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Interplay between deoxidation and dewetting for ultrathin SOI films

M. Trautmann, F. Cheynis, F. Leroy, S. Curiotto, and P. Miiller®
Aix Marseille Univ., CNRS, CINAM, 13288 Marseille Cedex 9, France

(Received 21 February 2017; accepted 3 April 2017; published online 17 April 2017)

Solid state dewetting of thin films is a promising method for producing nanodots. However, while
films with submicron thicknesses simply breakup into arrays of dots, ultrathin films tend to form
more complex dendritic structures. In this paper, we investigate the dewetting properties of ultrathin
Silicon-on-Insulator samples capped by a chemically prepared oxide layer. We unambiguously show
that the formation of a dendritic structure characteristic of Si(100) films thinner than ~6 nm is due to
an interplay between deoxidation and dewetting. For thicker films, the deoxidation is observed at
lower temperature than the dewetting and thus does not influence the dewetting whereas for the
thinner films, both phenomena occur simultaneously. In this case, the dewetted morphology results
from the coalescence of voids in the Si(100) film that are limited by the thermal decomposition of the
oxide cap. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4980132]

For the past few years, there have been many efforts for
studying solid state dewetting that means the spontaneous
agglomeration of a metastable film into an assembly of 3D
crystallites.'™ Since the size of the so-formed 3D crystallites
depends on the initial thickness of the film,>™° solid state dew-
etting of ultra-thin films is a promising method for producing
nanodots.”” Many studies thus focused on the effect of the
film thickness on the dewetting morphologies. Generally, films
with a thickness of >10nm dewet by void nucleation and by
opening process producing well-organized 3D islands.'™ In
contrast, thinner films tend to form more complex struc-
tures.'®'3 For instance, Kinetic Monte Carlo simulations have
shown that a 1 ML-thick film dewets by forming a dendritic
pattern of bilayer islands.'"'? In the literature, the specific
behavior of the thinner films has been attributed to barrierless
void nucleation,'® spinodal dewetting (enhanced sensitivity to
thickness or thermal fluctuations),'” short range effect of the
wetting potential,'"®'? or local stresses.'”® Recently, we inves-
tigated the dewetting properties of Silicon-on-Insulator (SOI)
samples capped by a chemically prepared oxide layer. We thus
reported that Si(100) films thicker than 8 nm dewet in four
steps and break down into self-organized 3D crystals whereas
films thinner than 6 nm dewet by the formation of a dendritic
morphology.'’

In this paper, we show that this thin film effect is actu-
ally due to a subtle interplay between film deoxidation and
film dewetting. Indeed, the minimum temperature at which a
film starts to dewet at a measurable timescale (Tge, (h))
decreases with its thickness h whereas the deoxidation tem-
perature (Tg.0x) is a constant for all samples; the capping
SiO, layers are prepared according to the same procedure.”!
We thus show that if Tgew(h) > Tyeox SOI, dewetting occurs
by void opening and leads to self-organized 3D crystals
whereas if Tgew(h) < Tgeox SOI, dewetting leads to dendritic
morphologies. In other words, the dewetting of the thicker
films does not depend on the oxide cap that decomposes
before dewetting and thus only depends on the surface
energy gain due to the disappearance of the Si surface and
the film/substrate interface with respect to the uncovered
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bare substrate while the dewetting of the thinner films
depends on the deoxidation. In the latter case, only the clean
and deoxidized parts of the silicon film can dewet.

We use low-energy electron microscopy (LEEM) to inves-
tigate in-situ and in real time the decomposition of the oxide
and the dewetting of the SOI films in an ultra-high vacuum
chamber with a base pressure in the low 10~ ' Torr range.
Note that since the reflectivity properties of surfaces depend on
the energy of the incident electrons, the contrast between Si
and SiO, may be inverted according to the value of the electron
energy.zz’23 We define the deoxidation temperature Tgeox as the
temperature at which we observe by LEEM void opening in
the oxide cap layer with subsequent silicon film appearance. In
a similar manner, the dewetting temperature Tg.,, is defined as
the temperature at which the amorphous SiO, substrate starts
becoming visible by retraction of the silicon film. Obviously,
both temperatures Tgyeox and Tge,, do not correspond to phase
transitions and thus depend on the observation technique.
However, since measured in the same experimental conditions,
they can be compared without any ambiguity.

The SOI samples used in the experiments (12nm Si on
top of 25nm SiO, as buried oxide (BOX)) were prepared as
described elsewhere.?! By means of repeated etching and oxi-
dation cycles, a stepwise thinning of the samples is possible
and produces films of a chosen thickness with a very high pre-
cision. This procedure ends with a final oxidation step. Since
this protective oxide layer is produced with the same wet
chemical oxidation for each Si film thickness, the thickness of
the oxide is the same for all samples. Ellipsometry measure-
ments have proven that the oxide thickness is constant and
approximately equals 1 nm.

In Figure 1, Tgeox and Tgey are reported as a function of
the initial Si(100) film thickness. As expected, the decompo-
sition temperature of the capping oxide does not depend on
the thickness of the silicon film and is rather constant with
Tgeox = 760 °C whereas Ty.,, decreases with h as in Refs. 6,
24, and 25.

In the following, we report the dewetting morphologies
recorded in the three observed regimes (1) Tgew(h) > Tgeox
for h>6nm, (2) Tyew(h) & Tgeox for 6nm >h >4 nm, and
(3) Tgew(h) < Tgeox for h<4nm. The experimental results

Published by AIP Publishing.
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FIG. 1. Temperature at which the initial deoxidation (black) and dewetting
(red) are observed as a function of the Si film thickness. Dewetting velocities
are in the range of 1 to 8 nm/s. The data point at 21.6 nm was obtained using
a SOI sample of 22 nm on top of a 150 nm SiO, BOX. The blue data points
are obtained from® with a dewetting velocity of 3 nm/s.

will be then discussed and compared to Kinetic Monte Carlo
(KMC) simulations.

For samples with a Si layer thickness above 6 nm, the
deoxidation temperature is below the dewetting temperature.
This enables to investigate both processes independently
without any mutual influence. The deoxidation starts at a
temperature of 760 °C with an arbitrary distribution of circu-
lar shaped voids that grow with different velocities (Fig.
2(a)).% Until the deoxidation is finished, the Si film is still
stable, and there is no dewetting.

Subsequently, the temperature was slowly increased
until the dewetting of the sample was observed. In the case
of a Si film of 7.9 nm, the formation of square-shaped voids
starts at 775 °C (Fig. 2(b)). They exhibit edges oriented along
the (110) directions and dewetting fingers that break into iso-
lated islands as already described in Refs. 21 and 25 for the
dewetting of clean SOI films.

In the case of Si films with a thickness in the range
between 4 and 6nm, the temperatures for deoxidation and
dewetting are very close to each other. This means that in
the experiment, both processes occur at the same time. As a
consequence, a mutual influence can be seen.

FIG. 2. Annealing of a Si film with h=7.9nm. (a) Circular deoxidation
voids formed at 760 °C, Si with dark, SiO, with bright contrast (E,-=1.1V,
12 x 12um?). (b) Square-shaped dewetting void formed at 775°C and
grown faster at 830°C. Isolated Si islands are in black, Si film appears in
grey, and the BOX surface has a white contrast (E,-=2.9V, field-of-view
(FOV)=25 um).

Appl. Phys. Lett. 110, 161601 (2017)

The deoxidation starts at a temperature of 760 °C with
the formation of circular voids as it is the case for thicker
samples (see Fig. 3(a) obtained after the increase in the
temperature to 775°C). In the course of the deoxidation
process, the void density increases®’ and leads to the coa-
lescence of multiple circular voids. This effect causes an
impressive change since deoxidation zones are no longer
circular shaped as in the beginning of the deoxidation pro-
cess, but exhibit a dendritic shape (Fig. 3(b)). Close to
the center of the image, a blue circle marks a distortion of
the image by a charging effect of the surface induced by the
insulating SiO, substrate.

The dewetting voids form at a temperature of 775°C
(Fig. 3(c)). Directly after the formation, these voids exhibit a

FIG. 3. Different stages of deoxidation and dewetting of a Si film with
h=5.5 nm taken from LEEM movies showing the same position with a FOV
of 25 um: (a) Initial deoxidation of the thin oxide layer with circular shaped
voids, Si with dark, SiO, with bright contrast (E,-=0.9V, 775°C, t=05).
(b) Intermediate stage of deoxidation of the thin oxide layer with dendritic
shaped voids, oxide layer with dark grey, and Si film with light grey con-
trast. The blue circle marks a slight distortion of the image (E,-=0.8V,
775°C, t=1010s). (c) Dendritic dewetting of the Si film (Si islands in black
and BOX layer in white) while the deoxidation is still active, oxide layer
with dark grey, and Si film with light grey contrast (E,-=2.9V, 775°C,
t=2870s). (d) Details from the red-marked area in (c) at different times
showing the appearance and growth of a dewetting void (3 x 3 um?,
t=(410/560/720/870)s. (e) Final stage of the deoxidation and end of the den-
dritic dewetting (E,- =29V, 775°C, t=1220s). (f) Sample completely
deoxidized. Square-shaped dewetting voids with edges in (110) directions
and formation of dewetting fingers (E,-=2.9V, 800°C, t=14805).
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more or less round shape and contain one or more Si islands
depending on their size (Fig. 3(d)). These islands are located
close to the deoxidation front at the edge of the dewetting
voids. There is no formation of dewetting fingers within this
stage. As the dewetting voids grow, one can observe that some
fronts are stable over a long time while others dewet very fast.
This leads to a change in the shape of the dewetting voids
from round to dendritic.

Close to the end of the deoxidation, an increased occur-
rence of 90°-terminated void fingers can be seen (Fig. 3(e)).
This indicates the beginning of the change in the dewetting
mode from dendritic to square-shaped voids with edges in
(110) orientation. As soon as the oxide layer on top of the Si
film has disappeared, square-shaped dewetting expands as
for thicker deoxidized Si films (cf. Fig. 2(b) and Fig. 3(f)).

For samples with a Si film of less than 4 nm, the temper-
ature necessary for the creation of dewetting voids Tgyew
decreases rapidly (see Fig. 1). This implies that the deoxida-
tion temperature of 760 °C is already above the dewetting
temperature (730 °C for a Si film of 3.7 nm). In Fig. 4(a), the
deoxidation of this sample with a very large number of voids
is imaged. The white areas are already deoxidized while the
dark grey regions are still protected by the capping oxide. At
the same time, fast growing elongated grey structures are
visible due to the dewetting of the deoxidized regions. With
a change in the imaging parameters, one can reveal these
dendritic structures (white contrast in Fig. 4(b)). No change
in the dewetting mode was observed in this sample: the den-
dritic dewetting continued until the whole sample was
dewetted.

We now focus on the interpretation of these results. The
driving force for Si film dewetting (i.e., the surface energy
gain due to the disappearance of the Si surface and the film/
substrate interface with respect to the uncovering of the
BOX surface) is irrelevant for the oxidized part of the Si
film. It means that only deoxidized areas of the surface can
trigger the Si film dewetting. For thin Si films, the deoxida-
tion and dewetting are still well separated, and the dewetting
behaves classically (square opening with fingers formation
followed by beading). For ultrathin Si films, deoxidized
areas and dewetting voids coexist. In this case, the dewetting
shape is limited by the deoxidation void shapes and thus is
first circular before switching to a dendritic shape when

FIG. 4. Annealing of a Si film with h=3.7nm. (a) Slow deoxidation (oxide
dark grey, Si film white contrast), whereas already large dewetted areas are
visible (elongated grey structures), (E,-=2.2V, FOV 15 um, 760°C). (b)
Very fast dendritic dewetting with formation of Si islands directly at the
dewetting front (E,- =3.3 V, FOV 25 um, 760 °C).

Appl. Phys. Lett. 110, 161601 (2017)

numerous deoxidized areas coalesce. If dewetting and deoxi-
dation occur with similar kinetics, the deoxidation limits the
dewetting during the whole process whereas if the deoxida-
tion kinetics exceeds only slightly the dewetting kinetics, the
dewetting mechanism changes from dendritic to square
opening as soon as the oxidized area becomes too small to
influence the dewetting. The control of the dewetting by the
deoxidation is clearly evidenced in Fig. 3(d) where it can be
seen that the dewetting front coincides with the deoxidized
area edge giving birth to local 3D islands for mass conserva-
tion reasons. The effect of oxygen/silicon interaction on the
solid-state dewetting has been already discussed for the SOI
samples under an oxygen partial plressure.28 In the so-called
active oxidation regime of the clean Si film (i.e., without the
formation of an oxide layer), the inhibition of the SOI dewet-
ting has been clearly evidenced.

In addition to the influence of the deoxidation void
shape, we should expect a feedback effect. Indeed, the deoxi-
dation mechanism is due to the formation of volatile SiO
species by means of the reaction Si+ SiO, — 2Si0.>*” The
deoxidation creates local depressions in the Si film that may
act as nucleation centers for the Si film dewetting. Once the
dewetting started, the Si(100) film voids to generate a flux of
Si atoms on the film surface that in turn accelerates the deox-
idation at the edges of the capping oxide/Si film interfaces
by providing additional Si reactant atoms. In other words,
the interplay between deoxidation and dewetting deeply
affects the local shapes of both the dewetting voids and the
deoxidized areas.

These mechanisms may be checked by KMC simula-
tions. The model reported in Refs. 12, 21, 25, and 29 uses
the ratio between the surface energy gain Eg, the first neigh-
bor Si-Si interaction J (EgJ), and the reduced temperature
kpgT/J as main ingredients. For clean Si films (completely
deoxidized), the surface-energy-driven KMC model reprodu-
ces the key features of the dewetting experiments as shown
for the initial stage of dewetting in Fig. 5(a) and in Ref. 30
for longer times where the experimental image of Fig. 2(b) is
recovered. The initial KMC code has been here modified by
adding an oxide cap. More precisely, two new ingredients
are thus considered: (1) the dewetting cannot occur in an
oxidized zone and (2) deoxidation occurs by stochastic void-
opening with a distribution of void velocities corresponding
to the experimental results reported by Leroy er al.*® for
chemically formed oxide.

The so-obtained results are reported in Figs. 5(b)-5(d)
for the slow deoxidation rate (i.e., EgJ=2.0 and kgT/J
=0.4). (i) The deoxidation starts in a very large number of
areas (Fig. 5(b)), then (ii) dewetting stochastically starts in
several deoxidized areas (Fig. 5(c)) forming isolated islands
at the void edges, and (iii) void coalescence leads to a den-
dritic structure fitted by the dewetting zones (Fig. 5(d)). This
simple KMC model is enough to reproduce all the key fea-
tures of the dewetting of SOI films capped by a SiO, layer.
Note that a more realistic model should also incorporate the
feedback effect to reproduce more nicely the change of the
dewetting modes.

In conclusion, the transition from square-shape to den-
dritic dewetting geometry observed for SOI ultrathin films
capped by a SiO, oxide is due to an interplay between the
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FIG. 5. KMC simulation of dewetting with SiO, oxide cap in white, Si film
in magenta, and BOX in black (Eg/J =2.0 and kgT/J=0.4, initial Si film
thickness =3 ML). (a) Dewetting without capping oxide shows square-
shaped void evolution, 1000 x 1000 Ilattice. (b)—(d) Dewetting of a 3
ML-thick Si(100) film capped with a 1 ML-thick oxide and a slow deoxida-
tion rate (500 x 500 lattice): (b) Initial stage with opening of circular deoxi-
dation voids. (c) Late stage with dendritic dewetting morphologies and Si
islands forming on the edge of the dewetting voids. (d) Same as (c) with
only the dewetted areas visible (Si film and oxide cap in white).

surface deoxidation (that occurs at a constant temperature)
and the dewetting process (whose temperature depends on
the thickness of the film) and probably not to a spinodal,
stress, or wetting potential effects. More generally, it has to
be considered that this interplay has an impact on a larger
variety of phenomena and materials provided that the dewet-
ting and deoxidation temperatures are close to each other. As
it is demonstrated for the case of SOI, the self-organisation
of stationary 3D islands is affected. The usefulness of these
results extends wider to dynamic phenomena as self-running
droplets where the starting material has to be deoxidized and
dewetted as for self-propelled AuSi droplets on Si(111)*" or
Ga droplets on GaAs(OOl).32

The authors thank O. Pierre-Louis for fruitful discussions,
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