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We use variable temperature scanning tunneling spectroscopy to determine the space and energy structure of
the adatom electron band of the Si�111�-7�7 surface. At low temperature �7 K� we map the wave functions
of the electrons in the adatom band in real space. We observe a pronounced splitting of the adatom electron
states between corner and center adatoms of the surface reconstruction and identify new spectral features in the
unoccupied part of the adatom band. The adatom electron states are subsequently identified in tunneling spectra
at room temperature to obtain their energy unaffected by electron transport limitations at low temperature.
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Scanning tunneling microscopy �STM� and scanning tun-
neling spectroscopy �STS� played an important role in deter-
mining the structure and electronic properties of the
Si�111�-7�7 surface. In seminal works, the real-space view
of the Si�111�-7�7 surface1 and the related spatially re-
solved surface electron spectra2 were measured by STM and
STS. These results, when combined with the results of other
surface-sensitive techniques, provided compelling support
for the dimer-adatom-stacking-fault �DAS� model of the
Si�111�-7�7.3 They also provided information about the
surface electronic structure comprising pronounced features
assigned to back bonds, rest atoms, and adatoms of the
Si�111�-7�7 surface.4,5

We present a detailed variable temperature STS study
of the structure of the adatom electron band of the Si�111�-
7�7 surface. At low temperatures �LT�, the combination of
point STS measurement and spectroscopic imaging reveals
new spectral features in the unoccupied part of the adatom
electron band and a strong splitting of the electron states
between the corner and center adatoms of the DAS structure.
However, at LT the energies of the spectral features are
shifted due to a limited transport of electrons between the
surface and the bulk.6,7 We explain this effect in terms of
nonequilibrium tunneling7 on surfaces with a high density of
surface electron states. To obtain an energy scale uninflu-
enced by the transport limitation, we identify the spectral
features and measure their energies in the point STS spectra
at room temperature �RT�. The combination of LT and RT
spectroscopy is a powerful experimental methodology. The
LT measurements have the advantage of high space and en-
ergy resolution and the RT measurements provide a true en-
ergy scale.

We performed the measurements in an ultrahigh vacuum
on a commercial LT STM �Ref. 8� and a noncommercial
variable temperature STM with active drift compensation.9

The Si�111� substrates were degenerately n-doped �1.6
�1019 cm−3 As�, keeping a constant carrier density at tem-
peratures down to 4.2 K.10 The clean Si�111�-7�7 surface
was prepared in situ by standard flashing by dc current to
1200 °C and observed in STM after cooling to the desired

temperature. The STM tips were electrochemically etched
from a polycrystalline W wire and treated in situ on a Pt�111�
surface to ensure the metallic character of the tip.11

The result of our STS measurements is a conventional
density of states �DOS� obtained from the current-voltage
characteristic It�VS� of the tunneling junction: DOS
= �dIt /dVS� / �It /VS�, where It is the tunneling current and VS
is the sample voltage with respect to the tip.12 The energy of
the electron states of the sample contributing to DOS is eVS
with respect to the sample bulk Fermi level. We measure the
It and dIt /dVS simultaneously using a lock-in technique. For
point STS spectra, we stabilize the STM feedback to It

0, VS
0,

switch it off, and measure the DOS as a function of VS. We
use the technique of continuously varying tip-sample separa-
tion s, ds=ad�VS�. For the calculation of the point STS spec-
tra, we use the broadening of the It /VS by �V.12 For spec-
troscopic imaging, we stabilize the STM feedback to It

0, VS
0,

switch it off, and measure the DOS as a function of �x ,y�
during scanning the tip at a plane parallel to the surface at
VS=const. DOS�x ,y� is calculated from the dIt /dVS�x ,y�,
It�x ,y�, and VS yielding a map where the DOS intensities are
within ±15% of those obtained from the point STS
measurements.13

In Fig. 1 we show point STS spectra of the Si�111�-
7�7 surface measured at T=7 K on rest atoms, center ada-
toms, and corner adatoms. We observe spectral features at
VS= �−1.3,−0.9,−0.5,1.2,1.4,1.6� V. The localization of the
spectral features on the surface atoms is not perfect. We can,
however, make an initial assignment of the spectral features
to the surface atoms, where the respective DOS reaches a
maximum. We, thus, assign the feature at VS=−1.3 V to rest
atoms �S2�, features at VS= �−0.9,−0.5,1.4� V to corner ada-
toms �S1� ,S1 ,U1�, and at VS= �1.2,1.6� V to center adatoms
�U1� ,U1��. The features on rest atoms and corner adatoms
have their analogs in previous investigations. We use the
standard nomenclature for them.4,5 The features on center
adatoms are observed for the first time and reveal the fine
structure of the empty states in the adatom band. We derive
their names from the U1.

We confirm the assignment of the spectral features by
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spectroscopic imaging. In Fig. 2, we show the wave func-
tions �DOS maps� of surface electrons on Si�111�-7�7.
From measurements at various VS, we obtain an unambigu-
ous assignment of the feature S2 to rest atoms �Fig. 2�a��, S1
and U1 to corner adatoms �Figs. 2�b� and 2�c��, and U1� to
center adatoms �Fig. 2�d��. We note the pronounced splitting
of the adatom electron states between the corner adatoms and
center adatoms of the Si�111�-7�7 surface �Figs. 2�b�–2�d��
that has not been observed in the previous measure-
ments.2,14,15 Not shown are the STS images at VS=−0.9 V
�S1�� that do not provide enough evidence for the assignment
of the feature S1� to corner adatoms due to a high noise level,
and the STS images at VS=1.2 V �U1�� that show the same
DOS for corner and center adatoms.

In the following, we investigate the energy scale of our

LT STS measurements. The absolute values of the energies
of the Si�111�-7�7 surface electronic features measured at
7 K are higher compared to measurements by integral
techniques4,5 or RT STS.2,14,15 Additionally, an apparent band
gap opens around VS=0 V �Figs. 1�c�–1�e��. The shifts of the
STS peaks and/or the changes in the measured band gap
were observed in previous LT STS studies on
semiconductors.6,7 They were assigned to a limited transport
of the electrons between the surface and the bulk.7 A signa-
ture of the limited transport of electrons in the LT STS is a
logarithmic shift of STS features away from VS=0 V with
increasing �It

0�.7 In Fig. 3�a�, we show that such a shift ap-
pears for the empty state features in our LT STS measure-
ments as well. Thus, our LT STS spectra are influenced by
the limited transport of electrons.

Generally, the transport limitations in STS decrease with
increasing temperature.6,7 We performed the measurements
at increased temperature and show their results in Figs.
3�b�–3�d�. We compare point STS spectra of faulted center
and corner adatoms measured at 7 K �b�, 77 K �c�, and
297 K �d�. We observe that all STS features shift toward
VS=0 V with increasing temperature and the apparent band
gap disappears. At RT, we observe no significant dependence
of the STS curves on It

0, indicating that the limited electron
transport does not influence the energy scale of the RT STS
measurement. Moreover, we can still identify all spectral
features in the RT spectra �Fig. 3�d��. Thus, we can obtain
true energies of the surface electronic states on the Si�111�-
7�7 surface from the fitting of point STS spectra measured
at RT.

The point STS spectra measured at 77 and 297 K also
yield additional information regarding the assignment of the
features S1� and U1� to the surface adatoms. The peak S1� ap-
pears only in faulted corner adatom spectra measured at
77 K. We, thus, assign this feature to faulted corner adatoms
�cf. Ref. 5�. The peak U1 of corner adatoms systematically
shows a shoulder at an energy comparable to the energy of
the peak U1� of center adatoms. Therefore, we assign the
spectral feature U1� to both center and corner adatoms.

We summarize our findings regarding the structure of the
adatom electron band of the Si�111�-7�7 surface in Table I.
The findings are in good agreement with previous studies of
the Si�111�-7�7 surface electronic structure.2,4,5,14,15 The
combination of LT and RT STS allowed us to gain a more
detailed insight: we identify new spectral features U1� and U1�
in the unoccupied part of the adatom band and a pronounced
splitting of adatom electron states between corner and center
adatoms. Such splitting was predicted by a recent theoretical
study that takes into account the mutual interactions of the
surface electrons.16 However, this theory predicts that the

FIG. 1. �a� STM topography of the Si�111�-7�7 surface unit
cell. �b� Schematic of the surface atoms and orientation of the
faulted �F� and unfaulted �U� half-unit cells. �c�–�e� STS spectra
measured on the surface atoms at T=7 K and assignment of the
Si�111�-7�7 surface electronic features to rest atoms �S2, �c��, cor-
ner adatoms �S1�, S1, U1, �d��, and center adatoms �U1�, U1�, �e��.
Corner adatoms and center adatoms exhibit a distinctly different
structure of the unoccupied states. VS

0=2 V, It
0=0.1 nA, a

=0.4 Å V−1, �V=2 V.

FIG. 2. Wave functions of the surface electrons measured at T=7 K �DOS maps�. Maps show the spatial extent of the rest atom state
�S2 �a��, the occupied adatom state �S1 �b��, and the unoccupied adatom states �U1 �c� and U1� �d��. The states U1 and U1� belong to corner and
center adatoms, respectively. VS

0=2 V, It
0=0.1 nA. Figure orientation as in Fig. 1�b�.
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energy of the center adatom state �U1�� is close to 0 eV and
below the energy of the unoccupied corner adatom state
�U1�, which we do not observe. Our experimental results are
closer to the structure of single-electron states calculated by
ab initio methods17 that predict qualitative differences be-
tween the electron states of the corner and center adatoms.

Finally, we discuss the shifts of spectral features in our LT
STS measurements in terms of the theory of LT nonequilib-
rium tunneling.7 Figure 4�a� shows the energy level sche-
matic of nonequilibrium tunneling into the empty states of
the highly n-doped Si�111�-7�7 surface. Due to the electron
transport problem between the surface and the bulk, the sur-

face accommodates an excess electric charge and the surface
Fermi level EF,S shifts between the bulk Fermi level EF and
the tip Fermi level EF+eVS. The excess surface charge is, in
turn, accommodated by shifting the EF,S with respect to the
surface neutrality level EN. The Si�111�-7�7 surface has a
high density of surface states resulting in strong surface
Fermi level pinning.18 Therefore, accommodating the excess
surface charge requires a small mutual shift of EF,S and EN,
EF,S�EN.19 Under such conditions, the true energy ES of a
measured surface STS feature will be shifted from EF+eVS
by EF,S, ES=EF+eVS−EF,S.

A relation of ES to VS can be found provided that the
nonequilibrium response of EF,S to It and VS is known. Ob-
taining the exact response would be a difficult task involving
a detailed knowledge of the electron transport mechanisms
between the surface and the bulk. Instead, we consider a
simple model where EF,S is a linear function of VS, EF,S
=EF+�eVS, and � is an effective measure of the surface
nonequilibrium, 0���1. Such an assumption yields ES
= �1−��eVS.

In Fig. 4�b�, we show the plots of the true energy ES as a
function of the tunneling voltage VS for the STS peaks mea-
sured at 7 K �Fig. 3�b�� and 77 K �Fig. 3�c��. For ES we take
the energies of the peaks measured at RT �Table I�. The
dependence of ES on VS for the four peaks at the highest
energies can be fitted by a line yielding �7 K=0.77 and
�77 K=0.65. Thus, our simple model of the nonequilibrium
response of EF,S holds for the STS measurements at higher
energies �performed at It

0=const., cf. Fig. 3�a��. The behavior
of the two peaks at the lowest energies differs qualitatively,
because for EF,S�EF–0.5 eV the Si bulk reaches the flat
band condition �dashed line in Fig. 4�b�� and the response to
further accumulation of the surface charge by bulk band
bending substantially decreases. Such an effect can be ob-
served in Fig. 3�a�, where the lower energy peaks do not
respond to changes of It

0 by shifting.
We give the following explanation of the limited transport

TABLE I. The structure of the adatom electron band of the
Si�111�-7�7 surface determined using LT and RT STS and STS
imaging.

STS peak Location
Energy at RT

�eV�

S2 Rest atoms −0.78±0.05

S1� Faulted corner adatoms −0.45±0.05

S1 Corner adatoms −0.14±0.05

U1� Center and corner adatoms 0.20±0.05

U1 Corner adatoms 0.33±0.05

U1� Center adatoms 0.41±0.05

FIG. 3. �a� Dependence of the STS spectra on It
0 at T=7 K

indicates that a limited transport of electrons influences the mea-
surement. �b�–�d� Transport limitations decrease when the tempera-
ture increases �T=7, 77, and 297 K �RT� in �b�, �c�, and �d��. Spec-
tra do not depend on It

0 at RT allowing the energies of the rest atom
state �S2 �b�� and the adatom states �S1�-U1�, from left to right in �b��
to be determined from RT measurement �d�, Table I.

FIG. 4. �a� Energy level schematic of the nonequilibrium tun-
neling on Si�111�-7�7. �b� Plots of the true energy of STS peaks
ES as a function of VS. Experimental data for 7 and 77 K exhibit a
linear behavior ES= �1−��eVS for VS where the Si�111� substrate is
in depletion.
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of electrons between the Si�111�-7�7 surface and bulk at
LT. It has been shown that at RT the electrons tunneling into
the empty surface states proceed to the bulk preferably by
traveling along the surface to �defect� places, where the scat-
tering into the bulk is easy.20 Thus, the surface conductivity
of the Si�111�-7�7 surface helps the electrons to bypass the
charge depletion layer that isolates the surface from the bulk.
On the other hand, the Si�111�-7�7 surface conductivity is
thermally activated and vanishes at low temperatures.21 The
easy transport channel is lost and the surface moves to non-
equilibrium configuration where the bulk band bending
changes until the tunneling between the surface and the bulk
becomes effective.

In this paper, we combined LT and RT STS and spectro-
scopic imaging to obtain complete spatial and energetic in-
formation on the electronic structure of the Si�111�-7�7
surface adatom band. We identified new spectral features in

the unoccupied part of the adatom band and a pronounced
splitting of the adatom electron states between corner and
center adatoms of the Si�111�-7�7 reconstruction. We de-
scribed the LT nonequilibrium tunneling on the Si�111�-
7�7 surface, which is characteristic of a surface with a high
density of surface electron states at the Fermi level.
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