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The structure of epitaxial £-SiC thin films grown on $i{100) has been investigated by measuring
Auger electron emission angular distributions over an essentially complete hemisphere of angles of
emission above the film surface. The 8-SiC films were grown by rapid thermal chemical vapor
deposition, in which the heated Si(100) surface was carbonized with propane. Auger emission
angular distributions were measured for carbon at 268 eV, and for silicon at 86 and 1605 eV,
allowing the film structure to be probed from the viewpoint of each eclement. The Auger
measurements probe the film structure to a depth of several atomic layers. Each of the distributions
displayed distinct, fourfold symmetric features, demonstrating the crystalline character of the 8-SiC
films. Comparison of the measured angular distributions with geometric projections and simulations
for the known S-SiC structure indicates that the films consist of interspersed [100] crystailine
domains (each domain having twofold symmetry), with 90° in-plane rotational orientations between
domains. These findings are consistent with scanning tunneling microscopy observations of the

outermost atoric layer.

I. INTRODUCTION

SiC-on-Si heteroepitaxy provides an attractive combina-
tion of two semiconductors.' By virtue of its wide bandgap
and refractory properties, SiC can extend silicor: technology
into novel applications.”” The surface characteristics of SiC
films grown on silicon strongly influence eventual device
performance and thus merit investigation. Previous reports>
include SiC surface studies employing low-energy electron
diffraction (LEED), high-resolution electron energy loss
spectroscopy (HREELS), Auger electron spectroscopy
(AES), and more recently scanning tunneling microscopy
(STM).>7 The first STM atomic-scale imaging reported’ of
the surface of SiC-on-Si thin films indicated an anrecon-
structed {1X1) structure in the regions examined. While ca-
pable of atomic resolution, STM provides primarily a highly
localized contour map of the outermost surface layer. Ac-
cordingly, direct evidence concerning the bulk structure of
the film must be obtained by means of a complementary

ethod. Reported here are the first investigations of the
structure of SiC-on-Si thin films by means of complete Au-
ger electron emission angalar distributions.

Auger electron emission angular distributions are finding
increased use as a means by which to probe the surface re-
gion of a sclid, and are particularly useful when the surface
under study exhibits some degree of long-range order. Sev-
eral investigations employing complete Auger emission an-
gular distributions from ordered samples have been reported
recently, including studies of monoatomic layers, multilayers
and thin films, and single crystals.®>~'® Although the results of
these investigations surprised some workers, 141017 the ex-
perimental trends are becoming established. For example,
Auger electron emission angular distributions from single-
crystals contain intensity minima along internuclear direc-
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tions at low kinetic energy (KE < 100 eV}, while displaying
maxima along internuclear directions at higher KE (> 300
eV).” In contrast, angular distributions measured from mono-
layers and thin films contain intensity minima along internu-
clear directions at all KEs investigated.’%"'? The fact that
these results were not expected by many workers illustrates
the need for more realistic theoretical formalisms of electron
scattering, and indeed, several new theoretical approaches
have been offered recently.'® ® Although significant theo-
retical work remains 1o be done in order to arrive at formal-
isms which guantitatively relate these measured Auger elec-
tron angular distributions to surface crystallographic
structure, the distributions are still vseful on a gualitative
level, as illustrated in this work. Specifically, the symmetry
and geometric arrangement of atoms in the first several
atomic layers near the solid surface are directly expressed in
the distributions. This work illustrates the utility of such
measurements when combined with other surface-structure
sensitive probes.

Ii. EXPERIMENT

B-SiC filins were grown on n-type Si(100) wafers using
rapid thermal chemical vapor deposition (RTCVD) at atmo-
spheric pressure. The RTCVD technigue utilized continuous
gas flow of appropriate precursors in conjunction with the
rapid heating and cooling capability of low thermal mass
rapid thermal processing (RTP) equipment tc control the
growth process. In RTCVD, growth takes place only during
the limited period when the systern is at high temperature,
thus combining high quality thin film growth with very
abrupt interfaces between thin films of various materials.
Epitaxial growth of crystalline cubic B-SiC on Si(100) by
RTCVD has been reported recently.’® For these experiments,
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FiG. 1. (A) Angular distribution of 1605 eV silicon Auger electrons emitted from the 8-SiC film. Brighter colors (white, yellow) represent stronger Auger
signals as illustrated in the color intensity bar (see color scale, lower left). The center of the image corresponds to emission normal to the surface and the edge
of the image corresponds to grazing emission, as illustrated by the angular scales included with each image. (B) Background-subtracted 1605 eV distribution.
{C) Background-subtracted and fourfold symmetry-averaged 1605 eV distribution. {D) 1605 ¢V distribution with geometric projection of 8-SiC structure [see

Fig. 4(B)].

SiC films were grown by carbonization of the silicon surface
through reaction with propane in a hydrogen ambient. A typi-
cal growth procedure consists of in-situ cleaning with a mix-
ture of HCl and H,, followed by carbonization at tempera-
tures from 1100 to 1300 °C in the presence of C;Hy and H,
carrier gas. A more detailed description of the growth pro-
cess can be found in Ref. 19. The SiC films used in this study
had a thickness in the range of 10-100 nm. X-ray diffraction
(XRD) and LEED confirmed that the films had a cubic [ 100]
oriented structure.

The apparatus used for the Auger electron angular distri-
bution measurements has been described previously.®*'> In
this work, Auger emission was stimulated by an incident
electron beam impinging on the sampie at a fixed angle of
11° from the surface plane. The incident beam and sample
remained stationary while the moving analyzer scanned the
angles comprising the complete forward hemisphere above
the solid surface. Electron emission along trajectories se-
lected by the analyzer was angle-resolved with collimating
apertures. The selected electrons were then energy-resolved,
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modulated by means of electrostatic ienses, and then syn-
chronously amplified in order to distinguish the Auger signal
from background signals. A 20 mm? portion of the sample
was irradiated with a 10 pA beam at 2 keV; the area ana-
lyzed was approximately one square millimeter. For mea-
surements of relatively high kinetic energy Auger electrons
(1605 eV), a 15 1A beam at 6 keV was used. A small portion
of the angular distribution was inaccessible to allow for the
incident beam, and the experimental geometry was such that
the analyzed area increased with polar angle."! Each final
angular distribution contains 27 331 data points, affording 1°
resolution. The B-SiC samples were also characterized by
LEED and AES before and after the angular distribution
measurements to verify surface structure and stability.

lll. RESULTS AND DISCUSSION

Complete Auger electron emission angular distributions
were measured from the S-SiC film for three Auger transi-
tions: carbon at 268 eV (primarily KL, 3L, 3), silicon at 86
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FIG. 2. (A) Angular distribution of 86 eV silicon Auger electrons emitted from the 8-SiC film. (B) Background-subtracted 86 eV distribution. (C) Background-
subtracted and fourfold symmetry-averaged 86 eV distribution. (D) Simulation of the 86 eV angular distribution for silicon.

eV (primarily L3 M, ;M 3}, and silicon at 1605 eV (prima-
rily KL,L; and KL;L,). The complete distributions for each
energy are shown in Figs. 1{A), 2(A), and 3(A) as false-color
intensity maps, where brighter colors (white, yellow) repre-
sent larger measured Auger signals and darker colors (black,
blue} represent smaller ones. For each distribution, the data
were normalized such that the left edge of the intensity scale
{graduated scale at lower left) corresponds to zero measured
signal, while the right edge corresponds to the maximum
observed Auger signal. Also, the color bars were normalized
over each data range to enhance the conirast of the images.
The distributions are displayed in spherical coordinates,
where ¢ and 8 are the polar and azimuthal coordinates, re-
spectively. The center of the image corresponds to ¢=0° (the
surface normal) and the edge of the image corresponds to
$=90° (grazing emission}. As illustrated by the coordinate
axes included with each display, ¢ varies in a linear fashion
from the center io the edge of the image.

Ir addition to a color map of the raw data for each energy,
a “background-subtracted” image is provided for each en-
ergy to facilitate the viewing of distribution features. The
background for each distribution was calculated as follows:
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for each direction of emission {4,¢), a background value was
obtained by digitally averaging a large group of adjacent data
points (#=*20°, ¢$=220°). This process generates an em-
pirical distribution which is featureless except for gradual
variations. Subtraction of the background increases the con-
trast of the distribution, does not introduce any new features
into the distribution, and reduces contributions such as those
due to the angular variations of the analyzer field of view
(analyzer sensitivity function). To further enhance fine fea-
tures in the distributions, & symmeiric averaging process is
applied, employing the observed symmetry of the images.
These highly processed images are not intended to replace
the raw images, but to be used in conjunction with and to
facilitate interpretation of the raw data.

A. High kinetic energy Kikuchi pattern (1605 eV}

The measured angular distribution of 1605 eV electrons
emitted from the B-SiC film is shown in Fig. 1{A).
Background-subtracted, and background-subtracted
symmetry-averaged images are provided in Figs. 1{B) and
1(C}. Clearly visible in the data is a fourfold pattern of in-
tensity maxima (white/yellow spots) which correlates well
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with a geometric projection of the known structure of S8-SiC,
Fig. 1(D) and Fig. 4. This phenomenon is often referred to as
a “Kikuchi pattern,” % or equivalently as an “electron chan-
neling” 2 pattern, and is the result of incoherent, inelastic
scattering of Auger electrons emitted from within the bulk of
the film by long rows of atoms in the lattice.”* Such data are
aseful for probing the overall symmetry and orientation of
the film to a depth of about 10 nm. In this case, the fourfold
symmetry of the pattern confirms that the film is crystalline,
and that the film is rotationally oriented with respect to the
Si(100) substrate. This fact is clearly illustrated in Fig. 1(D),
in which a geometric projection for the 8-SiC structure [Fig.
4(B)] is superimposed upon the image shown in Fig. 1(C).
The geometric projection shown in Fig. 4(B) was calculated
for eight atomic layers of S-SiC by placing “‘dots” in the
distribution along trajectories corresponding to the inter-
atomic axes. Larger dots refer to closer interatomic distances,
while smaller dots correspond to more distant interatomic
relationships. Since the closest interatomic directions are of-
ten parallel to the clearest channels through a crystalline
film, there is an approximate correlation between the size of
a dot and the observed intensity in the distribution [Fig.

1(D)].
J. Vac. Sci. Technol. A, Vol. 12, No. 2, Mar/Apr 1994

FiG. 3. (A} Angular distribution of 268 eV carbon Auger electrons emitted
from the B-SiC film. (B) Background-subtracted 268 eV distribution. (C)
Background-subtracted and fourfold symmetry-averaged 268 eV distribu-
tion.

B. Low kinetic energy Si Auger electrons (86 eV)

The measured angular distribution of silicon Auger elec-
trons (86 eV) emitted. from the B-SiC film is shown in Fig.
2(A). In contrast to the sharp fourfold pattern exhibited in the
high KE distribution [Fig. 1(A), 1605 eV], the features of the
low KE distribution [Fig. 2(A), 86 eV] are much weaker
relative to the instrument response function and other back-
ground effects. Accordingly, the features of the 86 eV distri-
bution are difficult to view without background subtraction
and fourfold symmetric averaging, Figs. 2(B) and 2(C). The
relative degree of angular anisotropy in the measured angular
distributions can be seen more quantitatively in polar plots
extracted from the complete distributions.

Comparison of the high and low KE results for silicon
{(Figs. 1, 2, and 5) reveals that, in general, the intensity
maxima apparent along internuclear directions at high KE
have been replaced by intensity minima at the low KE. This
result is consistent with the trend observed for elemental
single-crystals'>!® and is illustrated in Fig. 6. Shown are
¢=45° azimuthal plots extracted from the complete distribu-
tions shown in Figs. 1(C), 2(C), and 3(C). In Fig. 6, the
nearest-neighbor interatomic directions for 8-SiC{100} are
indicated by vertical dashed lines in the 6=45°, 135°,
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FIG. 4. (A) Top-view model of the 8-SiC structure. Note that the elemental
geometry has only twofold symmetry. (B) Geometric projection for eight
atomic layers of 8-8iC. Each dot represents an internuclear direction in the
structare; larger dots refer to closer internuclear spacings.

225°, and 315° azimutha! directicns. One obvious exception
to the above trend occurs along the surface normal (the cen-
ter of the images), where intensity maxima are observed for
both high and low KE. However, the presence of an intensity
maximum along the surface normal at low KE is not an
exception to the trend, since the carbon atoms located in the
atomic layer above each emitting silicon atom are not di-
rectly above the emitter, but are offset, leaving a “gap”
through which an Auger electron may pass with less prob-
ability of being inelastically scattered [Fig. 4(A)]. In other
words, an intensity miniraum is not observed along the sur-
face normal beczuse the surface normal is not an internuclear
direction for most of the emitting atoms near the surface; that
is, most of the Auger electrons detected at low KE originate
from the outermost atomic layers due to the short inelastic
mean-free path. At high KE, the mean-free path is much
longer, which emphasizes the channels through the crystal
rather than the local arrangement of atoms surrounding each
emitting atom.

As a step toward a more quantitative description of the
relative intensities of features in low KE distributions, we
have developed a straightforward empirical formalism based

JVST A - Vacuum, Surfaces, and Films
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TasLE 1. Unit cell structural parameters for the 8-SiC bilayer.®
Relative coordinates (A)
Element X y 4
Si 0.0 0.00 0.00
1.54 1.54 2.18
C 1.54 0.00 1.09
3.08 1.54 3.27

*The SiC bond distance was 1.94 A. The simulation scattering parameters
were as follows: Tg=0.6, To=0.6, r¢=0.8 A, re=12 A

upon point-emitters and spherical scatterers of Auger elec-
trons. For a known structure, the formalism has only two
variable parameters: the effective scattering radius of the at-
oms, and the scattering probability. Thus, the relative Auger
intensity predicted along a given trajectory depends only
upon the number of scattering atoms located between each
emitting atomn and the detector. Despite the simplicity of this
empirical formalism, it has been successful at predicting the
qualitative features of angular distributions for a wide variety
of samples, including single-crystals, monoatomic layers,
and thin films.®"!” Since the empirical formalism predicts
intensity minima along internuclear directions due to block-
ing of Auger electrons, it works best for monolayers, thin
films, and single crystals at low KE (<100 eV) (channeling
effects predominate in singie-crystal distributions for KEs
> 300 eV). The KE of the Auger electron is less important in
the case of monolayers and thin-films, since there are fewer
atoms located between the emitiing atoms and the detector.
This emphasizes the scattering due to atoms neighboring the
emitting atom, and reduces the probability that an emitted
electron will encounter long rows {i.e., channels) of atoms,
A simulated angular distribution of Auger electrons (86
eV) emitted from the 8-SiC film is shown in Fig. 2(D). The
structural model used for the simulation consisted of 11X11
unit cells of B-SIC, 16 atomic layers deep (a total of 1936
atoms). The simulation was fourfold symmetry averaged to
facilitate comparison with Fig. 2(C). The structural param-
eters employed for the simulation are collected in Table L
The simulation predicts the presence of an intensity maxi-
mum normal to the surface (the center of the image), in
agreement with experiment. The simulation alsc predicts
several other features of the distribution, including the broad
attenuations near grazing emission (¢ > 60°) located at 6
= 45° 135° 225° and 315° which give the background-
subtracted images [Figs. 2(B) and 2(C)] a pincushion (“3{)
shape. This pronounced feature of the distribution is attrib-
utable to the increasing number of scattering atoms (i.e., in-
creasing path length) which the emitted electrons encounter
as grazing angles of emission are approached [see Fig. 2(D)].
Although the relative intensities of the simulated features are
not precisely identical to the measured ones, the simulation
indicates that the structure of the SiC film near the surface is
essentially the same as that of bulk 8-SiC. That is, the rela-
tive positions of atorms are revealed more by the locations of
features in the distribution than by their absolute intensities.
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FiG. 5. Polar plots extracted from the complete measured angular distributions for Si (86 eV, 1605 V) and C (268 eV). The polar plots were extracted along
coordinates illustrated at the bottom of each column of plots. The angular anisotropy of emission from the 3-SiC surface increases with kinetic energy, due
to channeling of Auger electrons emitted from atoms located more deeply in the bulk of the film.

C. Intermediate kinetic energy C Auger electrons (268
ev)

The measured angular distribution of carbon Auger elec-
trons emitted from the B-SiC film is shown in Fig. 3(A).
Features in the distribution are sharper than those observed

J. Vac. Scl. Technol. A, Vol. 12, No. 2, Mar/Apr 1894

for silicon at low KE [Fig. 2(A)], but are less sharp than the
channeling features observed in the high KE angular distri-
bution for silicon [Fig. 1(A)]. In fact, the 268 eV image
contains features similar to both the high and low KE im-
ages, appearing to contain a mixture of both channeling and
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FiG. 6. Azimuthal plots extracted from the complete angular distributions shown in Figs. 1(C), 2(C), and 3(C). The coordinates along which the data were
extracted are illustrated in the diagram located at the upper right. The vertical dashed lines which pass through the plots indicate the nearest-neighbor
directions in the B-SiC single-crystal. The plots iHlustrate the trend observed for many single-crystal samples, in which intensity maxima observed along

internuclear directions at high KE are replaced by intensity minima at low KE.

blocking effects. This finding is consistent with the behavior
observed for several single-crystal samples, in which inten-
sity mirnima present along internuclear directions at low KE
(<100 eV) gradually gave way to intensity maxima at higher
KE (>300 eV). For example, intensity minima present
along the Si-C nearest-neighbor directions ($=45°;, 8=45°,
135°, 225°, 315°) at low KE (Fig. 2, 86 eV) are replaced by
intensity maxima in the carbon (Fig. 3, 268 eV) and silicon
(Fig. 1, 1605 ¢V) distributions. This behavior is also appar-
ent in Fig. 6. As observed for single—clrysta.ls‘,18 these chan-
neling maxima are the most pronounced since the nearest-
neighbor axes also correspond to the clearest chanmnels
through the crystal. The broad attenuations apparent near
grazing emission at the iow KE are retained in the interme-
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diate KE image (giving the image its overall pincushion
shape), which suggests that the mean-free path is still much
smaller than that observed at higher KE.

The intensity minimum observed along the surface nor-
mal in the intermediate KE distribution was not observed in
the low or high KE distributions. This can be understood in
terms of the fact that, as for the other KEs, the presence of
maxima and minima in the distributions depends upon the
relative degree of blocking and channeling which is occur-
ring along each trajectory. Since the surface normal corre-
sponds to both a blocking and a channeling direction, pre-
dicting the qualitative behavior along this trajectory is more
complicated than for the low and high KEs. To illustrate,
consider the Auger emission originating from each carbon
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atom in the film. ¥f the Auger electron had possessed a low
KE (<100 eV), the mean-free path would have been espe-
cially short, emphasizing the local geometry surrounding the
emitting atom. As illustrated in Fig. 4(A), there is a gap in
the atomic layer (Si) located immediately above each emit-
ting carbon atom, so a maximum would be expected at low
KE. However, the fourth atomic layer {second C layer) above
each emitting carbon atom contains another carbon atom
which is located directly above the emitting carbon atom.
Thus, as larger escape depths occur due to increasing KE, the
maximum observed due to the gap in the adjacent Jayers will
be graduaily replaced by a minimum due to blocking by
alternate layers, then by third layers, and so on, until chan-
neling features finally predominate at higher KE. Because of
the large number of interatomic relationships and scattering
mechanisms which are occurring at intermediate KE, such
behavior is quite complicated to simulate. A complete quan-
tum mechanical description of such data is beyond the scope
of this work, and is the focus of an ongoing effort.

The complex mixture of channeling and blocking features
present in intermediate KE angular distributions makes inter-
pretation of such data less straightforward than for the low or
high KE data for direct determination of surface atomic
structure of thick samples (more than several atomic layers).
However, depending upon the KE (and the corresponding
mean-free path), such distributions provide supporting evi-
dence regarding the average structure in the outermost sev-
eral atomic layers. In this case, the intermediate KE data
confirm that the 8-SiC film is crystalline, and that the struc-
tare of the outermost several atomic layers of the film is
contiguous with that of the bulk.

IV. SUMMARY AND CONCLUSIONS

Three complete Auger electron emission angular distribu-
tions measured from a S-SiC film were presented here: two
for silicon Auger electrons (86 and 1605 eV), and one for
carbon Auger electrons (268 eV). Each distribution displays
fourfold symmetry, despite the twofold symmetry of B-SiC,
indicating that the film consists of two structural domains
rotated 90 © with respect to each other. Alsc evident in each
distribution are distinct features which correspond to the ex-
pected interatomic directions of B-SiC, indicating that a crys-
tafline film was formed which is rotationally aligned with the
Si1(100) substrate, and which possesses the known cubic
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structure of B-SiC. These results corroborate earlier STM
measurements for the same film,” while providing direct,
complementary evidence regarding the bulk of the film.
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