
VOLUME 82, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 1 FEBRUARY 1999

veal
spatial

y of

1000
Scanning Tunneling Spectroscopy of Mott-Hubbard States
on the 6H-SiC(0001)

ppp
3 E ppp

3 Surface

V. Ramachandran and R. M. Feenstra
Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

(Received 28 September 1998)

Scanning tunneling spectra have been measured on the6H-SiC(0001)
p

3 3
p

3 surface for both
p- andn-type materials. With the use of exceptionally low tunnel currents, the tunneling spectra re
distinct bands of empty and filled states, separated by 2.0 eV. The states are located at the same
position, thereby supporting a silicon adatom model which predicts a Mott-Hubbard-type densit
states. [S0031-9007(98)08314-8]

PACS numbers: 73.20.At, 07.79.Cz, 73.40.Cg
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Silicon carbide is a wide band gap semiconducto
with properties that make it useful in high temperatur
electronics and other areas. SiC crystals exist wi
various stacking arrangements of the atomic plane
of particular interest are the cubic3C polytype and
hexagonal4H and 6H polytypes. Much work has been
done on characterizing the6H-SiC(0001) surface as a
surface suitable for epitaxy and device developmen
Several workers have studied the atomic structure of t
surface using the scanning tunneling microscope (STM
[1,2]. A set of reconstructions of the Si terminated (0001
surface has been discovered, one of which, the

p
3 3

p
3,

has evoked much experimental [3–5] and theoretic
[6–9] interest.

Theoretically, the lowest energy model for this recon
struction consists of Si adatoms atT4 positions on a Si
terminated bulk crystal. Here, three of the Si adato
bonding orbitals are back-bonded to Si atoms. The four
bonding orbital extends into vacuum with only one elec
tron in it. Local density functional calculations for this
structural model [6,8] predict a half-filled and henc
metallic band arising from the dangling bond. More re
fined computations [7] performed after the photoemissio
[4] and inverse photoemission [5] spectra became ava
able employed a two-dimensional Hubbard model. The
calculations indicate that the energy levels of this surfa
consist of a filled band and an empty band, separated b
Hubbard gap ofU  1.6 eV, thus producing a semicon-
ducting density of states (DOS). Such a surface wou
have at each site a single localized electron, forming
2D system of spins which can take two values on a tr
angular lattice. This problem is of great theoretical in
terest because such systems can be frustrated and f
2D spin glasses. This structure has been questioned
the literature, and several alternatives have been propo
[1,3,10,11], but experimental results to date are unable
distinguish between these models.

Photoemission spectroscopy (PES) experiments
n-type 6H-SiC(0001) wafers which show a
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low energy electron diffraction (LEED) pattern reveal
fully filled band 1.2 eV below the Fermi level [4]. In-
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verse photoemission spectroscopy (IPES) [5] on the sa
surface shows an empty surface state 1.1 eV above
Fermi level. Both these results are in moderate agreem
with recent theoretical predictions of a Mott-Hubbar
ground state for this surface [7] as mentioned abov
Scanning tunneling spectroscopy (STS) has a gr
advantage over PES and IPES in that a single tunnel
spectrum can show surface states both above and be
the Fermi level simultaneously, at the same spatial loc
tion. In this work we measure tunneling spectra for thp

3 3
p

3 structure for bothp-type andn-type 6H-SiC.
We find that at typical tip-sample separations given b
a tunneling current set point of 100 pA, the tunnelin
spectra show no resemblance to the PES and IPES res
But as the tip is retracted from the surface by reducin
the tunnel current set point, features of the density
states seen in these other experiments begin to app
and several other strong features that are seen only in
high current tunneling spectra get suppressed. We h
measured tunneling spectra over 4 orders of magnitude
current set-point values going down to as low as 0.5 p
in some cases, and we have traced the evolution of
density of states through them. We observe a remarka
evolution of the spectra with current. At high currents w
see the appearance of doping-dependent features in
spectra which we attribute to tip-induced band bendin
Using exceptionally low currents, we observe a fille
state 1 eV below the Fermi level and an empty state 1
above, in agreement with both prior experiment and th
ory. Although HubbardU effects have been associate
with defect related states in several previous STS stud
[12,13], this is the first STS observation of such effec
for an intrinsic surface state band. Most importantl
STM images of the surface taken when tunneling in
the empty state or out of the filled state show that bo
the empty and filled states are localized at the sam
spatial point, further supporting a Mott-Hubbard-typ
band structure for the surface.

SiC(0001) surfaces for our experiments are prepar
from polished wafers by hydrogen etching [14]. Thi
technique is known to produce large, flat areas on t
© 1999 The American Physical Society
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wafer suitable for conducting STM experiments on. W
have used bothn-type andp-type materials, with resistiv-
ities of 0.1 and7 V cm, respectively. Following etching,
the sample is loaded into an ultrahigh vacuum chamb
(base pressure less than1 3 10210 Torr) equipped with
a STM, LEED apparatus and Si electron beam evapo
tion source. After outgassing the sample, Si is deposit
on it at room temperature. Finally, the sample is heat
at about1000 ±C till a s

p
3 3

p
3dR30± LEED pattern is

obtained. Tunneling spectra are obtained by measur
the derivative of the tunnel currentI with respect to the
voltageV across the tunnel junction as a function ofV .
Normalization of the spectra is performed as described
Ref. [15], using parametersa0 ø 0.5 V21 andDV ø 2 V
(the locations of the features in the spectra are all very i
sensitive to the choice of these parameters).

In Fig. 1(a), we show a spectrum obtained onn-type
6H-SiC [16], acquired with a tunnel current set point o
100 pA, a value which is typical of STM experiments
(The current set point corresponds to the constant curr
used prior to acquiring the spectrum, which general
is close to the value of tunnel current at the positiv
and/or negative end of the spectrum. Measurable valu
of the current in the spectra presented here range o
2–3 orders of magnitude below the set point.) I
Fig. 1(b) we show the main features of the PES an
IPES results on the

p
3 3

p
3 surface. It is apparent that

the agreement between the STS and PESyIPES results is
poor. The tunneling spectrum shows a small band g
of about 0.6 eV, compared to 2.3 eV in the combine
PESyIPES spectra. The tunneling spectrum is almo

FIG. 1. (a) Tunnel spectrum at a current set point of 100 p
(measurable values of the tunnel current in the spectrum ran
over 2–3 orders of magnitude below the set point). (b) Resu
of PES and IPES experiments, taken from Refs. [3] and [4
respectively. The zero level forsdIydV dysIyV d in (a) is given
by the horizontal line separating panels (a) and (b).
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featureless in the range where the surface states
expected, and at more negative voltages we see a la
featureD1 which has no counterpart in the PES spectrum
Because of the increased barrier to tunneling from sta
below the Fermi level, tunneling spectra features
negative V should be suppressed, but remarkably th
feature seems to be very strong. Nearly identical spec
at similar set-point values have been obtained by oth
workers [17].

Figures 2(a) and 2(b) show a series of spectra acqui
with varying current set points for (a)n-type material and
(b) p-type material. As the set point is reduced and th
STM tip withdrawn, several dramatic effects are notice
For n-type material, the large featureD1 at negative
voltages diminishes. Two new states appear above
Fermi level, at E 2 EF  10.9 and 11.9 eV, and a
state also appears below the Fermi level atE 2 EF 
21.1 eV. The states at about 1 eV above and below t
Fermi level we identify with those seen in PES and IPE
The origin of the state observed at 1.9 eV aboveEF is not
clear at present, although it may be associated with one
the many surface resonances which occur on this surf
[8]. For p-type material, at large currents we again se

FIG. 2. (a) A series of tunneling spectra with varying curre
set points sItd taken on n-type 6H-SiC. (b) A similar
series taken onp-type material. The dopant induced curren
components,D1 and D2, are labeled, as are the two state
arising from the Si dangling bonds, db1 and db2.
1001
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a mostly featureless spectrum with a strong featureD2
at large positive voltages. As the tip is retracted, th
distinctive feature vanishes and the two states at posit
voltages and one at about21 V appear. The position
of these states is shifted by 0.2 eV relative to then-type
results due to a shift in the surface Fermi level positio
which is clearly evident by comparing the 1 pA spectra i
Figs. 2(a) and 2(b).

Clearly, at large tunnel currents the spectra obtain
are not intrinsic properties of the surface itself but aris
from effects of the STM probe tip on the surface
These observed effects scale with tunnel current, and
attribute them to a type of “spreading resistance” in th
transport of carriers to (or from) the localized surfac
states [18]. Such transport may occur through subsurfa
bulk states or through surface states, but in either ca
it appears from the data that at the relatively large curre
values, limited mobility of carriers results in the formation
of a voltage drop on the surface region below the t
apex, as illustrated in Fig. 3. Evidence of such a voltag
drop can be seen in Fig. 2; the state at12 V in the
1 pA spectrum of Fig. 2(a) shifts to higher voltages a
the set point increases, and the states at11 and 21 V
broaden. We note that the transition from high-curre
to low-current spectra is tip dependent, which is to b
expected since a spreading resistance effect scales w
currentdensityrather than just current itself. Also, at a
given current set point, we find the spreading resistan
effects to be more severe in thep-type compared to the
n-type material, consistent with the higher resistivity o
the former.

Explanation of the high voltage, doping depende
featuresD1 and D2 requires additional considerations
First we recall the occurrence of the “dopant-induced
components of tunneling in semiconductors with n
surface states, in which, at negative sample bias f
n-type material, electrons in the conduction band ca
tunnel out of the material, and similarly for holes in th
valence band seen for positive voltage inp-type material
[19]. Such features are not expected (and have never b
reported) when a significant number of surface states a
present, since the states generally pin the surface Fe
level position at a midgap position thereby pinching o
these dopant-induced components [19]. However, wi
the spreading resistance type of effect described abo
the surface Fermi level position will bedifferentthan that
in the bulk, so that the bulk bands can flatten out an
produce this source of current. This situation is illustrate
in Fig. 3(c). For the case of SiC(0001)
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p
3, the

surface Fermi level (at zero tunnel current) is pinned
a location0.6 6 0.2 eV below the conduction band edge
for n-type material [4]. We then expect, in the limit
of large tunnel current, that a dopant-induced compone
will be seen for negative voltage with magnitude large
than 0.6 6 0.2 V. This result is close to that seen in
the 1 nA spectra of Fig. 2(a) in which the onset o
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FIG. 3. (a) Zero sample bias band structure for6H-SiC
(0001)

p
3 3

p
3 structure. CB and VB represent the conduc

tion band and valence band, respectively.EF,s and EF,t de-
note the sample and tip Fermi levels. (b) Constant potent
contours (with potential rising towards the center) on th
6H-SiC(0001)

p
3 3

p
3 surface in the vicinity of the tip arising

from spreading resistance. The surface bands and Fermi le
follow these contours. (c) At large negative sample bias, ben
ing of bulk bands leads to dopant induced tunnel currentsDd,
whose magnitude exceeds the conventional tunnel current fr
occupied surface statessSd.

the D1 component is at about21 V. Similarly, for
p-type material with a pinning position of0.8 6 0.2 eV
below the conduction band edge, and using the ba
gap of 2.9 eV, we expect a dopant-induced compone
at positive voltage greater than2.1 6 0.2 V. This result
again agrees with the onset ofD2 at 12.2 V in Fig. 2(b).

Based on our spectra, we conclude that, in agreem
with PES and IPES experiments, we see surface sta
at about the same energies as predicted by theo
The strong appearance of spreading resistance effe
also shows that carrier transport is very limited and
these surface bands are indeed narrow. However, it
important to realize that an electronic band structu
alone cannot unambiguously determine the actual surfa
structure (many semiconductor surfaces show a gap
the surface DOS). Along with the acquisition of spectr
voltage dependent imaging of the surface is necessary
determine the spatial location of these states. In Fig.
we show topographic views of the6H-SiC(0001)

p
3 3p

3 reconstruction onn-type material. Figure 4(a) was
acquired at a sample voltage of21.2 V and a current set
point of 100 pA. Imaging at positive voltages at this s
point was very unstable, as expected from the absence
features in the spectra above the Fermi level. Figures 4
and 4(c) were acquired simultaneously (alternating lin
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FIG. 4. (a) Surface topograph of the6H-SiC(0001)
p

3 3
p

3
surface taken at sample voltage of21.2 V and 100 pA current
set point. The grey scale ranges from 0 (black) to 0.6
(white). (b) and (c): Surface topographs40 Å 3 40 Å in size
taken at21 V and 11 V, respectively. Grey-scale range is
0.15 Å and current set point was 10 pA. The two dash
intersecting lines are drawn over two intersecting rows
topographic maxima, occurring at identical locations in the tw
images.

scans) at21 V and 11 V, respectively, with a set point
of 10 pA. As seen there, the topographic maxima
both polarities are at the same spatial location, th
demonstrating that the states corresponding to both
band 1 V above the Fermi level and the band 1
below the Fermi level are located at the same positi
on the surface. Similar results are obtained for sam
voltages with magnitudes in the range 0.8–2.0 V. Th
combination of tunneling spectra and surface topograp
is clearly consistent with what is expected for aT4
Si adatom model. Furthermore, it is inconsistent wi
other models of the surface which involve vacanci
[3], trimers [1,8], or more complicated entities sinc
there we would expect either metallic bands or th
empty and filled states at different spatial locations
both. Our results are unable to distinguish betwe
Si and C adatoms,T4 and H3 adatoms, or discern
rearrangements of the bulk layers beneath the adato
but nevertheless are strongly in favor of a Mott-Hubba
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model since the empty and filled states are spatial
coincident.

In summary, we have measured tunneling spectra on t
6H-SiC(0001)

p
3 3

p
3 surface. Tunneling experiments

performed with moderate or high current levels are foun
to produce artifacts in the spectra, which are explaine
in terms of spreading resistance effects. At very low
currents, the spectra are seen to agree with PES and IP
experiments, with a semiconducting DOS having a sta
about 1 eV above the Fermi level and another state 1 e
below the Fermi level. STM images of the surface take
at positive and negative polarities show that these tw
states are localized in the same spatial area, supporti
a silicon adatom model which predicts a Mott-Hubbard
type density of states.

We acknowledge P. Mårtensson for providing unpub
lished STS results on the SiC(0001)

p
3 3

p
3 surface

and J. Northrup for useful discussions. This work wa
supported by the National Science Foundation, Gra
No. DMR-9615647.

[1] F. Owman and P. Mårtensson, Surf. Sci.330, L639 (1995).
[2] L. Li and I. S. T. Tsong, Surf. Sci.351, 141 (1996).
[3] L. Li, T. Sakurai, and I. S. T. Tsong, J. Appl. Phys.80,

2524 (1996).
[4] L. I. Johansson, F. Owman, and P. Mårtensson, Surf. Sc

360, L478 (1996).
[5] J.-M. Themlin, I. Forbeaux, V. Langlais, H. Belkhir, and

J.-M. Debever, Europhys. Lett.39, 61 (1997).
[6] J. E. Northrup and J. Neugebauer, Phys. Rev. B52,

R17 001 (1995).
[7] J. E. Northrup and J. Neugebauer, Phys. Rev. B57, R4230

(1998).
[8] M. Sabisch, P. Krüger, and J. Pollmann, Phys. Rev. B55,

10 561 (1997).
[9] S. Scandolo, F. Ancilatto, G. L. Chiarotti, G. Santoro, S

Serra, and E. Tosatti, Surf. Sci.402–404, 808 (1998).
[10] T. Tsukamoto, M. Hirai, M. Kusaka, M. Iwami, T. Ozawa,

T. Nagamura, and T. Nakata, Surf. Sci.371, 316 (1997).
[11] P. Badziag, Surf. Sci.402–404, 822 (1998).
[12] R. J. Hamers and J. E. Demuth, Phys. Rev. Lett.60, 2527

(1988).
[13] R. M. Feenstra, Phys. Rev. Lett.63, 1412 (1989).
[14] V. Ramachandran, M. F. Brady, A. R. Smith, R. M. Feen

stra, and D. W. Greve, J. Electron. Mater.27, 308 (1998).
[15] R. M. Feenstra, Phys. Rev. B50, 4561 (1994).
[16] Spectra such as Fig. 1(a) measured with the lock-i

technique also utilize a variable tip-sample separation t
attain high dynamic range, as described in Ref. [15]. Th
results of Fig. 2 were obtained using constant tip-sampl
separation and numerically differentiating the current to
obtain the conductance.

[17] F. Owman and P. Mårtensson (unpublished).
[18] F. Flores and N. Garcia, Phys. Rev. B30, 2289 (1984).
[19] R. M. Feenstra and J. A. Stroscio, J. Vac. Sci. Technol. B

5, 923 (1987).
1003


