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Schottky barrier between 6 H-SiC and graphite: Implications for metal/SiC

contact formation
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Using photoelectron spectroscopy we have determined the Schottky barrier between 6H
-SiC(0001) and graphite layers grown by solid state graphitization. For n-type 6H-SiC(0001) we
find a low Schottky barrier of ¢,,=0.3£0.1 eV. For p-type SiC(0001) a rather large value of
bpp,=2.72£0.1 eV was determined. It is proposed that these extreme values are likely to have an
impact on the electrical behavior of metal/SiC contacts subjected to postdeposition anneals. © 2006
American Institute of Physics. [DOI: 10.1063/1.2213928]

Silicon carbide is a large band gap semiconductor suit-
able for power electronic devices." Contacts to SiC are an
important technological issue.”” In general, as-deposited
metals form Schottky contacts.” Ohmic contact behavior is
usually obtained by deposition of the metal on a heavily
doped n- or p-type region followed by postdeposition an-
nealing (PDA) at temperatures of around 950 °C. This PDA
induces chemical reactions between the SiC substrate and the
metal deposit. The use of a high doping concentration leads
to a thin Schottky barrier which the electrons can overcome
by field emission, i.e., by tunneling through the thin barrier.

The interfacial reaction between the contact material and
the SiC substrate is undoubtedly of great importance. Ac-
cording to several studies (see Refs. 2 and 3 and references
therein), the chemical reaction results in the formation of
metal silicides. This can only be accomplished by a dissocia-
tion of SiC which also sets free carbon. Accordingly, the
observation of graphitic carbon was also reported. Following
this line of argument it seems natural to ask the question:
What is the nature of an interface between SiC and graphite?
Therefore we have used photoelectron spectroscopy to deter-
mine the electronic structure of the graphite/SiC(0001)
heterointerface.

Graphite layers on SiC(0001) surfaces were grown by
solid state glraphitization.‘l‘5 First the sample is annealed at
950 °C in a flux of Si which yields the Si-rich (3 X 3) struc-
ture, thereby removing oxygen from the surface. Part of the
Si is desorbed from the surface by further annealing at
1050 °C in vacuo which leads to the Si-rich (\EX V’E)R3O°
structure. Alternatively, the first step can be skipped and the
sample can be annealed at 1050 °C in Si flux. Next, the
sample is annealed at 1150 °C which results in the formation
of the carbon-rich (613 X 6v€)R30° structure. Finally growth
of well ordered graphite layers occurs during annealing at
temperatures above 1400 °C

The surfaces were investigated in situ by low-energy
electron diffraction (LEED), synchrotron radiation induced
x-ray photoelectron spectroscopy (SXPS), and angle-
resolved ultraviolet photoelectron spectroscopy (ARUPS).
Additional structural information was gathered by scanning
tunneling microscopy (STM) in UHV and by atomic force
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microscopy (AFM) at atmospheric pressulre.6 Here we focus
on the core level spectra obtained from n-type and p-type
6H-SiC(0001). The n-type samples were nitrogen doped, on-
axis oriented 6H-SiC(0001) substrates from SiCrystal AG
with a doping concentration of 5X 10'® cm®. The p-type
sample was a 3.5° off-axis oriented epitaxial layer from
Cree Research, Inc. with an Al doping concentration of
1x10' em’.

Figure 1 displays C 1s and Si 2p core level spectra of a
n-type SiC(0001) sample taken after the individual prepara-
tion steps outlined above. A photon energy of 510 eV was
chosen so that the spectra were rather bulk sensitive. Note
that the spectra are normalized so that they have the same
amplitude in the figure. The line shape varies due to different
surface components caused by the individual surface
reconstructions.”® What is important in the context of the
present letter are the changes in the binding energies of the
bulk Si 2p and C 1s lines as traced by the dashed lines in
Fig. 1. Both change by the same amounts. Since all binding
energies are referenced to the Fermi level E, this indicates a
variation in band bending brought about by different pinning
centers associated with different surface structures. After an-
nealing at 1400 °C the formation of graphite is witnessed by
the appearance of an asymmetric peak at 284.46+0.05 eV in
the C 1s core level spectrum. Increasing the bulk sensitivity
by applying a higher photon energy [dashed curve in Fig.
1(a)] reveals the C 1s core level of the SiC bulk located at
283.75+0.07 eV. The Si 2p core level spectrum shows a
single doublet at 101.45+0.07 eV due to the underlying SiC.
A graphite overlayer thickness of 2.0+0.25 nm is estimated
from the intensity ratio between the C 1s bulk line and the
graphite signal.6

Figure 2 summarizes the Si 2p and C 1s bulk core level
binding energies E5 % and E5 ' observed for two n-type
samples and one p-type sample as obtained by a least squares
fit. The accuracy of the values is judged from the spread of
fitting results obtained for measurements with different pho-
ton energies on the same sample. It amounts to +0.07 eV.
The error arises from the inaccuracy of the fitting and from
the error in determining the exact photon energy, which was
carried out by measuring the Fermi edge of the Mo sample
holder. The fact that C 1s and Si 2p bulk core level shifts run
parallel to each other proves that the variation of the binding
energy is due to changes in the surface band bending caused
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FIG. 1. C 1s (a) and Si 2p (b) photoelectron spectra of on-axis oriented
6H-SiC(0001) (sample 1) after the four preparation steps mentioned in the
text. All spectra are normalized to the same amplitude.

by a pinning of the surface Fermi level E}. at different sur-
face states.

The energy difference between the bulk C 1s core level
and the valence band maximum of 6H-SiC amounts to
281.0+0.1 eV.>° Therefore, the position of the surface
Fermi level E}. with respect to the valence band maximum E,
is given by E}.—E,=E5 '*~281.0 eV with an overall error of
the order of 0.1 eV. The numerical values for E—E, can
be read off from the graph in Fig. 2 by using the scale on the
right side. The bulk Fermi level position E of our n-type
and p-type samples is calculated’ to be at 0. 10 eV below the
conduction band minimum £, and 0.23 eV above the valence
band maximum E,, respectively. This is indicated in Fig. 2
by two horizontal dashed lines. The surface band bending is
simply the difference between the bulk Fermi level and the
surface Fermi level. o

In the case of the Si-rich (3% 3) and (V3 X V3)R30°
structures, E}. is pinned at particular surface states which are
caused by residual dangling bonds on the surface
(see Refs. 11 and 12 and references therein). For the
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FIG. 2. The C 1s and Si 2p core level binding energies of the bulk compo-
nent as a function of preparation and sample doping. The scale on the right
hand side gives the position of the surface Fermi level E}. with respect to the
valence band maximum E,. The C 1s flatband binding energy of n-type/
p-type 6H-SiC amounts to 283.9 eV/281.2 eV.

(\EX \E)R30° structure Ep.—E, is 2.1 and 1.0 eV for n- and
p-type 6H-SiC(0001), respectively, which correspond to a
respective upward/downward surface band bending of
0.8 eV. The (6\3 X 6V 3)R30° structure is a carbon-rich
structure.'* In this case, for n- type 6H-SiC(0001),
Ey—E, =27 ¢V, i.e., the surface Fermi level is close to El}
However, on p-type 6H-SiC(0001), E—E, is 0.85 eV. The
surface electronic structure of this phase is presently un-
known. Thus we can say nothing about the nature of the
pinning centers.

Finally and most importantly, after growth of the graph-
ite layers, Ej,—E, amounts to 2.7 eV for both n-type and
p-type 6H-SiC(0001). This translates into a small (0.2 eV)
upward band bending on n-type 6H-SiC(0001) and a quite
large (2.5 eV) downward band bending on the p-type sub-
strate. From these experimental observations, the band lineup
is derived as shown in Fig. 3. The Schottky barrier between
graphite and 6H-SiC(0001) amounts to ¢,,=0.3+0.1 eV on
n-type material and ¢,,=2.7+0.1 eV on p-type material, re-
spectively. Thus we observe a rather small barrier height on
n-type 6H-SiC and a huge barrier on p-type material.

The dramatic difference between the Schottky barriers
observed here may have serious consequences for metal con-
tacts formed on SiC. Schottky contacts on n-type SiC may
degrade if graphite is formed at the interface, but Ohmic
contacts would not be influenced negatively. In fact, gra-
phitic carbon may actually be beneficial for Ohmic contacts
on n-type SiC. This is corroborated by reports of Lu et al. 13
who studied the contact behavior of metal/carbon/SiC stacks
annealed to 800 °C. They observed Ohmic behavior for Ni
and Co which also led to the formation of graphite. For W,
Mo, Au, and Al no graphite was observed after annealing and
the contacts were rectifying. Lu et al. 1% also reported Ohmic
behavior of carbon contacts on n-type 4H-SiC(0001) an-
nealed at 1150—1300 °C. This could be explained by the
small Schottky barrier between SiC and graphite. Lundberg
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FIG. 3. Band lineup at the interface between graphite and n-type 6H
-SiC(0001) (left) and p-type 6H-SiC(0001) (right).

and (")stling17 demonstrated that Co/SiC Schottky contacts
turned into Ohmic contacts after annealing at 900 °C. They
reported the formation of Co,Si and a buildup of carbon in
the contact layer. Consequently, for Schottky contacts to
n-type SiC, metals are recommended which form carbides or
which have a high solubility for carbon.

On the other hand, on p-type SiC, a graphitic interface is
likely to be detrimental for Ohmic contacts and unproblem-
atic for rectifying contacts. Accordingly, Lundberg and
Ostling18 reported that Si/Co/SiC contacts annealed at
900 C showed an Ohmic behavior superior to Co/SiC con-
tacts treated in the same way. This can be explained by con-
sidering that in the Si/Co/SiC structure, cobalt silicide for-
mation can occur without SiC decomposition, thus avoiding
graphite formation. In the case of the simple Co/SiC con-
tacts, annealing and subsequent silicidation will undoubtedly
produce graphite which will have a negative effect on the
Ohmic contact properties. Thus, for Ohmic contacts on
p-type SiC, metals should be preferred which form stable
carbides or which have a high solubility for carbon.

Appl. Phys. Lett. 88, 242103 (2006)

In conclusion, we have determined the Schottky barriers
between graphite and n- and p-type 6H-SiC(0001). While
we find a rather small value of ¢,,=0.3+0.1 eV on n-type
6H-SiC, the Schottky barrier on p-type SiC is extremely
large ¢;,,=2.7+0.1 eV. In the light of experimental evidence
for PDA induced graphite formation, we stress that the large
difference between the Schottky barriers on n-type and
p-type SiC is bound to have a considerable impact on the
electrical behavior of metal/SiC interfaces.

The authors gratefully acknowledge support by the
BESSY staff. Funds for traveling to BESSY were provided
by the BMBF through Grant No. 05 ES3XBA/5. The authors
also thank Gianina Gavrila from TU Chemnitz for support
during the experiments.

'G. Pensl and R. Helbig, Festkoerperprobleme 30, 133 (1990).

2. Crofton, L. M. Porter, and J. Williams, Phys. Status Solidi B 202, 581
(1997).

u. Tanimoto, H. Okushi, and K. Arai, in Recent Major Advances in SiC,
edited by W. Choyke, H. Matsunami, and G. Pensl (Springer Scientific,
Berlin, 2003), p. 651.

1. Forbeaux, J.-M. Themlin, and J.-M. Debever, Phys. Rev. B 58, 16396
(1998).

5I. Forbeaux, J.-M. Themlin, and J.-M. Debever, Surf. Sci. 442, 9 (1999).
Th. Seyller, K. V. Emtsev, F. Speck, K. Gao, L. Ley, A. Tadich, L. Broek-
man, J. D. Riley, R. C. G. Leckey, O. Rader, A. Varykhalov, and A. M.
Shikin, Surf. Sci. (in press).

L. 1. Johansson, F. Owman, and P. Mértensson, Surf. Sci. 360, L478
(1996).
8¢c. Virojanadara and L. 1. Johansson, Phys. Rev. B 71, 195335 (2005).
°N. Sieber, B. F. Mantel, Th. Seyller, J. Ristein, L. Ley, T. Heller, D. R.
Batchelor, and D. SchmeiBer, Appl. Phys. Lett. 78, 1216 (2001).

'9Th. Seyller, J. Phys.: Condens. Matter 16, S1755 (2004).

UF. Bechstedt and J. Furthmiiller, J. Phys.: Condens. Matter 16, S1721
(2004).

2K. V. Emtsev, Th. Seyller, L. Ley, A. Tadich, L. Broekman, J. D. Riley,
R. C. G. Leckey, and H. Preuss, Phys. Rev. B 73, 075412 (2006).

By, Starke, in Recent Major Advances in SiC, edited by W. Choyke, H.
Matsunami, and G. Pensl (Springer Scientific, Berlin, 2003), p. 281, and
references therein.

W. Chen, H. Xu, L. Liu, X. Gao, D. Qi, G. Peng, S. C. Tan, Y. Feng, K. P.
Loh, and A. T. S. Wee, Surf. Sci. 596, 176 (2005), and references therein.

'>W. Lu, W. C. Mitchel, G. R. Landis, T. R. Crenshaw, and W. E. Collins, J.
Appl. Phys. 93, 5379 (2003).

oy, Lu, W. C. Mitchel, C. Thornton, G. R. Landis, and W. E. Collins, J.
Electron. Mater. 32, 426 (2003).

N. Lundberg and M. Ostling, Appl. Phys. Lett. 63, 3069 (1903).

8N. Lundberg and M. Ostling, Solid-State Electron. 39, 1559 (1996).

Downloaded 17 Nov 2006 to 130.199.3.130. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



