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Atomic scale control of single molecule charging
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A scanning tunneling microscope was used to study charging of single copper phthalocyanine
molecules adsorbed on an ultrathin Al,O5 film grown on a NiAl(110) surface. A double-barrier
tunnel junction is formed by a vacuum barrier between the tip and the molecule and an oxide barrier
between the molecule and the NiAl. In this geometry the molecule can be charged by the tunneling
electrons. This charging was found to be strongly dependent on the position of the tip above the
molecule and the applied bias voltage. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2174961]

The amount of charge in a molecule exerts a strong in-
fluence on its structure and reactivity. The transfer of an elec-
tron can lead to a conformational change and alter the reac-
tion pathway of the molecule through redox energetics.l_3
Furthermore, charge transfer plays an important role in the
transport properties of single molecules.* ™! The scanning
tunneling microscope (STM) has been used for the manipu-
lation of atoms and molecules to build artificial nanostruc-
tures that exhibit the relationship between the geometric and
the electronic properties at the atomic scale.'?

Here, we demonstrate that at a fixed bias voltage across
the tunnel junction, resonant electron transfer only occurs
when the tip is positioned over a certain region within the
molecule. This region is found to be bias dependent, showing
atomic scale control of single molecule charging. The phe-
nomenon is demonstrated for single copper phthalocyanine
(CuPc) molecules adsorbed on a thin (0.5 nm) Al,O3 film
grown on the NiAl(110) surface. A double-barrier tunnel
junction is formed, consisting of the molecule in between the
oxide barrier and the vacuum gap.n’14 In such a junction, the
energy of the lowest unoccupied molecular orbital (LUMO)
varies for different positions of the tip over the molecule.
This variation gives rise to the observed phenomenon.

There have been several efforts to study single-electron
processes in two-dimensional electron gas, quantum dots,
and single atoms using scanning probe techniques,'s_18 and
the spectroscopy of different metal phthalocyanines adsorbed
on metal surfaces was extensively studied by STM." In the
experiments presented here, STM is used to study spatially
dependent charging of single organic molecules with submo-
lecular resolution. The experiments were conducted with a
homebuilt ultrahigh-vacuum STM operated at 11 K.? Thin
(~0.5 nm) Al,O; film, covering ~50% of the surface, was
prepared by exposing the clean NiAl(110) surface to 140
Langmuirs (1 Langmuir=1 s of exposure at 1 X 107 Torr)
of O, at 750 K, and then annealing to 1300 K. CuPc was
thermally sublimed from an alumina crucible onto the oxi-
dized surface at 11 K.
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Electron transport through single CuPc molecules [left
inset of Fig. 1(a)] in a double-barrier junction [right inset of
Fig. 1(a)] was recently studied with the STM."*'* Several
adsorption geometries with distinct spectroscopic features
are possible due to the oxide inhomogeneity. For some of the
adsorption geometries the differential conductance spectros-
copy shows a relatively broad band, consisting of a series of
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FIG. 1. (Color) Conduction through the affinity (CuPc”) level of a CuPc
molecule. (a) dI/dV spectra of the CuPc molecule. Insets: (left) schematics
of the CuPc molecule, and (right) the double barrier junction geometry. The
origin of the first peak in the vibronic progression (P) is illustrated in the
tunneling diagram (b) (V,>0). The sharp peak (P'), corresponds to the
tunneling diagram in (c) (V,<0).
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FIG. 2. (Color) Topographic images of CuPc molecules for different sample
bias values. (a),(b) Images taken at positive and negative sample biases.
(c)—(0), For less negative bias values a depression with sharp edges appears
in the image of the molecule. As the size of the depression increases a
crosslike structure positioned in the center of the molecule emerges. The
molecule is neutral when the tip is positioned above the hole and negatively
charged when the tip is positioned above the molecule outside the hole. The
tunneling current for all the images was 17.5 pA.

vibronic states''* at positive sample bias (LUMO), and a

sharp peak on the negative bias side'* [Fig. 1(a)]. We denote
the first peak in the vibronic progression as P and the sharp
peak as P’ [Fig. 1(a)].

The nature of these peaks is explained in Figs. 1(b) and
1(c). At positive sample bias, electrons tunnel from the tip to
the molecule, and then to the NiAl [Fig. 1(b)]. An increase in
the conductance (peak P) is observed, when the energy of the
first vibronic state is aligned with the Fermi level of the tip
(additional vibronic states are resolved at higher bias volt-
ages in d°1/dV? spectral3). At negative sample bias, electrons
tunnel in the opposite direction, and a sharp peak (P’) in the
conductance appears, when the first vibronic state of the
CuPc is aligned with the Fermi level of the NiAl [Fig. 1(c)].
Thus both P and P’ are due to tunneling through the LUMO
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of the CuPc molecule. The magnitude difference in the posi-
tions of the sharp peak and the first vibronic peak is due to
the high dielectric constant of the oxide layer compared to
vacuum, which results in a voltage drop across the vacuum
gap being about seven times larger than the voltage drop
across the oxide. The difference in the intensity of P and P’
is explained by considering a two-step tunneling process in
the junction, where the tunneling rate through the vacuum
gap is much slower than the rate through the oxide. This
results in a much greater number of vibronic and tip states
that are available for tunneling.14 For both bias polarities, the
lifetime of the negatively charged state of the molecule on
oxide is drastically increased compared to tunneling through
a molecule adsorbed directly on a metal surface.'®?! Density-
functional theory calculations show that in the double-barrier
tunnel junctions by varying the width of one of the tunnel
barriers and the bias of tunneling electrons it is possible to
achieve charging of a molecule by a single electron during
electron transport.22 Since the tunneling rate between the tip
and the molecule is much smaller than the tunneling rate
between the molecule and the NiAl substrate, CuPc molecule
is charged when the sample bias value is less negative than
the position of the sharp peak (P’).

Thin insulating films electronically decouple adsorbed
molecules from the metallic substrate and the topographic
STM images represent the geometry of the orbitals respon-
sible for tunneling.23 Since tunneling for both bias polarities
occurs through the same molecular state, topographic (con-
stant current) images of single CuPc molecules taken at posi-
tive and negative sample bias values [Figs. 2(a) and 2(b)]
have the same symmetry, which in this case corresponds to
that of the two fold degenerate e, orbital.

Since the charge state of the molecule depends on the
applied voltage, topographic images taken with the sample
bias around the charging threshold reflect the spatial control
of the single molecule charging in the double barrier junc-
tion. This effect is usually influenced by the observation that
the position of the charging peak depends on the distance
between the tip and the molecule.'* When the tip is moved
closer to the molecule position of the sharp peak shifts to-
wards the Fermi level, resulting in a change of the tunneling
current. This change is compensated by the feedback loop.
The variation in the tip-molecule distance due to the topog-
raphy of the molecule is large enough to “broaden” the sharp
peak so that topographic images do not have a simple inter-
pretation. However, about 10% of the molecules with the
sharp peak are adsorbed on sites where the position of the
sharp peak does not shift or shifts negligibly with varying
tip-molecule distance. For those molecules, topographic im-
ages taken at sample bias values close to P’ show an unusual
depression (“hole”) with very sharp boundary within the
molecule [Fig. 2]. For less negative sample bias values, the
size of this depression gradually increases, revealing a cross-
like structure positioned at the center of the molecule [Figs.
2(e)-2(0)]. The position of the center of the hole usually
does not coincide with the center of the CuPc and varies
from one molecule to another, but the edges of the hole are
always sharp, and the crosslike shape always appears.
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FIG. 3. (Color) Correspondence between topography
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and dI/dV spectroscopy. (a) Topographic image of a
CuPc molecule taken at negative sample bias below the
sharp peak. (b) 20-point dI/dV mapping, at equidistant
points along the arrow in (a), shows that the sharp peak
is closer to the Fermi level for the outer parts of the
molecule. (c) At the positive side of the spectra, the
onset of the vibronic progression also shows the similar
shift. (d) Positions corresponding to the sharp peak (left
vertical scale) and the first vibronic peak (right vertical
scale). The vibronic peak position is scaled to take into
] consideration the voltage drop across the oxide to yield
e E, (Refs. 13 and 14). (e) Topographic image taken at

1 —0.4 V. This value is less negative than the position of
the sharp peak for the inner part of the molecule (region
: 1), and more negative than that for the periphery of the
. molecule (region II). (f) dI/dV image of the molecule

taken at —0.4 V shows the locus of positions for the
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In order to understand the nature of the hole, we ob-
tained a spatial mapping of the differential conductance by
measuring dI/dV spectra at 20 equidistant points across the
molecule [dashed arrow in Fig. 3(a)]. The series of spectra in
Fig. 3(b) shows variation in the position of P’ for different
locations of the tip above the molecule. The position of P’
has its most negative value above the center of the hole and
shifts to less negative values at the periphery of the hole. The
variation in the corresponding positions of P is smaller, but it
exhibits the same trend—position of P at the periphery of the
hole is closer to the Fermi level of NiAl than at the center of
the hole [Fig. 3(c)]. Positions of the sharp peak, P’, and the
corresponding vibronic peak, P, are plotted in Fig. 3(d). The
ratio P’/ P is approximately constant (7.6+1.0) for all spec-
tra, with small variations for different parts of the molecule,
attributed to the oxide inhomogeneity.

The topographic image taken at sample bias value
—-0.4 V is shown in Fig. 3(e). In this image we divide the
molecule into two regions. Region I is the part of the mol-
ecule inside the hole and region II is the outer part of the
molecule. This value of the sample bias is shown in Figs.
3(b) and 3(d) with dashed lines. The dashed line in Fig. 3(b)
divides dI/dV spectra into two distinct regions. In region I,
the sharp peak voltage is more negative than the chosen bias,
and in region II, it is less negative. To verify that regions I
and I in the topographic image [Fig. 3(e)] correspond to
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regions I and IT in Fig. 3(b) and 3(d), we take dI/dV image at
—0.4 V. The image shows a “ring” corresponding to the spa-
tial positions of the sharp peak at —0.4 V [Fig. 3(f)], which
coincides with the boundary between regions I and II. Thus
when the tip is positioned above region II, part of the LUMO
is below the NiAl Fermi level, as shown in Fig. 1(c), and the
molecule is charged. When the tip is positioned above region
I, the LUMO of CuPc is higher than the Fermi level of NiAl,
and electrons tunnel directly between the NiAl and the tip.
Since tunneling is influenced by the presence of the CuPc
molecule in the junction through its effects on the tunneling
barrier and the density of states, the topography of an un-
charged molecule is obtained.”* In the image taken at
-0.58 V [Fig. 2(b)], the molecule is charged for all positions
of the tip above it. As the sample bias approaches zero, the
size of region I gradually increases [Fig. 2]. For the most part
of the image taken at sample bias value —0.26 V [Fig. 2(0)],
the molecule is uncharged and the topographic image reveals
a crosslike structure.

The phenomenon was also observed for single naphtha-
locyanine molecules adsorbed on thin aluminum oxide film.
For both molecules the symmetry of the hole does not rep-
resent the symmetry of the molecule, which implies that the
phenomenon is attributed not only to the behavior of the
isolated molecule but is a property of the molecule-oxide
complex specific to the adsorption site of the molecule. The
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FIG. 4. (a) STM image of the molecule with a hole. (b) STM image of the
same area after removing the molecule with the STM tip. The protrusions
are Al atoms.

conductance of adsorbed molecules can be influenced by
nearby point charges.25 Since the described behavior is ex-
hibited by about ten percent of those molecules with charg-
ing peak (P') and the center of the hole can be found at a
variety of locations for different molecules, it is possible that
the molecules are adsorbed on a defect site. To check this we
removed a molecule with the STM tip and imaged the ad-
sorption site with an atomic resolution [Fig. 4]. In the Fig.
4(b) protrusions correspond to the Al atoms,”®?” and there
are no Al vacancies at the adsorption site of the molecule.
However, we cannot exclude a charged defect due to a miss-
ing oxygen atom. The shift in the peaks of the LUMO [Figs.
3(c) and 3(d)] is attributed to the tip-dependent potential the
molecule-oxide complex experiences in the junction. Theo-
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retical calculations of this potential for different tip positions
over the molecule and molecular adsorption sites on the ox-
ide are required to obtain a quantitative understanding of the
shift.

Unusual topographic features were found in single CuPc
molecules adsorbed on thin Al,O5 film grown on NiAl(110)
surface. These features were attributed to a very strong de-
pendence of the charging of the molecules during the elec-
tron transport in the double-barrier tunnel junctions on the
position of the STM tip within the molecule. These experi-
ments demonstrate a new strategy for controlling conduc-
tance and the charged state of single molecules and can be
applicable for future molecular electronics devices.
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for many insights and inspiring discussions.
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