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Ohmic contacts to n-type 4H- and 6H-SiC without postdeposition annealing
were achieved using an interlayer of epitaxial InN beneath a layer of Ti. The
InN films were grown by reactive dc magnetron sputtering at 450°C, whereas
the Ti films were deposited by electron-beam evaporation at room tempera-
ture. The InN films were characterized by x-ray diffraction (XRD), secondary
electron microscopy (SEM), cross-sectional transmission electron microscopy
(TEM), and Hall-effect measurements. Both XRD and TEM observations
revealed that the Ti and InN films have epitaxial relationships with the 6H-
SiC substrate as follows: (0001)[1120]r;||[(0001)[1120]1,x]/(0001)[1120]6x.sic-
The Ti/InN/SiC contacts displayed ohmic behavior, whereas Ti/SiC contacts
(without an InN interlayer) were nonohmic. These results suggest that InN
reduces the Schottky barrier height at the SiC surface via a small conduction-
band offset and support previous reports of an electron accumulation layer at
the surface of InN.
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INTRODUCTION

Silicon carbide (SiC) is a semiconductor bein%
developed for high-temperature,’ high-frequency,
and high-power® electronic devices because of its
wide band gap, high breakdown voltage, and high
thermal conductivity.* The fact that both n- and
p-type single-crystal SiC wafers are commercially
produced is a critical advantage for commercial
development. However, ohmic contacts to SiC still
do not have some of the desired properties for
commercial applications. Specifically, the contacts
often lack reproducible and consistent electrical
properties, require high-temperature processing,
and suffer from poor morphology.

Ohmic contacts to n-type SiC are typically formed
by annealing Ni at temperatures above 900°C. Al-
though Ni-based ohmic contacts have low specific
contact resistance, the high-temperature postdepo-
sition annealing step is undesirable because the
reaction between Ni and SiC leads to broadening of
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the Ni-SiC interface, interface or surface roughen-
ing, formation of Kirkendall voids, or carbon segre-
gation at the interface and throughout the metal
layer.5!! These features inhibit long-term reliabil-
ity and ultimately can cause device failure via con-
tact degradation or wire bond failure,'? an effect
that is pronounced for smaller contact dimensions.

When reactions at the metal-semiconductor
interface are prevented (i.e., by low-temperature
processing), the contacts are referred to as nonal-
loyed contacts. Ohmic contacts formed without
postdeposition annealing have been reported for
semiconductors such as GaAs!'® and InAs,'* InP,'*
ZnSe,'® and GaN'® by using suitable compositions
and thicknesses of interlayer(s), or layer(s) in be-
tween the semiconductor and the primary metal
contact layer. For example, a highly doped, narrow-
band-gap In,Ga;_,As layer has been widelgy used as
an interlayer for ohmic contacts to GaAs.'® Because
In,Ga;As has a smaller band gap (0.75 eV for
x = 0.5) than GaAs (1.42 eV), an InGa;,As inter-
layer can reduce the effective contact potential
barrier and, therefore, the contact resistance.'®> An
In,Ga;_.As interlayer is ideally suited for an ohmic
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contact to GaAs, because its composition can be
tailored to obtain the desired values of bandgap and
work function. Moreover, InGaAs can be grown as
an epitaxial layer on GaAs.

Indium nitride also has been reported to form an
ohmic contact without annealing to GaAs'” and to
the metals Ti, Al, Ni, and Hg.'® According to recent
measurements,'® 2! InN films prepared using vari-
ous processes are believed to contain a surface
charge accumulation layer. This condition is
expected to facilitate ohmic contact formation to a
wide range of materials, as occurs in the semicon-
ductors InAs and InSh.??

In this study, we report on InN as an ohmic inter-
layer between Ti and n-type SiC without postdepo-
sition annealing. Because of the wide use of sputter
deposition processes for the deposition of contacts
and the prior use of sputter deposition to grow
epitaxial InN films on various substrates,?>%® we
used sputtering to deposit the InN films in this study.

EXPERIMENTAL

All of the contact measurements were performed
using nitrogen-doped n-type, single crystalline
4H- and 6H-SiC substrates manufactured by Cree
Research Inc. (Durham, NC). The substrates were
off-cut 8° and 3.5°, respectively, from the (0001) Si-
terminated surface and contained the following
additional specifications.

Substrate 1: N-doped, n-type (6.5 x 10'® cm™)
homoepitaxial layer (epi thickness: 1 um) on 0.04 Q-
cm, n-type 6H-SiC; used for initial, qualitative I-V
measurements.

Substrate 2: N-doped, n-type (9.8 x 10'® cm™3)
homoepitaxial layer (epi thickness: 1.5 pm) on
N-doped, n-type (1.5x 10'7 em™) homoepitaxial
layer (epi thickness: 0.25 um) on a 0.018 Q-cm, n-
type 4H-SiC (0001) Si-face wafer; used for both
initial, qualitative I-V measurements and specific
contact resistance measurements.

An Al-doped, p-type 6H-SiC (0001) on-axis sub-
strate without a homoepitaxial layer was used for
the x-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM) characterizations and Hall
measurements of the InN films.

Each SiC surface was prepared for deposition by
applying an RCA clean followed by wet oxidation at
1,100°C for 1 h and then etching the oxide in 10%
HF for 5 min. The substrate was loaded into the
sputtering system, which had a base pressure
<1 x 107® torr, and annealed at 550°C for 10 min to
desorb hydrocarbon contamination from the sub-
strate surface. Prior to the deposition, the target
was presputtered for 3 min to remove surface con-
taminants from the target surface.

Indium was sputtered from a 99.9999% pure In
target in ultrahigh-purity nitrogen gas at a pressure
of 10 mtorr. A dc magnetron sputtering source was
used at a constant current of 0.05 amps, resulting in
a deposition rate of 2.5 nm/min. The final thickness

of the InN was 150 nm. The SiC substrate was
maintained at a temperature of 450°C during the
deposition.

Titanium was deposited in the same vacuum
system using electron-beam evaporation at a depo-
sition rate of ~10 nm/min onto unheated samples.
The final thickness of the Ti was 100 nm.

A panalytical X’Pert PRO Diffractometer (Almelo,
The Netherlands) was used to determine the
crystalline properties of the film. The interface
microstructure was analyzed by cross-sectional
TEM using a JEM-2000EX (JEOL Tokyo, Japan)
microscope.

The electrical characteristics of the InN films
were determined from Hall-effect measurements at
room temperature, at a voltage of 1 V and a mag-
netic field of 5,000 gauss. Current-voltage (I-V)
measurements were performed at room tempera-
ture using an HP 4155B semiconductor parameter
analyzer (Agilent Technologies, Englewood, CO)
and a Signatone (Lucas Signatone Corp. Gilroy, CA)
S-1,060H-4QR high-temperature probe. For esti-
mation of the specific contact resistance, contacts on
substrate 2 were photolithographically patterned
using a mask consisting of 300 x 50 um rectangular
pads in accordance with the transfer length method
(TLM). The spacings between the pads were 5 pm,
10 pm, 20 um, 30 pm, and 50 um, respectively. The
Ti and the InN layers were etched using Ar ion
milling. Due to technical difficulties, mesa isolation
around the contact sets was not performed; thus,
there may be an appreciable current flow around
the contact pads, reducing the accuracy of the
experimentally determined specific contact resis-
tance. However, because the contacts were not al-
loyed, the sheet resistance values underneath the
contact pads and in the semiconductor film should
be equivalent, thus avoiding a major source of error
arising from unequal sheet resistivities,?® which are
typical in alloyed contacts. In consideration of the
described conditions, the specific contact resistance
value is reported as a preliminary estimate.

RESULTS
Materials Characterization

An XRD 6-20 scan of the Ti/InN/6H-SiC structure
is shown in Fig. 1a; the sample is oriented such that
the {0006} planes in SiC satisfy the Bragg diffrac-
tion condition. The only other diffraction peaks
observed are from the {0002} planes in InN and Ti.
These results show that there is an orientation
relationship among the three layers: {0001}
{0001}1,x(|{0001} 651_sic-

The in-plane orientations of the Ti and the InN
films were determined by performing azimuthal ¢-
scans and by comparing the locations of the
{1011}T4i, {1011}InN, and {1011}6H-SiC diffraction
peaks in ¢-space (¢ is the angle of rotation). The
three ¢-scans are overlaid in Fig. 1b, although it
should be emphasized that they were acquired at
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Fig. 1. XRD patterns of Ti/InN/6H-SiC(0001): (a) 0-20 scan [0 = 0°
and ¢ = 0°] and (b) azimuthal off-axis ¢ scans of the {1011} reflec-
tions for Ti [20 = 40.18° and = 61.37°], InN [20 = 33.24° and
Y = 61.74°], and 6H-SiC [20 = 34.12° and y = 79.99°].

different 20 and  (the sample tilt) angles
(20 = 40.18°,y = 61.37° for {1011}Ti; 20 = 33.24°,
Y = 61.74° for {1011}InN; and 20 = 34.12°,y = 79.99°
for {1011}6H-SiC). The hexagonal symmetry of the
Ti, InN, and 6H-SiC crystal lattices dictates that
there are six planes in the {1011} family. As shown in
Fig. 1b, six diffraction peaks for SiC, six for InN, and
six for Ti were obtained from the 360° ¢-scans; each of
these reflections is from one member in the {1011}
family of planes. This result indicates that the Ti and
the InN films have only one in-plane orientation
(texture). Furthermore, the reflections from
{1011)Ti, {1011}InN, and {1011}6H-SiC are parallel
to each other. Therefore, the following orientation
relationship in the basal plane can be written as
[1120]7i[[[1120] 1 ||[1120]65-sic-

The full-width at half-maximum value of the XRD
rocking curve was 1.4°, which indicates that the
films contain many low-angle grain boundaries. The
scanning electron microscopy (SEM) images (Fig. 2)
showed continuous films with some surface rough-
ness, attributed to the textured morphology.

Cross-sectional TEM was used to analyze the
interfacial microstructure and to confirm the phase
formation and epitaxial orientation of the Ti and
InN layers. A cross-sectional TEM image of the
interface is shown in Fig. 3a. The InN film is dense,
columnar, and has a flat interface with the SiC. No
voids were observed in the film.

Mohammad, Cao, and Porter

Fig. 2. SEM image of the surface of an InN film, which was reac-
tively sputtered on SiC at 450°C.

The selected area diffraction patterns from the
InN/6H-SiC (Fig. 3b) and the Ti/InN/6H-SiC
(Fig. 3c) interfaces display aligned arrays of dif-
fraction spots. The patterns confirm the epitaxial
orientation relationships of the Ti and InN films

with the 6H-SiC substrate: (0001)r;||(0001); ||

(0001)g5;_gic, and  [1120]y|[[1120]5,x[1120]65_gic.
These results are in agreement with the XRD re-
sults.

It was previously reported®’ that Ti grows epitaxi-
ally on 6H-SiC; there is a —4% lattice mismatch be-
tween (1100)1; and (1100)gm.sic. The results of this
work show that both the InN interlayer and the top Ti
layer grew epitaxially on SiC even though the lattice
mismatches are considerable (~16% between
(1100)1,n and (1100)gx.sic and —17% between (1100);
and (1100)p,y).2%2°

Figure 4 shows a high-resolution image of the
InN/6H-SiC interface along the [1120]6H-SiC zone
axis. Careful examination reveals that the initial
few monolayers of InN are disordered, beyond which
the layers are crystalline and oriented. The epitax-
ial relationship between the InN and the 6H-SiC is
again confirmed from the fast fourier transform
(FFT) pattern (shown in the inset of Fig. 4). Occa-
sionally, polycrystalline grains of InN were found
just beyond the interface. However, the primary
structure of the films was oriented, as described in
the paragraphs above.

Electrical Measurements

Hall measurements were used to quantify the
carrier type, concentration, and mobility in the InN
films. Titanium was used as the ohmic contacts. The
films were found to be n-type with an electron con-
centration of 1x10%° cm™ and a mobility of
140 cm?Vs. Although the carrier concentration
(mobility) is higher (lower) than that in some thick
(~100 nm) InN films produced by molecular beam
epitaxy, these values are quite typical of the higher
quality sputtered films. Furthermore, a high carrier
concentration is actually beneficial for the purpose
of making low-resistive ohmic contacts.
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Fig. 3. (a) Cross-sectional TEM image of the Ti/InN/6H-SiC, (b)
selected area diffraction (SAD) pattern from the InN/6H-SiC inter-
face, and (c) SAD pattern from the Ti/InN/6H-SiC interface Ti, InN,
and 6H-SiC have hexagonal crystal structures. z = [1120] in both (b)
and (c).

The I-V measurements were performed to deter-
mine the electrical effect of the InN interlayer
between Ti and n-type SiC. Figure 5 shows repre-
sentative I-V characteristics of Ti(100 nm)/6H-SiC
and Ti(100 nm)/InN(150 nm)/6H-SiC, both in the
as-deposited condition. These measurements repre-
sent contacts having diameters of 500 ym and a
center-to-center spacing of 1,000 um. We found that
the contacts without an InN interlayer were semi-
ohmic and relatively resistive. In comparison, the
contacts that contained an InN interlayer were oh-
mic and at least two orders of magnitude less

resistive. Based on the TLM structures described in
the “Experimental” section, a preliminary estimate
of the spec1ﬁc contact res1stance of Ti/InN/4H-SiC
(sample 2) is 1.8 x 10~ Q cm?. The calculated value
of sheet resistance (233 Q/sq) is in good agreement
with that expected for the dopmg concentration and
thickness of the epilayer.?!

Although the Ti contacts were deposited at room
temperature, rather than at the 450°C deposition
temperature of the InN films, our prior experience
shows that much higher annealing temperatures
(~700°C) are required to significantly affect the
electrical characteristics of Ti on SiC.”? The fabri-
cation of ohmic contacts between transition metals
and SiC requires annealing temperatures >900°C.
Furthermore, the SiC surfaces were desorbed in
ultrahigh vacuum immediately before the deposi-
tions, and the two deposition temperatures should
not have significantly different effects on surface
oxide content, because much higher temperatures
are required to desorb SiO,. Therefore, we attribute
the difference in electrical behavior to the presence
of the InN interlayer.

DISCUSSION

Our initial reasons for selecting InN as an
interlayer contact to SiC can give us some insight
into the possible mechanism(s) for ohmic behavior.
In addition to c0n51derat10ns such as its small band
gap (~0.8 eV)?>3* and high n-type conductivity, we
selected InN based on our preliminary estimate of
the conduction-band offset between SiC and InN.
Our estimate was based primarily on the following
published values of the valence-band (AEvy) offsets
AE,(6H - SiC(0001) — AIN(0001)) = 1.4 + 0.3 eV®
and AE,(GaN(0001) — AIN(0001)) = 0.8 + 0.2 eV*®.

Based on the band gaps (E,) of these semicon-
ductors, the conduction-band (AE;) offsets can
be calculated as follows AE.(6H - SiC — AIN) =

E,(AIN) — E4(6H - SiC) — =62-30-14 =
1.8 + 0.3 eV, and AEC(GaN—AlN) = E4(AIN)—
E, (GaN)-AE,= 62-34—-08 = 20+ 0.2eV.
Therefore, AE.(6H — SiC — GaN) = AE.(6H — SiC
—AIN) — AE.(GaN — AIN) = —0.2 + 0.5eV.

Although we found no similar measurements for
InN, Lin et al.’® reported that n-type InN formed a
nearly ohmic contact with n-type GaN. From this
result, we deduced that the conduction-band offset
between InN and GaN is small and, therefore, the
conduction-band offset between InN and 6H-SiC
should also be small, as calculated above for
AE:(6H - SiC — GaN).

Although a small conduction-band offset between
InN and SiC is indeed possible, more recent results
indicate that another phenomenon also plays a
critical role in the ohmic behavior. It was reported
that Ti, Al, and Ni all formed ohmic contacts to InN
without annealing.'® From these results, along with
spectroscopy measurements of various InN sur-
faces, it is believed that the InN surfaces have an
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Fig. 4. High-resolution TEM image of the InN/6H-SiC interface and
the corresponding FFT pattern (inset).
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electron accumulation layer.'®?! Thus, InN is
expected to easily form ohmic contacts to a variety of
materials in a manner similar to InAs.

A qualitative diagram of our proposed energy
band relationship is illustrated in Fig. 6. As shown
in the figure, the Schottky barrier height, ®g;,
between the Ti and the InN interlayer is expected to
be zero, due to an electron accumulation layer
(downward band bending) at the surface of the InN
and the high density of electronic states (zero band
bending) in the Ti. The Schottky barrier height ®g,,
between the InN and the SiC, is considered to exist
only on the SiC side of the interface, again due to an
accumulation layer at the InN surface. A small AE.
would be required to yield a sufficiently small ®g5 at
the SiC surface.

For the structure to be ohmic, both ®5; and ®gy
should be sufficiently small or have a narrow space
charge layer. For the Ti/InN/SiC contacts, we pro-
pose that the following conditions promote ohmic
behavior.

e The InN and SiC have the same doping type.

e The high n-type carrier concentration of the InN
interlayer enhances conductivity across the layer.

e The barrier height between the InN and Ti is
effectively zero due to downward band bending in
InN?! and the high density of electronic states in
the metal. (The relatively low work function of
Ti%" is generally helpful in forming ohmic contacts
to n-type semiconductors, but may not be neces-
sary in this case.)

e The barrier between the InN and SiC is reduced
relative to the metal-SiC interfaces.

We also believe that the epitaxial quality of the InN
films, as shown by the XRD and TEM results
(Figs. 1-4), is important to the resulting electrical
characteristics of the films and ultimately the ohmic
behavior of the contacts.

CONCLUSIONS

In summary, epitaxial growth of Ti on InN on SiC
by dc magnetron sputtering was observed using
cross-sectional TEM and corresponding selected
area diffraction patterns along with XRD; the sam-
ples were ohmic without postdeposition annealing.
The ohmic behavior was proposed to be associated
with an electron accumulation layer in the InN and
a Schottky barrier-height reduction mechanism.
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