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The thermal stability of Ultra Dispersed Diamond on sili-
con surfaces has been investigated. Samples have been
annealed under Ultra-High Vacuum conditions. The evo-
lution of the carbon binding states at the surface has been
monitored sequentially by XPS and XEELS. After an-
nealing at 1173 K, sp’ seeds present initially have been
significantly modified. Contrary to lower temperature, no
diamond has been detected either by XPS or by FEG-
SEM after a short growth step. XPS spectra indicate the
formation of silicon carbide.

1 Introduction

Ultra Dispersed Diamond (UDD) powders have fo-
cused a great interest during the last years. Indeed, the
diamond nanoparticles are good candidates for the trans-
port of biological molecules to cells [1]. For this applica-
tion, the main challenge is the control of their functionali-
sation. Moreover, these nanometer-sized particles have
been used to perform seeding of surfaces to initiate dia-
mond growth [2]. Via this procedure, a high density of
diamond seeds (10'°-10"" / ¢cm?) can be provided on the
substrate prior to CVD growth. Important efforts are at the
present time concentrated on the UDD dispersion in liquid
suspension [3, 4]. The main objective is to prevent the ag-
gregation occurring in the liquid media. Another point less
studied previously is related to the stability of diamonds

This is the caption of the optional abstract figure. If there
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seeds on the substrate. Especially, their behaviour under
plasma conditions during the early stages of growth. Our
first study dealing with the surface modifications of silicon
nanoseeded surfaces under H, plasma has recently under-
lined the excellent stability for UDD after H, Microwave
Plasma Chemical Vapour Deposition (MPCVD) performed
at 1213 K. During the CVD exposure, chemical interac-
tions with reactive species (etching, carbon redeposition,
surface passivation,...) and thermal activated mechanisms
(carbon diffusion into silicon, transformation of diamond
nanoparticles) are taking place simultaneously at the sur-
face. To better understand the unexpected stability under
H, plasma, it is required to separate both mechanisms. The
main aim of the present paper is to investigate the thermal
stability of UDD on Si surfaces. Thermal treatments have
been carried out under Ultra-High Vacuum (UHV) condi-
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tions up to 1173 K. A short MPCVD exposure using a CHy
/ H, mixture was then applied to Si surfaces seeded with
UDD to allow the growth of the remaining sp’-carbon
growth sites. The evolution of the surface species was
monitored by in situ surface analysis carried out sequen-
tially (nanoseeding / annealing / CVD growth). X-ray Pho-
toelectron (XPS) and X-ray Electron Energy Loss
(XEELS) Spectroscopies were used. Field Emission Gun
Scanning Electron Microscopy (FEG-SEM) investigations
were then performed to correlate the density of remaining
sp>-carbon growth sites to XPS analysis. After the thermal
treatment performed at 1173 K, no diamond was detected
either by XPS or by FEG-SEM, suggesting the most part of
diamond nanoparticles have been transformed.

2 Experimental

Nanoseeding was performed on silicon (100) samples
according to the procedure previously described [3].

Experiments were carried out in an UHV system con-
nected to a microwave CVD reactor. Three different sam-
ples were considered. The first nanoseeded Si sample un-
derwent directly a CVD growth step to get a reference for
the density of sp’-carbon growth sites. Thermal treatments
achieved at 1073 K and 1173 K were applied during 60
min to the two other samples. During the annealing, the
pressure in the chamber was lower than 5. 10™ hPa.

Surface analysis was performed using XPS with an Al
Ko monochromatized anode (hv = 1486.6 ¢V). The bind-
ing energy scale was calibrated versus the Au 4f 7/2 peak
located at 84.0 eV. The evolution of the carbon and silicon
binding states was followed recording Si 2p and C 1s core
levels. The XPS ratios Py/Ciy (%) corresponding to the in-
tegrated intensity of each peak P, over the total area of the
C 1s spectrum was calculated. XPS Si 2p to C 1s ratio and
Si 2p to O 1s ratio were considered: the first one is a fin-
gerprint of the carbon amount at the surface while the sec-
ond is related to the silicon oxide stability. In addition to Si
2p and C Is core levels, XEELS spectra were recorded at
the carbon core level to give additional informations about
the carbon binding state. A short growth step was per-
formed by MPCVD (CH, (0.6 %) / H,) to reveal the sp’
seeds preserved after the UHV annealing. During the
growth step, the total pressure was 30 hPa, the microwave
power was 550 W. The surface temperature measured by
an optical pyrometer was 993 K. High Resolution SEM in-
vestigations were performed using a LEO Supra 35
equipped with a Field Emission Gun providing a high bril-
liance and a lateral resolution lower than 10 nm for our
samples. The images were recorded using an acceleration
voltage of 15 kV.

Intensity (a. u.)

3 Results
3.1 Initial Si(100) nanoseeded surface

The initial seeded surface has been investigated
using XPS. The carbon core level spectrum is shown on
figure la. The broad Cls peak suggests the presence of
several carbon binding states. The four main components
observed at 285 eV, 285.8 eV, 286.5 ¢V and 287.3 eV are
assigned to C-C sp?, C-C sp®, C-OH and C-O-C bonds, re-
spectively [5]. Their P,/Cyy ratios were 28 %, 27 %, 20 %
and 15 %, respectively. The two weaker components de-
tected at higher binding energy are corresponding to C=O
(288.2 eV) and OH-C=0 (289.2 ¢V) bonds. The carbon
binding state associated with the peak located at 284.5 eV
could be assigned to oxycarbides. The part of carbon ad-
sorbed on uncovered Si is negligible. It has been checked
by XPS on a Si sample which underwent the ultrasonic
treatment without UDD.

This XPS carbon core level is well correlated with
Transmission Electron Microscopy investigations which
revealed that UDD exhibit a sp>-carbon core surrounded by
a sp’-carbon defective shell [6]. Moreover, previous Fou-
rier Transform Infrared (FTIR) spectra underlined that
UDD termination involves the presence of hydroxyls (C-
OH), ether (C-O-C) and carbonyls (C=0O) groups [7-8] re-
sulting from the severe acid treatment applied prior the
dispersion of diamond nanoparticles in water.
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Figure 1 XPS Cls core level spectra a) initial state; after an UHV
treatment b) at 1073 K; c) at 1173 K.
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The morphology of the nanoseeded surface is depicted
on the figure 2. The SEM-FEG picture well emphasized
the aggregation of UDD dispersed on the silicon surface.
The surface covered by diamond nanoparticles is close to
17 %. The density of sp’-carbon seeds extracted by image
analysis is 2.10"" / cm®. As the major part of the silicon
surface remained uncovered, Si peaks are detected in the
XPS spectra. At the Si 2p core level, components corre-
sponding to oxidized silicon were observed.

Figure 2 FEG-SEM picture of the initial seeded Si surface

3.2 UHV annealing at 1073 K

This thermal treatment led to a significant decrease of
the carbon amount at the surface. Indeed, the C 1s / Si 2p
ratio is reduced by a 1/3 factor. This suggests a thermally in-
duced desorption process.This trend has been observed for
annealing performed at lower temperature close to 800 K
(not shown). At the carbon core level (figure 1b), the sp’
carbon component was the most affected. Its P,/Cyy ratio
drops from 28 % to 6 %. The desorbed carbon is thus
mostly sp” hybridised. On the other hand, the contribution
of the sp’-carbon peak is most weakly affected.
Nevertheless, this annealing temperature is insufficient to
remove carbon / oxygen bonds. Hydroxyls and ether
groups were major contributions. According to the Si 2p
core level (figure 3a), the silicon oxide is still present at the
surface. The corresponding component was located at + 4
eV from the Si contribution (99.6 eV). This is in agreement
with the stable Si 2 p / O 1s ratio. Its thickness has been
estimated to 2.3 nm from the ratio of the respective XPS
intensities (figure 3a).

3.3 UHV annealing at 1173 K

The surface underwent major modifications. The car-
bon core level spectrum has been deeply modified (figure
1c): the two main components are now corresponding to
silicon carbide and carbon-terminated SiC located at 283.1
eV [9] and 283.7 eV [10], respectively. Both represent
87 % of the carbon amount at the surface. This is con-
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Figure 3 XPS Si 2p core level spectra after
annealing a) at 1073 K; b)at 1173 K

Moreover,g51llcon 90x1de has been removed Thls is wgll
shown by e e leve .

QX-
ide componen -
ponent is 5o sent e icksn e
silicon carbidg Can be 8st1mat%92from e ratlo f XPS 451'
tensities ass 115’10 a r‘nmh"nnnlm ayer. | he T'PQ] e
is 1ower§than 1| mm which will bg fu(}her discussed.

£ o || 10 20 30 40 50
Sho00 o P e -
5 | 22,/-6\ev“a )
2 | AN
= || S~
2 | P ,
] 2256V .\ PR
o / .
= PN A = ! T
2 10 K20 30 40| — 5p
c // \ e
£ | Energyloss(eV) |
10 /|20 30 - —40 50
\ - ’ Energy loss (eV)
—F T T T T
o~ 10 20 30 40 50
; —Energyross-eV)—
0 10 20 30 40 50

Energy loss (eV)

Figure 4 XEELS spectrum recorded after UHV annealing
at 1173 K. The silicon carbide peak has been chosen as the
energy loss origin.
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Figure 5 XPS C 1s core level spectra

a) initial surface + 5 min growth b) 1073 K annealing + 5
min growth; ¢) 1173 K annealing + 5 min growth
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3.4 Comparison of previous samples after a
short growth step

The three previous samples underwent a short growth
step. It has been applied to annealed samples to reveal the
preserved sp> growth sites. The C 1s core level spectra and
the corresponding FEG-SEM pictures are gathered on the
figure 5.

The growth applied directly on the nanoseeded surface
leads to a high density of diamond crystals. It has been
estimated to 7.7 10'° / cm” from FEG-SEM pictures (figure
5a). The surface covered by diamond crystals is 26%. At
the same time, the sp’ component is the major one in the
XPS C 1s spectrum.

Most of the sp’-carbon sites have been preserved after
the thermal annealing at 1073 K. Indeed, the FEG-SEM
picture exhibits a density of crystals close to 8.9 10" / cm?
(figure 5b). It is quite comparable to the one obtained after

the same growth step applied to nanoseeded silicon sample.

The sp’ component is the major one in the Cls core level
spectrum, representing 75 % of the carbon amount probed
by XPS (figure 5b).

On the other hand, for the sample annealed at 1173 K,
the C 1s core level recorded after growth (figure 5c¢) did
not exhibit so much modifications compared to the one re-
corded after UHV annealing (figure 1c). This confirms that
the thermal treatment performed at 1173 K has strongly af-
fected the sp’ sites. Moreover, FEG-SEM investigations
revealed a very different surface morphology. The features
observed at the surface didn’t show the same aspect than
diamond crystals (figure 5). The XPS and XEELS spectra
suggest these islands may correspond to silicon carbide
crystals.

4 Discussion

According to surface analysis (XPS, XEELS) and
FEG-SEM investigations, nanoseeded Si surfaces under-
went important modifications after the UHV thermal
treatments performed at 1173 K. Our results underlined
that several mechanisms are involved simultaneously: the
silicon oxide removal and the desorption of carbon / oxy-
gen bonds which terminate UDD initially.

At the initial stage, most of the silicon surface, 83%, is
uncovered by diamond nanoparticles (figure 2). The Si 2p
core level reveals an oxidized silicon surface. After the
UHV annealing at 1073 K during 60 min, the oxide is still
present (figure 3a) while it is completely removed at 1173
K (figure 3b). Previous studies of the native oxide removal

by UHV thermal annealing underlined the oxide transfor-
mation started between 973 K and 1073 K [12, 13]. This
process involves the formation of volatile SiO. Indeed, the
oxide loss process can be represented by the following
equation: SiO2+Si—2Si0O(g)T. This mechanism occurs via
the formation of voids at the surface which propagates as
shown by STM investigations [13]. According to our re-
sults, the main part of the oxide remained after 60 min at
1073 K. However, it is removed when the thermal anneal-
ing at 1073 K is prolonged up to 15 h. This may indicate a
very slow kinetic for the oxide removal at 1073 K.

Hydroxyl, ether, carbonyl and carboxyl groups are the
signature of UDD termination according to the C 1s core
level spectrum (figure 1a). They were also characterized by
FTIR studies [7-8]. At 1073 K, the carbon / oxygen bonds
underwent weak modifications (figure 1b) while they are
strongly removed after the annealing at 1173 K (figure 1c).
Their cumulate P,/Cy ratio become negligible, close to
3%, compared to 41 % at the initial stage.

The silicon carbide formation is the consequence of the
two previous mechanisms. Indeed, silicon and carbon at-
oms are no more bonded to oxygen according to XPS so
that the carbon / silicon interdiffusion can take place. Dur-
ing UHV thermal treatments, UDD constitutes the unique
source of carbon. Here, it is important to discuss about the
thermal stability of the diamond nanoparticles. Particle-
size measurements performed by dynamic light scattering
method have shown 94% of the colloidal particles had an
average particle size of 6.6 nm [3]. Moreover, TEM studies
have underlined the size of the sp’ core close to 4 nm
surrounded by a sp”shell. The thermal stability of so small
sp° islands is expected to be very different from the bulk
diamond. Our experiments indicate that the temperature
threshold for UDD is located between 1073 and 1173 K.
This temperature is higher compared to Cq deposited on
silicon surfaces [14]. In this case, Cg started to react with
silicon for T =993 K.

The proposed scheme for the silicon carbide formation
should be a carbon / silicon interdiffusion occurring in the
vicinity of UDD. Taking into account the surface covered
by UDD estimated to 17 % (figure 2), this may support
why the model of the continuous SiC layer is inadequate to
estimate the SiC thickness from XPS data. Moreover, the
presence of a C-terminated SiC component (with a signifi-
cant Py / Cyoy ratio close to 40 %) at the carbon core level
(Fig 5¢) is an indication that the transformation of UDD
leads to non-stoichiometric SiC islands.

We previously studied the behaviour of UDD on sili-
con surfaces under hydrogen microwave CVD plasma [5].
Diamond nanoparticles exhibited a higher stability after H,
plasma at 1213 K. Indeed, diamond has been detected ei-
ther by XPS and FEG-SEM after a short growth step. This
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result may be surprising because under H, plasma condi-
tions diamond nanoparticles underwent an etching by
atomic hydrogen. These results suggest that the passivation
of UDD by hydrogen is relevant. The formation of C-H
bonds at the surface of diamond nanoparticles plays a pro-
tective role for sp’-carbon seeds.

5 Conclusion

We investigated the thermal stability of Ultra Dis-
persed Diamond under UHV using a sequential surface
analysis. After the thermal treatment at 1173K, most of
the sp’ sites have been transformed. XPS and XEELS
spectra underlined the formation of silicon carbide at the
surface. At this temperature, silicon oxide is removed and
desorption of UDD oxygen termination is observed. These
two mechanisms are driving forces for the silicon carbide
formation. To investigate the intrinsic thermal stability of
UDD, other substrates should be considered to avoid the
carbon / silicon interdiffusion like SiC or TiC layers.

Moreover, diamond nanoparticles on silicon surfaces
are less stable under annealing at 1173 K than under H,
plasma performed at a comparable temperature. This result
may be supported by the protective role of atomic hydro-
gen which can passivate the surface of diamond nanoparti-
cles.
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