
Eur. Phys. J. D (2011)
DOI: 10.1140/epjd/e2011-20503-7

Regular Article

THE EUROPEAN
PHYSICAL JOURNAL D

Ordering of SiOxHyCz islands deposited by atmospheric pressure
microwave plasma torch on Si(100) substrates patterned
by nanoindentation

X. Landreau1,a, B. Lanfant1, T. Merle2, E. Laborde2, C. Dublanche-Tixier1, and P. Tristant1

1 SPCTS, ENSIL, 16 Rue Atlantis, Ester Technopole, 87068 Limoges, France
2 SPCTS, CEC, 12 Rue Atlantis, Ester Technopole, 87068 Limoges, France

Received 29 August 2011 / Received in final form 10 October 2011
Published online 25 November 2011 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2011

Abstract. SiOxHyCz nanometric layers are deposited from hexamethyldisiloxane by atmospheric pressure
microwave plasma torch on Si(100) substrates submitted to temperatures varying on the range [0 ◦C;
120 ◦C]. Atomic force microscopy (AFM) characterizations of samples grown at intermediate substrate
temperatures (∼30 ◦C) demonstrate a layer-by-layer growth (Frank van der Merwe growth) leading to
smooth flat and compact films while films deposited at lower and higher substrates temperatures show an
island-like growth (Volmer-Weber growth) generating a high surface roughness. Concomitantly, a detailed
infrared spectroscopy analysis of the growing films evidences structural modifications due to changes in
the bond types, Si-O-Si conformation and stoichiometry correlated with scanning electron microscopy and
AFM characterizations. Then, deposition conditions and specific microstructure are selected with the aim
of generating 3-dimensional SiOxHyCz nanostructure arrays on nanoindented Si (100) templates. The first
results are discussed.

1 Introduction

During the last decade, the development of arrayed sil-
ica nano-sensors has been the subject of intensive re-
search for many applications in the scientific fields of
medicine [1], particularly genomics [2], bio-diagnosis [3]
and in the fields of material science [4,5]. At the present
time, numerous methods have been developed for the for-
mation of arrayed nanometer thick silicon dioxide dots in-
cluding nanobiolithography techniques such as nanograft-
ing [6], dip-pen nanolithography [7], nanofountain pen
nanolithography [8], or scanning near-field nanolithogra-
phy [9]. However, all these methods are extremely time-
consuming as they only allow the deposition of one dot at
a time. Recently, numerous processes have demonstrated
their ability to grow silicon oxide nanostructures in a
highly speed and reproducible way [10–12] but the tai-
loring of their ordering remains a challenge. In this paper
we aim to introduce an alternative and promising tech-
nique, based on atmospheric pressure plasma enhanced
chemical vapor deposition (AP-PECVD) process, for the
simultaneous deposition of silicon oxide nano-islands in
a reduced time (a few seconds) and their ordering in a
squared array. Firstly, substrate temperature conditions
leading to nano-island growth are investigated by AFM
and results are used for the deposition on prepatterned Si
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(100) substrates, with a self-organization objective. Then,
the chemical structure (bond types, Si-O-Si conformation
and stoichiometry) of the SiOxHyCz deposits is analyzed
in detail by Fourier Transformed Infra-Red (FTIR) spec-
troscopy. Information about the specific surface and inter-
nal porosity are correlated with AFM observations.

2 Experimental

2.1 Deposition process: the axial injection torch

The experimental apparatus consists of a 2.45 GHz mi-
crowave plasma TIA (Torche à Injection Axiale). The mi-
crowaves generated by a magnetron (600 W) are delivered
to the flowing gas in a metallic coaxial tube, through a
rectangular waveguide. The absorption of microwave en-
ergy in the flowing gas results in formation and susten-
tion of plasma at the exit nozzle. The torch is placed in
a large cylindrical deposition chamber. The substrate is
fixed perpendicular to the plasma flow at a constant value
of 30 mm. The reactor is equipped with an exhaust at the
top to ensure the removal of products. A scheme of the
PECVD system is shown in Figure 1. 30 sccm of Ar carrier
gas is saturated with hexamethyldisiloxane (HMDSO),
by passing through a bubbler under 3.5 × 105 Pa, it is
mixed with the Ar plasma gas (16 standard liter per

http://dx.doi.org/10.1140/epjd/e2011-20503-7


2 The European Physical Journal D

Fig. 1. Experimental set-up: geometry of the TIA.

minute – slpm) before entering in the torch through the
inner conductor and creates a plasma of length 30 mm
at the exit nozzle (diameter 3 mm) by coupling with the
microwaves. The substrate temperature is controlled by
a cooling system in the range [0 ◦C; 120 ◦C]. The de-
position process is carried out during only 5 s in order
to obtain nanometric thicknesses (∼30 nm) [13]. All ex-
periments are made at normal laboratory environmental
conditions (20 ◦C, 40% humidity).

2.2 Materials and methods

The nanometric silicon oxide films are deposited keeping
the substrate stationary in front of the plasma. Before de-
position, the substrates, which are a quarter of a 100 mm
diameter (100) monocrystalline silicon wafer, are cleaned
in a fluorydric acid solution in order to remove the na-
tive SiOx nanometric layer. Then they are washed with
ethanol in an ultrasonic bath during 15 min. This protocol
allows to obtain a good surface roughness reproducibility
both within and between the different substrates. During
deposition, the substrate temperature is regulated by a
homemade Peltier cooler device (Z02T21MD, Selectronic,
40× 40× 3.8 mm) [13] with a precision of 4 ◦C during the
first minute of deposition and of 2 ◦C after. The surface
temperatures are measured with a monochromatic pyrom-
eter (type IRCON mini RT 430-18 F-4) operating in the
range of wavelengths [4 μm–12 μm] and corresponding to
the scale of temperature [−28 ◦C; 982 ◦C]. The viewing
angle from the vertical is 60◦. The process gases and the
precursor display an adequate purity (argon: Nital, 5.0 pu-
rity, HMDSO: liquid at standard conditions, Alfa Aesar,
98%). Surface morphology is investigated by atomic force
microscopy (AFM, Scientec Multimode) in tapping mode
and scanning electron microscopy (SEM, Philips XL 30).
Fourier transformed infrared spectroscopy in transmission
mode (T-FTIR, Nicolet 6700, resolution of 2 cm−1) analy-
ses are performed at the centre area of the deposits. Spec-
tra deconvolutions into Gaussian profiles are realised us-
ing the OMNIC software and Origin Pro 7.5. Intensities of

each band are normalized from the TO1 mode intensity in
order to avoid the contribution of the film thickness and to
estimate the proportion of different chemical species con-
tained within the film. Moreover, the reported data corre-
spond to an average value of 6 repetition samples. Then,
squared arrays of indents on Si (100) substrates are pat-
terned at room temperature using a nanoindenter XPTM

(MTS Nano Instruments) with a Berkovich diamond tip.
Residual impressions are ∼200 nm deep and of ∼2 μm
diameter with center-to-center pitches of 2 μm.

3 Results

3.1 AFM analyses

Figure 2 presents 3D AFM images of nanometer thick
films deposited under different substrate temperatures:
0 ◦C, 30 ◦C, 60 ◦C, 90 ◦C and 120 ◦C. At 30 ◦C (Fig. 2b),
the SiOx layer covers the Si surface uniformly with almost
no rugosity over several 5 μm × 5 μm samples. However,
layers deposited at other temperatures (Figs. 2a, 2c–2e)
reveal the growth of 3D SiOx self-assembled nano-islands.
This interesting observation reasonably agrees with the
predicted effect of the surface diffusion as a control mech-
anism of the resulting morphology: the transition from an
ambient substrate temperature to lower and higher tem-
peratures causes a change in the growth mechanisms. As
reported elsewhere [13,14], this change basically results
from the Frank van der Merwe (FM) growth (layer-by-
layer) or the Volmer-Weber (VW) growth (island growth)
due to a modification of the ratio value φ/kBT (where φ
denotes the diffusion barrier potential, T the surface tem-
perature and kB the Boltzmann constant) [15,16]. At very
low substrate temperature T , the adparticles have prac-
tically no mobility since they cannot overcome the diffu-
sion barrier potential: they stick to the growing film at
the same place where they hit it (“hit-and-stick” or “bal-
listic” deposition [17]) and a dot-like structure separated
by voids develops. At high temperatures, the mobility is
enhanced but the probability that diffusing adparticles en-
counter impinging particles increases. As a consequence,
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Fig. 2. Atomic force microscopy images of SiOx layers de-
posited during 5 s at (a) 0 ◦C, (b) 30 ◦C, (c) 60 ◦C, (d) 90 ◦C
and (e) 120 ◦C. No matter between nano-islands is supposed
because the measured inter-dots rugosity is comparable to the
substrate rugosity: ∼5 Å. Average island heights estimated by
AFM over 6 repetition samples are (a) ∼15 nm, (c) ∼35 nm,
(d) ∼25 nm, (e) ∼20 nm (dispersion �10%).

Fig. 3. FTIR specular reflexion spectra of nanometric
SiOxHyCz films deposited at five different substrate tempera-
tures.

intermolecular bonds can develop to grow stable clusters
and the mean surface diffusion length λD decreases (λD is
also limited by the desorption). As coverage increases, the
cluster size rises and λD decreases again causing thermal
roughening [15]. After a short time, stable nano-hillocks
strongly attract molecules diffusing in the vicinity (“cap-
ture zone concept” [18]). Finally, as reported by Xiao
et al. [15,16], λD has optimal values at intermediate sub-
strate temperatures, which results in a smooth flat surface
due to a layer-by-layer growth, as observed Figure 2b.

3.2 FTIR and XPS analyses: correlations with AFM
observations

Figure 3 presents the evolution of FTIR spectra obtained
in specular reflexion mode with rising temperature on the
range [0 ◦C; 120 ◦C]. All spectra exhibit the characteristic
features of amorphous silicon oxide films, namely δSi-O-Si,
γSi-O-Si, and νas Si-O-Si at 460, 805 and 1075 cm−1 respec-
tively [19,20]. The band associated to the Si-(CH3)x bonds
(1270 cm−1) appears at all temperatures except at 90 ◦C.
However, the bands related to C-H vibrators in the vicinity
of 2950 cm−1 are not detected. Bands associated to free (or
geminated) OH and H2O groups are difficult to interpret
because of a high background above 3400 cm−1. Neverthe-
less, the signal corresponding to Si-OH bonds (940 cm−1)
is very clear for each temperature and can be used for
semi-quantitative estimations.

Deconvolution of the ASM band (asymmetric stretch-
ing mode, ∼1000–1300 cm−1) into Gaussian profiles
(Fig. 4) gives rise to additional bands compared to those
obtained in the case of films recorded at normal incident
radiations. Indeed, at oblique incidence radiation, the lon-
gitudinal modes occur (Berreman effect [21]) and the ASM
absorption band of a crystalline silicon dioxide film is split
into two modes (TO1, LO1) of frequencies close to 1075
and 1250 cm−1 [19,20,22]. Similarly in the case of amor-
phous silicon oxide films, in addition to these two com-
ponents, four more modes can emerge in the ASM band
with maxima at around 1050, 1150, 1200, and 1300 cm−1
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Fig. 4. (Color online) FTIR specular reflexion spectra of the SiOxHyCz films: deconvolution of the Si-O-Si ASM band profile
into four modes of the SiOSi group. Qualitative analysis of the structure variations with rising temperature.

Fig. 5. (Color online) Evolution of the stoichiometry x in
SiOx films with rising temperature according to the TO1 mode
wavenumber variations [28].

(corresponding to TO3, TO2, LO3, LO2 respectively). Ac-
cording to [19,23], the TO1 mode at ∼1075 cm−1 re-
flects a quartz-like structure with a constant bond angle
of θ = 144◦ in a sixfold ring configuration while the TO3

mode (∼1050 cm−1) corresponds to planar threefold rings
or packed fourfold rings configurations associated with
a bond angle close to θ = 120◦ (coesite-like structure).
Then, a β-cristobalite-like structure revealed by a TO2

mode at ∼1150 cm−1 is associated with the higher bond
angle θ = 180◦ [24]. This last mode, sometimes called sur-
face mode [14,25,26], is characteristic of the specific sur-
face within the film because of the numerous obtuse bond
angles contained on the extreme surface.

In Figure 4, the first band detected at ∼1195 cm−1

corresponds to the LO3 mode. This band has a low in-
tensity and no significant variations with rising tempera-
ture, which is coherent with observations of [27]. A sec-
ond band, centred at ∼1030 cm−1, corresponding to the
TO3 mode [19] demonstrates the presence of θSi-O-Si an-

Fig. 6. Carbon content variations in the deposited films mea-
sured by XPS with rising substrate temperature: correlation
with stoichiometry constant x variations of Figure 5.

gles closed to 120◦ and reflects a relative disorder in the
SiO4 tetrahedra compared to a crystalline silica structure.

Figure 5 reports the evolution of the central position
of the TO1 mode (1068–1078 cm−1). The spectral shift of
this band is an indication of the stoichiometry of the SiOx

films [28]. The blue shift indicates a higher stoichiometry
constant x. Maximum values are obtained in the temper-
ature range [30 ◦C; 90 ◦C] and correspond to x = 1.75.
This observed trend is clearly supported by X-ray photo-
electron spectroscopy (XPS) measurements (Fig. 6), which
demonstrate a minimum carbon content in the same tem-
perature interval. Moreover, the low intensity variations of
the band associated to Si-OH groups (940 cm−1) (Fig. 7)
attest that carbon is the main factor causing the stoi-
chiometric transition at intermediate temperatures. These
carbon content variations could be indirectly explained
by a change in the growth mechanisms. In the case of a
3D-growth, the bonds between atoms or molecules consti-
tuting the film are stronger than the bonds created with



X. Landreau et al.: Ordering of SiOxHyCz islands deposited by atmospheric pressure microwave plasma torch... 5

Fig. 7. (Color online) Estimation of the Si-OH content with
rising temperature.

the substrate. Therefore a competitive effect between the
desorption of radical carbon species and the attraction
between the adsorbed species and the stable islands could
occur. In our case, this competition would lead to incor-
poration of carbon in the islands and an increase in their
concentration in the whole layer. However, this hypothesis
remains to be validated.

As far as the TO2 mode is concerned, very low inten-
sity variations are noticeable (Fig. 8), which is not a priori
coherent with surface topography variations recorded by
AFM (Fig. 2): we expected to observe a decrease in the
mode intensity for the 30 ◦C sample, but it is not the case.
Thus it can be supposed that this mode is not significant
in the case of nanometer dimension SiOx films. Contrary
to the TO2 mode, the TO3 mode exhibits noteworthy vari-
ations, which can be correlated to the surface morphology
changes. Indeed, the presence of 3-dimensional nano-dots
seems to cause prominent amplitude of the TO3 mode.
This would imply that the corresponding island-like struc-
tures are mainly composed of planar threefold rings or
packed fourfold rings associated to a bond angle θ close to
120 ◦C [19,23]. This result is in accordance with observa-
tions reported by the authors of [29]. Indeed, they demon-
strated that the contribution of TO3 is very dependent on
the thickness: particularly, it was established that the TO3

mode has a higher activity in the case of thin films while
the TO1 mode often dominates in thick films [30,31]. This
implies that the oscillators are distributed nonuniformly
over the thickness: the ratio of planar threefold/sixfold
ring is higher for the first oxide layers.

4 Spatial organization of SiOxHyCz

nano-islands

In this part, the substrates are patterned prior to
SiOxHyCz deposition by nanoindentation (Fig. 9a) with
the aim that the nanoindents act as energetic trapping
sites, enhancing diffusion of adatoms on their surface and
ripening of SiOxHyCz islands at those locations. More-
over, since spatial island equilibration is triggered by sur-

Fig. 8. (Color online) Evolution of the TO3 and TO2 mode
intensity with rising substrate temperature: correlations with
surface morphology (Fig. 2).

face diffusion, optimum ordering occurs when the pattern
pitch is comparable to the surface diffusion length λD. Ac-
cording to results obtained in 3.1 and previously [13], λD

of SiOxHyCz reaches an optimal value (roughly estimated
to 1 μm) when the surface temperature is close to 30 ◦C.
Thus, deposition is performed during 5 s at a substrate
temperature of 30 ◦C, on a substrate patterned by a 2 μm
– pitch indent squared array.

Figures 9b–9f show the surface morphology of indents
observed by SEM after the initial stages of SiOxHyCz de-
position and dot assembly. We observe that large hemi-
spherical SiOxHyCz islands of mean diameter ≈150 nm
nucleate inside the indents. Some matter also remains
trapped in and between the indents: in particular, smaller
dots gather at the edges and on the sidewall slope of the
pits. These observations reasonably agree with theoretical
predictions of reference [32], suggesting that inside the in-
dents the island formation energy is smaller than on the
flat surface, due to an enhanced strain relaxation: because
of a higher coordination number, adatoms located at the
bottom of an indent (or an edge in a simple case) find
a more stable position than those located on a smooth
and flat surface. Indeed, each atom reaching at least one
edge of an indent can relax to the extent that it finds at
least two nearest neighbours within the atoms belonging
to the substrate or to an existing island [33]. That way,
the potential energy barrier for adparticles extraction and
diffusion outside such favorable adsorption site is strongly
increased.

However, in addition to a pure geometrical effect of the
indent, a second effect due to an island already present can
greatly modify the diffusion within the indent. Such phe-
nomena, known as Otswald ripening [34,35], is the process
by which larger particles grow at the expense of smaller
one. After the initial nucleation stage, the molecular clus-
ters exceeding a critical size continue to grow and at-
tract molecules moving on the surface. Then, the islands
may progressively grow through large island–small island
interactions: the most stable islands can develop a cap-
ture zone [18] where the wandering molecules are strongly
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Fig. 9. (Color online) SEM images of the surface morphology of SiOxHyCz nano-islands localized at the center of nano-indents
after 5 s of deposition with a substrate temperature of 30 ◦C.

attracted. In our case, the stable islands located at the cen-
ter of the indents represent the most favourable energetic
sites for new impinging molecules or for small adparticles
already present.

SEM images of films deposited at substrate temper-
atures higher and lower than 30 ◦C confirm the results
obtained by AFM characterization. An example is given
in Figure 10a for a 5 s deposit realized at 90 ◦C: we ob-
serve that nano-dots uniformly cover the surface without
preferential nucleation at the centre of the indent, which
is consistent with the results of Figure 2d. As reported
by Kamins et al. [36], the surface diffusion length dur-
ing nucleation can be roughly estimated to be half the
center-to-center island spacing. In Figure 10a, the average
captured λD is about 0.25 μm, which is much lower than
the pattern pitch; this sets the lower limit of pitch below
which corner of indents can overlap.

Another interesting result concerns the SiOxHyCz

films deposited at 30 ◦C substrate temperature for de-
position time higher than 5 s: in Figures 10b–10d for de-
position time of 10 s, 15 s and 20 s respectively, we observe

that the matter, at latter stages, not only remains trapped
but also moves out of the pits from the corners and as-
semble on terraces around them (Fig. 10b). This process,
which has already been observed in the case of Ge ma-
terial [37], seems to continue until a complete filling of
the indent and a total covering of the substrate (Figs. 10c
and 10d).

5 Conclusion

The deposition of continuous and discontinuous nanomet-
ric SiOxHyCz films from HMDSO is achieved by means of
an atmospheric pressure microwave plasma torch (TIA)
on Si (100) substrates. By varying the substrate temper-
ature on the range [0 ◦C; 120 ◦C], we observe a change
in the growth mechanism resulting from a Frank van der
Merwe growth at intermediate substrate temperatures and
a Volmer-Weber growth at other temperatures. The ob-
served results are consistent with the predicted effects of
surface diffusion as a control mechanism for the resulting
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Fig. 10. (Color online) (a) Surface morphology of SiOxHyCz nano-islands after 5 s of deposition at Tsubstrate = 90 ◦C; SiOxHyCz

deposit at Tsubstrate = 30 ◦C for a deposition time of (b) 10 s, (c) 15 s and (d) 20 s.

surface morphology. FTIR spectroscopy and XPS analy-
ses demonstrate that intermediate substrate temperatures
lead to films containing a lower carbon content (x = 1.75)
while other temperatures generate a higher carbon con-
tamination (x < 1.6), probably due to an indirect effect
of substrate temperature on decomposition mechanisms
in plasma phase or/in the transition sheath. Contrary
to the carbon, the amount of –OH groups remains rel-
atively stable with substrate temperature modifications.
Concomitantly to the stoichiometric transition, numerous
changes in the microstructure occur: discontinuous films
(Volmer-Weber growth) deposited at low and high sub-
strate temperature are mainly composed of planar three-
fold rings or packed fourfold rings associated to a Si-O-Si
bond angle close to 120 ◦C, which is not the case at in-
termediate temperatures. Then, we report the ordering of
SiOxHyCz islands grown on Si (100) substrates patterned
by nanoindentation for a substrate temperature of 30 ◦C.
Referring to the deviation of the spatial distribution of
the SiOxHyCz islands from pure randomless, we conclude
that indents act as preferred nucleation sites. In the ab-
sence of detailed data on the early stages of the nucleation,
we can only speculate that the mobility of SiOxHyCz is-
lands on the slope of the pits or at the pit edges is affected
by the local minimum energy to such degree as to favor
the bonding in the edges.

Further work should concentrate on a more precise
FTIR analysis of the OH band (3000–3700 cm−1) in or-
der to distinguish and estimate the content of the different
type of OH groups (free, geminated, H-bonded), which will
provide useful information on the dots reactivity for later
functionalization in nanosensing devices.
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