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We report two types of excited electronic states on organic semiconductor surfaces: image potential states
(IPS) and charge transfer excitons (CTE). In the former, an excited electron is localized in the surface-normal
direction by the image potential and delocalized in the surface plane. In the latter, the electron is localized in
all directions by both the image potential and the Coulomb potential from a photogenerated hole on an organic
molecule. We use crystalline pentacene and tetracene surfaces as model systems, and time- and angle-resolved
two-photon photoemission spectroscopy to probe the energetics and dynamics of both the IPS and the CTE
states. On either pentacene or tetracene surfaces, we observe delocalized image bands and a series of CT
excitons with binding energies <0.5 eV below the image-band minimum. The binding energies of these CT
excitons agree well with solutions to the atomic-H-like Schrodinger equation based on the image potential and
the electron-hole Coulomb potential. We hypothesize that the formation of CT excitons should be general to the
surfaces of organic semiconductors where the relatively narrow valance-band width facilitates the localization

of the hole and the low dielectric constant ensures strong electron-hole attraction.
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I. INTRODUCTION

It is well established that the surface of a polarizable ma-
terial supports a series of image potential states (IPS) or
resonances.! The origin of an IPS can be easily understood
when one considers an excess electron above a surface. Po-
larization by the excess electron creates a positive charge
distribution in the near-surface region. Solution to the Pois-
son equation tells us that the interaction between the excess
electron and the polarization cloud is equivalent to the Cou-
lomb attraction between the electron above an image plane
(often approximated by the physical surface) and a fictitious
image charge at equal distance below the image plane. De-
pending on the band structure of the material, the image
potential gives rise to a series of either image states or image
resonances characterized by atomic-H-like principal quan-
tum numbers. Image potential states have been extensively
investigated in the past, particularly on single-crystal metal
surfaces. In experimental studies, an electron in an IPS is
most often populated by optical excitation from an occupied
band of the metal substrate. Due to the high density of states
at or near the Fermi level, the photoexcited hole in the metal
substrate is completely screened and has little effect on the
electron. As a result, one can explain much of the physics of
image potential states using models as simple as a one-
dimensional atomic-H-like single-electron Hamiltonian to
account for the energetics' or as sophisticated as multiple-
scattering, or many-body theories to explain the dynamics.?

What happens when the hole cannot be ignored? It is well
known for materials other than metals that the photoexcited
hole is not completely screened and the electron-hole inter-
action leads to the formation of a correlated electron-hole
pair called “exciton.” In fact, excitons determine many opti-
cal and optoelectronic properties of nonmetal solids.>* In
optical spectra, excitons appear as sharp transitions below
the band gap corresponding to single-particle excitations.
Depending on the polarizability of the material, excitons may
be strongly bound and localized on one or just a few lattice
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sites (Frenkel exciton) or weakly bound and delocalized over
many lattice sites (Mott-Wannier exciton). The former situa-
tion is common in organic (molecular) semiconductors, the
latter in inorganic semiconductors. Based on these well-
established facts and principles for bulk materials, we predict
that excitonic states associated with the image bands must
exist at surfaces of nonmetals. For an optical excitation from
an occupied state of a solid material to an image potential
state above the surface, the unscreened hole should lead to
the formation of excitonic states energetically below the im-
age band. Since the electron-hole pairs are bound across an
interface, we call these charge transfer (CT) excitons.

In this paper, we focus on image band associated CT ex-
citons on organic semiconductor surfaces. They are, in prin-
ciple, similar to interfacial CT excitons proposed for organic-
organic semiconductor interfaces that are of particular
interest to organic photovoltaics (OPV).> A key step in the
operation of an OPV device is the separation of charge at the
organic semiconductor donor/acceptor (D/A) interface, re-
sulting in an electron in the conduction band of the donor
and a hole in the valence band of the acceptor. Due to the
low dielectric constants of organic materials, charge separa-
tion at the D/A interface does not give free charge carriers
but rather a bound electron-hole pair across the interface, i.e.,
a CT exciton. In the present study, we view the image band
as similar to the conduction band of the electron acceptor.
Thus, the CT excitons on organic semiconductor surfaces can
serve as model systems for the understanding of interfacial
CT excitons at D/A interfaces.

We probe charge transfer excitons and image potential
states on the surfaces of two prototypical crystalline organic
semiconductors, pentacene and tetracene, using femtosecond
time-resolved (TR) and angle-resolved two-photon photo-
emission spectroscopy (2PPE).® In such a 2PPE experiment,
the first photon excites an electron from the valence band
(e.g., the highest-occupied molecular orbital or HOMO) into
the image potential state or the CT exciton state. After a
controlled time delay, the second photon probes the tran-
siently populated state by breaking up the exciton and eject-
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FIG. 1. Schematic illustration of an epitaxial monolayer of pen-
tacene on Bi(111). The three principal axes (a;,b;,¢;) of the unit
cell are shown as arrows.

ing the photoelectron. A preliminary report of CT excitons on
pentacene,’ a discussion on how CT excitons may participate
in the photovoltaic process,” and a description of the spec-
troscopic aspects of probing excitons in 2PPE (Ref. 8) have
appeared elsewhere. The present work provides a compre-
hensive account of CT excitons and image potential states on
both pentacene and tetracene surfaces.

II. EXPERIMENT
A. Sample preparation

We carried out all experiments in an ultrahigh vacuum
chamber with a base pressure lower than 5X 107! mbar.
The sample is cooled by liquid nitrogen and heated resis-
tively. We used two types of samples: epitaxial pentacene or
tetracene thin films grown on the Bi(111) surface® and poly-
crystalline thin films grown on Si(111).!%! In both cases, the
substrate (10 mm X5 mmX 0.5 mm) was cut from a p-type
polished Si(111) wafer with a resistivity of 0.5 () cm. The Si
sample was degassed at 900 K for 12 h, flashed to ~1510 K
for 30 s to remove the native surface oxide, annealed at 1170
K for 120 s, and then slowly cooled down to room tempera-
ture. This procedure routinely yielded a well-reconstructed
Si(111)-7 X7 surface. The Bi(111) surface was formed by
vapor deposition of >10 monolayers (ML) of Bi from a
Knudsen cell onto the Si(111)-7 X7 surface at a substrate
temperature of 298 K, followed by annealing at 400 K for 1
h.? Crystallinity of both Si(111)-7 X7 and Bi(111) surfaces
was confirmed by low-energy electron diffraction (LEED).
The pentacene and tetracene thin films were grown on either
the Bi(111) or Si(111)-7X7 surface by vapor deposition
from a second Knudsen cell. The sublimation temperatures
were 473 and 385 K, and the substrate temperatures 298 and
250 K for pentacene and tetracene, respectively.

Vapor-deposited pentacene is known to grow epitaxially
on Bi(111) in the “stand-up” bulklike crystalline form, with
the ¢ axis (long molecular axis) nearly perpendicular to, and
the ab plane parallel to the substrate surface, Fig. 1.° The
LEED pattern for ML pentacene/Bi(111), Fig. 2(a), is actu-
ally a superposition of diffraction spots from multiple crys-
talline domains,’ due to the large size (~1 mm) of the elec-
tron beam used here. The LEED pattern agrees perfectly with
the prediction, Fig. 2(b), constructed from the reciprocal lat-
tice based on known in-plane unit-cell parameters of penta-
cene (a;=6.06 A, b;=7.90 A, and 6;=85.8°)'2 and taking
into account the pseudosixfold rotational symmetry of the
Bi(111) surface and chiral twins of pentacene crystalline do-
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FIG. 2. Experimental low-energy electron-diffraction (LEED)
pattern for monolayer (b) pentacene/Bi(111) and (d) tetracene/
Bi(111). Panel (a): predicted LEED pattern corresponding to lattice
parameters of a;=6.06 A, b;=7.90 A, and 6,=85.8° for penta-
cene. Panel (c): predicted LEED pattern for monolayer tetracene
from the superposition of two crystalline structures, those with a;
=6.06 A, b;=7.90 A, and 6;=85.8° (gray circles) and those with
a,=58%+02 A, b,=7.90 A, and 6,=90° (black triangles).

mains. This result is also in agreement with previous micro-
beam LEED measurements from a single-crystalline penta-
cene domain on the Bi(111) surface.'?

The LEED pattern for monolayer tetracene/Bi(111) is
similar to that of pentacene, suggesting that tetracene also
grows epitaxially on Bi(111) in the stand-up bulklike crystal-
line form. Detailed analysis shows that there are two differ-
ent crystalline forms: the first form is identical to that of
pentacene, as shown by the diffraction spots in gray circles
in panel (c) with in-plane unit-cell parameters of a;
=6.06 A, b;=7.90 A, and #=85.8°. The second form has
slightly different in-plane lattice constants, with a,
=58+02 A, b,=7.90 A, and 6,=90°, as shown by tri-
angle diffraction spots in (c). While both structures share the
same b vector due to a point-on-line matching with the un-
derlying Bi(111) lattice, the a, vector is different. In the sec-
ond form, a, forms a right angle with b, and is slightly
shorter than that of the first form. Since intermolecular inter-
action in the herringbone packed layer of tetracene is ex-
pected to be weaker than that of pentacene, the molecule-
substrate surface interaction and, thus, lattice matching to the
Bi(111) substrate are relatively more important.

For multilayer pentacene or tetracene thin films grown on
the clean silicon surface, it is known that strong molecule-
surface interaction results in a chemisorbed first layer with
lying-down geometry. Subsequent deposition beyond this
wetting-layer results in the stand-up bulklike polycrystalline
structure.'! The polycrystalline morphology of the multilayer
film appears as ring patterns in LEED (data not shown) but
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the in-plane lattice parameters (@ ,b) agree with those of the
bulk crystal.

We calibrate the pentacene or tetracene growth rate by
analyzing two-photon photoemission spectra (see below) and
assign ML coverage as the threshold when spectral features
from the clean Bi(111) surface disappear. Multilayer cover-
age on either Bi(111) or Si(111) is then estimated from this
calibrated growth rate. This procedure likely underestimates
the pentacene or tetracene coverage as islands of the second
layer start to form on top of the first layer before the latter is
complete.

B. Two-photon photoemission spectroscopy

The 2PPE experimental setup has been detailed
elsewhere.'* The third harmonic (~0.1 nJ/pulse) and the
fundamental (~1 nJ/pulse) output of a femtosecond Ti:sap-
phire oscillator (Coherent, 700-900 nm tuning range,
<100 fs pulse width, 76 MHz repetition rate) were used as
pump and probe pulses, respectively. Photoelectrons were
detected in a VG-100AX hemispherical electron energy ana-
lyzer with energy resolution of approximately 35 meV. To
align the vacuum levels of the sample and the analyzer, a
negative bias voltage was applied to each sample.

2PPE spectra are naturally referenced to the Fermi level
Er. of the instrument. For metallic samples, the Fermi levels
of sample and instrument align, and occupied states near the
Fermi level provide a clear energy reference in the measured
spectrum. However, in the case of the Si substrate the energy
reference is more difficult to determine due to possible band
bending at the surface and contact voltage at the sample
holder. As described in Sec. III, we overcome this limitation
by referencing the spectra to the vacuum level E,,. which is
more easily accessible in the measured spectrum. The bind-
ing energy Ey referenced to the vacuum level is then related
to the Fermi-level referenced energy scale via the work func-
tion ¢=FE,,.—Eg, according to

E—-Ep=¢—Ey. (1)

Since the UV photon energy used was greater than the
surface work function, there was one-photon photoemission
from the sample. We found that the 2PPE spectrum remained
constant for pump-probe delay time longer than 1 ps; it con-
sisted exclusively of one-photon photoemission, as verified
by blocking the IR probe-laser light. To accurately analyze
each 2PPE spectrum, we subtracted the one-photon photo-
emission contribution using the 2PPE spectrum taken at a
pump-probe delay of 3 ps. Except for angle-resolved mea-
surements, all spectra were taken at normal emission. In
angle-resolved 2PPE experiments, we rotated the sample to
vary the angle of electron detection. Most 2PPE spectra pre-
sented here were recorded at a sample temperature of
~120 K. In the case of pentacene thin films, we have varied
the sample temperature in the range of 120-300 K and found
no significant difference in the energetics and dynamics of
IPS and CTE states.

Before presenting the results, we first illustrate what we
expect to see in a 2PPE spectrum. We use 2PPE spectroscopy
to probe the IPS and CTE on two types of surfaces: epitaxial
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FIG. 3. Schematic illustration of the 2PPE processes on mono-
layer pentacene/Bi (left) or multilayer pentacene (right) surfaces.
The dashed arrows represent the indirect mechanism for populating
the IPS via electron transfer from the substrate. This mechanism is
suppressed in multilayer pentacene films. In the multilayer sample,
higher photon energy is required to populate the IPS from the pen-
tacene HOMO.

monolayer and multilayers of pentacene or tetracene on the
Bi surface, and multilayers of the same molecules on Si. For
monolayer pentacene or tetracene on Bi while a CTE can
only be excited from the HOMO band of the molecule (cre-
ating a hole in the HOMO and an electron in the CTE state),
an IPS can be excited from either the HOMO or an occupied
state of the Bi substrate depending on photon energy. For
thicker films, the spatial overlap of the IPS wave function
with those of the substrate (Bi or Si) becomes negligible and
both CTE and IPS can only be excited from the HOMO.
These situations are illustrated in Fig. 3. Note that the two
different mechanisms for the populations of the image poten-
tial states are reflected in the dynamics. In the direct mecha-
nism (right), the IPS is populated instantaneously by the
pump-laser pulse (hv;) while in the indirect mechanism there
is a time delay between the population of the IPS and hv,.
This time delay is indeed observed for the IPS on monolayer
pentacene covered Bi(111).

III. RESULTS AND DISCUSSIONS

A. Numerical simulation

To aid the assignment of IPS and CT exciton states on
pentacene and tetracene surfaces, we first review numerical
simulation in a simplistic dielectric continuum model: a lo-
calized hole at an organic semiconductor surface and a free
electron on the vacuum side. The assumption of a fixed, lo-
calized hole is justified because the HOMO band of penta-
cene or tetracene is nearly flat near the I" point, correspond-
ing to heavy effective hole mass.”>!® The dielectric
continuum approximation is chosen for practical reasons
since microscopic treatments are intractable at present. As
will be shown below, it reasonably explains the observed IPS
and CTE states. Within this model, the single-particle Hamil-
tonian of the electron is
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FIG. 4. (Color online) Numerical solution to Eq. (2) with z,
=-2.7 A. The delocalized n=1 IPS band is located at binding en-
ergy Eg=0.4 eV and the localized CTEs are at Eg>0.4 eV. The
inset shows the parallel dispersion of the n=1 IPS. Also shown are
wave functions (in the xy plane) for the five lowest-energy CTE
states.
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where z is the surface normal with the image plane at z=0
and the hole at (0,0,z,). B=(e=1)/(e+1) and y=2/(g+1)
account for screening of the charges'” and =5.3 is the di-
electric constant of pentacene.'® g, is the vacuum permittiv-
ity and e is the electron charge. We solve the Schrodinger
equation numerically using the finite element method within
the COMSOL simulation software. These calculations return
the energy eigenfunctions and eigenvalues that can be di-
vided into two regions, Fig. 4. The first region with binding
energy Eg=0.4 eV is a band of delocalized states corre-
sponding to the n=1 IPS (see the parallel dispersion curve in
the inset of Fig. 4). The second region (Eg>0.4 eV) con-
sists of a series of localized CTE states, with some of the
wave functions shown in the figure. Perhaps the most impor-
tant distinction of the CTE from the IPS is that the latter is
delocalized (in the surface plane) and corresponds to a two-
dimensional free-electron continuum. The atomic hydrogen-
like CT exciton states bear resemblance to o and 7 reso-
nances for adsorbed alkali atoms on noble-metal surfaces, as
shown recently by Petek and co-workers.'>2? An excess elec-
tron in such an adsorbate resonance is bound by the compos-
ite image potentials, as well as the positively charged ionic
core of the adsorbed alkali atom. Note that in the adsorbed
alkaline atom system, the positive charge (ionic core) is out-
side of the surface and one needs to include the image po-
tential of the positive charge in constructing the
Hamiltonian.'>? It is different from Eq. (2) for the CT ex-
citon where the positive charge is inside the surface and the
effect of the interface is simply reflected in the 8 factor.!”

B. Epitaxial pentacene/Bi(111)

Figure 5 shows two sets of 2PPE spectra of pentacene/
Bi(111) at the indicated pump photon energies. The spectra
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FIG. 5. (Color online) 2PPE spectra from (a) monolayer
pentacene/Bi and (b) multilayer pentacene/Bi surfaces, with in-
creasing pump photon energy from bottom to top. The 2PPE inten-
sities are normalized by the peak value of CT-1s, and the energy
positions of CT-1s and IPS are indicated.

in the lower panel are taken on 1 ML pentacene/Bi(111). At
the lowest pump photon energy, hv;=4.17 eV, we observe
two distinct peaks resulting from the transient population of
two unoccupied states at energies of 3.02 and 3.46 eV, re-
spectively, above the Fermi level. As detailed in our prelimi-
nary paper,’ these two peaks correspond to the 1s CT exciton
and the n=1 IPS. The electron densities |¢4> of both states
are concentrated in the vacuum above the surface; physisorp-
tion of a layer of molecular dielectric, n-nonane (CyHy),
onto the 1 ML pentacene/Bi quenches both peaks. The initial
state of the CTE peak is the HOMO of pentacene which lies
~1.2 eV below the Fermi level.'® Thus, the 4.17 eV photon
energy is in resonance with the HOMO — CT;, transition. In
contrast, the initial state of the IPS at this photon energy lies
in the HOMO-LUMO gap of pentacene and must be located
in the Bi substrate. Indeed, the IPS peak disappears at this
photon energy for film thickness above 1 ML, as the prob-
ability of electron transfer from the Bi substrate vanishes.
When hv, increases to 4.28, 4.38, and 4.48 eV, we see more
CT excitons come into resonance. Among these hot CT ex-
citons, only the CT,, is distinctively observed. All other CT
excitons are not resolved due to spectral congestion. The hot
CT excitons can decay into lower-lying ones, as will be pre-
sented below. The work function determined from the
vacuum edge is 3.96 eV, consistent with ultraviolet photo-
emission results.'® Given this value, the binding energies of
the states with respect to the vacuum level are CT;=0.92,
CT,,=0.74, CT3,=0.58, and IPS=0.50 eV. The quantitative
results are summarized in Table 1.

As the CT excitons are formed at the surface of the pen-
tacene thin film via photoexcitation from the HOMO, their
formation is insensitive to film thickness. The upper panel in
Fig. 5 shows a set of 2PPE spectra from 7 ML pentacene/Bi
at the indicated photon energy energies (hv,=4.17-
4.77 eV). Again, at the lowest hv, (=4.17 eV) only the CT;
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TABLE I. Binding energies and lifetimes of the CT excitons and
IPS.

Surface and Binding energy  Lifetime
work function State (eV) (fs)
Monolayer Pc/Bi CTls 0.94+0.02 60+ 10
$=3.96 eV CT2s 0.74+0.02 35+10
CT3s 0.58 £0.02 55+10
IPS (n=1) 0.50£0.02 13510
Multilayer Pc/Bi CTls 0.92+0.02 100£20
$=3.91 eV CT2s 0.59+0.02 70+ 10
CT3s 0.46+0.05 55+10
IPS (n=1) 0.39+£0.02 95+10
Multilayer Pc/Si CTls 0.87£0.02 100+ 10
$=4.40 eV CT2s 0.65+0.02 70+ 10
CT3s 0.44+0.02 110£10
IPS (n=1) 0.35+£0.02 220£20
IPS (n=2) 0.09+0.02 250+ 20
Monolayer Tc/Bi IPS (n=1) 0.42+0.02 460+20
$=3.98 eV
Multilayer Tc/Si CTls 0.91+0.02 12010
$=4.40 eV CT2s 0.63+0.02 50=10
CTld 0.54+0.02 840+ 80
IPS (n=1) 0.32+£0.02 760 = 80

exciton is populated. With increasing photon energy, the
CT,, and then higher-lying CT excitons come into resonance.
At the highest pump photon energy (hv,=4.77), the n=1
image potential state also comes into resonance. In this case,
similar to the CT excitons, the IPS is also populated by pho-
toexcitation from the HOMO. However, in contrast to the CT
excitons, the excited electrons have sufficient energy to es-
cape the potential well due to the hole in the HOMO. Note
that, unlike the observation on 1 ML pentacene/Bi, transfer
of photoexcited electrons from the Bi substrate into the IPS
is negligible for pentacene film thickness =2 ML, and thus,
the IPS peak is not observed at photon energies below the
HOMO — IPS resonance.

Figure 6 shows a complete view of the CT excitons and
the n=1 IPS on 1 ML pentacene/Bi in time, energy, and
momentum spaces. The right panel is a pseudocolor repre-
sentation of parallel dispersion from angle-resolved measure-
ments. The IPS clearly exhibits a parabolic dispersion curve
which corresponds to an effective electron mass of mg
~ 1.5m, whereas the CTy,, CT,,, and CT;; states show no
measurable dispersion, which clearly sets them apart from
the dispersive IPS. Lack of dispersion of the CTE peaks can
have several reasons. First, it may be an effect of the spatial
localization of the CTE. Second, however, it has to be noted
that in probing the electron the photoemission process breaks
up the exciton. The momentum vector of the exciton is not
preserved in the emitted electron, as the hole can carry away
with an undetermined amount of momentum. Even if a CT
exciton possesses delocalization in the surface plane (due to
the delocalization of the hole in the HOMO band), the pho-
toemitted electron may show no dispersion.

PHYSICAL REVIEW B 80, 115214 (2009)

100 200 kcounts/s

E- EFermi (eV)

200 0 200 400 005 000 0.05
Ky (A7)

Pump-probe delay (fs)

FIG. 6. (Color online) Pseudocolor plot of time-resolved (left)
and angle-resolved (right) 2PPE spectra for monolayer pentacene/
Bi(111) taken at a pump photon energy of hv;=4.38 eV. The spec-
tra in the right panel were recorded at a pump-probe delay time of
80 fs for improved energy resolution.

The left panel in Fig. 6 is a pseudocolor plot of 2PPE
spectra taken at different pump-probe time delays. Each ver-
tical cut is a 2PPE spectrum taken at a particular pump-probe
delay while each horizontal cut is a pump-probe cross-cor-
relation (CC) curve at a particular electron energy. All the
CT excitons are short lived (lifetimes <100 fs) because they
are referenced to the high-lying image state and can readily
decay into Frenkel excitons within the organic semiconduc-
tor.

The dynamics of creation and decay of the IPS and the
CT excitons can be obtained from analysis of the CC curves.
We analyze each CC curve using a simple rate equation
model involving a convolution of an exponential response
function and the temporal profile of the pump pulse. This
simple model is the limiting case of the more rigorous opti-
cal Bloch equations if the dephasing time is much shorter
than the laser-pulse width.?! The correlation function is ob-
tained as the solution of the differential equation

dN

N
ZzR'Ipump(t_to)_;, (3)

where N() is the intermediate-state population; Loump 1s the
pump-pulse profile, and z, is time zero (center of the pump
pulse); R is a proportionality constant which contains the
excitation cross-section and initial-state density; 7 is the
intermediate-state decay time constant. The CC curve of
photoelectron intensity is then obtained by the convolution
of N(7) with the temporal profile of the probe pulse (well
described by a Gaussian pulse shape) and the photoioniza-
tion cross section (assumed to be constant). Practically, the
last convolution step is often not necessary if the associated
broadening can be included in (and is indistinguishable
from) the pump-pulse width.

Figure 7 shows CC curves for various states probed at two
pump photon energies for 1 ML pentacene/Bi(111). At the
lower photon energy which is in resonance with the
HOMO — CT |, transition, only the CT|, state is excited. Fit-
ting the CC curve to Eq. (3) shows that CT,, is populated
directly by hv, at 1,=0 and decays with a time constant of
7=56 =10 fs. However, fitting the CC curve of the IPS re-
quires an effective delay of #1y=44 = 10 fs. We believe this is
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FIG. 7. 2PPE cross-correlation curves of the CT excitons and
the IPS on IML pentacene/Bi(111) measured at hv,=4.17 eV
(lower) and 4.38 eV (upper). We determine the transient state life-
times by fitting to the rate equation model using a Gaussian pulse
profile. 7, is the temporal offset of the Gaussian with respect to zero
pump-probe delay and 7 is the exponential decay time. Dots repre-
sent raw data and solid lines are fits. The curves are normalized and
vertically offset for clarity.

a result of the indirect mechanism: photoexcitation in the Bi
substrate or at the Bi/pentacene interface, followed by elec-
tron transfer through the 1.5-nm-thick pentacene film to the
IPS on the pentacene surface. A more rigorous analysis re-
quires the addition of a source term in Eq. (3) but is not
feasible quantitatively in the absence of detailed knowledge
of the initial photoexcitation step.

At hv;=4.38 eV, CT excitons above CTj, are resonantly
excited. The highly excited states relax down the CT exciton
manifold, as evidenced by the sequential increase in the de-
lay time (7y=19, 35, and 51 fs for 3s, 2s, and ls, respec-
tively). This increase in the apparent delay times for popu-
lating lower-lying states is a qualitative measure of the
relaxation rate from a higher-lying CT exciton state to a
lower-lying one. This is in agreement with a common rule in
molecular photophysics: highly excited singlet electronic
states often quickly relax to lower-lying ones.

C. Polycrystalline pentacene on Si(111)

The IPS and CT exciton states are also observed on poly-
crystalline pentacene thin films formed on Si(111). An ad-
vantage of the silicon substrate over Bi is the much reduced
interference from one-photon photoemission. On the other
hand, the correct energy scale is more difficult to establish
due to the lack of spectral features from the substrate. For
this reason, we reference the energy scale to the vacuum
level which is determined from measured image state ener-
gies as described below. The pseudocolor plots in Fig. 8
show TR-2PPE spectra taken at different pump-probe time
delays from multilayer pentacene (>10 nm) on Si(I111) at
the indicated photon energies (hv,=4.17-4.77 eV). The
presentation of two-dimensional data in both time and energy
domains allows us to more clearly identify the CT exciton
states. At the lowest photon energy, hv;=4.17 eV, the spec-
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FIG. 8. (Color online) Pseudocolor plot of time-resolved 2PPE

spectra taken at the indicated photon energies (hv;=4.17—

4.77 eV) for multilayer pentacene (>10 nm) deposited on Si(111).
The electron energy scale is referenced to the Fermi level.

trum is dominated by the CT;, peak. With increasing photon
energy, we see hot CT excitons, particularly the well-
resolved CT,, and CTj,, come into resonance. As hv; is in-
creased to 4.59 eV and above, we also observe the image
states. At the highest photon energy (hv,=4.77 eV), in par-
ticular, we observe both n=1,2 image potential states. This
is more obvious in the individual spectra shown in Fig. 9.
There is photoelectron intensity at energy above 4.2 eV at
hv=4.77 eV. The upper panel reproduces this, with the low
binding-energy region scaled by a factor 20 to clearly reveal
a distinct peak assigned to the n=2 IPS. Also shown in the
graph are peaks of CT,,, CT,,, CTjs,, and the n=1 IPS ob-
tained from decomposition.

The observation of two IPS provides an alternative energy
reference since these states naturally align to the vacuum
level. On a dielectric surface, the binding energies of the
image potential states are given by

hv, = cT IPS,

4.77 eV

1s

2
[}
=
o
=
§
o
E T T | | T T T
Q<
©
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5
L
o

E-E

Fermi (eV)

FIG. 9. Lower: 2PPE spectra for 7 ML pentacene/Si(111) taken
at zero pump-probe delay and the indicated photon energies (hv,
=4.17-4.77 eV). The spectrum at hv;=4.77 eV is reproduced in
the upper panel, with the spectral region at binding energy
=0.2 eV scaled by 20X. Also shown is the decomposition (dashed
curves).
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085 eV [e-1)\2
Ba= T 2 , (4)

n= (a+n)? e+l

where n=1,2 is the quantum number; & (=5.3 for pentacene)
is the dielectric constant; a is the so-called quantum defect
and is related to penetration of the image state wave function
into the dielectric material (i.e., deviation from a hard wall at
the pentacene/vacuum interface). Fitting the experimentally
determined energetic positions of the n=1,2 states to Eq. (4)
yields the vacuum level with respect to the instrument Fermi
level (4.40 eV) and a small quantum defect of a=0.06. The
binding energies of the CT excitons and IPS states are
CT;=0.87 eV, CTy=0.65 eV, CT;3=044 eV, IPS,
=0.35 eV, and IPS,=0.09 eV. The first four values are in
close agreement with numerical simulations in Fig. 4. Note
that Eq. (4) does not correctly describe the monolayer system
discussed in the previous section. There, we found that the
IPS,; binding energy is 0.15 eV larger. This additional bind-
ing energy occurs due to the proximity of the highly polar-
izable bismuth substrate. By the same account, the CTE en-
ergies are affected not as much since the CTE consists of an
electron and a hole which induce polarization of opposite
sign. Located further away from the Bi/pentacene interface,
the hole is better screened than the electron, which results in
a slightly weaker binding energy on the monolayer than on
the multilayer system.

Similar to the monolayer surface, the IPS and CT exciton
states on the polycrystalline pentacene surface are short
lived. Cross-correlation analysis of data in Fig. 8 yields tran-
sient state lifetimes of 220+ 20 fs and 25020 fs for the
n=1 and 2 IPS, respectively. The lifetimes of the CT exci-
tons are 7=100=*=10 fs, 7010 fs, and 110=*= 10 fs, for the
CT,,, CT,,, and CTj,, respectively. Since the image potential
states are less bound than the CT excitons, we expect |¢{* of
an IPS to be further into the vacuum and possess a longer
lifetime than those of a CT exciton. A more quantitative un-
derstanding of the differences in these lifetimes requires the-
oretical analysis of dynamics in the IPS and CTEs; this is a
formidable task at the present time.

D. Tetracene

Image potential states or resonances can exist on all po-
larizable surfaces. Similarly, we predict that CT excitons
should be general to organic semiconductor surfaces, given
the relatively narrow valence-band width and the localization
of the hole. In addition to pentacene, we have investigated
the IPS and CT excitons on a closely related organic semi-
conductor, tetracene. We first focus on monolayer epitaxial
tetracene/Bi(111).

On the monolayer tetracene/Bi surface, TR-2PPE mea-
surement only reveals the image potential state, not the CT
excitons. This is shown in the pseudocolor representation in
Fig. 10. The identity of the n=1 IPS is verified by the free-
electronlike parallel dispersion in the right panel. Note that
the short-lived feature at energy above the IPS on tetracene is
the n=1 image state on small areas of bare Bi(111) surface.??
The work function of the monolayer tetracene covered sur-
face is $=3.98 eV. This gives a binding energy of 0.42 for
the n=1 image potential state. The n=1 IPS is relatively long
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FIG. 10. (Color online) Pseudocolor plot of angle-resolved
(right) and time-resolved (left) 2PPE spectra for monolayer
tetracene/Bi(111) taken at a pump photon energy of hv,=4.17 eV.
The spectra in the right panel were recorded at a zero pump-probe
delay time. The dashed curve is free-electron dispersion.

lived, 7=460=*20 fs; we believe it is energetically located
in the gaps of LUMO+x bands of tetracene.

As on monolayer pentacene/Bi, the IPS on monolayer
tetracene/Bi(111) is populated via indirect photoexcitation
from Bi states at or near the Fermi level. The HOMO of
tetracene lies deeper in energy than that of pentacene and is
estimated to be ~1.3 eV below the Fermi level.>*** Based
on the estimated positions of CT excitons, we need photon
energies more than 0.1 eV higher than that used in Fig. 10 to
reach the CT exciton resonances but a higher photon energy
results in a dramatic increase in the interfering one-photon
photoemission signal. Analogously to the pentacene experi-
ments, we turn to tetracene thin films deposited on the
Si(111) substrate to overcome difficulties due to intense one-
photon photoemission and reference the binding-energy scale
according to the observed energy position of the IPS and Eq.
(4), using a dielectric constant of £=4.7 for tetracene'®?* and
assuming the same small quantum-defect parameter (a
=0.06) as determined for pentacene.

421

-

3.4F

4.28 ¢V |

200 0 200 400 600 800
Pump-probe delay (fs)

FIG. 11. (Color online) Pseudocolor plot of time-resolved 2PPE
spectra taken at the indicated photon energies (hv;=4.17—
4.77 eV) for multilayer tetracene (>10 nm) deposited on Si(111).
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Figure 11 shows pseudocolor plots of TR-2PPE spectra
taken at different pump-probe time delays from multilayer
tetracene (>10 nm) on Si(111) at the indicated photon en-
ergies (hv;=4.17-4.77 eV). Similar to the observation on
polycrystalline pentacene, we again see a series of CT exci-
tons coming into resonance with increasing pump photon
energy. The binding energies and decay times (in parenthe-
ses) of these states are CT;, (0.91 eV, 12010 fs); CT,
(0.63 eV, 5010 fs); “u” (0.54 eV, 84080 fs); and the
n=1 TIPS (0.32 eV, 760 =80 fs). The peak labeled u at 0.09
eV above CT,, stands out for its long lifetime. This is at a
similar energetic position as the CT;, state predicted from
the dielectric continuum model in Fig. 4. The unusually long
lifetime may be related to its symmetry which inhibits the
decay into a Frenkel exciton in tetracene or lower-lying CT
exciton state at the surface. In principle, photoemission in the
surface-normal direction should be forbidden for states with
in-plane nodes. However, the multilayer tetracene thin de-
posited on Si(111) is polycrystalline in nature. The polycrys-
tallinity and disorder should relax the selection for photo-
emission.

E. Quantitative summary

The experimentally determined binding energies and life-
times of the CT excitons and image potential states are sum-
marized in Table I. Note that the surface work function on
multilayer Pc/Si is higher than that on the multilayer Pc/Bi;
the difference may be attributed to band bending at the Pc/Si
interface.
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IV. CONCLUSIONS

This account establishes another type of optical excita-
tion, i.e., charge transfer excitons, on organic semiconductor
surfaces. While image potential states or resonances can ex-
ist on all polarizable surfaces because of the universal nature
of the image potential, CT excitons are of general signifi-
cance to nonmetal surfaces if the photogenerated hole is lo-
calized to the surface region and is not completely screened
by the dielectric response of the material. This is a common
situation in organic semiconductors with relatively narrow
valence-band width. In the examples presented here, crystal-
line pentacene and tetracene surfaces, we show the presence
of both image potential states and charge transfer excitons.
The IPS is essentially an upper limit of CTEs where the
electron is no longer confined by the electron-hole Coulomb
potential and is bound by the image potential only. The bind-
ing energies of these states agree well with solutions to the
atomic-H-like Schrédinger equation based on the image po-
tential and the electron-hole Coulomb potential.
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