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ABSTRACT: We report on the construction of well-defined
surface quantum well arrangements by combining self-
assembly protocols and molecular manipulation procedures.
After the controlled removal of individual porphyrin molecules
from dense-packed arrays on Ag(111), the surface state
electrons are confined at the bare silver patches. These act as
quantum wells that show well-defined unoccupied bound
surface states. Scanning tunneling spectroscopy and comple-
mentary boundary element method calculations are performed
to characterize the interaction between the bound states of
adjacent quantum wells and reveal a hybridization of wave
functions resulting in bonding and antibonding states. The interwell coupling can be tuned by the deliberate choice of the
molecules acting as potential barriers. The fabrication method is shown to be ideally suited to engineer specific configurations as
one-dimensional chains or two-dimensional artificial molecules.
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Many properties of matter emerge from the coupling of
elementary quantum systems: Molecules, built from

individual atoms, are bound via hybridized wave functions,
whereas in crystalline solids consisting of periodic atomic arrays
the overlap between neighboring sites determines the band
structure and thus the electronic, optical, or magnetic behavior.
Accordingly, the construction and exploration of artificial
coupled quantum systems is of great interest, both from a
fundamental scientific perspective and in view of potential
applications in fields as materials engineering, molecular
electronics, and quantum computing.1−3 While progress in
semiconductor technology allows designing quantum wells and
dots with dimensions down to several nanometers in solid
materials,4−6 scanning tunneling microscopy (STM) permits
the formation and characterization of coupled atomic quantum
dots on hydrogen terminated silicon crystals.7 More generally,
STM on conducting surfaces opens up the fascinating
possibility of building up structures consisting of just a few
individual atoms or molecules and directly visualizing electron
scattering and confinement. This grants access into the
quantum nature of these systems8,9 and enables the control
of their electronic surface structures.10,11

On substrates supporting electronic Shockley surface states,
mainly three approaches are established to build nanoscale
assemblies affecting the pertaining quasi two-dimensional
electron gas: (I) atomic manipulation to construct specific
geometries,8−12 (II) molecular self-assembly to form periodic
networks13−16 and (III) the use of adatom islands, vacancies or

vicinal surfaces exhibiting regular arrays of steps.17−21

Obviously, the latter approach is rather limited concerning
the choice of geometry and symmetry. Methods (I) and (II) are
somewhat complementary, as the serial atomic manipulation
technique allows for the construction of specific configurations
of limited extension,22,23 while the self-assembly approach
yields extended periodic structures.13−15,24−27 In this Letter, we
demonstrate a combined approach relying on both well-
established molecular self-assembly protocols and STM
manipulation, which guarantees fast preparation of tunable
quantum well systems with the desired geometry. This method
provides a rich playground to study electron confinement and
to exquisitely steer the interaction of quantum wells, thus
opening a new avenue to engineer the electron wave functions
of complex systems.
Our STM experiments were performed in a custom-designed

ultrahigh vacuum system providing a base pressure below 2 ×
10−10 mbar. A monocrystalline Ag(111) substrate was cleaned
by repeated Ar+ sputtering cycles, followed by annealing at 730
K. Subsequently, a submonolayer coverage of porphyrins was
deposited by organic molecular beam epitaxy from thoroughly
degassed quartz crucibles. Both free-base (2H-TPP) and
metalated (Co-TPP) tetraphenylporphyrins were sublimated
to form extended highly regular arrays on Ag(111). Within the
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experimental precision, these arrays exhibit an identical square
unit cell for both species with an intermolecular distance of 1.4
nm.28,29 STM images were acquired using a low-temperature
CreaTec-STM with the sample held at 6 K using electro-
chemically etched W tips. The lock-in modulation for STS
measurements was typically 6 mV rms, which did not limit the
resolution of the spectral features. The quantum wells were
constructed by removing individual porphyrin modules via a
STM manipulation technique: The tip was placed above the
molecule to be removed and lowered toward the surface till a
contact was achieved. Subsequently, the tip was retracted,
pulling the molecule away from the surface (see Figure 1a), and

laterally moved to a bare Ag(111) patch, where the molecule
was dropped. Before repeating this process, the area of interest
was scanned again, to guarantee that the desired molecule was
targeted in the next iteration step. Typical parameters for this
procedure are as follows: The tip is positioned applying regular
imaging conditions, that is, a tunneling current of 0.3 nA and a

sample bias voltage Ub of −0.666 V. For approach and
retraction, Ub is set to 75 mV. The vertical tip displacement to
contact the TPP varied with tip geometry and termination, a
characteristic value is 5 Å resulting in a maximal current I of few
hundred nanoamperes.
Our simulation of the STS data relies on calculations of the

local density of states (LDOS) of electrons evolving in a two-
dimensional (2D) potential landscape within the independent
electron model. The potential is taken to be zero at the metal
regions (supporting the surface-state of the clean metal surface)
and V at the molecules region. A reasonable agreement with
experiment is found by setting V = (0.3−0.1i) eV for the free-
base TPPs, where the imaginary part accounts for inelastic
losses due to electron collisions with the molecules. The metal
regions are described as squares for ν = 1 quantum dots (QDs)
and rectangles for ν > 1, where ν is the number of missing
molecules. We approximate the sidelength of a single QD to 1.4
nm, the spacing of TPP in the molecular arrays. The LDOS is
then calculated by using the boundary element method (BEM)
in which the electron wave function is constructed from a
discrete dense set of boundary sources distributed along the
boundaries. In particular, the LDOS is obtained from the
imaginary part of the reflected wave function at the position of
an ”electron” point source, as explained in detail in the
Supporting Information of ref 16.
Figure 1b shows a STM image of a porphyrin array after the

construction of four quantum wells with well-defined shapes.
Each quantum well consists of a bare Ag(111) patch following
removal of ν Co-TPP molecules (ν = 1,..,4) (see Figure 1a).
The porphyrin modules serve as potential walls reflecting and
confining the surface-state electrons in the well, as inferred
from scanning tunneling spectroscopy data presented in Figure
1c. Each spectrum, taken at the center of a well of different size,
differs drastically from the reference spectrum acquired on the
free Ag(111) surface, and displays well-defined peaks, typical
for a confined electronic system.8,13,30,31 It should be noted that
the Ag(111) surface state is not detected by STS underneath
the extended porphyrin arrays29 and is possibly quenched. As
expected from a simple particle-in-a-box picture, a decrease in
length of the well (from ν = 4 down to 1, or equivalently, from
a length of 5.6 nm down to 1.4 nm) results in an upshift of the
first resonance (see Figure 1c). A detailed description and
modeling of electron confinement in these rectangular wells
will be presented elsewhere. Nonetheless, one important fact
should be noticed: Comparison of two wells of identical size
(e.g., ν = 1 or 2), but different environment (i.e., either Co-TPP
or 2H-TPP walls), reveals that the first resonance is observed at
lower energy for the free-base molecule. As the geometric
footprint of both Co-TPP and 2H-TPP is essentially identical,
this indicates that the latter confines the electrons less
efficiently and thus represents lower-potential walls. The
molecular backbone plays a relevant role in the scattering of
surface-state electrons32 but as both species exhibit a rather
similar saddle-shape deformation of the macrocycle, we
attribute the difference to the influence of the metal-center
on the binding of the molecule to the substrate.29,33

Now we address the electronic interaction between quantum
wells, focusing on the coupling of monovacancy species (ν = 1),
which exhibit a nearly square geometric footprint. Figure 2a
shows a STM topograph of two individual wells separated by a
single 2H-TPP unit. Naturally, this dimeric configuration
corresponds to the smallest possible geometric barrier thick-
ness. The isolated well (monomer) located in the right part of

Figure 1. (a) Scheme outlining the construction of quantum wells in
porphyrin (TPP) arrays on Ag(111) by means of STM manipulation.
(b) STM image of four quantum wells in a Co-TPP matrix, exposing
bare Ag trenches after the removal of ν = 1−4 molecules (Ub = −666
mV). (c) Scanning tunneling spectra representing the electronic
structure in the center of trenches of different lengths (see labels)
constructed on either Co-TPP (blue curves) or 2H-TPP (red curves)
arrays (Tip positioned at Ub = −666 mV, I = 0.4 nA). A reference
spectrum acquired on bare Ag(111) is shown for comparison (black
curve). The onset of the surface-state band at about −65 mV is visible.
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Figure 2a serves as a reference. In order to explore the
electronic properties of this structure, we recorded a series of
tunneling spectra in the voltage range from −80 to 270 mV at
101 positions along the axis connecting the wells (Figure 2b).
The central spectrum on the reference trench displays a peak
centered at 88 mV with a full width at half-maximum (FWHM)
of 45 mV (see Figure 2 light blue). In contrast, the feature
dominating the spectra taken at the centers of the two
neighboring wells is considerably broader (FWHM: 65 mV)
and observed at a slightly higher energy (95 mV) (Figure 2
dark blue). This is a first hint that the close proximity of the
two neighboring wells modifies their electronic structure and,
therefore, they interact. More insight can be gained upon closer

inspection of Figure 2b,c. Spectra taken at positions
continuously entering the molecular walls enclosing the
reference well show a decrease in peak intensity, corresponding
to a reduction of electron density in the wall, equivalent to a
decay of the probability density of the wave function in the
barrier, while the peak position remains nearly constant. On the
other hand, spectra recorded in the central barrier separating
the two neighboring trenches and in the terminal walls on the
outer side of the dimer exhibit a markedly different signature.
Again, the peak intensity decreases when entering the walls, but
the peak positions in both the central barrier (83 mV, red) and
in the outer barrier (100 mV, green) are clearly shifted and
distinct from the spectra in the vacancies. The two peaks shift
in opposite directions and their width is reduced with respect to
the spectrum at the center of one of the neighboring cavities
(cf. dark blue and dark red/green curves, Figure 2c). This
suggests that the broad spectral feature in the latter originates
from a convolution of two peaks. Indeed, it can be nicely fitted
by the superposition of two Gaussian curves centered at the
energies of the low- and the high-energy components,
respectively (see Figure 2c, dark blue solid curve). We find
an intuitive explanation for this behavior in a simplified one-
dimensional model. If two initially isolated quantum wells are
brought in close contact, the primary isolated wave functions
hybridize to form bonding (Ψn) and antibonding (Ψn*) states.
The bonding state, showing up at lower energy, has larger
probability density inside the central barrier, while the higher-
energy, antibonding state exhibits a node in the central barrier,
accompanied by an increase in probability density in the outer
walls. This is exactly what is observed in the experiment (Figure
2) and corroborated by boundary element method calculations
presented in the following.
Figure 3 shows the calculated LDOS for two coupled

quantum wells as a linescan (Figure 3a), a space-energy map
(Figure 3b), and 2D energy maps (Figure 3c,d) in which a

Figure 2. (a) STM image of a ν = 1 dimer (left) and an individual
reference well (right) in a 2H-TPP array (Ub = 1 V). The colored
circles highlight the positions of the spectra reproduced in (c). (b)
Spatially resolved STS space-energy map representing 101 single
spectra taken along the axis connecting the three trenches in (a). (c)
Comparison of characteristic spectra at selected positions near the
individual (lower three spectra) and the coupled (upper three spectra)
wells (offset for clarity; tip positioned at Ub = −0.25 V, I = 0.5 nA).
The latter clearly support spectral components reflecting bonding and
antibonding states. The solid curves represent Gaussian fits and the
dashed lines mark the fitted peak positions after background
subtraction.

Figure 3. (a) Simplified model of two coupled quantum wells
supporting a bonding (red) and antibonding (green) state. (b)
Calculated LDOS as a function of electron energy and position along
the axis through the centers of the wells (compare with (a)). Ψn and
Ψn* (n = 1) label the bonding and antibonding states, respectively.
(c,d) Two-dimensional LDOS maps at the energies of the antibonding
(c) and bonding (d) states. The walls of the ν = 1 wells are indicated
as orange squares.
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bonding state and an antibonding state are observed. To clearly
resolve the bonding and antibonding states in this calculation,
we set the imaginary part of the potential, which controls the
broadening of the spectral features, to a value of 2 meV. The
electron density profiles represented in Figure 3a reveal that the
bonding (red) and the antibonding (green) states exhibit
different intensities in the central and outer walls. The space-
energy map in Figure 3b illustrates this effect. The bonding
component is dominant in the region between the QDs, thus
leading to an energy feature at that position that is displaced
toward lower energy with respect to the isolated QD. In
contrast, the antibonding component dominates in the outer
walls of the dimer, where it contributes with a feature at higher
energy. The 2D maps at the energy of the bonding (Figure 3c)
and the antibonding (Figure 3d) states are also showing this
effect, which is in good agreement with the experimental
observation of Figure 2.
Obviously, the fabrication method introduced in this study is

ideally suited to engineer specific arrangements of coupled
quantum wells beyond the simple dimer configuration
discussed so far. A first example for the interaction of quantum
wells in a more sophisticated geometry is presented in Figure 4
and addresses an extended chain of six ν = 1 QDs, which

supports a nearly fully developed one-dimensional band
structure. Figure 4b shows the resulting broad spectral features
in the central cavities of a chain consisting of the six regularly
spaced and coupled wells that clearly differ from the electronic
structure of rectangular wells of similar length. The distribution
of intensity along the energy axis varies significantly from the
outer to the central wells. In comparison to an isolated QD
(FWHM = 45 meV, green) an additional broadening is
observed in Figure 4c not only for the inner wells (FWHM =
91 meV, red) but also for the terminal ones (FWHM = 71
meV, blue). This observation is in excellent agreement with
BEM calculation for the same geometry (see Figure 4d,e).
Further calculations employing an artificially low imaginary part
of the potential, thus resulting in sharp spectral features,
illustrate how individual states contribute to the observed
intensity distribution in the space-energy map (Figure 4f).
Furthermore, a comparison of 6 (see Figure 4f) and 21 coupled
trenches (see Figure 4g) that mimic an infinite chain reasonably
well,34 reveals that already for the short chain the full
bandwidth of an infinite system is nearly reached. From the
experimental data of our six-trench system, we extract an energy
spread Δϵ of ∼91 meV, related to the interwell coupling
strength. This value is larger but comparable to the bandwidth
reported for other periodic molecular structures on metal
surfaces supporting dispersive surface state bands.14

As a second example, we expand the investigated geometries
to a 2D arrangement. To this end, Figure 5 compares a single
QD (pseudo 0D) and a linear trimeric structure (1D) with a
cross-like assembly (2D) embedded in either Co-TPP or 2H-
TPP arrays. For both barrier materials, the spectra recorded in
the central cavity are modified when the number of nearest
neighbors is increased. Because of the aforementioned leakier
walls, the coupling effects are more pronounced for the 2H-
TPP system, resulting not only in a broadening but also in a
considerable splitting of the spectral feature in the cross-like
geometry (Figure 5b). The impact of the interwell interaction is
quite subtle for the Co-TPP case, but nevertheless discernible.
These experiments prove the tunability of the coupling of
artificial quantum wells by a deliberate choice of the barrier
material and the geometry that allows us to controllably
engineer the electron wave function.
In Figure 5c BEM calculations are shown in excellent

agreement with the observed spectra for 2H-TPP, using the
aforementioned potential V = (0.3−0.1i) eV. The distance
between facing sides of neighboring QDs was set to 0.8 times
the side length of a QD square. Considering the simplicity of
the model, it is remarkable that theory and experiment agree so
closely with a single choice of an effective potential in the
molecule region, supplemented by a slight correction in the
actual physical separation between the QDs. The evolution of
the surface state near the molecules is likely involving complex
processes beyond the one-electron picture implicitly assumed
in the BEM. The model is however capable of capturing the
bold increase in energy and additional splitting of the observed
states as more neighbors are added to the structure (see the
evolution from the monomer to the dimer in Figure 2c and also
to the trimer and pentamer in Figure 5b,c). Notice that this
effect could not be directly modeled with a simple description
of the interaction between individual QDs in terms of a
hopping energy, in the spirit of the tight-binding approach.
Actually, this would produce a set of symmetrically positioned
states in energy with respect to an unshifted monomer state,
and therefore, this model would predict a symmetric splitting

Figure 4. (a) STM image of an artificial chain consisting of six ν = 1
quantum wells in a 2H-TPP array (Ub = −250 mV). (b) Spatially
resolved STS space-energy map representing 101 single spectra along
the axis of the chain presented in (a) (tip positioned at Ub = −0.1 V, I
= 0.5 nA). The spectra in the central cavities are characterized by a
broad protrusion exhibiting a width Δϵ of about 91 meV. (c) Single
spectra at the position of an isolated QD (green, FWHM = 45 mV) a
terminal QD (blue, FWHM = 71 mV) and a central QD (red, FWHM
= 91 mV) of the chain in (a). (d) BEM calculations for the six coupled
wells reproducing the LDOS distribution shown in (b). (e) Calculated
spectra at the corresponding positions of the chain in good agreement
with (c). (f) BEM calculations for the six coupled wells employing an
artificially narrow line width in order to clearly resolve the different
hybridized states. (g) Analogous simulation for 21 coupled ν = 1
trenches. The full bandwidth Δϵ is already nearly converged for the
six-trench system presented in (b−f).
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rather than the observed blue shift. Although an explanation in
terms of a complex evolution of different hybridized states
would be possible at the cost of adding extra parameters to such
tight-binding approach, we consider that the present BEM
method presents a sufficient level of physical content (i.e., its
relation to the physical geometry of the system and its ability to
model the spatial distribution of electron states) and simplicity
(only a fitted potential and a correction in gap distance are
needed) to intuitively understand the interaction between the
neighboring QDs under consideration.
In conclusion, we have introduced a new approach to

construct well-defined surface quantum well arrangements and
to tune the interwell coupling of unoccupied bound surface
states by a suitable choice of the barrier material and the
geometry allowing for a controlled wave function engineering.
The electronic interaction of two artificial quantum wells of

single digit nanometer extension was explored and rationalized
with a simple bonding−antibonding model. The potential of
this method was demonstrated by the construction of a finite
chain and by the assembly of artificial molecules, formed by
three or five QDs. The six-QD chain highlights the formation of
a one-dimensional electronic band featuring an energy spread
yielding a good approximation for the bandwidth of an infinite
chain. An increase in the number of next neighbors from zero
to four in the artificial molecules considerably modifies the
electronic states in the central QD. Finally, the modeling of the
experimental data reveals that the coupling of QDs is not in a
tight-binding regime, that is, inelastic coupling to the molecular
walls and the supporting crystal have to be considered for a
complete description of the system. Our approach is of general
applicability to molecular arrays on surfaces that support
electronic surface states. Our work calls for the exploration of
related strategies to further engineer the wave functions of
complex coupled systems, as for example using a reduced
molecule-surface interaction promoted by a large gap between
the highest occupied and lowest unoccupied molecular orbitals,
which could lower the absorption of electrons in the molecular
barriers and thus yield level splittings exceeding the width of
the states involved.
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