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We have used scanning tunneling microscopy (STM), Auger electron spectroscopy (AES) and X-ray Pho-
toelectron spectroscopy (XPS) to investigate the formation of nanoscopic structures on Si(111), from wa-
fers with a high bulk C concentration. The samples were prepared by long time thermal annealing of the
silicon samples, followed by a high temperature flash in ultrahigh vacuum. An increased surface C con-
centration is induced by segregation from the bulk. The surface is found to roughen on the nanososcopic
length scale, exhibiting a random distribution of nanostructures. The height range of the structures varies
between 2 and 20 nm. The size distribution is strongly dependent on the low-temperature preparation con-
ditions. Ex-situ XPS measurements reveal the formation of SiC bonds, thus confirming the nanodots are
formed by a surface recombination of SiC.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The strain-driven formation of three-dimensional ordered islands is a method for building self-assembled
structures on semiconductors. It has potential applications in the architecture of novel semiconductor
devices [1-3]. In many of these applications the control of the surface roughness, both in the size and
spatial distribution of the nanostructures, is essential for the subsequent operation of these arrangements
as device. Frequently, the strength of the interaction inducing the self-ordering is limited and therefore
methods for enhancing island ordering are being vigorously studied by several techniques, e.g. CVD [4,
5], IBD [6, 7], and MBE [8, 9].

Silicon carbide (SiC) has attracted considerable interest because of its broad potential applications
owing much of this new thrust to the fact it is a wide bandgap semiconductor [10—12]. It is well known
that semiconductor materials with indirect bandgaps can show the character of a direct optical transition
if the material size is decreased to the nanoscale range, where additional quantum confinement effects
are dominant [13, 14]. Therefore, the study of SiC at the nanoscale is very meaningful in the application
of SiC as part of optoelectronic devices. If the fabrication procedures of nanostructures on Si substrates,
based on elements different from C, require high temperatures, care should be taken to minimize the C
segregation from the bulk [15, 16], in order to avoid contamination or even the formation of unwanted C
induced structures.
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In this article we present our results from a study of the size distribution of SiC islands on Si(111)
substrates using a UHV-STM. These nanostructures appear after a thermal process in which a Si wafer
with a high C bulk concentration is subjected to a time programmed temperature sequence. The migra-
tion of the bulk C atoms to the surface, during the annealing process, and the subsequent nucleation give
rise to the observed structures. In a recent report [17] on the formation of SiC nano-structures on Si, it
has been shown that thermal treatments, in addition to an ordered profile of surface steps, can induce the
formation of one dimensional chains of SiC nanostructures. Based on these results, namely, the use of
physical constraints such as stepped surfaces, together with sample preparation procedures similar to
those described in this report, can prove to be valuable options for the growth of SiC nanostructures.

2 Experimental details

The substrates used were p-type Si(111) wafers (B-doped, resistivity 11-20 Q2 cm), with a C concentra-
tion higher than usual for a SN wafer. Before introducing them into the vacuum system, the samples
were dipped in methanol and distilled water. In-vacuum preparation and analysis were carried out in a
UHV chamber equipped with a commercial scanning tunneling microscope (STM) and a cylindrical
mirror analyzer (CMA) for Auger electron spectroscopy. The base pressure of the chamber was below
1 x 10" Torr.

Samples were resistively heated overnight (for 12 h), at different temperatures between 660 °C—810 °C,
to clean the oxide surface, and later flashed to 1100 °C (~1 min). The temperature was then rapidly reduced
to about 850 °C and then they were left to cool down at a rate <2 °C/s [18]. The pressure in the chamber
during the 12 h annealing process stayed beneath 4 x 10" Torr, and during flashing below 3 x 10” Torr.
All the STM images were collected witha V,, =42 V and [, =2 nA, in a constant current mode. XPS
measurements were performed in a separate vacuum system, with an Al anode X-ray source and a spheri-
cal electron analyzer. This system also included sputtering gun for the determination of depth profiles.

3 Results and discussion

A typical STM image of the surface we are considering is shown in Fig. 1. This image corresponds to a
wafer annealed to 660 °C for 12 h and later flashed to =1100 °C. The surface is decorated by a distribu-
tion of nanodots (ndots), which as we will see below, are mostly SiC. These structures should not be
confused with residual contamination from the vacuum system during the annealing process, since the
time scale for such accumulation to occur are much larger at the actual operating pressure [19].

Our AES in situ measurements shown in Fig. 2 exhibit differences in the C(KLL) peak from this sam-
ple (SiC n-dots/Si) when compared to measurements in HOPG, see also Balooch et al. [20]. We have
included in the same graph the fresh sample spectrum. It is clear from the differences in the intensities,
that C which could have been added by the out of vacuum preparation procedure, is negligible when
compared to the strong C signal induced by the thermal treatment. Even though there is not a large shift
in the energies of the Auger transitions, the differences in the intensity and shape of the C(KLL) signal

Fig.1 3D topographic Si surface image, after
thermal treatment (long anneal + flash). Area
253nm x293nm, V, =+2V and I =2nA. The

picture shows the pointed-shape n-dots.
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Fig. 2 (online colour at: www.pss-a.com) C and Si Auger signals under different sample conditions. The
top traces correspond to measurements after the thermal treatment. The bottom traces are the same signals
prior to the treatment. The central spectra correspond to clean Si(111) and HOPG, respectively. (a) From
these graphs it is easy to verify the effects of the Si—Si vs. Si—C bonding in the Auger Si signal. We ob-
serve a larger FWHM in the surface with the n-dots together with differences in the losses before the main
Auger transitions. (b) Similar effects are shown on the main C AES signal.

between HOPG; the Si sample with residual contamination, and the C induced nanostructured surface, is
significant enough to suspect a different chemical environment for the C in each case. The Auger signal
of the Si(LMM) also presents differences for the different sample conditions (the fresh sample with the
native oxide layer (A); the same sample after the thermal treatment (O), and a spectrum from the (7 x 7)
reconstruction (M) obtained from a high purity sample). These differences in the shape of the Si peak are
consistent with C adsorbed in a form different than graphite over the Si surface.

To further explore these qualitative differences, we performed several XPS measurements. We used
both a fresh sample and one in which we have induced the formation of the n-dots. In Fig. 3 we show Si
2p and Cls peaks from each one of them. The measurements were performed ex-situ, so the samples
were subjected to sputtering to remove some of the effects of the air exposure. The circles correspond to
the actual data points, the thick solid line corresponds to the best fit to the data. These lines were ob-
tained by adding the different components contributing to the peaks (narrow lines). From left to right, we
show the spectra from: a treated sample (annealed to 760 °C + a high T flash), the treated sample after
sputtering and a fresh sample (as received from the manufacturer) after sputtering. The fresh sample (c)
shows two components in the Si 2p spectrum, one of them originating from the native oxide Si—O at
103.2 eV, and the other from Si atoms in a Si environment (99.6 eV) [22]. The sample in (a), with the
n-dots, shows evidence of a Si—C peak, at an energy of 101.3 eV, in addition to the Si—Si 2p peak. Since
the sample was taken out of vacuum prior to the XPS measurement, some re-oxidation occurred as
shown by the peak at 103.2 eV. After Ar" sputtering this sample (b), most of the Si—O peak is removed
but the fit of the spectra is improved if we retain the lower energy component (101.0 eV), consistent with
Si—C bonding [21].

In Fig. 3(d) to (f), we show the Cls signal for the same samples. The important aspect here is that
panels (d) and (e) display unambiguously three peaks associated to the Cls emission. Starting from the
lower energy side of the spectrum, shown in panel (d), there is a peak at 283.2 eV, which can be identi-
fied with C—Si. The next and most intense peak at 285.4 eV has been labeled as a C—C contribution. A
broader and less intense feature at 288.3 eV is required to account for the high energy shoulder displayed
by the data. This contribution can be traced back to C—O bonding. The existence of this triple feature in
the C 1s spectra explicitly justifies the introduction of a Si—C feature in the fitting of the Si 2p peaks.
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Fig. 3 (online colour at: www.pss-a.com) (a—c) Si2p and (d—f) Cls spectrum from surface: (a) and (d) after a long
anneal (760 °C) + high T flash; (b) and (e) same sample as in (a) after Ar sputtering; (c) and (f) a sputtered Si(111)
sample. The open circles are experimental data points, the solid lines are the best fit curve. Note that Si—O and C-O
are present in spectrum (a) and (d), respectively, since the sample was exposed to air before performing the XPS
measurements. To compare these spectra in the same terms we have taken out the shift due to charging using spec-
trum (b) as a reference to fix the Si—Si energy at ~99.6 eV. The other spectra in this figure have been shifted accord-

ingly.

The effect of sputtering in this sample is to remove a large fraction of the C—C intensity but the triple
peak of the Cls is still clearly observable. These 2 panels, (d) and (e), should be compared with (f),
which is an XPS spectrum from a sputtered Si sample (no heat treatment). In this sample we only detect
a double feature, namely a contribution from the surface C—C contamination and a second one from the
oxide formation (C—O bonding). The leading edge, displayed by the C 1s feature in the sample with the
n-dots at 283.2 eV (d), is absent in this case, as it should be, since no Si—C formation is expected in this
case. Since the sputtering process modifies the surface charging, a useful and charge-independent pa-
rameter is the energy difference between the Cls and Sip2 associated to carbides. We have labelled them
as Cls(Si) and Si 2p(C). This difference in binding energy, ABE[C1s(Si)-Si2p(C)] ~ 182.2 eV, in our
data. This value, which remained constant independent of the time span of the erosion cycles, has been
previously identified as originating from SiC [21]. Similar results were obtained for other samples
treated at different temperatures. The main conclusion which could be drawn from these XPS data is that
the thermal treatment applied to the high C content Si substrates, induces the formation of SiC on the
surface.

The set of STM images shown in Fig. 4 corresponds to a series of samples subjected to different over-
night annealing temperatures (for a time length of 12 h) and subsequently flashed to 1100 °C. There is a
clear evolution of the surface structure depending on the temperature. One common aspect to all of these
images is the presence of atomic steps between flat terraces. Most of these steps, which follow curved
patterns, are pinned to the SiC n-dots and they are distributed over the surface with no particular orienta-
tion. We believe the pattern of the steps are influenced both, by the SiO desorption process together with
the formation of the SiC n-dots [7]. Another interesting observation from this set of images is the tem-
perature dependence of the dots distribution. Since all of the images shown correspond to samples which
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Fig. 4 (online colour at: www.pss-a.com) Topographic image series of samples subjected to different overnight
annealing temperatures: (a) 660 °C, (b) 715 °C, (c) 760 °C and (d) 810 °C, prior to the same high temperature flash
for all samples. The scanned areas are the same for all the images: 1000 nm x 1000 nm, V,, =+2 Vand [ =2 nA.
The line profiles (e—f) correspond to a particular dot in the figures above.

have been annealed to 1100 °C, the macroscopic surface structure retains some of the features present in
the surface previous to this last thermal process. There is a higher density of n-dots for the lower over-
night annealing temperature. As the temperature increases, further clustering occurs and hence there is an
apparent net loss of “C induced defects”, or equivalently, a decrease in the number of n-dots per unit
area. It should also be noted that, from the images shown, only the sample in Fig. 4(d), as confirmed by
AES measurements, has been pre-annealed well above the SiO desorption temperature. Higher overnight
temperatures were also tried with the purpose of inducing the n-dots with negative results. Namely, we
observed (images not shown here) the formation of large clusters with no particular shape or length
scales, thus confirming in part that the reduction of the density of dots is linked to the coalescence of the
smaller size structures.

We systematically performed STM measurements in smaller size areas over the flat sections between
the n-dots. Most of the time we obtained atomic resolution over flat areas and the samples exhibited a
(7 x 7) surface reconstruction.

Figure 5 shows a series of volume and height distribution plots measured at room temperature. The
size of the structures varies between 2 and 20 nm for temperatures in the range 660 to 810 °C. There are
changes in the size distribution of the islands, depending on the initial annealing temperature. We have
adjusted a Gaussian distribution for the height at the low temperature range. The height distribution is
narrower and centred almost at the same height for the temperatures 715 °C y 760 °C (5.8 nm and 6 nm
respectively).

For temperatures of 660 °C and 810 °C the distributions are wider, and in the later case the roughness
occurs over a different surface length scale, making it impossible to fit the roughness by a distribution
over a 1000 x 1000 nm’ region.

An indication that the shape of the n-dots remains constant under the different annealing temperatures
is given by the power law relating the volume with the base surface area of the n-dots. If the length
scales in the 3 dimensions are similar, then is reasonable to describe the Volume (V) as proportional to
the Area (A) to the 3/2 exponent (V ~ A™). We have measured this exponent from the log (volume) vs.
log (area) plots shown in Fig. 5. The exponent (&) is very close to 3/2 for all cases with the largest dis-
crepancy being &= 1.25; for 715 °C.
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Fig. 5 (online colour at: www.pss-a.com) First two columns of this figure show height and volume histograms for
Si samples treated at different annealing temperatures. The graphs at the extreme left show the log (volume) vs.
log (area) plots for the corresponding temperatures. The slope is =3/2 for all temperature values.

The shape of the SiC structures is reminiscent of Ge nanocrystals grown on Si [4]. Even though our
STM images do not have enough resolution to distinguish facets or preferential orientation of the n-dots
with respect to the substrate, the shape of the particles is consistent with nanocrystalline pyramids or
domes. Further higher resolution measurements are necessary to clarify if this is indeed the case.

The evidence presented here confirms the formation of SiC n-dots induced by C segregation from the
bulk. Upon condensation, the two phases present in the surface (Si and SiC) segregate to form the ob-
served distribution of n-dots. From our AES and specially XPS measurements of the Si 2p and C Is
features, we can state that an important fraction of the C atoms in the surface are bound to Si. Further-
more the C detected on the surface concentrates mostly on the n-dots, since the regions in between them,
display the (7 x 7) reconstruction of a clean Si(111) surface. A previous XPS report of C adsorption on
Si [22], shows that most C atoms remaining on the surface, after annealing to temperatures comparable
to those used in our experiment, are in the form of SiC. Nevertheless, our ex-situ XPS measurements
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show evidence of C—C bonding, which accordingly, we attribute to the exposure of the sample to ambi-
ent conditions.

There are at least four different thermally activated processes that take place in our samples during the
thermal treatments. The first one relates to the migration of C to the surface, the second one is the SiO
desorption, which removes the native oxide by the formation of large voids in the first surface layer [23].
The last two, which most likely occur simultaneously, are the clustering of SiC and the formation of the
(7 x 7) reconstruction over the C free sections of the surface.

One singular aspect of our results is the existence of a high temperature limit for the long time thermal
annealing. If the temperature goes beyond the SiO desorption threshold (810 °C), the distribution of SiC
n-dots is strongly modified. Neither the shape, nor the spatial distribution could be related to the lower
temperature data. Our STM images show the formation of large SiC clusters with no particular shape, in
contrast to what it is observed at lower temperatures, where a uniform distribution of pointed-shape
n-dots is obtained. Even though the temperature and hence the atomic displacements are very large dur-
ing the high temperature flash, the C distribution seems to retain some features from the previous low
temperature anneal. In this way, the final density of C induced dots could be controlled, within a certain
range of temperatures, in the thermal process.

4 Summary

In this study, SiC n-dots were prepared on a Si(111) substrate by segregation of carbon atoms from the
bulk. The height of the clusters varies between 2 and 20 nm, and the size distributions are fairly sharp.
The n-dots have a pointed shape, up to the clustering temperature. Furthermore, the resulting atomic
steps in the surface are pinned to the n-dots and follow the characteristic curved patterns formed during
SiO desorption. The formation of these n-dots distribution through diffusion, nucleation and recombination
of SiC, occurs in a fairly long time scale. Some features of the n-dot distribution are retained after the high
temperature anneal in which the (7 x 7) reconstruction is formed over the C-free sections of the surface.
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