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Modifying the STM Tip for the ‘Ultimate’
Imaging of the Si(111)-7×7 Surface and
Metal-supported Molecules

Ye-liang Wang*, Zhi-hai Cheng, Zhi-tao Deng, Hai-ming Guo, Shi-xuan Du, and Hong-jun Gao*

Abstract: We report on high-resolution STM measurements with modified probe tips. First, both the rest atoms
and adatoms of a Si(111)-7×7 surface are observed simultaneously. The visibility of rest atoms is dependent
upon the sample bias voltage (less than –0.7 V) and is enhanced by sharpening the tip, which is rationalized by
first-principles calculations. Second, a tip with a perylene molecule adsorbed at its apex is used to discriminate
the molecular states and the metal states of the underlying Ag(110) surface, which is attributable to a mismatch
between the energy levels of the functionalized tip and the adsorbates on silver. Lastly, high-resolution images
of iron phthalocyanine (FePc) and zinc phthalocyanine (ZnPc) molecules on Au(111) are obtained by using an
O2-terminated tip, and the images reveal rich intramolecular features arising from molecular orbitals that are not
observed when using clean metallic tips.
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1. Introduction

Over the past three decades, the scan-
ning tunneling microscope (STM) has
proven to be one of the most powerful
modern research tools, enabling investiga-
tions of the morphology and local proper-
ties of solid surfaces. Its capacity for high
spatial resolution was firstly demonstrated
by measurements of reconstructed semi-
conductor surfaces. The gain of unprec-
edented images in real space is still stimu-
lating studies based on semiconductors,
which usually have complicated geomet-
ric reconstruction and intricate electronic
structures.[1]

Besides semiconductor surfaces, STM
also holds remarkable potential for the im-
aging and spectroscopy of adsorbed mol-
ecules on well-defined metal surfaces. In

the past several decades, various organic–
inorganic interfaces have been extensively
investigated with the aim to construct mo-
lecular-based functional nanodevices.[2–9]
Besides the observations of geomet-
ric superstructures in different dimen-
sions[6,8,10–21] or the configuration of indi-
vidual molecules in self-assemblies,[22–25]
researchers are seeking to explore molecu-
lar electronic structures with higher resolu-
tion, allowing direct imaging of intrinsic
molecular orbitals and further providing
a deeper understanding of the molecule–
substrate interaction. The majority of
STM studies of individual molecules have
so far been limited to molecules on metal
or semiconductor substrates, since STM
relies on nonzero conductance within the
tunneling junction to produce an image.
In these cases, the electronic structure of
the molecules is usually influenced by the
substrate.[26] This limitation could be over-
come by decoupling molecules from the
substrate, for example, by using an ultra
thin insulating inorganic film[27] or a mo-
lecular buffer layer between molecular ad-
sorbates and a metal substrate.[26,28,29]

An alternative way to get high-resolu-
tion images is to functionalize the STM tip
by attaching a molecule at its apex.[30–32]
Every STM event is a convolution of tip
and sample structures and thus the elec-
tronic structure of the tip affects the capa-
bility of STM imaging. A functionalized
tip with CO or C

2
H

4
has been found to in-

crease the resolution of STM imaging of
small molecules.[32,33] However, for large
molecules less work has been done on di-
rectly measuring the molecular electronic
structures in detail.

In this review paper, we first show the
highest resolution STM images to date of
the (7×7) reconstruction of the silicon(111)
surface by a tip with a quite tiny apex. We
then demonstrate that the electronic struc-
tures of metal-supported molecules can be
directly imaged by molecule-terminated
STM tips. Functionalizing the tip by at-
taching a molecule (either a solid perylene
molecule or O

2
gas molecule) to its apex

is expected to modify the tip’s electronic
structure. With the functionalized tips,
STM images of molecules on metal reveal
intramolecular features not observed with
normal metallic tips. The functionalization
of a metal tip could be a useful method for
increasing the resolution of molecules ad-
sorbed on metal surfaces or even for dis-
criminating electronic states of organic
adsorbates and states of the metal surfaces.

2. ‘Ultimate’ STM Images of the
Si(111)-7×7 Surface

The Si(111)-7×7 surface is a best friend
of the STM community and is inseparable
from the history of STM. This surface
holds themost complicated and fascinating
reconstruction in several stacked atomic
layers and provides a platform for testing
the unprecedented resolution of STM as a
novel powerful apparatus.[34] The first real-
space atomic image of this surface was ob-
tained by Binnig et al. in their landmark
STM demonstration, in which bright spots
corresponding to the topmost adatoms
were revealed.[35] Since then, with STM
and the later family of scanning probe
microscopes, the structures of the Si(111)-
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on its adjacent rest atom, and the rest atom
is still visible and locates at its normal po-
sition with no lateral displacement.

The line profile in Fig. 2b shows the
positions and height differences of the six
distinct types of atoms (labeled as 1 to 6)
along the solid line in Fig. 2a. The rest
atom (site 2) in the FHUC is at the same
apparent height as the rest atom (site 5) in
the UHUC, and they are both even at the
same height as the central adatom (site 4)
in the UHUC. The high-contrast between
the rest atoms and adatoms is even better
than in the previous results obtained by us-
ing scanning force microscopes, in which
the tip touched the silicon atoms of the sub-
strate.[37,38,44] To our best knowledge, this
is the first time that all the rest atoms and
adatoms of Si(111)-7×7 surface are simul-
taneously revealed with high-contrast in an
STM topographic image.

A series of STM images obtained at
different sample bias voltages (U), as
shown in Fig. 3, illustrate that the detection
of rest atoms is dependent on the sample
bias voltage applied. At lower bias volt-
age of U = –0.5 V and –0.6 V, the images
(Fig. 3a and 3b) only show adatoms. This
suggests the electronic states of adatoms
are closer to Fermi level than are those of
the rest atoms. The invisibility of the rest
atoms is ascribed to the electronic states
of the rest atoms being outside the range
of the bias when the sample bias is kept
very low. By increasing the bias voltage,
the rest atom spots become visible at U <
–0.7 V, as shown in Fig. 3c–f. It clearly re-
veals that the DB states of the rest atoms
are about 0.7 eV below the E

F
, which is in

excellent agreement with the experimental
results measured by the method of current
imaging tunneling spectroscopy (CITS). In
1989, Hamers et al. provided CITS data of
the DB states of adatoms (about 0.35 eV
below the E

F
) and rest atoms (about 0.8 eV

below the E
F
).[41]

7×7 surface have been extensively inves-
tigated.[36–39] The STM topographies nor-
mally show the topmost adatoms. For the
mapping of rest atoms, little work has been
reported that employs a common STM tip.
Sutter et al.[39] selectively mapped the rest
atoms with a semiconductor tip, since the
energy gap of the tip can suppress the tun-
neling from the adatoms at certain sample
bias voltage settings.

The atomic arrangement of the Si(111)-
7×7 reconstruction is described by the
DAS (dimer-adatom-stacking fault) mod-
el.[40] The model (Fig. 1) consists of twelve
adatoms and six rest atoms in one unit cell,
which are evenly distributed in the faulted
half unit cell (FHUC) and unfaulted half
unit cell (UHUC). Each unit cell contains
nineteen dangling bonds (DBs), twelve for
the adatoms and six for rest atoms and one
for the corner atom. The tunneling current
in STM of this surface originates from
these DBs.

The electronic states of DBs of the
adatoms is about 0.4 eV below the Fermi
energy (E

F
)and the states of DBs of the rest

atoms is about 0.8 eV below E
F
.[41] STM

is very sensitive to states closest to the
sample E

F
, so the mapping of rest atoms,

whose DBs states are far from E
F
, is dif-

ficult to carry out. This is also assumed to
be the main reason that adatoms and rest
atoms of Si(111)-7×7 surface are difficult
to clearly distinguish simultaneously. We
recently revisited this surface employing a
sharp STM tip.[42,43] The resulting images
clearly show all adatoms and all rest atoms
with high contrast. Careful preparation of
the STM tips (reducing the radius of the
apex) is the key to this success, as our first-
principles calculations reveal a geometric
hindrance effect of the apex for such com-
plex surfaces with multiple stacked layers.

The STM images in Fig. 2a clearly
show the adatoms and the rest atoms, that

is, 18 topographicmaxima in per (7×7) unit
cell. In the UHUC, the rest atoms even ap-
pear with almost the same brightness as the
central adatoms, whereas in the FHUC, the
rest atoms appear considerably less bright
than the central adatoms. Note the defect
with the missing of one corner adatom (la-
beled as 7) in Fig. 2a: it shows no influence

Fig. 1. Schematic diagram of Si(111)-7×7 ‘DAS’
model. (a) Top view and (b) side view of atoms
in Si(111) layers, the atoms at increasing depth
in the surface are indicated by spots of de-
creasing sizes. All twelve adatoms are colored
in green and all six rest atoms in red in one unit
cell, which consist of two halves, a faulted half
unit cell (F) and an unfaulted half unit cell (U).

Fig. 2. STM images of Si(111)-7×7 surface, si-
multaneously revealing twelve adatoms and six
rest atoms per unit cell. (a) Filled states image
(8 nm × 8 nm) recorded at sample bias voltage
of –1.5 V and tunneling current of 0.3 nA. A
(7×7) unit cell is delineated with a dashed-line
rhombus. (b) Line profile taken along the blue
line in (a), with labels ‘1’, ‘2’, ‘3’ denoting the
corner adatom, rest atom, center adatom in
faulted half unit (FHUC), and labels ‘4’, ‘5’, ‘6’
denoting the center adatom, rest atom, corner
adatom in unfaulted half unit (UHUC), respec-
tively. Label ‘7’ denotes the site where an
adatom is missing.

Fig. 3. STM images of Si (111)-7×7 surface with different sample bias voltages (U): (a) –0.5 V; (b)
–0.6 V; (c) –0.7 V; (d) –0.8 V; (e) –0.9 V; (f) –1.0 V, respectively. The rest atoms start to appear at the
sample voltages and become highly visible while U is less than –0.7 V. All images are taken at I =
0.4 nA in a scanning area of 5 nm × 5 nm.



30 Years scanning Tunneling MicroscopY CHIMIA 2012, 66, No. 1/2 33

tures with higher resolution. The STM tip
would be functionalized by approaching
the tip to the sample surface with an over-
layer of molecules. If the interaction of the
molecules with the underlying substrate is
weak, it will be favorable for a tip to pick up
a molecule from the sample surface at high
current setups. For example, in the case of
perylene molecules atAg(110) surface, the
isolated distribution of perylene molecules
on the substrate at low molecular coverage
suggests a weak intermolecular interac-
tion.[47] The theoretical calculations fur-
ther confirm theweak interactions between
molecule and the Ag(110) substrate.[48]
The adsorption energy of a single perylene
molecule on Ag(110) is about –4.5 eV.
However, the adsorption energy of per-
ylene on a tungsten tip is higher than –8.0
eV, calculated from the adsorption on a flat
tungsten (100) surface. Thus the higher
adsorption energy of perylene with tung-
sten makes it feasible for a tungsten tip to
pick up molecule from the silver substrate.
Therefore, a tungsten tip can be function-
alized by adsorbing a perylene molecule
at its apex. We modify the tip by apply-
ing voltage pulses from the tungsten tip to
molecules on the sample. The STM images
change to a different mode, confirming the
adsorption of a perylene molecule at the
tip.

With a clean tungsten tip, the perylene
molecules on Ag(110) are imaged as pro-
trusions on the surface.[48] Fig. 5a shows a
high-resolution STM image of a perylene

The STM observations presented here
contrast sharply with previous STM stud-
ies, which in most cases showed images
similar to Fig. 4a with 12 protrusions in
each (7×7) unit cell, irrespective of the bias
voltages (somewhere between –2V to 2V).
A common explanation[45] for the absence
of the rest atom spots in the images relies
on the fact that the tunneling probability
depends on the thickness of the tunneling
barrier. Because the tunneling current is
inversely proportional to the exponential
of the thickness, the lower electronic state
locating in the valence band corresponds
to the smaller tunneling current. The invis-
ibility of rest atoms while adatoms are vis-
ible may be due to the former having sig-
nificantly lower electronic states than the
latter. This argument, however, contradicts
the theoretical prediction that the DB states
of the rest atoms extend into the vacuum
region like the adatoms.[46] Also, because
the rest atoms are about 4.6 Å away from
the nearest adatoms, if one has an infinitely
sharp tip positioned right above the rest
atom, there is no reason to believe that the
adatoms screen the rest-atom tunneling. If
the tunneling current from a rest atomwere
indeed weak, one could move the tip closer
to the surface (region of rest atoms) in a
constant current STM mode.

The simultaneous visibility of rest at-
oms and adatoms has been further rational-
ized by theoretical simulations.[42] Fig. 4a
shows the STM image of the Si(111)-7×7
surface at U = –0.57 V. At this low sample
bias, the electronic states of the rest atoms
are outside the range of the bias. Thus, the
STM topography here reveals only the top-
most adatoms. The adatoms in the FHUC
appear noticeably brighter than those in the
UHUC. In each half, the adatoms at the
corners appear also slightly brighter than
those near the center. These qualitative fea-
tures are in good agreement with the calcu-
lated real-space charge distribution at this
particular bias (Fig. 4b). Fig. 4c shows the
STM image at U = –1.5 V. We can clearly

see both the adatoms and the rest atoms.
On the UHUC, the rest atoms appear with
almost the same brightness as the central
adatoms, whereas on the FUHC, the rest
atoms appear considerably less bright than
the central adatoms. Once again, the STM
observations are in excellent agreement
with the calculated real-space charge dis-
tribution at the experimental bias in Fig.
4d. Tips with different apex size are used
in the simulations, collectively indicating
that the attainable size of the tip apex is the
crucial factor in imaging the true charge
distribution of a (7×7) surface.[42] The cal-
culated result with a tip radius of 7 Å is in
quantitative agreement with experimental
observations (Fig. 4c and 4d).

To sum up, we have shown, by calcu-
lation and experiment, voltage-dependent
charge distributions of the Si(111)-7×7
surface, and we achieved STM images
that simultaneously represent both the
adatoms and rest atoms. The appearance
of rest atoms is dependent on the bias volt-
age. The rest atom spots can be visible as
protrusions at the sample bias voltage less
than –0.7 V. The first-principles electronic
structure calculations also show a strong
dependence of the charge distribution on
the bias voltage: twelve spots at –0.57 V
for the twelve adatoms, but eighteen spots
at –1.5 V for the twelve adatoms plus six
rest atoms. Our results suggest that a geo-
metric hindrance due to the finite size of
the tip apex could be the reason. This find-
ing should arouse significant research in-
terest in the fabrication of the STM tip and
its applications in exploring more detailed
information about surface reconstructions
and nanostructures.

3. See the Atoms in Molecule-
covered Metal Lattices by a
Molecule-terminated Tip

A functionalized tip provides a possi-
bility to image molecular electronic struc-

Fig. 5. STM images of a monolayer of perylene
molecules self-assembled at Ag(110) surface
with a clean tungsten tip. (a) A high-resolution
image in scanning area of 3 nm × 3 nm. (b)
Enlarged image of one perylene molecule,
1.2 nm × 1.2 nm. (c) Simulated image of one
perylene molecule (1.8 V, 0.09 nA).

Fig. 4. (a), (c)
Experimental STM
images with bias volt-
ages of –0.57 V and
–1.5 V, and tunneling
currents of 0.3 and
0.41 nA, respectively.
F and U depict the
FHUC and UHUC,
respectively. (b), (d)
Calculated STM im-
ages for Si(111)-7×7
with bias voltages
of –0.57 and –1.5 V,
respectively. The red
peaks are about 2 Å
above the dark blue
borderlines.
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monolayer on the Ag(110) surface. Each
perylene molecule is imaged as four bright
lobes with an apparent height of 1.5 Å.
DFT simulations indicate that this image

is mainly attributable to the π states of the
molecule. The twist of the molecule in the
experimental STM image is probably due
to the lateral intermolecular interactions

of close-packed perylene adsorbates. In a
close-packed configuration, the interaction
between the hydrogen atoms of adjacent
molecules is the main component in the
energetic stability of the molecular layer.A
twist of the carbon–hydrogen bonds in this
case will distort the π bonds of the mol-
ecule. Since molecule is imaged mainly
via π states, the molecule itself may ap-
pear twisted. Comparing the experimental
data in Fig. 5b with the simulation in Fig.
5c, it can be seen that the simulated STM
image with a clean tungsten tip is roughly
equivalent to the local charge density – i.e.
the π states – of perylene molecules on
Ag(110) surface.

With a functionalized tip, we gainmuch
higher resolution data with intramolecular
features, as shown in Fig. 6a (bias volt-
age –0.8 V). The energy levels of perylene
adsorbates are discriminated by changing
the bias voltage and current. Part of theAg
surface appears as a protrusion, and the
perylene molecules appear to be embedded
in the substrate. While increasing the bias
voltage to –0.67 V, the whole Ag surface
appears, and an image of Ag rows in the
[1-10] direction is obtained (Fig. 6b). If the
bias voltage is further increased to –1.5 V,
a high-resolution atomic image of the Ag
surface is visible while the perylene ad-
sorbates are seen as depressions (Fig. 6c).
STM simulations under identical tunneling
conditions are shown in Figs. 6d–f.All fea-
tures are reproduced in simulations with a
perylene-modified tungsten tip.

The central part of the molecule is still
visible in Fig. 6b, while it has vanished
in Fig. 6c. The reason for this behavior is
the onset of the d band on the silver sur-
face, which reaches its maximum density
of states at around –1.5 eV. At a bias of
–1.5 V, the protrusion in the middle of the
molecule no longer appears, and the STM
images reveal only the atomic positions of
the silver surface. The observations clearly
demonstrate the induced functionality of
the tip due to the adsorbedmolecule.While
the states of the molecule at the surface are
invisible due to their increased energy dif-
ference from the states of the tip, the con-
tinuous d band of Ag(110) gradually pro-
vides the majority of tunneling electrons
around –1.5 eV.

We also note that varying the adsorp-
tion geometry of perylene on the tung-
sten tip, e.g. by rotating the molecule or
changing its adsorption site, does not affect
the results of the STM simulations. This
indicates that most of the tunneling cur-
rent is transported from the attached per-
ylene molecule, while the influence of the
tungsten tip configuration is rather small.
To understand the nature of this intrigu-
ing effect in depth, we performed a par-
tial charge density calculation for a per-
ylene molecule on a W(100) film.[49] The

Fig. 6. (a)–(c) STM images of perylene molecules adsorbed on Ag(110) with a perylene-terminated
tungsten tip. (d)–(f) STM simulations and high-resolution details of a single feature. The position of
the perylene molecule on the substrate lattice is indicated in (f). Parameters: (a) 10 nm × 10 nm,
0.8 V, 27.5 pA; (b) 7.9 nm × 7.9 nm, 0.67 V, 161.5 pA; (c) 10 nm × 10 nm, 1.5 V, 149 pA.

Fig. 7. Schematic
drawing of one
tunneling junc-
tion consisting of a
molecule-terminal
tip and a molecule-
covered metal sur-
face. The modified tip
can discriminate the
molecule states and
electronic properties
of the metal surface.
(a) The highest occu-
pied molecular orbital
(HOMO) levels of the
adsorbed molecules
match the lowest
occupied molecular
orbital (LOMO) levels
of the molecule at
the tip apex within
a certain voltage
bias range, allowing
molecule states to
be imaged. (b) No or-
bital of the adsorbed
molecule matches
any orbital of the mol-
ecule at the tip apex,
thus no states of the
adsorbed molecule
are visible.
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calculation revealed that the π orbitals of
the perylene molecule merge completely
with the charge density of the metal sur-
face, which therefore greatly changes the
charge density of the clean tungsten tip.
The functionality of this tip, i.e. the dis-
crimination of perylene states, is therefore
due to the mismatch of energy levels of
perylene molecules on the Ag surface and
on the modified STM tip. As illustrated by
Fig. 7a, electron tunneling occurs only be-
tween electron levels with the same ener-
gy. Within a certain bias range the HOMO
orbital level of the adsorbed molecule is
equal to the LOMO orbital of the mole-
cule at the tip apex, the electron can tunnel
from the adsorbed molecule to the tip, and
thus we see the molecule states. But with
greater bias voltage (Fig. 7b), no electron
tunnels from the adsorbed molecule to the
tip because the HOMO orbital level of the
adsorbed molecule does not match any
LOMO orbitals of the molecule at the tip
apex, we thus cannot see any states of the
adsorbed molecule.

In short, we have shown that the elec-

tronic states of perylene adsorbates andAg
substrates can easily be disentangled by
using a modified STM tip. The π states of
the perylene adsorbate can be imaged with
a clean tungsten tip. Functionalizing the
tip by attaching a perylene molecule on its
apex enables high-resolution images of the
underlyingAg(110) surface states. This in-
dicates that functionalizing STM tips with
organic molecules can open up a new route
for energy selection of transport properties
through organic interfaces.

4. See Molecule Orbitals at a Metal
Surface with an O2-terminated Tip

Direct imaging of detailed molecular
orbitals can provide a deeper understand-
ing of the molecule–substrate interaction
and reactions at a sub-molecular or even
atomic scale. Besides solid molecules (like
perylene described above), small gas mol-
ecules can also be used to functionalize a
tip and detect molecular structures with
higher resolution. In our experiments, elec-

tronic states of both iron phthalocyanine
(FePc) and zinc phthalocyanine (ZnPc)
molecules on Au(111) were directly im-
aged by an O

2
-terminated tip,[49] however,

the corresponding electronic structures are
not observable with a normal metallic tip.

Both FePc and ZnPc are typical planar
MPcmolecules, composed of a flat Pc skel-
eton with an iron or zinc ion in the central
cavity (see Fig. 8a and Fig. 9a). Highly or-
dered FePc or ZnPc monolayer can be self-
assembled on Au(111) surface.[29,50,51] Fig.
8b shows a typical STM image of highly
ordered FePc monolayer on Au(111) ob-
tained by a normal tungsten STM tip.
Each FePc molecule is recognized as a
four-lobed ‘cross’ structure with a central
round protrusion as illustrated in Fig. 8e.
This indicates that the FePc molecules are
in a flat-lying geometry on the terraces.
The STM image of a highly ordered ZnPc
monolayer is shown in Fig. 9c. The ZnPc
molecules also have a flat-lying adsorption
configuration, and they are quite similarly
imaged as a four-lobed ‘cross’ pattern with
a normal STM tip, but the central zinc atom

Fig. 8. Comparison of STM images of FePc monolayer on Au(111) sur-
face probed by different tips. (a) Structure of FePc. (b) HOMO of an iso-
lated FePc molecule. (c) and (e) are obtained with a bare metallic tip. (d)
and (f) are obtained with a O2-functionalized tip. All images are obtained
with U = –0.4 V, I = 0.05 nA. Scale bar is 1 nm.

Fig. 9. STM topographic images of ZnPc monolayer on Au(111). (a)
Structure of ZnPc. (b) HOMO of a free ZnPc molecule. (c) and (e) are
obtained with a bare tungsten tip. (d) and (f) are obtained with a O2-
functionalized STM tip. Scanning parameters: U = –1.6 V, I = 0.05 nA.
Scale bar: 1 nm.
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appears as a round hole as shown in Fig.
9e, unlike FePc, whose central iron atom
appears as a protrusion. The FePc and
ZnPc molecules show identical orienta-
tions on Au(111), with the ‘cross’ directed
in the [1-10] and [11-2] directions of the
Au(111) surface. The enhanced brightness
at the center of FePc is ascribed to a large
tunneling current that results from orbital-
mediated tunneling through the half-filled

orbital of the Fe ion. In the case of
ZnPc, the d orbitals of Zn are fully filled
and there is no electronic state contributing
to tunneling near the E

F
.[52–54]Therefore the

zinc ion of a ZnPc molecule appears as a
hole in the STM images.

With an O
2
-functionalized STM tip,

both FePc and ZnPc molecules can be
imaged with sub-molecular resolution
(see Fig. 8d and Fig. 9d, respectively).
Intramolecular features are revealed very
well in the close-up STM images of FePc
and ZnPc molecules, as presented in Fig.
8f and Fig. 9f. Comparing images obtained
with a normal tip, the central protrusion
of the FePc molecule appears as a nearly
equilateral triangle when probed with the
functionalized tip, while it appears as a
featureless round bump in the image taken
with the normal tip. The specific features
are also observed within the molecular
lobes. The features of lobes in different di-
rections are different, similar to the highest
occupied molecular orbital (HOMO) of a
free FePc molecule, as shown in Fig. 8b.
The triangular protrusion at the iron posi-
tion is different from the HOMO of a free
FePc molecule, demonstrating a strong ef-
fect of the substrate on the center iron.

As for the ZnPc molecule imaged with
the functionalized tip, the round central de-
pression remains, and the rest of the mol-
ecule is substantially better resolved than
with a normal tip. Each of its four lobes
shows similar intramolecular features, in
which each lobe is divided into four small
protrusions with different intensity. This
is similar to the HOMO of an isolated
ZnPc molecule (Fig. 9b). Unlike the FePc/
Au(111) system in which the adsorption
changes the center protrusion from round
to triangular, the center of ZnPc is still a
round hole after adsorption. This differ-
ence must be attributed to their different
molecule–substrate interactions resulting
from their different central metal ions,
since the chemical structures of FePc and
ZnPc are similar. The interaction between
Fe2+ and the substrate is stronger than that
of Zn2+ and the substrate.

In order to fully understand the physi-
cal information behind these high-resolu-
tion STM images, first-principles calcula-
tions were performed for the adsorption of
FePc (and ZnPc) onAu(111). STM images
were simulated using a realistic W(111)
tip[55] (single-atom terminated pyramid,

Fig. 10a) and a tip with one O
2
molecule

attached to it (Fig. 10b). The simulation us-
ing the W(111)-oriented tip shows a four-
lobed ‘cross’ structure with a round protru-
sion in the center for FePc/Au(111) (Fig.
10c), while a ‘cross’ structure with a round
‘hole’ in the center for ZnPc/Au(111) (Fig.
10e). The simulations using O

2
-terminated

tip show the intramolecular features with-
in the FePc and ZnPc molecules (Fig. 10d
and Fig. 10f, respectively). All simulations
are in good agreement with the experimen-
tal results, especially the asymmetry inside
each lobe of the molecular orbital resolved
images. For the O

2
functionalized tip, we

found that the oxygen atoms create a new
localized electronic state near the Fermi
level of the tip,[49] which should make the
intramolecular features of HOMO of FePc
and ZnPc molecules visible. The key dif-
ference between a clean tip and an O

2
func-

tionalized tip turned out to be the energetic
registry between tip orbitals and orbitals of
the molecules at the surface.

5. Summary

We demonstrated that the technique of
functionalizing a metal tip by sharpening
or molecule-attaching could be a simple
way to improve the resolution of STM.
First, not only twelve adatoms but also

six rest atoms in a unit cell of Si(111)-7×7
surface were resolved simultaneously with
high contrast. The brightness of rest atom
protrusions in STM topography is even
comparable to the topmost adatoms within
a certain bias range. The highest resolution
topography with a visibility of rest atoms
was ascribed to a very sharp tip, which was
enunciated by first-principles simulations.
Second, the electronic states of perylene
adsorbates and Ag substrates can be dis-
criminated by using a perylene-modified
tip. High-resolution STM images of the
surface states of the underlying Ag(110)
lattice are obtained. Third, submolecular
resolution STM images of FePc and ZnPc
molecules on Au(111) are gained by using
O

2
-functionalized tips, by which intramo-

lecular electronic features are observable.
In the latter two cases, it turns out that the
energy levels match between the molecule-
terminated tip orbitals and orbitals of the
molecule adsorbates at the surface. The
experimental results are in excellent agree-
ment with simulated STM images based on
theoretical calculations.
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