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The effects of different growth parameters on the microstructure of the SiC films
formed during simultaneous two-source molecular-beam-epitaxial (MBE) deposition
have been investigated. Substrate temperatures as low as 750–900±C have been used.
The relationship between a number of different growth morphologies and deposition
conditions has been established. The formation of single-crystal 3C films has been found
to occur at low growth rates but within a limited Si : C adatom ratio. A combination of
transmission electron microscopy (TEM) and atomic force microscopy (AFM) has been
used to examine the different films, and the results of these investigations are described.
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I. INTRODUCTION

In recent years there has been a trend toward the
of solid-source molecular-beam epitaxy (MBE)1–4 rather
than chemical vapor deposition (CVD)5–7 to deposit
epitaxial SiC layers on Si substrates. The origin
this trend mainly derives from the fact that the form
method necessitates having a high substrate tempera
which can lead to the subsequent development of ro
and defective interfaces. The importance of growi
SiC films at relatively low temperatures is emphasiz
still further by the fact that there is an increasin
need for films with sharp doping profiles. Howeve
at temperatures lower than 1000±C, decomposition of
the gas-phase reactants leads to the production of h
quantities of atomic hydrogen which is adsorbed on
the growing SiC surface.8 Since the desorption rate o
hydrogen is very low, extremely low growth rates ha
to be used to overcome the problem of hydrogen
sorption. For this reason solid-source MBE has attrac
considerable interest as a method of growing SiC film
Although Kanedaet al.4,5 have obtained stoichiometric
SiC films on Si(111) and SiC(0001) substrates, t
has been achieved only with substrate temperatu
above 1100±C, and it has been concluded that f

a)Address correspondence to this author.
b)Deceased.
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stoichiometric films the adatom ratio of Si : C has to b
exactly 1 : 1.6,9

We have attempted to grow SiC films on (111)S
using solid-source MBE at temperatures below 900±C
and examined the degree to which a reduction in
Si : C adatom ratio can control the formation of epitaxi
stoichiometric single phase films. Here we describe
investigation of the influence of a range of grow
parameters, including substrate temperature and gro
rate, on the quality of the SiC overlayers, as examin
using both transmission electron microscopy (TEM) a
atomic force microscopy (AFM). Further comparison
have been made for films grown under the above c
ditions and those formed in ultrahigh vacuum either
carbonization or by alternate deposition from two so
sources.

II. EXPERIMENTAL

SiC films were grown by solid-source MBE (RIBER
MBE system) at 750, 800, 850, and 900±C at growth
rates which varied between 0.6 and 6.0 nmymin under
a flux rate ratio (adatom ratio) of SiyC of between 0.9
and 1.25. Three growth regimes were used: simulta
ous deposition from two sources, alternate depositi
and carbonization of the Si surface, as described m
fully elsewhere.7,10–14 For comparison, SiC layers wer
deposited at1025 Torr on a substrate held at 830±C.12,13
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In all cases, the growth was characterizedin situ using
reflection high energy electron diffraction (RHEED). Th
surface topography and roughness of the different fi
were investigated by AFM under ambient conditions
contact and tapping modes. The films were prepa
for examination both in plan-view and in cross secti
using standard techniques and investigated using a J
2000FX, TEM.

III. RESULTS AND DISCUSSION

A. Structure of carbonized films

The morphology of the SiC films formed by u
trahigh vacuum carbonization on a Si substrate h
at 750±C is shown in the bright-field micrographs i
Figs. 1(a) and 1(b). The grain size of the film is typ
cally 120 nm and the SiC is both highly faulted an
faceted, particularly at the upper surface where the
roughness for an area of 5003 500 nm, as shown in
Fig. 2(a), was found to be 8 nm. This value fell
5 nm when the substrate temperature was increase
800 ±C. The grains are generally highly textured a
show a

£
110

§
SiCyy

£
110

§
Si orientation, but they were

also twisted in the [111] direction [see inset diffractio
pattern in Fig. 1(a), obtained atf1 12g zone of Si]. Lat-
erally extended voids were found in the Si immediate
beneath the film although the SiC tended to bridge th
voids, as is particularly apparent in Fig. 1(b) for the vo
arrowed at V. The high volume fraction of voids foun
in the film described here may be seen from the opt
Normarski micrograph shown in Fig. 2(b) which als
demonstrates the triangular shape of the voids.

FIG. 1. Cross-sectional, bright-field TEM micrographs of the S
layer grown by deposition of C at 750±C showing (a) the wavy
structure of the SiC/Si interface and the faceted structure of the
surface, and (b) extended void formation, as at V, in the subst
beneath the SiC layer. The inset diffraction pattern, obtained at [1
zone of Si, demonstrates the textured nature of the SiC.
3572 J. Mater. Res., Vol. 1
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(a) (b)
FIG. 2. Plan-view (a) AFM and (b) Normarski micrographs of th
film shown in Fig. 1.

B. Film structure at high growth
rates ( .2 nmymin) and low substrate
temperatures (750 ±C)

We now examine the effect of forming the film
under the same growth conditions but depositing
multaneously from two solid sources. Figure 3 show
the morphology of the MBE film in dark field. It
is immediately apparent that the SiC is rather mo
columnar than was the case when it was formed
carbonization, and it exhibits a rather defective interfa
with the Si substrate as well as a rough upper surfa
The surface roughness was again determined by AFM
an area of 5003 500 nm and found to be 11 nm (se
Table I, specimen 1), which is somewhat coarser th
the 8 nm observed previously. The SiC showed a we
orientation relationship with the underlying Si. It is note
that isolated regions of Si (twinned Si, or single crystal
in substrate orientation) were observed within the film
and examples of three regions which exhibit twinnin
are marked in Figs. 3(a) and 3(b). The position of the
buffer layer interface with the original substrate is eas
identified by the way in which it is decorated with
number of defects and an inclined dislocation originati
from this interface is labeled D in Fig. 3(b). Furthermor
the lower part of the Si buffer layer is characterize
by horizontally layered porosity, as arrowed at P
Fig. 3(a). Although none of the laterally extended void
which were previously observed, were seen here,
diffusion of Si through porous defects has clearly be
initiated, as has also been described elsewhere.15 There
are vertically strained regions in the buffer layer an
their width is variable but approximately 15 nm, a
indicated. The strained regions bear some relation to
diameters of the 15 nm columnar grains, although it
noted that there are regions of the buffer layer whi
are strained but above which the SiC is not column
Plan-view examination of the SiC overlayer confirme
these observations although a number of regions w
found where the grain size was somewhat finer th
3, No. 12, Dec 1998
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itate-free

3C
TABLE I. Growth parameters and some results for the SiC films formed on (111) Si. The rms roughnesses were determined in precip
5 3 5 mm areas using AFM.

Specimen 1 2 3 4 5 6 7

Substrate 750 830 800 850 800, 850 850 900
temperature
(±C)

Growth rate 6 6 2 2 2 0.6 0.6
(nmymin)

Flux ratio 1 ca. 1 1 1.05 1.05 1.1 0.95–1.01
SiyC 1.03–1.05

1.20–1.25
rms roughness 11 15 8.5 4 6 3 2.5

(nm) 1.2
2.8

Microstructure columnar columnar columnar columnar columnar single single
crystal crystal

Average SiC 10 70 15 40 60 · · · · · ·
grain size
(nm)

Orientation weak weak strong strong strong epitaxial 3C epitaxial
of the SiC [112]yy [110]yy [112]yy [112]yy [112]yy
layer to the [112] [110] [112] and [112] and [112] and
Si substrate [110]yy [110]yy [110]yy
(SiCyySi) [110] [110] [110]

Vacuum UHV HV UHV UHV UHV UHV UHV
t
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in the cross-sectional micrographs. These results fur
emphasize the roughness of the upper surface inter
and the high local misorientations.

C. Film structure at medium growth
rate, higher substrate temperatures,
and different adatom ratios

The interactive influence of different growth param
eters, namely substrate temperature, growth rate,
adatom Si : C ratio, is now described for the MB
deposition. The growth conditions and the resulti
features of the film (e.g., rms roughness, microstructu
average grain size, and orientation relation with the
substrate) are compared in Table I.

Initially, we can note by comparison with the spec
mens described in Sec. III.B (specimen 1) that simp
increasing the substrate temperature (to 830±C), and
decreasing the vacuum, or the same growth rate
adatom ratio (specimen 2, Table I), resulted in vo
formation as well as in a higher mean SiC grain si
(70 nm) and surface roughness (15 nm). The effects
further changes to the growth parameters were inve
gated by growing films at 800±C at the same adatom
ratio of 1 : 1 but at a lower growth rate (2 nmymin;
specimen 3, Table I). It is noted that by comparison w
specimen 2 the relatively low growth rate has result
in a reduced surface roughness while the SiC gr
size is intermediate between that found at 750 a
830 ±C. Voids were not, however, seen in the Si bene
the SiC film.
J. Mater. Res., Vol. 1
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FIG. 3. (a,b) Dark-field TEM micrographs of cross sections of th
SiC film formed at 750±C with a Si : C adatom ratio of 1 : 1. The
buffer layer found beneath the SiC contains pores (as at P) and incli
dislocation (as at D). The SiC is twinned (as at T) and the similar
between the 15 nm width of the columnar SiC grains and the strain
regions in the buffer layer is indicated by the marks.
3, No. 12, Dec 1998 3573
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The effect of growing the SiC layer under S
stabilized conditions and at a Si : C adatom ratio of 1
but at 850±C was investigated (specimen 4, Table I). W
now find, not unreasonably, that the grain size of
SiC is coarser than for specimen 3 and that the surf
roughness is marginally lower. Figure 4(a) shows a da
field micrograph of the film and the Si immediate
beneath it and it is clear that the interface between th

FIG. 4. (a–d) Dark-field micrographs of the SiC formed at 850±C
with a Si : C adatom ratio of 1 : 1.05. Diffuse boundaries in the film a
arrowed in (a) and (d). In (b) voids in the substrate are marked a
3574 J. Mater. Res., Vol. 13
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is strained. We can also see that the upper surface
the film is decorated by a number of isolated island
These were found to be Si and typically extended so
100–300 nm above the surface of the film. Examp
of Si islands are shown in Figs. 4(a), 4(c), and 4(d
We can see that they are generally quite coarse grai
and highly twinned although the upper surfaces tend
contain much finer grains. Interestingly, we also fin
the same type of laterally extended voids as mark
in Fig. 4(b) that were observed in the carbonizatio
specimen (see Fig. 1). Although there was no appar
relationship between the observation of these voids a
the Si islands, this does not of course indicate that
formation processes are not related. It is also noted t
the SiC layer exhibits a diffuse boundary within it an
this lies some 150 nm from the upper interface of the
as arrowed in Figs. 4(a) and 4(d). This boundary is n
however, obviously associated with any change in gr
size of the SiC, but it may be that we are seeing a cha
in stacking type for the carbide, as perhaps determin
by a change in the Si content of the film.

We can now begin to see the way in which th
different growth parameters influence the microstructu
of the SiC films. At this point, the effects of increasin
the growth temperature from 800 to 850±C after the
nucleation of the initial layer were investigated for th
same flux rate ratio as before (specimen 5, Table
These conditions should increase the nucleation den
at the beginning of growth, and therefore the problem
of high interface roughness should be reduced. Figur
shows the morphology of the films formed under the
conditions from which we can see that the growth
the film has been bimodal. Extended hillock formatio
has taken place. Most of the hillocks consist of lar
faulted cubic SiC grains as well as crystalline Si. The
regions of locally accelerated hillock growth are clear
associated with some degree of void formation in t
underlying SiC [see Fig. 5(b)]. The second part of t
film consists of SiC grains which are highly oriented wi
respect to the Si substrate. An increase in grain size
seen (see Table I). Plan-view examination showed t
the columns are highly faceted and have a hexago
format with surface normals of (112)Si, as shown in
Fig. 5(c). The SiC columns themselves were found
be separated by irregular layers of amorphous mater
Figure 6(a) shows a high-resolution TEM image of
part of the overlayer where these amorphous lay
are particularly apparent (as arrowed). The amorpho
material has also been examined using energy l
imaging techniques, and it was found that there
further evidence for C being present at the vertic
SiC interfaces as discussed elsewhere.16 It is noted,
however, that no crystalline graphite precipitates ha
been observed at the SiC grain boundaries as has b
reported by Wahabet al.17 for SiC films grown on Si
, No. 12, Dec 1998
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FIG. 5. The microstructure of specimen 5 (see Table I) show
(a) dark- and (b) bright-field cross-sectional and (c) bright-fie
plan-view micrographs. The bright-field micrograph in (c) was tak
in an underfocus condition using the Fresnel contrast to enhance
visibility of the hexagonal faceted grains.

by magnetron sputtering. A higher magnification ima
of the upper part of the film is shown in Fig. 6(b
We can see the hexagonal polytype (preferentially 4
although it is noted that the lower part of the film is mo
typically cubic. The angle between [0001] directions
two columnar interfaces is about 1±.

Growing the initial layer (2 nm) at 850±C by the
alternating supply of Si and C, followed by annealing
the same temperature for 1 h and then depositing sim
taneously from both of the sources at the same gro
rate, results in the growth of laterally extended voids
the Si substrate. The voids are loosely spaced and ar
hexagonal shape, as seen in the plan-view image sh
in Fig. 7(a). These voids are formed down to the buf
layer [Fig. 7(b)]. No porosity was found in the buffe
layer, but faults and particles were found to decorate
original Si surface, as seen in Fig. 7(c). The form of t
grain boundary regions lying between the SiC colum
was investigated using HRTEM. Figure 7(d) shows
image of a grain boundary where amorphous mate
may be clearly seen, as at A.

Growth of the films under Si stabilized condition
for these growth parameters proceeds via thr
J. Mater. Res., Vol. 13
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FIG. 6. High-resolution TEM image of specimen 5 showing (a) t
intergranular amorphous zones and (b) the uppermost part of the
layer where the hexagonal polytype was formed.

dimensional nucleation. There is clear microstructu
evidence that the process involves out-diffusion of
from the substrate. For temperatures up to 800±C, the
diffusion results in the formation of pores in the substr
as compared with triangular-shaped voids above 800±C
and hexagonal-shaped voids when the specimen
annealed after initial growth. It has been propos
that a vacancy diffusion mechanism for Si exists
temperatures below 1270±C.18 This process presumabl
results in the clustering of vacancies and the formation
the voids formed either during the interaction of two S
islands19 or at the substrate defects.20 Interestingly, the
Si precipitates observed on the upper surface of the
are too large to have been formed by out-diffusion alo
Equally, they may not have been formed through the
excess only. In contrast to the work of Dianiet al.,21 no
relationship has been found between the Si islands
, No. 12, Dec 1998 3575
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FIG. 7. TEM micrographs of specimen 6 as seen in (a) plan-view
(b), (c), and (d) cross section. Comparison of the micrographs sh
that hexagonal-shaped voids have been formed in the substrate d
to the buffer layer. An intergranular amorphous layer is marked
A in (d).

either the substrate voids or porous defects. Howev
the growth of SiC requires the homogeneous transpor
Si to the growing surface. We assume that the diffus
driving force is the difference in the vapor pressure of
within the voids and on the stabilized surface of the S
Thus, the diffusion path of Si seems to be the SiC gr
boundaries. The lateral development of the grains be
inhibited mostly likely by intergranular carbon deposit

D. Film structure at 850–900 ±C
substrate temperature, low growth rate,
and different adatom ratios

The effects of further reductions in the film growt
rate have been investigated for overlayers formed
substrate temperatures of 850–900±C, for which a clear
relationship has been found between the flux rate ra
and epitaxial growth. Figure 8(a) is a dark-field m
crograph of the film obtained using the 111 reflectio
formed at 850±C with an adatom ratio of Si : C of 1 : 1
The layer is cubic and contains different defects as w
as boundaries. Such boundaries probably give rise
the step heights of, 1.5–3 nm observed in the AFM
While most of the surface of the film was found to be fl
(but covered by few hexagonal shaped grains which
typically 1.5–10 nm in height), the AFM image show
in Fig. 8(b) indicates that many precipitates are loca
on the SiC surface, extending some 300 nm above
surface. Furthermore, the precipitates can be seen t
located at small triangular pits which have a typical dep
of 10–55 nm. Although it is emphasized that voids we
3576 J. Mater. Res., Vol. 13
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FIG. 8. (a) Dark-field, cross-sectional TEM micrograph of spec
men 6 obtained using 111 reflection of SiC and (b) an AFM image
the surface of the SiC film. The surface of the SiC is decorated w
precipitates, which are associated with localized pit formation, as a

not observed in the TEM, the precipitates themselv
were found to be single and polycrystalline Si.

In an attempt to control the formation of precipitate
depositions have been made using different adatom
tios. Three ratios have been investigated and these
referred to as Regions 1, 2, and 3 for which the adat
ratios were 0.95–1.01, 1.03–1.05, and 1.20–1.25,
spectively (see Table I, specimen 7). The surfaces
the films formed in the different regions are show
in Figs. 9(a), 9(c), and 9(d). Figure 9(b) indicates t
transitional growth between Regions 1 and 2 for
adatom ratio of between 1.01 and 1.03. These Norma
images show significant differences between the differ
, No. 12, Dec 1998
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(e)
FIG. 9. Optical Normarski micrographs of the SiC films grown und
adatom ratios of (a) 0.95...1.02 (region 1), (b) 1.02...1.05 (Transi
Region), (c) app. 1.05 (Region 2), and (d) 1.20...1.25 (Region
(e) A bright-field micrograph of the SiC formed in Region 3 showi
single crystalline Si (1), hexagonal SiC (4), and polycrystalline S
(3) in a 3C SiC layer (2).
J. Mater. Res., Vol. 1
r
on
3).
g
C

films. In Region 1, for example, a relatively high densi
of triangular features can be seen, while they we
identified as voids with TEM, which are not appare
for Region 3. However, the grain size of the film in th
latter region can be seen to be bimodal [Fig. 9(d)]. T
large grains for this film were found to be SiC hillock
[see Fig. 9(e)] and the smaller grains to be Si whi
tended to be situated on top of the film. For the relative
narrow adatom range (Region 2), both the small gra
and voids are difficult to distinguish. This thus em
phasizes the morphological changes that are associ
with Region 1. The films were investigated in furthe
detail, and Fig. 10 shows both TEM images, obtain
at k110l zone of Si, as seen in the diffraction pattern
and AFM images for the three different growth regime
The films were epitaxial for each region, although f
Regions 1 and 3 the overlays consisted of column
grains containing both the cubic and hexagonal polytyp
whereas in Region 2 the layer is cubic. However, the
was a greater tendency for the grains to be twinn
and faceted in Region 1 than in Region 3 and it
interesting to note that the AFM image of Region
shows elevations of hexagonal-shaped features for wh
the rms roughness was found to be 2.4 nm. By co
parison, the surface formed in Region 2 is significan
flatter (rms roughness 1.2 nm), whereas in Region 3
the roughness is again high (2.8 nm).

It has been found possible to obtain further contr
over the formation of surface precipitates through t
use of the alternate deposition of Si and C, as control
at an atomic level by RHEED intensity oscillations fo
a substrate temperature of 850±C. Figures 11(a) and
vations
h
ologies
FIG. 10. AFM, TEM, and diffraction patterns of the SiC formed in Regions 1, 2, and 3. The AFM images show hexagonal-shaped ele
in Regions 1 and 3, but triangular shapes in Region 2. The diffraction patterns, obtained at thek110l zone of Si, show the presence of bot
the cubic and hexagonal polytypes in Regions 1 and 3 but only cubic polytype in Region 2, and this is confirmed by the morph
seen in the bright-field TEM micrographs.
3, No. 12, Dec 1998 3577



U. Kaiser et al.: A TEM investigation of SiC films grown on Si(111) substrates

ld
r
A

n
a

a
n
g

n
a

lt
iC
rn,

e-
te
ry

ow
y
r
C
ed
th
so
nd
e.
w
s
ed
is
ion
of

s
n
lly
e
of

ur
ids
,

e
of
f
nts
a

ed
an
e
he
e

ds
al
s

d

n
y
lm
FIG. 11. The microstructure of the SiC film formed at 850±C using
alternate deposition of Si and C. Low magnification bright-fie
(a) plan-view and (b) cross-sectional TEM micrographs where coa
voids can be seen. Hexagonal-shaped grains are apparent in the
image in (c), and these features can also be observed at H in
which is a dark-field TEM micrograph. The inset diffraction patter
obtained at [110] zone of Si, shows the presence of the cubic
hexagonal polytypes.

11(b) are bright-field TEM plan-view and cross-section
micrographs, respectively, which demonstrate that
surface precipitates have been formed although lar
characteristically shaped voids can be seen at the up
surface of the substrate. The films formed under the
conditions were very flat (rms roughness 1.0 nm), but
had a tendency to form hexagonal-shaped elevatio
as shown in Fig. 11(c). The microstructure of a typic
3578 J. Mater. Res., Vol. 13
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region of the film is shown in Fig. 11(d). The film
consisted mainly of cubic SiC with a high stacking fau
density, but was also found to include hexagonal S
grains as labeled H (see also inset diffraction patte
obtained at [110] zone of Si).

Our data have shown that the growth of singl
crystal SiC films is promoted when the growth ra
is reduced. The growth has been found to be ve
sensitive to the Si excess, so there is only a narr
range which results in the formation of high qualit
films, the volume fraction of surface Si precipitates, fo
example, increasing with adatom ratio. When the Si :
adatom ratio is as high as 1.25 the formation of extend
hillocks occurs. These hillocks have a higher grow
rate than the regions immediately surrounding them
that the consumption of Si is then locally increased a
there is a tendency for the hillocks to be defectiv
When the growth takes place under conditions of lo
Si excess (, 1.1) both Si precipitates as well as void
are formed although such film features are exclud
when the adatom ratio is reduced still further. Th
effect emphasizes our assumption that the out-diffus
of Si is caused by the difference in vapor pressure
Si within the voids and the growing Si-stabilized SiC
surface. The morphological development of the film
and their tendency toward the formation of voids ca
be compared to the layer deposited via the atomica
controlled alternate supply of Si and C. Following th
trends that have been described under conditions
alternate supply, void formation necessarily must occ
simply because there is no Si excess. Extended vo
were found and they do not contain polycrystalline SiC
as has also been found by Tinet al.22 It is assumed that
they develop vertically through the Si buffer until th
original Si surface is reached. At this point the rate
film growth rapidly falls and horizontal expansion o
the voids occurs, as is consistent with our measureme
which have shown that the volume of the voids is not
linear function of the layer thickness. The data describ
thus emphasize the fact that the voids are formed at
early stage of the film growth. Although our layers wer
grown on Si substrates of different oxygen content, t
formation of voids was found not to be related to th
oxygen content of the Si as was found by Leycuras.23 It
should thus be possible to avoid the formation of voi
using alternate supply of Si and C only through the initi
growth of a thin SiC buffer layer using a simultaneou
supply of Si and C at a flux ratio of about 1.05 followe
by the alternate deposition of Si and C.

IV. SUMMARY

The influence of different growth parameters o
the microstructural development of SiC films grown b
solid-source MBE has been described. Three distinct fi
, No. 12, Dec 1998
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morphologies have been observed although the for
tion of epitaxial layers has been found to be promo
when the growth rate is low and for adatom Si : C rat
of 0.95 to 1.25. The boundaries of these adatom ra
were characterized by either the formation of voids
the substrate, surface Si precipitates, or SiC hillo
within the layers. When the deposition was carri
out alternately from two sources, extended voiding w
observed as well as the tendency for the formation
both cubic and hexagonal polytypes. Current work
addressing the problem of how to suppress the forma
of defects and the results and how to promote
formation of hexagonal polytypes. The results of the
investigations will be described in due course.
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