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Epitaxial TiN films were grown on cubic (3C)-SiC(001) and hexagonal
(6H)-SiC(0001) substrates by ultrahigh vacuum reactive magnetron sputtering from
a Ti target in a mixed Ar and Ndischarge at a substrate temperature of 700
Cross-sectional transmission electron microscopy, including high-resolution imaging,
showed orientational relationships TiN(OQI3C-SiC(001), and TiN[110] 3C-SiC[110],
and TiN(111)|| 6H-SiC(0001) and TiN[110],[101] 6H-SiC[1210]. In the latter case,
twin-related TiN domains formed as the result of nucleation on SiC terraces with an
inequivalent stacking sequence of Si and C. The/HIC interface was locally atomically
sharp for both SiC polytypes. Defects in the TiN layers consisted of threading double
positioning domain boundaries in TiN(111) on 6H-SIiC. Stacking faults in 3C-SiC did
not propagate upon growth of TiN. Room-temperature resistivity of TiN films was

p = 14 uQ cm for 6H-SIC(0001) angh = 17 w{) cm for 3C-SiC(001) substrates.
Specific contact resistance of TiN to 6H-SiC(0001) was .30 Q cn? for a 6H-SiC
substrate with am-type doping of 5x 10! cnr?,

I. INTRODUCTION for a number of electronic substrate materials including
Wide band gap SiC’s of hexagonal (6H) and cubicSi(001}*** and GaAs(110)/ there are, to our knowl-

(3C) polytypes are currently being implemented in high-£d9€, no reports of the single-crystal TBIC system.
temperature and high-power electronic devices. For both
applications, stable contact layers are needed. While
several metals have been applied as contacts to Sid','; EXPERIMENTAL DETAILS
interfacial stability is limiting the contact performance TiIN films were deposited to a thickness of
at elevated temperatur&s. For example, Co thin films 0.2 um in a dc planar magnetron sputtering system
on a—SiC exhibit interfacial reaction during annealing equipped with a 1000 Isturbo-molecular pump. The
at 800—1000C 2 The lowest observed specific contact background pressure of the system was 4.40 Pa
resistance values<(1 X 10° Q cn?) are from Ni con- (1 X 10° Torr) and with the substrate heater operating
tacts deposited on-type epitaxial SiC layer doped to <7 X 107 Pa (5X 10° Torr). The circular (7.5 cm
more than 1X 10 cnr® and annealed at 100C.° in diameter) water-cooled Ti target (purity 99.9%)
Titanium nitride has been proposed as a contacivas positioned 13 cm under the substrate holder. The
material to SiC, and polycrystalline TiN layers on 6H- depositions were carried out in mixed discharge with
SiC were shown to exhibit ohmic behavibHowever, equal amounts of Ar (purity 99.9997%) and Kpurity
the nitrogen ion irradiation applied to the substrates prio99.9999%) and a total pressure of 2 mTorr monitored
to TiN deposition by ion-assisted reactive evaporatiorwith a capacitance nanometer. A constant power supply
yielded an amorphous region at the TBIC interface. ~ was used to keep the target power at 0.5 kW, which
The effectiveness of TiN as a contact material is dugesulted in a target voltage of 435V and a current of
to its low resistivity (15-100u{) cm depending on 1.15 A. These conditions resulted in a deposition rate of
the crystalline perfectidf) and high thermal stabilitf:  0.12 nms!. The substrate table was kept at a floating
While epitaxial growth of TiN films has been reported potential that was measured to belO V.
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The substrates were on-axis 6H-SiC(0001) wafergan be calculated using the following equation:
(CREE Research, Inc.), Si-face polished, amtlype
(doping level 5x 10Y cnm®) and 3C-SiC(001) layers A ln<3§ - %)
which were epitaxially grown by chemical vapor pc = 7| Uw = Ry X lag = Upe—7 = 1. (1)
deposition on Si(100) substrates at a temperature of ad
1250°C.*®* The growth process of 3C-SiC took place in a

hot-wall type reactor using the silane-propane—hydroger‘t‘VhereA IS ;[het contggt ar?j"tj‘d IS tf:jeucurren;[happllﬁd be-
systemt®1” The film quality of the 3C-SiC(001) layer “WEEN contactaandd, andUap andie are the voltages

was determined using x-ray diffraction which showed ameasured between poirash andb-c, respectivelyRs is

full width at half maximum value of the SiC(001) peak € SPreading resistance under the conttite spacing
as low as 0.07520 15 between contact points, amfdthe contact diameter. The

The substrates were ultrasonically cleaned ir‘nIOur equidistant contacts (spacing 5 mm) was made by
d

ethanol, dipped in HF, rinsed in distilled water, and drie c;_rst e;/apotLatinghfourhth(ijck aIumiknum tﬁpo'lt"SN(?ImnTh
in dry N, immediately prior to insertion into a load-lock lameter) through a shadow mask on the TiN film. The

system and then transferred into the deposition Chambep.nco_ve.red TiN W_as thgn etcheq r?lway with a solution
Before starting the depositions, the substrates wergonsisting of NH:Hz0;:H0 (1:1:2).
thermally degassed at 80C for 1 h after which the
temperature was adjusted to the deposition temperatu“al' RESULTS AND DISCUSSION
of 700 °C. Substrate temperature was measured with an  Figure 1 shows RHEED patterns of (a) 3C-SiC(001)
infrared pyrometer using an emissivity factor of 0.8. Aand (b) 6H-SiC(0001) substrate surfaces obtained prior
deposition sequence consisted of first adjusting the Ato deposition. 3C-SiC(001) showed a mixedx11
and N gas flows, sputter-cleaning the target for 10 minstreak and bulk spot pattern caused by a small surface
with a shutter covering the substrates, and then removingpughness in agreement with XTEM observations of
the shutter for depositing a TiN film to a thickness of 3C-SiC grown on Si(001) under similar conditiofs.
40-200 nm. 6H-SIC(0001) exhibited a streaky X 1 pattern with
For sputter deposition, stoichiometric single-crystalonly a diffuse bulk spot pattern, indicating a relatively
TiN can also be obtained in more concentrated nitrogeflat surface. The RHEED patterns of the corresponding
discharges (including pure Nwith deposition tempera- TiN films obtained after termination of growth were
tures up to at least 85@ .17 For Ts decreasing below streaky for the (001) orientation [see Fig. 1(c)] and
700°C, the film stoichiometry becomes increasingly streaky with diffuse intensity at the bulk spot positions
more sensitive to the Npartial pressure, while epitaxial for the (111) orientation [see Fig. 1(d)], both in align-
growth can be maintained te500 °C. ment with the corresponding SiC lateral crystallographic
Samples for cross-sectional transmission electromirections.
microscopy (XTEM) were prepared by gluing two sam- Cross-sectional TEM was used for studying micro-
ples film-to-film, mounting them in a Ti grid, and me- structural evolution and growth mode of the TiN layers.
chanically grinding them to a thickness &f50 um.  TiN layers on SiC substrates exhibited a homogeneous
Thinning to electron transparency was accomplished in aoverage as can be seen in Fig. 2 for (a) 3C-SiC(001)
Technoorg-Linda V3 unit using Arion milling withion  substrate and (b) 6H-SiC(0001) substrate. The TiN(001)
energies initially at 10 keV and then reduced to 3 keV.film was homogeneous and exhibited a relatively flat
The beam was incident at a near grazing incidence dop surface [see Fig. 2(a)]. Figure 2(b) shows for the
3°. During final etching, the samples were continuouslyTiN(111) case that the TiN layer exhibited twin-related
rocked+40° about the normal of the film surface. TEM TiN domains as described below with domain bound-
analysis was performed in JEOL 4000 EX and Philipsaries extending from the film-substrate interface to the
CM 20 UT microscopes with point resolutions 186 film surface [marked by arrowheads in Fig. 2(b)]. The
and 1.9A, respectively, under imaging conditions close domains were 10—40 nm in width and exhibited a top
to the Scherzer focus. surface with flat terraces interrupted by surface cusps
The surface structures of the substrate and filmand faceting at the domain boundaries as can be seen
were studiedn situ by reflection high energy electron in the higher-magnification image of the TiN(111) top
diffraction (RHEED) at 35 kV. The RHEED patterns surface in Fig. 2(c).
were recorded with a CCD camera. High-resolution imaging and selected-area electron
A colinear four-point probé® with probe spacing diffraction (SAD) showed that the TiN(111) film
0.65 mm, was used to measure the resistiyityjn the  contained double-positioning domain boundaries (DPB)
TiN films. To measure the specific contact resistancefrom the difference in stacking sequence of TiN
pe, the modified four-point configuration according to islands nucleated on terraces on the 6H-SIC surface
Kuphal® was adopted. The specific contact resistancémarked by arrowheads in Fig. 3). Twin-related TiN
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FIG. 1. Reflection high energy electron diffraction patterns obtaimesitu in the deposition system of the (a) 3C-SiC(001) substrate and
(b) 6H-SIC(0001) substrate, (c) TiN(001) film on SiC(001), and (d) TiN(111) film on SiC(0001).

domains representingl 10) and (101) zone axes with cell height also suppress nucleation of twin-oriented TiN
common (11) planes, called hereafter A and B, were domains.
identified from SAD patterns and marked in Fig. 3. The  In the TiN(001)Y3C-SiC(001) case, SiC surface
domains were separated by incoherent twin boundariesoughness was dominated by nm-size steps and cusps
Superpositioning of the domains in the XTEM foil gives at antiphase domain (APD) boundaries emerging at the
rise to double diffraction as evidenced by the SADsurface. The APD’s were the result of noncorrelated SiC
pattern inset (labelled AB) and the presence of M&r” nucleation on Si(001}
fringes in the lattice image with a spacing of three In the case of TiN on 3C-SiC(001), Fig. 4 shows
(1112) lattice fringes. The orientational relationship wasthe orientational relationship TiN(0OfIBC-SiC(001);
TiN(111)|| 6H-SiC(0001); TiN[110], [101](twins)) 6H-  TiN[110] || 3C-SiC[110]. 3C-SiC film and Si substrate,
SiC[1210]. Furthermore, at SiC terraces, the f8\C  in turn, exhibited the same relationship. TBC-SiC
interface was locally atomically sharp, as can be seeinterface was atomically sharp and contained misfit
in the right portion of Fig. 3. dislocations as marked in Fig. 4(a). Figure 4(b) shows
The steps separating the terraces at the/8HNSIC  the typical observation that stacking faults in the SiC
interface were in fractions of the 6H-SIiC unit cell (six did not propagate into the TiN. This is to be expected
Si—C bilayers,~15 A) as can be seen in Fig. 3. Pre- considering the extremely low stacking fault energy
vious scanning tunneling microscopy (STM) studies ofin SiC and that faults on TiN(111) are difficult to
identical on-axis 6H-SiC substrates have shown an irregform. Stacking faults form in the 3C-SiC layer during
ular surface step distribution resulting from polishing- nucleation on the Si(001) surface, but the fault density
induced damag®. Also, the low-temperature substrate decreases with increasing film thickness due to the
cleaning process employed here for the 6H-SiC(0001)ermination of intersecting faults:?
resulted in a 1X 1 reconstruction [see Fig. 1(b)]. In In the TiN/SIiC epitaxial system, the nominal lattice
Ref. 20 this was associated with a remaining oxygemmismatch of 3.2% was relieved at the interface by misfit
contamination corresponding to a coverage-dfmono-  dislocations. For TiN of 3C-SiC(001), the dislocations
layer. High-temperature surface preparation, howevenyere extra half planes on T{l11} planes [see Fig. 4(a)].
results in+/3 X /3 reconstruction and larger terraces These, however, were not paired at the interface to form
of 6H-SIC separated by steps in multiples of three Si—Ghe more efficient strain-relieving misfit dislocations of
bilayers?* An improved SiC surface preparation shouldthe edge type with line direction [110] and Burgers
yield more flat TiN overlayers, and for the case of cleanvectors ¥2[110] within the plane of the interface as
6H-SiC(0001) with terraces separated by steps of uniéxpected for relaxed TiN layefs.
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FIG. 3. Cross-sectional high-resolution image and selected-area
electron diffraction (SAD) pattern from a TiN(111) film on the
6H-SiC(0001) substrate (SiC surface steps indicated by horizontal
arrowheads) in the P110] zone axis projection showing. Twin-related
(111)-oriented TiN domains projected alor@10) and (101) zone
axes, respectively, are marké&dandB in the image and\ + B in the

SAD pattern. Traces dfL11} planes in domain# and B are marked

by solid lines. Double diffraction in the SAD is marked

These resistivity values for TiN are somewhat lower than
those previously reported for single-crystal TiN films
grown on MgO substratesp'') = 15 + 3 xQ cm'©
and p @Y = 24 u cm?*

The specific contact resistance for TiN on 6H-
SiC(0001) wasp. = 1.3 X 1072 Q cn?. It should be
noticed that the 6H-SIC substrate was low dopgd¥(
10'7 cn73), so p. can be reduced further one or two
orders of magnitude when using highly doped epitaxial
SiC layers. The epitaxial TiRBIiC contact thus offers
a promising candidate for a high-temperature ohmic
contact. Single-crystal TiN should be preferred to poly-
crystalline TiN contacts by virtue of its lower resistivity.

As for the temperature stability of the TiISiC inter-
face structure, initial cross-sectional TEM results from
oo : samples after rapid thermal annealing°@s™) show
FIG. 2. Cross-sectional transmission electron micrographs fromthat the structu_re_ is stable up to 1100. Finally, We note
(a) TIN(001) film on the 3C-SiC(001) substrate, (b) TiN(111) film that the deposition temperature- 700 °C) required for

on the 6H-SiC(0001) substrate, and (c) high-resolution image ofgrowth of wm-thick epitaxial TiN layers is compatible
the TiN(111) top surface. TiN domain boundaries are marked byyith SiC processing.
arrowheads in (b) and (c).

Room temperature resistivitiep, of 200-nm-thick IV. CONCLUSIONS
as-deposited TiN(111) and TiN(001) films were found to  Epitaxial TiN layers with sharp interfaces to the
be 14.2+ 0.2 ) cm and 16.8 w{) cm, respectively. common polytypes of SiC can be obtained by reactive
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FIG. 4. Cross-sectional high-resolution images from a TiN(001) film

on 3C-SiC(001) substrate layer in the [110] zone axis projection show-16.

ing (a) an atomically sharp Tik8iC interface with misfit dislocations
(marked by arrowheads) and (b) a stacking fault in SiC (marked S.F.)
terminating at the TiN film.

magnetron sputter deposition of TiN at 70D. The

room-temperature resistivity of the as-grown TiN films 19
was as low as 14.{) cm, and the specific contact resis- 20.

tance of TiN to 6H-SiC(0001) was 1.8 102 Q cn?
for a substrate doping of & 10'7 cnr3. The TiN layer
thus forms nonreactive contacts to SiC stable at least up,
to 700°C.
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