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We report on theoretical investigations of scanning tunneling spectroscopy �STM� image heights on Si�100�.
Calculations are performed using density functional theory �DFT� within the Keldysh nonequilibrium Green’s
function �NEGF� formalism. The nonequilibrium potential drop between Si�100� and a STM tip is determined
self-consistently. This potential drop is found to play an important role in the calculated image height charac-
teristics of adsorbed hydrocarbons by lowering the vacuum barrier and shifting molecular levels. Numerical
data collected for image heights of styrene against a hydrogen passivated Si�100� background are found to
agree quantitatively with the corresponding experimental results. We also present a comparison between results
obtained by the NEGF-DFT formalism and the Tersoff-Hamann approximation, showing that nonequilibrium
analysis can be important in the study of STM image heights of molecules.
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I. INTRODUCTION

As technology continues to advance towards atomic di-
mensions, the scanning tunneling microscope �STM� is in-
creasingly utilized in the study of devices on this scale. Vari-
ous effects including radiative emission, negative differential
resistance, switching, and charge regulation have been ob-
served at atomic dimensions.1–5 There is a strong need to
characterize distance-dependent bonding properties between
a protodevice and a STM tip during current-voltage
measurements.6 This is necessary for properly evaluating de-
vice performance since STM current measurements can dif-
fer by several orders of magnitude depending on the distance
between the tip and sample. On semiconductor surfaces such
as a silicon surface, this is, however, a rather complicated
task due to effects such as surface reconstruction, band bend-
ing, self-consistent electronic level corrections to molecular
adsorbates, and the polarization of surface states by an ap-
plied electric field. All these effects influence STM measure-
ments and data interpretation.7,9–11 A detailed understanding
of atomic contact properties is required as one pushes to-
wards more exotic devices interfaced with silicon.2,3,5

STM height and current-voltage measurements on Si�100�
that have been reported extensively in the literature for many
years include a broad range of hydrocarbons such as C2H4,
C2H2, styrene, benzene, diphenyl, and cyclopentene.2,5,6,12–18

In many cases a molecular sample appears only as a fraction
of its geometric height above the substrate �in the STM im-
age�. In other instances the sample can even appear darker
than the substrate12,15 which can be misinterpreted to imply
that the sample is located inside the substrate. It is also not
always clear what role is played by the applied bias in a
STM measurement. These and other puzzles have led to
many useful theoretical investigations of STM image height
characteristics.

Most recently, Hückel-based modeling of styrene on Si
has been reported,16 with an emphasis on lateral transport,
heights, and methyl end groups. The bias dependence of sty-
rene image heights and tip sample interaction have also been
of interest, particularly with a lack of explanation for the
negative heights arising at lower imaging voltages.15 As well,

height simulations of C2H2 and C2H4 contrast inversion have
uncovered noticeable contributions due to surface polariza-
tion on clean Si�100�.7,14 Polarization by an applied electric
field extends clean Si�100� dimer states into the vacuum to
such an extent that their measured profile height lies above
that of adsorbed C2H4 molecules under certain bias condi-
tions. Smaller hydrocarbons such as C2H4 remain closely
attached to the surface and are therefore only lightly affected
by the applied bias. However, due to its small height, the
molecule can appear smaller than nearby clean silicon dimers
which undergo slight polarization under an applied electric
field. This polarization raises the STM height profile of the
clean substrate by approximately 0.5 Å �Ref. 8� and is there-
fore an issue for short molecules but not that critical to in-
terpreting the height features of longer molecules such as
styrene. These effects are limited to clean silicon surfaces.
Finally, the relative equilibrium energetic position of occu-
pied surface states was shown to influence STM heights.19

Due to the immense importance of interpreting STM height
data, further investigations of STM image heights on Si�100�
are warranted. In particular, we note that previous atomistic
studies of this problem were based on calculating the elec-
tronic structure of the tip and substrate separately and at
equilibrium.15 On the other hand, when current flows from
the STM tip into the substrate, the problem is inherently
nonequilibrium and in principle the atomic potentials should
be determined under nonequilibrium conditions. It is the pur-
pose of this study to carry out such nonequilibrium calcula-
tions.

Our work is concerned with passivated Si�100�. We ad-
dress three open questions regarding molecular STM height
measurements on passivated Si�100�: what is the role of elec-
trostatics, what is the role of the substrate band gap, and is a
nonequilibrium model required to obtain results that explain
experimental data quantitatively? In this context we examine
the experimentally well-studied system of styrene adsorbed
on hydrogen-passivated Si�100�. A subtle interplay between
tip-sample electrostatics and surface band structure is shown
to strongly influence STM height measurements. The impor-
tance of applying the self-consistent nonequilibrium Green’s
function �NEGF� method20,21 under high bias is highlighted.
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As one of the longer hydrocarbons studied extensively on
silicon, styrene resides close to the STM tip even at substan-
tial bias voltages and low imaging currents �−3 V, 50 pA�.15

Under these STM imaging conditions styrene is subjected to
a large voltage drop which shifts its energy levels, thereby
affecting its height characteristics. On the other hand, at low
bias it is the Si-substrate band gap that dominates transmis-
sion. We are able to attribute the experimentally observed
negative styrene STM heights at �−1.5 V, 50 pA� �Ref. 15�
to low transmission at the edges of the Si�100� band gap.
Finally, we compare the NEGF results with that obtained by
the Tersoff-Hamann approximation.22,23

The remainder of the paper is organized into five subse-
quent sections. Section II discusses the geometry under in-
vestigation. The ab initio NEGF method and other calcula-
tion details are outlined in Sec. III. In Sec. IV we present
current-voltage characteristics for styrene on Si�100�-�2
�1�. In Sec. V the Tersoff-Hamann approximation is com-
pared with the NEGF results. Section VI is reserved for a
short summary.

II. ATOMIC GEOMETRY

We begin by discussing the atomic geometry for three
tip-sample systems in our study. The first system is com-
posed of an unrelaxed Al�100� tip above an Al�100� surface
�Fig. 1�a��. This system is used to qualitatively benchmark
our STM model. The remaining two systems are hydrogen-
passivated Si�100� and styrene on Si�100� �Figs. 1�b� and
1�c�� for which we seek a quantitative understanding of the
styrene heights observed experimentally. The atomic struc-
tures are obtained by density functional theory �DFT� total
energy relaxation using the electronic package SIESTA.24

A. Si(100) substrate and STM geometry

To model the STM tip above hydrogen-passivated Si�100�
and styrene-passivated Si�100�, we have several consider-
ations: tip-sample atomic structure, tip relaxation, position-
ing of the tip above the sample, and the potential profile
through the tip-sample structure that is needed when calcu-
lating the tunneling current.

1. Tip and sample structure

To model a metal tip, we use an Al�100�-�3�3� structure
with strained coordinates to ensure that the tip geometry em-
beds into the �7.65 Å�7.65 Å� periodic Si�100�-�2�2� unit
cell. The imposed strain on the natural Al�100�-�3�3� unit
cell dimensions of �8.57 Å�8.57 Å� is assumed to have an
insignificant effect on the metallic tip density of states �DOS�
and transmission coefficient, in contrast to covalent-bonded
systems where bulk properties can be significantly altered,
and is therefore a fair approximation which we adopt. Above
silicon a 23-atom tip is placed: the first two bulklike layers
are frozen and the remaining five tip atoms are permitted to
relax. Two bulk layers are sufficient to model the tip elec-
tronic structure, since tip surface states tend to dominate the
STM tip transmission coefficient.25,26

In experimental measurements15 on styrene, the STM tip
can be placed in direct contact with the molecule; hence,
tip-sample geometry relaxation is a key ingredient for ob-
taining a proper understanding of the measured data. There-
fore, we relax the tip above the styrene molecule at each I�z�
point, where I is current and z the coordinate along the tip-
sample direction. The z values are set at 1-Å intervals. All
geometry optimizations are performed via the conjugate gra-
dient method using the local density approximation24 �LDA�

FIG. 1. �Color online� Atomic geometry of the tip-sample system. The structures are obtained by DFT total energy relaxation. �a�
Al�100�-�3�3� tip and Al substrate structure. The same tip is placed above all Si�100� substrates. �b� Al tip on a Si�100�-�2�1� passivated
and reconstructed surface. �c� Al tip on a Si�100�-�2�1� styrene surface. To reduce computation, the styrene unit cell includes one styrene
molecule from the relaxed geometry of an infinite �periodic� styrene chain. Within the LDA, the optimized geometric height of styrene
against a Si�100� passivated background is 5.3 Å. The solid circles indicate the position of free atomic orbitals used for I�z� calculation �see
Sec. III C�. The shaded gray area indicates the subset of atoms that form the scattering region of two-probe transport analysis by NEGF.
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and are converged to 0.01 eV/Å on a real-space grid corre-
sponding to an energy cutoff of 300 Ry. We find that the
relaxed geometry of styrene/Si�100� shown in Fig. 1 is ener-
getically preferred and has a total energy of −2754.768 eV
which is lower compared to the total energy
�−2754.600 eV� of the alternate styrene chain geometry27

where the benzene right tilts inwards towards the Si�100�
dimer. These energies are rather close, but the one we used is
slightly lower.

Careful consideration is taken in the placement of the tip
apex atom above the sample. A full image scan within our
self-consistent nonequilibrium method �see below� would be
too computationally intensive. Instead, the tip is placed
above the point of the largest local DOS �LDOS� of the
sample and then retracted at a given voltage to build up a
current versus distance I�z� plot. In the case of styrene be-
tween 0 V and −3 V bias, the highest LDOS point is domi-
nated by carbon-carbon � bonding;7,15 hence, the tip is
placed above the highest carbon atom �see the solid circle in
Fig. 1�c��. Though p orbitals comprising the � state are zero
at the carbon orbital core where the LDOS is less than maxi-
mum, we have found that the tip-sample overlap coupling
changes insignificantly and therefore the extracted STM
height as well, if the tip is moved slightly to the side of the
uppermost carbon atom where the � orbital LDOS is maxi-
mum �see Fig. 7�. This is due to the diffuse extent of surface
orbitals both on the tip and sample. Hydrogen-passivated
Si�100� results in symmetric dimers, so the tip may be placed
above either a hydrogen atom or an additional deeper Si
atom �see solids circles in Fig. 1�b��.

For each of the three geometries in Fig. 1, the tip is placed
2 Å above the point of interest: this point defines the starting
position for subsequent I�z� calculations when the tip is re-
tracted to 10 Å. Due to this definition the 5.3 Å offset be-
tween I�z� tip starting positions for H/Si�100� and styrene/
Si�100� �Fig. 1�c�� has to be taken into account when
comparing I�z� plots to extract the STM heights.

2. Two-probe transport structure

Using the atomic coordinates obtained by total energy re-
laxation described above, we build a two-probe transport
simulation of the tip-sample system for calculating the I�z�
curves. The two-probe system has a scattering region plus a
top and a bottom lead. The scattering region consists of the
atoms in the shaded boxes of Figs. 1�b� and 1�c�. Namely, a
H/Si�100� or styrene/Si�100� surface, along with a 14-atom
tip and four Si�100� layers, is included in the scattering re-
gion. The tip is connected to an Al lead that is modeled by
perfect Al�100� crystal planes extending to z= +�. Similarly,
the Si substrate in the scattering region is connected to a
perfect Si�100� lead extending to z=−�. Periodic boundary
conditions are used in the transverse �x ,y� directions. A volt-
age bias is applied across the two leads which drives a cur-
rent through the tip-sample two-probe system.

B. Al(100) substrate and STM geometry

An Al�100� tip above an Al�100� substrate is taken as a
benchmark of our I�z� calculation �see Sec. III C�. For this

case the structure is relaxed at a tip-sample separation of
10 Å. No further relaxation is carried out for other values of
z. A two-probe tip-substrate system is formed by attaching
Al�100� leads for both the tip and substrate. To calculate I�z�,
the apex atom is placed directly above an aluminum surface
atom and retracted �see Figs. 1�a� and 3�. The Al�100� tip-
substrate system can be described by the natural
Al�100�-�3�3� unit cell size of �8.57 Å�8.57 Å�, the scat-
tering region of the two-probe system includes five tip atoms
and five bulk Al layers as shown in Fig. 1�a�.

III. THEORETICAL METHOD

When a bias voltage is applied to a two-probe transport
structure to drive a current, the scattering region is in a non-
equilibrium state. At present, real-space DFT carried out
within the Keldysh NEGF framework is the state-of-the-art
technique20,28,29 for analyzing nonequilibrium quantum trans-
port of atomic systems. We make use of this technique and
its associated electronic package MATDCAL �Ref. 20� to cal-
culate I�z� curves. The basic idea behind the NEGF-DFT
formalism is to calculate the Hamiltonian of a two-probe
device system using DFT, determine the nonequilibrium
quantum statistics of the transport problem using the NEGF,
and deal with the open-boundary conditions of electron
transport using real-space numerical techniques.20,29 We
briefly outline our simulation method in this section.

A. Transmission coefficient

Within the NEGF formalism, the transmission coefficient
T=T�E ,V� is calculated via Green’s functions, where E is the
electron energy and V the bias voltage. Once the device
Hamiltonian H is obtained by NEGF-DFT,20,29 the retarded
Green’s function G of the device scattering region at energy
E is obtained as

G�E� = ��E + i��S − H − �S�E� − �T�E��−1, �1�

where � is a small positive infinitesimal and S is the overlap
matrix between atomic basis functions. The quantities �S and
�T are the self-energies of the substrate and STM tip, respec-
tively. They are calculated via recursive Fourier methods.30,31

The transmission coefficient of a two-probe tip-sample sys-
tem is determined by

T�E,V� = tr��SG�TG†� , �2�

where �S,T= i��S,T−�S,T
† � are the linewidth functions describ-

ing coupling of the device scattering region with the semi-
infinite device leads. The steady-state current under a given
bias is calculated as

I =
q

h
�

−�

�

T�E��fS�E� − fT�E��dE , �3�

fS,T�E� =
1

1 + e�E−�S,T�/kBT , �4�

where fS,T is the Fermi function of the substrate and tip with
an electrochemical potential of �S,T. At low temperature, the
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integration limits reduce to the bias window, from �S to �T.
To obtain an I�z� plot, the transmission coefficient T�E ,V�
and therefore the tip-sample Hamiltonian H must be calcu-
lated at many z points.

B. Two-probe device Hamiltonian

In our STM simulation of the I�z� curves, we divide the
device Hamiltonian H into two parts: the equilibrium Hamil-

tonian Ĥ0 and the nonequilibrium Hartree potential profile
V	H�r��. The total nonequilibrium Hamiltonian is therefore

given by Ĥ= Ĥ0+V	H�r��. Here, Ĥ0 represents the equilibrium
Hamiltonian of the tip-sample system without bias, which we
calculate within the electronic package SIESTA.24 The second
part of the Hamiltonian, V	H�r��, represents the Hartree po-
tential profile between the STM tip and the sample under a
three-dimensional applied bias and during current flow; we
calculate it via the NEGF-DFT package MATDCAL.20 We use
the generalized gradient approximation �GGA� exchange-

correlation potential32 in Ĥ0, which improves the Si band gap
from 0.5 eV �obtained from LDA33� to 0.85 eV.34

The nonequilibrium Hartree potential profile V	H�r�� is ob-
tained by solving the Poisson equation

�2V	H�r�� = − 4�	
�r�� , �5�

where 	
�r���
bias�r��−
eq�r��, 
bias is the nonequilibrium
charge density, and 
eq the equilibrium charge density; both
are obtained by calculating the nonequilibrium density ma-
trix within the NEGF-DFT MATDCAL20 package.

The calculation of Ĥ0 is carried out with a 200-Ry energy
cutoff. The k-space reciprocal vector for each slab geometry
is set at 20 Å.24,35 We employ double-zeta-polarized �DZP�
basis orbitals on hydrogen, carbon, and silicon. For alumi-
num a single-zeta-polarized �SZP� basis is applied to all at-
oms. The basis function for the tip apex atom and the surface
atom just below the tip will be discussed in the next subsec-
tion �see the solid circles in Fig. 1�a��. The calculation of
V	H�r�� within MATDCAL20 in the two-probe tip-sample geom-
etry is carried out on a three-dimensional real-space mesh
where the mesh size corresponds to a 150-Ry energy cutoff.
Sixteen k points are required to converge the two-
dimensional Brillouin zone sampling in the x-y direction
�transport in the z direction�. To reduce computational time
in the two-probe NEGF analysis at finite bias, a SZ basis set
is utilized in MATDCAL.20,36 The NEGF-DFT analysis via
MATDCAL20 provides the potential drop between the tip and
substrate within a full self-consistent framework at different
tip-sample distances and bias voltages. Further details of the
NEGF-DFT implementation can be found in Refs. 20 and 29.

C. Basis set

For a two-probe tip-sample system, the value of the tun-
neling current I�z� is sensitive to the wave-function overlap
between the surface and tip across the vacuum in between.
This becomes a technical issue when a strongly localized
linear combination of atomic orbitals �LCAO� basis set24 is
used in the DFT analysis. It is reasonable to assume that the

atom at the tip apex and atoms at the surface have the same
character of wave function decay into the vacuum as that of
a free isolated atom: these wave functions are valence elec-
tron eigenfunctions of isolated atoms having a long-range
tail decaying into the vacuum region. In our calculations, we
assign these free atomic orbitals as basis functions to the tip
apex atom and atoms at the surface beneath the tip. Practi-
cally, we generate free atomic orbitals following the ap-
proach of Ref. 37, using a large radial cutoff of 15 bohrs.
The secondary split-off orbitals24,37,38 are defined at 5 bohrs
as are polarization orbitals. These parameters are the same
for all free atomic orbitals implemented in this work with
results comparable to those in an earlier publication.40

The free atomic orbitals introduce some error into the
eigenstates and the total energy. To minimize this error, no
more than two or three free atomic orbitals are assigned to
any given unit cell �see Fig. 1�: one for the tip apex atom and
a second or third �if necessary� for the sample atoms beneath
the tip—no more is required as these atoms dominate the I�z�
characteristics. Figure 2 displays the effect of introducing
free atomic orbitals to the Si�100�-�2�2� surface atoms
highlighted by solid circles in Fig. 1, against reference cal-
culations employing optimized DZP basis sets without any
free orbitals. The projected density of states �PDOS� plots
are extracted from isolated H/Si�100� and styrene/Si�100�
slabs shown in Fig. 1. For H/Si�100� the PDOS shift is about
0.1 eV; for styrene it is about 0.25 eV. With a free atomic
orbital the styrene system has a total energy of −4155.85 eV,
to be compared to −4155.67 eV when free orbitals are ab-
sent. With free orbitals the H/Si�100� system has a total
energy of −2778.71 eV, to be compared with −2778.94 eV
without it. These are very small differences, indicating that

FIG. 2. �Color online� PDOS for the Si�100�-�2�2� unit cell.
Dashed line: calculated with free atomic orbitals placed as shown
by the red dots in Fig. 1. Solid line: calculated without the free
orbitals. �a� For the first layer of silicon atoms and hydrogens on
H-passivated Si�100�. �b� For styrene on Si�100�. The agreement is
reasonable with or without the free atomic orbitals. Similar agree-
ment �not shown� is found for the case of Al�100� substrate.
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the use of a few free atomic orbitals only introduces an in-
significant error for the purposes of our investigation. In sub-
sequent simulations, we use free atomic orbitals on the tip
apex atom and the substrate atoms of interest.

We find that the above procedure succeeds well in mod-
eling STM current decay, as shown in Fig. 3 where a quali-
tative match to experimental decay is achieved. Here, the I�z�
curve is calculated for an Al�100� tip and an Al�100� sub-
strate biased at V=50 meV �solid line�. For such a very small
bias we have safely neglected the nonequilibrium potential
V	H�r�� of Eq. �5� in the transmission calculation. Compare
this to the I�z� curve obtained without using free atomic or-
bitals �dashed line�; it decays much faster in an unphysical
manner as shown in Fig. 3.

To have a more concrete understanding, in Fig. 3 we also
plot experimental data in the same z range from Ref. 39,
where the tip is tungsten and substrate is Au�111�-�22
��3�. The work functions of Au and W are41 −5.31 eV and
−4.45 eV, respectively, and for Al�100� it is −4.2 eV. These
values can be used in a simple square barrier STM model42

to estimate how much difference we expect in the current
decay for the Al/Al system �our theory� and for the W/Au
system �experiment�. In a square barrier model,41 the current
decays exponentially with z,

I = I0e−1.025��z, �6�

where z is in units of Å, � is the work function in units of eV,
and I0 is assumed to be the same for both systems. From Eq.
�6�, we find that the I�z� decay expected from the experimen-
tal system should not exceed that of the simulated Al�100�
geometry by more than �0.11 decibel/Å, assuming an ex-
perimental work function of −5.31 eV. Indeed, the theoreti-
cal result �solid line� in Fig. 3 shows a decay rate close to

that of the experimental data �a qualitative difference of
0.11 decibel/Å is within the bounds of experimental error�,
indicating that the procedure of using free atomic orbitals is
appropriate. The long-range I�z� decay of 1 decibel/Å also
agrees well with that observed for an Al surface and W tip.43

This comparison between theory and experiment under-
scores the necessity of applying free atomic orbitals when
modeling long-range I�z� decay. In the near range, below
3.0 Å where relaxation effects become important, contracted
and free orbitals decay in almost exactly the same manner
�for a typical bulk cutoff radius of 7 bohrs�. Whether a fully
relaxed geometry is applied to a STM study or not, free and
contracted atomic orbitals will produce the same I�z� cur-
rents in the near-range. Hence, near-range surface relaxation
is irrelevant to the question as to what basis-set cutoff radius
should be used to model tunneling currents in the vacuum
region and has therefore been excluded from this Al-Al
study.

IV. STYRENE IMAGE HEIGHTS ON Si(100)

Using the theoretical technique discussed in Sec. III, we
have calculated the STM image height of styrene on hydro-
gen passivated Si�100�. Three bias voltages at 50 pA current
are examined in detail: −3 V where the � state is fully con-
ducting, −2 V where the � state begins to conduct, and
−1.2 V where height inversion is observed.2,15,16 We quanti-
tatively analyze the role of the nonequilibrium potential pro-
file V	H�r�� and the band gap in determining STM heights.

As mentioned above, for atoms just across �facing� the
vacuum gap we assign free orbitals. Specifically, we assign a
free atomic orbital to the apex atom of the Al�100� tip �see
apex solid circle in Fig. 1�. For hydrogen-passivated Si�100�,
DZP free atomic orbitals are placed sparingly on one Si-H
surface pair in the simulated �2�2� unit cell �Fig. 1�c��.
Because occupied surface states involve strong hybridization
between the hydrogen and silicon atoms, free atomic orbitals
are placed on two atoms �solid circles in Fig. 1�c��. On the
other hand, the conducting � state of styrene centered at
−6 eV �see Fig. 2�b�� is much more weakly hybridized, as
well the � state being composed of carbon-carbon bonding.15

Thus, a single free atomic orbital is placed on the highest
carbon atom over which the tip is positioned �see the solid
circle in Fig. 1�c��. For the bias range of interest conduction
is completely dominated by the styrene � state; therefore, it
is sufficient to place a free orbital on the uppermost carbon
atom. Our calculation also indicates that image heights are
not affected if a free atomic orbital is also placed on the
uppermost hydrogen atom. However, additional free orbitals
increase the eigenstate error and are therefore minimized.

A. Styrene at −3.0 V: Full �-state conduction

Simulated and experimental heights match well for sty-
rene biased at −3 V and 50 pA �see Fig. 4�a��. The experi-
mentally measured styrene height is approximately 3.3 Å at
60 pA.2,16 Our calculation gives 3.4 Å at 50 pA which is in
good agreement. This 3.4 Å result is obtained as follows.
The I=50 pA line �horizontal dot-dashed line� in Fig. 4�a�

FIG. 3. �Color online� I= I�z� versus z for Al tip on Al�100� at
50 meV bias for Ef =−4 eV. Solid line: using free atomic orbitals.
Dashed line: using SZP with 7-bohr cutoff. Symbols � are experi-
mental data reprinted with permission from Ref. 39. The offset for
the experimental data is −0.8 Å from the origin provided in Ref. 39
since the nearest-neighbor distance of Al is 2.86 Å and the above
I�z�, as with all plots in this paper, sets its origin at a 2-Å atomic
separation.
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cuts the two I�z� curves �solid lines� at zH=6.4 Å for H/Si
and at zstyrene=9.8 Å for styrene �for the hydrogen passiva-
tion tip position look to the lower black z axis and for the
styrene tip position look to the upper blue z axis in Fig. 4�.
The apparent height of styrene at 50 pA is obtained by sub-
tracting the difference such that zstyrene−zH=3.4 Å. The two
solid I�z� curves in Fig. 4 further suggest that raising the set
current from 50 pA to 60 pA changes the styrene height
measurement insignificantly. The agreement between theory
and experiment height values at �−3 V, 50 pA� is, indeed,

remarkable. It is also worth noting that the I�z� current decay
of approximately 1 decibel/Å over both H/Si�100� and sty-
rene is consistent with experimental measurements over
cyclopentene-passivated Si�100�.44

The small height difference of �0.1 Å between our cal-
culation and experimental data16 is likely due to subtle po-
larization effects or due to the approximation of using free
atomic orbitals. In the literature there has been some dis-
agreement of styrene heights on hydrogen-passivated Si�100�
at −3 V, with measured heights ranging from 2.8 Å15 to

FIG. 4. �Color online� I�z� characteristics for H/Si�100� in black �equilibrium, dashed line, and nonequilibrium, solid line� and styrene
in blue at �a� −3 V bias, �c� −2 V bias, and �e� −1.2 V bias. The experimental current value of 50 pA is marked by dashed horizontal red
lines. Equilibrium I�z� results are obtained by calculating the transmission between both electrochemical potentials without including a
potential drop in the device region, whereas nonequilibrium results include the self-consistent potential profile V	H�r��. Nonequilibrium
transmission plots may be found adjacent to each I�z� figure with H/Si�100� in black and styrene in blue �in each plot the tip is positioned
2 Å above the sample at full bonding contact�: �b� −3 V, �=10 meV; �d� −2 V, �=10 meV; �f� −1.5 V, �=1 �eV. Recall that � is defined
in Eq. �1� as a broadening constant for the retarded Green’s function of the device. The universal I�z� origin is set at 2 Å above the core of
the hydrogen atom on the hydrogen passivated Si�100� surface marked in Fig. 1. The upper blue z axis is for the styrene I�z� curves and the
lower back z axis is for the hydrogen passivation I�z� curves as indicated by the dashed colored arrows. Relaxation is included in the styrene
I�z� plots. The � state for styrene is marked in the transmission plots as are the electrochemical potentials �T and �S, respectively.
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3.3 Å,2,16 which could be due to a slight variation in the
point over which height measurements were taken. More re-
cently, it has been observed that measurements at �−3.0 V,
50 pA� to one side of the styrene chain give a reduced height
of 3.1 Å.16 In our results reported here, all I�z� curves are
calculated by placing the tip apex just above the highest
carbon atom of the carbon ring.

In Fig. 4�a�, the two dashed I�z� curves were obtained
without the nonequilibrium potential profile V	H�r�� of Eq.
�5�; namely they are calculated at equilibrium. For both sty-
rene and H/Si, V	H�r�� increases the tunneling current. Using
these dashed I�z� curves, we still obtain a similar styrene
height as the full nonequilibrium calculation �differs by only
0.2 Å�. Therefore, at −3 V, the main role of the nonequilib-
rium potential V	H�r�� is to lower the vacuum barrier and
increase the current �compare dashed and solid lines in Fig.
4�a��. In particular, due to V	H�r��, the styrene tip-sample dis-
tance increases by �0.5 Å at �−3 V, 50 pA�, compared with
that obtained with the equilibrium Hamiltonian. For tunnel-
ing into H/Si, there is a similar although slightly larger in-
crease in current when V	H�r�� is included; see Fig. 4�a�.

For a given bias V=�S−�T, current is contributed by
states within the bias window �S−�T �see Eq. �3��. Tunnel-
ing into styrene is largely mediated by the molecular � state;
therefore, it is important if the � state is within this bias
window or not. In our calculations, �S is set at the Fermi
level of the n++-doped Si contacts—namely, at
−3.9 eV41,45—and �T is shifted by the applied bias voltage.
Figure 4�b� plots the transmission coefficient T�E� at −3 V
bias when the tip apex is at 2 Å away from the highest atom
on the sample; �S,T are indicated by the arrows. Figure 4�b�
shows that the � state of styrene is outside the bias window

whereas for H/Si the transmission has a broad peak inside
the bias window. On the other hand, for z=9.3 Å �the tip
apex is at 6 Å from the styrene molecule�, the styrene � state
is within a bias window of −3 V, as shown by the solid curve
in Fig. 5 �see also Fig. 6�. Importantly, the � state is within
the bias window whether or not the nonequilibrium potential
V	H�r�� is included in our calculation. This explains why the
styrene height at �−3 V, 50 pA� can be rather well obtained
using only the equilibrium Hamiltonian without V	H�r��. In
the next subsection, we show that the height behavior be-
comes very different depending on V	H�r��.

B. Styrene at −2.0 V: Lowering the conducting � state

The I�z� curves for �−2 V, 50 pA� are plotted in Fig. 4�c�.
Here, for tunneling into H/Si the nonequilibrium potential
V	H�r�� still increases current I�z� as at −3 V. However, for
styrene the behavior is reversed: V	H�r�� decreases the cur-
rent. The reason for this decrease can be seen in Fig. 5: the
styrene � state �dashed line� is now outside the bias window
between �S=−3.9 eV and �T= ��S−2 eV�=−5.9 eV due to
V	H�r��. It is, however, inside the window without V	H�r��
�dotted line�. Pulling the � state outside the bias window by
V	H�r�� results in a net decrease of 0.6 Å between the equi-
librium and nonequilibrium results at 50 pA. The total height

FIG. 5. �Color online� Transmission coefficient T�E� versus
electron energy E when the tip is positioned 6 Å above the styrene
molecule �in relation to the universal origin set at 2 Å above H/Si
of Fig. 4 this corresponds to z=9.3� in Fig. 4 for styrene biased at
−3 V �solid black line� and −2 V �dashed blue line�. Nonequilib-
rium potential drop V	H�r�� is included when obtaining these curves.
The dotted red line is T�E� without V	H�r��. The peaks in T�E� are
due to the molecular � state of styrene. At −3 V bias, the � state is
within the bias window indicated by arrows of �S,T. At −2 V bias,
it is outside the bias window due to the nonequilibrium potential
drop V	H�r��. The peak of T�E� at −3 V is much larger than that at
−2 V due to a decrease in the vacuum barrier under a larger bias.

FIG. 6. Calculated nonequilibrium potential profile at −2 V bias
for a styrene molecule situated between a grounded tip and Si�100�
substrate �see Fig. 1�. The potential profile shown is taken as a z
direction cut directly through the atomic center of the tip apex. The
Si�100� electrochemical potential �S is set at −3.9 eV, correspond-
ing to a highly n-doped substrate and with the reference vacuum
potential set at 0 eV. Under a −2 V bias the tip electrochemical
potential �T=�S−2 eV=−5.9 eV. Most of the potential drops
across the vacuum region, with roughly one-third of the potential
dropping across the styrene molecule—a ratio that depends on the
size of the vacuum region. Similar results can be obtained via a
simple capacitive model �Ref. 9�.
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correction due to V	H�r�� over both styrene and H/Si�100� is
about 1 Å. Therefore, using the method for height calcula-
tion described at the beginning of Sec. IV A, from the two
I�z� curves �solid lines� in Fig. 4�c� we obtain a styrene
height of 2.5 Å for �−2 V, 50 pA�. This is to be compared
with the experimental value of 2.6 Å at �−2 V, 60 pA�.2,16

Again, we compare results against experimental styrene
heights away from the ends of an adsorbed chain, and the
agreement is very good. Importantly, the effect of V	H�r�� is
very crucial at −2 V: it places the STM tip closer to the
styrene than would be estimated using the equilibrium
Hamiltonian. Again, due to a reduction of the vacuum bar-
rier, we note an increase in the H/Si�100� tip-sample dis-
tance of approximately 0.6 Å over that predicted by the equi-
librium Hamiltonian. Finally, Fig. 4�d� plots T�E� at tip-
sample separations 2 Å above H/Si and styrene and
qualitative features are similar to that of Fig. 4�b�.

C. Styrene at −1.2 V: The height inversion

Figure 4�e� plots I�z� curves for �−1.2 V, 50 pA� showing
a styrene height inversion; i.e., styrene �almost� appears
lower than H/Si�100�. This is consistent with the experimen-
tal trend of height inversion observed at �−1.5 V, 50 pA�.16

The difference of −0.3 V bias may be attributed to an under-
estimation of the Si band gap in our DFT calculations: our
DFT-GGA calculation gives32 a gap of 0.85 eV while the
experimental gap is 1.15 eV. Therefore, the height inversion
at −1.2 V obtained from our model compares well with the
experimental observation of height inversion at −1.5 V.

Contrary to expectations, we find that a tip-sample bond-
ing interaction is not responsible for the observed styrene
height inversion. This is because, at lower bias voltages, it is
the band gap which determines STM transmission character-
istics. Figure 4�f� demonstrates this feature: at −1.2 V bias
the main part of the T�E� spectra falls within the Si band gap,
thus not contributing to conduction, leaving only a small
surface DOS at the edges of the band gap to contribute. This
leads to a drastic reduction in current flow through styrene at
this bias, resulting in the observed height inversion.

Quantitatively, for �−1.5 V, 50 pA� the experimental
height is reported to range from −0.25 Å to 0 Å in an STM
image of several styrene chains.15 Using the height calcula-
tion method described at the beginning of Sec. IV A, our
theory gives 0.4 Å at �−1.2 V, 50 pA�. Therefore, although
the theoretical height is drastically reduced which mimics the
qualitative feature of height inversion of the measurement, it
does not quantitatively capture the experimental inversion
value with a small error of about one-third of an angstrom.
The source of this error is unlikely to be related to the ge-
ometry because it was carefully relaxed for each value of z.
We hypothesize that the error is due to the details of DFT:
the conduction and valance band curvatures are reflected in
the surface LDOS which contributes to conduction, with
lower curvature resulting in a larger surface LDOS and vice
versa.11 This curvature depends on the DFT basis set. Nev-
ertheless, qualitatively and even semiquantitatively, our
theory reproduces the height inversion feature of the experi-
mental data.

D. Bonding distance

Now let us return to the question of a bonding contact
between an atomic sample and a STM tip as posed in the
Introduction. There are two main physical effects which limit
the full current at full contact: the resistance of the molecule
and the Si�100� band gap. The molecule impedes conduction
from bulk Si�100� states and lowers the current by approxi-
mately two orders of magnitude at −3 V and −2 V, as shown
in Figs. 4�a� and 4�b� when the tip is located at z=0 Å over
H/Si and z=5.3 Å over styrene �recall z=0 is positioned 2 Å
above the H/Si surface�. Notably, at full contact the styrene
� state is pulled out of the bias window even at −3 V bias
�see Fig. 4�b��, hence the observed insulating type of resis-
tance. At full contact, if a level lines up between the chemi-
cal potentials �S,T, conductance will be high; otherwise, the
molecule conducts poorly. At −1.2 V, the low LDOS of sty-
rene in the bias window together with the Si�100� band gap
affects conduction such that the current is four orders of
magnitude smaller than that on H/Si�100�. Our observation
is that an Al tip placed at 2 Å bonding distance above either
H/Si�100� or a styrene molecule forms a physisorption bond.
This is confirmed by a charge density plot of the tip-sample
interface �not shown�. Thus, the lack of a strong chemical
bond between styrene and the STM tip does not play a role
in the observed decrease in conduction from H/Si�100� to
styrene—since the tip also forms a weak physisorption bond
with the H/Si�100� surface. Further investigation into chemi-
cal bonding versus physisorption bonding conduction char-
acteristics is left to future work, and other metallic tips such
as tungsten should be investigated. However, here it has been
shown that even current at full contact depends strongly on
the presence of a bulk band gap and the conducting reso-
nance properties of the molecule, and may vary significantly
with only a small change in bias �i.e., −1.2 V to−2 V�. Our
full self-consistent NEGF-DFT theory presented here cap-
tures these complicated effects.

E. Si(100) band bending

Silicon band bending46 is another important issue which
has not been considered so far. For our problem studied here,
it is found to have little effect on transmission: it only pro-
vides a maximum shift of surface states about 0.1 eV at
room temperature and negative STM bias45 for n-type dop-
ing on the order of 1018 cm−3. Band bending could shift sur-
face states by 0.01–0.1 eV without altering the qualitative
features presented above. That is, the characteristics seen at
−3 V would be better matched to experimental results at
−3.1 V, etc. Even n-type doping on the order of 1016 cm−3

would only result in a 0.2-eV shift of surface states at room
temperature. A proper treatment of band bending within a
true ab initio methodology is beyond the scope of this
work.47 As a final remark, in this analysis we have excluded
effects of electric field polarization, since strong polarization
is so far known to be limited to clean silicon7,8 whereas this
work is focused on H-passivated Si�100�.

V. COMPARISON TO THE TERSOFF-HAMANN
APPROXIMATION

So far our results have been obtained via the self-
consistent NEGF theory discussed in Sec. III. In the follow-
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ing section we calculate STM heights by the Tersoff-Hamann
�TH� approximation23 and compare the TH results to the
NEGF results shown in the previous section. We begin by
manipulating Eq. �2� as follows:

T = tr��SG�TG†� = tr��SAS�S
†G�T

†AT�TG†�

= tr�AS�S
†G�T

†AT�TG†�S� = tr�ASMATM†� , �7�

where G is the Green’s function of the scattering region, �S
and �T are couplings of this region to the semi-infinite sub-
strate and tip, and M represents coupling between the left
and right contact spectral functions AT and AS.28 If the cou-
pling is weak, we may take M to be a constant. If the DOS in
the metallic STM tip is relatively flat such that AT may be
approximated by a constant, one obtains an approximate
transmission coefficient: namely, the TH approximation

T�E,r0
� � 
 tr�AS�E,r0

� �� = 
S�E,r0
� � , �8�

where AS is in an orthogonal basis. Therefore, in the TH
approximation the tunneling current is determined by the

LDOS 
S�E ,r0
� � of the sample at the tip apex position r0

� . The
approximation involved in arriving at Eq. �8� dictates that the
TH approximation is valid for STM height simulations in the
strong tunneling limit and it breaks down when tip-sample
interactions are important. The larger the distance between
the tip and sample, the better the TH approximation.

In practical calculations using Eq. �8�, electronic struc-
tures of the tip and sample are taken to be independent from
each other and any tip-sample interaction is neglected. We
chose to compute image heights at −3 V, because among the
three voltages analyzed in Sec. IV, this case presents the
largest distance between styrene and the tip at 50 pA. Figure
7 shows a height scan obtained by the TH method at �−3 V,
50 pA� where the separation between the highest styrene
atom and the tip apex is 6.5 Å. In order to maintain consis-
tency when comparing the TH approximation to the NEGF
result of Sec. IV, we have kept the same placement of free
atomic orbitals shown in Fig. 1 and other DFT details. We
find that the STM styrene height obtained by the TH method
differs from the experimental value by about 1.0 Å �this has
been independently confirmed in an ABINIT �Ref. 48� plane-
wave TH calculation�. This large difference is unlikely due to
effects of the applied tip-sample electric field, because at
�−3 V, 50 pA�, the NEGF results in Sec. IV A show that
there is little difference in the calculated equilibrium and
nonequilibrium styrene heights �they differ by only 0.2 Å;
see Fig. 4�a� and discussions in Sec. IV A�. Therefore we
attribute this difference to the electronic coupling between
the tip and sample49 which has been neglected in the TH
approximation in the large bias range of −3 V.

VI. SUMMARY

We have calculated the STM image heights of styrene on
Si�100� using density functional theory within the Keldysh
nonequilibrium Green’s function formalism. The nonequilib-
rium potential drop between Si�100� and a STM tip is deter-
mined self-consistently and is found to play an important

role in the calculated image heights. The nonequilibrium po-
tential profile affects STM heights by shifting resonant mo-
lecular levels out of the bias window and by lowering the
vacuum barrier. The presence of a bulk Si band gap is found
to play a crucial role in observed molecular height inversion
at low imaging voltages. Our NEGF formalism correctly and
quantitatively captures STM heights of styrene on Si�100� as
compared to experimental data. Our numerical results also
provide a microscopic physical picture behind the height
characteristics including the height inversion. However, it
should be noted that the DFT general gradient approximation
may introduce an error into the calculated styrene � state
energetic position on Si�100� which could be reconciled by
more sophisticated GW calculations.19 As well our analysis
includes an aluminum tip, whereas the experimental mea-
surements employ a tungsten tip. We also present a compari-
son between results obtained by the NEGF-DFT formalism
and the Tersoff-Hamann approximation, showing that non-
equilibrium analysis can be important in the study of the
STM image heights of molecules.
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FIG. 7. �Color online� STM height scan at �−3 V, 50 pA� cal-
culated within the Tersoff-Hamann approximation. The data are ex-
tracted from the bias window of �S=−3.9 eV to �T=�S−3 eV=
−6.9 eV at a constant electron density contour of 10−5 e /bohr3.
Dashed line: taken over the maximum height of H-passivated
Si�100� surface. Solid line: taken over the maximum height of a
styrene chain where the � state is clearly indicated by the two large
dips in the curve. The height difference is 4.5 Å, which is about 1 Å
larger than that obtained by NEGF theory. Inset �a�: showing orien-
tation and position of the styrene and hydrogen Si�100� LDOS
scans looking down on the Si�100� surface. Inset �b�: a side view
showing the origin of the tip position relative to the molecular
heights. Note that the origin assigned here is unrelated to those
taken in the I�z� plots in the other figures.
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