
Ideal Ohmic contact to n -type 6H-SiC by reduction of Schottky
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We formed ideal Ti Ohmic contacts on ann-type 6H-SiC epitaxial layer by reducing Schottky
barrier heights. The ideal contacts were realized by utilizing ideal SiC surfaces formed under
processes that intend to lower the density of surface states. As the first process to form the ideal
surfaces, SiC surfaces were flattened by oxidation followed by HF etching. Further, the ideal SiC
surfaces in terms of passivation of surface states were formed by immersing the flat SiC surfaces in
boiling water. Ti electrodes thus formed had Ohmic properties with excellentI –V characteristic
linearity without the use of heavy doping and high-temperature annealing. ©1997 American
Institute of Physics.@S0003-6951~97!03231-2#
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The formation of conventional Ohmic contacts by hea
impurity doping into semiconductors is difficult in SiC cry
tal that is a candidate material for semiconductor devi
operating at high frequency, high temperature, or h
power. Edmondet al.1 reported that temperatures exceedi
1800 °C are required in thermal diffusion to fabricate
heavily doped SiC layer with a carrier concentrati
>1018 cm23. Impurity doping by ion implantation also
proves difficulty in fabricating such a layer because electr
dopant activity is low, about 5%, as estimated by Ruffet al.2

The difficulty can be overcome only by the anneal of
electrode at high temperatures.3–5 However, the anneal, typi
cally at 1000 °C, conventionally used, restricts device fab
cation and makes electrode morphology rough. The te
nique we propose here avoids heavy impurity doping a
annealing in fabricating Ohmic contacts on ann-type 6H-
SiC epitaxial sample.

In the Schottky model,6 Ohmic contacts are formed as
result of zero Schottky barrier height when the metal wo
functionfm is smaller than the semiconductor’s electron
finity. This knowledge is of little practical use,7 however,
because of the Schottky barrier heightfbn , not widely con-
trolled by fm , present at the actual interface, i.e., Fer
level pinning. This pinning must be released to lowerfbn

enough to make Ohmic contacts.
The Fermi level pinning is caused by interface sta

whose origin remains to be clarified; surface states suc
dangling bonds preceding interface formation are suspe
to relate strongly to interface states. In a practical me
semiconductor system with Fermi level pinning,fbn is em-
pirically expressed asfbn5S°fm1C, whereS° is a slope
parameter andC is a constant. Fermi level pinning is re
leased whenS° is 1, but continues pinned toC whenS° is 0.
It is well known that the Fermi levels of metal/Si and met
GaAs interfaces are almost pinned, whereS° are 0.279 and
0.1,10 respectively. When GaAs~100! surfaces are passivate
by sulfur,S° increases to about 0.5.11 In this example, tech-
nologically improved cleaning is significant, it is, howeve
still unknown what changes the Schottky barrier height a
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whether Fermi level pinning can be controlled systema
cally. We utilize recently developed chemical techniques12,13

that make an ideally monohydride-terminated surface w
atomic surface flatness to reduce density of interface sta
This makes interfacial electronic and electric propert
easier to control. Reducing density of interface states,
formed ohmic contacts by lowering the Schottky barr
height on SiC crystal.

Threen-type 6H–SiC~0001! epitaxial samples with car
rier concentration of about 531017 cm23 used in this study
were degreased, then dipped in 5% HF solution to rem
thin native oxide surface layers. An oxidized layer about
nm thick was then formed on two samples in a quartz tu
furnace. The samples were then etched by dipping in 5%
solution. One sample was then immersed in boiling water
10 min; it is referred to as BW treatment hereafter. A
samples were rinsed in deionized water after each sur
treatment. In order to make lowfbn to n-type 6H-SiC crys-
tal, Ti with low fm of 4.33 eV,14 was used as an electrod
metal material. Electrodes 300mm in diameter and 500 nm
thick were formed by evaporating Ti onto the three samp
through a metal mask using an E-gun system with a b
pressure of about 331028 Torr. Each sample has over 2
electrodes. During deposition, the sample temperature
kept below 100 °C. Mg was evaporated as back electro
after Schottky electrode formation because earlier back e
trode formation contaminates the surface for the Scho
electrodes. For comparison, conventional Ni Ohmic el
trodes were also fabricated by annealing a Ni-depos
sample at 1000 °C for 60 min in pure Ar. Al was also evap
rated on a BW-treated sample.

5% HF-treated Ti electrodes exhibit rectification prope
ties with fbn of 0.81 eV60.01 eV and an average idealit
factor15 of 1.22. After oxidation/HF etching, theI –V char-
acteristic in the forward-biased region loses linearity with
reducedfbn of 0.50 eV, indicating the change from Schottk
to Ohmic properties. BW-treated Ti electrodes af
oxidation/HF etching exhibit Ohmic properties with exce
lent linearity. Low-energy electron diffraciton shows n
spots for 5% HF-treated samples and 131 patterns for the
oxidation/HF etching and BW-treated samples. This in
cates that disordered layers were removed by our sur
treatments. Contact resistivityrc was estimated by measu

,
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ing resistance between two Ti electrodes by varying
distance between them.16 rc was (661)31023

V cm2—comparable to that of conventional Ni Ohmic ele
trodes. The Ti electrode surface is flat, but high-tempera
annealing at 1000 °C has made the Ni electrode surface
homogeneous as shown in Fig. 1. For Al with a lowfm of
4.28 eV14 almost the same as 4.33 eV for Ti,rc was (4
61)31023 V cm22. This suggests that metals with lo
fm tend to have the ohmic properties for the BW-trea
n-type 6H-SiC~0001! surface. TheI –V characteristics of Ti
electrodes on BW-treated SiC samples without
oxidation/HF etching have rectification properties almost
samefbn as in 5% HF treatment. This means oxidation/H
etching and the BW treatment must be conducted seq
tially to form Ohmic Ti contacts.

The mechanism of Ohmic Ti interface formation is
follows: In a heavily doped metal/semiconductor interfa
the depletion layer becomes thin enough for electrons to
nel through the Schottky barrier, thus making electric pro
erty Ohmic. The interface also becomes Ohmic prope
when many band gap defect states are induced near th

FIG. 1. Optical microscope images of~a! Ti and ~b! Ni electrode surfaces
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terface. Both methods use current flowing through
Schottky barriers. If Ohmic formation in our Ti contacts w
due to a thinned barrier or to defects, the Ohmic conta
formed would be independent of the electrode metal ma
rial. Au electrodes evaporated onto a BW-treated S
sample, however, exhibit a good Schottky property with
leakage current below 1029 A/cm2, indicating that the two
methods above do not apply to the Ohmic Ti contac
Ohmic Ti contacts are, instead, formed due to current flo
ing over a Schottky barrier lowered enough to show Ohm
properties. Yu17 expressedrc of such Ohmic contacts
formed by loweringfbn as,

rc5
k

qA* T
expS qfbn

kT D , ~1!

wherek is the Boltzmann constant andA* is the Richardson
constant. Using experimentally obtainedrc5631023

V cm2, fbn of Ohmic Ti contacts is estimated from Eq.~1!
to be 0.38 eV withA* 5194.4 A/cm2/K2.18

Data18–22 reported on the metal/n-type 6H-SiC system
and our data are plotted in Fig. 2. Slope parameterS° esti-
mated by fitting reported data using the least-squares me
is about 0.25, indicating that the Fermi level of usual me
SiC interfaces is almost pinned.fbn of the 5% HF-treated
Ti/SiC interface is in the pinning regime.fbn of our BW-
treated Ti/SiC interface is about 0.4 eV lower than that of
pinned interface, however, suggesting that the degree
Fermi level pinning can be changed by surface treatmen

The mechanism of loweringfbn at the Ti/SiC interface
by surface treatment is as follows: Dangling bonds on a
~111! surface immersed in boiling water are known to
terminated by monohydrides.13 This monohydride termina-
tion is occurred by back-bond oxidation of surface Si atom
followed by etching of oxidized Si atoms by OH group
boiling water, as discussed by Watanabeet al.23 Since the
SiC ~0001! surface has the same structure as that of a
~111! surface in terms of Si termination and~111! crystallo-
graphic direction, monohydride termination is possible
our SiC surface. On the other hand, Elsbergenet al.24 re-
ported that oxygen of 0.660.1 monolayers is present on th

FIG. 2. Schottky barrier heightfbn of 6H–SiC as a function of the meta
work functionfm Reported data are fromI –V measurements, where slop
parameterS° is 0.25.
Teraji et al.
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SiC surface dipped inpH-modified buffered HF. Starke
et al.25 measured the SiC surface dipped in NH4F by Auger
electron spectroscopy and high-resolution electron ene
loss spectroscopy. They reported that the surface has a b
oxygen and is partially terminated by OH group. From t
above discussions, there are some possibilities on sur
terminators of the BW-treated SiC surface. The resultant
terface that forms on the surface, however, is ideal in te
of electronic passivation because the Schottky barrier at
interface is reduced.

The Schottky barrier height is also lowered b
oxidation/HF etching. On a Si~111! surface, Ohishiet al.26

found that the surface is oxidized layer by layer by suppre
ing oxidation speed using low-pressure oxygen. The oxi
tion process removes interface steps and kinks, making
interface atomically flat. Here, horizontal oxidation at ste
and kinks in the Si/SiO2 interface is dominant, compared t
that due to vertical oxygen-atom diffusion into Si crystal.
is known that the oxidation rate of 6H-SiC~0001! crystal is
very slow,27 implying that oxygen atoms migrate horizon
tally relatively easily; resultant HF-etched SiC surfaces
atomically flat, with wide terraces. Oxidation deteriorat
surface flatness in a SiC surface damaged by polishing
our experiment, however, no polish-related deterioration w
observed on SiC epitaxial layers. These results suggest
the density of interface states is reduced by forming
atomically flat interface, i.e., Fermi level pinning is release
and fbn at Ti/SiC interfaces is lowered enough to for
Ohmic contacts.

In conclusion, we formed ideal SiC Ohmic contacts
reducing the Schottky barrier heights at Ti/SiC interfac
through making the SiC surface atomically flat.
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8M. Schlüter, Phys. Rev. B17, 5044~1978!.
9A. M. Cowley and S. M. Sze, J. Appl. Phys.36, 3212~1965!.

10J. R. Waldrop, J. Vac. Sci. Technol. B2, 445 ~1984!.
11J. F. Fan, H. Oigawa, and Y. Nannichi, Jpn. J. Appl. Phys.27, L2125

~1988!.
12G. S. Higashi, Y. J. Chabal, G. W. Trucks, and Krishnan Raghavach

Appl. Phys. Lett.56, 656 ~1990!.
13S. Watanabe, M. Shigeno, N. Nakayama, and T. Ito, Jpn. J. Appl. Phy

130, 3575~1991!.
14H. B. Michaelson, J. Appl. Phys.48, 4729~1977!.
15S. M. Sze,Physics of Semiconductor Devices, 2nd ed.~Wiley, New York,

1981!.
16H. H. Berger, Solid-State Electron.15, 145 ~1972!.
17A. Y. C. Yu, Solid-State Electron.13, 239 ~1970!.
18L. M. Porter, R. F. Davis, J. S. Bow, M. J. Kim, and R. W. Carpenter,

Mater. Res.10, 26 ~1995!.
19L. M. Porter, R. F. Davis, J. S. Bow, M. J. Kim, R. W. Carpenter, and

C. Glass, J. Mater. Res.10, 668 ~1995!.
20L. M. Porter, R. F. Davis, J. S. Bow, M. J. Kim, and R. W. Carpenter,

Mater. Res.10, 2336~1995!.
21J. R. Waldrop, R. W. Grant, Y. C. Wang, and R. F. Davis, J. Appl. Ph

72, 4757~1992!.
22J. R. Waldrop and R. W. Grant, Appl. Phys. Lett.62, 2685~1993!.
23S. Watanabe and Y. Sugita, Surf. Sci.327, 1 ~1995!.
24V. van Elsbergen, T. U. Kampen, and W. Mo¨nch, Surf. Sci.365, 443

~1996!.
25U. Starke, Ch. Bram, P.-R. Steiner, W. Hartner, L. Hammer, K. Hei

and K. Müller, Appl. Surf. Sci.89, 175 ~1995!.
26K. Ohishi and T. Hattori, Jpn. J. Appl. Phys.33, L675 ~1994!.
27J. B. Petit, P. G. Neudeck, L. G. Matus, and J. A. Powell, inAmorphous

and Crystalline Silicon Carbide IV, edited by C. Y. Yang, M. M. Rahman
and G. L. Harris~Springer, Berlin, 1992!, p. 190.
691Teraji et al.


