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Based on the Burton–Cabrera–Frank (BCF) and Cabrera–Levine theories, supersaturation at steps (σstep) during chemical vapor deposition of
4H-SiC (0001̄) at 1570 °C under the condition of C/Si ratio of unity was estimated from the reported growth rate and cross-sectional profile of a
spiral hillock, as a function of surface diffusion length of C2H2 molecules (λC2H2). The previously assumed zero σstep in the BCF theory was found
to be a possible source of error in the case λC2H2 > 0.63 μm because of the estimated ratio of σstep to the surface supersaturation exceeding 0.1.

© 2022 The Japan Society of Applied Physics

In spite of its polytypism, SiC has been used for highly efficient
power devices.1–7) This owes to homoepitaxial growth on
misoriented SiC substrates,8–11) in which polytype is controlled
by step-flow growth. As predicted by Frank,12) a growth step is
also provided by a threading dislocation with a screw compo-
nent. This was confirmed, for example, in the case of chemical
vapor deposition (CVD) of 4H-SiC on on-axis 4H-SiC (0001)
by Masumoto et al.; spiral growth occurred from threading screw
dislocations.13) These step-flow growths have been analyzed
based on the Burton–Cabrera–Frank (BCF) theory14) not only
for SiC CVD15–17) but also for molecular beam epitaxy (MBE)
of Si,18,19) GaAs,20) InGaAsSb,21) and GaN.22,23) In these
analyses, the supersaturation at steps (σstep) had simply been
assumed to be zero. Strictly speaking, this assumption should be
unrealistic because of a finite growth rate Rg. Accuracy of σstep
estimation becomes high in the case of high surface super-
saturation σ (i.e. large Rg); e.g. a Rg of 15 μm h−1 in the above-
described case of CVD of 4H-SiC on an on-axis 4H-SiC (0001̄)
at growth temperature T of 1570 °C.13) Accordingly, in this
paper, we estimated σstep during CVD of 4H-SiC (0001̄) from
the reported cross-sectional profile of a spiral hillock.13)

According to Cabrera and Levine,24) σ is given, in the case
σ << 1, as
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where γ is the free energy of the side surface of a spiral step
(i.e. 0.3 J m−2),3,15) ν is the molar volume of the growing
species (i.e. 2.07× 10−29× 6.02× 1023 m3),15) n is the
number of spirals or the number of Si–C bilayer step-height
at the center, R is the ideal gas constant, and λo is the interstep
distance of a growth spiral.25) Since Masumoto et al. observed
a two-bilayer high growth spiral (with λo of 0.45 μm) on on-
axis 4H-SiC (0001̄̄) by atomic-force microscopy (i.e. n= 2),13)

σ was calculated from Eq. (1) to be 0.0051. When ζ is defined
as 1−(σstep/σ), Rg is given as [Eq. (5.37) in Ref. 26]
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where λ, Ω, nso, and τ are the surface diffusion length,
molecular volume of growing species (i.e. 2.07× 10−29

m3),15) equilibrium surface concentration, and mean resi-
dence time of growing species, respectively. Note that Rg is
proportional to σ2 in the case σ << σ1, whereas Rg is
proportional to σ in the case σ >> σ1.
With respect to SiC CVD in a SiH4−C3H8−H2 system, the

following chemical reactions are known to be
dominant15,27,28)

aSi 1 2 C H SiC 1 2 H , 52 2 2( ) ( ) ( )/ /+ = +

bSi CH SiC 2 H , 54 2 ( )+ = +

cSi 1 2 C H SiC H . 52 4 2( ) ( )/+ = +

We used the equilibrium constants reported in Ref. 29 and
calculated the equilibrium vapor pressures of Si, C2H2, CH4,
and C2H2, as listed in Table I. In Ref. 13 the C/Si ratio was
relatively small (i.e. unity). Under such condition, Rg is
known to increase with the increase of the C3H8 flow rate.15)

The growth in Ref. 13 was thus considered to be limited by
the supply of C-containing growing species, as is described in
Ref. 13. Since C2H2 molecules have the largest equilibrium
vapor pressure (Table I), λ in Eq. (3) can be represented by λ

of C2H2 molecules (λC2H2). Here nso/τ is given by the
Knudsen’s equation as

n P

m k T2
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t p
=

where k is Boltzmann constant, and Pe and m are, respec-
tively, the equilibrium vapor pressure and mass of C2H2

molecules.
To the authors’ knowledge, there have been no reports on

λC2H2 on 4H-SiC (0001̄). We therefore calculated σstep/σ as a
function of λC2H2 (Fig. 1). When λC2H2< 0.324 μm, σstep/σ
becomes negative; however, σstep must be positive because of
positive Rg (i.e. 15 μm h−1).13) λC2H2 should therefore be larger
than 0.324 μm, which is discussed later. The estimated σstep/σ
exceeds 0.1 in the case λC2H2> 0.63 μm. The previously
assumed zero σstep in the BCF theory could thus be source of
error, although experimental determination of λC2H2 is needed.
In the case of a two-bilayer high (i.e. h= 0.5 nm)13) growth
spiral, the step velocity vstep is given as

v R h 3.75 10 m s . 7g ostep
7 1( ) ( )/l= = ´ - -
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The kinetic coefficient Kstep defined, in the case σ << 1, as

K v R T , 8step step step( ) ( )/ s=

was calculated to be larger than 1.8× 10−10 in the case
σstep< 0.14 (Fig. 1).
Here the validity of λC2H2> 0.324 μm is discussed. If we

assume that λC2H2 on 4H-SiC (0001̄) at 1570 °C is equal to
the mean value reported at 1500 °C [i.e. 15 nm; solid square
in Fig. 1(a)]17) and that the ratio of λSi on 6H-SiC (0001̄) to
λSi on 6H-SiC (0001̄) at 1570 °C [reported by Kimoto and
Matsunami;15) solid arrow in Fig. 2] is the same as the ratio
of λC2H2 on 4H-SiC (0001̄) to λC2H2 on 4H-SiC (0001̄) at
1570 °C [dotted arrows in Fig. 2], λC2H2 on 4H-SiC (0001̄)
at 1570 °C becomes 0.34 μm [open square in Fig. 2]. It is
therefore possible that λC2H2 is larger than 0.324 μm.
In conclusion, we estimated σstep/σ to be as large as 0.14 in

the reported case of SiC CVD on 4H-SiC (0001̄). By
experimentally determining surface diffusion length and
taking σstep/σ into account, we can improve the accuracy of
BCF analysis of SiC and other semiconductors.
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Table I. Reported growth condition for CVD on on-axis 4H-SiC (0001),13)

together with calculated parameters.

Growth temperature (°C) 1570

Growth pressure (kPa) 2.7
Growth rate (μm h−1) 15
SiH4 flow rate (sccm) 30
C3H8 flow rate (sccm) 10
H2 flow rate (slm) 20
Si equilibrium pressure (Pa) 1.1 × 10−5

C2H2 equilibrium pressure (Pa) 1.9
CH4 equilibrium pressure (Pa) 7.0 × 10−14

C2H4 equilibrium pressure (Pa) 1.7 × 10−4

Supersaturation σ 0.0051

Fig. 1. (Color online) Calculated σstep/σ as a function of surface diffusion
length of C2H2 molecules on 4H-SiC (0001̄).

Fig. 2. (Color online) Temperature dependences of surface diffusion
lengths of Si adatoms (λSi) and C2H2 molecules (λC2H2) on 6H-SiC (0001̄),
6H-SiC (0001̄), and 4H-SiC (0001̄) reported by Kimoto and Matsunami,15)

Kimoto and Cooper,3) and Mochizuki.17) λC2H2 on 4H-SiC (0001̄) at
1570 °C is estimated under the assumption that the reported ratio of λSi on
6H-SiC (0001̄) to λSi on 6H-SiC (0001̄) at 1570 °C (solid arrow)15) is the
same as the ratio of λC2H2 on 4H-SiC (0001̄) to λC2H2 on 4H-SiC (0001̄)
(dotted arrows). λC2H2 on 4H-SiC (0001̄) at 1570 °C is assumed to be equal
to λC2H2 on 4H-SiC (0001̄) at 1500 °C (open square).16)
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