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Coulomb Barrier for Charge Separation at an Organic Semiconductor Interface
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Charge transfer (CT) excitons across donor-acceptor interfaces are believed to be barriers to charge
separation in organic solar cells, but little is known about their physical characteristics. Here, we probe CT
excitons on a crystalline pentacene surface using time-resolved two-photon photoemission spectroscopy.
CT excitons of ls, 2s, and 3s characters are bound by Coulomb energies of 0.43, 0.21, 0.12 eV,
respectively, in agreement with quantum mechanical modeling. The large binding energy of the 1s CT
exciton excludes its participation in photovoltaics. Efficient charge separation in organic heterojunction

solar cells must involve a series of hot CT excitons.
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Photon absorption by a small molecule or polymer in an
organic photovoltaic cell creates a singlet exciton, with an
estimated binding energy of =0.5-1.0 eV [1]. The singlet
exciton can only dissociate by a large applied electric field
[1,2] or at an interface with another organic semiconductor,
i.e., the donor-acceptor (D/A) interface [3,4]. In the latter,
dissociation occurs if the energetic driving force, i.e., the
offset in the lowest unoccupied molecular orbitals
(LUMOs) or the highest occupied molecular orbitals
(HOMOs) at the D/A interface, is sufficient to overcome
the exciton binding energy. Because of the low dielectric
constant of organic materials, Coulomb attraction between
the electron and the hole is sufficiently long ranged
and singlet exciton dissociation at the D/A interface does
not result in free carriers (polarons) but rather a bound
electron-hole pair or charge transfer (CT) exciton
[Fig. 1(a)] [2,5-7]. The CT exciton is also referred to as
an exciplex for the lowest energy CT state or a geminate
pair for higher energy levels. Red-shifted fluorescence
from exciplexes has been observed in a number of donor-
acceptor systems, and other CT states or geminate pairs
have been suggested as intermediates for charge carrier
separation [5-7]. From a mechanistic perspective, how a
CT exciton participates in charge separation depends criti-
cally on its binding energy, as well as the spatial extent and
symmetry of its wave function.

Here, we probe the CT exciton on the surface of an
organic semiconductor using femtosecond time-resolved
two-photon photoelectron spectroscopy (TR-2PPE) [8,9].
In this approach, a first photon Av| excites an electron from
the HOMO to above the organic semiconductor surface
[Fig. 1(b) and 1(c)]. The excited electron is transiently
bound by the Coulomb potential from the hole as well as
polarization of the organic semiconductor; the latter con-
tribution gives rise to an image-potential state (IPS) which
is well understood on polarizable surfaces [8,10]. After a
certain time delay, a second photon Av, ionizes the elec-
tron for detection. Note that the IPS in Fig. 1(b) is not
important to the organic D/A interface in Fig. 1(a), but the
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electron-hole attraction potential and the resulting CT ex-
citons are similar in both cases. We choose pentacene for
the organic semiconductor because it is perhaps the most
extensively characterized model organic semiconductor
and has been demonstrated to be an efficient electron donor
in OPVs [11]. Furthermore, high-quality thin films with
bulklike structure can be prepared epitaxially on a Bi(111)
substrate from vapor deposition in ultrahigh vacuum [12].
Details about sample preparation and characterization, as
well as the experimental setup, are given in the online
supporting material [13].

For the 2PPE experiments, the third harmonic (=0.1 nJ
per pulse) and the fundamental (=1 nJ per pulse) output of
a femtosecond Ti:sapphire oscillator (pulse width =80 fs)
are used as pump and probe pulses, respectively, and
photoelectrons are detected by a hemispherical electron
energy analyzer [13]. Figure 2(a) shows 2PPE spectra for
pentacene film thicknesses of 1-4 ML measured at hy; =
4.16 eV and hv, = 1.39 eV. The energy scale is refer-
enced to the Fermi level (work function = 3.94 eV). The
spectrum for 1 ML pentacene shows two distinct peaks due
to the transient population of two unoccupied states at
energies of 2.99 and 3.42 eV. These states are assigned to
a CTexciton (1s) and the n = 1 image-potential state (IPS)
on pentacene, respectively. Supporting this assignment, we
find the electron densities |/|> of both states are concen-
trated in the vacuum above the surface. This is established
experimentally by physisorbing a layer of molecular di-
electric, n-nonane (CyoH,), onto the 1 ML pentacene/Bi
surface [13]. As shown in Fig. 2(b), the two peaks are
completely quenched as these states are heavily perturbed
by the adlayer. Upon desorption of nonane, the original
spectrum is recovered. Further support for the assignment
comes from dispersion measurements and quantum me-
chanical modeling, as detailed below. Note that the peak at
the low-kinetic threshold (labeled 14») in Fig. 2(a) arises
due to one-photon photoemission (as verified by the dashed
spectrum taken with pump photon only) from occupied Bi
states near the Fermi level because hv, is slightly greater
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FIG. 1 (color). (a) Dissociation of a singlet exciton to form a charge-transfer exciton (dashed oval) across the donor-acceptor
interface. Egx is the singlet exciton binding energy and Ect is the charge-transfer exciton binding energy; (b) CT exciton on the
surface of an organic semiconductor with the image band serving as electron acceptor; (c), (d) Sketch of the 2PPE process: A first
photon (hv|) excites an electron from an occupied molecular orbital into an unoccupied charge-transfer state above the surface. After a
time delay, a second photon (hv,) ejects the electron to the vacuum where its energy and momentum are analyzed.

than the work function. A spectrum of the clean Bi(111)
surface is displayed for comparison in Fig. 2 of the sup-
porting material [13].

With increasing pentacene film thickness, the IPS peak
vanishes while the CT,; peak remains and shifts slightly
(—0.06 eV) to lower energy. The different coverage de-
pendencies establish that the initial states involved in
photoexcitation to the CT exciton and the IPS are different.
A recent one-photon photoemission measurement on the
same system put the HOMO of pentacene at 1.2 eV below
the Fermi level [14]. The initial state of the IPS peak lies in
the HOMO-LUMO gap of pentacene and must be located
in the Bi substrate. Spatial wave function overlap between
the IPS and Bi substrate states becomes negligible for
pentacene films thicker than 1 ML, and thus the IPS cannot
be populated by photoexcitation. In contrast, the pump
photon (hv; =4.16 eV) is in resonance with the
HOMO — CT; transition, and thus the CTj, state is ob-
served for all pentacene film thicknesses investigated.
When we increase the pump photon energy to hv; =
4.38 eV, hot CT excitons with energies higher than
the one of the 1s state come into resonance, as shown in
Fig. 2(c). The two high energy peaks in the spectrum are
located at 0.22 and 0.31 eV above CT,. Quantum mechani-
cal modeling (see below) shows that these two states
correspond to the 2s and 3s CT excitons. Similar hot CT
excitons are observed at all pentacene film thicknesses
investigated (1-7 ML).

Both the image potential state and the associated CT
excitons are short-lived because they are energetically
located high above the Fermi level and can decay into
unoccupied states (LUMO + N) in the pentacene thin
film. Figure 3(a) shows pump-probe cross-correlation mea-
surements on 1 ML pentacene/Bi obtained for the IPS and
the CT at peak electron energies. These curves give single
exponential decay times of 7pg = (134 = 10) fs and
Tor = (78 = 10) fs. Within the lifetime of both states,
we find no significant shifts in peak positions, i.e., no
measurable energy relaxation [Fig. 3(b)].

An important experimental feature which distinguishes
the CT exciton from an IPS is dispersion parallel to the
surface. An electron in an IPS is bound by the polarization
potential in the surface normal direction but is free in the
surface plane and thus exhibits free-electron-like disper-
sion E = Ej + (hk))?/(2m*) parallel to the surface. In
contrast, photoemission from an exciton does not show
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FIG. 2 (color). (a) 2PPE spectra from pentacene/Bi(111) sur-
faces (hvy = 4.16 eV; hv, = 1.39 eV) in the pentacene film
thickness ranges of 1 to 4 monolayer (ML). The dashed spectrum
was obtained with hv; only. CT: charge-transfer exciton; IPS:
image-potential state. (b) 2PPE spectra from 1 ML pentacene/Bi
with 0, 0.5, and 1 ML nonane overlayer. (c) 2PPE spectrum (gray
curve) and Gaussian decompositions (dashed curve for one-
photon component and pink curves for CT excitons) obtained
for 7 ML pentacene at the indicated photon energies (hv, =
4.38 eV; hv, = 1.46 eV).
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FIG. 3 (color). (a) Cross-correlation curves at the CT,, and IPS
energies. Intensities of the two curves have been normalized,
(b) Time-resolved 2PPE spectra with UV pump and IR probe
pulses. Markers denote peak positions; (c) Pseudocolor repre-
sentation of momentum-resolved 2PPE spectrum. Markers de-
note peak positions. The upper image-potential state is well
described by free electron-like dispersion (line) with an effective
mass of 1.5m,, whereas the lower nondispersive CT exciton peak
exhibits no dispersion.

dispersion because the photoionization process destroys
the quasiparticle [15]. This is verified in Fig. 3(c) which
shows a pseudocolor plot of 2PPE spectra taken at different
detection angles (i.e., different parallel momentum vectors,
kj)). The IPS clearly shows dispersion with the bottom of
the image band at E, = 3.42 eV and an effective electron
mass of m* = 1.5m,, whereas the CT, state shows no
dispersion. Similarly, no dispersion is found for the CT,,
and CTj, states (data not shown).

To quantitatively understand the IPS and the CT exciton,
we consider the Coulomb potential within the dielectric
continuum approximation. This potential is the sum of two
contributions: the image potential

e’ B
Vi=— — 1
! 47760 4z ( )
and attraction by the positive hole
2
e
Vi = i 2)

Ameg 2+ + (2 — )

where the z axis corresponds to the surface normal with the
image plane at z = 0 and the hole at (0, 0, z;,). € is the
vacuum permittivity, and e is the electron charge. 8 = j—;i
and y = % account for screening of the charges due to
polarizability of pentacene [16] with a relative dielectric
constant € = 5.3 along the surface normal [17,18].

We solve the three-dimensional Schrodinger equation
numerically using the finite element method within the
coMsoL simulation software. The solutions can be divided

into two regimes: A band of delocalized states which

corresponds to the image band, and a series of localized,
bound states converging towards the bottom of the image
band. As expected, the image band possess free-electron-
like dispersion (data not shown). Figure 4(a) shows the
energy levels of the localized states with respect to the
bottom of the image band for € = 5.3 and z, = —2.7 A.
These states correspond to CT excitons: In addition to the
image potential, they are bound by the electron-hole
Coulomb potential of Eq. (2). The dependence of the
binding energy Ec-t of the lowest CT exciton on the two
parameters € and z;, is plotted in Fig. 4(c). We choose € =
5.3 based on literature value [17], whereas z; is chosen
such that the calculated Ecr; matches the experimental
value of 0.43 eV for the 1s state on 1 ML pentacene. The
simulation then predicts that the 2s and 3s CT excitons
have binding energies of 0.21 and 0.12 eV, respectively, in
excellent agreement with experimental results in Fig. 2.
According to the cylindrical symmetry of the potential,
the wave functions have discrete angular momentum /,
[Fig. 4(b)]. Within the energetic range probed, the 1p state
is clearly missing in the experiment [Fig. 2(c)]. This is
because the 7-HOMO — CT, , optical transition is forbid-
den due to the selection rule on orbital angular momentum.
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FIG. 4. Finite element solutions of the stationary Schrédinger
equation for the model potential, Egs. (1) and (2). (a) Calculated
eigenvalues for € = 5.3 and z, = —2.7 A. Black and dark gray
lines denote localized CT exciton states with angular momentum
[, =0 and [, # 0, respectively. The curved line represents the
potential at the center of the IPS wave function, 6.2 A above the
image plane. (b) Two-dimensional cuts through the electron
densities |i|* of the three lowest states. (c) Calculated binding
energies of the CT,, exciton as a function of the hole position z,
and dielectric constant €. The energy scale Ecr is referenced to
the bottom of the image band.
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The transition to 1d is allowed but not resolved from 2s and
3s. Given z; and the resulting expectation value of z,
(z);, = 3.6 A, the average electron-hole distance in the
lowest CT exciton state amounts to 6.3 A, which is close
to the size of two aromatic rings in a pentacene molecule.

The pentacene-vacuum interface represents a model for
donor-acceptor interfaces in organic photovoltaic because
the electrostatic potential V), of the pentacene or vacuum
system is equivalent to that of a D/A interface with an
average dielectric constant of € = 1/y = 3.15, which is
typical for materials used in heterojunction OPV cells.
Therefore, the 1s CT exciton binding energy of 0.43 eV
is representative of the Coulomb barrier for charge sepa-
ration at heterojunctions. This binding energy is more than
1 order of magnitude higher than kzT at room temperature,
and thus, charge separation from the 1s CT exciton has a
very low probability. For this reason, charge separation in
OPYV must involve hot CT exciton states: (1) Compared to
the 1s CT state, hot CT excitons are more weakly bound by
the Coulomb potential; (2) density-of-states of these hot
excitons increase with energy in the Coulomb potential;
and (3) electronic coupling from a singlet exciton in the
donor to a hot CT exciton across the D/A interface can be
higher than that to a 1s CT exciton due to a lower energy
denominator [19]. Previous studies on organic D/A blends
indeed suggested that charge separation was more efficient
for an e-h pair (geminate pair) at longer distance than that
of the exciplex [5-7]. This classical picture of a geminate
pair is essentially a higher lying CT exciton state shown in
Fig. 4. It is well known that efficient charge separation at a
D/A interface requires a sufficient energetic driving force,
i.e., offset in LUMO or HOMO levels [3,4]. Such excess
electronic energy can also be essential in leading to the
population of hot CT excitons that undergo efficient charge
separation [20]. All these factors point to the essential role
of hot CT excitons in charge carrier separation at D/A
interfaces in organic heterojunction solar cells.

In conclusion, the presented results give direct experi-
mental evidence for a series of discrete, localized charge-
transfer exciton states at the surface of an organic semi-
conductor, pentacene. Given the general nature of the
potentials, i.e., the image potential due to polarizability
of the surface and the Coulomb potential due to the photo-
hole, CT excitons must be considered a universal feature of
photoexcited organic semiconductor surfaces. These re-
sults also suggest a key design principle in organic hetero-
junction solar cells: there must be strong electronic
coupling between singlet excitons in the donor and hot
CT excitons across the D/A interface.
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