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Meta-dichlorobenzene is adsorbed on Ge(001) and investigated by low temperature scanning tunneling
microscopy. The molecule is altered between two adsorption sites by inelastic electron tunneling
manipulation. These adsorption sites differ largely in conductivity. The necessary energy for switching

the molecule between the sites and its polarity dependence indicate that the manipulation is initiated by
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Introduction

Functionalization of metal and semiconductor surfaces with
molecular switches is an emerging trend in nanotechnology
aimed at nanoelectronic applications."” Switches should be
both reversible and bistable and there should be a possibility to
repeatably trigger externally the interconversion between two
states that differ in some physico-chemical properties. Several
successful switches based on the isomerisation of molecules
were demonstrated on surfaces,’ more recently also on a semi-
conducting surface.” Apart from changes within a molecule,
there exists the intriguing, but little explored, possibility to
switch a molecule between two equally stable adsorption sites.
In particular on technologically relevant semiconducting surfaces,
covalent bonds lead to defined adsorption sites of molecules. The
challenge of this approach is bi-stability, because a surface often
offers a multitude of adsorption sites of different stabilities.
Surprisingly, only a few studies about molecular switches
exist on semiconductors and none to our knowledge on pristine
Ge(001). The change of a hydrogen atom on a hydrogen passi-
vated Si(100)-(2 x 1) surface between two neighboring sites is an
early example.”® This site change was induced by scanning
the surface at room temperature near the surface resonance, at
—2.4 V. The change was somewhat arbitrary, but the relative
position of the tip with respect to the hydrogen atom influenced
the diffusion direction of the atoms. On pristine Si(100), two
adsorption sites of a biphenyl molecule formed an elegant
bistable switch.” More recently, benzonitrile molecules were

“ Institute of Physics, Faculty of Technical Physics, Poznan University of Technology,
Piotrowo 3, 60-965 Poznan, Poland

b Ruhr-Universitit Bochum, Lehrstuhl fiir physikalische Chemie 1, D-44780 Bochum,
Germany. E-mail: karina. morgenstern@rub.de

 68.37.Ef, 68.43.Jk, 68.43.-h.

28830 | Phys. Chem. Chem. Phys., 2015, 17, 28830-28836

the electronic excitation of the molecule.

attached to metallic chains of indium atoms on Si(001) and
their position and orientation were manipulated by STM.® The
other few examples of switches based on site changes are on
metal surfaces. The motion of the Co atom between a fcc and a
hcp lattice site at the tip of a CoCu linear structure on Cu(111)
was deduced from tunneling noise spectroscopy, at a tiny
threshold of 15 mV.® This motion was assumed to be lowered
of the diffusion barrier in the presence of the tip, a process
known to contribute to lateral manipulation.10 Also, a CO,
molecule bonded to an immobile oxygen atom on Ag(100)
changes between two adsorption sites only."" Finally, the random
orientation of prochiral molecules in the gas phase is converted
into two possible enantiomers with equal probability. Inter-
conversion between these two orientations on the surface presents
another possibility of a bistable switch.'>"® Such switches on
metallic surfaces can only be operated at low temperature, because
the states lack thermal stability.

As far as Ge(001) is concerned, a Pt dimer was changed between
four configurations, thus lacking bistability.">'® Also, octanethiol,
attached to the STM tip, was attached and detached to a Pt covered
Ge(001) surface by adjusting bias voltage and separation between
the tip and the substrate."” A molecular switch on pristine Ge(001)
between two bistable adsorption sites has not yet been discussed.
This is surprising, because Germanium is discussed by ITRS
(International Technology Roadmap for Semiconductors)'® as a
future material in semiconductor technology for three reasons."®
First, the high carrier mobility is important for high speed devices.
Second, its small band gap will lead to low energy consumption.
Finally, a low process temperature allows the integration of
temperature sensitive materials. It is thus highly desirable to
propose possible molecules that adsorb on the Ge(001) surface
in two stable adsorption geometries.

In this article, we adsorb meta-dichlorobenzene on Ge(001)
and investigate its adsorption by low temperature scanning
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tunneling microscopy. The molecule binds via its two chlorine
atoms to the Ge atoms of the p(2 x 2) surface reconstruction
that are less protruding from the surface. Two distinctly different
adsorption sites are revealed, on one dimer row and bridging two
dimer rows. The conductivity of molecules in these two adsorp-
tion sites differs largely. The molecule is switched between the
adsorption sites, ie. conductivity states, reversibly by injecting
electrons into the LUMO+1 of the molecule. We thus present a
bistable, reversible molecular switch on Ge(001) with largely
different conductivity.

Experimental methods

STM measurements are performed using a low-temperature
STM under ultra-high vacuum conditions (base pressure <2 X
107'° mbar).

Clean, reconstructed Ge(001) surfaces were obtained by several
cycles of Ar' ion sputtering for 30 minutes (energy 0.75 keV,
emission current 1 pA, and Ar pressure 3 x 10~> mbar), followed
by annealing steps at 1070 K for 5 min and 970 K for 15 min,
following an established procedure.”® The defect density is around
4% defects/dimers.

Meta-dichlorobenzene (m-DCIB) (100% purity in chromato-
graphy) is further degassed under vacuum conditions by several
pump cycles in a separate chamber. The cleanliness of the
molecules is monitored by quadrupole mass spectrometry of
the vapour. The molecules are introduced into the main chamber,
i.e. deposited onto the surface, only if the mass spectrum shows
the molecule mass and traces of the dissociation products of the
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molecule only. Note that the hot filament of the mass spectro-
meter induces the dissociation. Consequently all hot filaments are
turned off during deposition. Prior to opening the valve to the
main chamber, a pressure of 10”7 mbar is established in the
separate chamber. The molecules are deposited within 30 s on
the surface held between 22 K and 25 K. After deposition the
sample is transferred into the STM chamber, where the measure-
ments are performed between 5 K and 6 K.

Results and discussion

Surface preparation

After surface preparation, the Ge(001) surface consists of broad
terraces (Fig. 1a). As expected, dimer rows change orientation
on neighboring terraces (Fig. 1b).”° Images at higher resolution
reveal regions with p(2 x 2) and c(4 x 2) reconstruction with
their characteristic zig-zag rows (Fig. 1c).>* The defect density is
1/(5 + 1) per nm>. The majority of the defects are dimer vacancy
defects that appear as depressions in the STM images.** Such
dimer vacancies are mainly either isolated or in neighboring
pairs of dimer vacancies within the same dimer row.>® For our
single molecule study the defects are of minor importance,
because we only investigate those molecules that are well
separated from the defects. Only these molecules are included
in the analysis.

A small amount of meta-dichlorobenzene is deposited onto
the Ge(001) surface. Meta-dichlorobenzene is a doubly chlorine
substituted benzene in 1 and 3 positions (Fig. 2a, inset). The
distance between the two chlorine atoms is 0.536 nm as calculated

Fig. 1 Ge(001) after the cleaning procedure and prior to molecule deposition at three different resolutions: (a) 1.806 V, 83 pA, (b) 1.619 V, 120 pA and
(c) a region with p(2 x 2) reconstruction and a region with c(4 x 2) reconstruction are marked, 1.619 V, 210 pA.

Fig. 2 Ge(001) after the deposition of molecules at three different resolutions: (a) 1.62 V, 52 pA, inset: ball-and-stick model of the molecule as calculated
semi-empirically using the Parametric Method 7 parameterization of NDDO for the Hamiltonian®? for the gas phase molecule. (b) 1.3 V, 40 pA and

(c) molecules of two different contrasts are marked, 1.0 V, 10 pA.
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semi-empirically using the Parametric Method 7 parameterization
of NDDO for the Hamiltonian for the gas phase molecule.**
Deposition of meta-dichlorobenzene on Ge(001) leads to protrusions
that are randomly distributed over the surface (Fig. 2a and b).
Agglomeration or island formation is not observed at the deposition
temperature. Most prominent are ellipsoidal protrusions on top of
dimer rows, at an apparent height of 150 pm at 1 V (Fig. 2c, blue
rectangle). Note that there is a shallow increase in conductivity also
on one of the neighboring double rows, here to the upper left of the
molecule. Another change in contrast is much more subtle (Fig. 2c,
red ellipsoid). This contrast consists of a pair of very shallow
protrusions on neighboring double rows (Fig. 2c). Its apparent
height is 55 pm only at 1 V. The pair of protrusions is hardly visible
at many voltages (see below).

The two distinct shapes imply two adsorption sites of the
molecule. We name the majority adsorption site the ‘high state’
and the minority adsorption site the ‘low state’, because the
large difference in apparent height reflects a large difference in
conductivity of the molecule in the two adsorption sites. The
ratio of the two adsorption sites is estimated to lie between
1:10 and 1:20 in favor of the high state by counting on images
of high resolution.*

The change to the neighboring row next to the bright
protrusions of the high state is more obvious in highly resolved
images at enhanced contrast (Fig. 3, marked by the blue rectangle).
The image at higher resolution also reveals an asymmetry between
the two protrusions of the low state (Fig. 3, marked by the red
circle).

The adsorption site is determined by imaging a molecule with
regular contrast and the same molecule with a so-called modified
tip (Fig. 4). The resolution of both the Ge(001) reconstruction and
the low state molecule is enhanced by unintentionally picking
up one molecule during the manipulation intended to switch it
(see below) (Fig. 4b). It allows imaging at lower voltage. Note that
the voltage used is too small to achieve stable images on Ge(001)
with a regular tip. The highly resolved image of the low state,
at lower voltage and higher current than usually employed,
resembles images of meta-dichlorobenzene adsorbed on Ag(111)
and on Cu(111).** The chlorine atoms are imaged as circular
protrusions on both metallic surfaces. These protrusions are imaged
off-center a larger protrusion that represents the phenyl ring. Based
on these earlier results, we are thus able to determine the adsorp-
tion orientation of the low state; it is a meta-dichlorobenzene
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Fig. 4 Image of the low state with (a) regular contrast, 1 V, 13 pA (b)
modified tip, —0.6 V, 40 pA and (c) magnification of the image in (b)
superimposed with the model of the molecule from Fig. 2a, inset, to scale.

molecule that bridges two dimer rows as shown in Fig. 4c. We
recently showed that meta-dichlorobenzene adsorbs via its two
chlorine atoms also to the Au(111) surface."* Here, the chlorine
atoms are attached to those Ge atoms in the dimer rows that are
imaged at smaller apparent height. It is well established that it
depends on bias voltage, which of the two atoms of the dimer are
imaged as more protruding. For the bias voltage used here, the
image reflects the real height, ie. the atoms that are more
protruding are imaged at a larger apparent height.>* The chlorine
atoms thus prefer adsorption to the less protruding atoms.
Unfortunately, molecules in the high state cannot be imaged
reproducibly by the modified tip. Nonetheless, we are able to
propose a model for the high state adsorption based on the low
state model. The intensity of the high state is mainly on one
dimer row, suggesting that both chlorine atoms are attached to
the same dimer row. Indeed, the next-nearest neighbor dis-
tance in the row is very similar to the distance between the
Germanium atoms, to which the chlorine atoms of the low state
molecule bind (Fig. 5). It is reasonable to assume that the
chlorine atoms bind preferentially to the low-lying Ge atoms
in the dimer rows also in this case. Fig. 5 shows the suggested

Fig. 3 High-resolution STM image of molecules in two states with enhanced contrast: high state marked by the blue rectangle and low state marked by

the red ellipsoid, 1V, 11 pA.
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538 8

Fig. 5 Model for the adsorption of meta-dichlorobenzene on Ge(001)
(to scale) for the low state on left and for the high state on right; white and
grey circles represent Germanium atoms, higher lying ones in grey.

adsorption of the molecule on one dimer row. The additional
conductivity of the dimer row next to the high state molecule
(¢f Fig. 3) thus indicates the position of the benzene ring in
images of regular resolution.
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Manipulation of molecules

We now demonstrate that it is possible to externally trigger
interconversion between the two states. For this aim, we use
inelastic electron tunneling manipulation. Fig. 6a shows an
image of a high state molecule adsorbed in one dimer row. We
infer that the phenyl ring is to the right-hand side of the
chlorine atoms from the small increase in apparent height on
the neighboring dimer row. The molecule is changed to a low
state molecule by injecting electrons up to an energy of 1.6 eV
for 3.8 s (Fig. 6a and b). Thereby, the whole structure shifts
downwards by approx. 0.3 nm. The corresponding change
between the two adsorption sites is depicted in Fig. 6c, i.e. only
one of the Ge-Cl bonds is broken and the other one serves as an
anchor point during the switching motion.

The current trace during manipulation shows clearly that
the switch is bistable with the low current value corresponding
to the low state molecule and the high current value to the high
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Fig. 6 Manipulation of dichlorobenzene: (a and b) STM images; 1.1V, 13 pA: (a) before manipulation at cross with energetic electrons up to 1.6 V for 3.8 s
(current set point 30 pA), (b) after manipulation, (c) model for manipulation from (a) to (b), (d) /-t curves during manipulation at two different manipulation
voltages as indicated, (e) histogram of the black /-t curve in (d) recorded at 1.6 V and (f) manipulation yield Y in dependence of manipulation voltage V;
filled red symbols: from the low to high state; open green symbols: from the high to low state; circles are average yields; squares are upper limits of very

low yields; lines serve to guide the eye.
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Fig. 7 Manipulation series, imaging parameters: 1.1V, 13 pA; manipulation parameters: (ato b): 1.8V, 0.75s(btoc) 1.5V, 0.75s (ctod) 1.5V, 0.75 s and

(dtoe) 16V, 0.75s.

state molecule (Fig. 6d and e).?® The current ratio between the
two states is four.

The controlled reproducibility of the switch is demonstrated
in the manipulation series in Fig. 7. For three molecules, the
low-state contrast is switched to the high state contrast, one
molecule at a time (Fig. 7a-c). Two of the molecules are
switched back as shown in Fig. 7d and e.

I-t curves as shown in Fig. 6d allow us to determine the yield
of the process. The voltage dependence of the yield reveals a
threshold of 1.5 V for both switching directions, above which
the switching yield increases with voltage (Fig. 6f). At all
voltages, the switching yield is higher for the low current state
than that for the high current state. This implies that the high
current state is energetically preferred, in agreement with the
larger ratio of high state molecules observed after adsorption
(see above). We speculate on the preference for the high state
based on the determined adsorption geometries. There are two
differences between the two adsorption sites. First, there is a
slightly different position of the chlorine atoms above the Ge
atoms because of a small difference in distance between these
two atoms. Second, the position of the benzene ring with
respect to the underlying surface differs. As this ring is (most
likely) adsorbed by van-der-Waals interaction and would thus
prefer a larger distance to the surface than the chlorine atoms,
it is more favorably positioned in the high state, where it is
positioned between the rows than in the low state, where it is
above a Ge atom. Moreover, this Ge atom is more protruding
than the Ge atoms, to which the chlorine atoms bind. However,

sophisticated calculations including van-der-Waals interaction
are necessary for a definite answer.

Process determination

The threshold of 1.5 V lies in the range of molecular orbitals.
Furthermore, the threshold is not symmetric around the Fermi
energy. Even at —1.8 V the yield is below 5.6 x 10~° per e~
(Fig. 6f).>” Both observations suggest that the switching is
initiated by an electronic excitation of the molecule, ie. by
injecting electrons into an unoccupied molecular orbital.?®

We use apparent height spectroscopy to determine the molecular
orbitals involved in the electronic excitation. Apparent height
spectroscopy plots the apparent height of a structure against
voltage for voltage ranges covering molecular orbitals.”” It is
possible to determine the position of molecular orbitals by
apparent height spectroscopy, because the conductivity of mole-
cules increases at molecular orbitals. Indeed, the images of the
molecules depend on voltage (Fig. 8a and b). For instance, the
protrusion on the neighboring row of the majority species is
hardly visible at 1V, but clearly at 1.6 V (Fig. 8a and b). It is most
prominent at 1.8 V (Fig. 8c).

We analyze line scans, as shown in Fig. 8c, in order to
determine the relative height of the two protrusions above the
Ge surface, called major and minor protrusion in the following.
Note that also the corrugation of the Ge dimer row structure
is voltage dependent. The relative apparent heights of both
protrusions above the Ge dimer rows show two maxima, at
(0.85 £+ 0.05) V and at (1.75 £ 0.05) V (Fig. 8d). Thereby, the
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Fig. 8 Voltage dependence of adsorbed molecules: (a and b) STM image at two different voltages; 16 pA: (a) 1V, (b) 1.6 V, (c) line scans of the molecule
marked in (b) along the line scan shown in (a) at selected voltages and (d) apparent height of the molecule marked in (b) and of the adjacent Ge surface in
dependence of voltage: major protrusion of the molecule: black square; minor protrusion of the molecule: red diamond; highest point of the Ge surface:

black up triangles; lowest point of the Ge surface: red down triangles.
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Fig. 9 Molecular structure and orbitals calculated semi-empirically using
the parametric method 7 parameterization of NDDO for the Hamiltonian®?
for the gas phase molecule.

relative height changes differ. The apparent height of the major
protrusion above the Ge surface is, at 138 pm, more than five
times the one of the minor protrusion, at 26 pm, for the
maximum at (0.85 % 0.05) V. The apparent heights differ by
only ~50% at (1.75 + 0.05) V.

The two maxima in the apparent height spectra correspond
to molecular orbitals. The orbital at (0.85 £ 0.05) V should have
more weight at the chlorine atoms than the orbital at (1.75 £
0.05) V and vice versa. Indeed the LUMO and the LUMO+1 of the
gas phase molecule reflect this density distribution (Fig. 9).

The increase in apparent height spectroscopy close to the
orbital at (1.75 £ 0.05) V (Fig. 8c) coincides with the threshold
of the switch (Fig. 6e). We conclude that the adsorption site
change is initiated by electrons attaching to the LUMO+1
orbital of the molecule.

Conclusions

In conclusion, we demonstrate that a doubly substituted
benzene molecule has two adsorption sites on Ge(001) defined
by specific bonding between the Ge atoms and the side groups.
The sites differ geometrically. The high state molecules attach
to one dimer row and the low state molecules attach to two
neighboring dimer rows. The two stable adsorption sites of
meta-diclorobenzene differ largely in conductivity. Electronic
excitation allows us to manipulate the molecule between these
two adsorption sites reversibly by breaking only one of the
covalent bonds. This represents the first reversible molecular
switch on a germanium surface to our knowledge. Our strategy
to providing two defined points to anchor the molecule to a
semi-conducting surface is applicable more generally. Moreover,
we suggest to further modify the phenyl part of the molecule for a
desired function.
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26 The slightly different values of the high state current (black
curve in Fig. 6d) are consistent with slightly different shapes
of the molecule in the high state. These slight variations in
current and image do not undermine the bistability of the
switch as they are negligible compared to the changes in
current and image between the low state and the high state.
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