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Abstract
   Al - 12% Si alloy system was used as nutrient flux to grow silicon 
carbide at low temperature by reactive flux growth. Thick films were 
grown below 900oC on a SiC substrate having Al-Si melt rotated 
with a speed of 30rpm in a graphite cruciblein nitrogen atmosphere. 
A constant 2 atmospheric pressure of nitrogen was used on the 
melt. Using longer soak time of the melt in the presence of carbon 
impurity, the destruction of dendritic morphology was observed 
that subsequently resulted into the formation of cellular, colony 
and facetted crystal morphology. Photoluminescence data from 
film showed SiC with higher band gap in the presence of aluminum 
nitride.
Keywords: A1.Crystallites; A1. Nucleation; A1. Optical morphology; 
A1.Solidification; A2. Growth from melt; B2.Semiconducting silicon 
compound;  
Introduction
   Silicon carbide is an important material for the high power and 
high temperature electronics, RF, and radiation hardened devices 
and components. It has been developed and used as a substrate 
[1-5] for the Ga Nepitaxial growth as well as for a variety of high 
electron mobility transistor (HEMT) and other devices [6-8].
However, application of SiC as a substrate material for GaN has 
been less than perfect due to different crystal structure, the formation 
of different polytype structures in SiC that cause defects in the film 
and other problems including changes in properties such as mobility 
and bandgap. Thin layer of AlN has been extensively used as the 
buffer layer on the SiC wafers to avoid crystallographic problem of 
different polytype structures. Several other substrates like β-Ga2O3 
and GaN are still under development. The, thermal conductivity and 
heat capacity of these substrates are orders of magnitude lower than 
SiC. The low thermal conductivity substrates are alright for the light 
emitting diodes (LEDs), but not good for high temperature high power 
components where better thermal properties for fast heat dissipation 
is required. Modelling and experimental results have demonstrated 
[9] that 2H-SiC has higher conductivity, mobility, larger bandgap 
andrefractive index [10] compared to the other polytypes of SiC. 
Growth of 2H-SiC has not been achieved at growth temperature

>17000C, which is typically used incommercial method of physical 
vapor transport for 4H-SiC and 6H-SiC substrate production. It has 
been demonstrated by earlier researchers [11-15] that even a small 
composition of aluminum nitride in silicon carbide matrix produces 
2H-SiC structure. The phase diagram studies on AlN-SiC [16] shows 
2Hstructure for a very large composition range and a pioneering study 
by Burton et al [17] explained that ease with which homogeneous 
solid solutions and 2H- single crystals can be synthesized. The 
physical vapor transport growth for pure AlN and SiC requires very 
high temperature [18-20] in addition to the problem of reaction 
between source material and crucible. Kawamura etal. [21] have used 
lithium flux to grow of 2H-SiC at low temperature. This study has two 
objectives: (1) evaluate suitability of Al-Si flux by addition of carbon 
to grow 2H-SiC below 10000C and (2) transition of morphology due 
to enhanced reaction by the addition of carbon in dynamic condition.
Experimental Methods
2.1 Source Material: The Al-Si alloy was used as the flux and source 
material for the Aluminum and silicon. The composition was Al – 
12% Si with varying amounts of carbon (1-5) %.  Al and Si materials 
were listed for 99.999% purity, and graphite powder (99%) was used 
as the carbon source. We used nitrogen and a very low amount of 
aluminum nitride in the melt.
2.2 Crystal Growth Conditions: The crystal growth furnace for the 
reactive flux growth is shown in Figure 1. The design is very similar 
to the liquid phase epitaxial growth. Al-Simelt was contained in a 
graphite crucible under a nitrogen atmosphere. The temperature of 
the furnace could be raised up to 12000C with a 220 Volt Athena 
controller. The furnace was designed to translate in the range of 1cm/
day to 30cm/day with the help of two gears attached to platform 
containing seed holder. Also, the seed holder box could be moved with 
hand to adjust the height without attaching with motor.Temperature 
was raised to 900°C for each run and held for four hours. The melt 
was stirred with asmall SiC wafer at the speed up to 30rpm to provide 
uniform mixing.
   A nitrogen atmosphere was used in the furnace enclosure to 
minimize the oxidation of the melt. After four hours of mixing the 
melt was cooled at two different rates (4.63 x 10-3 K/s and 2.19x 10-3 
K/s). In the typical experiments, we lowered the temperature up to 
8750C.
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Figure 1. Custom furnace for reactive flux growth containing ceramic insulation and 4 3”diameter 
thick wall graphite crucible.

2.3 Characterization of Solidified Material: The grown thick 
film on the SiC substrate was studied for its morphology by 
optical microscopy, Scanning electron Microscope (SEM), Auger 
and composition by Energy Dispersive Spectroscopy (EDS).  
Microstructural evolution studies were carried out on the casted 
sample on a SiC substrate by investigating the morphological changes 
in α-Al and Si phases due to changes in solidification conditions and 
carbon impurity.  To study the morphology, we used the as-grown 
material followed by etching with a dilute solution of HF+ HNO3 
+ H2O. Photoluminescence studies was performed to determine 
polytype structures of the grown film.
Results And Discussion
   Early attempts to achieve 2H- multi- and poly crystalline alloys 
were obtained in SiC-AlN alloys [11-15] by hot-pressing. It generally 
involves high temperatures in the range of 1700-2100° C. Results of 
Zangvil and Ruh [16] showed the existence of  a flat miscibility gap 
at 1900° C, above which a 2H solid solution of SiC-AlN could be 
achieved. The miscibility gap thus poses difficulties for the growth of 
SiCAlN alloy films by conventional techniques at lower temperature. 
Burton and his coworkers [17] proposed excellent mechanism for the 
solid solution formation and development of wurtzite structure for a 
large range of composition. Using physical vapor transport and high 
temperature, Edgar and his coworkers and others [18-20] performed

growth of solid solutions. To avoid the reactivity of crucible at high 
temperature, Kawamura et al. [21] have employed an innovative 
approach of flux growth using lithium as a flux to grow 2H-SiC. 
Lithium formed the metastable and several compositions of less 
stable carbides. They showed that in the temperature region above 
10000C, 3C-SiC is achieved. 4H-SiC and 6H-SiC phases are grown 
above 1750oC.  In the temperature range of 800oC the transition to 
2H-SiCoccurred [21] when they used lithium as a flux to grow SiC 
single crystals. The biggest problem in this case was hardening of 
lithium-based carbides. Material used to get very hard and stick 
in the crucible in very short time near 800oC growth temperature. 
In this study, we evaluated low temperature aluminum-silicon and 
indium fluxes to grow crystals below 900oC.  As mentioned in the 
experimental section, the growth design was very similar to the 
liquid phase epitaxial growth process.
   Several SiC wafers were cut in the size of nearly 2x5 cm and 370 
μm thick and were used to stir the melt and film growth. The rotation 
rate of 20-30 rpm was used for stirring and growing the film on the 
substrate. For mixing at early the stage, slightly higher rotation than 
30rpm was used. For the growth, two solidification rates were used 
after soaking the melt at 900°C.  The cooling rates used were 4.63 
x 10-3 K/s and 2.19x 10-3 K/s. To optimize the soaking period and 
understand the etching of theseed SiC, the growth run was stopped
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after 15 minutes at the early stage of this study. Figure 2 shows the 
microstructure of at the slower growth rate of the aluminum rich 
Al-Si alloy. These aluminum rich dendrites show mainly primary 
and secondary branches, but tertiary branches were not observed. 
It was observed that secondary branches are at nearly 90 degrees 
from the primary branches, indicating strong anisotropy. Further, the

dimension of the secondary branches, especially the width, was 
very large. Also, some substructures were observed in the secondary 
branches. Between each dendrite, there was an Al-Si eutectic liquid 
which enhanced the coarsening of the dendrites. Darker regions are 
carbon coming from the crucible.

Figure 3.  Morphology of α-Aluminum dendrites. Darker region shows liquid and some carbon impurities 
coming from the crucible.

   A faster cooling and quenching rate of the melt compared to rates 
mentioned above for crystal growth produced dendritic and cell 
structures side-by-side. Figure 3 (a) and (b) show the morphology 
of the dendrites and cells where sizes of the cells are very large. In the 
transition area, elongated cells, which subsequently broke into many 
other cells, were observed. This was observed when mixing was not 
complete. For this reason, in most cases the melt was mixed for four

to six hours. The aluminum reacted with the graphite crucible and 
showed the segregation of the carbon addition. As the aluminum and 
silicon react with the carbon, they form aluminum carbide and silicon 
carbide. However, supply of carbon just by reaction with the crucible 
wall is very slow and additional powdered graphite was added to 
ensure carbide formation during soaking period at 900oC.

Figure 3. (a) Dendritic structure with trapped and reacting carbon particles (b)Dendritic and cell structures. In some 
area large elongated cells were observed
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Carbon coming from the crucible started dissolving in the Al-Si 
alloy after 30 minutes. However, small addition of powder speeded 
dissolution immediately after addition into the Al-12%Si melt. 
Figure 4 (a) shows the carbon dissolution and reaction with solvent 
after 10-15minutes of addition of carbon. The EDS spectrum from 
area A2 is shown in figure 5 (b) after carbon dissolution and 10-15 
minutes of deposition during stirring. It shows, Figure4 (a), trapping 
of particles as well as a large concentration of carbon (dark and 
precipitate region). The magnitude of coarsening increasedand, in 
some cases, growth of secondary dendrites (arms) slowed down. With 
continuous stirring, dendrites changed completely into spherulitic 
structures (Figure 5) where the nucleus has very large concentration 

of carbon. Figures5 show different stages of the dissolution and 
structure formation closed to the carbon particle. Figure 5(b) shows 
that the dissolution of carbon creates a huge concentration gradient, 
modifies the morphology, and generates colony type microstructures.
Despite stirring, the alloy retains some dendritic morphology far from 
the high carbon concentration.  Secondary branches which appeared 
at the early stage of carbon dissolution, disappeared with increasing 
carbon concentration in alloys the concentration of carbon caused 
spider like microstructures around the dissolving carbon particles. 
With an increasing concentration of carbon (above 3%), the dendritic 
or any other ordered structure starts continuously disappearing. 

Figure 4. (a)Early stage of dissolution of carbon from crucible in Al-Si alloy and (b)Composition shows dissolution of 
carbon in 30 minutes in Al-Si alloy.

Figure 5.(a)Dissolution of carbon creates huge concentration gradient, but alloy retains some 
dendritic morphology far from the high carbon concentration and (b)Colony structures around 

carbon particles
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Figures 6 show the morphology of depositedmaterial on the wafer 
(a) showing uniform growth and (b) a different regionof the substrate 
showing faceted morphology. Large size crystals (mm size) were 
observed on the top of the frozen melt by slow cooling Si-Al flux 
containing AlN and carbon in the graphite crucible. The nucleation 
of faceted crystals started on the substrate after reaction with carbon.

It grew in several layers like graphite and then transformed into 
multi-layered hexagons on the silicon carbide substrates. As it was 
mentioned earlier in this section, the melt is kept several hours for 
soaking before cooling. Typically, the melt was cooled 50K in 8-10 
hours. For uniform deposition, it was found that a cooling of 25K in 
30-48 hours was required.

   As the growth progresses, hexagons and facetted steps merge and 
morphology changes to that shown in Figure 7. As seen in Figure 8 
hexagons are stacked on the top of the other hexagon. The stacked 
hexagons change into large-layered materials growing on the top 
of the other layers without visible micro holes typically observed 
in the case of pure SiC growth. In many cases, hexagons grew on 
the top of each other and made multi-layer before expanding on the 
substrate. Laterally, these hexagons merge and form large single 
thick film, but growth steps are clearly visible as shown in Figure 
8. This demonstrates that hexagons coarsen and merge to form cm 

size grains. For the two- dimensional thick film growth in presence 
of AlN or on the AlN interface the mechanism of charge neutrality 
(mixed interface) has been discussed for the growth of solid solution 
by Burton et al. [17]. They indicated that for AlN-SiC composites 
and solid solutions, SiC is deposited on N-rich terminals followed 
by Wurtzite 2x2 reconstructions with N-atom. It also supports the 
finding of  other researchers [11-16]  that AlN solid solution grains 
inhibits the growth of the 6H-SiC grains since AlN(2H) will not go 
into solid solution in the SiC(6H) structure and effectively creates 
Wurtzite structures in composites. 

Figure 6. Morphology of materials deposited on SiC substrate,(a) showing uniform growth X50(b) 
different portion of the substrate showing faceted structures(X20),  and there was similarity in  

morphology by PVD grown fim on AlN coated SiC wafer showing facetted  crystals.

Figure 7. Thick filmdeposited for a period of 48 hours. Thickness was larger than 350  μm.    (b) 
layered structures similar to Figure 1(b) of Kawamura (21) x 20
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   Detailed studies [22-25] of samples, grown by PVD, CVD and low 
temperature CVD using hexamethyldisilane (HMDS) based growth, 
characterization by SEM, TEM and other techniques of the samples 
grown on 6H-SiC (AlN/SiC) substrateindicate the nucleation and 
interface diffusion.  This study revealed that interface between the 
substrate and grown film was diffused. High resolution TEM was 
performed to evaluate the film grown on 6H-SiC substrate. Figure 
9(a, b) shows TEM images where rough and stepped interface is seen 
between grown film and substrate in the lower magnification image 
of Figure 9 (a). A darker contrast seen inthe high resolution TEM 
image, Figure 9 (b),having a periodic structure of ~15 Å corresponds 
to 6H-SiC in the substrate region and lighter region with a periodic

pattern of ~5 Å corresponds to 2H-SiC in the film region. This TEM 
data confirmed that grown film is 2H-SiC, which is consistent as 
significant amount of AlN was mixed in the source material.
   These films were further characterized by photoluminescence 
to evaluate the bandgap energy and compare with the reported 
values for 6H-SiC and 4H-SiC. Figure 10 shows results of the 
photoluminescence data for two different samples grown in two 
different conditions. Both samples showed identical peaks for 2H-SiC 
at identical position indicating bandgaps of materials. However, 
intensity differed significantly. Also, it appears that samples showed 
slightly higher values of bandgaps of each material. As shown in 
Figure 10(a) there was no peak of 6H-SiC whereas Figure 10(b)
shows a very weak peak of the 6H-SiC polytype. 

Figure 8.  Layered structures where hexagons are stacked on the top of grown hexagons, which is very similar to 
the morphology reported by Kawamura (21)

Figure 9. (a) Low and (b) high resolution TEM image showing part of the film and 6H-SiC 
containing AlN film  substrate showing 2H structure [24]
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(b)

(a)

Figure 10. Photoluminescence for two different samples grown in two different conditions. Both samples showed 
identical peaks for the 2H-SiC. The value of bandgap is slightly higher than literature value indicating AlN content.

   These data also support findings of Kawamura et al. [21] that a low 
temperature growth favors 2H-SiC polytype formation. In addition, 
growth by reactive CVD using HMDS on SiC film containing 
extremely thin AlN film [22-26] favors polytypes with higher 
bandgap materials on SiC and Si substrate coated with thin AlN film.
It was observed that the application of Al-Si melt method also suffers 
due to hardening of the solid very similar to the lithium flux method

reported by Kawamura et al. [21]. The effort to solve this hardening 
problem of flux is underway.
Summary
   Al - 12% Si alloy flux was used as nutrient flux to grow silicon 
carbide at low temperature by reactive flux growth. Reaction occurred
by the dissolution of carbon in the melt under dynamic conditions. 
The material was nucleated on a SiC substrate while the Al-Si melt
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was rotated with a speed of 30rpm in a graphite crucible. A constant 
nitrogen pressure in the range of 2-atmospheric pressure was used on 
the melt. Transition of dendritic to cell morphologies were observed 
during the solidification of the rotating melt. Dendritic morphology 
changes to cellular and colony structures when a longer soak time 
of the melt was used in the presence of carbon impurities. Carbon 
impurities generated long needles that broke into small colonies and 
cell type morphologies which ultimately changed to SiC with higher 
bandgap in presence of aluminum nitride. This is a good pathway for 
producing 2H-SiC substrates suitable for hexagonal materials such 
as GaN for high temperature, high power RF and microelectronic 
devices with large thermal conductivity.  More research is in progress 
to use other flux materials such as indium, reduce problem of fast 
hardening and  optimization of parameters for the 2H-SiC thick film 
on the substrates.
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