
P H Y S I C A L R E V I E W L E T T E R S week ending
25 APRIL 2003VOLUME 90, NUMBER 16
Energy-Filtered Scanning Tunneling Microscopy using a Semiconductor Tip
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The use of cleaved, [111]-oriented monocrystalline InAs probe tips enables state-specific imaging in
constant-current filled-state scanning tunneling microscopy. On Si�111�-�7� 7�, the adatom or rest-
atom dangling-bond states can thus be mapped selectively at different tip-sample bias. This state-
selective imaging is made possible by energy gaps in the projected bulk band structure of the
semiconductor probe. The lack of extended bulk states in these gaps gives rise to efficient energy
filtering of the tunneling current, to which only sample states not aligned with a gap contribute
significantly.
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FIG. 1 (color). Si�111�-�7� 7� structure [11]: Top view (top)
and cross section (bottom). Atoms closest to the viewer are
drawn largest. Twelve adatoms (‘‘a’’), among which are six
corner and six center adatoms, constitute the topmost atomic
layer. Rest atoms (‘‘r’’) are located 1 �A below in the second
layer. Corner-hole atoms (‘‘c’’), 4:4 �A below the adatom layer,
intersection of two {110} cleavage planes with the (001) mark the corners of the unit cell.
Scanning tunneling microscopy (STM) [1] has become
a key technique for measurements at the atomic and
molecular level [2]. Increasingly, STM is used not only
for topographic imaging, but to obtain atom-resolved
spectroscopic information on sample electronic structure
[3], vibrational properties [4], and chemical activity [5].
Meanwhile, the original experimental setup in STM has
remained remarkably unchanged. In particular, the role
and nature of the probe tip, conventionally a sharpened
polycrystalline metal wire, have hardly evolved at all.
The predominant use of metal tips limits the potential of
STM for spectroscopic imaging, giving poor control over
the sample states that contribute to the tunneling current
[6]. The mapping of a given occupied sample state, for
instance, may be strongly hindered by this lack of control.
Conventional filled-state STM invariably is most sensi-
tive to states closest to the sample Fermi energy ("F). The
tunneling barrier reduces contributions from deeper va-
lence states far from "F [7], which are thus difficult to
image in traditional STM with a metal probe. Here we
introduce semiconductors as a novel class of tip materials
that can overcome these limitations [8]. We observe that
constant-current STM (cc-STM) with a cleaved [111]-
oriented InAs probe allows energy-filtered imaging, in
which only sample states within a narrow energy inter-
val, tunable via the tip-sample bias, contribute to the
tunneling current. Using this novel technique, we dem-
onstrate the selective imaging of rest-atom dangling-bond
states through overlapping, higher-lying adatom orbitals
on Si�111�-�7� 7�.

To illustrate the possibilities for spectroscopic STM
arising with monocrystalline semiconductor probes, we
used InAs tips for bias-dependent cc-STM on Si�111�-
�7� 7�. Experiments were performed in a home-built
scanning tunneling microscope operating at room tem-
perature in ultrahigh vacuum (UHV). Clean Si�111�-
�7� 7� surfaces were prepared in UHV following stan-
dard procedures [5]. Doped (n-type, n � 2� 1018 cm�3)
InAs probes were produced by cleavage in air from a (001)
oriented InAs wafer. A cleavage corner, defined by the
0031-9007=03=90(16)=166101(4)$20.00 
surface, served as the STM tip. In contrast to the conven-
tional polycrystalline metal tips, our monocrystalline
InAs probes have a well-defined crystal orientation. As-
cleaved tips were briefly heated in UHVand then mounted
into the microscope with their [111] zone axis perpen-
dicular to the sample surface [9].

We used Si�111�-�7� 7� as a model sample surface
with well-known properties. Its structural features are
summarized in Fig. 1 [12]. The unit cell consists of
two halves, one of which has a stacking fault in the
second layer. The topmost atomic layer comprises 12
atoms per unit cell, which are referred to as center or
corner adatoms. The second layer, about 1 �A lower [11],
holds six rest atoms. Each of the adatoms and rest atoms
has a single dangling bond. These dangling bonds are
the primary source of tunneling current in STM on
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Si�111�-�7� 7� [3]. The adatoms give rise to an occupied
state 0.35 eV below "F. A second filled state, 0.8 eV below
"F, is localized on the rest atoms. Si�111�-�7� 7� thus
represents a surface with two localized states at different
energies, whose orbitals overlap considerably.

Conventional filled-state cc-STM is most sensitive to
occupied states near the sample Fermi level [7]. On
Si�111�-�7� 7�, it maps only the dangling bonds of the
adatoms over a wide range of tip-sample bias, and is
insensitive to the rest-atom state [13]. Filled-state images
obtained with our cleaved InAs probes show a much
richer bias dependence (Fig. 2). At low voltage [�1:0 V
sample bias; Fig. 2(a)], sharp maxima in apparent height
are localized at adatom positions, producing an image
that closely matches those obtained with metal probes.
With increasing negative voltage, however, these sharp
maxima spread out to become shallower and elongated.
At �1:7 V [Fig. 2(b)], the contrast maxima originally
associated with the corner adatoms uniformly cover pairs
of adjacent corner adatoms and rest atoms. Contrast from
the center adatoms in the faulted half of the unit cell is
spread into a ring of somewhat elevated apparent height,
while having all but vanished in the unfaulted half. The
shift of the maxima in apparent height continues to
higher bias. At �2:0 V [Fig. 2(c)], the adatoms no longer
appear to be protruding highest, but sharp and well-
defined peaks are now located at the six rest-atom sites.

Figure 3 summarizes the bias dependence of the cc-
STM contrast for sample voltages between �1:0 and
�2:0 V, showing line profiles along the long diagonal of
the �7� 7� unit cell [10]. The profiles confirm a striking
transition from pure adatom imaging at low bias to pref-
erential rest-atom imaging at high bias. This transition
FIG. 2 (color). Constant-current STM images (top: gray
scale; bottom: false color) of Si�111�-�7� 7� obtained with a
[111]-oriented InAs tip at different sample bias. (a) �1:0 V
(height range: 1:8 �A); (b) �1:7 V (1:45 �A); and (c) �2:0 V
(1:3 �A). The upper half of the unit cell is faulted. A simplified
structure model of the �7� 7� reconstruction is overlaid on one
of the unit cells in each false color image. The gray and false-
color scales used are shown next to column (c). Field of view:
60 �A� 67 �A; tunneling current: 300 pA.
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involves a sharp drop in tunneling current from adatoms
over a narrow bias range from �1:5 to �1:9 V. The
tunneling resistances for corner adatoms and rest atoms
become equal at �1:7 V in the unfaulted half, and at
�1:8 V in the faulted half of the unit cell. Remarkably,
the image obtained at the highest bias value, �2:0 V,
maps the rest atoms about 0:5 �A above the corner ada-
toms, through the orbitals of the adatoms that lie 1 �A
higher in the �7� 7� structure [11]. Our images clearly
cannot be interpreted as maps of sample topography,
but instead constitute state-selective maps of individual
dangling-bond orbitals at the Si�111�-�7� 7� surface.

Figures 2 and 3 demonstrate a new mechanism of
spectroscopic imaging in filled-state cc-STM with a
semiconductor tip. In contrast to conventional cc-STM,
STM with an InAs tip maps the energetically highest
occupied state only at low bias, while a deeper valence
state is selected for imaging by choosing a higher bias
voltage. The repeatable observation of this effect with
different InAs tips that likely have different configura-
tions of the outermost tip atoms suggests a key role of
bulk tip states in determining the tunneling current. For
electrons tunneling from the sample surface into the tip at
negative sample bias, current collection at the electrode
attached to the tip requires that the transition into a
localized state on the foremost tip atoms be followed by
a second, energy-conserving transition into an extended
bulk tip state [14]. Sample electrons that cannot make
such a resonant transition are expected to contribute only
weakly to the tunneling current. This need for a transfer
into a bulk tip state can suppress the tunneling current in
the case of a semiconductor probe, for example, if the
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FIG. 3 (color). STM line profiles between corner holes along
the long diagonal of the �7� 7� unit cell: Sample bias depen-
dence between �1:0 and �2:0 V. Dashed lines mark corner
adatom (‘‘a’’) and rest atom (‘‘r’’) positions on the diagonal in
the two halves of the unit cell. Circles indicate the positions of
maxima in apparent height in each profile.
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final state falls into a band gap of the semiconductor [15].
This feature provides an opportunity to control tunneling
from discrete sample states.

For tunneling into a polycrystalline metal tip, there is
no gap in the density of final states [16]. A continuum of
empty tip states above the Fermi energy implies a broad
tunneling distribution, which for all bias voltages peaks
at the sample Fermi level [7]. For samples with spatially
overlapping dangling-bond orbitals at different energies,
conventional STM with a metal tip preferentially maps
the state closest to "F and is insensitive to the deeper
valence orbitals. For a monocrystalline semiconductor
STM tip, there may exist several gaps with vanishing
density of states, as illustrated in Fig. 4(a). This panel
shows the (111) surface-projected bulk band structure
of InAs, matching the approximate orientation of our
tips obtained by cleavage from a (001)-oriented wafer. It
was calculated from first principles using local-density-
functional theory with corrections for the band-gap dis-
continuity [17,18].

In addition to the fundamental band gap, which extends
through the entire surface Brillouin zone (SBZ), there
are several projected gaps. Most important here is the
lowest projected gap in the conduction band, centered at �
and persisting through about one third of the SBZ. At the
zone center, the calculation shows the onset of this gap
1.92 eV above the valence band maximum, and a width
"p � 2:66 eV.
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FIG. 4 (color). Tunneling into a [111]-oriented InAs tip:
(a) Bulk bands of InAs projected onto the (111) surface
Brillouin zone (inset). The zone-center width of the lowest
projected gap in the conduction band is labeled "p. Energies
are given with respect to the top of the valence band. (b),
(c) Schematic band diagrams illustrating energy-filtered tun-
neling of electrons from a sample with two occupied surface
states, such as Si�111�-�7� 7�, into a [111]-oriented InAs tip at
negative sample bias. Sample surface states (‘‘a’’,‘‘ã’’, and ‘‘r’’)
are indicated. The fundamental gap ("g) and the lowest (111)-
projected gap ("p) of the InAs tip are shown, as is the
schematic tunneling probability n�"� of electrons tunneling
from sample to tip.
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The absence of extended states in this projected gap
can be expected to strongly affect the energy distribution
of the tunneling current from sample to tip, as shown in
Figs. 4(b) and 4(c). These panels give schematic band
diagrams for electrons tunneling into an InAs tip from
a sample [such as Si�111�-�7� 7�] with two types of
dangling-bond states, ‘‘a’’ and ‘‘r’’, at different energies.
At low bias [Fig. 4(b)], the highest occupied surface state
of the sample [the adatom state on Si�111�-�7� 7�] falls
below the projected tip gap. The tunneling distribution
then resembles that for a metal tip; i.e., it is continuous
with a peak at or near "F of the sample. With increasing
bias, the highest valence state eventually lines up with
the projected gap of the tip [Fig. 4(c)]. The vanishing
projected tip density of states then strongly suppresses
tunneling from this state, and a lower-lying state [the
rest-atom state on Si�111�-�7� 7�] dominates the tunnel-
ing current. Our band-structure calculation allows us to
estimate the bias value at which the adatom surface state
on Si�111�-�7� 7� begins to line up with the projected
conduction gap of our InAs probes. The predicted thresh-
old for the transition from adatom to rest-atom imaging
on Si�111�-�7� 7� is �1:66 V, in excellent agreement
with the transition observed in our experiments.

In the present case of an InAs probe, the (111)-
projected conduction gap does not extend through the
entire SBZ. The energy filter in an InAs tip may thus be
transparent to tunneling electrons with large in-plane
wave vector (kjj). The kjj distribution in STM, however,
is known to peak at kjj � 0 [24]. We can estimate the
width of the distribution from Heisenberg’s uncertainty
principle. Assuming an uncertainty �x � 2 �A of the in-
plane position of tunneling electrons, we find �kjj �
1=2�x � 0:25 �A�1, considerably smaller than the extent
of the (111) projected gap in InAs (0:35 �A�1). For a kjj
distribution of this width, over 90% of the tunneling
electrons have values of kjj below 0:35 �A�1. An energy-
filtering InAs probe should thus suppress tunneling from
sample states tuned near the center of the projected gap
with high efficiency, as is indeed observed in our experi-
ments. A gradual reduction of adatom tunneling signal for
applied bias above 1.7 V, as seen in Fig. 3, is expected due
to the gradual expansion of the projected gap in k space
and the finite width of the kjj distribution, of which an
increasing fraction is blocked from tunneling with in-
creasing bias.

Our observations suggest that a semiconductor such as
InAs, used as a probe tip in STM, can serve as an energy
filter with a narrow ‘‘pass band’’ between the fundamen-
tal gap ("g) and a projected conduction gap ("p). STM
using such a probe offers exciting possibilities for spec-
troscopic imaging. If a sample has different dangling
bonds with spatially overlapping orbitals, energy-filtered
(EF) STM can selectively map each of these orbitals
individually. In the more common case of spatially sepa-
rated dangling bonds, EF-STM will provide contrast
166101-3
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between occupied states at different energies. If, for in-
stance, different atomic species at the surface give rise to
dangling bonds at different energies, EF-STM will be
able to distinguish between these species. We thus foresee
the ability to determine the local surface composition of
semiconductor alloys, a long-sought capability critical for
understanding alloy growth [25].

While energy-resolved maps of sample states can,
in principle, be obtained by derivative spectroscopy [3],
EF-STM introduces two key advances. It is inherently
fast and simple and involves only constant-current imag-
ing, so that it can be used to obtain spectroscopic infor-
mation quickly or over large sample areas. And it is
capable of mapping the three-dimensional structure of
selected sample orbitals, whereas conventional derivative
spectroscopy maps only the surface-projected ‘‘shape’’ of
orbitals, providing no information on their extension into
the vacuum.

Our experiments demonstrate the selective mapping of
adatom and rest-atom orbitals on Si�111�-�7� 7�, and
give evidence of the feasibility of energy-filtered scan-
ning tunneling microscopy using cleaved InAs tips.
Other semiconductor materials will have similar energy-
filtering capability if gaps exist in their projected
bulk band structure. The energy-filtering character-
istics could thus be altered by choosing a different tip
material. Ultimately, the band structure of semiconductor
STM probes may be tailored to tune and optimize spec-
troscopic contrast, drawing from the broad repertoire of
tools developed for semiconductor band-structure engi-
neering, including alloying, carrier confinement, and
elastic strain.
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