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Enhancement of oxidation rate of  a-Si nanoparticles during dehydrogenation
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Oxidation of amorphous silicona¢ Si) nanoparticles grown by plasma-enhanced chemical vapor
deposition were investigated. Their hydrogen content has a great influence on the oxidation rate at
low temperature. When the mass gain is recorded during a heating ramp in dry air, an oxidation
process at low temperature is identified with an onset around 250 °C. This temperature onset is
similar to that of hydrogen desorption. It is shown that the oxygen uptake during this process almost
equals the number of hydrogen atoms present in the nanoparticles. To explain this correlation, we
propose that oxidation at low temperature is triggered by the process of hydrogen desorption.
© 2001 American Institute of Physic§DOI: 10.1063/1.1420533

The microstructure and properties of nanosized amorshow that they are amorphous. Another important structural
phous silicon &-Si) powders have been extensively studiedcharacteristic is their high hydrogen content that comes from
during last few years® for their possible application in mi- the silane precursor gas.
croelectronic devices. The growth of nanostructueedi Hydrogen and oxygen content has been determined by
thin films (also called polymorphous Shas also been of elementary analysi€EA). The EA measurements were cor-
considerable interest because of its possible application irected for any contribution from extraneous sources by sub-
multijunctiona-Si solar cells by virtue of its enhanced prop- tracting the blank signal obtained without sample. In fact,
erties for photovoltaic conversidriThey are currently grown with EA, one directly obtains the hydrogen content with an
by chemical vapor depositiqi€VD) techniques in which the accuracy of 0.02 hydrogen atoms per Si atom. To establish
process parameters are chosen in such a way that the smtle Si and O content, the EA technique was complemented
particles(nanometric sizethat grow in the plasma are de- with the mass gain of the powder after complete oxidation.
posited onto the substrate and are covere@{8i network.  In this way, we could know the chemical composition of the
Consequently, the final structure consists of amorphous quowders before oxidation experiments, which can be written
crystalline nanoparticles embedded in an amorphous natrixas Q2SiiH, (0.01<y<0.45). The range of hydrogen con-
One of the major drawbacks of this material could be itstent values was obtained after heat treatment in an inert at-
oxidation tendency Thus, the oxidation mechanism at lowmosphere of the as-grown powder. This significant oxygen
temperature should be investigated. content is due to the instantaneous oxidation occurring when

In this letter, we report the results of our experimentsthe CVD chamber is first opened to an atmosphere. Despite
done with the aim of understanding the role of hydrogen inthe subsequent exposure of the sample to air at room tem-
the oxidation mechanisms @i-Si nanoparticles grown by perature, its oxygen content did not increase significantly.
plasma-enhanced chemical vapor depositiECVD). In Dehydrogenation and oxidation experiments have been
the case of glow-discharge-Si films, a significant oxygen performed by differential scanning calorimet(SC) and
uptake at room temperature after hydrogen desorption exhermogravimetry(TGA). High purity oxygen or synthetic
periments was observédThis effect was more important air were used as the oxidation gas. When necessary, the oxy-
with a greater initial hydrogen content presumably due to thejen partial pressure was reduced by dilution with nitrogen.
higher density of dangling bonds that survived after coolingDehydrogenation experiments were performed in an inert at-
down to room temperature. In our experiments, oxidation ismosphere (M or Ar). DSC and TGA thermograms were
monitored during dehydrogenatidiPreliminary result® in-  routinely corrected by the apparatus baseline. Additionally,
dicated that oxidation could be enhanced because, in these order to assess the reliability of mass gain curves, the total
conditions, the dangling bond density would be higher. Thismass change recorded by TGA was compared with the dif-
hypothesis has been analyzed now with greater detail. ~ ference of masses measured at room temperature before and

Silicon nanoparticles were grown at room temperatureafter every oxidation experiment.
by PECVD from square wave-modulated rf discharges of  Figure 1 shows the rate of mass gain of the nanoparticles
silane? Transmission electron microscopy observatidns due to oxidation in synthetic air during heating with a steady
have revealed that the particles are mostly spherical withamp of 20 °C/min for different hydrogen contefysvalues.
mean 20 nm diameter whereas electron diffraction patterna low temperature oxidation process is identified as having

an onset at about 230°C and a maximum oxidation rate
“Author to whom all correspondence should be addressed; electronic mai@found 350 °C. The contribution of this process diminishes
pere.roura@udg.es when hydrogen content is lowered and becomes almost neg-
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il / 40 O°~22811Hy FIG. 2. Mechanism leading to oxygen incorporation after dehydrogenation.

— . Oxygen can diffuse into the particles and react with one dangling bond. Due
400 S(I)O 12'00 to the intrinsic instability of the peroxide group, two Si-® groups will

Temperature (°C) result and two unpaired electrons. These electrons induce Si—Si bond break
down and an interstitial oxyge{8i—O—S) formation.

FIG. 1. Rate of oxidation o&-Si nanoparticles during heating with a steady
ramp for different initial hydrogen contents. The strength of the low- )
temperature peak gradually decreases with the lowering of hydrogen contefite for oxygen atoms ready incorporation before substantial
of the powder. Inset: heat evolved during a heating ramp in inert atmodangling bond recombinatiofstep B.
sphere. The peaks correspond to dehydrogenation processes. Although it is difficult to know the details of oxygen
incorporation from our results, we tentatively propose step B

ligible aty=0.02. At higher temperature, the usual oxidationas shown in Fig. 2. A high hydrogen contentitsi results in
process leading to the formation of a protective layer of silicaa structure of interconnected internal vdithwhich may al-
takes place which leads to complete oxidation. This proces®W gases diffusion. Consequently, we consider that molecu-
follows the standard theory of Si oxidatidhThis fact can lar oxygen can diffuse into the particles and react with one
be deduced from the constant mass dée area below the dangling bond.[Any initial reaction with both dangling
curves reached at 1400 °C for any curve and has been corPonds with formation of a peroxide bridd®—-0O) between
firmed by IR spectroscopy. both Si atoms is prevented because it requires a great bend-

In VieW Of the relationship between hydrogen Contenting Of S|—O bondﬂ.Then, due to the intrinSiC |nstab|l|ty Of
and oxidation at low temperature, the dehydrogenation prothe peroxide group, two Si—Qroups will result and the two
cess has been studied with some detail. The heat evolvé#paired electrons can be naturally allocated into the empty
during annea”ng Of the as_grown powder W|th a Steady heatd Orbitals Of Saturated Si-atomS. Fina.”y, these additional
ing ramp in argon atmosphere is shown in the inset of Fig. 1electrons can induce a Si—Si bond to break down so that an
Two exothermic peaks are resolved which are known to corinterstitial oxygen(Si-O-S) is formed. Hence, one hydro-
respond to dehydrogenatioh. gen atom is replaced by one oxygen atom.

In a recent articl¥ we have reported a low-temperature ~ Additional - experimental support to this oxidation
oxidation process that takes place in hydrogenated SiC nan82€chanism is given in the following.

particles grown by PECVD. It was demonstrated that thisg) Onset temperature: The oxidation onset temperature
oxidation was similar to the oxidation of polymers in the has the same value irrespective of H amo(Fig. 1).
sense that it proceeded throughout the entire volume of a  Thjs is as expected, due to the fact that dehydrogena-
nanoparticle, homogeneously, without the formation of any  tjon is a first-order reaction procetst So, oxidation
protective layer at the surface. In contrast to the oxidation of will be always triggered at the same temperature.

metals and Crysta"ine Semiconductaﬁ‘sihere, oxidation was (b) Oxygen uptake: The amount of oxygen incorporated

not diffusion controlled. In preliminary experiments done in almost equals the H conteffig. 3). The data points of

Si nanoparticleﬁ? the mass gain transients show an initial F|g 3 have been obtained as follows. The oxygen in-
nonzero slope at 320 °C. Hence, in Si nanoparticles, oxida- corporation during the low-temperature oxidation pro-

tion at low temperature is not diffusion controlled, too. How- cess can be calculated from the area under the first
ever, in contrast to the case of SiC, in Si nanoparticles hy- oxidation peak in Fig. 1 by considering lowest

drogen presumably plays a more important role because  H-content curve as the baseline. On the other hand, H
oxidation takes place during dehydrogenation, whereas in  content is known with accuracy from the EA. This nice

SiC, oxidation occurs at a lower temperature. correlation indicates that, in accordance with the pro-
The onset and peak temperatures are very similar for posed mechanism, when hydrogen evolves, one oxygen

oxidation and dehydrogenation proces¢ewg. 1). It seems atom is incorporated for every H atom left.

as if oxidation was triggered by dehydrogenation. Thus, wec) Dependence on oxygen partial pressure: In Fig. 3, two

propose the following two-step mechanisfstep A is based points have been included which correspond to oxida-

on the widely accepted fact that dehydrogenation of two tion experiments carried out with pure oxygen and oxy-
neighboring Si—H bonds takes place at a low temperature gen partial pressureP(y,) of 0.028. The great variation

where the simultaneous formation of g kholecule consid- of Po, has a minor effect on the oxygen uptake. This
erably reduces the activation energy of the pro¢edhen, means that, at these conditioftemperature and partial
the two dangling bonds left behind offer a highly reactive pressurgrelaxation processes leading to dangling bond
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0.5 — L that of a completely oxidized sam(dIEig. 4(d)], which
_ Poz= Jlatm | corresponds to nanoparticles of pure silica. This result
0.4 - //./0.17 is as expected because, after dehydrogenation, oxida-
i L B tion proceeds through the formation of a silica layer.
03 - L On the contrary, in oxidation without predehydrogena-
' o 028 tion [curve Fig. 4b)] the IR peak lacks a high energy

component1220 cm ) which corresponds to the T,O

Number of O atoms per Si atom

0.2 g - mode in silical’ In fact, the similarity of the peak at
] ° B 1100 cm ! between hydrogenated Si and SiRef. 14
0.1 e nanoparticles indicates that oxygen is incorporated as
1 i bridging oxygef® and not as in silica. A suboxide has
N ——— been formed.
00 01 02 03 04 05

Number of H atoms per Si atom In summary, the low-temperature oxidationaeSi nano-
FIG. 3. Oxygen uptake as a function of initial hydrogen content at differentpéu’tICIeS has been analyzed and we conclude that oxidation is

oxygen partial pressure8,,. Oxygen incorporation has been obtained by triggered by hyd_rOgen desorption. Oxygen is incorp_orated
integrating the low-temperature peak in Fig. 1. Hydrogen content has beeflue to the dangling bonds that hydrogen leaves behind. At
directly achieved by applying EA. Oxygen uptake exhibits a very weakthis point, we want to stress the similarity of this mechanism
dependence on oxygen partial pressure. to the usual flame combustion of organic materials where it

is well established that thermal decomposition affords free

recombination do not compete efficiently with oxida- radicals which react with oxygen. The main difference is
tion. In other words, step B is much faster than recom-hat, in the case of Si nanoparticles, the radicals are not really
bination of danglind bonds. free but remain into the solid as Si-dangling bonds. Although

(d) Oxide quality: If oxygen is incorporated throughout the thiS 0xidation mechanism has been provediSi nanopar-
whole volume without formation of a protective layer ticles, it can be extrapolated to CV®Si thin films because

then a suboxide of silicon will be formed and the the hydrogen desorption process has the same kinetic param-
; 3

atomic neighborhood of oxygen will be different from €ters in both caseb.

that in silica. This point can be assessed by looking at
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