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Nomenclature

activity

area (m?)

magnetic vector potential (W b/m)
growth area (m?)

magnetic flux density (T )

isobaric specific heat, (J /kg/K)

mean diameter of the charge particles (m)
diffusion coefficient (m?/s)

diameter of crucible (m)

frequency (Hz)

radiation view factor

gravitational acceleration (m/s?)

Grashof number, p’g BR*AT /i

growth rate (m/s), dissolving rate of particles (m/s)
isobaric-isothermal Gibbs-function

heat transfer coefficient (W/m*/K)

heat of formation

latent heat (J /kg)

current (A)

current density (A /m?)

thermal conductivity (W/m/K)
equilibrium constant of a chemical reaction
gap between the charge and seed (m)
molecular weight (kg /mol)

pressure (Pa)

partial pressure (Pa)

mass Pélet number (UL/ D)
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Pr Prandtl number (u ¢, /k)

q heat flux (W/m?)

9eday heat generated by eddy currents (W/m?)
q.,  radiative heat flux (W/m®)

Q heat flux (W)

r radial coordinate (m)

R universal gas constant, 8.314 (J/mol/K); heat resistance (K/W)
R, radius of susceptor (m)

Ra Rayleigh number (Gr - Pr)

t time (s)

T temperature (K)

AT temperature difference between the charge and seed (K)
u displacement component

U advective velocity (m/s), activation energy (J/mol)

v displacement component

z axial coordinate (m)

Greek Symbol

o absorptivity, thermal expansion coefficient, sticking coefficient
B volumetric expansion coefficient (1/K)

£ emissivity, strain

£, permittivity (F /m)

g, porosity of SiC charge

u viscosity (kg/m/s)

W, magnetic permeability (H /m)

p density (kg /m?®)

De density of crystal (kg /m®)

o, electrical conductivity (1/€ /m)

c Stefan-Boltzmann constant 5.670 x 107 (W/m*/K*), stress
" angular frequency (rad/s)

Subscripts

oo ambient

boun  boundary

coil induction coil

cond  conductive

conv convective

eddy  eddy current

eff effective

gas gas

insu insulation material
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radi radiative

real real part of a complex quantity
s solid

Ste Stefan

0 angular direction

7.1 Introduction

Silicon carbide crystals of 50—100 mm diameter are now commercially grown us-
ing the method of physical vapor transport, commonly known as the modified
Lely method. A detailed review of the historical development of SiC growth, mi-
cropipes and other defects in as-grown crystals, issues and challenges of the cur-
rent process technology, and characteristics of the present industrial growth sys-
tems is presented in a companion article (Chapter 6) by Dhanaraj et al. [1]. Any
advancement in crystal growth technology in terms of the boule size (diameter and
length) and defect density strongly depends on the understanding of the process
physics, better design of the growth system and effective control of the growth
process. Since direct measurement of temperature, flow, species concentration,
and growth rate is extremely difficult, if not impossible, physics-based modeling
is the only way that one can develop an understanding of the transport mecha-
nisms in a SiC growth system. The models can also help in process optimization
and system design.

Modeling and simulation of SiC crystal growth has attracted significant re-
search interests in last five years or so, and growth models have been developed
by several investigators, namely, Hofmann et al. [2,3], Pons et al. [4,5], Egorov et
al. [6], Miiller et al. [7,8], Karpov et al. [9], Chen and co-workers [10-15], Selder
et al. [16], and Réback et al. [17-19]. Various degrees of system complexity have
been considered by these authors, such as electromagnetic field produced by RF
heating, generated heat power in the graphite susceptor, conduction and radiation
heat transfer, temperature distribution, and growth kinetics.

Hofmann et al. [2,3] modeled the temperature distributions for a growth tem-
perature of 2573 K and system pressure of up to 3500 Pa. Pons et al. [4,5] calcu-
lated the electromagnetic field and temperature distribution, and found that the
predicted temperatures for the seed and powder surface (2920 K and 3020 K) are
much larger than the external temperatures measured at the top and bottom of the
crucible (2390 K and 2500 K), while the maximum temperature of the insulation
foam on its periphery is about 1000 K. The total pressure is around 30 Torr (4000
Pa) and the growth rate is 1.55 mm/h. Egorov et al. [6] modeled the global heat
transfer inside the system for SiC growth in a tantalum container. Miiller et al.
[7,8] calculated the temperature distributions in inductively heated SiC growth re-
actors at temperatures of 2373-2673 K, and found that the temperatures in the
powder are highly nonuniform, and predicted radial variations of 30-50 K along
the powder surface. Karpov et al. [9] predicted growth rate in the growth of SiC in
a tantalum container.
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Ma et al. [10] performed an order-of-magnitude analysis of parameters in the
SiC PVT growth, and used a one-dimensional network model and two-
dimensional finite-volume model to predict the temperature distribution in a 75
mm growth system. Chen and co-workers [11-15] proposed a kinetics model for
SiC vapor growth, predicted growth rate as a function of temperature, temperature
gradient, and inert gas pressure, and obtained a growth rate profile across the seed
surface from the temperature distribution in a 75 mm growth system. The powder
charge is modeled as a solid matrix with a porosity and an effective conductivity
that accounts for both the conduction and radiation in the powder.

Selder et al. [16] introduced a modeling approach for the simulation of heat and
mass transfer during SiC bulk crystal growth and compared calculated results with
the experimental data. Réback et al. [17-19] presented a model for the growth rate
of the SiC sublimation process and estimated the parametric dependencies of the
growth rate.

7.2 Modeling of Heat and Mass Transfer and Growth Rate

7.2.1 Growth process

A typical SiC growth system consists of an RF copper coil, quartz tube, graphite
susceptor, graphite insulation, crucible, and some other components (Fig. 7.1).
The graphite crucible is filled with a SiC powder charge, and a SiC seed is placed
on the bottom of the lid of the crucible as shown in Fig. 7.1. The seed is cooled by
heat loss through the top hole. The SiC powder charge is heated by RF induction
heating that is generated by passing through the coil a radio-frequency current.
The current required depends on the number of turns of coil and distance between
the coil and the susceptor. The time-harmonic electromagnetic field induces eddy
currents in the graphite susceptor that has a high electrical conductivity, and heat
is generated in a thin (skin) layer of the susceptor. Sometimes a double-walled
water-cooled quartz tube is used to seal the system [5,20,21] that enables us to re-
duce the thickness of the insulation, and enhance the coupling between the coil
and the susceptor. The system is maintained at a very low pressure using a vac-
uum pump, and an argon container is linked to the end plate to control the pressure
inside the quartz tube and create an inert gas environment. Two holes are bored in
the graphite insulation above and below the crucible to monitor the temperatures
of the seed and the charge using pyrometers. The temperature inside the top hole
is controlled, which is lower than the seed temperature.

The growth process consists of several steps [22,23]: (a) vacuum degassing
stage—a low gas pressure (10~ Pa) and an evacuation temperature of 1073 K < T
< 1273 K are applied to reduce the background nitrogen contamination; (b) pre-
heating stage—temperature is gradually increased in high-purity argon environ-
ment (about 10° Pa) to the growth temperature and stabilized to achieve an opti-
mum AT between the source and the seed; (c) growth stage—a programmed
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Fig. 7.1. Schematic of an RF-heated furnace for the growth of single SiC crystals by PVT

pressure reduction is used to achieve low-defect nucleation and uniform epitaxy
on the oriented seed crystal, and argon pressure is decreased to 10 < p < 2.66 x 10*
Pa, and boule growth begins; and (d) cooling stage—the temperature is reduced.
The temperature difference between the charge and the seed during the growth
stage depends on the system configuration. According to Lilov [24], SiC dissoci-
ates completely into liquid silicon and solid carbon at 7 > 3150 K and therefore
the growth temperature must lie below 3150 K. Various growth systems used by
industry employ different growth temperatures depending on the temperature gra-
dient in the growth chamber; a higher growth temperature is usually associated
with a lower temperature gradient and a higher pressure. Although a model can
account for various stages of the growth as outlined above, those reported in the
literature have thus far primarily focused on step (c), the growth stage.

7.2.2 Flow and heat transfer parameters

The flow in a silicon carbide growth system is induced by: (a) the buoyancy force
that is produced by the variations in temperature on crucible walls, and (b) the ad-
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vection due to sublimation of SiC charge. The flow is essential to bring the SiC
vapor and other species from the charge at the bottom to the growth surface at the
top. The effect of buoyancy can be determined by the Grashof number,

2 3 2 3
GroP gﬁl} AT _p g?c AT (7.1)
u H r
where the isobaric expansion coefficient, B __1dp _1,if the argon-vapor mix-
poT T
ture is considered as an ideal gas, and the Prandtl number,
Pr= H—;” (7.2)

For a typical process condition of 3 X 10* Pa as the system pressure, 2900 K as
the growth temperature, 30 K as the temperature difference (AT ), the Prandtl
number is obtained as 0.66 while the Grashof number is estimated to be 3 and 24
for crucible (inner) diameters of 50 mm and 100 mm, respectively. These values
of the Grashof number are far below the threshold at which natural convection can
be considered appreciable [4,10]. Even though in the case of a cylinder heated on
the outer wall natural convection can occur at any Rayleigh number, Ra must be
above 1707 for the onset of convection in an enclosure heated from below and
cooled at the top (Bénard convection). The present configuration does not conform
to any of these two classical cases. It is still reasonable to consider that buoyancy
flow plays a far less important role than radiative and conductive heat transfer in a
SiC growth system. However, in the next generation systems for large diameter
SiC crystal growth, the Grashof number may not remain this small. For example,
if the crucible (inner) height becomes 500 mm, Gr based on height will increase to
about 3000 leading to appreciable buoyancy effects. Even though Gr = 3000 is not
very large, the complex temperature boundary conditions can lead to complex
flows, a combination of Bénard convection and vertical boundary layer flows. For
such convective flow analysis, a model based on fluid-superposed porous layer
theory as outlined by Prasad [25] and Chen et al. [26,27] can be used.

The Stefan flow on the other hand is caused by volumetric expansion of silicon
carbide species due to dissolving and sublimation of the charge. The species
mainly include gaseous Si, Si,C, SiC,, and SiC. The partial pressure of each spe-
cies in the charge reaches an equilibrium value, which is a strong function of tem-
perature. The transport of species from the charge to seed is determined by the
Stefan flow and growth kinetics. The Stefan flow is therefore very important for
mass transfer and growth rate.

If leakage and diffusion are neglected, the advective velocity of SiC vapor flow
can be estimated from,

U = psic Gsic Asic 100 P A g (7.3)

where the vapor density is p,,, = pM/RT, Ay, is the growth area, and o is the
sticking coefficient. This leads to the mass Péclet number,

Pe=UL/D, (7.4)
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where the diffusion coefficient can be obtained from D = D(T/Ty)" (p,/p) [28],
with Dy =5x 10°~2x 10 m?/s,n = 1.8, T, =273 K, and p, = 1 atm. Using D, =
5% 10 ~1 x 107 m?/s and L = 50 mm, Chen et al. [13] have calculated the ad-
vective velocity, diffusion coefficient, density, and Péclet number for two operat-
ing conditions, one with a low growth temperature and low gas pressure and an-
other with a high growth temperature and high gas pressure (Table 7.1).

If the buoyancy effects are neglected, the heat transfer in the SiC growth sys-
tem will depend on the latent heat released during the deposition (or absorbed
during the sublimation), heat transfer by Stefan flow (advective mass transport),
and radiative heat transfer inside the growth system. These three heat transfer
quantities can be estimated from,

Q tatent = Psic Gsic A sicAH,;, (7.52)
O siefan = Psic Gsic A sic ¢, AT, (7.5b)
Q radi = eASiC o (Tc:arge - Tsied) (75C)

For a growth rate of G- = 1 mm/h, a diameter of 50 mm, AT = 30 K, £ = 0.8,
and T,,.; = 2900 K, Qenis Osiefunr and Q,,; are estimated to be 0.01 W, 0.1 W, and
1000 W, respectively. It is therefore reasonable to neglect the latent heat released
and heat transfer by Stefan flow while calculating the temperature distribution. It
should, however, be noted that the temperature distribution inside the crucible will
depend on the temperature conditions on the inner surfaces of the crucible and
conduction and radiation in the SiC charge. As shown later, these heat transfer
mechanisms can be easily included in a physics-based mathematical model for the
system. Another important issue to keep in mind is the effect of latent heat release
on the growth phenomena since a small change in temperature gradient (due to
condensation) in the vicinity of the growth interface can significantly affect the
growth behaviors. It has also been commonly assumed that the chemical reaction,
both exothermic and endothermic, does not contribute much to the heat transfer
and temperature distribution [4].

Table 7.1. Advective flow parameters for two different operating conditions [13]

U [m/s] D [m%s] p [kg/m’] o Pe
2600 K, 0.178 2.16 x 107 492x107 1 0.41
20 Torr (2666 Pa)
2900 K, 0.0199 3.98 x 107 441 %107 1 2.5

200 Torr (26,666 Pa)
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7.2.3 One-dimensional network model

As a first approximation, a heat resistance network analysis can be very useful in
developing a basic understanding of the thermal behavior of a SiC growth system
[10]. In the absence of convective heat transfer, the thermal field in a SiC growth
system is dominated by the interplay of conduction and radiation within and be-
tween the different components.

A typical SiC system, as shown schematically in Fig. 7.2(a), can be easily rep-
resented by a heat resistance network (Fig. 7.2b). For this simple analysis, the in-
ner surfaces of the upper and lower graphite susceptors can be treated at fixed
temperatures, 7, and T,. The heat resistances for conduction, convection, and ra-
diation are given by

R =L p _1 (7.6a, b)

! - (7.6¢)
eo(T, +T,)T,> +T,°)A 4eoT,’ 4

radi —

where L is the thickness, k is the thermal conductivity, A is the area, h is the
heat transfer coefficient, € is emissivity, o is the Stefan-Boltzmann constant,
and T, is the average temperature of two surfaces under consideration,
_T+T; , where T, and T, are the temperatures of the two surfaces.
“ 2

R11
(a) R14 (b) 293K
RI13 — insulation R14 (conv.+rad.)
susce_ptor S ey Y R11 (cond.+rad.) R13 (cond.)
crucible —I— Rg9 - E
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R2 —— insulation R3 (cond.+ rad.)
R1 (conv.+rad.)
R3 R1 293K

Fig. 7.2. (a) Schematic and (b) thermal network of a SiC growth system (cond. — conduc-
tion, conv. — convection, rad. — radiation) [10]

It is necessary to consider both conduction and radiation from particle to parti-
cle to account for the heat transfer within the SiC charge. Several correlations for
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the effective heat transfer coefficient due to radiation in a porous matrix have been
reported in the literature [29]. One of these correlations valid for spherical parti-
cles is given by Kansa et al. [30],

Bee 041,d, (7.7)

radi, porous — 3

h

where ¢, is the porosity for a randomly packed spherical bed, T, is the average
temperature of the charge, and d,, is the average particle diameter.

Figure 7.2(b) shows the thermal network diagram for a typical SiC growth sys-
tem using the electrical circuit analogy. The resistances in various components of
a typical growth system have been calculated by Ma et al. [10], which give a good
indication of the magnitude of heat transfer through various components.

7.2.4 Thermal transport model

In developing a thermal transport model for SiC growth, it is important to consider
the electromagnetic field generated by RF heating, heat generation, conduction
and radiation in various parts of the growth system, and appropriate boundary
conditions. The effects of convective heat transfer as discussed in Section 7.2.2
have been neglected by almost all investigators thus far. However, they may need
to be considered as the PVT growth system is upscaled. A short discription of the
major components of the model is given below.

Calculation of electromagnetic field

The electromagnetic field produced by an RF induction coil can be calculated by
using Maxwell equations, and the generated heat power in the graphite susceptor
can be predicted by low frequency eddy current theory (f < 1 MHz). For the pre-
sent problem, the Maxwell equations can be simplified using the quasi-steady ap-
proximation. It is commonly assumed that the current in the coil is time-harmonic,
and heat in the graphite susceptor is generated only by eddy currents [31]. Under
such conditions, the magnetic flux density can be expressed as the curl of a mag-
netic potential vector, B = V X A, and the Maxwell equations can be written in
terms of the vector potential, A, as,
2
IA LG Ay (7.8)

1
Vx(—VxA)+e, ——+0, o
( ) m atz c af coil

Assuming that the coil and the electromagnetic field are axi-symmetric, such that
both A and the current density, J.,;, have only one angular component each with
an exponential form,

coil>

0 0
A=14,e +ccp,  and J,,, =3J,e +ccps

0 0

(7.9)
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where i is the complex unit, and cc denotes the complex conjugate. The final
equation for A is obtained by substituting Egs. (7.9) in Eq. (7.8),
82 1 0 1 82
= 42 Dyte, 0’4, ~ 100, Ay =), (7.10)
( r o r? a 2)( )
In an axisymmetric system, the following boundary conditions can be used to
solve equation (7.10),

Ay=0, atr=0,and (r*+z%) = oo (7.11)

After solving equations (7.10) for A,, the generated heat power by eddy currents in
the graphite susceptor can be obtained from [31,32],

1

qedd\ 20'(0 ZALA, (7.12)

where * denotes the complex conjugate. Further details of the electromagnetic
field formulation can be found in Bir6é and Preis [31], Pons et al. [4] and Chen et
al. [13].

Energy transport

In the absence of convective flows, temperature distribution in the growth system
can be calculated using an energy transport equation,

(Per)og L=V (kg V)4 T~ (Gl ) BAISV. (.13

where ¢, is the radiative heat flux normal to the inner surface of the radiation
enclosure, and 6A and OV are the area over a finite-volume face and finite volume
near the gas/solid interface (see Fig. 7.3a), respectively. In Eq. (7.13), q;m is the
radiative heat flux on the outer surface of the insulation,

G = Eg O(T* = T.1), (7.14)

where €, is effective emissivity. For surfaces exposed to the ambient air, the ef-
fective emissivity can be chosen as that of the material, &, = €,,. On the other
hand, for surfaces exposed to the copper coil, the effective emlsswlty can be cal-
culated from [33],

€, = ! : (7.15)
‘ 1/8 +r' cml (1/80011 )

so that the reflection of energy by the inner surface of the copper coil can be in-
cluded in the formulation [13]. Here ¢,,, and &, are the emissivities of graphite
insulation and copper coil, respectively, and r,,, and r,,; are the radii of the outer
surface of insulation and inner surface of coil (as shown in Fig. 7.1).

Suitable boundary conditions must be used to solve Eq. (7.13). The computa-
tional domain for the energy equation is set as inside the quartz tube (Fig. 7.1),
and the temperature on the quartz tube is set as 293 K. If it can be assumed that
the three-dimensional effects are negligible, the symmetric condition
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ar _
o

can be used at the central axis. This condition is certainly applicable for good
quality, slow growth as is evident from the symmetric growth striations reported
in the literature (Selder et al., [16]). However, three-dimensional effects can be-
come important if the growth system becomes larger, the material uniformity can-
not be maintained, and/or there are fluctuations in power supply.

The thermal properties of various components (i.e., graphite susceptor, graphite
insulation, crucible, and SiC charge) in the growth system should be considered as
a function of temperature. Although most of the modeling studies consider SiC
charge as a solid, Chen et al. [11,13] have considered the porosity of the charge
and radiation from particle-to-particle. The effective heat capacity of the SiC
powder charge can be estimated using the mixture theory,

0, at r=0 (7.16)

(pcp)eff: (1 - Sp) (pCp)S[C + gp (pcp)gas’ (717)

whereas the thermal conductivity can be obtained by considering the conduction-
radiation heat transfer among the particles [30],

ky=(—¢, kg +e,(k

gas

+§864T3dp) (7.18)
3

Many other correlations for k,; can be found in Kaviany [29].

r‘n

Solid/gas
interface

q ;adt
(a) (b)

Fig. 7.3. (a) Heat flux on the radiation surface and curvilinear grid system, and (b) sche-
matic of ring elements on radiative surfaces. The ring elements coincide with the finite vol-
ume grids for conduction calculation [13].

Radiative heat transfer

Radiation is the dominant mode of heat transfer inside the crucible and requires
special attention while developing a model for the SiC growth.
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Pons et al. [4] have not considered the wall-to-wall radiation in the gas region,
but assumed an apparent conductivity, greatly simplifying the energy equation
[13] in their model. On the other hand, Hoffman et al. [2], Egorov et al. [6], and
Chen and co-workers [13] have considered grid-to-grid gray-diffuse radiation to-
gether with appropriate view factors. This approach requires that all radiation sur-
faces be divided into grids and radiation view factors between each pair of these
grids be calculated. In two-dimensional calculations, this, however, reduces to cir-
cular rings as shown in Fig. 7.3(b). It is also important that radiation heat transfer
is calculated not only in the growth chamber but also in the bottom and top holes,
as emphasized by Chen et al. [13].

Here, we describe the radiation model as adopted by Chen and co-workers [13],
which is based on the method of discrete exchange factors (DEF) [34-36]. It is as-
sumed that the radiation surfaces are gray, diffusely emitting and reflecting, and
opaque. The radiation surface is broken into a number of rings each with uniform
properties, and view factors between each pair of rings are calculated using appro-
priate relations [37]. The absorptivity ¢ is assumed to be equal to the emissivity &
in each ring. The integral equation for radiative heat transfer is then obtained as [33],

qm{h/ _Z qradrk =0 T z kGT (7.19)
f

where F; is the view factor from ring j to ring k [37]. The above equations can be
solved numerically by writing,

(Aje) (qﬁ;dik) =(By)- (6T, (7.20)
where 4, 51k —Fy, l—-¢, B, -5 _F. - and §,, is Kronecker’s delta. The
ik ik
& & ‘

radiative heat flux can be written in the tensor form as,
Qroi;= (A7 +B) ;- (OT) (7.21)

The radiative heat flux is used as a source term in each computational element
when solving the energy equation (7.13).

It should be noted that the spectral (wavelength dependence) behavior of radia-
tion heat transfer is not accounted for in the above model although the radiative
properties of SiC surfaces may be spectral. Secondly, the decomposition of SiC
and accumulation/deposition of carbon particles can change the radiative proper-
ties inside the crucible significantly as the growth proceeds. Finally, the chemical
species in the gas/vapor region may also participate in heat transfer by volumetric
radiation. Since nothing is known of the participating behavior of any species
other than carbon, this is a difficult task at present.

7.2.5 Mass transport model

Once the temperature field inside the crucible is obtained, a mass transport model
can be used to calculate the distribution of species in the system. Hofmann et al.
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[2], Pons et al. [4], and Chen et al. [11-14] have all considered the transport of
species with various degrees of complexity. Since sublimation of SiC particles is
associated with decomposition in various species and chemical reactions, a ther-
modynamic analysis is necessary for the calculations of partial pressures and spe-
cies transport.

Equilibrium processes

Mass spectrometric investigations conducted by Drowart and De Maria [38] have
shown that the basic components of the evaporation of SiC are Si, Si,C, SiC,, and
SiC. The content of the other components of evaporation (Si,, C, C,, C;) in the va-
por is insignificant and can be neglected. The following reactions are considered
[38,24]:

SiCy & Siyy+ C,, K, = ay (7.22)
SiCy,) & Sigy + Cy Ky =Py (7.23)
28iCy,) < SiCpy + Cypy Ky = Py, (7.24)
28iCyy) <> SiCo) + Siqyr Ky = Pge, Py, (7.25)
SiCyy & SiCy,. Ks=Pge (7.26)

The equilibrium constant of a chemical reaction can be calculated from,
K; =exp(-AG} /RT). (7.27)

The change in isobaric-isothermal Gibbs-function AG,’ for the reaction is given
by,
AG; = Zvi(Ah_?,ZQS +hy = hygs = Ts7) _ZV,- (Ah_(f)',298 +hy —hys —Ts7)s (7:28)
prod reac
where Ahff)zgg is the heat of formation, v, is the stoichiometric coefficient, and %; is
the enthalpy of the reacting species.

Lilov [24] has conducted a thermodynamic study on the partial pressure of each
species. Up to 2546 K the pressure of silicon vapor above the silicon carbide is
determined only by reaction (7.23) because the pressure of silicon ensured by
(7.25) is less than the pressure of Si due to reaction (7.23). Therefore, in the tem-
perature interval of 1500-2546 K, both reactions (7.23) and (7.25) take place si-
multaneously and the partial pressures of Si and SiC, are determined by, P, = K,,
Pgic, = K, /Py, respectively. In Table 7.2, the underlined values represent the real
pressures at equilibrium; from 1500-2546 K, the silicon partial pressures due to
reaction (7.23) are the real ones. The pressures of silicon vapor under these condi-
tions are less than the pressure at saturated conditions, and therefore, in this tem-
perature interval the dissociation takes place in the gas phase. As a result of reac-
tions (7.23) and (7.25), carbon gradually accumulates in the silicon carbide
charge.
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At temperatures above 2546 K, the partial pressure of silicon due to reaction
(7.25) becomes greater than that by reaction (7.23). Therefore, reaction (7.23)
cannot take place (AG, > 0) and the pressure of silicon above SiC is regulated
only by reaction (7.25). In Table 7.2, the values due to reaction (7.25) are under-
lined from 2546-2900 K, which represent the real ones. According to Lilov [24],
above 2546 K, silicon is separated in the form of the solution saturated with car-
bon. In this case, the activity of Si in the solution is equal to the equilibrium con-
stant of reaction (7.22), K, = ag,. The partial pressure of silicon can be obtained ac-
cording to Henry’s law Ps; = P ag and the partial pressure of SiC, can be

determined from the equation, Py =

K,

sat
KIPSi

Table 7.2. Partial pressures of Si and SiC, (Pa) (Lilov [24])

P; P; Psic,
T [K] PSisal ag; reaction (7.23) reaction (7.25) reaction (7.25)
1500 3.5x10° 3.0x10° 3.9x 107 5.1x10%
1600 44x10* 4.2 x10° 7.6 x 10 1.4x10°
1700 4.0x 107 4.3 x10* 1.0x 10* 2.5%x 107
1800 2.5 % 107 3.4 x10° 1.0 x 107 3.2x10*
1900 0.11 2.2 x107? 8.3x 107 32x10°
2000 0.47 0.11 5.3 %107 2.5x107?
2100 1.8 0.52 0.28 0.16
2200 5.8 2.0 1.3 0.84
2300 17 7.0 52 3.8
2400 47 22 18 15
2500 116 61 58 56
2546 173 97 96 96
2600 270 161 170 170
2700 588 391 456 456
2800 1210 890 1138 1138
2900 2366 1914 2659 2659
3000 4419 3904 5855 5855
3100 7922 7604 12250 12250
3150 10477 10477 17418 17418
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At temperatures above 2900 K, the partial pressure of Si determined by the
equilibrium constant of reaction (7.25) becomes more than the pressure of silicon
saturated vapor and therefore the dissociation of SiC takes place in the condensed
phase accompanied by the separation of liquid silicon. In Table 7.2, these values
are underlined in the column Py, = P ag;, that are obtained using Henry’s law.

1400 1500 1800 2000 2200 2400 2600 2800

2

1 1 1 1
1400 1600 1800 2000 2200 2400 2600 2800
Ti©)

(b)
Fig. 7.4. Equilibrium partial pressures for various species in a Si-C system assuming (a)

condensed SiC and carbon, (b) condensed SiC and silicon. The dashed line is the total pres-
sure [19].
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At 3150 K, K, = ag; = 1 and Py, = K,/Pg", the solution of C in Si becomes
mutually saturated. At T > 3150 K, AG,® of reaction (7.22) is less than zero, and
therefore, SiC under these conditions dissociates completely. Hence, 3150 K is the
limiting temperature for the existence of SiC in the condensed phase.

Figure 7.4(a) shows the equilibrium pressures of a Si-C system at constant
pressure. The gaseous species include C, C,, C;, C,4, Si, Si,, Si;, SiC, SiC,, and
Si,C, and the condensed species are SiC and carbon. Among individual species
gaseous silicon dominates at temperatures below 2673 K, while SiC, and Si,C
have larger partial pressures at higher temperatures. Figure 7.4(b) shows the sys-
tem with condensed SiC and silicon. Since liquid silicon is energetically less fa-
vorable, it only occurs when there is excess of silicon and no carbon source. The
partial pressures are higher as shown in Fig. 7.4(b).

Growth kinetics

As explained above, reaction (7.25) is considered most important for the deposi-
tion process (Lilov [24]). The vapor pressure of silicon is larger than that of SiC,
at temperatures below 2546 K, and less than that of SiC, at temperatures above
2900 K. The rate-determining species, A, is therefore chosen as SiC, at T < 2546
K, and as Si at T > 2900 K. A can be either of the two at 2546 K < T < 2900 K,
since they have the same vapor pressure (Table 7.2). Introducing z' coordinate,
which is set as O at the charge and L at the seed, vapor pressures of various species
can be considered as a function of z'.

To develop a growth kinetics model, Chen et al. [11,13] have assumed that the
species transport rate near the seed is proportional to supersaturation of A, such
that [39],

Ja= 2 pa (L) = pi (L)), (7.29)

* . g . _ 1 . .

where p, is the equilibrium vapor pressure of A, x, = 7271:MART . If SiC, and Si
vapors can be assumed to have an identical transport rate, i.e., Jg,c, = Jg;, the

growth rate of SiC crystal will become,

2M . .
Gge =" x,lp,(L)=p,(L)] (7.30)

Psic

A multiple 2 is introduced on the right side of Eq. (7.30) since one SiC, molecule
and one Si molecule form 2 SiC molecules.

Assuming that advective velocities of the species SiC, and Si are the same, the
distribution of vapor pressure can be obtained from a one-dimensional mass trans-
fer equation for Stefan flow as,

Psic, (@) + psi(Z) =p = [P = Psic, (0) = ps; (0)] exp(Pe « ' /L) (7.31)

The advective velocity, U, in Pe can be expressed as a function of transport rate of
SiC, and Si,
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U=JgeRT Ip =22, (ps (L) — ps (L)RT Ip (7.32)
From the above equation, one can obtain,
pa(L)=p, (L) + Up/(2x,RT ) (7.33)

If Si,C and Si can be assumed to have an identical vapor pressure in the growth
chamber, equation (7.31) will reduce to,

U=D/L1n((p=2ps(D)/(p—2pa(0)) (7.34)

Even if there exists a difference between the equilibrium vapor pressures of the
two species at the charge, the above equation is still valid.

Furthermore, if the vapor pressure at the source is assumed to be the same as
the equilibrium vapor pressure, such that p, (0) = p, (0), U and p, (L) can be ob-
tained from Eqgs. (7.33) and (7.34) by solving them in an iterative fashion. First, by
setting U as 0, p, (L) can be calculated using (7.33), the advective velocity U can
then be obtained by substituting (7.33) in (7.34), and finally the growth rate can be
calculated using (7.30). Here the equilibrium vapor pressures of species Si, SiC,
Si,C, and SiC, can be taken from (7.24) as partly shown in Table 7.2.

7.2.6 Numerical method

The transport equations for electromagnetic field, heat transfer, and species trans-
port can be solved by using a numerical scheme based on either finite element
(Pons et al. [4]; Egorov et al. [6]) or finite volume method (Hofmann et al. [2];
Chen et al. [13]). Pons et al. [4] have used an FEM package “Flux-Expert”, which
alternately solves the electromagnetic and thermal equations without an external
iterative scheme. Once the temperature field is obtained, the mass transfer equa-
tions are solved in an uncoupled manner. The computer model developed by
Hofmann et al. [2] uses the basic finite volume code FASTEST (developed at the
University of Erlangen) that also employs multigrid techniques.

Chen and co-workers [13], on the other hand, have developed their computer
model for SiC growth using MASTRAPP (Multizone Adaptive Scheme for Trans-
port and Phase Change Processes). MASTRAPP employs high-resolution schemes
for grid refinement and clustering for phase-change and moving boundary prob-
lems and has been extensively used for crystal growth modeling by Zhang et al.
[40,41] and many others. MASTRAPP-based crystal growth simulations have
been well tested against the experimental data, and the model is being used for a
variety of industrial problems.

The integrated radiative heat transfer equations using the DEF method require
special treatment. The coupling between the solvers of energy Eq. (7.13) and ra-
diation Eq. (7.21) is obtained through nodal temperatures and heat fluxes in an it-
erative fashion. Refer to Chen et al. [13] and Naraghi et al. [34,35] for details on
the solution scheme.

A suitable grid distribution with finer mesh in the regions of large temperature
and species gradients needs to be used for accurate predictions. For example, Chen
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et al. [13] have used a grid of 198 x 147 for most of their calculations (Fig. 7.5).
Other investigators have also used very fine grids to perform the growth simula-
tion [2,4,6]. Furthermore, since the electrical and thermal conductivities of the
graphite susceptor strongly depend on the temperature (Table 7.3), the heat power
generated in the graphite susceptor changes significantly with time. It is therefore
necessary to use a small time step, e.g., 2 s for the transient calculations.

A typical solution procedure is adopted as follows: The electromagnetic field
(Eq. 7.10) is solved to obtain the heat generated by induction heating (Eq. 7.12),
which is added as a heat source term in the energy equation (Eq. 7.13) to obtain
the temperature distribution solved together with Eq. (7.21). After obtaining the
temperature field, mass transfer, and vapor species concentration, growth rate can
be obtained using a one-dimensional mass transfer model coupled with a growth
kinetics model (Section 7.2.5). The radial variation of growth rate is considered by
taking into account the temperature variation in the radial direction. The model
can therefore predict two-dimensional growth interface profile except that mass
transfer and thermal coupling are not allowed in the lateral direction.

0 05 1 1.5 2 25

Fig. 7.5. Computational grids for finite volume method [13]. Grids are highly clustered in
the regions of large temperature gradients.
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Table 7.3. Material properties of various components [13]

Thermal
Electrical conductivity
resistivity [Q2m] [W/m/K]
Components [500-3000°C] [500-3000°C]
Graphite 0.8 x 10°-1x 10° 50-20
Insulation 0.001 0.1-3
SiC crystal 1-0.001 100-50
SiC charge 1-0.001 20-5
Argon — 0.03-0.05

7.3 Growth Simulation

7.3.1 Electromagnetic field and heat generation

In calculating the electromagnetic field, it is necessary to consider reasonable axial
and radial distances in the computational domain such that most of the contours of
magnetic potential vector, A, remain within the field of simulation. This is impor-
tant for application of the boundary condition [11] and accurate calculation of the
heat generated in the graphite susceptor. For example, Chen et al. [13] have taken
the computational domain as —20R, < z < 20R; and r < 20R, with the radius of the
outer surface of the susceptor R, = 70 mm for a 75 mm diameter crystal growth. In
this case, the magnetic potential is diminished at a distance of 20R, from the coil.
Many times, it is necessary to perform calculations with different sizes of the
computational domains to make an appropriate choice. Typical contours of mag-
netic vector potential for 5 turns of coil and current of 1200 A as obtained by Chen
et al. [11] are shown in Fig. 7.6. The contour lines are concentrated along the outer
portion of the graphite susceptor, and the contour of (4),,,; = 5 X 10~ Wb /m bends
in the bottom and top portion of the susceptor and passes through the outer portion
of the cylindrical susceptor. The graphite susceptor with a high conductivity
serves as a shield, such that a large amount of energy is generated by eddy cur-
rents in the susceptor within a small skin depth, leaving less energy to be gener-
ated in the parts inside the susceptor (like the crucible, crystal, and charge).

The generated heat per unit volume for the case considered by Chen et al. [13]
is shown in Fig. 7.7. Clearly, 4., in the susceptor is several orders of magnitude
larger than that in the SiC charge. The total amount of energy generated in the skin
depth is much larger because of the volume for the same radial width becomes
larger (second power) away from the central axis.
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Fig. 7.6. magnetic potential contours, (4,),., in a system with a coil of five turns, current of
1200 A and frequency of 10 kHz [13]. Only a portion of the computational domain, r < 3R,
and z < 4R, is shown in this figure.
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Fig. 7.7. Generated heat power, q:;d,-, along the radial direction at different heights z = 0,
1.3R, and 2.6R,. The profile at z = 1.3R, has an inert gas gap between the powder charge
and the susceptor [13].
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7.3.2 Temperature field

Axial and radial temperature gradients are crucial for the successful growth and
enlargement of SiC crystals. The SiC charge sublimes in the bottom of the con-
tainer where the temperatures are higher than that in the seed, and saturation of the
SiC vapor is thus produced in the SiC charge region. Since temperature on the
seed surface is lower than that in the powder charge, the SiC vapor becomes su-
persaturated near the seed. The supersaturation of vapor species acts as a driving
force for the deposition of SiC. The growth rate is therefore not only related to the
temperature at the seed but also to the axial temperature gradient. Balkas et al.
[42] have found that for a given seed temperature, the growth rate is a linear func-
tion of the temperature gradient in the growth chamber.

A positive radial temperature gradient at the seed surface can initiate an out-
ward growth especially when a Lely seed is used to grow large size crystals, and
depress the polytype growth on the graphite lid near the seed. The lower tempera-
ture at the center of the seed can ensure a higher growth rate on the seed than that
on the graphite lid, because the supersaturation of the vapor species is higher on
the seed.

Level T(K)
344 25 3075
32 | 24 3070
23 3065
37 22 3060
2.8 — — 21 3055
| — 20 3050
28 — 18 3045
2.4 - — 18 3040
i — 17 3035
22 — 16 3030
2 — 15 3025
154 — 14 3020
— 13 3015
1.6 - — 1z 3010
_ — 11 3005
014
o — 10 3000
M2+ — @ 2895
i 4 — 8 2990
— 7 2900
0.5 — & 2800
0.6 o El 2700
| 4 2800
04 3 2500
0.2 2 2000
o 1 1500
0.2 -
0.4
0.6
0.8 -
1 T T T T T T T ]
2 15 -1 05 05 1 15 2

0
R,

Fig. 7.8. Temperature contours for a system with a coil of five turns, current of 1200A, fre-
quency of 10 kHz, and inert gas pressure of 26,666 Pa [11]
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As shown by Chen and other investigators (Fig. 7.8), the maximum temperature
exists in the graphite susceptor and always at the level of the geometric center of
the induction coil. The positive temperature difference between the SiC charge
and the seed allows the sublimation of SiC in the charge and deposition of SiC on
the seed. A positive radial temperature gradient is also formed at the seed surface,
which ensures an outward growth of the crystal [43]. As can be seen in Fig. 7.8,
the temperature difference is less than 10 K at the seed surface. A proper radial
temperature gradient at the seed has to be obtained to ensure a convex shape of the
crystal interface and keep thermal stresses low in the crystal as well as low dislo-
cation and micropipe densities.

Temperature distribution for different currents

The temperature distribution strongly depends on the power supply to the RF coil
(see Fig. 7.9 for I = 1000 A and 1100 A and Fig. 7.8 for I = 1200 A). The magni-
tude of the temperature increases with the current. The growth temperature for the
modified Lely method ranges from 1800 K to 2900 K as reported by Tairov and
Tsvetkov [44,45]. The temperature distribution for the case of I = 1200 A corre-
sponds to an upper limit growth condition for the modified Lely method in the
system considered by Chen et al. [11]. The growth temperature depends on the
temperature gradient that is related to the system design. For systems with a large
temperature gradient, the growth temperatures are low (2100-2800 K) (Tairov and
Tsvetkov [44,45]; Barrett et al. [22,23]; Hofmann et al. [2,3]; Miiller et al. [7]),

4 .
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Fig. 7.9. Temperature distributions for different currents, (a) /= 1000 A, and (b) /= 1100 A [13]
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while the growth temperatures range from 2700 K to 2900 K for systems that have
smaller temperature gradients (Pons et al. [4,5]). For a low growth temperature,
the inert gas pressure required is lower than that required for the high temperature
growth.

As can be seen in Figs. 7.8 and 7.9, the temperature has a lower value at the
center of the seed because of the cooling effect of the upper hole. The temperature
increases along the radial direction on the seed surface, reaches a high value be-
fore the inner wall of the growth chamber. The lower temperature at the center of
the seed can ensure an outward growth in radial direction, because of higher su-
persaturation of the vapor species at the center of the seed than that near the edge
of the seed. Management of heat loss is crucial to control the growth of SiC crys-
tals. However, it is not an easy task since thermal characteristics of the upper por-
tion of the crucible change significantly as the growth proceeds and thermal resis-
tance due to as-grown crystal increases. This task is made further difficult because
currently the heat loss system used for PVT growth is passive.

Temperature for different coil positions

As is well known, by moving the induction coil upward/downward, the tempera-
ture difference between the charge and the seed can be easily changed. Figure 7.10
presents the temperature distributions for two different positions (z.,; = 0, 10 mm),
while the temperature on the top of the crucible is kept at 2400 K. A PID (propor-
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Fig. 7.10. Temperature distributions for different coil positions. The coil positions are (a)
Z,u = 0 and (b) 0.01 m, respectively. The temperature on top of the crucible is kept at 2400
K for all the cases [13].
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tional, integral, and derivative) control strategy has been used numerically to keep
the temperature on top of the crucible constant by changing the current. With the
coil moved up, the location of the maximum temperature in the charge moves up
and the temperature difference between the charge and the seed decreases. In Figs.
7.10(a-b), the temperature difference between the charge and the seed, T, —
T,..as 18 @ linear function of the coil position, z,,;. It should be noted that the tem-
perature difference may not remain a linear function of the coil position if the coil
is moved further up. Since the growth rate depends on the temperature difference
between the charge and the seed (Eq. 7.35), the change in coil position will cer-
tainly affect the growth rate.

Temperature distribution for different ingot length

The temperature distribution also changes with the growth of crystal (Fig. 7.11). A
large radial temperature gradient during the initial growth is important for en-
largement of the crystal. After the ingot length of the crystal reaches 5 mm for the
system considered here, the radial temperature gradient decreases (Figs. 7.11a-b).
A small radial temperature gradient ensures a constant diameter of the crystal and
relatively flat growth interface. More importantly, the thermal stress in as-grown
crystal caused by temperature gradient decreases after the ingot length exceeds 5
mm. The axial temperature gradient in the ingot crystal is about 15 K/cm after the
ingot of 25 mm has been grown (Figs. 7.11a-b).
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Fig. 7.11. Temperature distributions in a 35mm system when I = 1350 A, and ingot length
(a) L,,=0and (b) L,, =25 mm
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Simulations reported by various investigators demonstrate that the temperature
and temperature gradient inside the crucible are strong functions of system design,
coil position, power supply, charge size, and ingot length. In addition, the tem-
perature field continuously changes with an increase in the crystal length. The
simulations reported in literature thus far give a good qualitative understanding of
the effect of these parameters. However, simulations need to be performed every
time a change in the design of the system is contemplated.

7.3.3 Growth rate calculations

The experimental data of Balkas et al. [42] indicate that the growth rate is a linear
function of the temperature difference between the seed and source, AT, and an
exponential function of the inverse of growth temperature with the following ex-
pression,

Gge=A(p,S,t)AT exp(~U/RT), (7.35)

where U is the activation energy, A (p, S, ) is a coefficient that depends on the in-
ert gas pressure p, the effective source surface area S, and the duration of the
growth, ¢. Balkas et al. [42] found that U = 5.99 x 10° J/mol based on their ex-
periment data.

Dependence of growth rate on growth temperature

Chen et al. [11] have investigated the dependence of growth rate on growth tem-
perature for a range of axial temperature gradients. They have considered two
cases, one with a small axial temperature gradient of 2 K/cm, and the other with a
large axial temperature gradient of 20 K/cm. The distance between the seed and
the charge surface is taken as 5 cm (2 inch).

The growth rate predicted by Chen et al. [11] shows an Arrhenius-type depend-
ence on the growth temperature for inert gas pressures ranging from 666 Pa (5
Torr) to 40,000 Pa (300 Torr) (Fig. 7.12). The growth rate curves, however, devi-
ate from the Arrhenius behavior when the temperature becomes too high. The Ar-
rhenius-type growth curve for a given pressure shifts towards the low temperature
region when the axial temperature gradient increases (compare Fig. 7.12b with
7.12a). The low temperature growth, that is usually associated with small-scale
systems, therefore, requires a larger axial temperature gradient (Fig. 7.12b). The
experimental data for 700 Pa argon pressure in Fig. 7.12b taken from Nakata et al.
[46] support the prediction of Chen et al. [11] at low pressures.

In the growth rate—growth temperature map, the curves merge at high tem-
peratures where the total vapor pressure of species is larger than the inert gas pres-
sure (Fig. 7.12). In this case, if the crucible is not properly sealed, the pressure in-
side the crucible will fluctuate since the pressure inside the crucible will be higher
than the system pressure. The fluctuation of pressure inside the crucible can cause
unsteady species transport in the growth chamber by Stefan flow and growth
fluctuations.
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Fig. 7.12. Predicted growth rate versus inverse of growth temperature for different gas
pressures for axial temperature gradients of (a) 2 K/cm and (b) 20 K/cm [11]. Experimental
data for inert gas pressure of 700 Pa in (b) are taken from Nakata et al. [46]
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Fig. 7.13. Dependence of the growth rate on the seed temperature, 7,,,,, and the temperature
on the bottom of the crucible, 7, in a 75 mm system [15]. The symbols from top to bot-
tom correspond to currents of 1200 A, 1100 A, and 1000 A, respectively. Experimental data

are taken from Balkas et al. [42]

The growth rate versus growth temperature curve in Fig. 7.13 is an Arrhenius-
type curve and yields an activation energy of 5.5 x 10° J/mol, close to 5.44 x 10°
J/mol as reported by Syvijirvi et al. [47]. The growth rate versus the inverse of
the temperature at the bottom is also plotted in Fig. 7.13 and yields the same acti-
vation energy as the previous curve. The predicted growth rate at high pressures
strongly depends on the diffusion coefficient D,, which is in the range of 5 x 107°
~2x 107, taken as 1 x 10~ m?/s by Chen et al. [13] to better correlate the predic-
tion with experimental data of Balkas et al. [42].

Influence of inert gas pressure on growth rate

Chen et al. [11] have also examined the dependence of growth rate on inert gas
pressure for the previous two cases. The growth rate curves become flat when the
inert gas pressure is low. Although the growth rate of about 1 mm/h cannot be
achieved for an axial temperature gradient of 2 K/cm (Fig. 7.12a), it is possible to
obtain such a growth if the axial temperature gradient of 20 K/cm can be maintained
at T,,., > 2400 K (Fig. 7.12b). From Fig. 7.14, it is evident that it is theoretically
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Fig. 7.14. Growth rate versus gas pressure for different growth temperatures at axial tem-
perature gradient of 20 K/cm [11]

possible to grow SiC crystals at elevated inert gas pressures, such as 26,666 Pa
(200 Torr), if the growth temperature is high. On the other hand, the growth at
pressures less than 133 Pa (1 Torr) and temperatures below 2500 K is also possi-
ble, as shown in Fig. 7.14.

Figure 7.14 also shows that when the inert gas pressure is low, the growth rate
does not increase as the pressure is decreased. This is because the total vapor pres-
sure of SiC species is larger than the inert gas pressure. The growth is therefore
unstable in this case, and a leak in the crucible will cause fluctuations in the pres-
sure inside the crucible and unsteady growth conditions.

Dependence of growth rate on temperature gradient

As is well known, the temperature gradient in the substrate region is an important
parameter for CVD growth, but in the PVT growth of SiC crystals, the effect of
this parameter has not been examined carefully. Chen et al. [11] have made the
first attempt to study the importance of temperature gradient as presented in Fig.
7.15 where the growth rate versus inert gas pressure is presented for several differ-
ent temperature gradients, for the growth temperature of 2400 K. With an increase
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Fig. 7.15. Growth rate versus gas pressure for different axial temperature gradients at
growth temperatures of 2400 K [11]. Experimental data are taken from [17]

in temperature gradient, the growth rate curve moves upward towards the high
growth rate region. Again, in the growth rate—inert gas pressure map, the region
where the growth rate curves become flat will have unstable growth, since the to-
tal vapor pressure of SiC species will be higher than the inert gas pressure.

Effect of coil position on temperature distribution and growth rate
profile

Since Tipurge — Tyeeq 18 Telated to the coil position, the growth rate can be changed
by moving the coil upward or downward. There are different control strategies,
such as keeping the temperature on the top of the crucible, 7,,,, constant (Chen et
al. [13]), or by keeping the power supply constant (Selder et al. [16]). The growth
rate versus temperature difference between the charge and the seed is shown in
Fig. 7.16 for different coil positions when T, is kept constant, at 2400 K or 2300
K. In a certain range of coil position, the growth rate is a linear function of coil
position, z,,,. For example, for 7,,, = 2400 K, the growth rate is almost a linear
function of z.,; when 0 < z,,; < 0.03 m; and for 7,,, = 2300 K, the growth rate is a
linear function for —0.03 m < z,,,; < 0. The growth rate can be less than zero repre-
senting etching of the seed (not shown here), if the coil is moved further up.
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Fig. 7.16. Dependence of growth rate, G, on temperature difference between the charge

and seed, T, — T,..» and on temperature difference between the bottom and top of the
crucible, Ty, — T, The coil positions, z,,, are denoted besides the symbols on the curve
of G ~Tyouom — T,y The temperature on the top of the crucible, T,,,, is maintained at either

2400 K or 2300 K [13]. Experimental data are taken from Balkas et al. [42]

Fig. 7.17. Slice of a SiC crystal marked during growth by interface demarcation technique.
The seed is positioned at the bottom. Dark horizontal regions are nitrogen-rich SiC mate-
rial, undoped regions exhibit a bright contrast (Selder et al. [16])

The effect of coil position has also been studied by Selder et al. [16] who used
an interface demarcation technique to achieve the experimental surface shape.
During the growth experiment, nitrogen was added to the inert gas in the growth
cell at fixed time steps. After the growth experiment, a slice was cut from the
grown crystal along its growth direction as shown in Fig. 7.17.
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Fig. 7.18. Measured and predicted growth rates for different coil positions. Starting from a
symmetrical coil position (upper curve), the coil is successively shifted downwards (Selder
et al. [16])

Growth rate evolution in the center of the crystal was measured and computed
for different coil positions while keeping the induction power constant. Figure
7.18 shows that the growth rate decreases with increasing crystal length. As can be
seen, the growth rate also decreases by shifting the coil downward while the
power supply is held constant. This is because the growth temperature, T,,,, de-
creases although T, T,,., may increase.

charge — L s

7.3.4 Thermally induced stress

Thermal stresses in SiC crystal with nonuniform temperature gradient can cause
plastic deformation and generation of dislocations during the growth. Miiller et al.
[8] have used a thermoelastic model to calculate the thermal stress based on the
temperature field from their 2D model. The stress-strain relation for a thermoelas-
tic anisotropic solid body is taken as [48,49]:

o ¢y ¢, ¢35 0Ye, -a(lT-T,)
P Cp €y €y 0 Epp ~ o(T - Tre‘f ) (7.36)
3 €y ¢ 0 e —a(lT- Tref )

0 0 0 ¢y £

rz
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In the above equation, o is the thermal expansion coefficient, T,,; = 0.5(T i, + Tna)
is a reference temperature, and

e :au’ . :au’ _V. c :@Jrau’ (1.37)

© 0z T or ” oy " 0z or

c; are the elastic material constants in the Voigt notation and u, v are the dis-
placement components in axial and radial direction, respectively. Figure 7.19
shows the calculated 2D temperature distribution and the corresponding 2D distri-
bution of the normal component &,,, and shear stress &, in the crystal area, with
positive values corresponding to tension and negative values to compression [8].
The calculated level of thermoelastic stress up to ~ 100 MPa in the SiC crystal
during growth is well above the critical resolved shear stress Ocgg, ~ 8 MPa (4H-
SiC) and ~ 13 MPa (6H-SiC) at 1300°C (Samant and Pirouz [50]). The resolved
shear stress at 2200-2500°C is < 1 MPa by extrapolating the experimental values
according to Miiller et al. [8]. The generated dislocations are estimated to be N o<

( | O-RS| — Ocgs)-
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Fig. 7.19. (a) Numerical simulation of the axisymmetric temperature distribution inside a
growth cell, and (b) resulting thermoelastic stress inside a 6H-SiC crystal: normal stress,
0,,, and shear stress, o,, (Miiller et al. [8])
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Fig. 7.20. Radial dependence of the resolved shear stress in the < 1120 > direction at differ-
ent distances from the growth interface (z = 0) (Miiller et al. [8])

For the three primary (0001) <1120 > slip systems Ok, is given by ks = (0,, +
0,,) Cosp — G, sing. Figure 7.20 shows the radial dependence of | O'Rsl for ¢ = 0°,
corresponding to the <1120 > direction, for different z-positions within a thin
boundary layer (~ 500 um) at the growth interface.

Modeling of stresses during the growth of SiC crystals is quite challenging and
not much has been reported on this problem except the work of Miiller et al. [8]. It
is expected that this topic will receive significant attention in the near future be-
cause of the direct relationship between the stresses and defects.

7.4 Summary

The vapor transport growth of silicon carbide crystals involves induction heating,
electromagnetic field, radiative and conductive heat transfer, sublimation and con-
densation, chemical reaction, stoichiometry, mass transport, thermal stresses, as
well as defect and micropipe generation and propagation. The irregular geometry,
complicated boundary conditions, and lack of information on thermophysical
properties at high temperatures make this process very difficult to understand,
model, and control. Since defects and micropipes in SiC crystals are directly re-
lated to transport phenomena, it is critical to develop better understanding of these
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phenomena to grow crystals of higher quality and larger size and to examine the
effects of various parameters individually and collectively.

Models of sufficient complexity have been developed to simulate the sublima-
tion SiC growth [2—-19]. These models account for the RF heating, heat generation
in graphite susceptor by eddy currents, heat transfer by conduction and radiation,
species transport, growth kinetics, and stress analysis. The predictions made by
these models are generally in good agreement with experimental data. The growth
kinetics and mass transport from the charge to seed determine the growth rate and
the shape of the crystal. The growth rate is a strong function of the interface tem-
perature, temperature gradient, inert gas pressure, and the gap between the charge
and seed, as well as the charge properties (particle size, height).

Modeling and simulation has been widely used in industry to optimize the sys-
tem geometry and growth processes. The components of the growth system can be
redesigned in order to grow crystals with low thermal stresses. Industry has used
the model to design the furnace for growing 50-100 mm diameter SiC crystals. It
is observed that a convex shape of interface can ensure an outward growth to ex-
pand a small size seed into a large diameter crystal. However, it can generate large
thermal stresses and cause higher defect density. The mechanism of defects and
screw dislocations is still not well understood and requires a strong coupling
among modeling, growth, and characterization. Only then can a direct correlation
among the process conditions, transport phenomena, chemistry, growth behavior,
stresses, and defects be developed.
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