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Observation of electron two-dimensional standing-wave patterns at the surface
of an insulating layer by scanning tunneling microscopy
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Electron standing wave patterns around single hexa-peri-hexabenzocoronene (HBC) molecules adsorbed on
the surface of thin KBr(001) films grown on Ag(111) are observed by scanning tunneling microscopy. We
suggest that they result from the scattering, by the molecules, of the electrons populating the surface resonance
associated with the lowest image potential state of the insulating film on a metal system. These patterns are nearly
independent on the thickness of the film from two to five KBr monolayers, implying that they are localized near
the surface of the insulating film. The electrons exhibit a parabolic dispersion relation which yields an effective

mass m* = 0.62 £ 0.2 m,.
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I. INTRODUCTION

Electron standing wave (SW) patterns have been repeat-
edly observed on the (111) planes of noble crystals by scan-
ning tunneling microscopy (STM) and spectroscopy (STS).
They result from the scattering of the electrons populating the
Shockley-type surface state that is present on these surfaces
by defects such as steps [1,2], atoms [3] or molecules [4].
These SW patterns have been studied in great detail, providing
useful information on the dispersion relation [1,2] and dynam-
ics [5] of the electrons in these states. The direct imaging
of the Fermi surface contour on a metal surface by STM
was demonstrated by calculating the power spectrum of the
constant current image of the pattern generated by a random
distribution of point-like surface defects [6]. This finding gave
birth to the “Fourier transform-STM” technique, which has
strongly contributed to the understanding of the electronic
structure of high-temperature (high-7,) superconductors [7].

More recently, these techniques have been used to study the
two-dimensional (2D) electron gas associated with the field
emission resonances (FER) [8—10], which are accessible by
STM and STS by monitoring constant current Z(V) spectra
and their derivative dZ/dV [11-13]. In the absence of any
applied electric field, electrons can be trapped near the surface
in image potential states (IPS), which are formed by the inter-
action of the electron with its image charge in the substrate [8].
When the surface is investigated by STM, the applied electric
field causes a Stark shift, and these states evolve continuously
toward the geometric resonance spectrum associated with the
triangular potential created by the substrate and the field [13],
as investigated by Gundlach [14].

In this paper, we report on the STM observation of SW
patterns around single hexa-peri-hexabenzocoronene (HBC)
molecules [inset in Fig. 1(a)] adsorbed on the surface of
thin KBr(001) films grown on Ag(111). We suggest that
these patterns correspond to standing waves formed by the
scattering of the electrons populating the lowest energy FER
of the system by the molecules. We demonstrate that the 2D
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electron gas associated with this FER is localized near the
surface of the insulating film. Finally, we extract the electron
dispersion relation and discuss the specificity of the molecule
as an electron scattering center.

II. EXPERIMENTAL METHODS

The experiments are performed in a UHV system including
a preparation chamber and a low temperature (5K) STM from
Scienta Omicron equipped with SPECS control electronics.
All images and spectra are recorded at a temperature of 5K
with platinum STM tips. The Ag(111) sample is cleaned by
repeated Art sputtering followed by annealing at 750 K.
KBr is evaporated from a tantalum crucible onto the substrate
at room temperature. HBC molecules are deposited from a
heated crucible directly onto the cold substrate (<10 K) in the
microscope.

II1. RESULTS

A dZ/dV spectrum recorded on two monolayers (MLs)
of KBr is displayed in Fig. 1(c). The peak appearing at
Vs = 2.9V (FER-1) is associated with the first FER of the
KBr/Ag(111) substrate. The spectrum measured above the
center of HBC exhibits two additional peaks. As demonstrated
in our recent work [15], the peak near 1.5V (MER-1) corre-
sponds to a molecular electronic resonance associated with
the lowest unoccupied molecular orbital (LUMO) of HBC.
The second peak in Fig. 1(c), near 2.6 V (MER-2), is also
attributed to a molecular electronic resonance. No attempt is
made to relate it to a single specific molecular orbital as this
is generally not possible for higher order resonances [16]. The
third peak in Fig. 1(c) (FER-1) corresponds to the first FER of
KBr, perturbed by the presence of the molecule.

Constant current topographic images are recorded on a
single HBC molecule adsorbed on a KBr bilayer with bias
voltage ranging from 2.95 to 3.5 V by steps of 50 mV,
i.e., above the FER-1 peak. Some of them are shown in
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FIG. 1. (a) Constant current STM image of HBC/KBr(2
ML)/Ag(111). I = 1pA, V = 1.5 V. Inset: HBC structure. (b) Z(V)
and (c¢) dZ/dV spectra recorded on KBr (black) and HBC (red).
I =1pA.

Fig. 2. The donut-shaped image of the molecule has a di-
ameter and a height that decrease from 3.2 nm and 86 pm
[Fig. 2(a)] to 2.4 nm and 61 pm [Fig. 2(d)], respectively,
when the bias voltage is increased from 3.05 to 3.5 V.
This central feature is surrounded by quasicircular rings, the
radial wavelength of which decreases with increasing bias
voltage. The amplitude of these rings is of the order of a
few pm.

The similarity of these patterns with dI/dV images of
surface state SW on metals [1,2] suggests that they correspond
to standing waves in the 2D electron gas associated with the
2.9-V field emission resonance (FER-1).

Next, we investigate the influence of the thickness of the
KBr film on these SW patterns. Fig. 3 shows constant current
dZ/dV spectra measured on Ag(111) and on KBr films of
thickness ranging from 2 to 5 ML.

FIG. 2. Constant current STM

topographic
HBC/KBr(2 ML)/Ag(111) with I =1pA and V =3.05V [(a)
and (e)], 3.2 V [(b) and ()], 3.35 V [(c) and (g)], 3.5 V [(d) and
(h)]. Images (e)—(h) are images (a)—(d) with an enhanced contrast
(AZ = 30pm). Images (i)—(I) are image differences: (i) 3.05-3 V,
(j) 3.2-3.15V, (k) 3.35-3.3 V, and (1) 3.5-3.45 V. The size of all the
images is 10 x 10 nm.
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FIG. 3. Constant current dZ/dV spectra on Ag(111) (black) and
on KBr films on Ag(111). Red: 2 ML, green: 3 ML, blue: 4 ML, and
magenta: 5 ML. I = 1 pA. The vertical dotted line is drawn to help
visualizing the shift of the FER-1 peak.

As the thickness of the insulating film increases, the char-
acteristic bias voltage of the dZ/dV peaks decreases, except
for the first resonance, near 3 V. This behavior derives from
the increase of the width of the potential well that supports
the resonances when the film thickness increases. The peculiar
evolution of the first peak (FER-1), which upshifts by approx-
imately 50 mV from 2 to 5 ML, is discussed in the following.

The topographic images displayed in Fig. 4(a)—4(d) are
recorded with / = I pAand V = 3.1V on HBC on a KBr film
with a thickness varying from 2 to 5 ML. Rings are observed
in all the images, with a size that slightly increases with the
film thickness. This trend can be related to the upward shift of
FER-1 observed in Fig. 3. Since this peak shifts by ~50 mV
between 2 and 5 ML, the image on 5 ML at 3.1 V [Fig. 4(d)]
is comparable to the image on 2 ML at 3.05 V [Fig. 4(e)].
Indeed, the size of the SW pattern is identical in both con-
ditions as highlighted by the black circles. In addition, the
height of the rings is not attenuated when the film thickness
increases, in contrast to what would be expected if the electron
gas were localized at the metal-insulating film interface. This
invariance of the interference pattern with the insulating film
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FIG. 4. Constant current topographic STM images of HBC on
different thickness of KBr with / = 1 pA and (a)-(d) V = 3.1V, and
(e) V = 3.05 V. Images size: 9.6 x 9. 6nm. The Z scale spans 30 pm
for all the images.
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thickness strongly suggests that the electron gas that supports
the SW does not depend on the metal-insulator interface and
consequently is localized near its free surface.

Extracting a dispersion relation from the evolution of the
images as a function of the bias is relatively straightforward
for SW associated with a surface state on a metal [1,2], but
this is not the case for the electrons of the FER-1 for several
reasons:

(1) The dispersion relation is usually deduced from the
evolution of dI/dV profiles with the bias voltage, when they
are recorded with a lock-in amplifier at constant height. This
method requires a high tunneling current to get a reasonable
signal-to-noise ratio and is therefore difficult to implement
on insulating thin films where only very low current can be
used. An alternative approach consists of calculating image
differences from a set of images measured at small bias
voltage intervals. This procedure was applied to the images
of Figs. 2(a)-2(d), resulting in Figs. 2(1)-2(1). These image
differences are close to dZ/dV images since the images of
Fig. 2 are constant current topographic images. But the volt-
age increment of 50 mV is small enough to consider the /(Z)
characteristics as locally linear, making them proportional to
dI/dV images. A numerical calculation of the current, based
on the Simmons formulation [17], is presented in the Supple-
mental Material (SM1) [18] . It demonstrates in a simple case
that the dispersion relation extracted from this type of image
difference is close to the exact one.

(2) The potential well that supports the FER depends on
Z and V, which are given by the Z(V) spectra of Fig. 1(b)
for a constant current of 1pA. This implies that the energy
of this resonance does not stay at g Vs, the energy of the
corresponding dZ/dV peak, when the bias voltage V is in-
creased above the resonance, but that it changes according to
the Z(V) curve. The energy of the electron injected in the FER
deviates from the g(V — Vg) scale in a way that is difficult to
predict. Fortunately, numerical calculations [19] show that the
deviations from the apparent scale are limited to +/—10 meV
at most.

(3) Due to the finite radius of curvature of the tip, the elec-
tric field above the surface possesses a finite radial component,
which repels laterally and accelerates the electrons, resulting
in a broadened electron wave vector distribution [10]. This
effect is negligible at low bias, when measuring surface
state SW patterns on metals [1,2], but becomes significant
at the higher bias associated with FERs [10]. The image of
the SW pattern on the insulating film is thus expected to de-
viate from perfect periodicity, the spacing between successive
rings decreasing with the distance from the defect. But under
the tip, the lateral electric field vanishes as it changes sign
from one side to the other along a radius. The effect is then
minimal for the first rings and remains small at the scale of
our images (10 nm).

The change A in the local density of states due to a point
scatterer is given by [1]

1 b4 b4
st 1o oo oo T 8) oo )]

( p)O(kpcos 0 4+ cos”( kp 7
where E is the energy of the electron measured from the
FER band edge and k is its wave vector. p is the distance
from the center of the scatterer and § is the phase shift
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FIG. 5. Dispersion relation extracted from a series of images in
the [2.95-3.5 V] bias voltage range, by steps of 50 mV. The red curve
is the parabolic fit corresponding to the displayed equation.

due to the scattering of the electron by the molecule. This
expression corresponds to a periodic ring pattern centered on
the molecule, as observed in Fig. 2. The radial periodis 7/ k =
A/2, where A is the wavelength of the electron. We have
measured the distance between the first and the second radial
minima for the sequence of image differences corresponding
to Fig. 2, avoiding the central part of the diagram that is
deformed by the topographic image of the molecule. When
the second minimum was not visible in the image as is the
case at 2.95, 3, and 3.05 V, we consider that the radius of
the first radial minimum gives A/2, by extrapolating from the
images at higher voltage (3.1, 3.15, and 3.2 V) where this is
true within a few percent.

The dispersion relation is shown in Fig. 5. It can be fitted
with a parabola with E(k = 0)/q = 2.9V, in good agreement
with the position of the FER-1 peak in Fig. 1(c). The concavity
of 0.06eV nm? corresponds to an electron effective mass
m* = 0.62 &+ 0.2m,. This m* value is close to the value of
the effective mass in the conduction band of KBr (0.5m,)
[20] and is comparable to the values measured on thin NaCl
films on Cu(111) by time-resolved two-photon photoemission
(0.8 £0.1m,) [21].

IV. DISCUSSION

First we discuss the possible origins of the confinement
of the SW electrons near the free KBr surface. The energy
position of the KBr film conduction band (CB) on Ag(111)
is not known. A rough estimate can be made from dZ/dV
spectra recorded on a KBr bilayer, where a strong modulation
of the amplitude of the peaks as a function of the bias voltage
can be related to the position of the quantized electronic
levels in the insulating layer [22]. This estimation, detailed
in SM2 [18], is based on the method presented in Ref. [23]. It
suggests that the bottom of the conduction band would be at
3.5 eV above the Fermi level, that is, just above the electronic
states contributing to the SW patterns. But what matters for
the confinement of the wave function in the vacuum region
is not so much the energy of the CB minimum but the
energy E,| of the first quantized state of the insulating film.
Below this energy, the electron wave function is exponentially
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attenuated in the film: The first quantized level in the insulat-
ing layer behaves as an effective CB minimum. According to
the calculation presented in SM2 [18], E| (referred to the CB
minimum) decreases from 1.5 V for 2 ML to 0.24 V for 5 ML.
The SW states are then separated by at least 0.24 eV from the
effective CB minimum. This energy separation explains the
SW electrons confinement.

Note, however, that this confinement is much weaker than
for SW patterns related to Shockley states on metals. Due to
the high energy of the electrons, their wave function penetrate
the insulating layer giving them an insulator “conduction
band” character. This observation could explain why m* is
closer to the effective mass in the CB than in the case of
Shockley surface states on metal surfaces.

Our system, KBr/Ag(111), bears strong similarities with
the system NaCl/Cu(111) studied by Diaz-Tendero et al. [24]:
Ag(111), as Cu(111), shows a surface projected bandgap,
NaCl and KBr have the same structure and similar bulk band
gaps (Enact = 8.75eV, Exg: = 8eV [19,20]). In addition,
the lowering of the work function of the metallic substrate
upon the adsorption of a bilayer of the insulating material
is of the same order of magnitude for both systems: 1 eV
for NaCl/Cu(111), as reported in Ref. [25], and 0.7 eV for
KBr/Ag(111) as indicated by the nc-AFM A f (V) spectra
discussed in SM3 [17,18]. The Ag(111) work function is
4.53 eV [26].

The theoretical study performed by Diaz-Tendero et al
[24] on NaCl/Cu(111) (one to four NaCl layers) demonstrates
that the lowest lying excited state is repelled into vacuum
by the NaCl film, the electronic density exhibiting a peak
that follows the surface of the film. In contrast, the following
two higher states have a mixed character in which the image
potential state couples with a quantized state of the insulating
film conduction band. The electronic density holds then a sig-
nificant contribution in the film. The position of the first state
is also reported to upshifts by ~100 mV from 2 to 4 ML, while
the two others shift downward. We believe that because of this
similarity between NaCl/Cu(111) and KBr/Ag(111), the reso-
nances observed on the dZ/dV spectra of Fig. 3 correspond to
the states described above, Stark-shifted by the electric field
in the tunneling junction. We conclude that FER-1 can be
associated with the lowest-lying excited state calculated by
Diaz-Tendero et al. [24], meaning that the electron gas and

consequently, the SW are located near the free surface of the
KBr film, confirming the analysis of Fig. 4 and the previous
discussion. This localization obviously favors the interaction
between the electron gas of the FER-1 and the molecule.

We have observed that other defects, such as the border
of 2-ML high KBr islands on Ag(111) or HBC molecular
fragments, also produce SW patterns but they are generally
much weaker. The MER-2 molecular peak at 2.6 V is close
to the FER-1 resonance at 2.9 V [Fig. 1(c)]. We suggest that
this proximity enhances the interaction between the electron
gas and the molecule. It is indeed well known from studies
of scattering of electron beams by molecules in the gas phase
[27] or adsorbed on surfaces [28—30] that the interaction cross
section is maximal when the beam energy coincides with the
energy of a molecular resonance.

V. CONCLUSION

In summary, we have observed by LT-STM standing wave
patterns around single HBC molecules adsorbed at the surface
of thin KBr films (2-5 ML) grown on Ag(111). We demon-
strate that this phenomenon is related to the presence of an
electron gas confined near the free surface of the film. We
suggest, on the basis of our experimental results, that these
SW patterns are produced by the scattering of the electrons
that populates the first Stark-shifted image potential state at
the KBr surface.

Further developments could include the study of the dy-
namical properties of these electrons such as their phase
relaxation length and their lifetime by using the methods
developed, for instance, in Ref. [5]. More generally, these
studies will contribute to increase our understanding of the
properties of these thin insulating films of varying thickness,
which play a major role in the domain of molecular electronics
to decouple atoms or molecules from the supporting metal
substrate, as for instance demonstrated recently in Ref. [31].
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