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We investigate the origin of scanning tunneling microscope �STM� contrast in lateral Ge-Si nanostructures
prepared on the Si�111�-�3��3-Bi surface �M. Kawamura, N. Paul, V. Cherepanov, and B. Voigtländer, Phys.
Rev. Lett. 91, 096102 �2003��. At low sample bias, the voltage-dependent apparent height difference between
Si- and Ge-terminated areas in STM images corresponds exceptionally well to the difference in voltage-
integrated scanning tunneling spectroscopy �STS� curves measured in Si- and Ge-terminated areas. The STS
curves and the STM contrast reflect both differences in local density of states and in tip-induced effects in Si-
and Ge-terminated areas. At higher bias voltage, the tunneling into unoccupied states on Ge-terminated areas
is strongly influenced by lowering of the local height of the tunneling barrier with respect to Si. The lowering
of the local tunneling barrier height vanishes for the occupied states and can be traced back to different
tip-induced band bending on Si- and Ge-terminated areas.
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I. INTRODUCTION

Chemical contrast in scanning tunneling microscopy
�STM� is a complex issue. The expression for the tunneling
current It is very straightforward: It is proportional to the
local density of states �LDOS� of the surface, at the position
of the STM tip,1 integrated between surface and tip Fermi
levels.2 Unfortunately, the most important contributions to It,
the LDOS, and the local height of the tunneling barrier in-
fluencing the projection of the LDOS on the tip, often do
lack the chemical specificity. Electron states relevant for the
STM lie within 5 eV from the surface Fermi level EF,S in
valence and/or conduction bands, where the large energy
shifts due to delocalization and the rehybridization prevents
identifying energy levels of single constituent atoms. The
local tunneling barrier is modified by a charge redistribution
between the surface and the bulk and can be affected by a
presence of different surface atoms, however, with little re-
lation to their chemical nature. Obtaining chemical informa-
tion in STM measurements is thus more an exception than
the rule.

In spite of this, there exists a notable class of
semiconductor,3 metal,4 and mixed5 binary systems in which
two types of atoms constituting the surface can be distin-
guished and localized on atomic level based on STM con-
trast. In such systems, STM measurements yield important
information on the stoichiometry and space correlations in
surface alloys6–8 or on the morphology of different phases in
systems with limited intermixing.9,10 The origin of the STM
contrast is specific to each such system and can be followed
both experimentally and theoretically.6–10 Most explanations,
however, fit in agreement with the definition of It to one of
two prototypical cases: the presence of different chemical
species on the surface strongly influences the LDOS �Ref.
11� and/or the local work function.12

One of the most studied binary systems with a vast appli-
cation potential is Ge-Si.13 The structural and the chemical
similarities of Ge and Si make obtaining STM contrast in
Ge-Si systems difficult, especially at submonolayer Ge cov-

erage, where Ge atoms substituting Si surface atoms barely
change the local geometry and electronic properties.14 The
STM contrast can be enhanced in the presence of a third
species on Ge-Si surface: Cl �Ref. 15� or Bi �Ref. 16�. Cl acts
as a simple “stain” for distinguishing Ge and Si dangling
bonds on Ge /Si�001�-2�1 surface, while Bi is a surfactant
in Ge-Si�111� heteroepitaxy.17,18 Bi forms a floating mono-
layer �ML� on a growing Ge-Si surface, and, in addition to
providing the STM contrast between the underlying Ge and
Si atoms, it greatly influences the growth kinetics of Ge on
Si�111� �Refs. 18 and 19� and suppresses the Ge-Si
intermixing.16,20 The favorable properties of Bi allowed
preparation and characterization by STM of Ge-Si nanowires
and nanorings with dimensions on the one-digit nanometer
scale,16,21 identification and quantitative analysis of Ge-Si
intermixing mechanisms on single-atom level,20,22 and deter-
mination of anisotropic step propagation rates in Ge-Si
epitaxy,23 all on the Bi-terminated Si�111� surface.

Here we present a combined STM and scanning tunneling
spectroscopy �STS� study of the STM contrast between sub-
monolayer Ge and Si on the Si�111� surface terminated by 1
ML Bi �Si�111�-�3��3-Bi, 1 ML Bi=2.36�1015 cm−2��.24

We measure the STM height difference between clean and
Ge-terminated areas on this surface as a function of the tun-
neling voltage Vs �sample bias�. For �Vs��3 V we find an
unexpectedly good correlation between the voltage-
dependent height difference and the difference in voltage-
integrated STS curves confirming the predominantly elec-
tronic character of the observed contrast.25 Especially, a
strong onset of STM contrast for tunneling in unoccupied
sates �Vs�2 V� is correlated with a pronounced peak in the
Ge STS that can be assigned to LDOS. Further, the tunneling
in unoccupied states over Ge areas features a lower local
height of the tunneling barrier than over Si areas. The differ-
ence in the local tunneling barrier height is the main contri-
bution to the maximum height difference observed at Vs
�4 V where localized electron states form between the
sample and the STM tip.26,27 In occupied states, the differ-
ence in local tunneling barrier height vanishes. We show that
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the observed difference of the local height of the tunneling
barrier is caused by the penetration of the electric field of the
STM tip into the bulk of the sample.28,29 This so-called tip-
induced band bending is smaller on Ge-terminated areas and
indicates that these areas screen the electric field of the tip
more effectively.

II. EXPERIMENTAL

We performed the measurements in ultrahigh vacuum on
a commercial low-temperature STM. 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.30 We used degenerately n-doped Si�111�
substrates �1.6�1019 cm−3 As�.31 Substrates were flashed
by dc current to 1220 °C to obtain a clean Si�111�-7�7
surface. The surface was terminated by Bi in Bi flux
�1 ML /min and substrate temperature ramping from
600 °C down to 400 °C for 30 min. This ensures a complete
1 ML Bi coverage and a perfect Si�111�-�3��3-Bi.21 0.3
bilayer �BL� Ge were deposited at 400 °C and 0.2 BL/min
under continuing Bi flux �1 BL Ge=1.57�1015 cm−2�. This
ensures decoration of pre-existing Si step edges by Ge nano-
wires and minimal intermixing with Si.20

The voltage-dependent height difference between Ge and
Si areas was measured in two ways. At �Vs��4 V �Sec.
III A�, STM images of neighboring Si and Ge areas were
taken at It=0.1 nA and varying Vs. The Ge-Si height differ-
ence was obtained by fitting parallel planes to Ge and Si
areas. At a particular Vs, several STM images have been
taken that allowed eliminating the thermal drift and obtain-
ing the voltage-dependent tip-sample separation s in addition
to the Ge-Si height difference for most Vs. The zero of the
tip-sample separation was estimated in a separate experiment
based on an average distance an unbiased tip needed to travel
toward the sample before inducing a surface change. At Vs
� �2,10� V �Sec. III C�, the tip heights over Ge and Si were
obtained from point measurements of s as a function of Vs at
It=0.1 nA. The tip height records were offset at their start-
ing point �Vs=2 V, It=0.1 nA� by a Ge-Si height difference
obtained by fitting of parallel planes in a corresponding STM
image, and the Ge-Si height difference for Vs� �2,10� V
was determined.

The LDOS for Ge and Si areas at �Vs��3 V �Sec. III B�
was inferred from measurements of scanning tunneling spec-
tra after Ref. 32. In measuring STS on semiconductors with
a surface band gap �as is the case of Si�111�-�3��3-Bi, see
Refs. 24 and 25� a problem arises with proper capturing of
all features in the STS spectra, because the It and the primary
STS signal dIt /dVs are dropping by several orders of magni-
tude in the proximity of the band edges. Reference 32 sug-
gests compensating this sensitivity loss by decreasing the
tip-sample distance with decreasing �Vs�, ds=−�d�Vs�. For
presentation, the dIt /dVs measured with varying s is “nor-
malized” by dividing with It /Vs. The overline indicates
“broadening” of the It /Vs by Fourier low-pass filtering in the
voltage domain. The normalization by It /Vs have proved
very effective in compensating the exponential dependence
of dIt /dVs on both the s and Vs.

33,34 Thus, the STS expressed

as �dIt /dVs� / �It /Vs� is, effectively, a tip-sample distance
invariant.32 To measure the STS with varying s, we stabilize
the STM feedback to It

0=0.1 nA, VS
0=3 V, switch it off and

measure the It and dIt /dVs as a function of Vs. For measuring
dIt /dVs we are using a lock-in technique and a modulation of
Vs with a frequency of several hundred hertz and amplitude
on the order of 10 mVpp.

At Vs� �2,10� V �Sec. III C�, outside of the band-gap
region, a second technique of measuring STS spectra has
been used. The spectra over Ge and Si areas were expressed
as a plain derivative dIt /dVs. The measurement proceeded
with feedback on, stabilized at It=0.1 nA, and Vs ramping
from 2 to 10 V.26,27 The lock-in frequency was set higher
than the feedback bandwidth. Simultaneously, the above-
mentioned measurement of the voltage-dependent tip height
over Ge and Si areas was performed.

In Sec. III C we are discussing the Vs dependence of the
local tunneling barrier height. We are doing this in terms of
the inverse decay length � of the tunneling current It, It
=exp�−2�s�.35 The Vs dependence of � for Ge and Si areas
was determined from the exponential increase in It after sta-
bilizing the feedback to It

0=0.1 nA, switching it off and re-
ducing the tip height by 1 Å.

The measurements were performed at low temperature
T=7 K. The advantages of the low-temperature measure-
ments are a negligible drift and a good stability of the STM
tip. Actually, the presented measurements of the height dif-
ference, STS, and decay length �cf. Figs. 2, 3, and 6� were
for the best possible correlation all made with a single tip
and without a detectable tip and/or surface change. STS and
height difference data for Vs� �2,10� V �cf. Fig. 5� were
selected from several measurements with different tips to
ensure the best correspondence of the tip work function
within all experimental data presented in this work.

All presented experimental data are averages over 10–20
measurements at defect-free positions within Ge or Si areas,
respectively. Sizes of symbols in the presented graphs are
larger than the corresponding statistical error.

III. RESULTS AND DISCUSSION

A. STM topography and height difference

First, we re-examine imaging of the Si�111�-�3��3-Bi
surface with STM in atomic resolution. There has been a
certain controversy in literature regarding the actual content
of Bi �1/3, 2/3, or 1 ML� on this surface36–38 caused by
observations of three different patterns in STM, the trimer,
the honeycomb, and the monomer.36 This controversy seems
to have been resolved by a recent theoretical work24,25 pre-
dicting that all three patterns be observable on the
Si�111�-�3��3-Bi surface with 1 ML Bi: a pronounced tri-
mer in occupied states,24 honeycomb in lower energy unoc-
cupied states,24,25 and a smeared trimer �apparent monomer�
in higher energy unoccupied states.25

We show the Vs dependence of the STM pattern of the
Si�111�-�3��3-Bi surface in Fig. 1�a�—trimer, Fig. 1�b�—
honeycomb, and Fig. 1�c�—apparent monomer. We observe
the ordering of the patterns in energy as predicted theoreti-
cally. The trimer is observed at Vs� �−4,−1.9� V, the hon-
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eycomb at Vs� �−1.9,−1.3� V and Vs� �0.9,1.9� V, and
the monomer at Vs� �1.9,2.7� V. The voltage ranges are
indicated schematically in Fig. 3. At Vs� �−1.3,0.9� V no
stable imaging is possible. At Vs�3 V the surface appears
smooth without any pattern. We thus conclude that the sur-
face in our experiment is the Si�111�-�3��3-Bi surface
with 1 ML Bi. The structure of this surface is a milkstool
model with Bi trimers on top of T4 sites of the underlying
Si�111�.24 We overlay a schematic of this structure with Bi
atoms �light� on a Si bilayer �black� in Figs. 1�a�–1�c�. Ac-
cording to Ref. 24, surfaces with 1/3 ML Bi can also be
stable, however, our previous experiments indicate that the
surfaces with less than 1 ML Bi tend to develop a mosaic of
Bi and Si atoms rather than a homogeneous pattern.21

Figures 1�d�–1�f� show the STM patterns across a bound-
ary between clean �Si� and Ge-terminated surfaces. The
boundary is located at a position of an original step edge on
Si�111�-�3��3-Bi surface decorated by a bilayer of Ge �be-
low Bi�. On Ge, the ordering of the patterns in energy is the
same as on Si. The transitions between patterns with chang-
ing Vs occur within �0.1 V from the transitions on Si. This
observation confirms the previous assumption16 and the the-
oretical prediction25 that the Ge areas have the same milk-
stool structure as the Si areas but with the last Si bilayer
substituted by Ge. A corresponding side view of the lateral
Ge-Si boundary is shown in Fig. 1�g�. The only difference
between Ge and Si in the STM images across Vs is thus the
apparent height. The height difference is effective on the
length scale corresponding to the distance between neighbor-
ing Bi trimers.

We show the height difference measured between Ge and
Si areas as a function of Vs in Fig. 2�a�. For most voltages,
Ge appears higher than Si. The height difference increases
with increasing �Vs�. In occupied states, the increase is mono-
tonic and the height difference of 0.3 Å is achieved. In un-
occupied states, Ge appears lower than Si for the smallest
voltage Vs=0.9 V. The Ge-Si height difference increases
rapidly to 0.8 Å at Vs=2.2 V and further to almost 1 Å at
Vs=4 V. The increase shows pronounced kinks at Vs
= �1.4,1.9,2.6� V. The observed height difference is signifi-
cantly larger than the outward relaxation of the positions of
Bi atoms on Ge with respect to Bi atoms on Si of 0.1 Å
determined in an ab initio calculation of Ref. 25. This shows
that the height difference is predominantly of electronic
origin.25

Parallel to the height difference between Ge and Si areas,
a tip-sample distance on the Si areas has been determined.
We show the tip-sample distance on Si in Fig. 2�b�. We ob-
serve a monotonic increase in s with increasing �Vs� in both
occupied and unoccupied states. A small modulation of s
with Vs shows no apparent correlation with the Ge-Si height
difference in Fig. 2�a�.

B. Height difference vs LDOS

The most cited reason for the height difference in STM in
binary systems is a difference in the LDOS.6–9,11 We discuss
the difference between the Ge LDOS and Si LDOS based on
the measurement of STS in the corresponding surface areas.
The STS at �Vs��3 V was measured with disabled feedback
and varying tip-sample distance. The tip trajectory during
STS measurement is plotted in Fig. 2�b�. The slope of the
trajectory �=2.5 Å/V allows clear resolving of the STS fea-
tures for all Vs, and, especially in the unoccupied states, it

FIG. 1. �Color online� �a�–�c� STM topographs of clean
Si�111�-�3��3-Bi as a function of sample voltage. Tunneling cur-
rent 0.5 nA, image width 20 Å. �d�–�f� The same for a lateral
boundary between clean �Si� and Ge-terminated �Ge� Si�111�-�3
��3-Bi. Image width 40 Å. �g� Schematic side view of the Si-Ge
lateral boundary.

FIG. 2. �a� Apparent height difference between clean �Si� and
Ge-terminated �Ge� Si�111�-�3��3-Bi measured in STM as a
function of sample voltage. Tunneling current 0.1 nA. The line rep-
resents a guide to the eyes. �b� Corresponding tip height over Si.
Tunneling current 0.1 nA. The line represents a tip trajectory for
STS measurements �cf. Fig. 3�a��. Inset: STM topograph of the
measurement area. Sample voltage 2.2 V, image width 40 nm.
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corresponds well to the tip height for STM imaging at It
=100 nA. We present the STS in a normalized form, STS
= �dIt /dVs� / �It /Vs� which is a tip-sample distance invariant
�see Sec. II�.

STS curves measured over Ge and Si areas are shown in
Fig. 3�a�. As expected based on the similarity of Ge and Si
structures �Fig. 1�, the differences between the spectra are
moderate. A shape of the spectra closely resembles the
LDOS calculated for Si�111�-�3��3-As surface in Ref. 39.
We thus assume that the STS spectra are dominated by
LDOS contributions and label the most pronounced LDOS
features in unoccupied states c1-c3 and in occupied states
v1, v2. A theoretical prediction of LDOS in Si�111�-�3
��3-Bi is not available at present, however, in Ref. 25 a
prediction of band offsets between Ge and Si areas has been
made. In agreement with this prediction, our measurements
show an offset of Ge conduction- and valence-band edges
�CBM and VBM� to higher energies with respect to Si,
smaller at the CBM and larger at the VBM.

The labeled LDOS features in Si and Ge STS have a
comparable peak width of 0.3–0.4 eV. In both Ge and Si
STS, there appears a peak that is significantly narrower.
Closer inspection of the data reveals that this peak originates
from differentiating a step change in It observed at Vs
=2.3 V for Si and 2.7 V for Ge areas �inset of Fig. 3�a��. A
steplike change with a comparable magnitude, albeit at op-
posite polarity of Vs, has been observed in Ref. 29 and inter-
preted as an onset of the bulk inversion caused by the tip-
induced band bending. The polarity of such effect is
expected to change between p-doped �as in Ref. 29� and
n-doped substrates �the present work�.

In analogy with Ref. 29, we assign the narrow peaks in Si
and Ge STS to the onset of the bulk inversion caused by the
tip-induced band bending. We label the peaks “Inv” in Fig.
3�a�. On n-doped semiconductor substrates, tunneling into
unoccupied states induces band bending that increases the
energy of the electrons in the subsurface region �cf. Fig. 4�.
The band bending increases with increasing Vs until the en-
ergy of the electrons in the VBM at the surface becomes
higher than the energy of the electrons on the bulk Fermi
level. Under such conditions, a new current channel will
open between the sample surface and the bulk, and a steplike
change in It may be observed �Fig. 3�d��. The fact that this
steplike change appears at higher Vs on the Ge areas than on
the Si areas indicates that for the same Vs, the tip-induced
band bending is smaller on the Ge areas than on the Si areas
�Figs. 3�d� and 3�e��, and that the Ge areas screen the electric
field of the tip more effectively.

The observation of the bulk inversion indicates that the
STS curves include non-density-of-states features. Apart
from the inversion and the differences in tip-induced band
bending between Ge and Si areas also effects related to
electron-transport problems in STS at low temperatures may
be observed. The effects include broadening of the surface
band gap in STS and shifting of peaks in STS to higher
energies.31 For identifying these effects, we refer to an ab
initio calculations of the Si�111�-�3��3-Bi surface that pre-

FIG. 3. �Color online� �a� STS measured over clean �Si� and
Ge-terminated �Ge� Si�111�-�3��3-Bi. Valence band �v1,v2� and
conduction band �c1-c3� LDOS features and a bulk inversion �Inv�
are labeled. Inset: tunneling current change corresponding to the
bulk inversion. �b� Line: integral of the difference between Ge STS
and Si STS with respect to voltage. Points: the voltage dependence
of the STM contrast from Fig. 2�a�. �c� Line: integral of the Si STS
with respect to voltage. Points: the voltage dependence of the Si tip
height from Fig. 2�b�. ��d� and �e�� Different positions of Inv in Si
and Ge STS indicate a weaker tip-induced band bending in Ge.
Under such conditions with increasing Vs, the inversion will be
observed first in Si: compare �d� and �e� for the same Vs in Ge and
Si.

FIG. 4. Schematic of the tunneling into unoccupied states on a
degenerately n-doped semiconductor. In the semiconductor �left,
dark gray�, the symbols are: bulk Fermi level EF, band gap EG,
vacuum level Evac, electron affinity �, tip-induced band banding �0,
and surface Fermi level EF,S�EF for nonequilibrium tunneling. In
the metal �right, dark gray�, the symbols are: sample bias eVs and
tip work function 	M. The tunneling current It is passing a local
tunneling barrier with a height LBH �light gray�. The inversion
current IInv is passing the space charge layer between valence and
conduction bands. Above Evac, localized electron states in the tun-
neling gap are indicated that cause resonances in STS for
eVs�Evac.
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dict a free-electronlike surface state protruding from CBM
0.2 eV into the bulk band gap, and reducing the surface band
gap with respect to bulk band gap.24 The bulk band gap of Si
at T=7 K is about 1.15 eV, and the expected surface band
gap of 0.95 eV for Si�111�-�3��3-Bi corresponds well to
the band gap observed in our STS measurements. However,
standing electron waves in STM images40 indicating the free-
electronlike surface state appear at energies well outside the
band gap �Vs� �0.9,1.4� V�.41 This indicates a significant
shift of the spectral features in the present STS measurement
with respect to their real energies.31

In spite of the various effects causing deviations of the
measured STS from the real LDOS, a closer inspection of the
measured Ge and Si STS �Fig. 3�a�� yields differences that
correlate with the Vs dependence of the STM contrast. In the
following, we will be using an assumption that the peak
heights observed in our STS measurements are not arbitrary
but related to the magnitude of the LDOS. This assumption
is not valid in general,42 but may be of relevance for com-
parative measurements on very similar surfaces as in the
present study.

For most Vs, the measured Ge STS is higher than the Si
STS. The difference of STS is higher for unoccupied states,
in agreement with the Vs dependence of the STM contrast.
At certain values of Vs, the Si STS becomes locally higher
than the Ge STS or approaches it closely. At such Vs, kinks
are observed in the STM contrast �Vs= �1.4,1.9,2.6� V�.
This indicates a close correlation between the measured STS
and the height difference. This correlation becomes clearly
apparent when calculating an integral of the difference
between the Ge and Si STS with respect to voltage,
�0

VsSTSGe�V�−STSSi�V�dV. The integrated curve is plotted in
Fig. 3�b�, superimposed with the points of experimental de-
pendence of STM contrast from Fig. 2�a�. The curve repro-
duces all features observed in the Vs dependence of the STM
contrast between Vs= �3 V including the inversion of
Ge-Si contrast at Vs=0.9 V or the kinks at Vs�0 V and
shows even a considerable quantitative agreement with the
height-difference data.

This is a somewhat surprising result given that integrating
the difference in STS is an ad hoc construction, albeit in-
spired by the fact that LDOS contributions to It integrate
between 0 V and Vs �Ref. 35�, and that the employed nor-
malization removes the dependence of STS on the tunneling
barrier height �Sec. II�. It is interesting to note that the inte-
gral of STS correlates very well also with the tip-sample
distance. We show this effect in Fig. 3�c�, where the integral
of Si STS is plotted and superimposed with the points of
experimental dependence of the tip-sample distance on Si
from Fig. 2�b�. Linearly transformed, the integral of Si STS
reproduces to a great extent both the Vs dependence of the
tunneling height, and its modulation at positive Vs that can
be ascribed to contributions from c2 and c3 peaks in Si STS.

In fact, there seems to be a unique correspondence be-
tween the STS after Refs. 32–34 �tip-sample distance invari-
ant� and the tip-sample distance. The physical background
and the general applicability of this correspondence may re-
quire a further study. However, in our particular case the
observed correspondence allows us to conclude, that the
height difference between Ge and Si areas on the

Si�111�-�3��3-Bi surface, and for �Vs��3 V, is predomi-
nantly determined by the STS as seen by the STM, including
both true LDOS contributions, and other effects, particularly
due to the tip-induced band bending and electron-transport
problems at low temperatures.

We propose that the true LDOS differences between Ge
and Si areas are determining the overall shape of the voltage-
dependent height difference, especially the onset of Ge-Si
height difference in unoccupied states. True LDOS differ-
ences can be identified as Ge STS peaks that have a small or
no counterpart in the Si STS spectra. This is the case of the
peaks c3 and v1 in Fig. 3�a�.43 The position of the c3 peak
correlates well with the strong onset of the Ge-Si contrast at
Vs=2 V. Similarly, the v1 peak is the most pronounced con-
tribution to the height difference in occupied states. The ap-
pearance of the v1 peak corresponds well to a theoretical
prediction of a pronounced VBM state on Ge areas.25 The v1
VBM state,25 and, supposedly, the c3 state as well, are local-
ized in the vicinity of the Ge atoms, and allow distinguishing
Ge and Si atoms on the Si�111�-�3��3-Bi surface on the
lateral scale of single trimers �Figs. 1�d�–1�f�� and measuring
the Ge content in the Ge-Si surface alloys based on the STM
contrast.20

The fine structure �kinks� of the voltage-dependent height
difference is determined by mutual positions of Ge and Si c1,
c2, and Inv peaks. The mutual positions of the peaks are
influenced by the energy shifts in the STS measurement due
to the tip-induced band bending and electron-transport prob-
lems. We expect pronounced variations in the fine structure
of the height difference for measurements where the tip-
induced band bending, or electron transport differ from the
presented measurement, i.e., for different tips, different Bi-
Ge-Si surfaces �mixed vs homogeneous�, or different tem-
peratures.

C. Height difference vs local work function

Local changes in the work function as a reason for the
height difference in STM have been mentioned in the earliest
accounts of the STM technique.44 More generally, the work
function of the sample is one of the several contributions to
the local tunneling barrier height �LBH� that determines the
magnitude of the tunneling current It. The contributions be-
come apparent on the schematic in Fig. 4, where the local
tunneling barrier is plotted in a trapezoidal approximation.
The LBH is a function of the material parameters of the
sample �bulk Fermi level EF and electron affinity �� and the
tip �work function 	M� and of the parameters of the tunnel-
ing contact: sample bias eVs and tip-induced band bending
�0. The present work shows that the contribution of �0 to the
local tunneling barrier height can be significant.45

In binary systems, the evidence of the STM contrast based
on the local work function of the sample is sporadic.10 An
intriguing STM contrast mechanism related to the local work
function has been described in Ref. 12. Rather than on the
direct influence of changes in local work function on It the
study focuses on the localized electron states that form be-
tween the STM tip and the investigated surface for higher
Vs.

26,27 The energy spectrum of these states is a sensitive
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measure of the local tunneling barrier height and STM im-
aging of these states can yield a very high STM contrast with
a characteristic periodic dependence on Vs.

12

We observe this type of STM contrast between Ge and Si
areas at Vs�4 V. The dependence of the STM contrast on
Vs is shown in Fig. 5�a�. Between Vs=2 V and 4 V the
contrast follows the Vs dependence shown in Fig. 2. At Vs
�4 V an onset of the contrast is observed with height dif-
ference reaching 2 Å at 4.5 V and 2.5 Å at 6 V. The contrast
features a modulation in Vs characteristic of the presence of
the localized electron states in the tunneling gap. Corre-
sponding STS spectra measured separately on the Ge and the
Si areas are shown in Fig. 5�b�. The spectra feature the Inv
peak belonging to the bulk inversion and identified in Sec.
III B and Fig. 3�a� and peaks belonging to the electron reso-
nances between the tip and the sample.26,27 The resonances
on Ge areas are shifted to lower Vs than on Si areas.

The positions of the resonances in Si and Ge STS allow
us to make conclusions regarding the profile of the tunneling
barrier between the tip and the sample. We assume a trap-
ezoidal tunneling barrier as in Fig. 4. The trapezoidal barrier
can be regarded as an envelope of a real barrier. The real

barrier is lowered with respect to the trapezoidal barrier in
the vicinity of the electrodes, typically due to image forces
acting on the tunneling electrons.46 This lowering does influ-
ence the position of the electron resonances between the tip
and the sample and must be accounted for in realistic simu-
lations of the resonances in STS spectra.47 Practically, how-
ever, Ref. 48 demonstrated that this lowering affects mostly
the first few resonances, and the positions of the higher reso-
nances can be used to reconstruct the profile of the trapezoi-
dal envelope of the tunneling barrier. Positions of the higher
lying resonances in STS satisfy for STS acquisition at It
=const, En=Evac+
n2/3, where n is the number of the reso-
nance peak, En is the energy of the peak, 
 is a measure of
the electric field between the tip and the sample, and Evac is
the vacuum level on the sample surface �for electrons tun-
neling into the sample�. The vacuum level on the sample
surface represents a threshold for the onset of the vacuum
oscillations: the oscillations appear for eVs�Evac �Fig.
4�.26,27

The vacuum level of the sample can thus be estimated
from an intercept of a linear fit of En with respect to n3/2. We
show this fit performed separately for Ge and Si and for n
=4–7 in Fig. 5�c�. We obtain Evac

Ge =3.9 eV for Ge and
Evac

Si =4.3 eV for Si. We mark the vacuum level as “Vac” in
Fig. 5�b�. The position of the Vac suggests that, effectively,
the local work function on the Ge-terminated areas is smaller
than on the Si areas of the Si�111�-�3��3-Bi surface.

The Inv and the Vac features in the STS spectra of Ge and
Si show a very characteristic behavior: when changing from
Ge to Si, the Inv peak moves to lower Vs while the Vac peak
moves to higher Vs. This can be considered as a fingerprint
of a different band bending in Ge and Si areas.49 As has been
discussed in Sec. III B the positions of the Inv peak in Ge
and Si tunneling spectra indicate a lower band bending in Ge
�cf. Figs. 3�c� and 3�d��. When increasing Vs further, the
lower band bending in Ge causes the effect that the crossing
of the sample vacuum level by tip Fermi level appears first in
Ge and only later in Si. We show the corresponding sche-
matic in Figs. 5�d� and 5�e�. From the schematic it also be-
comes clear that electrons tunneling on Ge areas are passing
a lower tunneling barrier than those tunneling on Si areas.

In the discussion above, we assume that the electron af-
finity � is the same for Ge and Si areas, and the positions of
the Vac are determined by a lower band bending in Ge areas.
In such a model, the band bending is independent of �. Al-
ternatively, a model can be considered where the electron
affinity of Ge differs from that of Si, �Ge��Si, and the band
bending is determined by �. Within the alternative model, the
appearance of the Vac at lower Vs in Ge than in Si can be
expected in case that �Ge��Si. However, this implies in-
creasing the �0

Ge with respect to �0
Si for the same Vs, and an

appearance of the Inv peak at lower Vs in Ge than in Si in
contradiction with our experimental observations. The lower
tunneling barrier height observed in Ge than in Si areas is
thus predominantly determined by the lower band bending in
Ge areas.

The local tunneling barrier height is related to the decay
length � of the tunneling current It, ���LBH. � is easily
measured as a function of Vs that allows us to obtain conclu-
sions on the Vs dependence of the LBH. We show the Vs

FIG. 5. �Color online� �a� Height difference between clean �Si�
and Ge-terminated �Ge� Si�111�-�3��3-Bi measured in STM at
higher sample voltage. Tunneling current 0.1 nA. �b� Corresponding
STS signal measured over clean �Si� and Ge-terminated areas. Bulk
inversion �Inv� and vacuum oscillations �Vac� thresholds are
marked by arrows. �c� Linear fit to the positions of higher-lying
vacuum oscillations for determining the position of Vac �cf. Ref.
48�. ��d� and �e�� The weaker tip-induced band bending in Ge �cf.
Figs. 3�c� and 3�d�� causes that with increasing Vs, the crossing of
the vacuum level will be observed first in Ge: compare �d� and �e�
for the same Vs in Ge and Si. For the same Vs, the LBH over Ge
areas is smaller.
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dependence of � in Fig. 6. We can see that a lower �/lower
tunneling barrier height is observed on the Ge areas com-
pared to Si areas for most Vs�0 V. The difference between
�/tunneling barrier height on Ge and Si areas decreases or
vanishes for most Vs�0 V. This asymmetry of Ge-Si � dif-
ference with respect to tunneling in the unoccupied and the
occupied states indicates a close relation of the observed dif-
ference of the local tunneling barrier height between Ge and
Si areas to the tip-induced band bending as well. The Ge-Si
� difference is pronounced in unoccupied states where the
band bending in n-doped substrate is large, and it vanishes in
occupied states where the band banding is small.31

The asymmetry of the Ge-Si � difference corresponds
well with the overall shape of the Vs dependence of the STM
contrast between Ge and Si for �Vs��4 V �Fig. 2�. A larger
contrast is observed for unoccupied states where the tunnel-
ing over Ge is facilitated by the observed lowering of �/local
tunneling barrier height, and smaller contrast for occupied
states where the � for Ge and Si areas is the same. However,
there is virtually no correlation of the fine structure of the Vs
dependence of the STM contrast �kinks in Fig. 2� and the
Ge-Si � difference. Thus, the contribution of the barrier
height difference to the STM contrast for �Vs��4 V seems
to be rather weak. The barrier height difference becomes
significant to the STM contrast for Vs�4 V where it induces
an energy shift of the electron resonances in the tunneling
gap on Ge and Si, and, consequently, a very high STM con-
trast of up to 2.5 Å at Vs=6 V.

D. Tunneling on Si(111)-�3Ã�3-Bi

In this section we propose a model of tunneling on
Si�111�-�3��3-Bi and discuss mechanisms behind the dif-
ferences in band bending on the Ge and the Si areas. The
starting point for the discussion will be the Vs dependence of
� �Fig. 6�. In many published experiments, the measurements
of � have been obscured by electron-transport limitations of
various origin that tend to reduce the � �Refs. 50–53�. This
seems to be a case in our measurements as well for �Vs�

�3 V. However, for higher �Vs��3 V where the transport
limitations are becoming less relevant the � fits reasonably
well to the expression for tunneling through a trapezoidal
barrier,35 �= �

2me

�2 �	av−
�eVs�

2 ��1/2 with 	av an average of the
work function of the sample and the tip.

We plot the fit in Fig. 6 separately for Ge and Si and for
occupied and unoccupied states. In occupied states, the fits

for Ge and Si are equal with 	av
Ge−

=	av
Si− =5.3 eV. In unoccu-

pied states, the corresponding values of 	av
Ge+

and 	av
Si+ are

more than 1 eV lower, and the difference between Ge and Si

is becoming apparent with 	av
Ge+

=3.8 eV smaller than 	av
Si+

=4.1 eV. The discontinuity of the 	av at Vs=0 V is an arti-
fact of the selected approximation for �, however, we are
referring to it in the present discussion since it conveniently
describes the asymmetry of � with respect to Vs, and at
�Vs��3 V.

In the consideration above, the tip-induced band bending
present in tunneling on Si�111�-�3��3-Bi was not included.
In the approximation of the trapezoidal tunneling barrier, the
tip-induced band bending �0 adds to the local barrier height
and the evaluation of � becomes �= �

2me

�2 �	av+
�0

2 −
�eVs�

2 ��1/2

�cf. Fig. 4�. We recalculate the � using evaluations of �0
obtained from a suitable model of tip-induced band bending
�software SEMITIP,29,54 Version 3�. To mimic the tunneling
behavior of the system properly, several assumptions about
specific processes present in tunneling on Si�111�-�3
��3-Bi are made. These assumptions are included in the
model of tunneling on Si�111�-�3��3-Bi and are shown
schematically in Figs. 7�a�–7�c�. Particularly, the nonequilib-
rium tunneling �Fig. 7�a��, the presence of a surface dipole
�Fig. 7�b��, and the pinning of the tip-induced band bending
by a CB surface state �Fig. 7�c�� are considered. The recal-
culated values of � are shown in Fig. 8.

The assumption of the nonequilibrium tunneling with
surface Fermi level EF,S above the bulk Fermi level EF

FIG. 6. �Color online� Apparent barrier height expressed as in-
verse decay length � of the tunneling current measured over clean
�Si� and Ge-terminated �Ge� Si�111�-�3��3-Bi as a function of Vs

�points�. For higher absolute voltages �Vs�
3 V measured depen-
dence can be fitted by a dependence expected for ideal trapezoidal
barrier �thick lines�. A difference between Si and Ge is apparent in
unoccupied states �Vs�0 V�, in occupied states it vanishes.

FIG. 7. ��a�–�c�� Mechanisms included in the model of tunneling

on Si�111�-�3��3-Bi. �a� Nonequilibrium tunneling and strong in-
version current IInv, �b� surface dipole �s, �c� surface state �s and
tunneling from the valence band. ��d�–�f�� Counterexamples of �a�–
�c�: �d� equilibrium tunneling and vanishing IInv, �e� absence of
surface dipole, �f� accumulation layer and tunneling from the con-
duction band.
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�Fig. 7�a�� �Refs. 29 and 31� allows us to properly describe
the behavior of the Inv and the Vac peaks in Ge and Si STS
�Sec. III C�. The difference in the position of the Vac peaks
in Si and Ge requires a significant difference in the tip-
induced band bending �0 in Si and Ge at sample voltages Vs
far above the observed inversion threshold Inv. Such differ-
ence in �0 is difficult to achieve in the case of the equilib-
rium tunneling �Fig. 7�d�� where EF,S=EF. In such case, after
Vs reaching the inversion threshold Inv, the valence-band
states are becoming depopulated and the charge associated
with the emerging hole gas pins the �0 to a value slightly
larger than the bulk band gap EG, �0�EG,28 on both Si and
Ge areas. In the nonequilibrium tunneling, the depopulation
of the valence-band states due to tip-induced band bending is
suppressed and �0 can grow beyond EG �Fig. 7�a��. Nonequi-
librium tunneling is typically a result of a limited electron
transport between VB and CB. In extreme cases of large bulk
band gap and low dopant concentrations �Ref. 28 for GaAs�,
no inversion current is flowing, however, for smaller band
gaps and higher dopant concentrations �Ref. 29 for Ge� the
inversion current is becoming measurable as in our experi-
ment. Actually, the nonequilibrium tends to enhance the in-
version current because for the electrons at surface Fermi
level above bulk Fermi level the tunneling barrier in the
space-charge region becomes significantly narrower �cf.
Figs. 7�a� and 7�b��.31 In the present calculation of �0 and �
we use an assumption of extreme nonequilibrium with sur-
face Fermi level at VBM, however, in reality the positioning
of EF,S between EF and surface VBM can be expected.29

The presence of a surface dipole �Fig. 7�b�� and the pin-
ning of the tip-induced band bending by a CB surface state
�Fig. 7�c�� allow us to account for the difference in 	av ob-
served for tunneling between occupied and unoccupied states
�cf. Fig. 6�. The pinning of the tip-induced band bending by
a CB surface state suppresses the formation of the accumu-
lation space charge that is expected for tunneling in occupied
states at Vs�0 V �Fig. 7�f�, Refs. 55 and 56�. This, in turn,
causes the effect that the tunneling current in occupied states
comes predominantly from the valence-band states, and the

	av
− increases with respect to 	av

+ by � 1
2EG.57 The

Si�111�-�3��3-Bi surface has a suitable CB surface state,
the free-electronlike surface state predicted by the ab initio
calculations.24 The surface state has an onset 0.2 eV below
CBM, and an estimated surface density of states 1.4
�1014 cm−2 eV−1.58 Including the parameters of the surface
state into the calculation of �0 causes pinning of the CBM
above EF for all considered Vs�0 V. For Vs�0 V, the sur-
face state is unoccupied and does not influence the �0.

Increasing the difference between 	av
− and 	av

+ beyond
1
2EG requires an additional reduction in 	av

+ . This can be
tentatively attributed by including a dipole layer with a po-
tential drop �s at the Si�111�-�3��3-Bi surface �Fig. 7�b��
effectively reducing the 	av by 1

2�s. Surface dipole layers
lowering the local work function in the order of 1 eV are
commonly observed47,59 and can be expected also for the
Si�111�-�3��3-Bi surface where a charge transfer from Bi
dangling bonds to Si backbonds occurs.25 Specific about the
Si�111�-�3��3-Bi surface dipole is that it must be vanish-
ing for large negative Vs and thus have a strong electric field
induced component.60 This may point to a strong electric
polarizability of the Si�111�-�3��3-Bi surface but, alterna-
tively, to an intrinsic electron-transport limitation as well.61

In our calculation, we make the simplest approximation �s
=0 for Vs�0 V and �s=const for Vs�0 V.

We show the recalculated values of � including tip-
induced band bending as curve II in Fig. 8. For comparison,
the fit to the experimental data from Fig. 6 is repeated in
Fig. 8 as curve I. Dark curves refer to clean Si�111�-�3
��3-Bi surface. The material parameters of the tunneling
contact correspond to the used substrate and tip �degenerate
doping with 1.6�1019 cm−3 As, EF above CBM by �EF
=0.05 eV, Si electron affinity �=4.05 eV, EG=1.15 eV, tip
work function 5.4 eV �platinum��. The tip-sample distance
1 nm, the tip radius 50 nm, and surface dipole �s=1.8 eV
were selected to obtain a reasonable agreement of � with
experiment. For Vs�0 V the curve II coincides with the

experimental � including the calculated 	av
Si− =5.3 eV. For

Vs�0 V, the calculated 	av
Si+ =4.1 eV corresponds to the ex-

perimental one, however, the slope of the calculated Vs de-
pendence of � differs from the experimental one due to in-
clusion of �0 that increases with increasing Vs. Altering the
slope of the calculated � dependence would require further
assumptions about the surface dipole �s and/or tip-induced
band bending �0 beyond present qualitative discussion. For
reference, we plot in Fig. 8 a curve III that is a calculation of
� without the surface dipole �Fig. 7�e�� and without the VB
current �Fig. 7�f��. Without these assumptions, the difference
between 	av

− and 	av
+ obtained in fitting the experimental data

in Fig. 6 is not reproduced.
So far, processes playing a role in tunneling on clean

Si�111�-�3��3-Bi have been discussed. Obtaining the
Ge-Si difference of the calculated � requires a further modi-
fication of the model. Based on the discussion in Sec. III C
we are looking for a mechanism accounting for the better
screening of the electric field of the tip on the Ge areas. The
desired mechanism would induce a lower band bending in
Ge than in Si without requiring a difference of the electron
affinity or surface dipole between Ge and Si areas.

FIG. 8. �Color online� Models of � based on the evaluation of a
trapezoidal barrier. �I� fit to experimental data from Fig. 6. �II�
Calculation including tip-induced band bending, the presence of a
surface dipole �Fig. 7�b��, and the pinning of the tip-induced band
bending by a CB surface state �Fig. 7�c��. The difference between
Ge and Si is modeled using a different dielectric constant of the
bulk. �III� Calculation without surface dipole and without pinning
�Figs. 7�e� and 7�f��.
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Most generally, the better screening of the electric field on
Ge areas can be modeled considering a different dielectric
constant of the bulk for the Ge areas. We evaluate such an
effect using the above described calculation and substituting
the bulk dielectric constant 11.8 �Si� by 16 �Ge� while keep-
ing the other parameters unchanged. We show the resulting �
for Ge as curve II, red �light� part, in Fig. 8. The difference
of the dielectric constant yields a difference of � in a quali-
tative agreement with the experiment. � for Ge is lower than
for Si and this lowering is a function of the band bending. In
unoccupied states the lowering is significant and in occupied
states it vanishes. We can estimate the positions of Inv and
Vac peaks from the calculation. Inv occurs at Vs when �0
=EG+�EF, Vac occurs when eVs=�0+�−�s−�EF. The
characteristic behavior of the Inv and the Vac peaks in Ge
and Si is reproduced, the calculated Vs of the Inv and the Vac
peaks for curve II and Ge �3.0 and 3.6 V� being between the
Inv and the Vac peaks for curve II and Si �2.2 and 4.0 V� in
agreement with the experiment.

A difference of the dielectric constants of Ge and Si areas
was taken as the simplest example of a mechanism that alters
the tip-induced band bending without directly influencing the
surface dipole. It is a simplification, since an eventual differ-
ence in dielectric constants between Ge and Si areas will be
effective only in a few subsurface monolayers. Other mecha-
nisms yielding the correct characteristic behavior of the Inv
and the Vac peaks may contribute to the lowering of � for
Vs�0 V. An example of such a mechanism would be a de-
population of the v1 state in Ge in the proximity of the Inv
transition. This would induce a positive surface charge and
contribute to a better screening of the electric field of the tip
for unoccupied states in Ge areas. Distinguishing the effec-
tive mechanisms behind the observed differences in the tip-
induced band bending would, however, require a study based
on a broader set of experimental data than presented in this
work.

IV. CONCLUSIONS

We studied the voltage �Vs� dependence of the STM con-
trast between Ge- and Si-terminated areas on the
Si�111�-�3��3-Bi surface using low-temperature STM and
STS techniques. Ge-terminated areas appear higher than Si-
terminated areas for most Vs and the height difference be-
comes much more pronounced for tunneling into the unoc-
cupied states. We find that for lower sample bias �Vs��3 V
the voltage-dependent STM contrast correlates exceptionally

well with the difference between voltage-integrated STS
curves measured on Ge- and Si-terminated areas. The STM
contrast is influenced both by density-of-state features, and
other effects, especially the electron-transport limitations and
tip-induced band bending. We propose that true density-of-
states contributions influence the overall shape of the Vs de-
pendence of the STM contrast, especially a strong onset at
Vs�2 V that correlates with a pronounced peak in Ge STS.

Our measurements indicate a smaller tip-induced band
bending on Ge than on Si areas. The difference in the band
bending manifests itself uniquely through specific positions
of non-density-of-state features in STS spectra, the Inv peak
belonging to the onset of tunneling through the depletion
layer in sample bulk �appears at higher Vs on Ge areas com-
pared to Si areas�, and the Vac peak belonging to the crossing
of the sample vacuum level by the tip Fermi level �appears at
lower Vs on Ge areas compared to Si areas�.

This difference in the band bending causes an effective
difference in the local tunneling barrier height measured by
STM that becomes proportional to the band bending, and
thus dependent on Vs. For unoccupied states, the local tun-
neling barrier height becomes smaller on Ge areas than on Si
areas. For occupied states, the difference in the local tunnel-
ing barrier height vanishes. We construct a simple model of
the tip-induced band bending showing that the characteristic
difference in the band bending observed in our experiment
can be explained by a higher dielectric constant of the Ge
areas.

The difference in the local tunneling barrier height mea-
sured by STM strongly influences tunneling on Ge and Si
areas at Vs�3 V where localized electron states form be-
tween the sample and the STM tip. The differences between
these states on Ge and Si areas cause a second strong onset
of the STM contrast at Vs�4 V, and characteristic oscilla-
tions of this contrast at Vs�4 V.
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