBP pins the
Fermi level at the bipolaron energyxBP (per charge)
and defines a good contact, while in the case of t
bad contactsEF , xBP d no double layer can be formed
This calculation from Ref. [7] needs to be extended
two respects. First, the use of the 1D Poisson equat
excludes the individual image force as a possible solutio
which, as we shall demonstrate, is the main contributi
to charge emission potential. Second, the use of t
continuous 1D limit for the bipolaron lattice is only valid
at high concentrations of carriers that are not reached
real situations. More precisely, the present calculati
yields a typical concentration of occupied sites of 5%
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in the first polymer layer from the interface, a value
not typical of the 1D continuous model. This situation
allows us to neglect the interactions between bipolaro
but requires us to treat the discreteness of the bipolar
lattice explicitly.

In fact, close to the electrode, the important cons
quence of this discreteness is that, even whenEF , xBP
(the bipolaron formation energy), a lattice of trappe
charges can be formed in the first polymer layer, provide
that the less restrictive conditionxBP sx1d , EF , xBP is
satisfied, where

xBP sxd  xBP 2 qFx 2
2q2

16p´0´x
. (4)

Here x1 is the average distance from the interface of th
first layer of bipolaron centers. Consequently, becau
of these trapped charges, the Schottky barrier becom
xPsxd 2 xBP sx1d instead ofxPsxd 2 xBP in the absence
of these Coulomb effects.

We initially examine the case where only the first avai
able conjugated sites of the polymer, which determin
a first layer atx  x1, satisfies the trapping condition
xBPsx1d , EF . Then a layer of trapped bipolarons is
formed which subjects the individual carrier (polaron) t
the potentialx 0

Psxd as defined in Eqs. (2) and (3). As-
suming a local thermal equilibrium of the first layer with
the metal reservoir, the probability of occupationkqlyq of
a typical conjugated site in the first layer is

kqsx1dl
q


2 expf22sx 0

BPsx1d 2 EFdykBT g
1 1 expf22sx 0

BP sx1d 2 EFdykBT g
, (5)

wherex
0
BP sxd  xBP sxd 1 qSsxd. Ssxd is evaluated on

a regular lattice of conjugated sites using the occupati
factor given by Eq. (5). The two geometrical paramete
needed in this calculation are the distancex1 and the
density D of chains at the metal electrode. The latte
parameter was determined experimentally for MEH-PP
in Ref. [13]. In the case of a self-assembled monolayer
molecules grafted at the LED interface, a similar order o
magnitudesD , 1018 m22d was also found [14]. More
explicitly,

Ssxd 
kql
q

S̄sxd , (6)

wherekql is given by Eq. (5) and

S̄sxd 
q

4p´0´

3
X

i

264 1q
r2

i 1 sx 2 x1d2
2

1q
r2

i 1 sx 1 x1d2

375
 S̄sx, x1, Dd

depends only on the geometry of the polymer at th
interface. This function̄Ssx, x1, Dd is plotted in Fig. 2.
1679



VOLUME 81, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 24 AUGUST 1998

d-
e-

e
e,
e

ve

-
-

oc-
n a
e

e
tal

-
is-
.

d

the
nce

be

ic.
e
g
el
FIG. 2. The generalized image force function̄Ssx, x1, Dd
represents the potential at the distancex of a layer of charges
placed at distancex1 from the electrode, with a surface
densityD  1018 m22. Far from the electrode, this distribution
behaves like a simple electrical double layer. The dotted cu
represents the capacitor limit of this function.

Equations (5) and (6) determinexBPsx1d self-
consistently. Crudely speaking, we find that the situati
xBP sx1d , EF implies x

0
BP sx1d > EF as in Fig. 1. In

this case, the fraction of polymer chains at the interfa
occupied by bipolarons iskqsx1dly2q  fEF 2 xBP sx1dgy
2S̄sx1, x1, Dd. However, whenxBP sx1d . EF , we then
find x

0
BPsx1d > xBP sx1d and there is no significant trap

ping of bipolarons at the interface.
We have also examined the case where the first t

layers of bipolaron sites located at distancesx1 andx2 ,
2x1 satisfy the trapping conditionxBPsx2d , EF . We find
that the fast decrease withx of the Coulomb image force
and the consequent shift in the potential barrier induc
by the first layer leave the second layer nearly unoccupi
For instance, in the casex2 , 2x1, one finds that

kqsx2dlykqsx1dl > exphf2 q2ys8p´0´x1d

2 qSsx2d 1 qSsx1dgykBT j .

Davids, Saxena, and Smith also found a very narrow d
tribution of charges (less than one layer) in the continuo
model [7].

It is also interesting to check our assumption th
the polaron population is negligible compared to th
of the bipolarons in the first layer. The ratio of th
number of polaronsnP to the number of bipolaronsnBP
is nPynBP , expf2sxP 2 xBP 1 q2y16p´0´x1dykBT g.
Indeed, the image force enhances the bipolaron popula
drastically [12].

The next step is to calculate the charge transferred fr
the metal electrode to the polymer. The principle of th
calculation of the charge transfer is as follows. The pol
mer chain, in contact with the electrode, is deformed
thermal vibrations. Because of the electron-phonon co
1680
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pling, the electronic levels in the polymer change accor
ing to these deformations. For a given value of the d
formation coordinateusxd, certain electronic levels in the
metal will be in coincidence with the appropriate charg
transfer level in the polymer chain. Upon coincidenc
tunneling can occur efficiently from the metal electrod
to the polymer through the potential barrier that we ha
just determined above.

To be more precise, we shall work within the frame
work of Emin’s semiclassical theory of small polaron hop
ping [10] derived from the initial work of Holstein. The
difference here is that coincidence and hopping do not
cur between two polymer deformable sites but betwee
metallic level of energyE and a polaronic site at distanc
x of the interface with energyx 0sxd 2 Ausxd whereA is
the coupling constant to the lattice deformationusxd and

x 0sxd  x0 2 qFx 2
q2

16p´0´x
1 qSsxd (7)

(x0 is just the free particle level in the polymer, i.e., th
lowest unoccupied or highest occupied molecular orbi
(LUMO or HOMO) level depending on the sign of the
carrierq).

The couplingJ between the metal surface wave func
tion and the polymer wave function reflects the transm
sion through the tunnel barrier of Eq. (7). In the WKB
approximation, the transmission factorJ for a jump at the
distancex is given by

J2sE', xd , J2
' exp

2422

s
2m
h̄2

Z x

x0

q
x 0sxd 2 E' dx

35,

if E' , x 0
maxsxd

(xmax is the height of the barrier), andJ2sE', xd , J2
'

above the barrier. HereE' is the electron energy in
the directionx of tunneling,m is the effective mass of
the carrier, andx0 is the smallest zero of the integran
fx 0sx0d  E'g. The bare couplingJ' reflects the overlap
between the evanescent wave function in the metal and
appropriate extended state of the polymer, in the abse
of barrier and image force. A reasonable value forJ',
depending on the geometry of the interface, would
0.02 , J' , 0.05 eV.

The above expression forJ2sE', xd corresponds to
weak coupling, where the hop is obviously nonadiabat
In this case, the hopping rate is controlled by th
coincidence time that we have determined followin
Ref. [10]. The hopping frequency from the energy lev
E of the metal to a polymer site located at a distancex
from the interface is obtained as

yM,PsE', E, xd  J2
'sE', xd

r
p

sx0 2 xPdkBT

3 exp

"
2

sx 0sxd 2 Ed2

4sx0 2 xPdkBT

#
. (8)
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FIG. 3. The hole current densityj1 that is extracted from the
metal through the image force barrier and transferred to t
vibrating polymer is plotted as a function of the fieldF at
the interface for different values of the difference between t
ionization potential of the polymer and the Fermi level of th
metal (D  0.7 eV for Cu, D  0.95 for Ag, and D  1.05
for Au). The polymer chain density isD  1018 m22; the
temperature isT  300 K. The upper curve named ITO
(indium tin oxide) concerns the case where the current is n
contact limited but space charge limited. Here we have us
our calculation from Ref. [11].

The current densityj1sFd extracted from the metal can
thus be obtained by integration over all possible energ
in the metal and all possible distances from the top of t
barrierx 0 at abscissax  xm, to infinity:

j1sFd  Dsq
Z `

xm

dx
2ps2md3y2

h3

3
Z dE

1 1 expfsE 2 EFdykBT g

3
Z E dE'

p
E'

yM,PsE', E, xd , (9)

wheres is the cross section of the polymer chain andD
is the chain density at the interface.

In Fig. 3, the hole currentj1 is plotted as a function
of the electric fieldF at the interface for different values
of the difference between the ionization potential of th
polymer and the Fermi level in the metal. These the
retical results compare favorably with recent experimen
data [15].
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The other important, unexpected, conclusion of th
work is that the presence of conjugated sites too clo
to the metal electrode does not favor charge injectio
the formation of a layer of bipolarons, trapped in th
generalized image force potential, increases the Schot
barrier by valuesx 0

BPsx1d 2 xBP of several tenths of eV.
This explains why the control of the interface by a sel
assembled monolayer of well-known molecular dipoles
so useful [14,16,17], provided that these grafted molecu
cannot trap charges from the electrode, too close to
This could also explain why a thin layer of lithium
fluoride or of another insulating material exempt of trap
can be of some use in improving charge injection [18].

*Permanent address: Centre de Physique Théorique, Ec
Polytechnique, F-91198 Palaiseau Cedex France
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