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Abstract

Despite outstanding properties, the developmem@{SiC electronics continues to suffer
from the lack of good quality, bulk 3C-SiC substsatUp to now, there is no real seed and/or
optimized growth processes. In this work, we adstbese two different issues. A two-step
approach is shown, which couples the advantageapbw-liquid-solid hetero-epitaxial
growth of 3C-SiC on a 6H-SiC substrate for the deeahation and the ones of the continuous

feed physical vapour transport method for the gnoaftthe bulk material at reasonably high



rate. Using such an approach, we could combinelthenation of the twin boundaries which
systematically form in the 3C/6H-SiC epitaxial ®st with getting a growth rate of about 0.2
mm/h for the bulk material. An evaluation of resuls done, with respect to the change in

growth conditions.
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1. Introduction
Since the pioneering Silicon Carbide Conferenc®aston, in 1959, the cubic form of the
material which crystallizes with the zinc blendeusture has been widely recognized as a
promising wide band gap semiconductor. As a corsaop) many literature works devoted to
the crystal growth of the different SiC polytypesdissed primarily on the cubic form (also
called 3C o3-SiC variant). Altogether, the following has beenrid.
First, using the standard Lely method, the formmaiid B-SiC is extremely rare but never
completely impossible [1,2]. As a consequence,oalgin the Acheson and Lely processes
provided a lot of large 6H-SiC seeds for the dewelent of the hexagonal variants, cubic SiC
seeds were almost never obtained. In the caselfofitsdeated SiC crystals on graphite [3]
some crystals of very high structural quality coblel obtained [4], but the size was only
several mm in diameter. This is not compatible watly potential (large scale) device
application and, unlike the hexagonal 6H and 4Hytygpkes grown with the seeded
sublimation method for electronic device applicasi¢5,6] it never benefited from a large
scientific and/or technological demand.
3C-SiC spontaneously appears in the range of 1@Q0Q@0°C, using either a solution [7] or a
chemical vapour deposition (CVD) route [8-10] wahwithout added chlorine. In this way,
in the recent years some highly significant resglise to 3C-SiC a renewed interest. This
includes the hetero-epitaxial growth[®§iC on large silicon or silicon on insulator subis
[11,12], or the large area free-standing 3C-SiCfevga grown by hetero-epitaxy on a
“undulant” <001>-Si wafer [13]. In this case, up @ainches diameter free-standing wafers
were demonstrated but the 3C crystals still contaim many structural defects which,
intrinsically, relate to the poor intrinsic thermehd lattice mismatch in the hetero-epitaxial
SiC/Si system.

To summarize, up to now nobody succeeded in growgad 3C-SiC bulk single crystals.



Obtaining 3C-SiC wafers remains a challenging issug to be successful, there are two
problems to solve. First, make availabbbgge 3C-SC seeds. Second, develop a suitable
growth process. Up to now the seeded sublimation growth, alséedaPVT (for physical
vapour transport) method, remains the most commamique for the growth of 6H- and 4H-
SiC ingots [5,6,14] but the high temperature ineol(>2000°C) makes the stabilization of
the 3-SiC polytype extremely difficult [15].

In this work we will address successively these tsgues. First, we will show that a high
quality 3C-SiC layer can be grown from the liquithge through a vapour-liquid-solid (VLS)
mechanism on a commercial 6H-SiC substrate. Seawadyill show that this layer can be
used as a seed for the growth (at high rate) &-&& single crystal. Then, some optical and
structural evaluations of the resulting samplesnaaee with respect to the growth conditions.
Finally, the potentiality of such an approach iscdssed and we show that it could pave the

way of a future 3C-SiC electronics.

2. Experimental details

Cubic SIC seeds preparation. Starting from the <0001> on-axis Si face of a 68-Seed,
initial 3C-SIC layers were grown in a Si-Ge melingsthe vapour-liquid-solid (VLS) growth
technique [16]. The deposition was carried out tatogpheric pressure, in a homemade
epitaxial apparatus equipped with a vertical coldl neactor. The 6H-SIC seed was placed at
the bottom of a graphite crucible and, in ordefaion a liquid phase containing 25 at% Si,
both Si and Ge pieces were stacked on top of tkd. SEhen, they were heated under a
purified Ar atmosphere, up to 1500°C. When reachirggtemperature plateau, a 3 sccm flow
of propane was added to start the real SiC growtter 30 min deposition, propane was

removed and the liquid was extracted (sucked upjréecooling. The remaining (small)



traces of Ge-Si alloy were eliminated by wet chenetiching in a HF—-HN@solution. For

further details, see Refs. [16].

Bulk crystal growth. To enlarge the range of deposition conditions, thiferent PVT
configurations have been used with, of course simae geometry for the growth cavity. As
shown in Figure 1b, we use a special cone-shapielé guthe deposition zone which is made
in order to “concentrate” the species close todbed surface. The net flux of sublimated
species per unit surface being a direct functiothef cone sections ratio we compute that,
taking into account the top (small) and bottomgégrcone areas, the species concentration
should be increased by (typically) a factor of 6.

The first configuration uses simply a close subtiora crucible, modified as previously
explained, and a high purity 6H-SIiC powder. For endetails, see Figure 1la and Ref. [14].
The second one calls for the CF-PVT process (sgaré&ilc and Ref. [17]) in which a
polycrystalline SiC source is formed at the bottointhe crucible, and continuously fed from
high temperature CVD. The standard gaseous precisr3dS (Tetra-Methyl-Silane) diluted
in argon. Below 2050°C, using TMS the CF-PVT pracedfers a specific advantage
compared to PVT. Keeping the same thermal enviroirfieermal gradient) and pressure, it
allows to tune the supersaturation close to the&l $Besimply changing the TMS partial
pressure in the CVD zone. This is particularly tmierking under CVD limited process
conditions [18]. Since TMS is not adapted for dejpms (i.e. source feeding) at temperatures
higher than 2050°C, we turned the difficulty by iempenting the standard PVT
configuration. In this way, we could work at highemperature.

To optimize the growth conditions, several deposgiwere done directly on the graphite lid.

In most cases, this led to the formation of 3C-ga/crystalline material.



Samples characterization. The polycrystalline material directly formed on theaphite lid
through self-nucleation was first analysed by X-diffraction in theB-26 geometry. Then, a
triple axis diffractometer was used for texture swaments. Concerning the single-crystals,
high resolution X-ray reciprocal space mapping (RSis done. Then, we extracted the
average stacking faults (SFs) density from the HEtian of the diffuse intensity streaks.
Details of the measurements and modelling technigpue been given elsewhere [19]. Thin
specimens were also prepared for birefringence asiapy, both in the planar view and
cross-sectional mode. In both cases, in orderdoae the cumulative contribution of defects,
the thickness of the specimens was reduced topnY @y mechanical grinding and polishing.
Finally, the specimens were thinned by ion millilgr TEM (Transmission Electron
Microscopy) examinations. Independently, low terap@te photoluminescence (LTPL)
spectra were collected at 5K using 20 mW from tHd 2m line of a FreD (Frequency
Doubled) Argon-ion laser as excitation source. Bwte was done using a Triax Jobin-Yvon

spectrometer, fitted with a cooled CCD camera [20].

3. Results

3C-SIC seeding stage. Under the deposition conditions chosen in this wdhe 3C-SiC
layers obtained from the VLS technique werk pum thick. They were free of double
positioning boundaries (DPBs) which are a particalase of twins coming from the two
possible orientations of the cubic 3C-SiC axis be hexagonal 6H-SIiC basis. The X-ray
RSM analysis of the layers revealed also that theye free of SFs or, at least, below the
detection limit of the method which is 100 ¢m

Cross-sectional TEM (X-TEM) observations collectgdhe substrate to overgrown interface

are shown in Figure 2. They show the presence ofatins (MTs), stacking faults (SFs)



and dislocations. The MTs appear along the entierface between the 3C-SiC layer and the
6H-SIC substrate. The dislocations are formedaB®/6H interface but annihilate within the
first few hundreds of nm from the interface. Figalh all areas under observation, we notice

that no SF is created at the 3C/6H interface.

Bulk crystal growth. To investigate the growth of the bulk (un-seede@)}S3C material,
native 3C-SiC polycrystalline ingots were grown the graphiteid at temperatures above
2200°C (Figure 3). At high supersaturation, theaghorate was ~ 1.7 mm/h, and the average
grain size ~10um. The ingot were textured along #110> direction. To reduce the
nucleation density on the graphite lid, and prontbte growth of a few single crystals, the
supersaturation value was decreased. In this wagll 8C-SiC single crystals were obtained
at 2050°C, with a few millimetres diameter (Figd®). The price to pay was a reduction of
the growth rate to ~ 0.2 mm/h. In most cases, sughtals exhibit well-developed facets,
typical of the 3C-SiC space group. This is showrFigure 4b. Notice also that, in some

cases, a few twins can be suspected as indicatdtelpresence of re-entrant dihedral angles.

Seeded growth. Once the growth conditions have been adapted tet#imlization of the 3C
polytype, they can be transposed to the seeded®Wth. Of course, to check the interest of
VLS, one hetero-epitaxial growth has to be doneatlly on a <0001> 6H-SiC substrate and
compared with a homo-epitaxy done on a 3C-SiC Ilgyewn by VLS. In both cases we used
identical growth conditions, similar to the one diger the samples shown in Figure 4. The
only difference between the two processes was ¢eel surface condition. It was “Epi-
ready™” according to the well-established Novasic prodesshe 6H-SiC substrate [21] and
as-grown for the 3C-SiC VLS layer. This means thatthe latter case, the surface was

strongly step-bunched, which is typical of liquidgse layers. In both cases, the growth rate



was ~ 150 um/h.

In Figure 5 we compare two birefringence microscpmjures obtained from cross-sections
prepared in a) the 3C-SiC crystal grown directlyaoBH-SiC substrate and b) the 3C-SiC
crystal grown on the 3C-SiC layer formed by VLS @r6H-SiC substrate. We notice the
following. Without VLS seeding the 3C-SiC crystakpents a high density of DPBs which
form at the 3C-6H interface. They propagate alhglthe crystal length and, in the vicinity of
these DPBs, a lot of microtwin lamellae (MTLs) da@ observed which build at specific
angles with respect to the surface of the seedse MTLs lie along the dense {111} planes
and, depending on the direction of observationeapwith linear or trapezoidal shapes. Since
a perfect 3C-SiC crystals and/or a pure 3C lamsiiauld not give any contrast using
birefringence microscopy, this suggests some lopéical anisotropic perturbation. Indeed,
after KOH etching, it was found that all MTLs castsin a set of closely located stacking
faults which might bring some local lattice anisgly. This is why they appear clearly in
birefringence imaging. With VLS seeding, the 3Cstay appears free of DPB and the MTLs
density is drastically reduced. X-ray RSM revealSks density of about %20* cm™ to
4x10* cmi* for the samples grown on 3C-VLS seed and on 6Hs®i€H respectively, while

more local measurements by planar-view TEM (PV-TEME 5.8x16 cm™.

In Figure 6 we show an example of low temperatumsithescence spectrum collected at 5K.
On this sample, we resolve all usual near band @dB&) features of low temperature, high

quality, 3C-SiC recombination spectra. For a regerntew, see Ref. [20]. They have been
labelled ZPL (for Zero Phonon Line) with TA, LA, Tand LO-phonon replicas. The index 1

means that there is only one exciton bound toghembination centre. On this picture appear
also much weaker extra features. First is the w@akinsic) ka line. It comes from the

radiative recombination of a free exciton with esios of a TA (46 meV) phonon and gives



for the 3C-SiC excitonic bandgap at 5K a value g{>g§= 2.389 eV. This is in excellent

agreement with previous literature data and evidere high quality, strain-free, material.
Second there are the companions lines of the nma#l) NBE exciton features. These are
multiple bound exciton complexes (MBEC) which héneen labelled m=2 to 5 to indicate the
number of electrons and holes which participatiaénfinal (excitonic) molecule.

Such multiple bound exciton features are a spesifimature of the low temperature
luminescence spectra of high quality 3C-SiC simglestals. They have only been reported in
a few works (see, for instance, Ref.[20] and refees therein) performed on a few specific
samples. This is because, basically, three comditimust be fulfilled before they can be
observed : 1) one needs high enough excitatiomsitiein order to create more than one
single exciton per recombination centre. This makesLTPL spectrum excitation-density
dependent ; 2) one needs a low density of recortibmaentre (i.e. a high quality material) to
fulfil more easily condition #1 ; 3) one needs thea long carrier lifetime (i.e. again a high
quality material) to give a chance to the extraitexs (m=2, 3...5) to bind and not to

recombine directly as intrinsic luminescence lifigg, the I, feature of Figure 6.

4. Discussion

3C-SIC seed. To the best of our knowledge, the VLS mechanisithésonly process which
has demonstrated ability to produce in a reliabld eeproducible way DPB-free 3C-SiC
layers on a commercial hexagonal substrate. Thasgrenechanism involved in the complete
6H to 3C transition and the complete selectionrdy @ne crystallographic variant among the
two possible (DPB elimination) is currently undevestigation and will be the focus of future
papers. The dislocations formed within the layer @pidly annihilated within the first pm.

The SF density is very low in such liquid phasengrdayer. This could probably be related to



the absence of DPB. It is indeed well known that liigh elastic energy created by those
incoherent twin boundaries is relaxed by the foromabf SFs [22]. Single domain 3C-SiC
layers grown by VLS can thus be considered as gigility seed for the subsequent growth

of 3C single crystals.

Growth process. It has been claimed for a very long time that 3C-iS a metastable form.
Some proofs in this direction have been given bynltan et al. [1] when they observed the
formation of a 3C layer during the cooling of heaagl platelets in the Lely process. Also,
the growth of 3C-SiC requires a strong deviati@mnfrequilibrium and/or a low temperature
[2, 23]. The higher the process temperature, tigetahe deviation from equilibrium should
be in order to stabilize the 3C polytype. As a eguence of its metastability, a solid-state 3C
to 6H transition is usually encountered at tempeest higher than 2000°C, and starting from
1800°C [15]. Following such observations, we hadepted our standard PVT process to
reach high supersaturation levels. In this way,thnse experiments, we succeeded in
stabilizing the cubic polytype at a temperaturehbigthan 2200°C. The small grain size,
about 10 um in diameter, is related to the higressgturation. Decreasing the supersaturation
reduces the nucleation rate and promotes crystatgaments. With the CF-PVT methode,
we were thus able to select a few crystals and ntlaken grow (Figure 4a and b). The
crystals, up to a few mm in diameter, were perjefatetted. Altogether, our results suggest
growth conditions close to the thermodynamic efdiim. We conclude then that a strong
deviation from equilibrium is not necessary to 8iaé the cubic polytype even at high
temperature. This shows that the temperatunetishe only parameter to consider for the 3C
to 6H solid state transition.

Starting from now, it is important to remember tladlt 3C-SiC crystals grown at high

temperature (>2000°C) have been obtained throul§imseleation, usually on graphite. This



is true in this work, at 2050°C, but also at 235@iCGhe work of Omori et al. [24] and, at
even higher temperature, for the 3C-SiC plateletsegime found in the Lely process [1,2].
This means that under particular conditions, mosbg@bly under strain-free conditions, 3C-
SiC can be grown close to the thermodynamic equulib without any 3C to 6H phase
transition. Said in a different way, depending ba stress state, the critical temperature for
the 6H-3C phase transition can be shifted from 200 to 2300°C or more. This solid-state
transition is still far from being understood ancee the mechanism and the driving force
have not been clearly identified. Simply, and cantrto most literature results, it seems that
the sublimation process can be adapted to the praftthe 3C-SiC polytype, at high

temperature, reasonably high rate and under nedrbemm conditions.

A direct transposition of the growth conditions dider self-nucleation to the seeded
conditions allowed us to form a 1 mm thick 3C-Si@gte crystals after 5 hr growth (see
Fig.7). The use of a DPB-free 3C-SiC layer formgd/hS as seed has resulted in significant
improvement of the crystal quality as, for instanoe the MTLs density. However, still, the
SFs density is higher in the CF-PVT part of santpén it was in the VLS seed. This could
originate from the starting surface of the VLS layéhich, being as-grown, is very rough.
This point will be investigated in a future wokiready, the LTPL spectra collected at 5K in
a DPB-free crystal present an excellent resolutbnear band edge excitonic features, with
MBEC resolution up to m=5. This evidences the laghcal and electronic quality of our 3C-
SiC material and constitutes a most promising tdsulthe development of high quality 3C-

SiC wafers.

5. Conclusions



We have demonstrated that the VLS process is wilidsto produce high quality, DPB free,
3C-SiC layers on a 6H-SIC substrate. Such layemtagoa low density of SFs. They are then
well adapted to be used as seed for bulk 3C-SiGlesiorystal growth. Cross-linking our
results with the results coming from the literatbrangs out to the conclusion that the 3C to
6H phase transition is not correctly identified awaild be avoided even at high temperature
if conditions close to thermodynamic equilibriune @ompleted. With this two steps process,
(111) oriented 3C-SiC crystals have been growngit hate (0.15 mm/h) with high intrinsic
purity. Improvement of the crystal quality is nowder investigation but our results should

open the way of bulk 3C-SiC “ingot”.
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Figure Captions

Figure 1. Schematic representation of a) a stanB& crucible and c) the CF-PVT one. In
b) is shown a digital X-ray radiography of the P\€avity. It is the same in both
configurations. The cone-shaped guide allows arease of the supersaturation value, close

to the seed, by a factor of ~ 6.

Figure 2: Sequence of XTEM micrographs showingh&) formation of microtwins (MTSs)
along the entire 3C/6H interface while ii°) thec#tiag faults (noticed SFs) appear only after

some hundred nanometres growth.

Figure 3: 3C-SiC polycrystalline ingot grown onraghite lid, under high supersaturation

conditions at T>2200°C.

Figure 4: Self nucleated 3C-SiC single crystalaoigd under “low supersaturation”
conditions at 2050°C using the CF-PVT procesduli}size view on the graphite lid ; b)

binocular picture of an isolated 3C-SiC crystalthwerfect optical facets.

Figure 5: Birefringence microscopy observationgqrered on two cross-sections prepared in
3C-SiC crystals grown a) directly on a 6H-SIC stddstand b) on a thin 3C-SiC layer formed
by VLS on a 6H-SIiC substrate. The grey level intlideas “no birefringence” means that the
magnitude of birefringence is zero. If the greyeleg lighter or darker, this means that the
magnitude of birefringence differs from zero, athis case for instance for Microtwin

Lamellae (MTL).



Figure 6 : Example of the LTPL spectra collecte8kat Notice the presence of MBEC, up to

m=5. This appears only on high quality 3C-SiC mater

Figure 7: Pictures of an as grown 1 mm thick lagewn on a VLS seed. The size of the

sample is 9*9 mmz.
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