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Growth and microstructure of ternary Ti3SiC, compound layers on 4H-SiC, which play am important role in formation of TiAl-based
ohmic contacts to p-type SiC, were investigated in this study. The Ti;SiC, layer was fabricated by deposition of Ti/Al contacts (where a slash
“/” indicates the deposition sequence) on the 4H-SiC(0001) substrate and subsequent rapid thermal anneal at 1000°C in ultra high vacuum.
After annealing, reaction products and microstructure of the Ti3SiC, layer were investigated by X ray diffraction analysis and transmission
electron microscopy observations in order to understand the growth processes of the Ti3SiC, layer and determination of the TizSiC, /4H-SiC
interface structure. The Ti3SiC; layers with hexagonal plate shape were observed to grow epitaxially on the SiC(0001) surface by anisotropic
lateral growth process. The interface was found to have a hetero-epitaxial orientation relationship of (0001)rsc//(0001)s and [0110]tsc//
[0110]g where TSC and S represent Ti3SiC, and 4H-SiC, respectively, and have well-defined ledge-terrace structures with low density of misfit

dislocations due to an extremely low lattice mismatch of 0.4% between Ti3SiC, and 4H-SiC.
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1. Introduction

Silicon carbide (SiC) is one of the most attractive
compound semiconductors for next generation high-power
electronic devices operated at high temperature because of its
excellent intrinsic properties such as a wide band gap, a high
thermal conductivity, a high electric field breakdown
strength, and a high saturation electron velocity.'™ How-
ever, development of low resistance ohmic contacts to p-type
SiC is a key technology issue in the fabrication of highly
reliable and high performance devices.>® Crofton et al.”
found that binary Ti-Al alloy contacts yielded very low
contact resistance to p-type SiC after annealing at temper-
atures higher than 1000°C. After that, extensive investiga-
tions for improvement of the binary Ti-Al contacts and
development of other p-type ohmic contact materials have
been carried out by various authors.®3

Microstructures of the TiAl-based ohmic contacts were
investigated by transmission electron microscopy (TEM)
observations, and these contacts were found to grow Ti3SiC,
on the SiC surface at high temperature of 1000°C in high
vacuum.'#'® From TEM observations and electrical proper-
ties, it is concluded that formation of the Ti3SiC, layers was
required to achieve excellent ohmic properties for p-type
SiC, resulting in reduction of height of Schottky barrier
formed at the metal /SiC interface and enhancement of carrier
transportation across the contact interfaces.'*!” However,
the role of the Ti3SiC,/SiC interface on mechanism by which
the Schottky barrier height reduce has not been well clarified
yet. In addition, the atomic structure at/near the Ti;SiC,/SiC
interface, which is important to elucidate the carrier transport
mechanism, also has not been investigated extensively and
understood yet as well as the growth of the TizSiC,
compound on SiC has. The primary purpose of the present
study is to understand growth process and formation of the

Ti3SiC, compound in the conventional Ti/Al ohmic contacts
on SiC annealed at high temperature in order to obtain a clue
to reduce the Schottky barrier height. For this purpose, the
microstructure at the contact materials/SiC interfaces after
isothermal annealing at 1000°C for various storage times are
correlated.

2. Experimental Procedures

4H-SiC epitaxial layers (5 pm-thick) doped with aluminum
which were grown on undoped 4H-SiC wafers by chemical
vapor deposition (manufactured by Cree Research, Inc.) were
used as the substrates. Here, the 4H-SiC substrates had 8°-off
Si-terminated (0001) surfaces inclined toward a [i] 10]
direction because only 4H-type structure of SiC with
polymorph (e.g. 3C, 4H, 6H, 15R etc.) was controllable by
lateral growth of the epitaxial layers parallel to (0001)-
oriented surface. After chemical cleaning of the substrate
surface, a 10nm-thick sacrificial oxide (SiO,) layer was
grown on the SiC substrate by dry-oxidation at 1150°C for
60 min. The substrates were cleaned by dipping in 5% diluted
hydrofluoric acid solution and rinsing in deionized water
prior to deposition of contact materials. Then, Ti and Al
stacking layers with high purities were deposited sequentially
on the substrate in a high vacuum chamber where the base
pressure was below 5 x 107%Pa. The thicknesses of the Ti
and Al layers investigated in this study are 100nm and
380nm, respectively, and these layer thicknesses were
chosen to give the average composition of the Ti(20 at%)
and Al(80 at%), where the layer thicknesses were measured
by a quartz oscillator during deposition. The reasons to
choose this average composition was that aluminum rich
(more than 75 at%) in TiAl contacts were empirically found
to be essential to yield low contact resistance, resulting from
formation of the Ti3SiC, compound layers.'® After deposit-


http://dx.doi.org/10.2320/matertrans.MC200831

1072

ing, the binary Ti/Al contact layers were annealed at 1000°C
for various storage times of 2, 4 and 6 min in an ultra-high
vacuum chamber where the vacuum pressure was below
1 x 1077 Pa.

The surface morphology of the Ti/Al contact layers on
4H-SiC after annealing was observed using a JEOL JSM-
6060 scanning electron microscope (SEM). Microstructural
analysis and identification of the Ti3SiC, layers at the contact
layers/4H-SiC interfaces after annealing was performed
using X-ray diffraction (XRD) and cross-sectional TEM. For
XRD analysis, Rigaku RINT-2500 with Cu Ko radiation
operated at 30kV and 100 mA was used. In particular, the
interfacial structures and an orientation relationship between
the contact layers and the 4H-SiC substrates were charac-
terized by cross-sectional high-resolution TEM observations
and selected area diffraction pattern (SADP) analysis,
respectively, using a JEOL JEM-4000EX electron micro-
scope operated at an accelerating voltage of 400kV, where
the point-to-point resolution of this microscope was approx-
imately 0.17 nm. Thin foil specimens for the TEM observa-
tions were prepared by the standard procedures; cutting,
gluing, mechanical grinding, dimple polishing, and argon ion
sputter thinning techniques.

3. Results and Discussion

3.1 Formation of ternary TizSiC, compound on SiC
XRD analysis was performed to characterize the micro-
structures of the Ti/Al contacts deposited on the SiC
substrates after annealing in order to understand growth
and formation of the Ti3SiC, compounds. Figures 1 show
XRD profiles obtained from the Ti(100nm)/Al(380nm)
contact layers before and after annealing at 1000°C. Before
annealing, the metallic Ti and Al are detected as shown in
Fig. 1(a). It is noted that the intensity of the peak diffracted
from Ti is very weak because the grain sizes of the as-
deposited Ti layer are much smaller than those of the Al
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Fig. 1 XRD profiles obtained from the Ti(100nm)/Al(380nm) contact
layers (a) before and after annealing at 1000°C with various storage times
of (b) 2 min, (¢) 4 min, and (d) 6 min.
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Fig. 2 Isothermal section of a pseudoternary phase diagram of Al-Ti-SiC
system at 1000°C proposed by Viala et al.'”

layer. After annealing for 2 min, binary Al3Ti, Al4C; and
ternary Ti3SiC, compounds, which were formed by inter-
facial chemical reaction, are detected by XRD analysis in
addition to unreacted Al (Fig. 1(b)). Note that an amount of
the Al4C3 compounds is quite small because the intensity of
the peak diffracted from Al4C; is very weak. After annealing
for 4min (Fig. 1(c)), it is observed that the Ti;SiC, peak
intensities increase and the Al;Ti peak intensities decrease,
although the intensities of the peaks diffracted from other
compounds do not change significantly. The peaks diffracted
from Al;Ti disappear after annealing for 6 min as shown in
Fig. 1(d). From this XRD analysis, only the Ti3SiC, peaks
diffracted from (000/) diffraction planes of a hexagonal
structure are observed. This result indicates that the Ti3SiC,
layer, which is a dominant phase formed by reacting of the
Ti-80%Al contact and SiC at 1000°C, has a strong (0001)-
oriented texture or hetero-epitaxy on the SiC substrate.
Figure 2 shows an isothermal section of the pseudoternary
phase diagram of Al-Ti-SiC system at 1000°C constructed by
Viala et al.'” based on their experimental measurements of
Al-Ti-Si-C quaternary system, where a grey region indicates
the existence of binary AlSi-based liquid phases, and thick
and fine lines indicates sub-solidus lines and tie-lines,
respectively. It is noted that the liquidus line would lie at
near the composition region of pure Al as denoted by a
symbol L in Fig. 2. Based on this phase diagram, the liquid
phase is predicted to form when the concentration of Al is
more than 75 at% in the Ti/Al contacts at 1000°C. In general,
both the solutes and solvents have high diffusitivity in liquid,
thus the liquid phase has high reactivity to solid (substrate)
and the reaction products are easily formed at elevated
temperatures. Formation of the liquid is believed to play an
important role in formation of the TiAl-based contact by
rapid thermal anneal process. Here, the effective average
composition of the present reaction system, which react Ti-
80%Al and SiC, can assume to be at the point a within region
(i) in the diagram. In this region, four phases of SiC, Al4C;3,
Ti3SiC, and liquid with a composition of Al-12%Si (which is
a eutectic composition of Al-Si binary alloy) is predicted to
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Fig. 3 A plan-view SEM image of the Ti/Al contact layers deposited on
SiC after annealing at 1000°C for 6 min.

be invariant and coexist in equilibrium. This prediction is
consistent with the XRD results obtained from samples
annealed at 1000°C for short storage times of 2 and 4 min as
shown in Fig. 1(b) and (c), although a small amount of Al;Ti
and Al did not react completely with SiC and remained at this
stage. After annealing for 6 min (as indicated in Fig. 1(d)),
disappearance of these unreacted Al;Ti and Al is occurred
due to additional reaction to form the carbides (Ti3SiC, and a
small amount of Al4C3) and evaporation of the Al-Si liquid
phase with a high vapor pressure during annealing in ultra
high vacuum. Thus, the average composition of the reaction
system seems to shift toward Al-poor one (region (ii)) as
indicated by an arrow and reach to the point b after annealing.
In the region (ii), three phases of SiC, Ti3SiC, and Al-Si
liquid with the Si concentrations varied from 12% (at the
point ¢) to 19% (at the point d) are coexisted and their volume
will be constituted by an array of tie-lines. However, it is not
straightforward to control the compounds formed by rapid
thermal annealing process because of occurrence of non-
equilibrium phenomena such as evaporation of the liquid
phases in this reaction system. This would be a reason why
the TiAl-based contacts have been fabricated empirically
without guidelines for designing the materials.

3.2 Growth and microstructure of Ti3;SiC; layers on SiC

In order to characterize the surface morphology of the Ti/
Al contact layer after annealing, SEM observation was
employed. Figure 3 shows a plan-view SEM image from the
Ti/Al contact layer after annealing at 1000°C for 6 min. The
surface is observed to have uniformly scale-shaped contrast
with hexagonal facet although the surface roughness after
annealing was aggravated in comparison with that before
annealing (not shown here). Using a stylus surface profiler,
the maximum typical roughness was measured to be about
1 wm. The surface facet planes are found to form parallel to
(2110) directions on the SiC(0001) substrate surface. The
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hillocks on the surface due to formation of residual Al-based
liquid droplet, forming after annealing at temperatures lower
than 800°C, is not observed. This surface morphology results
from evaporation of the liquid phases with low melting points
and high vapor pressures during annealing at high temper-
atures in ultra high vacuum as described in the previous
section.

Figure 4(a) shows a cross-sectional bright-field TEM
micrograph of a typical region in the Ti/Al contact formed
on 4H-SiC after annealing at 1000°C for 6 min. The incident
electron beam is along the [Oi 10] direction of 4H-SiC, which
is parallel to the axis of inclination of the 8°-off SiC (0001)
surface. The ternary TizSiC, compound layer forms plate-
shaped layer with faceted surfaces. A selected area diffrac-
tion pattern at the contact/SiC interface is shown in Fig. 4(b),
where the arrays of the diffraction spots from the TizSiC,
layer (dotted lines) and 4H-SiC (solid lines) are shown. The
TizSiC, layer was found to have an epitaxial orientation
relationship with the 4H-SiC substrate:

(0001)rsc//(0001)s and [0110]rsc//[0110]s

where TSC and S represent Ti3SiC, and 4H-SiC, respec-
tively. The result of the present TEM investigations is in
good agreement with that of the XRD analysis. Both the 4H-
SiC (P63/mc; a = 0.307 nm, ¢ = 1.005 nm)?? and Ti;SiC,
(P63/mmc; a = 0.306 nm, ¢ = 1.763 nm)>" have hexagonal
crystal unit cells. The lattice mismatch between the basal
planes of Ti3SiC, and 4H-SiC across the interface is
extremely small and approximately 0.4%. The thickness of
the Ti3SiC, layer is not uniform and ranges to 300 nm. The
total area of the SiC surface is covered by the Ti;SiC, layers,
meaning that no other compound or reaction layers make
direct contact with the SiC surface. In addition, the Ti3SiC,/
SiC interface is observed to have a sawtooth-shaped facet
structure as well as the TizSiC, surface is. The (0001)-
oriented surface of the Ti3SiC, layer is also inclined by 8
degrees toward the substrate surface as shown in Fig. 4(a).
This indicates that the surface morphology of the Ti3SiC,
layers has a strong influence on the surface orientation of the
SiC substrate. Consequently, the scale-shaped surface and
interface morphologies is found to originate from growth
process and formation of hetero-epitaxial Ti3SiC, layers on
the 8°-inclined SiC(0001) substrate surface based on SEM
and TEM observations.

Figure 5 shows a cross-sectional high resolution TEM
(HRTEM) image of the interface between the Ti3SiC, layer
and the 4H-SiC substrate, which is taken along the SiC[Ql 10]
zone axis. It is observed that lattice fringes run parallel to the
interface in both the Ti3SiC, layer and the SiC substrate. As
for the interface morphology, no contamination or second
phase layers were observed, and the Ti3SiC, layer makes
direct contact with the SiC substrate. The interface has
(0001)-oriented terraces and ledges as marked by letters T;
(i=1,2,3,4)and L; (j = 1,2,3) in Fig. 5, respectively. The
morphology of the terraces is observed to be atomically flat
and abrupt. On the other hand, the ledge heights are found to
be well-defined and n x (a half unit cell height of 4H-SiC:
0.5nm) where n represents the integer, e.g., n = 11 for L;,
n=2 for L,, and n =1 for L;. This unique interface
morphology is caused by chemical reaction of Ti/Al and SiC,
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Fig. 4 (a) A cross-sectional bright-field TEM micrograph of a typical region in the Ti/Al contact formed on 4H-SiC after annealing at
1000°C for 6 min, and (b) a selected area diffraction pattern at the contact/SiC interface.

Fig. 5 A cross-sectional HRTEM micrograph of the interface between the Ti3SiC, layer and the 4H-SiC substrate, which is taken along

the SiC[2110] zone axis.

and anisotropic lateral growth of the epitaxial TizSiC, layers
along the directions parallel to SiC(0001) as indicated by
arrows in Fig. 5. A very small number of misfit dislocations
were observed at the interface due to the small lattice
mismatch between the Ti3SiC, and the 4H-SiC substrate as
described above. Figures 6 show a cross-sectional HRTEM
micrograph magnified the terrace region (T4 in Fig. 5) and a
schematic projection of atomic structure at the TizSiC,/4H-
SiC interface where the unit cell of TizSiC, and 4H-SiC are
outlined by rectangle lines. It is noted that the stacking Si-C
bilayer marked by termination A of the 4H-SiC substrate

surface is observed to make direct contact to Ti3SiC, at the
interface. This is in good agreement with the result reported
by Kimoto ef al. that the termination surfaces of the A and C
bilayers with crystallographically equivalent relation are
energetically much stable than that of the B bilayer in 4H-
SiC.?» From the HRTEM result, the high stability of the
termination surfaces A and C in SiC may result in formation
of well-defined ledge structure at the TizSiC,/4H-SiC
interfaces as shown in Fig. 5. In addition, it is apparent that
Si monolayer in Ti3SiC, with layer structure makes direct
bond with Si-terminated layer of 4H-SiC(0001) at the
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TisSiC;
[0110]
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————————————————————— interface
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4H-SiC
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Fig. 6 A cross-sectional HRTEM micrograph magnified the terrace region
(T4) at the Ti3SiC,/4H-SiC interface in Fig. 5 and a schematic projection
of atomic structure at the interface where the unit cell of Ti3SiC, and 4H-
SiC are outlined by rectangle lines.

interface. The Si-Si bonding seen intuitively from the present
HRTEM image has been suggested by first-principles
calculations to be of covalent character. In addition,
calculation results (not shown here) also show that the Si-
Si interface has smaller adhesion energy compared to other
possible interfaces, which indicates that this interface is
relatively weak. The strongest interface predicted by the
calculations is the Si-C-Si interface (i.e. the Si-Si interface
with introduction of a carbon monolayer). The Si-C-Si
interface is predicted to be of mixed covalent-ionic character,
have larger charge transfer, and able to realize the formation
of ohmic contact. However, it is not straightforward to
identify the presence of the C monolayer based on the
conventional HRTEM observation technique. Further inves-
tigation by combing first-principles modeling with quantita-
tive structure characterization of Z-contrast imaging and
spectroscopic analysis (with aberration-corrected scanning
transmission electron microscope (STEM)) is required in
determining the interface atomic-scale structure and eluci-
dating the formation mechanism of the TizSiC, ohmic
contacts for p-type SiC.

4. Conclusion

In order to understand chemical reaction processes and
growth of ternary Ti3SiC, compounds fabricated by anneal-
ing Ti(100 nm)/A1(300 nm) [total composition: Ti-80%Al]
contacts deposited on the 4H-SiC(0001) substrate at high
temperature of 1000°C, the microstructures were investigated
by XRD analysis and TEM/HRTEM observations. From the
XRD analysis, the Ti3SiC, compound was found to be a
dominant phase formed by reacting of the Ti-80%Al contact
and SiC at 1000°C, which was in good agreement with
prediction of chemical reaction process and products formed
during annealing based on thermodynamics (equilibrium
phase diagram). The cross-sectional TEM observations
revealed that the Ti3SiC, layers formed by anisotropic lateral
growth made direct contact to the SiC substrate surface, and

1075

the Ti3SiC; layers had a hetero-epitaxial relationship with the
SiC substrates as follows:

(0001)[0110]rsc//(0001)[0110]s (TSC: Ti3SiCa, S: SiC).

Atomically flat terraces and ledges with well-defined heights
multiplied about 0.5 nm, which is a half unit cell height of
4H-SiC(0001), were observed at the interfaces between
Ti3SiC, and SiC. Although it seems that the Si monolayer in
Ti3SiC, with layer structure is bonded to the Si-terminated
layer of SiC(0001) at the interface, further investigations
combined theoretical calculation and atomic-scale character-
ization are strongly required for determination of the atomic
and electronic structures at the interface, which play an
important role in formation (carrier transport) of ohmic
contacts to SiC.
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