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ABSTRACT Electronic level alignment at interfaces of molecular materials

-~ CoFs/Cu(111) el el
with inorganic semiconductors and metals controls many interfacial phenomena. Z %
3 3
How the intrinsic properties of the interacting systems define the electronic 2ML %Vi“% E N “E
structure of their interface remains one of the most important problems in My\\v\ ; &
molecular electronics and nanotechnology that can be solved through a = - !
B . - 3.8
combination of surface science experimental techniques and theoretical modeling. Bias (V)

In this article, we address this fundamental problem through experimental and computational studies of molecular electronic level alignment of thin films
of CsFs on noble metal surfaces. The unoccupied electronic structure of CgF4 is characterized with single molecule resolution using low-temperature
scanning tunneling microscopy-based constant-current distance-voltage spectroscopy. The experiments are performed on several noble metal surfaces with
different work functions and distinct surface-normal projected band structures. In parallel, the electronic structures of the quantum wells (QWs) formed by
the lowest unoccupied molecular orbital state of the CsF; monolayer and multilayer films and their alignment with respect to the vacuum level of the
metallic substrates are calculated by solving the Schrddinger equation for a semiempirical one-dimensional (1D) potential of the combined system using
input from density functional theory. Our analysis shows that the level alignment for CsFs molecules bound through weak van der Waals interactions to
noble metal surfaces is primarily defined by the image potential of metal, the electron affinity of the molecule, and the molecule surface distance. We

expect the same factors to determine the interfacial electronic structure for a broad range of molecule/metal interfaces.
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olecular materials have enormous

potential for applications in elec-

tronics and nanotechnology. The
emerging applications of molecule-based
electronics require a fundamental knowl-
edge of how the intrinsic properties of mol-
ecules and substrates define their interfacial
electronic structure." 8 Although there are
several experimental and theoretical meth-
ods, which could be applied to study the
interfacial electronic structure for such sys-
tems, to predict the electronic properties at
molecular/metal interfaces by a simple
method, which only requires the knowledge
of the noninteracting components, for ex-
ample like the Mott—Schottky®'® model for
the band alignment at semiconductor inter-
faces, would greatly advance our ability to
design novel molecule-based electronic
devices."" Sophisticated interfacial band
structure calculations based on the many-
body perturbation theory,''® which give
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an accurate description of the interfacial
screening, have been proven to give near-
quantitative agreement with experi-
ment.'*"> These methods, however, remain
highly computationally demanding and cos-
tly, constraining their applications in many
practical systems of interest, such as in
photocatalysis and photovoltaics.'®'”
Hexafluorobenzene (CgFs) molecular
quantum wells (QWs) present an intriguing
model for molecular semiconductors be-
cause they form interfaces with metal sub-
strates through weak dispersion forces, and
unusually, their lowest unoccupied molec-
ular (LUMO) orbitals on account of their o*
symmetry undergo intermolecular hybridi-
zation into a strongly dispersive conduction
band (CB)."® The unoccupied electronic
structure of highly ordered thin CgF¢ films
adsorbed on Cu(111) surfaces was first
studied using two-photon photoemission
(2PP) spectroscopy by Zhu, Wolf, and
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co-workers.'”~2> Unlike their aromatic hydrocarbon
counterparts, CgFg films grow in layered planar struc-
tures from the monolayer to multilayer films.'® For a
CgFs monolayer (ML) on a Cu(111) surface they found a
sharp resonance at 3.14 eV above the Fermi level (Eg),
which they attributed to the LUMO state-derived
quantum well that forms the molecular CB. Energy,
momentum, and coverage-dependent measurements
of the CB revealed nearly free electron (NFE) dispersion
corresponding to an effective mass of 2m, (m, is the
free electron mass) at 1 ML coverage; increasing the
layer thickness to 5 ML further enhanced the inter-
molecular interactions, decreasing both the band mass
to 1m. and the band minimum to 2.84 eV.?? Concomi-
tantly with completing 1 ML coverage, the n=1image
potential (IP) state of the bare Cu(111) surface disap-
peared, and no corresponding IP state of the CgFg
overlayer was found. Gahl et al. attributed the NFE
properties of the CB and disappearance of the IP state
to strong hybridization between them: in their model,
the NFE properties were not intrinsic to C¢Fe, but rather
were imparted by strong interaction between the IP
state and LUMO of C¢F¢ causing the strong downshift
of the resulting hybrid state.?

Subsequently, we reexamined the NFE band forma-
tion by the o* state of CgFs using single-molecule
resolved scanning tunneling microscopy (STM) and
first-principles calculations.'® These studies revealed
the superatom character of the ¢* state wave func-
tion,2®?” which has non-nuclear probability density
maxima. The wave function penetration beyond the
F atom periphery enables a strong intermolecular wave
function overlap imparting the NFE properties to CgFg
QWs even without molecule—surface interaction. The
diffuse nature of the o* orbital, originally found in DFT
calculations, was recently elaborated by the equation-
of-motion method.”® The role of the metal substrate,
and in particular the IP potential, in defining the
electronic structure at the C4Fg QW/metal interface,
however, remains unclear.

In this article, we elaborate the interfacial electronic
structure of CgF¢ thin films on different metal surfaces
by combined STM and electronic structure theory
methods. We perform low-temperature STM and scan-
ning tunneling spectroscopy (STS) experiments on
CgFs thin films with 0—3 ML coverage adsorbed on
four noble metal surfaces, Cu(111), Cu(110), Au(111),
and Au(100), which present a variety of work functions
and surface-projected band structures. These mea-
surements provide the molecular layer thickness
and metal substrate-dependent information about
the unoccupied electronic structure of noble metal—
supported CgFg QWs.

The experimental data are simulated by a theoretical
approach that has been shown to describe quantitatively
the electronic structure of alkali-atom—noble-metal
interfaces."*® To overcome the shortcomings of DFT,
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namely underestimation of the quasiparticle band gap
and failure to reproduce the long-range image poten-
tial, we extend the semiempirical approach for describ-
ing the surface electronic structure of metals of
Chulkov and co-workers to account for the modifica-
tion by molecular adsorbates.>° The Chulkov potentials
for different surfaces are parametrized to reproduce
the surface electronic structure (Shockley and image
potential surface states) as well as the bulk projected
band gaps within the s,p-conduction bands of typical
metals. They include the universal 1/4z dependence of
the image potentials of metals, in which z is the
distance from the image plane."**732 DFT calcula-
tions including dispersion forces provide the adsorp-
tion structures of the CgFg molecules. The surface
electronic structure is calculated by adding the per-
turbing adsorbate pseudopotential to the substrate
Chulkov potential and solving the resulting 1D Schro-
dinger equation for the combined system. Our analysis
indicates that for CgF¢ films on metal surfaces, the
image potential is the decisive factor in determining
the interfacial electronic level alignment. Nevertheless,
the IP states of the combined system, which penetrate
into the CB of C4Fg, are strongly perturbed and lose
their identity by interaction with the molecular over-
layer. We expect the same approach for calculating the
interfacial electronic structure to be broadly applicable
to other weakly coupled molecule—metal systems.

RESULTS AND DISCUSSION

STM Measurements of (;F; QWs on Different Noble Metal
Surfaces. Figure 1 gives the low temperature STM mea-
surements of the molecular and electronic structure of
CsFs QWs adsorbed on Cu(111), Au(111), Au(100), and
Cu(110) surfaces. Figure 1a shows an STM image of the
Cu(111) surface with bare regions and CgF¢ islands with
1—3 ML thickness. The first monolayer has a unit cell
with a lateral dimension of 0.74 £ 0.02 nm, in agree-
ment with the (3 x 3) superlattice structure observed
by low energy electron diffraction, as well at the real
space STM images.?? The next two layers have essen-
tially identical real-space structures with molecules of
subsequent layers aligning with the hollow sites of the
previous layer in an ABAB--- stacking. The planar
stacking in the first three layers contrasts with the
previously observed structure of thin films of benzene
on Cu surfaces,® where a herringbone structure
emerges in the second and higher MLs. The planar
stacking imaged by STM for 1—3 ML in Figure 1 is con-
sistent with NEXAFS studies, which show it to persist
for at least 10 CgFg layers on Cu(111).3* C4F¢ thin film
structures on Au(100)-(5 x 20) and Au(111)-(22 x +/3)
reconstructed surfaces are almost identical to the
structure on Cu(111) [Figure 1 panels b and ¢, top row].
On Au(100) and Au(111) surfaces the molecular layer
heights are modulated by the underlying metal sur-
face reconstructions.>>*® The rectangular unit cell
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Figure 1. STM images and dz/dV spectra of CsF¢ covered (a) Cu(111); (b) Au(111); (c) Au(100); and (d) Cu(110) surfaces.
The spectra are taken on the bare metal regions (bottom row) and 1—3 ML thick molecular quantum wells. The imaging
conditions for C¢F¢ multilayers are 9 pA current and 1.5 V bias voltage. The d//dV measurements are recorded at a constant

current of 9 pA.

dimensions of Cu(110) combined with the preferred
hexagonal tiling of C¢Fs molecules cause extended
molecular vacancy defects to appear at irregular inter-
vals within the ordered Cg4F4 overlayers [Figure 1d, top].
Such defects were also observed for the benzene
monolayer on Cu(1 10).3337

The dz/dV spectra measured locally on areas of the
surface with C4Fg thicknesses from 0 to 3 ML reveal the
electronic structure of the bare surfaces and C¢Fg QWs
(Figure 1, middle and bottom row). As in 2PP spec-
tra,’®?2 the IP states of the bare surface and resonance
peak associated with the ¢* LUMO of CsFg QWs are
observed. The new findings are (i) the observed reso-
nance energy strongly depends on the metal substrate,
and (ii) for Cu(111), Au(111), and Au(100) surfaces, the
observed resonance energy decreases with the in-
creasing thickness, whereas for the Cu(110) surface,
the opposite occurs.

The resonances in dz/dV spectra of the clean and
CgFs covered surfaces are at a higher energy by a
fraction of an eV than the corresponding states in the
2PP spectra, where the data are available. This sys-
tematic deviation between the two spectroscopic
methods has been attributed to a Stark shift induced
by the STM tip in dz/dV spectra.?”~3° We verified that at
the measurement current of 9 pA there is no current-
dependent Stark shift, only an offset from the 2PP re-
sonance energies. These offsets are not caused by the
tip morphology as judged by the better than 20 meV
reproducibilities of the resonance energies. Table 1
presents the observed Stark shifts for IP states obtained
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TABLE 1. Stark Shift of the dz/dV Spectroscopic Features
Representing the Difference between the Observed
Energies of the n = 1 IP States from 2PP and STM
Measurements Presented in Reference 38

Cu(111) Au(111) Au(100) Cu(110)
n=1/eV) (STM) 4.44 5.55 5.18 4.98
n=1/eV) (2PP) 4n 4389 4.84 4.00
Stark shift (eV) 033 0.66 0.34 1.0

in ref 38. Similar Stark shifts are also present in dz/dV
measurements of CgFs QW energies, but are only
known for the Cu(111) substrate. From the comparison
between our dz/dV energies with the previous 2PP
measurements in ref 22 on Cu(111), we find a Stark shift
of 0.25 eV, which is comparable with 0.33 eV for the n =
1 IP state reported in ref 38. Because there are no
corresponding 2PP results available for the other metal
surfaces, we use the Stark shift values for IP states from
ref 38 to correct the QW energies found in the STM
measurements.

Electronic Structure of C4Fs on Cu(111), Au(111) and Au(100)
Surfaces. The electronic structure of CgFg on Cu(111),
Au(111), and Au(100), as determined from dz/dV spec-
tra, can be easily understood from their corresponding
1D model potentials by solving for the eigenvalues.
Figure 2a presents the 1D model potential of 1 ML CgFg
onaCu(111) surface, in which z=0is set to the position
of an image plane of a bare surface.>° The position of
the QW center, that is, the adsorption distance (Z,4s) of
CgFs from the image plane of Cu(111) obtained from
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Figure 2. (a and c) The 1D potentials for one and two molecule

thick QWs of CsF on a Cu(111) surface. (b) The probability

densities for a free CgFs QW, the n = 1 IP state of clean Cu(111) surface, and the 1 ML thick C¢Fs QW on a Cu(111) surface for the

potential in panel a. (d) The probability densities of the bonding

and antibonding states of 2 ML thick C¢F¢ QW on a Cu(111)

surface for the potential in panel c. (e) The densities of states (DOS) of the clean Cu(111) surface, as well as 1 and 2 ML C¢Fs QW's
on a Cu(111) surface calculated from the 1D potentials, such as in Figure 1 panels a and c.

DFT-D calculations, which include the van der Waals
interaction through a semiempirical dispersion poten-
tial, is 1.96 A. The eigenstates of the potential obtained
by solving the 1D Schrédinger equation give the first
QW state at —1.6 eV with respect to the vacuum level
(Ey). According to the STM results, the C¢F¢ resonance
peak in Figure 1a is 3.35 eV above E¢. If we subtract a
Stark shift of 0.33 eV (Table 1) and use 4.63 eV for the
work function of CsFs/Cu(111),>> then the STM mea-
surement implies a binding energy of —1.61 eV, in
good agreement with the 1D model potential calcula-
tion. The QW energies obtained by 1D model potential,
STM measurements, and 2PP measurements are sum-
marized in Table 2.

The 1D wave function of the QW state is plotted in
Figure 2b together with the unsupported QW state and
the n = 1 IP state of the bare Cu(111) surface. The QW
state wave function obtained by solving the Schrodin-
ger equation shows that it is primarily bound to the
QW, but that it also penetrates into the surface and has
image potential character. On one hand, the wave
function has the largest probability localized in the
QW, maintaining the character of the QW state of the
isolated monolayer. On the other hand, the wave fun-
ction also has some characteristics of the image
potential state having similar penetration into the
surface, maximum amplitude at approximately the
same distance from the image plane, and a tail extend-
ing into the vacuum. In this sense, the electronic
properties of the QW at the interface can be under-
stood in terms of penetration of the n =1 IP state of the
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TABLE 2. Calculated Z,4; and the QW State Energies with
Respect to Er from STM Measurements, 2PP Spectra, and
1D Model Potential Calculation

Cu(111) Au(111) Au(100) Cu(110)

Zugs (B) 1 ML (DFT) 197 202 224 211
Fqw (eV) 1ML (STM) 3.04 3.27 3.75
1 ML (model) 3.03 330 3.79
1ML (2PP) 3.15
1ML (DFT) 20 26 15 22
2 ML (STM) 2.88 3.09 3.55
2 ML (model) 2.84 312 3.57
2 ML (2PP) 297
3 ML (STM) 276
3 ML (model) 272
3 ML (2PP) 2.90
Ep (eV) 1ML (STM) 36
1 ML (model) 4.0
2 ML (STM) 41
2 ML (model) 42

Cu(111) surface into the CB of the CgFg QW state. This is
consistent with the weak sensitivity of the energy and
lifetime of the C¢Fs QW state to adsorption of an
insulating Xe overlayer on top of C¢F¢ molecular films,
which strongly perturbs conventional IP states.*?
Furthermore, there is no additional state distinct from
the QW state that is a solution of the 1D potential, which
could be assigned to the n=1 IP state, as reported in 2PP
studies.? The Schrodinger equation allows for the n > 1
solutions converging the vacuum level, which both
penetrate into the QW state and extend into the
vacuum. These states do not appear prominently in
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either the STM and 2PP measurements, except for the
case of Cu(110), which we will discuss in more detail.

The resonance energy downshift of 2 ML C4Fg on
Cu(111) can also be explained by using a two-layer QW
to describe the system, as shown in Figure 2c). The
second CgFg layer is located at 0.31 nm above the first
according to the DFT-D calculations. For the 2 ML case,
the QW supports two states with eigenenergies of
—1.79 and —0.66 eV corresponding to a bonding and
antibonding interaction pair. As for the 1 ML QW, only
the lowest energy bonding state appears prominently
in the dz/dV spectra; its energy downshift by 0.19 eV
agrees with the dz/dV and 2PP spectra.?? In Figure 2e
the density of states (DOS) of Cu(111) and 1 and 2 ML of
CgFs on Cu(111) are plotted. Using the same method,
the QW states of 3 ML CgFg could be obtained. The
resonance energy downshift of the bonding QW state
is in good agreement with the STM measurements
after subtracting the Stark shift (Table 2).

The electronic structure of CgFg on Au(111) and
Au(100) could also be interpreted as for Cu(111), using
a QW potential for C¢F¢ plus the corresponding Chulk-
ov's model potentials for the substrates.>® To compare
with the experimental binding energy of the lowest
QW state, we need to estimate the work functions of
Au(111) and Au(100) with CgFs adsorption. We note
that the work function decrease of CgFg on Cu(111) is
0.32 eV,®® which is induced by the Pauli repulsion
between the metal surface and adsorbate charge den-
sities resulting in charge redistribution.*® Because the
interaction of C¢F¢ with different metal surfaces is quite
similar, and no independent experimental measure-
ments are available, we use the same work function
decrease for all the metal surfaces discussed in this
report. On the basis of this assumption, the calculated
QW states resonance energies are in good agreement
with the STM measurements as shown in Table 2.

One can see that the binding energy of the QW
state is the highest on the Au(111) surface and lowest
for the Au(100) surface. This could be understood from
an additional interaction, namely the electronic hybri-
dization repulsion between the QW state and the
Shockley surface state on (111) surfaces of noble
metals, which stabilizes the Shockley and destabilizes
the QW state. Because the surface state energies of
Au(111), Cu(111), and Au(100) are at —6.05, —5.52, and
—3.87 eV with respect to E,, respectively, the repulsion
between the QW state with the surface is the strongest
for the Au(100) surface since the energy difference
between the surface state [in the case of Au(100) it is a
resonance] and the QW state is the smallest. For the
same reason, the repulsion between the most deeply
bound Shockley surface state and QW state is weakest
for the Au(111) surface. These additional substrates
have different work functions, intrinsic surface state
energies, and projected band gaps, which are captured
by the Chulkov potential, and therefore it is expected
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that such details would be reflected in the calculated
properties of the QW state.

Electronic Structure of (;F; on the Cu(110) Surface. The
electronic structure of CgFg on the Cu(110) surface
shows distinct behavior from the other surfaces.
The two significant differences between Cu(110) and
the other three surfaces are first, the resonance energies
are higher, and consequently the binding energies are
lower, than for the other surfaces; and second, counter-
intuitively the resonance energy increases instead of
decreasing on going from 1 to 2 ML C¢Fg QW.

These distinct characteristics could be due to the
CgFs QWs being resonant with the bulk continuum of
Cu(110) at the T point, whereas for the other surfaces
the QWs exist within a projected band gap [Cu(111)
and Au(100)] or at the band edge of the bulk bands
[Au(111)]. To simulate this surface, a jellium model
including the image potential is used as shown in
Figure 3a,c. The strong broadening exceeding 1 eV of
the QW DOS seen in Figure 3e is a consequence of their
hybridization with the resonant bulk bands.

In the case of strong resonant broadening due to
the coupling with a continuum, the surface electronic
structure subject to the resonant scattering should be
described by the resonance trapping model, which
was discussed in ref 41. According to Hofer and co-
workers, in the case of a single surface localized state
coupling with a bulk continuum, the level simply
broadens with the increasing coupling.*! If the poten-
tial, however, supports two or more states, a more
complex outcome ensues. Interpreting 2PP spectra of
the strongly coupled image potential states of the pro-
totypical jellium metal, Al(100), Hofer and co-workers
found that the n = 1 resonance DOS is suppressed
and its density is distributed among higher states,
whereas the n > 2 IP resonances appear with narrower
line widths than would be expected by considering the
coupling of each state individually.*' In the resonance
coupling model, the coupling between the discrete
state and the continuum is transferred to the lowest
state of the series, as evidenced by its broadening, and
suppressed for the higher order states.

The same physics appears to be also affecting the
surface electronic structure of CgFg QWs on Cu(110).
The jellium model calculation in Figure 3e indicates a
large broadening of QW states, which increases with
the number of C¢Fs monolayers, whereas the higher
order IP states above them remain relatively narrow,
and their widths decrease. The qualitative difference in
the coupling of the QW states and the higher order IP
states can also be seen in the wave function penetra-
tion into the substrate in Figure 3b,d. The increased
coupling of both the bonding state and the antibond-
ing state for 2 ML CeF¢ with the bulk continuum
increases the width of the QW DOS and pushes the
high order IP states to higher energy, consistent with
the resonance trapping model. Table 2 gives the
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Figure 3. (a and c) The 1D potentials for one and two molecule thick QWs of CsFs on a Cu(110) surface. (b) The probability
densities of high order IP states of a clean Cu(110) surface, and the 1 ML thick CsFs QW on a Cu(110) surface for the potential in
panel a. (d) The probability densities of the QW states and high order IP states of 2 ML thick C¢Fs QW on a Cu(110) surface for
the potential in panel b. (e) The densities of states (DOS) of 1 and 2 ML CsFs QWs on a Cu(110) surface calculated from the 1D

potentials, such as in Figure 2a,b.

energies of the high order IP states obtained by the
model potential, which agree well with the behavior of
the observed resonance in the STM measurements on
CgFs/Cu(110) films, if the experimentally observed
resonance is attributed to them rather than the QW
states. Thus, we conclude that the exceptional beha-
vior of CgFs/Cu(110) surfaces can be attributed to ex-
treme broadening of the QW state, which is not ob-
served in dI/dV measurements, and the accompanying
upshift of the higher order IP states, which appear as a
resonance in the absence of the QW state.

It is interesting to contrast our observations for the
unoccupied electronic structure of CgFs on Cu(110)
with the case of benzoate adsorption on the same
surface.*? For benzoate adsorbed in an upright geo-
metry on Cu(110) a very sharp n = 1 image potential
state was observed whose response to the local mo-
lecular environment could be captured within an
effective dielectric continuum model. Unlike C4Fg, ben-
zoate is not a strong electron acceptor and an intrinsic
molecular quantum well would not form. When com-
bined with spatial wave function decoupling due to the
upright adsorption geometry, this leads to a weaker
coupling to the Cu(110) bulk continuum states and
thus avoids the resonance trapping that suppresses
the n = 1 state for C4F¢ adsorbates.

Universal Image Potential Effects on Quantum Well States.
Although the resonance energy of the CgFs QW state
depends on the properties of the surface support, our
analysis shows that the most important property of a
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metal that determines the resonance energy is the
universal image potential. The image potential is in-
cluded in our model potentials, but is missing from
theoretical methods that do not include the long-
range exchange-correlation interaction, such as most
forms of DFT.3? In Figure 4a we plot the QW state
energy dependence on the Z,4s measured from the
image plane of Cu(111), Au(111), and Au(100) surfaces
that we investigated. When Z,4; is infinite, that is, for
single layer C4F, the QW state energy is that of the free
monolayer; that is, Ex = —0.39 eV.'8% As the CoFg QW
approaches the surface, the QW state energy initially
decreases following the same 1/4z dependence as the
image potential. In the absence of other interactions,
the C¢Fs QW state energy would follow the universal
En—1/4z curve, also shown in Figure 4a, for every
surface. When the distance is smaller than around
6 A, the QW state starts to hybridize with the surface
and bulk states of the substrate; thereupon their bind-
ing energies with respect to E, start to deviate from the
Epn—1/4z curve. The interaction with the substrate is
predominantly repulsive causing the QW state to be
pushed above the Ex—1/4z curve through the hybridi-
zation with surface states and resonances.*?

The Z,4, for the three surfaces in Figure 4a varies
from 1.97 to 2.24 A, as indicated by the circles. In the
case of physisorption Z,4 is determined by a balance
of van der Waals attraction and Pauli repulsion."” At
these distances the most significant electronic interac-
tion, which stabilizes the QW state energy by more
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binding energy on the distance between the molecular
and the image planes for the metal Cu(111), Au(111), and
Au(100) surfaces. The E5—1/4z curve represents the univer-
sal behavior of the QW state binding energy in the absence
of hybridization-induced level repulsion. (b) The resonance
energies with respect to the E; obtained by STM, 1D model
potential and DFT for 1 and 2 ML of C¢Fs adsorbed on
different metal surfaces. The solid and dashed lines connect
the binding energy of different coverage C4F4 obtained by
model potential and STM experiments.

than —2 eV, is still the image charge attraction. There-
fore, the differences from the Ep—1/4z curve to the
calculated binding energies of —1.85 to —1.35 eV at
the Z,qs represent the hybridization-induced state
repulsion.

The universal electronic structure of CgF¢ on differ-
ent metals is anticipated in our studies of the electronic
structure of alkali atoms on metal surfaces.'’? In the
case of alkali atoms, one electron is transferred to the
metal in the chemisorbed state, forming essentially a
pure ionic bond with the substrate.** The energy level
alignment of alkali atom LUMO, which is populated to
form the neutral alkali atom adsorbate, is determined
by the Coulomb interaction of the valence electron
with its own image charge and that of the positive ion
core. In the case of C4F¢ physisorption, the charge
transfer is negligible and its LUMO has anionic char-
acter. The LUMO energy level alignment is defined by
the image charge interaction of the anionic LUMO with
the metal surface. Our results clearly show that if the
electronic states of the anion formed by localizing an
electron in the LUMO of the adsorbate, rather than
having it shared with the surface in a covalent bond,
then the electronic level alignment mostly depends on
the image charge effects.

Our model confirms the crucial role of image charge
effects for the molecular orbital energy level alignment
of weakly coupled molecules on metals. The dominant
image potential, however, is frequently not included,
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for example, in DFT calculations. In Figure 4b we have
plotted the energy of the 1 ML CgFg conduction band
minimum for the four metal surfaces obtained by DFT
calculations using the PBE functional, together with the
results obtained by model potential and STM experi-
ments. One can see that the DFT results show large
deviation most likely due to the well-known under-
estimation of the quasiparticle band gap,* in addition
to the exclusion of the image potential. Higher level
first-principles calculations for example within the GW
approximation are able to predict the molecular elec-
tronic levels at solid—molecule interfaces, though their
computational cost is much higher.'*'* Yet the results
of GW calculations also show that as long as LUMO and
HOMO are localized on the adsorbate, their energy
alignment follows the 1/4z trend of image potential, in
agreement with our much simpler approach. In the
case that HOMO and LUMO are delocalized, DFT level
theory results can be corrected provided one accounts
for the anisotropic screening at the molecule/metal
interface.'*'?

Failures of the Model. One prediction of our model,
which is not fully confirmed by the STM experiments, is
the existence of the antibonding state for 2 ML quan-
tum wells. Figure 2e suggests that such a state should
exist ~1 eV above the bonding state, but it is has not
been identified in our experiments. Gahl et al. report an
additional peak ~0.4 eV above the bonding state in
2PP spectra to CgFs QWSs with 3—5 ML thickness, which
they attributed to a higher order QW state.® This
feature is hardly observable in 2PP spectra of 3 ML
owing to its large width and short lifetime compared
with the bonding state. Considering the low signal
level in 2PP spectra, we assume that such higher order
states make insufficient contribution to the tunneling
probability to be observed as distinct resonances in the
dz/dV spectra. In fact, we can only see the higher-order
states in the case of the Cu(110) surface, when the
primary bonding state is too broad to detect because
of its coupling with the bulk continuum. Thus, it is likely
that the higher-order states exist, but their contribu-
tions are obscured by the intense bonding state in the
dz/dV spectra.

Other Semiempirical Models. In a significant body of
literature on molecular electronics, it is assumed that
the frontier level alignment is determined by the
interfacial dipole, and the consequent work function
change, that occurs when a molecular overlayer is
brought into contact with a substrate.***’” The inter-
face dipole effect is a consequence of adsorption
induced charge transfer, and thus depends on the type
of molecule—surface interactions, for example, chemi-
sorption vs physisorption, as well as direction of the
charge flow. The image charge effect always stabilizes
the frontier orbitals of adsorbates by a magnitude that
depends on the molecular distance from the image
plane, and can easily exceed —2 eV for typical
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physisorption distances. In the case of CsFs QWSs on a
Cu(111) surface, 2PP measurements give the work
function change due to the interface dipole only
—0.3 eV, whereas the image charge and hybridization
shifts for the Au and Cu surfaces, which are reported in
Figure 4, exceed —1 eV. Polarization effects are also
important on semiconductor surfaces, but are not as
pronounced as on metals.'® Therefore, the relative
importance of the interface dipole versus image
charge effects also depends on the nature of the
substrate.

Another approach to the calculation of the inter-
facial electronic structure is the dielectric continuum
model (DCM),*®° which was applied by Gahl et al. to
interpretation of CsFs QW electronic structure for 1—
5 ML coverage.®® They considered DCM to give an
unsatisfactory account of the coverage dependence of
the C4Fs QW state energies, because it could not
reproduce the higher order states. The failure of the
DCM model, however, could have been in part due to
the incorrect assumption that the second and higher
monolayers of CsFg adopt the upright structure of
benzene bilayer and multilayers.3®* Moreover, DCM
models the electronic properties of the overlayer
with a dielectric constant and electron affinity, which
are uniform throughout the overlayer, and thus do
not represent the physical situation accurately. The

METHODS

The STM measurements are performed at ~5K under ultrahigh
vacuum conditions. Because C¢Fs is relatively weakly bound on
metals,>' tunneling spectroscopy in constant height current—
voltage mode is not feasible; tip-induced motion or reaction
prevent measurements at large tip—sample biases required to
probe the CB of C¢Fs. To perform electronic spectroscopy, there-
fore, we adopt the constant current distance—voltage, z(V) mode.
In this measurement, the constant current feedback loop is
engaged while the tip—sample bias is increased; to maintain a
small tunneling current the tip retracts from the surface. The tip
displacement z is measured as a function of tip—sample bias V;
the signature of resonant tunneling appears in abrupt displace-
ment of the tip as the voltage is scanned through surface
resonances. This spectroscopic mode has been successfully
applied to studies of electronic structures of bare and mole-
cule-covered surfaces at bias voltages approaching and even
exceeding the vacuum level,'8°%°'

The metal substrate surfaces are prepared within a prepara-
tion chamber by standard surface science techniques and
transferred through a gate valve to the STM measurement
chamber. CgFs molecules purified by several freeze—
pump—thaw cycles are dosed onto the metal substrates at
surface temperatures between 10 and 100 K within the STM
chamber. STM images are measured with electrochemically
etched tungsten tips. For distance—voltage measurements,
the STM tip is positioned above the approximate center of
molecular features. All dz/dV spectra presented in this work are
the average of several z(V) measurements on either different
molecules or different points on the bare substrate; the aver-
aged measurements are subsequently numerically differen-
tiated to identify the tunneling resonances.

The theoretical investigations are carried out by a combina-
tion of first-principles and model potential calculations. The
adsorption structures are obtained from DFT calculations
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description of the C¢F¢ overlayers in the present model
with theoretically motivated pseudopotentials pro-
vides a more realistic description of the metal—
molecule interface and thus is expected to be more
successful than the DCM approach.

CONCLUSIONS

Using STM measurements and 1D model potential,
we have investigated the electronic level alignment of
CgF on different metal surfaces. The alignment of CgFg
QW LUMO on different metal surfaces observed by dz/
dV spectroscopy using STM could be explained using a
1D model potential including the binding of C¢Fs QW
and 1D semiempirical potential to describe the image
charge effects and the electronic hybridization with
the surface and bulk bands of the metal substrate. Our
study reveals that for weakly coupled molecular/metal
systems, image potential and the molecular electron
affinity play the dominant roles in determining the
electronic level alignment at the molecule/metal inter-
face. The properties of the substrate, such as the work
function and Pauli repulsion from the surface charge
density, also have important roles, which can produce
significant substrate dependence of the unoccupied
state binding energy. We expect our study to provide
valuable insights into the design of molecule/metal
interfaces with desired electronic properties.

including dispersion interactions. Plane-wave basis set DFT
electronic structure calculations with a cutoff energy of 400 eV
using the generalized gradient approximation are performed
with the PBE functional® as implemented in the Vienna ab initio
simulation package (VASP).>>~> The projector augmented
wave method describes the electron—ion interaction.”® The
surfaces are represented with a six-layer metal atom slab with
CgFs placed on one side including the dipole moment correc-
tion and 1.5 nm thick vacuum. The CgF¢ adsorption on Cu(111),
Cu(110), and Au(111) surfaces is modeled with one molecule per
substrate (3 x 3) unit cell, whereas for Au(100) a (2 x 2) unit cell
is adopted. To account for the dispersion interaction, the
structures are calculated with the DFT-D approach adding a
semiempirical dispersion potential to the Kohn—Sham DFT
energy.”’

The surface electronic structure of C¢Fs overlayers is de-
scribed by a 1D quantum well (QW) model potential. Modeling
the surface electronic structure of CgF¢ layers with a 1D surface-
normal QW potential is appropriate because of the NFE proper-
ties of the molecular LUMO. The fully screened potential, there-
fore, varies only in the z direction as

T
V = Ao+ A cos(Blz| +7) |z] <z 73 (1)

T
— -z

VAzexp[ﬂ<z+ﬂ )} lz| >z 7% 2

Equations 1 and 2 contain six parameters: Ao, A1, B, 21, A2, @, but
only three are independent because the potential and its first
derivative are required to be continuous. We chose A = —1.8,
A;=1.0and 8 =4.0 to fit the model potential, where Ao, A}, and
p determine the depth and the width of the QW. The QW
parameters are adjusted until the potential reproduces the
electron affinity (Ex) of unsupported 1 ML CgFs, which is
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determined by the E, of a single molecule (0.135 eV)?® plus the
energy stabilization associated with the intermolecular band
formation (0.25 eV);'® the double QW of an unsupported
molecular bilayer has an energy splitting between the bonding
and antibonding states of 0.8 eV, which is close to 0.9 eV given
by the plane wave DFT calculations.

The Cu(111), Au(111), and Au(100) surfaces are described by
1D potentials developed by Chulkov et al*® to reproduce the
respective projected band gaps and the surface states. To
reproduce the image potential states, the Chulkov potential
includes the long-range image potential, which has the 1/4z
dependence beyond the image pIane.31 The Cu(110) surface
does not have a projected band gap at the I" point, and therefore,
we simulate it using the jellium model. Because DFT calculations
show that C¢Fg molecules interact with the metal surfaces mainly
through the dispersion forces and the charge transfer between
them is negligible, we build the 1D model potential for the C4Fs/
metal interface by adding the metal and QW potentials with the
molecular plane located relative to the metal surface plane
according to the adsorption height given by the DFT-D calcula-
tions. Finally, solving the Schrédinger equation gives the binding
energies and 1D wave functions of the bound states.
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