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The hypothesis of the relation between the local environment of polyhydi&iel,) ,] groups and structural
inhomogeneitiesdue to the presence of voidsf an amorphous silicon network has been tested in hydroge-
nated amorphous silicon films prepared by rf magnetron sputtéfig MS). Comparative infraredIR)
absorption, Raman spectroscopy and optical transmission measurements have been performed on samples
deposited under the same plasma conditions at various substrate temp@natlihe results of the IR studies
show that all samples exhibit the same hydrogen content incorporated as isolated monadl8ithidgoups
responsible for the absorption band at 2004 &nis a consequence, the gradual decrease in the total bonded
hydrogen content a3 increases is essentially due to the decrease in the amount of hydrogen bonded as
polyhydride[ (SiH,),,] groups which absorb around 2086 A direct relationship is established between
the changes in the IR spectra and the variation of structural inhomogeneities observed by Raman spectroscopy.
The linewidth in the low-frequency side of the transversal acoudik) -like band in the Raman spectra
decreases monotonously @sncreases. This decrease is attributed to a decrease in density of quasilocalized
vibrational modes in structural inhomogeneiti@isordered domains around the surface of vpidsthe
amorphous network. The good correlation between the IR and Raman results indicates that thegtSitps
are located in structural inhomogeneities due to the presence of voids in the amorphous network where the
formation of these complexes is favorable. This interpretation is corroborated by the variation of both the static
refractive index, which gives information about the density of material, and the dispersion energy, which
measures the mean coordination number of Si atoms and the effective number of valence electron per Si atom
in the amorphous networkS0163-182@9)02608-9

. INTRODUCTION groups and polyhydride (Sifi,, and/or clustered monohy-

dride (SiH), groups, respectively(ii) doublet bending
The distribution of silicon-hydrogertSi-H) bonding in modes at 840 and 890 crhwhich have been associated with
hydrogenated amorphous siquoa—Si:H) films has been the (SiH,),, groups, and(iii) waging band modes around 640
subject of considerable studits. This interest has been cy-T\which is attributed to all configurations. In fact, if the
guided not only by the role played by the hydrogen in satuyang at 2000 cnit is undisputed, the one located at about

rating th? Si dangling bonds in _the amorphous silicon_netzogo cm® has been, on the contrary, the subject of large
work, which leads to a decrease in the density of states in thgontroversie§‘5’11'13*14The center of these controversies is

gap, but also it reduces the structural disorder, which resultrchainly the shift of this band due to different structural and/or

in a narrowing of the band taifs In addition, it has also chemical environment. It has also been suggested in particu-
been shown thad-Si:H samples cannot be schematized by a[lb ' 99 b
a

homogeneous structure. Several studies show that this m & that, W"h'f‘ the |.slan(.j. and tissue modeI., the region
rial exhibits structural inhomogeneitfsd® which affect the ~ PetWeen the islands ia-Si:H, where the gﬁgsny is lower
optoelectronic propertied:}2 The study of the vibrational than in the islands, includes (Sii4 groups.”™

modes of Si-H bonding, using infrarétR) absorption mea- In_order to correlate the modeslof incorporation of hydro-
surements especially in the stretching and bending modég#n In th.e amqrphous network with structural inhomogene-
regionS, gives information about the structural inhomogenelﬂes, we |nVeSt|gate the effect of the substrate temperature at
ities in the amorphous network, because the vibrational frelncreasing temperature on both the IR absorption and Raman
quencies of Si-H bonding depends strongly on both theispectra in rf magnetron sputterit@FMS) films. It is impor-
configurations and their local environment. Three groups ofant to notice that the Raman spectroscopy is a good tool not
structures are found in IR spectra corresponding(ifo only to study the local structural ordér®but also to obtain
stretching band modes located at 2000 and 2090 'cm information about the structural inhomogeneitiéiked
which have been associated with isolated monohyd@ild)  with the presence of voidisn the amorphous networR.We
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Als, whenT increases from 100 to 300 °C.

The hydrogen content and bonding configurations are de-
duced from IR absorption measurements. The IR spectra are
obtained at room temperature using a Bomem DA 3.01 Fou-
rier transform spectrometer. Using the proportionality con-
stants previously reporté€d, Ag;=2.1xX10°cm 2, Aygoo
=9x10%cm 2, and Aype=2.21x 10?°cm™2, we can esti-
mate from the integrated intensitj) of the wagging band,
the total content of the bonded hydrogeg.& (ii) of the
2000 cm! stretching band, the concentration of hydrogen
bonded as isolated monohydride groupgge and(iii ) of the
2090 cm ! stretching band, the concentration of polyhydride
and/or clustered monohydride groupsy§s respectively.

The Raman spectra were recorded at room temperature
with a double monochromator spectrometdobin Yvon U
1000, equipped with a cooled photomultiplier and a photon
counting system. The measurements were performed in the
usual quasi-back-scattering configuration, in vacuum to pre-
vent air scattering, with the 476.5-nm line of an argon laser
as the exciting source. At this wavelength, the laser light is
entirely absorbed by tha-Si:H layer, giving information
about the bulk layer. The laser spot diameter at the sample
surface was on the order of 8am, with a power density of
=10"3Wi/cn? in order to minimize heating effects.

The optical constants were determined by optical trans-
mission experiments using a Cary Model 05 double beam
spectrometer at room temperature. For the determination of
the refractive-index dispersion below the interband absorp-
tion edge from these measurements, we used the method
W0 800 1200 1600 2000 presented in Chahed’s the$fsThis method leads to the
small errors for thick filmg=2 um).

Absorption coefficient (cm 1 )

2000

Frequency (cm'l)
IIl. RESULTS AND DISCUSSION
FIG. 1. IR absorption spectra obtained for series 1-5 deposited
at increasing substrate temperature as indicated. A. Silicon-hydrogen bonding
The IR absorption spectra presented in Fig. 1 show the
also studied the Si-Si bonding by optical transmission exdifferent hydrogen bonding configurations for 1 to 5 films
periments, within the chemical bonding spectroscopy, usingleposited at different substrate temperatures. For all the
the model of signal-effective oscillat8t.In this model the samples, even those deposited at high substrate temperature,
refractive-index dispersion(E) below the interband absorp- the stretching band modes can be decomposed into two
tion edge is linked to the dispersion energy, which de-  Gaussian components centered at fixed frequencies 2004 and
pends on the strength of interband optical transition, by2086 cm’, as evidenced by Fig. 2. The 2086 chrcompo-
n?(E)— 1=EmEd/Efn— E2, whereE is the photon energy nent is systematically accompanied by a well-resolved dou-
and E,, is the single oscillator energy. The paramefgy  blet in the bending region located also at fixed frequencies
follows the the empirical relatiofE4= BN.ZN,, where 8 845 and 890 cm! (Fig. 1). These doublets still remain de-
depends on the ionicity of atombl. is the mean coordina- tectable even for films deposited at substrate temperature as
tion number of the atom< is the formal chemical valency high as 300 °C. These result suggest clearly that all samples
of atoms, and\,, is the effective number of valence electron exhibit, in addition to the isolated monohydri¢®&iH) groups
per atom. Finally, we will attempt to give a quantitative de- (corresponding to the 2004 ¢th component, a large pro-
scription of the growth process of the studi@dSi:H films. portion of polyhydride (Sil),, groups(corresponding to the
2086 cm* component
In order to test if our samples contain clustered monohy-
dride (SiH), groups which do not give any bending modes,
Five series of hydrogenated amorphous silicon filmswe plotted in Fig. 3 the integrated absorption of the bending
(labeled 1-% 2 um thick, have been deposited on both crys-(840 and 890 cm') bands as a function of that of the stretch-
talline silicon and Corning 7059 substrates by rf magnetronng band at 2086 cit. This figure clearly shows, on the one
sputtering in an At-H, gas mixture [H,]/[Ar]=15%). The hand, a linear behavior between the integrated absorption of
target-substrate distance, the gas pressure, and the rf powtee bending bands and that of the stretching band at 2086
were fixed at 60 mm, 5810 3mbar and 500 W, respec- c¢m™ %, and, on the other hand, the extrapolation of this lin-
tively. The only varying parameter was the substrate temearity shows that the integrated absorption of the 840 and
perature from 100 to 300 °C by steps of 50 °C. The resultingd90 cm ! bands tends towards zero when that of the 2086
deposition rate is relatively high and increases from 7 to 1&m™* band tends to zero. This suggests that the component at
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FIG. 3. Variation of the integrated absorption of the bending
bands(at 840 and 890 cim') as a function of that of the stretching
band(at 2086 cmY), deduced from the decomposition of Fig. 2, for
the series 1-5. The integrated absorption of the bands increases in

going from series 5=300 °C) to series 1T=100°C).

FIG. 2. IR absorption spectra in the region of the stretching
band modes corresponding to theSi:H samples of Fig. 1. The
decomposition of this band into two Gaussian components corre-
sponding, respectively, to the SiH grougat 2004 cm?) and
(SiH,),, groups(at 2086 cm) are also showridashed curvés

2086 cm ! is essentially associated with the presence in the
films of polyhydride (SiH),, groups rather than interacting
monohydride complexes (SiH)

The bonded hydrogen concentrations deduced from the
analysis of IR spectra, i.e., the total bonded hydrogen content
Csao the concentration £, of the hydrogen bonded as iso-
lated monohydride groups, and the concentratiogydSof
hydrogen bonded as polyhydride groups are reported in Fig.
4 as a function of the substrate temperature.

Surprisingly enough, Fig. 4 shows that all the samples
exhibit almost the same content {fg=6 at %) of hydrogen
incorporated as isolated monohydride groups. Consequently,
the gradual decrease of total bonded hydrogen concentration
Cea0 (from 38.6 to 20.5 at%bas the substrate temperature
increases is essentially due to the decrease of the amount of
hydrogen incorporated as polyhydride groupgdg In addi-
tion, these complexes are still present in the films in a large
proportion even at substrate temperature as high as 300 °C.

This suggests that the substrate temperature limits the incor- |G, 4. variation, as a function of the substrate temperature, of
the total bonded hydrogen conteng,& the concentration of hydro-

poration of hydrogen atoms bonded in the shape of {5iH
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groups without any e_ffect on the incorporation of_ hydrogengen bonded as monohydride SiH groupsdg and the concentra-
in isolated monohydride groups. Such a behavior is very useion of hydrogen bonded as polyhydride ($jHgroups Ggge 0b-
ful to study the effect of the polyhydride groups on the prop-tained for series 1-5.
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FIG. 6. Variation of the half-width at half maxim@WHM) of
the TA-like band as a function of the substrate temperature for the
same series of filmé&l—5).

Raman intensity (arb.units)

Gaussian line shape centered at about 140c# remark-
able result is gained from the data obtained for the half-width
at half maximaHWHM) towards the low frequencies of the
TA-like structure, which increases from 44.3 to 49.2 ¢ras
the substrate temperature decreases from 300 to 100 °C, as is
shown in Fig. 6. This increase may be interpreted by an
increase in the density of phonons and therefore leads to a
divergence to Debye’s law characteristic of well connected
0 100 200 300 4;’0 s00 600 structure such as crystalline silicon and fully coordinated
Frequency (cm ) a-Si models, where the density of phonons is proportional to
the square of the frequency=(?) in the low-frequency
FIG. 5. Raman spectra obtained for films 1-5 deposited at diffegion. In the context of the calculations of the density of
ferent substrate temperatures in the range 0-600-csmowing the  phonons previously proposed by Chehaidaal,'® our re-
different bands. The areas under each spectrum are normalized sults would suggest an increase of the size and concentration
the same value. of voids in the amorphous network as the substrate tempera-
ture decreases. Indeed, these calculatibhave been made
erties of the material. It is worth noticing that similar results using various models of an amorphous silicon network, in-
have been also observedanSi:H films obtained by plasma volving different sizes and concentrations of voids, and
enhanced chemical vapor decompositi®ECVD) of pure  which show that the linewidth of the TA-like band towards
silane?® These results can be interpreted as an effect of théhe low frequencies increases systematically as the size and
substrate temperature which reduces the proportion of stru¢he concentration of the voids increase. The clasa-&i
tural inhomogeneities, linked with the presence of voidsmodels, generated by Chehaidaral,'® where various con-
where the formation of the (Sifi{, configurations is favor- centrations and sizes of voids have been introduced, suggests
able, and will be corroborated by the Raman spectra analysithe presence of two domains in the amorphous netwotk:
the first one, which is more disorderéce., inhomogeneity
B. Structural inhomogeneities is I(_)cat.ed around the surface of the voi@s); the se_cond one,
: which is more relaxed, is located between the inhomogene-
Let us now discuss the results from the point of view ofities. Such domains have been detected recently in both un-
structural inhomogeneities of the amorphous network. Weéhydrogenated and hydrogenated amorphous silicon using
present in Fig. 5 the first-order Raman spectra in the 0—608-ray diffraction spectroscopy. The effect of the structural
cm ! region, obtained for different substrate temperaturesnhomogeneities on the TA-like band towards the low fre-
100-300 °C, corresponding to the saaxSi:H films (1-5). guencies in the amorphous network is a universal feature of
These spectra are corrected to the background caused hynorphous solids with high disorder, which can be inter-
higher-order Raman scattering proceé$asd the areas un- preted as due to the coexistence of the extended acoustic
der each spectrum are normalized to the same arbitralphonon(modes of Debyewith the quasilocalized modes in
value. Particular attention has been paid to the low frequerthe structural inhomogeneitié$?>?°These inhomogeneities
cies of the transversal acoustiEA) -like structure. The low have been defined by disorder domains located around the
part (w<160 cm %) of the Raman spectra can be fitted by asurface of the void$® by domains containing coordination
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FIG. 8. Variation of the integrated absorption of the stretching
band at 2086 cm' as a function of the HWHM of the TA-like band
for series 1-5. Note that the values increase in going from series 5
T to series 1.
......... e Let us now return to the Si-H bonding results obtained
1,45 1,65 1,85 2,05 from the IR absorption experiments and discussed in the

above section. We present in Fig. 8 the integrated absorption
of the 2086 cm* component as a function of the HWHM of
the TA-like band, determined for each sample 1 to 5. This

. _ figure clearly shows that the hydrogen content bonded as
1
in the low-frequency rgngeé:_%O—lsO cm’) (dashed curvgsfor golyhydride complexes increases linearly with the HWHM
samples 1-5. The straight line of slope equal to 2 corresponds tof a TA-like band(i.e., structural inhomogeneitied going
Debye's law. from sample 5(deposited at the highest=300°C to
defects?® or by domains which differ significantly from the sample 1(deposited at the lowedt=100 °Q. The clear cor-
average medium environmeft. relation obtained between the variation of the proportion of
Therefore, more information about such behavior in ourthe structural inhomogeneities, through the HWHM of the
samples can be gained from a more detailed analysis of theA-like band, and that of the integrated absorption of the
Raman spectra and consequently the vibrational densities 02086 cm ! component, suggests that the hydrogen bonded as
tained for thglsamples 1-5 in the low-frequency range (3Qolyhydride groups, which give rise to this absorption band,
<w<130cmY). The data of Fig. 5 in the 30-130 cth  might be attributed to hydrogen atoms located in structural
range are reported in Fig. 7 in a double-logarithmic plot. Thennomogeneitiegaround the voids and their surfageand
spectra are replaced by their best fit with Gaussian lingnherefore gives a satisfactory interpretation of the origin of
shages and sh.n‘ted by the same quantity for moreﬁglanty. Ifhe 2086 criit component of the IR stretching band. This
this figure we fitted the low-frequency pa40cm ™) of  resylt is in good agreement with the comparative small-angle
the spectrum cororespondmg to the more dense sample sy scattering and IR absorption studies performed on
(deposited at 300 °Cwith a straight line of slope 2, which 5 _gj1i fiims obtained by the PECVD method, which indi-

presents Debye’s law. This straight line is then translated by, that the polyhydride groups reside on the void
the same value separating the spectra of the other Samplgﬁrface§7

(deposited at 250 ..,100°Q. The analysis of this figure . .
shows that the relative divergence from the law of Debye As already m_ent|oned above, the concentration of hydro-
becomes more important as the substrate temperature d%g‘n (t))onded as isolated monohydride gro(fisi) is cl_ose to
creases, i.e., as the fraction of inhomogeneity increases. Th at% and about the same for a,” the samples §1F+5. 4)_'
behavior can be, as already emphasized, interpreted with tfén the contrary, the concentration of polyhydride (giH
increase in density of the quasilocalized phonons at struccomplexes is clearly higher than that of the SiH groups by a
tural inhomogeneitie®252° Indeed, this divergence as a factor varying from 2t04.5in gomg'from the the sample
function of the inhomogeneities fraction, generated in thedeposited at the highe3t=300 °C (series 5 to the sample
models of the amorphous network, is clearly evidenced byleposited at the lowest=100°C (series 1 (Fig. 4. The

the calculations of the vibrationnel density in the 10-—90increase in the polyhydride groups from series 5 to series 1 is
cm ! range®® due to the increase in the concentration and size of the voids

log (frequencey (cm '1))

FIG. 7. Double-logarithm plot of the the fitted spectra of Fig. 5
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and therefore to the increase in the fraction of disordered
domains in the correspondiray Si:H samples. It is only the
fraction of these disordered domains in the amorphous net-
work, which depends on the deposition conditions and espe-
cially the substrate temperature, that controls the concentra-
tion of bonded hydrogen as polyhydride and/or clustered
monohydride groups. This important proportion of the
(SiH,), groups in the amorphous network can be interpreted
within the heterogeneous growth process where the layer
during deposition can be represented by local disorder inho-
mogeneitiegdisordered domains around the surface of the
voids and relaxed domainsas in thea-Si model proposed

by Chehaidaet al® From the point of view of solubility of
hydrogen atoms in the amorphous network, the proportion of
bonded hydrogen as (SjH, and/or (SiH), groups is the
result of the presence of the fraction of disordered domains
in the material. In relaxed domains, the more important role
of the hydrogen atoms is to passivate Si dangling bonds, the
concentration of which is small. This can explain the low
hydrogen content bonded as isolated SiH groups. On the
contrary, in the disordered domains, the hydrogen passivates
not only the Si dangling bonds, for example at the surface of
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voids, the concentration of which is higher than in the re-
laxed domains, but also can break strained Si-Si bonds and
then passivates the created Si dangling bonds. This leads to
the formation of the polyhydride and/or clustered monohy-
dride complexes, which may explain the higher solubility of
the hydrogen atoms in the disordered domains than in the
relaxed ones.

It is important to notice that it has been suggested
previously that the fraction of the hydrogen bonded as
(SiH,), and/or (SiH), groups is controlled only by the total 32T
content of bonded hydrogém. These authors assume that
the sites in the amorphous network which are susceptible to 3 } t
giving rise to the Si-H bonding are distributed homoge- 50 100 150 200 250 300 350
neously whatever the preparation conditions are, which con- Substrate temperature (°C)
trol only the amount of hydrogen bonded in the layer. This
hypothesis is far from that of the real situation because, on F|G. 9. Variation of the dispersion energy (a) and the static
the one hand, the amorphous networkaefSi:H layers is  refractive index, (b) as a function of the substrate temperature for
generally inhomogeneous, and, on the other hand, these ithe same series 1-5.
homogeneities are strongly correlated with the deposition

conditions. perature increases. This result therefore suggests that increas-
ing the temperature of deposition leads to more dense films.
Indeed, this conclusion is clearly supported by the analysis
of the variations with substrate temperature of the static
Let us now consider the results of the analysis of the dataefractive-indexn, (refractive index at 0 ey presented in
obtained for the refractive index dispersion below theFig. 9b), which shows an increase ®f, with increasing
interband absorption edge, within Wemple-Didominico’s substrate temperature. This result is in good agreement with
model?® which depends on the nearest-neighbor atom angrevious studies showing that the increase of the density of
gives the complementary information of the results of thethe material is one of the parameters that leads to an increase
Raman scattering, which does appeal to the collective vibraef the static refractive inde¥ It is worth noticing at this
tion of all atoms. We first start with the analysis of the resultsstage that the increase Bf, andng with increasing the tem-
obtained for dispersion enerdyy (Eq=BN.ZN,) for the  perature of depositiofFigs. 9a) and 9b), respectively is
series 1-5. The variation &y as a function of the substrate well correlated with the decrease of the HWHM of the TA-
temperature is presented in Fig@P It clearly shows an like band. Indeed, this correlation is clearly suggested by
increase oE, as the substrate temperature incredses in  Figs. 1Ga) and 1@b), which show a linear variation of both
going from series 1 to serieg.5This behavior can be due to the dispersion energy and the static refractive index, respec-
an increase of both the mean coordination number of the Sively, with the HWHM of the TA-like band. This compari-
atoms in the amorphous netwdiile., increase iMN;) and the  son confirms clearly the effect of the porosity of the material
density of the filmg(i.e., increase of the effective number of on the HWHM of the TA-like band, as already emphasized
valence electrons per Si atoM,) when the substrate tem- above.
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60 dangling bonds, the structural inhomogeneities, and the
weakly bonded hydrogen such as (i and/or (SiH),
groups®® When the temperature of deposition increases, the
amorphous network looks for another more stable dtaté

it remains nevertheless metastaldee to the collective mo-

50 %
5 tion of the number of atoms over a very short distance in the
3 | layer during the growth process. This process may reduce the
g density of the dangling bonds by the bond reconstruction
= mechanism as well as the concentration of the weakly
% | bonded hydrogen. This appears therefore to decrease the po-
2 rosity of the material. Despite the high hydrogen content
235t incorporated in our films even at substrate temperature as

high as 300 °C, this quantitative description of the growth
process ofa-Si:H layers accounts for the whole of our re-
sults.

304
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46 47 S0
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HWHM of TA band (cm -1) IV. CONCLUSION

44 Infrared(IR) absorption measurements are combined with
Raman scattering and optical transmission experiments to
24 e (b) investigate in detail the direct relationship between the
chemical heterogeneity of Si-H bonding and the structural
4J inhomogeneitieglinked with the presence of voifl®f an
amorphous silicon network in hydrogenated amorphous sili-
384 con films prepared by rf magnetron sputtering at increasing
substrate temperatur@) from 100 to 300 °C. The results
36t obtained from the IR experiments indicate that all the
samples exhibit almost the same hydrogen contabout 6
at. %9 incorporated as isolated monohydricH) groups, as
° illustrated by the presence of the 2004 ¢ntomponent. As
a conseqguence, the gradual decrease in the total hydrogen
° concentratior(from 38.6 to 20.5 at. %asT increases is es-
s . . . ) > sentially due to the decrease in the amount of polyhydride
44 45 6 41 48 49 s (SiH,),, groups which absorb around 2086 ¢ A clear
HWHM of TA band (cm ™) relationship is established between the changes in the Si-H
bonding configurations related to the 2086 ¢nsomponent
and the variation of structural inhomogeneities, as evidenced
by Raman spectroscopy. The linewidth towards the low fre-
guencies of the transversal acousiié )-like band in Raman
spectra decreaséfrom 49.2 to 44.3 cm?) as T increases.

Static refractive-index

32

FIG. 10. Variation, as a function of the HWHM of the TA-like
band, of the dispersion ener@y (a) and the static refractive index
ny (b) for series 1-5. Note that the lowest valuesEf and n,
correspond to series TE 100 °C) and the highest ones correspond

to series 5 T=300°C). This decrease in the linewidth of the TA-like band is attrib-
uted to the decrease of the density of quasilocalized phonons
D. Quantitative description of the growth process ofa-Si:H in structural inhomogeneitiegdisordered domains around

The last point we would like to discuss is the growth about the surface of voiglsn the amorphous network. The
process of the films with respect to the whole results Ob_correlatlon betwgen IR and Ramalj results Iegds us to con-
tained for our particular samples. Whatever is the metho lude that th?.(snz)” groups are mainly Iocqted in structural

: homogeneities due to the presence of voids, where the for-

used ftor the deposition cai?;l; f'.lms’dm Wh.'t.Ch thti hydf;o-t ation of these complexes is favorable. This interpretation is
gen atoms are incorporated durnng deposition, the eect Ok, 1,4 ateq by the variation of both the static refractive

the substrate_temperature seems to be_: the most importai ex, which measures the density of material, and the dis-
parameter which controls the incorporation of hydrogen an ersion energy, which measures the mean coordination num-

H H i 29-31
therefore the density of states in the ga@i$i:H.“"“"Gen-  par of 5j atoms and the effective number of valence electron
erally, high substrate temperature limits the hydrogen CONper Si atom in the amorphous network. We observe an in-

tent incorporated, favors the formation of isolated monohy<reaqe of hoth the static refractive index and the dispersion
dride groups, and leads to weak structural mhomogeneme%nergy asT increases.

On the contrary, the deposition at low temperature favors the
formation of polyhydride and/or cluster monohydride groups
and leads generally to material involving high structural
inhomogeneitie€>*? The amorphous silicon network is in-
deed a metastable state from the thermodynamical the point The authors would like to thank J. Dixmier and M.-L.
of view. This metastability is due to the presence of theTheye for fruitful discussions.
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