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AIN-SIC alloy crystals, with athickness greater than 500 um, were grown on 4H- and 6H-SIC
substrates from a mixture of AIN and SiC powders by the sublimation-recondensation method at
1860-1990 °C. On-axis SiC substrates produced a rough surface covered with hexagonal grains,
while 6H- and 4H- off-axis SiC substrates with different miscut angles (8° or 3.68°) formed a
relatively smooth surface with terraces and steps. The substrate misorientation ensured that the AIN-
SiC dloy crystals grew two dimensionally asidentified by scanning el ectron microscopy (SEM). X-
ray diffraction (XRD) and transmission electron microscopy (TEM) confirmed that the AIN-SIC
alloys had the wurtzite structure. Electron probe microanalysis (EPMA) and x-ray photoelectron
spectroscopy (XPS) demonstrated that the resultant alloy crystals had non-stoichiometric ratios of
Al:N and Si:C and a uniform composition throughout the aloy crystal from the interface to the
surface. The composition ratio of Al:Si of the alloy crystals changed with the growth temperature,
and differed from the original source composition, which was consistent with the results predicted
by thermodynamic cal culation of the solid-vapor distribution of each element. XPS detected the
bonding between Si-C, Si-N, Si-O for the Si 2p spectra. The dislocation density decreased with the

growth, which was lower than 10°% cm™ at the alloy surface, more than two orders of magnitude

lower compared to regions close to the crystal/substrate interface, as determined by TEM.

1 Introduction

Aluminum nitride-silicon carbide alloys can be prepared
with a wide range of physical and electronic properties
that are superior to the pure binary components. Thisis
an excellent system for bandgap engineering, asits band
gap changes from 6.2 eV (for AIN) down to 2.9 eV (for
6H-SIC), and potentially 2.3 eV if the cubic structure
3C-SiC can be stahilized. The band transition changes
from indirect for SiC-rich to direct for AIN-rich aloys
(>70 %). Both n and p type conductivities have been
reported. AIN-SiC alloys retain the best properties of the
pure binary compounds: high electron break down field,
high saturated electron drift velocity, and high thermal
conductivity [1] [2] [3] [4] [5] [6] [7] [8]-

Much research has already been carried out on the
preparation and characterization of AIN-SiC aloy crys-
tals. Both thin films and bulk crystals of AIN-SIC aloys
have been prepared over the entire compositional range.

Solid solutions of epitaxial (SIC)1(AIN)y thin films
with a full range of x (from 0 to 1) were successfully
grown on 6H-SIC substrate by the sublimation method
[9]. The source materials were polycrystaline SIC-AIN
solid solution plates with different AIN concentrations.
The resultant polytypic structure was dependent on the
AIN concentration: epitaxial (AIN),(SiC);., films had
the 2H polytype (i.e. the wurtzite structure) in the range
of x=0.2, while different polytypic structures (3C, 4H,
6H, 2H) were possible when x<0.2. Moreover, the com-
position strongly affected the morphology and structural
quality of (AIN),(SIC);.« solid solutions. The surface
morphology and quality deteriorated with the AIN con-
centration, which was probably due to the increasing
mismatch between the film and substrate [9]. Previ-
ously we reported on the sublimation growth of AIN-
SiC aloy crystals on off-axis Si-face 6H-SIC (0001)
substrates from amixture of AIN and SiC powders [10].
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A homogeneous AIN-SIC aloy grew two dimensionally
with awurtzite structure and high quality.

In addition to sublimation, other methods have suc-
cessfully grown AIN-SIC aloy crystals on 6H-SIC
(0001) substrates. Dmitriev et al. [11] produced alloys
with AIN concentration up to 10 mol% by liquid phase
epitaxy (LPE). Jenkins et al. [12] achieved solid solu-
tions of (AIN),(SiC);., over the composition range from

x=0.1 to 0.9 by metalorganic chemical vapor deposition
(MOCVD). A new approach, sequential supply epitaxy
(SSE), was developed by Avramescu et al. [13] to
improve the quality of AIN-SIC epilayers. Alternating
the supply of precursors in a MOCVD reactor greatly
reduced the quality-limiting gas-phase reaction and pro-
moted a 2D-like growth at relatively low temperatures
(1200-1300 °C). Most recently gas-source molecular
beam epitaxy (GSMBE) was employed by Rouckaet al.
[14] to grow SICAIN thin films of high hardness on Si
(111) substrates at low temperatures (550-750 °C). An
average hardness of 25 GPa was achieved for the
SiICAIN films, using fused silicawith the hardness value
of 9 GPa as a standard. Rutherford backscattering spec-
trometry (RBS), Fourier transform infrared spectros-
copy (FTIR), cross-sectional transmission electron
microscopy (XTEM), and electron energy-loss spectros-
copy (EELS) measurements confirmed a 2H wurtzite
crystal structure with a near-stoichiometric composition
and lattice parameters close to those of 2H-SiC and hex-
agonal AIN. A novel method - ion beam synthesis - was
performed on (0001)-oriented, n-type 6H-SiC wafers by

co-implanting N* and Al* ions to synthesize (SiC);.
AIN), layers. High substrate temperature (=600 °C)

and the sequence of implantation of Al followed by N
were favorable to the crystal growth [15].

In this paper, we report on the composition and
structural properties of AIN-SIC alloy crystals grown by
sublimation on SiC substrates. Growth of AIN-SiC alloy
crystals on 8° off axis (0001) 6H-SIC substrates was
studied in detail. The original composition of the source
material was varied to examineits effect on the AIN-SIC
aloy crystals grown on 8° off-axis 4H-SIC substrate.
This was complemented by thermodynamic cal culation
to predict the Al to Si ratio in the gas phase to seeitsrel-
evance to the composition in the solid. The effect of the
polytypes and intentional misorientation of the SiC sub-
strates on the AIN-SIC alloy crystals was investigated.
Different techniques were performed to characterize the
AIN-SIC aloy crystals: optical microscopy and scan-
ning electron microscopy (SEM) for the surface mor-
phology; x-ray diffraction (XRD) for identifying the
crystal and lattice constants, transmission electron
microscopy (TEM) for the defect identification and high
magnification information on the interface and surface

properties; electron probe microanaysis (EPMA) for
the composition analysis; and x-ray photoel ectron spec-
troscopy (XPS) for both the composition and bonding
information.

2 Experimental

2.1 Crystal growth of AIN-SiC alloy on SiC sub-
strate

The sublimation growth of AIN-SIC alloy crystals was
conducted in a resistively-heated graphite furnace. The
growth chamber consists of a graphite retort surround-
ing a crucible to contain the highly reactive source
vapors. The graphite heating element was designed to
provide an axia temperature gradient of 5-10 °C/cm
between the source material and crystal growth region,
which was the driving force for the sublimation growth.
The distance between the source and the substrate was
kept constant at ~1 cm. Ultra high purity nitrogen con-
tinuously flowed through the system at a constant pres-
sure of ~810 Torr. The source AIN-SIC mixture powder
was obtained by mixing ultra high purity AIN powder
with SiC powder.

The effects of three process parameters on the prop-
erties of the AIN-SIC layers on SIC substrates were
investigated: the substrate polytype and misorientation;
temperature; and the composition of the original source.
AIN-SIC dloy crystals were grown on different poly-
types of SIC substrates at 1850 °C for 24 h. The seed
crystals were Si-face (0001) 6H-SIC substrates inten-
tionally misoriented 8° (+ 0.5°) off axis toward (1100),
6H-SIC misoriented 3.68° off axis toward (1120), on
axis (£ 0.5°) 6H-SIC, and 4H-SIC misoriented 8° (+
0.5°) off axis toward (1120). The sublimation growth of
AIN-SIC dloy crystals on 8° off axis 6H-SiC was stud-
ied in detail over the temperature range from 1860 °C to
1990 °C. The mole ratio of Al:Si in the source material
was 3:1. To study the effect of the source composition
on the AIN-SIC aloy crystals, the composition ratio of
Al:Si in the source material was varied at 2:1, 3:1 and
5:1. The aloy crystals were grown on 8° off-axis 4H-
SiC substrate. Growth at three different temperatures
within 1800-2000 °C was performed under the same
composition ratio.

2.2 Characterization

The surface morphology was examined by optical
microscopy (low magnification) and scanning electron
microscopy (SEM, high magnification). The lattice con-
stants and crystal identification were measured by x-ray
diffraction (XRD) with Cu-Ka. radiation, using a PANa-
Iytical X' Pert PRO MPD diffractometer with an inci-
dent-beam parabolic mirror, 0.04 rad incident and
diffracted beam Soller dlits, and an X’ Celerator real-
time multiple-strip detector. A JEOL 4000EX transmis-
sion electron microscope (TEM) with a point resolution
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of 1.7 A was used to examine the aloy crystals, the
crystal/substrate interface properties, and defects. EDX
for the composition analysis was realized in a Philip
CM200 TEM operated at 200 kV. All TEM specimens
were prepared by mechanical polishing followed by
argon ion milling.

In the previous work [10], scanning Auger micro-
probe (SAM) was executed to measure the surface ele-
mental composition, and the depth profile of each
component. However, the AIN-SIC alloy crystals have a
serious charging problem in SAM. In addition, our
experience indicates that SAM overestimates the oxy-
gen concentration. Oxygen in the UHV system is
adsorbed on the sample surface, leading to a higher con-
centration of oxygen on the surface than in the bulk.
Therefore electron probe microanaysis (EPMA) was
performed instead using a focused beam of high energy
electrons (10 keV) for elemental analysis. EPMA isless
surface sensitive than XPS or AES, and provides more
accurate measurement on the bulk sample composition.
Before measurements, samples were coated with carbon
for conductivity, therefore the carbon concentration was
determined by difference. The silicon x-ray had suffi-
cient energy to penetrate the carbon film without absorp-
tion. A near 1:1 ratio of Si:C was detected in the SIC
substrate, suggesting the accuracy of the EPMA analy-
sis.

The composition and bonding information were
obtained ex situ by x-ray photoelectron spectroscopy
(XPS) on a PHI quantum 2000 x-ray photoelectron
spectrometer using a focused monochromatic aluminum
K x-ray beam. Ar ions were employed to sputter the
adsorbents off the sample surface. In XPS, the relative
concentration of different elementsis determined by cal-
culating the peak intensity, using elemental sensitivity
factor, spectrometer transmission function, and correc-
tion for emission angle. However, XPSis only sensitive
to 5-10 monolayers of the surface, therefore the bulk
composition measured by XPS may differ from that by
other surface sensitive techniques.

2.3 Thermodynamic calculation

A thermodynamic calculation was performed to predict
the distribution of each element between the source
material and the gas phase. Since the aloy crystals are
formed from the vapor phase, this provides a theoretical
means for estimating changes in the crystal composition
with temperature.

The sublimation growth of AIN occurs by the reac-
tion

whilein the sublimation growth of SiC the following
reactions can occur:

Sids) < 5Hg) + () @
Sic(s) @%S%C(g)+120(s)’ ®
SICE) & 2 SiC4 )+ 51 @

SidE) <Eidg) 5)

Reaction (3) is the most important for SIC sublima-
tion, as confirmed by the calculation of Gibbs free
energy of reaction for each reaction using the Gibbs free
energy of formation from JANAF thermochemical
tables. Al, N,, Si, SIC, Si,C, SIC,, and possibly SIN and
SiHN are present in the gas phase, while SiC, AIN, C,
possibly SizN, may be present in the solid phase. If
assuming that the vapor phase over AIN and SiC con-
sists of Al(g), Si(g), SIC(g), Si2C(g), SICx(9). N2(9),
SiN(g) and Si,N(g), and no AIN molecule, and the N,
pressure of 810 torr, the mole fraction of each species
can be calculated from the JANAF data. The original
mole ratio of AIN to SiC in the source material was
changed from 2:1to 3:1 and 5:1.

3 Results

The thermodynamic cal culation confirmed that Si, Si>C,
SiHN and SiC, are the main Si-containing species in the
gas phase, and the importance of Si,C, SiC and SIC,
increased dramatically (one order of magnitude for
Si,C, 2 orders of magnitude for SiC, and 2-3 orders of
magnitude for SIC,) with temperature. Figure 1 displays
the predicted change of mole ratio of Al (in AIN) to Si
(in Si, Si,C, SiKN, SICy, SIC, and SiN) in the gas phase
with temperature from 1800 °C to 2000 °C. It is evident
that the mole ratio of Al:Si increases with temperature.
After reaching a maximum (at ~1910-1920 °C), it
decreases gradually. The moleratio of Al to Si in the gas
phase was different from the original composition ratio
of Al:Si in the source material; the gas phase contained a
higher Al:Si ratio under most conditions.

Figure 2 shows optical micrographs of an AIN-SIC
aloy crystal grown on 8° off-axis 6H-SIC substrate at

1 ° -Si

AJIN(S) @ﬂj(g}-l——ﬂrg l;g)’ @ 1860 °C for 24 h. The resultant AlNSC a”oy CryStaI
2 was colorless and transparent. The film was cracked,
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probably due to the large stress introduced during the
cooling process from sublimation temperature to room
temperature, which was caused by the thermal expan-
sion mismatch between the SiC substrate and the AIN-
SiC aloys. EPMA measurements confirmed that all four
constituents, Si, Al, C, and N, were present in every
region investigated, without any indication of phase sep-
aration of SIC and AIN or any segregation of individual
elements.

Figure 3 displays a SEM image of an AIN-SiC aloy
crystal grown on 8° off-axis 6H-SiC substrate at 1860
°C for 20 h. The AIN-SIiC aloy was initially deposited
in an island growth mode which was evident from the
hexagonal pyramids with flat tops. The hexagonal grains
then merged together to form a continuous layer.

AIN-SIC dloy crystals grown on off-axis SiC sub-
strates were basically similar in morphology under opti-
cal microscope (as in Figure 2), independent of the
different polytypes (6H or 4H) and miscut angles (8° or
3.68°). They only differed dightly in the width of ter-
races and heights of steps. The growth developed layer
by layer, with individual hexagonal grains around the
sample edges. The steps originally present at the miscut
SiC substrates provided the initial nucleation sites, lead-
ing to a three-dimensional nucleation of islands, fol-
lowed by a two-dimensional layer-by-layer growth due
to the idand coalescence. In contrast, AIN-SIC aloy
crystals formed on on-axis 6H-SiC substrate were rough
with individual hexagonal islands all over the surface
(demonstrated in Figure 4). Therefore, growth on on-
axis SiC substrate was not further investigated.

The lattice constants for one AIN-SIC alloy were
accurately measured by XRD. The aloy crysta grown
on 8° off-axis 6H-SIC substrate at 1985 °C for 24 h
(with the origina mole composition Al:Si as 3:1) was
ground to powder so as to obtain the complete XRD
spectra. Figure 5 shows the XRD spectra of the ternary
AIN-SIC aloy crystal and abinary AIN crystal. The dif-
fraction peak of the AIN-SIC aloy crystal was shifted
toward AIN, since AIN was the main component. The
XRD patterns confirm that as expected, the SiC from the
substrate was the 6H polytype. The lattice constants a
and ¢ measured for 6H-SIC were 3.083(9) A, and
15.04(2) A, which were somewhat altered from the val-
ues of a and c for a ground 6H-SIC substrate without
AIN-SIC alloy layer, measured on the same instrument
as3.0818(7) A and 15.111(4) A. The AIN-SiC aloy had
the wurtzite crystal structure. The lattice constants a and
c calculated for the grown AIN-SIC dloy crystal were
3.098(7) A and 4.996(9) A, respectively. The appear-
ance of SiO, peaks was probably artifacts introduced by
the grinding process.

Figure 6 shows the XPS spectra for the AIN-SIC
alloy crystal grown on 8° off-axis 6H-SIC substrate at

1865 °C for 24 h. The measurement indicated the pres-
ence of Al, N, Si, C and O elements on the surface. Al
2p, N 1s peaks of the aloy crystal were compared with
those of a pure AIN substrate, and Si 2p, C 1s peaks
were compared with those of pure SIC substrate. Both
Al 2p and N 1s peaks shifted to a slightly higher binding
energy in the AIN-SIC aloy crystal in comparison to
those in pure AIN substrate. However, C 1s peak shifted
to alower binding energy in the alloy crystal, whereas Si
2p peak shifted to a much higher binding energy than
that in pure SiC substrate. A higher binding energy was
generally associated with a higher positive oxidation
state. The shift of Si 2p, C 1s, Al 2p, and N 1s peaks as
compared with bulk SiC and AIN confirmed no phase
segregation of AIN and SIC, and the formation of AIN-
SiC dloy crystals.

Figure 7 shows the Si 2p XPS spectra for the AIN-
SiC alloy crystal grown on 8° off-axis 6H-SiC substrate
at 1850 °C for 24 h. The Si 2p spectrum was decom-
posed into four components at 99.07, 100.48, 101.25,
and 102.13 eV. The employed decomposition parame-
ters were as follows: the full width at half maximum
(FWHM) was 1.34 eV, and the broadening function,
70% Gaussian. The 100.48 eV peak can be ascribed to
Si-C, the 101.25 eV peak to Si-N, and the 102.13 eV to
Si-O [16]. The pesak fitting results are listed in Table 1.
In the AIN-SIC alloy crystal, Si was not only bonded to
C, but also to N to alarge extent. This provides further
confirmation that AIN-SiC crystal was actually an alloy
without phase separation of SiC and AIN. However, itis
difficult to apply the same procedure to the Al 2p, C 1s
and N 1s spectra to obtain quantitative results, because
of the large number of overlapping peaks.

The lattice image of AIN-SIC aloy crystal (which
was grown on 8° off-axis 6H-SIC substrate at 1985 °C
for 24 h) at <1120> projection and its corresponding dif-
fraction pattern shown in Figure 8 confirms that it was a
wurtzite structured crystal. EDX measurements indicate
that the crystals were really alloys of AIN and SIC, with
a rough estimate of the SiC composition of several tens
of percentage.

The origin and paths of defects were examined by
TEM. Figure 9 demonstrates the dislocation density in

the initial growth was on the order of 10'° cm™. The
threading dislocations bent over as the aloy layer
became thicker, and propagated horizontally (as shown
by Figure 10). The defect density was reduced signifi-

cantly at the surface region to less than 10 cm? In a
second sample repeated at the same growth condition,
the dislocations propagated in a zigzag manner from the
beginning. The dislocation density at the aloy surface

was less than 106 cm?, which exceeded the examination
limit of cross-section sampling. It was 3 orders of mag-
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nitude lower than the dislocation density at the early
stage of growth of 10° cm™2.

The composition of the aloy crystal should depend
on the vapor phase composition, and the diffusion rate
of each vapor species. Diffusion rates are generaly
inversely proportiona to the molecular weight of spe-
cies involved. Therefore, Al and Si should diffuse at
rates with the same order of magnitude, with the diffu-
sion rates of Si,C, Si,N and SiIC, much lower. Conse-

guently, the overall diffusion rate of Al-containing
species (only Al) should be higher than that of Si-con-
taining species (Si, Si,C, Si,N, and SiC,). An approxi-
mately uniform composition was achieved from the
interface to the crystal surface, as confirmed by both
XPS and EPMA. When the source composition AIN:SIC
was 3:1 (growth was repeated for three times under the
same growth conditions of 1850 °C and 24 h), XPS
measurements demonstrated non-stoichiometric ratios
of AI:N and Si:C. The N concentration was always
dlightly higher than the Al concentration (5-15%). The
ratio of Al:Si was higher than 3 (3.6-4.4), comparable to
4.0 in the gas phase as predicted by JANAF calculation
in Figure 1. In comparison, the N concentration mea-
sured by EPMA was al so higher than Al (10-14%), how-
ever, the ratio of Al:Si was lower than 3 (1.8-2.4),
independent of the wide range of growth temperature
from 1860 °C to 1990 °C. The Si concentration by
EPMA differed significantly from that by XPS, with
EPMA giving amuch higher Si content. When the mole
ratio of Al:Si in the source material was 5:1 and 2:1, the
ratio of Al:S in the alloy crystals changed with the
growth temperature, and it was different from the origi-
nal composition, which agreed well with the results cal-
culated by JANAF data.

4 Conclusions

AIN-SIC alloy crystals were grown on as-received 4H-
and 6H-SIC substrates with different misorientation
angles by sublimation-recondensation in a resistively-
heated graphite furnace. On-axis SIC substrate was
proven not suitable for the seeded growth of AIN-SIC
aloy crystals. Different polytypes (6H or 4H) and mis-
cut (8° or 3.68°) had negligible effect on the crysta
morphology. The AIN-SIC alloy crystal had non-stoichi-
ometric ratios of Al:N and Si:C. Homogeneous wurtzite
structured compounds of AIN and SIC were obtained,
with a decreasing dislocation density away from the
crystal/substrate interface. The mole ratio of Al to Si in
the final alloy crystals changed with the growth temper-
ature, and differed from the original source composition,
which was consistent with the thermodynamic predic-
tions.
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Figure 9a. TEM image for AIN-SiC aloy crystal grown on 8°
so0 off-axis 6H-SiC substrate at 1985 °C for 24 h (AIN-SIC alloy
crystal surface).
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Figure 7. High resolution photoemission spectra of the Si 2p
region for AIN-SiC aloy crystal grown on 8° off-axis 6H-SIC
substrateat 1850 °C for 24 h (with the background subtracted).

Figure 9b. TEM image for AIN-SiC alloy crystal grown on 8°
off-axis 6H-SiC substrate at 1985 °C for 24 h (cross-sectional
image).
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TABLES

Table 1. Binding energies of fitted features of Si 2p XPS peaks
of two AIN-SIC dloy crystals grown on 8° off-axis 6H-SIC
substrate at different temperatures.

Sample Element Bond Binding Relative
energy (eV |intensity
)
1850°C/24h|Si Si-C 100.48 0.3489
Si-N 101.25 0.4841
Si-o0 102.13 0.0991
other 99.07 0.0679
(0] 531.7
1865°C/24h|Si Si-C 100.48 0.2646
Si-N 101.25 0.5275
Si-0 102.13 0.1542
other 99.07 0.0537
[e] 531.7
Figure 10. TEM image for AIN-SIC alloy crystal grown on 8°
off-axis 6H-SIC substrate at 1985 °C for 24 h, showing the
bending of the threading dislocations at specific positions and
propagating horizontally.
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