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Correction of systematic errors in scanning tunneling spectra on semiconductor surfaces: The
energy gap of Si(111)-7 X7 at 0.3 K
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The investigation of the electronic properties of semiconductor surfaces using scanning tunneling spectros-
copy (STS) is often hindered by nonequilibrium transport of the injected charge carriers. We propose a
correction method for the resulting systematic errors in STS data, which is demonstrated for the well-known
Si(111)-(7 X 7) surface. The surface has an odd number of electrons per surface unit cell and is metallic above
20 K. We observe an energy gap in the ground state of this surface by STS at 0.3 K. After the correction, the
measured width of the gap is 70 = 15 meV, which is compatible with previous less precise estimates. No sharp
peak of the density of states at the Fermi level is observed, in contrast to proposed models for the

Si(111)-(7 X 7) surface.
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Some of the most exciting recent discoveries in
condensed-matter research involve low-dimensional electron
systems.! The electronic structure of the ground state of these
systems and of nanostructures can be successfully studied
with atomic resolution by scanning tunneling spectroscopy
(STS) at low temperatures.> When the low-dimensional
system or the nanostructure is integrated on a semiconductor
surface, the effects of the nonequilibrium transport of charge
carriers from the surface just below the tip to the contact
at the metallic sample holder can induce appreciable distor-
tions in the spectra at low temperature. These effects may
be large even at room temperature on wide-band-gap
semiconductors.’

STS is based on the relationship between the tunneling
current / and the bias voltage Vi, ¢ applied between the
metallic tip of a scanning tunneling microscope (STM) and
the sample surface below it. This is only a fraction of the
measured bias Vi, that is applied between the STM tip and
the metallic sample holder if the sample is not a metal. The
potential drop Vi shoider DEtWeen the sample surface and the
sample holder is caused by the penetration of the tip electric
field into a region below the sample surface (tip-induced
band bending*) and by the additional potential drops caused
by the current in the bulk and in the depletion regions that
often occur at the surface and at the contact between the
sample and the sample holder. The latter three potential
drops are strongly temperature and current dependent, get
larger at low temperature when the density of the minority
carriers vanishes, and induce systematic errors in STS that
are often not corrected.

A clear example of these current-induced effects is given
by the results on the Si(111)-(7 X 7) surface by Myslivecek
et al’ showing a ~1 eV gap in the STS spectrum at 7 K.
This apparent energy gap increases with decreasing resis-
tance R, = Vpias/I between the tip and the sample holder,
which can be adjusted by changing the tip to surface dis-
tance. The energetic positions of the other features of the
spectrum also shift by several tenths of an electron volt as a
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function of R, pointing to a charge transport effect.>

The Si(111)-(7 X 7) surface is metallic at room tempera-
ture, having an odd number of electrons per unit cell. At low
temperature, a gap in the ground state can open when the
electron correlation is strong enough to overbalance the elec-
tron kinetic energy. This drives the system into a Mott-
Hubbard state. Another possible reasons for a gap at Ep
are structural distortions such as charge-density waves.
There is no theoretical estimation of the Mott-Hubbard or
the charge-density wave gap for the Si(111)-(7 X 7) surface,
and the experimental data from high-resolution
photoemission,’ high-resolution electron-energy-loss
spectroscopy,? nuclear-magnetic-resonance (NMR),” and
transport measurements'®!! hint to a gap between 0 eV and a
few tenths of an eV at low temperatures. These values are
well below the minimum gap reported from the published
STS data. In this paper we propose and test a method for the
correction of the systematic errors caused by the transport of
the carriers injected by the STM tip and evaluate the gap of
the ground state of the Si(111)-(7 X 7) surface at 0.3 K.

Let us consider a semiconductor surface and assume that
the surface gap is small or absent. This is valid for many
semiconductor surfaces, but not for the clean (110) surfaces
of III-V semiconductors. If the surface gap is small the pin-
ning of the position of the Fermi level E with respect to the
surface states is effective. Then, in the limit of vanishing
tunneling current, the surface band bending induced by the
small gap is negligibly dependent on the presence of the
STM tip, on its distance from the surface, and on the applied
bias Vi, between the tip and the sample holder.!> A nonzero
current induces an additional potential drop when it crosses
the depletion region below the surface (if present), the bulk
of the sample, and the contact region between the sample and
the sample holder. The fractions of the potential drops in the
bulk and at the holder-sample contact are independent of the
tip-surface distance and depend only on the value of the cur-
rent for fixed sample and holder properties. For effective
pinning of the Fermi level Ef at the surface, the fraction of
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FIG. 1. Sketch of the profile of the potential V on the path from
the sample holder to the STM tip (a) at large total resistance R,
i.e., large tip-surface distance and (b) at small Ry, i.e., small tip-
surface distance for an n-type semiconductor sample, negative bias
applied to the sample holder, and the same current flowing through
the system in both cases. An efficient pinning of the Fermi level at
the surface is assumed. The potential drop between the semiconduc-
tor surface below the tip and the sample holder Vi poiger 1S caused
by the metal-semiconductor junction between the sample and the
holder, the surface band bending created by the surface states, and
by the flow of the current. It depends on the current and does not
depend on the tip-sample distance. The bias voltage at small Ry
(Viiae) 18 approximately Vygpolder- (¢) is a sketch of the energy
levels as a function of the position from the holder to the tip for
large R,y and small R,,; Ec and Ey are the bottom of the con-
duction band and the top of the valence band, respectively, and SS
are surface states. An approximate equivalent circuit is given by a
diode at the holder-sample junction, a resistor in the semiconductor
bulk, a second diode in the surface region, and a second resistor in
the vacuum barrier.

the potential drop in the region immediately below the sur-
face is also independent of the tip-surface distance and of the
applied Vi;,,. Therefore, the total potential drop between the
surface and the sample holder V,to1qer depends only on the
value of the tunneling current (see Fig. 1).

Thus, a good approximation of the dependence of
Viurf-holder ON the tunneling current / can be obtained by mea-
suring the tunneling spectra with the largest and the smallest
possible overall resistance values Ry, If R, 1S small and
thus comparable to the resistance between the surface and
the sample holder, Vi, . is negligible with respect to
Viurf-holder and Vi, (I)—the total bias measured at small R,y
for a given I—is a good approximation of Vg hoger(I) (see
Figs. 1 and 2). For a spectrum recorded at large R, the
relatlonshlp between Viip-surr and [ can be obtained by

Viip-suri(D) = Vi (D) = Voo (), where Vi, (1) is the total bias
measured at large R,,. In order to verify whether this simple
method works, we have measured the STS spectra of the
Si(111)-(7 X 7) surface as a function of temperature, resis-
tance Ry, and contact resistance between the sample and
the holder.

We used heavily n - (As-) doped Si(111) wafers with a
resistivity of less than 0.005 () cm, which were mounted on
Ta or Mo holder. In one set of measurements in an STM
system operating between 0.3 and 40 K,!3 the samples were
cleaned by flashing up to 1600 K by electron bombardment
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FIG. 2. Relation between the voltage Vi, applied between the
STM tip and the sample holder and the tunneling current / for
different stabilization resistances Ry, on Si(111)-(7X7) at 0.3 K.
The stabilization voltage Vi, was +1.6 V. At a given value of / the
potential drop Viy.q between the tip and the surface at high Riqy
can be approximated by the difference between Vi, and Vy;,, mea-
sured with much lower R, i.e., much higher stabilization cur-
rents. At low Ry, Viias approximates the potential drop Viynolder
between the surface and the sample holder.

onto the back of the sample. In a second set taken in an STM
system operating between 5 and 300 K, the flashes were
obtained by direct current heating. We used clean W tips, and
the reproducibility of the results was tested with Pt-Ir tips.
The bias voltage V., is applied to the sample holder. I(Vy;,s)
and dI/dVy;,((Vias) spectra were recorded with open feed-
back after feedback stabilizing the tip-sample separation at a
resistance of Ry =Van/Isap USINg a stabilization current
and voltage of Iy, and V,, respectively. The tip-sample
distance was taken constant during the acquisition of the
spectra. The differential conductance is either measured di-
rectly by lock-in technique using a small bias modulation
Vimoa <10 mV (1.6 kHz) or by numerical differentiation of
the I(Vy;,s) curves.

A set of dI/dVy;,, spectra measured at 0.3 K on a well-
ordered (7 X 7) surface for different R, is shown in Fig. 3.
Each spectrum is the average of 200 spectra measured at
different points of the surface unit cell visible in the inset
constant current topograph. The gap and all the other features
in the spectra shift as functions of R, as described in Ref.
5. The spectrum for R,,,;=130 G{) has a gap of 0.35 eV and
rest atom and adatom features are shifted in energy by sev-
eral tenths of eV.) Similar shifts are measured at 4 K, but
with increasing the temperature to 30 K (spectra not shown)
the shifts are disappearing. This observation is in agreement
with trends discussed in Ref. 5. According to the hypothesis
stated above, the true Vi, (1) at Ryy=130 GQ can be
approximated by the difference between V,;,((I) measured at
Rio=130 GQ and that measured at R,;=800 M{) (see
Fig. 2). By using the resulting relations between Vy, ¢, and
I and Vi ¢ and Vi, we multiply the lock-in measured
Al dVyias(Viias) bY dVipias/ dVigpsurr» Plot it as a function of
Viip-surt» and divide by I(Vyip urf)/ Viip-surt to obtain the correct
(dI / dvtip-surf)/ (1 / vtip—surf)~ The (dl / dvtip—surf)/ (1 / Vtip-surf) and
the dI/dV, g curves are shown in Figs. 4(a) and 4(b) to-
gether with the linear fits of the near gap regions used to
evaluate the gap. Our estimation of the energy gap is
70 %10 meV. The energies of the other features in the spec-
trum, corresponding to the rest atom (R, —0.8 eV) and ada-
tom (A, —0.15 and 0.3 eV) contributions to the surface den-
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FIG. 3. Differential conductance of the Si(111)-(7 X 7) surface
at 0.3 K for different R, at the stabilization voltage of +1.6 V.
The spectra are the average of 200 spectra measured in the region
shown in the inset constant current image (V=1.6 V, I=200 pA).
The nonrigid shifts of the features of the spectra for decreasing Ry
point to effects caused by the charge transport between the surface
and the sample holder.

sity of states (DOS), are in agreement with the energies
measured at 295 K [Fig. 4(c) and Refs. 5 and 14], a tempera-
ture where the charge transport effects should be negligible.
The peak positions are also in agreement with those mea-
sured by high-resolution photoemission spectroscopy.” The
normalized conductivity spectrum obtained by correcting the
spectrum recorded with Ry,,;=27 G in Fig. 4(a) shows a
smaller gap and a small shift of the features of the empty
states. This occurs because Vy;,(I) recorded for Ry
=800 M() contains a small contribution from Vi, . and
the errors caused by this contribution increase when the gap
resistances of the two curves used to obtain the corrected
spectrum get more similar. Due to the same reason, the esti-
mated value of the energy gap of 7010 meV is a lower
limit of the real energy gap.

The comparison of the R, =130 G spectrum with the
room-temperature and the photoemission data suggests that
the correction described above is valid. A second test can be
done by minimizing the contribution of the current-
dependent shifts caused by the contact between the sample
and the sample holder. We have done this by flashing the
samples at high temperature by direct current heating in a
second STM system that operates between 5 and 300 K. The
high current density and temperature reached at the contact
area between the Si surface and the Ta clips that clamp the
wafer improve the electrical conductance of the contacts at
low temperature. The resulting normalized conductivity
(dI] dVyias) ! (I1 Vi) measured in this second run at 5 K
and with R,,;=80 GQ [Figs. 4(c) and 4(d)] shows an en-
ergy gap comparable to that of the corrected spectrum
(d11dV iy guer) | (I Vigpsur) Of Fig. 4(a) and similar energies for
the rest atom (R) and the adatom (A) features are found.
These energies stay constant even if R, is decreased by a
factor of 10 (not shown) or if the temperature is risen from 5
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FIG. 4. (a)  Corrected  normalized  conductance
(dl] dVyipur) I/ Viipqurt) O the Si surface at 0.3 K for two different
Riora- The arrows point to the DOS features of the rest atoms (R)
and of the adatoms (A). (b) Corrected differential conductance near
the gap region at 0.3 K for Ry,=130 GQ. The straight lines are
used to estimate the gap by a linear extrapolation of the near gap
spectrum. (c) Normalized conductance dI/dVy;/(I/ Vi) of Si
samples with improved electric contacts to the sample holder mea-
sured at 295 and 5 K with a stabilization resistance of Ry
=80 G() at a stabilization voltage of V,,=—1.6 V. The 295 K
spectrum 1is vertically displaced by +1.5. (d) Differential conduc-
tance dI/dVy;,, at 5 and 295 K and the linear fit used to estimate the
gap at 5 K.

to 295 K [Fig. 4(c)]. The absence of appreciable
temperature- and R,,,-dependent effects at high gap resis-
tances in this set of spectra indicates that most of the shifts in
Fig. 3 are mainly caused by the contact between the sample
and the sample holder. The changes in the relative intensities
of the rest atom and the adatom features are caused by dif-
ferences in the electronic structure of the STM tips.

The value for the energy gap estimated at 5 K from the
second data set of Figs. 4(c) and 4(d) is 70 £ 15 meV. This
value is an upper limit of the real gap since a possible re-
sidual contribution from the potential drop between the sur-
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face and the sample holder may result in a Vi g, smaller
than V;,. Since the spectra have been measured at constant
tip-surface distance, the sensitivity of dI/dVy;,, spectra is
limited to about (1/20)th of the dI/dV,;,, value measured at
the minimum at Ef at 295 K. Therefore, our estimation of the
gap is based on a linear fit of the density of states above and
below the gap down to a density 0.05 times lower than the
minimum observed at room temperature, and about 2% of
the density of states 0.3 eV above or below Er. We are not
sensitive to states with a density lower than this limit. The
lower and the upper limits of the gap from the corrected 0.3
K data and from the 5 K data are compatible within the
experimental error. Although the two values are not mea-
sured at the same temperature, it is likely that the change in
the energy gap between 0.3 and 5 K is within our experimen-
tal error because the gap opens between 15 and 20 K (from
temperature-dependent spectra, data not shown). Our best es-
timate of the energy gap of the ground state of Si(111)-(7
X 7) is therefore 70+ 15 meV.

Let us now compare this value with the other available
experimental data. The high-resolution photoemission data
by Barke et al.” indicate a metallic surface at 20 K. But, Fig.
2(a) of this reference shows that the DOS at Ep decreases
appreciably from 50 to 20 K, falling to at least half of its
initial value. We observe the opening of the gap in the STS
spectra between 15 and 20 K, where the minimum of the
differential conductivity at Ey reaches the zero level within
our experimental error. However, we caution the reader
about the fact that the value of the DOS at Ef obtained from
photoemission spectra at low temperature depends critically
on the accuracy of the correction of the surface photovoltage
effect. The first indication for a gap in Si(111)-(7 X 7) came
from the high-resolution electron-energy-loss-spectroscopy
data taken at 20 K by Persson and Demuth® which were
interpreted with a model that assumes a gap of ~40 meV
and a very narrow DOS peak at Er. A second indication
came from the S-NMR data between 50 and 300 K of Ref. 9
which were interpreted with a model that assumes a surface
gap between 100 and 500 meV and a narrow band at Ex with
a width of ~10 meV. This narrow band is also present in the
results of theoretical calculations of the Si(111)-(7 X 7) that
include electron correlation effects.!”> The deep minimum at
Er in our spectra above 20 K and the gap below 15-20 K
agree with the gaps resulting from the above models, but we
do not observe the narrow DOS peak at Ex even though our
energy resolution is better than 10 meV.

The electric transport properties of the Si(111)-(7X7)
surface have been measured by the method of micro-four-
point probes at 100 K.!! The measured value of the surface
conductivity was found to be “below the lowest reasonable
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value for metallic conductivity” and therefore “consistent
with the hypothesis that Si(111)-(7X7) could be on the
verge of a metal to nonmetal transition.”!! Our STS measure-
ments indicate that most of the drop of the differential con-
ductance at Ex occurs below 60 K, but also above this tem-
perature the electrical conductivity could be low because of
electron-phonon and/or electron-electron interactions that
cause the low-temperature insulating state.

Finally the question is whether the observed gap is prima-
rily due to electron-electron interactions and thus resulting
from a Mott-Hubbard mechanism or whether it is dominated
by electron-phonon interaction and thus connected with lat-
tice distortions. According to the local-density approximation
calculations of Ref. 15, there are several adatom-derived
bands near E; accommodating an odd number of electrons. If
only one of these bands crosses Ej, and therefore is half
filled, either a structural distortion mechanism or a Mott-
Hubbard mechanism could cause the opening of the gap. If
two bands cross Ej, there is no half filling, and the Mott-
Hubbard mechanism alone cannot work. In this case the lat-
tice distortions should open two gaps at the two Fermi sur-
faces or split the two bands far apart and open a gap in the
now half-filled upper band. A possible scenario including a
combination of both effects is the following: a distortion
splits the unfilled bands and the electron-electron interaction
opens a gap in the half-filled upper band. Because the
electron-phonon coupling constant is large according to Ref.
7, and because Fig. 2 of Ref. 15 indicates that two bands
cross E, it is likely that the ground state of the Si(111)-(7
X7) has a small lattice distortion not yet reported.

In conclusion we have tested a method for the correction
of systematic errors in the STS spectra caused by the trans-
port of the injected carriers. The method works when the
pinning of the Fermi level at the surface is efficient and
should be applicable to many wide-gap semiconductors and
to samples that do not form Ohmic contacts with the sample
holder. We have verified the presence of an energy gap in the
ground state of the Si(111)-(7X7) surface below ~20 K
and we have measured it. The mechanism that opens the gap
should involve a small distortion of the (7 X 7) unit cell with
or without a Mott-Hubbard transition. STM below 20 K
should be able to identify such a distortion if it is static.
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