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Image-enhanced bipolaron formation at organic semiconductor/electrode interfaces
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We explore the image charge interaction for organic semiconductor bipolarons near a conducting interface
and find that the cross term between one of the constituent charges and the image of its neighbor stabilizes
the bipolaron by up to ~0.3 eV, dramatically increasing the concentration of this species near the interface.
Using density functional theory calculations for the common hole transport molecule N,N'-bis(3-methylphenyl)-
N,N'-diphenylbenzidine, we validate a simple point charge description of this effect and incorporate it within an
interface energy level alignment model to predict the density of polarons and bipolarons near the interface.
We find that the image effect greatly enhances bipolaron formation in the first few monolayers, leading to
the expectation that bipolarons account for more than 1% of the total interface charge in many cases of
practical interest. This result reinforces the notion that bipolarons are robust near the contacts of many organic
semiconductor devices and thus helps to rationalize their involvement in the phenomenon of unipolar organic

magnetoresistance.
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I. INTRODUCTION

Strong Coulomb repulsion between like-signed charge
carriers in organic semiconductors typically prevents two
electrons or two holes from occupying a single molecule or
conjugated polymer segment. The quasiparticle that results
from such an event—a bipolaron—is partially stabilized by
relaxation of the nuclear framework and polarization of the
surroundings, resulting in a net energy barrier for bipolaron
formation, Uy, known as the Hubbard energy [1]. Although
Uy is generally large compared to the thermal energy (U, >
0.1eV), strong energetic disorder in organic thin films can
compensate to some extent (i.e., by hopping from a higher-
to a lower-energy molecular site), resulting in non-negligible
bipolaron densities that may explain phenomena such as
unipolar organic magnetoresistance [2].

In this context, we recently discovered a large density
of bipolarons near the anode interface between indium-tin
oxide (ITO) and the common hole transport material N,N'-
bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD) [3]. On
the basis of interface energy level modeling, we concluded
that bipolaron formation is generally favorable near electrodes
because the interface energetic disorder often exceeds that
in the bulk and because the contact can pin the Fermi level
deep in the resulting density of states distribution. A third
reason, however, which was not discussed in the work above,
is that the bipolaron is electrostatically stabilized by its image
charge in the electrode to a greater degree than two individual
polarons. This basic effect was noted early on by Saxena and
co-workers [4,5] in the context of previous work on bipolaron
formation at metal-polymer interfaces [6-9]; however, its
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impact in the case of small molecule organic semiconductors
with significant energetic disorder has yet to be explored.

Here, we revisit the image charge stabilization of bipo-
larons with a simple electrostatic model that we validate for
TPD with density functional theory (DFT) calculations. Incor-
porating this effect into our interface energetic model, we find
that it strongly enhances bipolaron formation in the first one
to two monolayers and leads to the expectation that bipolarons
constitute >1% of the total interfacial charge density over a
broad range of realistic model parameters. These results rein-
force the notion that bipolaron formation is a robust interfacial
phenomenon in organic semiconductor devices and motivate
experiments to understand how it affects current injection in
the context of unipolar organic magnetoresistance.

II. THEORY

The enhancement in bipolaron stability that occurs near a
conducting interface can be understood from a simple point
charge approximation of two nearby TPD polarons and their
image charges illustrated in Fig. 1(a). In addition to the usual
Coulomb interaction for each charge with its own image
(Udgireer Which leads to, e.g., Schottky barrier lowering for
individual holes and electrons) [10], it is also stabilized by the
image of its neighbor (Ugoss, dashed green arrows in Fig. 1). In
the limit that the charges move together and form a point bipo-
laron with charge 24, the direct and cross term interactions are
equal (Ugireet = Ukross), leading to a bipolaron stabilization of
AU girect X (Zq)2 that is twice that of two infinitely separated
polarons, 2Ugiree ¢ g° + g°. Figure 1(b) plots the change in
total electrostatic energy of each case from its “bulk” refer-
ence value at a distance z = 5 nm from the interface (dotted
lines), demonstrating that a bipolaron becomes increasingly
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FIG. 1. (a) Point charge representation of two nearby polarons
at an organic semiconductor/electrode interface. In addition to inter-
acting with its own image charge (Usirect), €ach polaron increasingly
interacts with the image of its neighbor (U.ss) as the polarons move
closer to form a bipolaron. (b). Change in energy of a bipolaron
(red) and two polarons (blue, infinite lateral spacing) as they ap-
proach a conducting interface, relative to their energies in the bulk
at z = 5 nm. Approximating each species as a single point charge
(dashed lines) maintains good agreement with density functional
theory (DFT) calculations carried out for the molecule TPD except
for distances within ~1 nm of the interface. The accuracy in this
near-surface region can be improved (solid lines) by dividing the full
charge of a TPD polaron or bipolaron into n = 72 fractional charges
and their images (g; and g;, respectively) associated with each atomic
coordinate of the molecule as depicted in the inset (only three charges
are drawn for simplicity). (c) Results of Eq. (2) in the text showing
how the Hubbard energy for formation of a TPD bipolaron decreases
from its bulk value of Uy = 0.35eV as it approaches an electrode
interface. The red circles highlight the values of U(z) in the middle
of each TPD monolayer (ML, the center of which is denoted by
the dashed lines) assumed in the model results presented in Figs. 2
and 3.

stable relative to two polarons as they get closer to the
interface.

Density functional theory calculations confirm this stabil-
ity enhancement in Fig. 1(b) (symbols), but indicate that the

point charge approximation breaks down within ~1 nm of the
interface. The calculations are carried out using the B3LYP
functional with a 6-31G*™* split valence plus polarization ba-
sis set (B3LYP/6-31g"*) for an isolated molecule assuming
a background relative dielectric constant, ¢, = 3. The tacit
assumption that polarons and bipolarons are localized on in-
dividual molecules follows from the fact that their optical
absorption spectra in a thin film are nearly identical to that
of isolated cations and dications in solution [3]. The metal is
accounted for by including the mirror image of the molecular
charge distribution as an external electrostatic contribution
to the DFT potential when computing different charge and
spin states of TPD. Although many bipolaron orientations are
nominally possible in a disordered organic semiconductor, we
limit our focus here to TPD bipolarons that are parallel to
the interface because this configuration leads to the greatest
stabilization (and thus is most likely to be formed in practice)
and because molecules similar to TPD often lie flat in the
first few monolayers when deposited on a high work function
conducting substrate [11]. It is also worth noting that the
DFT stabilization behavior in Fig. 1 is virtually unaffected by
differences in bipolaron spin state or molecular conformation,
as all three forms of the bipolaron (i.e., the singlet and triplet
states as well as the diradical with holes located on opposite
arylamine fragments due to a dihedral twist in the central
biphenyl moiety [3]) exhibit a nearly identical energy reduc-
tion relative to their z = 5nm references in the bulk (which
do differ in energy).

The short-range accuracy of the point charge model can
be improved by splitting the charge of a polaron or bipolaron
into n fractional elementary charges (g;) and placing them
at each atomic coordinate (x, y, z) in accord with the DFT
charge distribution. An image charge configuration is then cre-
ated with oppositely signed fractional charges (g;) located at
(x, ¥y, —z) and the electrostatic energy of the system is calcu-
lated via

co-ur ST o
Jj=1

where ¢ is the permittivity of free space, r;; is the distance
between the real and image charges, and the sums run over
the n = 72 atoms that make up TPD. The factor of % is
included because the electric field distribution in the conduc-
tor is fictitious and does not actually store any energy [10].
The electrostatic energy associated with the partial charge
distribution of the molecule itself is represented by Ug, and
is assumed to be independent of z since the DFT results
do not show any appreciable reorganization of the nuclear
framework or redistribution among the partial charges as the
polaron/bipolaron moves closer to the interface. Evaluating
the image stabilization of the polaron and bipolaron with
Eq. (1) subsequently leads to much better agreement with
the DFT data as shown by the solid lines in Fig. 1(b). This
is important because it means that, short of chemisorptive
interactions (e.g., formation of new hybrid orbitals at the
interface), Eq. (1) provides an efficient way of extrapolating
the DFT energy of a polaron or bipolaron in the bulk to nearly
any distance from an electrode interface.
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Given that the nuclear reorganization of both the polaron
and bipolaron are essentially unaffected by their electrostatic
interaction with the conductor, the Hubbard energy required
to form a bipolaron from two polarons near the electrode,
U(z), should be the same as in the bulk (Uy) except for the
electrostatic energy difference between the two charge con-
figurations:
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where the middle term sums over the n partial charges of the
bipolaron and the last term sums over the 2n partial charges
of two polarons (which may or may not be close enough for
mutual image charge interaction). Taking Uy = 0.35 eV for
TPD [3] and two infinitely spaced polarons as the reference
point in Eq. (2), Figure 1(c) shows that bipolaron formation
becomes barrierless in the first monolayer at z ~ 0.5 nm.

To understand how this image charge stabilization impacts
the bipolaron density at a realistic TPD/electrode interface, we
adopt the interface energetic model formulated for polarons by

J

Oehzelt et al. [12] and subsequently extended to bipolarons
by Dhanker et al. [3]. In this case, however, we modify the
Hubbard energy from Ref. [3] to include the z-dependent
image stabilization from the electrode described by Eq. (2).
Briefly, this model iteratively determines the polaron and
bipolaron density within an energetically disordered density
of states (DOS) distribution near a conducting interface by
solving Poisson’s equation in one dimension under the con-
straint that the Fermi level (Ef) set by the electrode work
function (¢4 ) remains flat throughout the system. In the case
at hand, we focus on the highest occupied molecular orbital
(HOMO) DOS of TPD and approximate it as a Gaussian:

g(E) = exp(—[E — Euq + qV(2)1*/207%), (3)

Nmol
V2o
characterized by the HOMO energy Ey, the density of molec-
ular sites Ny, the potential difference between the electrode
interface and the center of the layer V (z), and the DOS width
o. The probability that a given state in g(E) is occupied by a
hole polaron [f,(£)] or bipolaron [ f,,(E)] is given by their
respective Fermi occupation functions [8,13]:

2exp[(E — Ep)/kT]

fp(E) =

1+ 2exp[(E — Eg)/kT]+ exp([2(E — Er) — U(2)]/kT)’

“

exp([2(E — Eg) — U(2)]/kT)

fbp(E) =

with the empty state probability equal to 1 — f,
total charge density is thus

— fbp . The

£(2) = qNmol / Jo(E)S(E)AE + 2gNmol / Jop(ENG(E)dE.
(6)

Note that the description of polaron and bipolaron occu-
pation given by Egs. (4)—(6) is different than we previously
used in Ref. [3]. Both approaches yield similar results over a
wide range of input parameters; however, the description used
here maintains a more physically realistic description when
the Hubbard energy becomes negative, which can occur close
to the interface per Fig. 1(b).

The potential, V(z), is determined by solving the Pois-
son equation discretely in one dimension using the method
of images (which naturally imposes the boundary condition
V(0) = 0 at the conductor surface and the requirement that
dV/dx — 0 in the bulk of the film [10]) assuming sheet
charge densities, py, located at the center of each d = 1 nm-
thick monolayer [12]. Image sheet charges (—py) are reflected
on the other side of the metal interface for all m layers of
organic material and the potential difference between the in-
terface and the center of each monolayer is calculated from
Gauss’s law:

" oid
V@ =Y B, ™

=1 re0

where znin 18 either the distance from the interface to the
center of layer k, or z, whichever is smaller for each layer k.

1+ 2exp[(E — Eg)/kT] 4+ exp([2(E — Er) — U(2)1/kT)’

&)

(

The solution procedure is iterative and begins by guessing
px for each layer, using that to compute V(z) as described by
Eq. (7), and then using V(z) to calculate p; using Eq. (6).
Each value of p; is adjusted until it is self-consistent with
the result of Eq. (6) for all layers. For example, solving
Eq. (6) for a 5-nm-thick organic film with d = 1 nm means
solving five transcendental equations, with five values of U(z)
for input as highlighted by the red circles in Fig. 1(c). The
polaron density P* = [ f,(E)g(E)dE, and bipolaron density
Pt =7 Jop(E)g(E)dE are subsequently evaluated in each
layer using Eq. (6), which allows the bipolaron fraction of
charged molecules, Bgp = P>*/(P* + P>*), to be determined
throughout the film.

III. RESULTS

Figure 2 shows the result of this model for the interface
between ITO and TPD examined in Ref. [3] based on the fol-
lowing parameters: pa = 5.1eV, Eg =5.3eV, 0 =0.1¢V,
Uy = 0.35eV, Nyt = 102! em™, and &, = 3, with an ambient
temperature, 7 = 298 K. For the sake of clarity, we do not
assume enhanced disorder in the first monolayer as we did
in Ref. [3] because it obscures the image stabilization effect
being studied here; including this added interfacial broaden-
ing would simply favor bipolaron formation even further in
the results below. According to Fig. 2(a), the image stabi-
lization effect dramatically increases bipolaron formation in
the first several monolayers, boosting Bgp from a negligible
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FIG. 2. (a) Bipolaron fraction of charged species (Bgp) calculated
as a function of distance from the interface (z) when including [U(2)],
and neglecting (Up), the enhanced stabilization of bipolarons caused
by the image charge effect. Bipolaron formation is most significant
near the interface due to the strong image charge stabilization shown
graphically in Fig. 1(c). (b) Inclusion of the image effect does not
significantly change the potential distribution or net charge density
in the organic material; it mainly affects the balance of charge that
exists in the form of polarons versus bipolarons as shown in (a). In
this calculation, we assume g5 = 5.1eV, Ey = 5.3eV,0 =0.1¢V,
Uy =0.35eV, Nyo = 10?' cm™, &, = 3, and an ambient tempera-
ture, T = 298 K as described in the text.

value in the case of no image effect to ~40% at z = 0.5 nm.
As expected, Bgp falls off quickly upon moving away from
the interface due to the rapid increase of U(z) illustrated in
Fig. 1(c). It is important to emphasize, however, that the total
charge transferred, and thus the potential shift V(z) shown
in Fig. 2(b), is largely the same in both cases; the inclusion
of U(z) mainly just affects the balance between polaron and
bipolaron states.

Figures 3(a)-3(d) summarize the impact of the key param-
eters in the model where, in all cases, including the image
charge stabilization in the Hubbard energy via Eq. (2) sub-
stantially increases the total bipolaron fraction in the film
(i.e., Bpp calculated from the integrals of P* and P?>* over
the film thickness). In Fig. 3(a), more bipolarons form with
increasing energetic disorder as discussed in Ref. [3]. In-
creasing the bulk Hubbard energy U, in Fig. 3(b) obviously
inhibits bipolaron formation. Similarly, the bipolaron density
increases with increasing electrode work function in Fig. 3(c)

U(2)
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FIG. 3. Bipolaron fraction of charged species in the entire or-
ganic film (Bgp calculated from the integral of polaron and bipolaron
densities) when including [U(z)] and neglecting (U) the bipolaron
image stabilization effect. (a) Increasing the HOMO DOS width (o)
increases PBgp in both cases. (b) Increasing the bulk formation energy
decreases Bgp, though it remains greater than 1% for Uy > 0.5eV
when the image effect is accounted for. (c) The bipolaron fraction
increases as the anode work function (@) shifts the Fermi level
deeper into the HOMO DOS. (d) As discussed in the text, increasing
temperature is predicted to increase fgp for the constant Uy case but
to decrease fBgp When the image stabilization is accounted for. The
gold diamonds in each plot denote the particular case shown in Fig. 2.
Numbers beside Uy in parentheses indicate the factor SBgp is scaled
by for visibility on the plot. All of the results above are calculated
for a 5-nm-thick TPD layer using the model described in the text
with the following parameters unless otherwise stated: U, = 0.35eV,
Eq=53eV,pa=5.1eV,0 =0.1eV,¢, =3,and T =298 K.

as Ep is pinned deeper in the HOMO DOS. Interestingly,
increasing temperature is predicted to increase Bgp for the
constant Hubbard energy (Uy) case but to decrease Bgp when
the image stabilization is accounted for. When the barrier
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to bipolaron formation is large, as it is in the constant U
case, fyp(E) and f;,(E) both broaden with increasing temper-
ature, but the overlap between fi,,(E) and the rapidly varying
DOS tail increases faster than that between f,(E) and the
slowly varying DOS bulk, hence fgp increases. Conversely,
when the barrier for bipolaron formation is small (as in the
first monolayer of the image-stabilized case), both occupation
functions compete for the same portion of the DOS, causing
Jp(E) to displace some of the bipolaron states as it broadens,
reducing Bgp. For the parameters used here, this transition in
the temperature dependence occurs when the local Hubbard
energy is approximately 0.15 eV.

We note that there is an additional complication that arises
at high charge density since polarons may get close enough
to each other to experience some mutual image stabilization
reflected in the last term of Eq. (2), thus effectively causing
U(z) to depend on p(z). Moreover, when two polarons form
a bipolaron, the total number of occupied sites is reduced,
allowing for the charges to spread out more and achieve a
lower total energy in equilibrium. We find, however, that both
effects are negligible when the total fraction of occupied sites
is less than ~10% (which is the case for all of the parameter
variations considered in Fig. 3) and thus they are not expected
to be important in most cases of practical interest.

IV. DISCUSSION

Taken together, the results from Fig. 3 demonstrate that
the image enhancement in bipolaron stability enables Sgp
to become non-negligible (i.e., >1%) over a broad range
of realistic input parameters. This is significant because in
our previous work [3], we had to invoke an unusually high
disorder width (o > 0.2eV) and low Hubbard energy (Uy =
0.25eV) to explain the experimentally observed Bgp ~ 1%.
When the image stabilization effect is taken into account,
bipolaron fractions of this magnitude can be explained more
naturally. Given the role of bipolarons in organic magne-
toresistance [2], the image effect may also help explain the
large change in magnetoresistance that is observed upon
adding a self-assembled monolayer to the anode contact
of TPD-based diodes [14], since spacing bipolarons farther
from the anode would reduce their image stabilization per
Fig. 1(c).

It would be interesting in the future to compare the results
of this model to a kinetic Monte Carlo approach where all
Coulomb interactions can be explicitly accounted for in three
dimensions and under nonequilibrium conditions (i.e., under

bias). In addition to providing a more accurate description of
the electrostatic environment and incorporating the kinetics of
bipolaron formation/dissociation, this approach would enable
the relative impact of magnetic field-dependent injection to be
explored in analogous fashion to previous work focused on the
bulk [2,13,15].

If bipolaron-mediated magnetoresistance is indeed an in-
terface rather than a bulk effect, then it motivates device
design strategies for enhancement, such as increasing the
electrode surface roughness on both the molecular scale
(which increases image stabilization on average [16,17]) and
the mesoscale (which increases the amount of magnetoac-
tive electrode interface per unit device area). Alternatively,
bipolarons could be stabilized in the channel of field effect
transistors [18] by their image in the gate electrode, poten-
tially enabling a larger magnetoresistance effect than injection
through a thin interfacial layer in sandwich-type devices.
While Fig. 1(c) suggests that an unrealistically thin (~1 nm)
gate dielectric would be needed to achieve appreciable stabi-
lization, we note that the effect is not limited to virtual image
charges, but can also result from real counterions [4] and
thus a similar stability enhancement might manifest in electric
double-layer gated transistors where electrolyte counterions
accumulate within ~1 nm of the organic semiconductor sur-
face [19].

V. CONCLUSION

We find that that the image charge interaction that arises
from explicitly considering the spatial extent of a bipolaron
near a conducting interface stabilizes this species by up to
~0.3 eV for a prototypical molecule such as TPD. Accounting
for this effect in an equilibrium model of the interfacial charge
density dramatically increases the bipolaron concentration in
the first few monolayers, typically exceeding 1% of the total
charge density for a broad range of realistic material param-
eters. This finding is important because it addresses what is
arguably the biggest objection to the bipolaron model of or-
ganic magnetoresistance—that the Hubbard energy is simply
too high for bipolarons to form—and thus motivates renewed
experimental effort to probe the role of injection in organic
magnetoresistance.
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