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Evolution of macrosteps on 6H -SiC„0001…: Impurity-induced
morphological instability of step trains

Noboru Ohtani,* Masakazu Katsuno, Jun Takahashi, Hirokatsu Yashiro, and Masatoshi Kanaya
Advanced Technology Research Laboratories, Nippon Steel Corporation, 5-10-1 Fuchinobe, Sagamihara,

Kanagawa 229-8551, Japan
~Received 27 April 1998!

We report on the observation of the impurity-induced morphological instability of step trains during subli-
mation growth on 6H-SiC(0001). 6H-SiC(0001) provides a step system suitable for studying the effects of
repulsive step interaction. Its large step height and stiffness result in a strong repulsion force between steps,
which energetically establishes extremely regular equidistant step trains on the 6H-SiC(0001) surface. Upon
nitrogen doping, these regular step trains on 6H-SiC(0001) become unstable: the equidistant step trains are
transformed into meandering macrosteps by nitrogen adsorption on the growing crystal surface. We discuss the
effect of nitrogen adsorption through the consideration of asymmetric step kinetics and shed more light on the
mechanism of step bunching on the 6H-SiC(0001) surface. The competition between the repulsive step-step
interaction and the asymmetric step kinetics plays a vital role in the observed morphological transition.
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The direct visualization of steps on a single-crystal s
face of metals and semiconductors has been made pos
by the invention of scanning tunneling microscopy a
atomic-force microscopy~AFM! as well as by the recen
development of various electron microscope techniqu
Fundamental problems related to crystal growth can now
experimentally tackled by analyzingin situ or ex situ the
behavior of steps far from equilibrium as well as in equili
rium. The stepped morphology of the growing crystal surfa
is largely controlled by kinetics rather than equilibrium the
modynamics. A delicate interplay among nucleation, dif
sion, and the incorporation of adatoms at steps can ca
complex morphological features. It is widely assumed t
the steps on a smooth vicinal crystal surface have a heigh
one or just a few atomic layers. For reasons not comple
understood, however, these surface steps often tend to b
by coalescing into macrosteps of dozens or hundreds of
step heights. The mechanism of this step bunching phen
enon still remains unclear in several aspects and has
been investigated experimentally and theoretically.1–5 Ob-
taining an understanding of the step bunching beha
would also have a crucial effect on crystal-growth techn
ogy, since the resulting macroscopic roughness of the cry
surface affects the crystal quality.

Since the seminal paper of Schwoebel and Shipsey
published,3 much progress has been made in understand
the behavior of step bunching during step-flow grow
through the consideration of asymmetric step kinetics. S
face steps have asymmetry in kinetics, that is, the incorp
tion rates of adatoms from the upper and lower terraces
not equal ~Schwoebel effect!. In the presence of the
Schwoebel effect, step-flow growth by itself leads to an
stability of step trains. However, such simple asymme
kinetics for the incorporation of adatoms only gives rise
local pairing of steps and does not bring about a large-s
modulation of step density, i.e., step bunching into m
rosteps. Recently, it has been shown that the repulsive~long-
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range! step-step interaction plays an important role in s
bunching and is responsible for the long-wavelength insta
ity of step-density fluctuation.5 The repulsive step interactio
transforms the local pairing of steps into a large-scale mo
lation of step density. In this paper, we report the observa
of the impurity-induced morphological instability of ste
trains on the 6H-SiC(0001) surface. 6H-SiC(0001) pro-
vides a step system suitable for studying the effects of s
step interaction. Its large step height and stiffness result
strong elastic~long-range! repulsion force between steps. W
observe extremely regular equidistant step trains
6H-SiC(0001), which are energetically established by
strong step-step interaction on the 6H-SiC(0001) surface.
Upon nitrogen doping, these regular equidistant step tra
on 6H-SiC(0001) become unstable, coalescing into m
rosteps. The competition between the repulsive step-step
teraction and the asymmetric step kinetics induced by
impurity adsorption plays an important role in the st
bunching on 6H-SiC(0001). We first demonstrate the exi
tence of strong repulsive step interaction on 6H-SiC(0001)
@one to two orders of magnitude larger than those on Si~111!
and Si~001!# and then show how the observed morphologi
transition is caused by the interplay of energetic~repulsive
step interaction! and kinetic ~asymmetric step kinetics!
forces on the growing crystal surface. To the best of o
knowledge, this is the first experimental report and analy
on the step bunching behavior in a step system with suc
strong repulsive step interaction.

SiC is one of the materials most widely discussed in
erature with respect to growth-surface morphology. St
and stepped morphologies on the~0001! surface of SiC were
characterized by optical microscopy and the correlation
tween step heights around screw dislocations and a polyt
structure has been studied.6 Another approach to characteriz
SiC surfaces is to conduct topographic studies by AFM. T
is in part due to the very low reactivity of SiC, which make
4592 ©1999 The American Physical Society
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ex situ observation easy. In the past, several AFM stud
have been carried out for the stepped structure
SiC~0001!.7–9 Tyc observed highly regular terraces separa
by steps of various heights on the sublimation-epitaxied 0
misoriented vicinal 6H-SiC(0001) surfaces.7 For the
6H-SiC~0001!Si surface, it was found that the unit cell siz
steps govern the surface and the local distribution of d
tances between the steps is extremely uniform. Tyc analy
the uniformity by Fourier transformation and obtained t
ratio of the average distance~L! to the full width at half the
maximum ~FWHM! of the distribution peak, (FWHM)/L
,0.05, compared to (FWHM)/L50.6 for Si~111!.10 In con-
trast, we have recently observed large steps of a he
greater than 10 nm on the (0001)̄C facet plane~misorienta-
tion ;0.1°! of nitrogen-doped sublimation-grown 6H-SiC
and 4H-SiC crystals.9 The steps wander and the spaci
significantly varies along the steps. For surfaces of a
ger misorientation, Powell, Larkin, and Abel observ
macrosteps on 3.5° misoriented 6H-SiC~0001!Si and
4H-SiC~0001!Si epitaxial films.8 The steps are rathe
straight and regularly arranged. The height of macrostep
greater than 24 nm, which is 16 times the unit heights
6H-SiC (c51.512 nm) and 4H-SiC (c51.005 nm).

In our experiments, 6H-SiC single crystals were grow
on 6H-SiC~0001!Si and 6H-SiC~0001̄!C seed crystals by
sublimation growth at around 2300 °C.11 The crystals were
nominally undoped or doped with nitrogen by adding g
eous nitrogen into the growth ambience. The resulting ni
gen concentration in the crystals was about 431017cm23 for
the ‘‘undoped’’ crystals and 131019cm23 for the ‘‘doped’’
crystals. At the top of the grown crystals, a flat~0001! facet
appears where we took tapping mode AFM images of
stepped structure of 6H-SiC~0001!Si and 6H-SiC~0001̄!C at
room temperature using a Digital Instruments Nanoscope
multimode AFM operating in normal air. Si tips wit
;100-Å end tip diameters and;300-kHz resonant oscillat
ing frequency were used for the tapping-mode imaging.
get representative images of the surfaces studied, at leas
crystals were examined for each orientation and doping,

FIG. 1. ~a! AFM image of the stepped structure on the ‘‘u

doped’’ 6H-SiC~0001̄!C surface; the scanning size is 8.733 mm2

and the step-down direction is from the upper left to the lower rig
Schematic illustrations of~b! the possible terraces~H1, H2, and
H3! on 6H-SiC~0001! and ~c! the energetically favored unit ce
height step.
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several 333 mm2 to 50350mm2 areas were imaged fo
each crystal at a resolution of 512 data points per line.

Figure 1~a! shows an AFM image of the ‘‘undoped’
6H-SiC~0001̄!C surface, where the observed area is
33 mm2. A remarkable feature of the image is the high
regular character of the stepped structure. The steps
straight and fairly uniformly distributed. Many of the ob
served steps have a height of 1.5 nm, which is six times
Si-C bilayer height and corresponds to the unitc lattice pa-
rameter of 6H-SiC. The steps are often decomposed in
two steps of an identical height~0.75 nm! equivalent to three
Si-C bilayers. They are paired and placed close toge
~;50 nm apart!. We observed similar features o
6H-SiC~0001!Si, where the steps of the unit cell height a
even more uniformly distributed.

Kimoto, Itoh, and Matsunami discussed the formation
the unit cell height steps on 6H-SiC(0001) from the view-
point of the surface equilibrium process in which the surfa
free energy is minimized during crystal growth.12 Heine,
Cheng, and Needs13 showed that surface energies for ea
SiC bilayer plane are different owing to the peculiar stack
sequence to the polytype@Fig. 1~b!#, and based on this
model, Chienet al. demonstrated that a particular terra
with the lowest energy dominates the surface and the p
sible step bunching in 6H-SiC is the formation of three-
bilayer height steps~ABC or ACB layer steps!.14 Kimoto,
Itoh, and Matsunami12 suggested that further step bunchin
up to the unit cell size steps results from the different inc
poration probabilities of adatoms at theABC andACB type
steps due to the different number of dangling bonds at
steps@Fig. 1~c!#.

When the crystal is doped, a striking difference betwe
the stepped structures of the undoped and the do
6H-SiC~0001̄!C surfaces is detected. Figure 2 shows a
350mm2 AFM image of the ‘‘doped’’ 6H-SiC~0001̄!C sur-
face, where the crystal was grown under identical grow
conditions except for the performing of nitrogen dopin
Upon doping, macrosteps evolve on the growing crystal s

t.
FIG. 2. 50350mm2 AFM image of the ‘‘doped’’

6H-SiC~0001̄!C surface. Upon nitrogen doping, meandering ma
rosteps evolve on the surface.
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face, whose height ranges from 7 nm to greater than 15
ten times the unit cell height of 6H-SiC. The macrosteps
meander and often coalesce into larger steps or split
smaller steps. When a larger area observation was
formed, the macrostep trains were found to be nomina
directed in six equivalent̂11̄00& directions, reflecting the
crystallographic symmetry of the crystal. The large terra
between the macrosteps are occupied by steps of a h
from 0.5 to 3.0 nm that are also wandering.

Various possible causes for the formation of macrost
due to impurities adsorbed on the growing crystal surf
have been considered.1,2,4 Foreign particles and impuritie
deposited on the surface are a possible cause of
bunching,1 and the particles or impurity agglomeration cou
be too small to be visible for the scanning size used. Ho
ever, we rarely observed sharp cusps along the steps, w
are usually formed when steps are trying to squeeze thro
the fences of impurities, and thus the possibility of the i
purity pinning being the cause of the step bunching is p
cluded. Cooperative effects of impurity adsorption ha
been discussed by Frank2 and van der Eerden an
H. Müller-Krumbhaar.4 The basic assumptions are that
small concentration of impurities adsorbed on the surf
hamper the rate of advancement of steps to an extent
depends on their concentration immediately in front o
step, and that, because of their low concentration in
growth ambience, the impurity adsorption occurs on a slo
time scale than the crystal growth. As the steps advance
impurities are incorporated, leaving a clean surface dire
behind the steps. Consequently, the velocity of a step
function of the timet elapsed since the step ahead has pas
the same position. When the terrace under a step shr
~t becomes smaller!, the velocity of the step is enhanced, a
otherwise reduced. This is a positive feedback that make
equidistant step train unstable against perturbation fr
regularity in the step separation.2 For the present growth sys
tem, however, the impurity adsorption is not kinetically lim
ited, and dynamic equilibrium between the vapor-phase
trogen and the adsorbed nitrogen is always establis
during growth.15 Therefore, the time-dependent impurity a
sorption model for the step bunching is not applicable to
present system.

The highly regularly arranged step trains observed
6H-SiC(0001) are assumed to be produced by the str
repulsion force between steps on the surface. The la
height steps on 6H-SiC(0001) greatly repel each other du
to the elastic step-step interaction. Marchenko and Parsh16

derived an analytical expression for the elastic potential
tween steps at the surface of an isotropic solid:

U~x!5
2~12s2!

pE
~ba!2

1

x2
. ~1!

Here, E and s are Young’s modulus and Poisson’s rati
respectively,b is the surface tension at the step~step stiff-
ness! anda the step height. For 6H-SiC(0001), the height of
steps is as large as thec lattice parameter~1.512 nm!, so that
the step repulsive interaction is enhanced by one to two
ders of magnitude compared to those on Si~111! and Si~001!.
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The extremely uniform distribution of surface steps is a cl
manifestation of the strong repulsive step interaction on
surface.

Recently Sato and Uwaha have demonstrated that suc
equidistant step train with a repulsive step interaction
comes unstable by the asymmetric step kinetics and is tr
formed into a density-modulated step train at a lo
wavelength.5 They derived the dispersion for the perturb
tion in step densitydn(x,t)5dneÃkt1 ikx under supersatura
tion f 0.0 as

Ãk52k2S dj

dn
2

1

2

l12l2

l11l2

f 0

n2D , ~2!

wherej(n) and n are the step energy and density, andl1

andl2 are the dimensionless resistances of step kinetics5 for
the lower and upper terraces, respectively~larger l means
smaller incorporation probability!. Equidistant step trains ar
stable whenvk,0 and unstable whenvk.0. The first term
in the brackets represents the step repulsion force~stabilizing
force!, while the second term, assumingl1.l2 , i.e., ada-
toms are more easily incorporated from the upper terra
represents the destabilizing force due to the asymmetric
kinetics. We assume that the nitrogen adsorption influen
the stepped structure of 6H-SiC~0001̄!C through the modi-
fication of the asymmetric step kinetics. The adsorbed ni
gen enhances the incorporation rate of adatoms from the
per terraces or reduces that from the lower terraces;
detailed mechanism for this impurity-induced asymmet
step kinetics is not clear at present. The increased asymm
in step kinetics by the nitrogen adsorption causes a morp
logical transition through the competition against the rep
sive step interaction~stabilizing force!: for the ‘‘undoped’’
6H-SiC~0001̄!C, the repulsive step interaction dictate
the equidistant step trains, while, for the ‘‘doped
6H-SiC~0001̄!C, the increased asymmetry in step kineti
prevails over the repulsive step interaction, resulting in
step bunching.

It is clear from Eq.~1! that a larger step energy~step
stiffness! b yields a larger step repulsion force. Sinc
6H-SiC~0001!Si has proved to be an extremely stab

FIG. 3. AFM image of the ‘‘doped’’ 6H-SiC~0001!Si surface,
where the scanning area is 20314mm2 and the step-down direction
is from the lower left to the upper right. An equidistant step tra
with extremely smooth step edges is observed.
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surface,17 a large step energy and consequent step interac
are expected during crystal growth on 6H-SiC~0001!Si.
Figure 3 shows an AFM image of the ‘‘doped
6H-SiC~0001!Si surface, where the observed area is
314mm2, and small protrusions~white dots! observed on
the entire surface are foreign particles that adhered to
surface after crystal growth. As revealed in the figure, eq
distant step trains remain stable even under nitrogen dop
For the ‘‘doped’’ 6H-SiC~0001!Si, the strong step repulsio
force due to the large step stiffness overcomes the incre
asymmetry in step kinetics by the nitrogen adsorption
preserves a highly uniform equidistant step train. The
tremely smooth step edges observed on the ‘‘dop
l

a

on

0

e
i-
g.

ed
d
-
’’

6H-SiC~0001!Si surface lend support to this conclusion.
In summary, we have observed impurity-induced morp

logical instability of step trains on the 6H-SiC(0001) sur-
face. The strong repulsive interaction between steps du
their large height and stiffness establishes an extremely r
lar stepped structure on the 6H-SiC(0001) surface, which
becomes unstable upon nitrogen doping: equidistant
trains are transformed into meandering macrosteps by n
gen adsorption on the growing crystal surface. We sug
that the competition between the repulsive step-step inte
tion and the asymmetric step kinetics induced by impu
adsorption plays a vital role in the observed morpholog
transition.
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