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We investigate charge transport through electronic surface states of the 6H-SiC�0001�-3�3 surface. Three
intrinsic surface states are located within the wide bulk band gap, in which two �S1 and U1� arise from strongly
correlated electronic states and the third �S2� has negligible electron correlation effects. Combined conductance
and luminescence experiments with the scanning tunneling microscope show that the Mott-Hubbard surface
states �S1 and U1� have a high resistance �1.0 G��, while the noncorrelated state �S2� has a negligible resis-
tance. Consequently, current can be selectively transported through any of these three surface states.
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I. INTRODUCTION

Charge transport through electronic surface states1–4 is be-
coming of utmost importance as the thickness of materials
decreases. A number of recent results, such as in thin silicon
layers on insulators5 and studies of the properties of thin
epitaxial graphene layers on silicon carbide,6–8 suggest that
future electronic devices of smaller size and higher operating
speeds will be possible. In this context, a clear atomic-scale
understanding of charge transport at surfaces and interfaces
is vital. Charge transport through electronic surface states is
complex on many semiconductor surfaces, such as silicon,1,9

germanium,10,11 and diamond.12–15 Indeed, these studies
show the difficulty to unambiguously distinguish between
surface state, subsurface, or bulk conduction. The wide band
gap 6H-SiC�0001�-3�3 surface is the ideal system to inves-
tigate such charge transport through electronic surface states,
in particular, the influence of electron correlation effects16–19

on the surface conduction. Indeed, three intrinsic surface
states are located within the bulk band gap, in which two �S1
and U1� arise from strongly correlated electronic states and
the third �S2� has negligible electron correlation effects.20,21

The morphology of the surface states has a significant influ-
ence on the electronic transport properties. Two features have
to be distinguished: �i� the high localization induces strong
electronic correlations, which are responsible of a gap open-
ing in the energy distribution and the formation of two dis-
tinct surface states U1 and S1, the so-called Mott-Hubbard
electronic states, and �ii� the weak overlap between neigh-
boring silicon adatoms is responsible for a reduced electronic
mobility along the semiconductor surface through U1 or S1.
Both these features have, therefore, an influence on the elec-
tronic conductivity. In this paper, a combination of conduc-
tance and luminescence experiments with the scanning tun-
neling microscope �STM� is used to demonstrate that the
Mott-Hubbard surface states �S1 and U1� have a high resis-
tance �1.0 G��, whereas the noncorrelated state �S2� has a
negligible resistance. These results exemplify the role of
electron localization and correlation in surface conductance
and show that selective electron transport through surface
states is possible.

II. EXPERIMENT

The STM experiments were performed at room tempera-
ture in an ultrahigh vacuum chamber �base pressure of 3

�10−11 Torr� by using electrochemically etched Ag tips. A
highly nitrogen-doped �density of 3�1018 cm−3� n-type
6H-SiC�0001� single crystal wafer was used. After outgas-
sing, the SiC sample was flashed at 1100 °C to remove the
native oxide, followed by silicon deposition on the surface at
650 °C for a few minutes.22 Annealing at the same tempera-
ture �650 °C� for 10 min led to a well reconstructed 3�3
surface, as specified by a sharp low energy electron diffrac-
tion pattern. The light emitted from the sample under the
STM tip was collected at 32° from the surface by a system
composed of three lenses mounted in vacuum. The collected
light was transmitted through an optical fiber, dispersed by a
grating spectrometer, and detected by a liquid nitrogen
cooled charge-coupled device camera. The overall transmis-
sion of the optical setup is around 12% in the photon energy
range of 1.2–3.2 eV.

III. RESULTS AND DISCUSSION

A. I(V) spectroscopy of surface states

The STM topography of the silicon terminated
6H-SiC�0001�-3�3 surface is shown in the inset of Fig.
1�a�. The 3�3 reconstruction exhibits silicon dangling
bonds �DBs� �seen as bright protrusions in STM topogra-
phies� located on top of pyramidlike structures23,24 separated
by 9.24 Å. Figure 1�a� shows a series of equivalent I�V�
spectra obtained with a silver tip for a tunnel current set
point of 300 pA. All spectra are taken on top of the silicon
DBs �as the inset in Fig. 1�a� shows� to avoid the defects.
Thus, the dispersion of the corresponding I�V� curves is very
small �Fig. 1�a��. There is a very little difference between on
top of a DB and between DBs; however, spectra taken on
defect sites can be very different, displaying a completely
different profile. The reliability of the spectra was noticeably
tip dependent and a good STM resolution associated with a
low current noise is essential to expect reliable measure-
ments. Normalized �dI /dV� / �I /V� spectra acquired at differ-
ent tunnel current set points, i.e., different tip-sample dis-
tances, are presented in Fig. 1�b�. Three surface states, U1,
S1, and S2, observed at 0.5, −0.5, and −1.5 eV, respectively
�for the lowest tunnel current set point of 0.1 nA�, have en-
ergies relative to the Fermi level in very good agreement
with angle resolved inverse and direct photoemission
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spectroscopy.21 Decreasing the tip-sample distance causes a
displacement toward higher binding energies of the S2 sur-
face state due to surface band bending.17 U1, S1, and S2 sur-
face states have energies located within the bulk band gap
�3.0 eV width�.21 It has been shown from a Mott-Hubbard
model18 that the occupied S1 and unoccupied U1 surface
states arise from strong electron correlation effects of elec-
tronic states localized at the Si adatom sites. The very small
observed dispersion of the corresponding bands21 is the first
indication that charge transport through the S1 and U1 sur-
face states should be weak. On the contrary, the S2 surface
band exhibits a clear band dispersion,21 indicating that
charge transport should be more favorable through S2. In our
results, only three peaks are observed. The ARUPS �angular
resolved ultraviolet photoemission spectroscopy� work sug-
gested the existence of a fourth peak in the spectra, which
could be attributed to an S3 state at −1.9 eV.21 This was not
seen in our spectra due to the presence of the valence band
�VB� edge at this energy.

B. I(Z) spectroscopy

The conductance of the various surface states can be di-
rectly tested by I�Z� STM spectroscopy. I�Z� spectroscopy is
performed at constant surface voltage by measuring the tun-
nel current I as a function of the tip displacement Z. Note

that the initial tip-sample distance �determined by V and I� is
not known. I�Z� spectra recorded at constant sample voltages
V of +1.5, +1.0, −1.0, and −1.5 V are shown in Fig. 2�a�.
These voltages were chosen to probe the conductance of the
U1 state �V= +1.5 and +1.0 V�, the S1 state �V=−1.0 V�, and
the S1+S2 surface states �V=−1.5 V�. At +1.5, +1.0, and
−1.0 V voltages, the tunnel current becomes saturated as the
tip approaches the surface. On the contrary, at −1.5 V, the
I�Z� curve shows an exponential-like decay as a function of
the tip displacement25 such that high tunnel currents up to
50 nA could be obtained for small Z values. However, the
decay is less rapid than expected �less current passes when
the tip-surface distance decreases�. This can be explained by
band bending due to the electric field between the tip and
surface. An indication of this is that S2 is seen to shift toward
−2 eV as the set-point current is increased. The shapes of the
I�Z� curves at +1.5, +1.0, and −1.0 V cannot be accounted
for by the tunnel barrier transmission alone. It is ascribed to
a high resistance of the surface across which an important
proportion of the applied voltage drops, resulting in a re-
duced voltage between the tip and the surface and subse-
quent limitation of the tunnel current. This is confirmed by
the I�V� curves recorded at small tip-surface distances.

C. Surface state resistance measurements by I(V) spectroscopy
at small tip-surface distances

In STM experiments, the surface voltage V is defined as
the voltage drop between the sample holder and the STM
tip.26 V is the sum of the voltage drop across the sample, VS,
and the voltage drop, Vt, across the tunnel barrier,

V = VS + Vt = �RS + Rt�I = RI .

Usually, in STM experiments, the sample resistance RS is
negligible compared to the resistance of the tunnel barrier,
Rt, such that V�RtI. The corresponding I�V� curves are
markedly nonlinear �see Fig. 1� since Rt �Z ,V� depends on
the surface voltage V �Z is fixed by the voltage and current
set point�. On the contrary, when the sample resistance RS is
higher than the tunnel barrier resistance, Rt �Z ,V�, V�RSI
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FIG. 1. �Color online� �a� A series of I�V� spectroscopy curves
taken on the 6H-SiC�0001�-3�3 surface. The crosses on the 5.5
�5.5 nm2 STM topography �inset, V=−3.0 V, I=0.3 nA� mark the
individual curves. �b� dI /dV / �I /V� STM spectroscopy curves re-
corded at different set points �I=0.1, 0.2, 0.4, and 1.0 nA, V=
−3 V� showing the intrinsic U1, S1, and S2 surface states lying in
the bulk band gap. The VB maximum energy and conduction band
minimum energy are indicated by vertical bars.

5

4

3

2

1

0

-1

-2

-3

I
(n
A
)

543210-1-2
V (V)

-8

-6

-4

-2

0

2

I
(n
A
)

-6-4-20
∆z (≈)

+1.5 V
+1.0 V

-1.0 V

-1.5 V

Ω
-1

1 G
a b

cd e

I0= 4.0 nA
2.0 nA
1.0 nA
0.6 nA
0.2 nA

ba

(a)
(b)
(c)
(d)
(e)

FIG. 2. �a� I�Z� curves recorded at various sample voltages, V
=1.5, 1.0, −1.0, and −1.5 V, and �b� I�V� curves recorded at a single
sample voltage, V=−1.5 V, for different tunnel current set points
��a�–�e�� from I=4.0 nA to I=0.2 nA. The resistance of 1 G�−1 is
estimated from the slope of curve �a�.
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and linear I�V� curves might be observed, as we will dem-
onstrate in what follows.

Figure 2�b� shows a series of I�V� curves recorded at vari-
ous tip-surface distances. The set-point voltage is V
=−1.5 V and tunnel current set points were varied from
0.2 to 4 nA. This corresponds to much smaller tip-surface
distances than for I�V� curves in Fig. 1, where the set points
are V=−3 V and I=0.5 nA. For the smallest tip-surface dis-
tances �set point V=−3 V, I0=4.0 nA�, the I�V� curve shows
a linear behavior in the range from +5 to −1 V and a
strongly nonlinear behavior below −1 V. This means that in
the range from +5 to −1 V, i.e., where U1 or S1 are in-
volved, the sample resistance is much higher than the tunnel
barrier resistance and can be directly measured from the I�V�
curve. A value of RS=1.0�0.3 G� is derived for both posi-
tive and negative surface voltages in the +5 to −1 V range.
On the contrary, below −1 V, i.e., in the energy range of the
S2 surface state, the usual tunnel behavior is observed in the
I�V� curves, even at small tip-surface distances. This indi-
cates that in this energy range, RS has a negligible value
compared to the tunnel resistance.

In this discussion, we will show that conductivity on SiC
is mainly confined to the surface. We recall that the surface
states U1, S1, and S2 have energies located within the bulk
band gap �3.0 eV width21�, which extends from −2 to +1 eV
relative to the Fermi level. It follows that the tunnel current
through the three surface states cannot easily flow through
the bulk. Promotion of electrons from the valence band to the
S2 or S1 states or holes from the conduction band to the U1
state would require a too high energy ��0.5 eV�. Evidence
for the electrons flowing across the surface is provided by the
fact that the measured resistance, RS=1.0�0.3 G� relative
to the U1 and S1 surface states, is obtained for very high
quality surfaces. The effective resistance is thus not a local
measurement since it depends on the global quality of the
reconstruction and not on the particular position of the mea-
surement. Indeed, the resistance does not depend on the tip
since tungsten and silver tips give the same values. This
supports the idea that the electrons travel along the surface
over long distances and thus act as a probe of the global
quality of the reconstruction. The electronic leakage from the
surface to the bulk may occur via electron-defect or electron-
phonon scattering.27–29

Linear I�V� spectra, as seen in Fig. 2�b�, for small tip-
surface distances have been observed as well by Gasparov et
al.20 close to the Fermi level but they proposed a different
interpretation. They speculated that the tip proximity effect
could strongly modify the electronic local density of states,
leading to a destruction of the Hubbard gap with the forma-
tion of a metal/vacuum/metal �MVM� junction instead of a
metal/vacuum/semiconductor �MVSc� junction. Note that a
linear behavior is indeed expected for a MVM junction but
only at low voltage and it does not explain the clear asym-
metry between positive and negative sample biases in Fig.
2�b�. Here, we are clearly in the situation of a MVSc junction
where the semiconductor has a wide band gap.

The I�Z� results �Sec. III B� and the I�V� results at small
tip-surface distances indicate that the charge transport is
strongly limited by a high resistance across the correlated U1
and S1 surface states, whereas there seems to be no charge

transport limitation across the noncorrelated S2 surface state.
However, at this point, there is no definitive proof that at
−1.5 V, the current is actually flowing specifically across the
S2 surface state. Ramachandran and Feenstra17 suggested that
“dopant induced” components of the tunneling current could
occur at a negative sample bias in n-type doped semiconduc-
tors when the tip-sample distance decreases and might play a
role. It is not clear that such a dopant induced tunneling
current could contribute to the high tunnel current, which can
be measured at a surface voltage of −1.5 V.

D. Luminescence measurements

To clearly demonstrate that large currents can be trans-
ported through the S2 surface state, we have detected the
luminescence emitted by the STM tip-sample junction. It is
known that inelastic electronic transitions between surface
states of the sample and the STM tip can generate light emis-
sion whose maximum photon energy is h�max= �eV�− �ES�,
where V is the surface voltage and ES is the energy of the
surface state30–32 relative to the Fermi energy �Fig. 3�. In
other words, analyzing the light emission allows the energy
of the surface states involved in the tunnel current transport
to be deduced. Figure 4 shows a series of luminescence spec-
tra recorded at various sample voltages from −3.5 to
−4.75 V. The cutoffs can be straightforwardly measured by
enlarging the y axis. The values were taken at the point
where the signal rose above the noise. This procedure had
been validated on a Ag�111� surface. Thus, a number of se-
ries of precise values of h�max could be obtained at different
currents on different samples with different Ag tips. The
zoom �inset Fig. 4� shows the distribution of points from
many series; the distribution does not depend on the tunnel
current, rather, it appears to depend on the tip. Indeed, sharp
plasmon resonances are sometimes observed depending on
the tip apex geometry, which make the estimation of precise
and reliable cutoff values difficult. The values reported here
are those corresponding to quite uniform spectra over the
visible spectral range, as presented in Fig. 4, where sharp
plasmon resonances are absent.

There are two interesting features. First, the maximum
photon energy h�max linearly varies as a function of the
sample voltage. As the inset of Fig. 4 shows, h�max is always
smaller than �eV� by around 1.5 eV. This indicates that what-

hνmax
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FIG. 3. Schematic of the tunnel barrier between the STM tip and
the 6H-SiC sample showing at negative surface voltage the inelastic
tunneling of electrons from the occupied S2 surface states to the
unoccupied states of the tip. The inelastic tunneling results in light
emission.
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ever the tunnel current is �in the range of 3–25 nA�, the
luminescence is produced by inelastic tunneling from the S2
surface state located 1.5 eV below the Fermi level of the
sample �Fig. 3�. Second, 1.5 eV appears to be the upper limit
�dotted line in the inset�. Larger offset values are possible
�due to the tip� but not less. The deviation from the straight
line at higher voltage ��5 eV� is due to the cutoff of the
light-detection setup at a higher energy. Due to a limitation
in the photon collection efficiency, the luminescence spectra
could be detected after dispersion by the spectrometer only
for tunnel currents higher than approximately 3 nA. A more
sensitive luminescence intensity measurement was obtained
by replacing the grating of the spectrometer by a mirror. In
this way, the luminescence intensity could be monitored over
a broader range of tunnel currents, in particular, for tunnel
currents smaller than 3 nA, at both positive and negative
sample voltages, as shown in Fig. 5. It is most interesting to
compare the two curves in Figs. 5�a� and 5�b� recorded at
sample voltages of +4.5 and −4.5 V, respectively. At a posi-
tive voltage of +4.5 V, U1 is the only surface state available

for electron transport. For tunnel currents in the 0–1 nA
range, the luminescence intensities are very similar at both
+4.5 and −4.5 V voltages. This indicates that the inelastic
tunneling processes producing luminescence have similar
cross sections at both positive and negative surface voltages.
However, the luminescence associated with the inelastic tun-
neling into the U1 surface state and recorded at a sample
voltage of +4.5 V �Fig. 5�a�� surprisingly vanishes as soon as
the tunnel current reaches 3 nA. This can be explained by the
high resistance �1.0 G�� across the U1 surface state resulting
in a voltage drop of 3 V across the surface and a surface
voltage under the STM tip of only 1.5 V. This effective sur-
face voltage is insufficient to induce light emission in our
detection wavelength range. This drop of voltage across the
surface and subsequent decrease of the detected lumines-
cence indicates that, even at +4.5 V, the tunnel current
mainly flows through the U1 state. Other tunneling channels
should be negligible. Luminescence spectra were taken at
two other voltages, namely, +4 and +5 V. While the cutoff is
clear from the spectra, the value is variable ��0.5 nA� for a
particular voltage, essentially due to tip changes. This vari-
ability means that the cutoffs measured at +4 and +5 V do
not give clear enough information to confirm if the current
changed in accordance to the applied voltage. Furthermore,
at the lower voltage �+4 V�, the wavelength range of the
grating is a limiting factor.

We note that for positive surface voltages, the saturation
of the tunnel current in the I�Z� curves, the linear behavior of
the I�V� curve at a short tip-sample distance, and the lumi-
nescence measurements lead to the same conclusion of a
high resistance �1.0 G�� across the surface. At the high volt-
ages of +4.5 or −4.5 V, the tip is further from the surface so
that even with higher currents, we would expect that tip-
induced band bending is reduced compared to a set point of
+2 V and 1 nA. At a negative surface voltage of −4.5 V, the
luminescence intensity associated with the S2 state shows a
linear increase as a function of the tunnel current up to 5 nA
�Fig. 5�b��. This is markedly different from the behavior of
the luminescence intensity associated with the U1 state �Fig.
5�a��. Here, we find that the luminescence intensity is pro-
portional to the tunnel current flowing across the S2 surface
state. The result in Fig. 5�b� indicates that the drop of poten-
tial across the surface is negligible for high current flowing
through the S2 state in contrast to the U1 and S1 states. This
precludes the opening of new tunneling channels that could
be induced by dopant atoms. By deduction, for V�−1.5 V,
the majority of the tunnel current flows through the S2 state
and the resistance through the S2 surface state is negligible
��0.03 G��. Indeed, tunnel currents up to 50 nA �upper
limit of our tunnel current detection� could be measured at
V=−1.5 V.

These markedly different resistances associated with the
U1 �1.0 G��, S1 �1.0 G��, and S2 ��0.03 G�� surface
states have interesting consequences. Indeed, we have seen
that for V�0.5 V, the current mainly flows through the U1
surface state, provided that the tunnel current is lower than
V /RS �RS=1.0 G��. Over the range −1.5 V�V�−0.5 V,
the current flows only through S1 �provided that the current is
lower than V /RS�. For V�−1.5 V, the current mainly flows
through the S2 surface state. This is schematically summa-
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rized in Fig. 6. Note that the forbidden area �dark gray shad-
ing� indicates the range of tunneling conditions where the
set-point current is unattainable and the feedback loop will
drive the tip into the surface. It follows that the surface state

channel for electron transport can be selected at will by prop-
erly choosing the sample voltage and tunnel current.

IV. CONCLUSION

In conclusion, by combining current and luminescence
measurements with the STM, we have demonstrated that the
U1, S1, and S2 surface states of 6H-SiC�0001�-3�3, with
energies inside the bulk band gap, have very different elec-
tronic transport properties. The unoccupied U1 and occupied
S1 surface states derived from strongly localized and corre-
lated electronic states at the Si adatom sites display high
resistances �1.0 G��. On the contrary, the noncorrelated
occupied S2 surface state has a negligible resistance
��0.03 G��. This shows that the localization and electron
correlation in surface states plays a clear role in surface con-
duction. The high resistance of the U1 and S1 states depends
on the global quality of the surface, i.e., on the density of
surface defects. Consequently, current can be selectively
transported through any of these surface states. The develop-
ment of these new concepts may lead to applications in mul-
tichannel nanoelectronic devices. For example, the sensitiv-
ity of each surface state conductance to the adsorption of
various types of molecules can be very different,33 thus of-
fering the possibility to design a multichannel nanoelectronic
device for gas sensing.
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