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Abstract

This paper is focused on the description of relationship between deposition parameters (flow ratesafdSNJO precursor gases) and
properties of SiQ films. The silicon-rich silicon oxide thin films deposited using plasma enhanced chemical vapour deposition (PECVD) in
silane-nitrous oxide-helium discharges were thermally annealed at 1273 K for 1 h. Fourier transform infrared (FTIR) spectroscopy indicated tha
the chemical composition was dominated by silicon suboxide containing silicon-nitride and silicon-hydrogen bonds. For the as-deposited films
and for the annealed films, Raman spectra show a band approximately at #§@alated to amorphous silicon and a band at 520'%¢melated
to nanocrystallite silicon, respectively. Transmission electron microscopy analysis demonstrated that silicon nanocrystals (Si nc), lmving a me
radius ranging between 3 and 6 nm were present in the annealed films. Using spectroscopic ellipsometry (SE) in the.b.2p@&8al range,
the values of layer thickness, optical indices and component volume fractions were determined using the Fourouhi-Bloomer (FB) model for the
as-deposited films and the Bruggeman effective medium approximation (BEMA) for the annealed ones.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction This work has been devoted to study the properties of sili-
con suboxide thin films. In particular, the possibility of varying

Recently, considerable research effort was directed to stud§neir composition with the operating process conditions is of
the silicon-rich silicon oxide films in view of theirimportantrole great interest for the control of Si nanocrystals formation. Thin
in device manufacturing technology such as memory devicesilicon-rich SiQ. films within a large range of composition were
[1]. The main advantage of-S5iO, composites is their robust- produced by PECVD using SiHand NbO as precursor gases.
ness and the surface stability in comparison with porous silicoiThe formation of silicon clusters embedded in a dielectric silicon
[2]. In the field of nanocrystalline materials, significant effort oxide matrix was investigated. The properties of as-deposited
has been dedicated to the formation and characterization of siks well as of annealed films were studied by various physico-
icon nanocrystals (Si nc) embedded in SiDatrix. A variety  chemical techniques such as fourier transform infrared (FTIR)
of methods such as co-sputterifgj, ion implantation1] and  spectroscopy, Raman spectroscopy, high resolution transmission
chemical vapour depositioid] have been used for producing electron microscopy (HRTEM) and spectroscopic ellipsometry
silicon nanocrystals embedded in Sidn this work, we used (SE). We found that, by varying the flow ratio of the gaseous
high temperature annealing of substoichiometric,03<x < 2) precursors, it was possible to change the properties of the film.
thin films deposited by plasma enhanced chemical vapour depd+e main is to observe the effect of deposition parameters in
sition (PECVD). This technology is very promising because oforder to highlight the relationship with Si nc formation in effect
good control of film quality, its easy integration in current micro- of annealing.
electronic technologies as well as low cost, high efficiency and
reproducibility.

2. Experimental details

Silicon-rich silicon oxide (Si@) thin films were prepared

* Corresponding author. Tel.: +33 5 61 55 76 93; fax: +33 561556452, Py using a PECVD reactq5] consisting of a vacuum bell
E-mail address: bedjaoui@Iget.ups-tise.fr (M. Bedjaoui). jar (133x 10~/ Pa) and a 13.56 MHz RF generator connected
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through a matching LC box to the excited electrode. The silicorpresent in amorphous Sj@nd SiQN,. A particular attention
substrates were placed on the bottom grounded electrode. Thes paid to the dependence of the stretchinglsiSi, Si-H
SiQ, films were grown on intrinsic silicon and silica substrates.and Si-N frequencies on the composition of Si@nd SiQN,,
All deposition processes were performed at 653 K, under a presims. Fig. 1(a) shows the typical FTIR results of the as-deposited
sure of 66.5Pa and a RF power of 5W. The source gases usétins for two different flow rate ratiog;, andrFig. 1(b) shows the
were SiH;, NoO and He, the DO gas flow rate was kept con- results after annealing in\at 1273 K for 1 h. The main feature
stant at 40 sccm for all samples. After deposition, the Silhs  of the as-deposited sample spectra is the position of the stretch-
were annealed for 1 h at 1273 K in nitrogen atmosphere. ing Si-O-Si bands around 1020-1030ch This frequency

The SiQ film composition (0 <t < 2) was controlled by vary-  decreases with increasing thdlow rate ratio. This shift is due
ing the SiH/N,O flow rate ratio ¢ = QsiH, /[ ON,0 + OsiH,))- to the substitution of O atoms by Si atoms in the network of
Physicochemical, structural and optical absorption propertiethe substoichiometric filmgl3]. In addition, all the samples
of SiO; films, as-deposited and subjected to thermal anneakhow a subsidiary band located between 810 and 826 cor-
ing, were investigated by FTIR spectroscopy, Raman speaesponding to the SIO-Si bending mod§l2] and the SFO-Si
troscopy, HRTEM and SE. FTIR spectroscopy was used as @cking in the range 440-460 cth[12]. Several other IR spec-
non-destructive technique to obtain further information on theral features are present. There are weak absorptions due to the
structural and compositional properties of films and the types 08i—H bending in the range of 640-660 cthwhich is corre-
chemical bond present. The infrared analyses were performedted to the SiH stretching between 2100 and 2260¢hfil4].
by means of a BIORAD QS 300 FTIR spectrometer. The IRBesides, the IR spectrum appears to be noticeably influenced by
absorbance spectra of the silicon oxide films were comparethe presence of nitrogen in the as-deposited films; indeed, the
in the range of 400-4000 cmh (1.3-12.3.m) with a resolu-  absorption region at about 860-880cthis due to the stretching
tion of about 4cm!. The Raman measurements were carriedvibration of the SiN bondg[15], while a weak peak of the-\H
out with a Dilor UV spectrometer equipped with a charge-stretching 3385 cmt [13]is observable only for the sample with
coupled device multichannel detection system and a microprobe=0.15 Fig. 1(a)).
focused onthe sample. Theincidentbeamat 363 nmline ofargon Compared to the film with the lowest values {/=0.15,
laser was used for the excitation. Dark-field plan-view HRTEMFig. 1(a)), the sample witly = 0.43 ig. 1(a)) contains a signif-
analyses were carried out with a CM30 Philips microscope tacant percentage of SN bonding (860—-880 cm') with respect
determine the nanocrystal size distribution. In order to studyo the SiO stretching band in the spectra. Besides, the IR
silicon-based films, optical techniques are particularly suitablespectrum of the as-deposited films is characterized by other rele-
rather easy to use, and non-destrucfle Most of the studies vant absorption bands at around 21002127 and 640-66b cm
aimed at determining the optical properties of nc-Si were perwhich suggest the presence of-8igroups in the layerfL0].
formed either by the use of a mixture of known materjalsor The infrared spectra of the annealed samples reveal two most
by a direct inversion of the optical parameters of thin fi[8ls  relevant changes; first, asvalues vary from 0.15 to 0.43, the
or else by a theoretical calculatif®]. Therefore, ellipsometry Si—-O-Si stretching absorption bands shift towards higher fre-
provided significant information on the dielectric function, the quencies in the range of 1050-1075¢mThe heat treatment
volume fraction of constituents and cristanallity of the layers.induces an evolution of the amorphous phase present in the
Particular attention was devoted to the modifications of thesas-deposited SiOfilms towards a Si/Si@ mixture. Another
properties caused by the effect of the incorporation of nc-Si innteresting effect is the disappearance of theNsbonds and
thin SiON, films. Up to now, ex situ spectroscopic ellipsom- the Si-H bonds. This behavior of the spectrum is due to the
etry measurements were performed in order to determine theartial conversion of the SN and SO phases to a mixed
thickness, composition and optical properties of the films. Th&Si—-O—N phase and the effective elimination of hydrogen from
SE experiment is based on the measurement of the ellipsomettige films after the annealing treatment. These last observations
parameters defined Wy andA. They are related to the complex could explain the unusual broadening of the band at 1070:cm
reflectance rati@ by p = rp/rs=tan@)exp(iA) whererp andrs  after annealing due to a residual Sitwork resolved into two
are the complex reflection coefficients for a plane wave polarizedifferent components, SO-N and Si-Si bonds.
parallel/perpendicular to the plane of incidence, respectively. Raman spectroscopy, a sensitive probe to the local atomic
Ellipsometric functions tamf) and cosf) are the modulus of arrangements and -S$i vibrations, was used to detect the
p and the phase shift betweegnandrs, respectively. They are presence and to study the structure of silicon particles in the
measured in the spectral range of 200-880 nm atarfgle of  deposited layers. It allows for a differentiation between amor-
incidence, using a rotating polarizer spectroscopic ellipsometgshous and crystalline phasgs$]. Fig. 2 shows typical Raman

SOPRA GES-5 with tracking analyzer. spectra of SiQfilms, as-deposited and annealed at 1273 K for
1 h, onsilica substrate with two different flow rate ratips,0.43
3. Results and discussion inFig. 2(a) andy = 1inFig. 2b). The as-deposited sample shows

a broad Raman band typical for amorphous silifbh18]and
The spectral positions of the infrared absorption bands coreentered at around 490 crh (Fig. 2(a) and (b), dot spectra)
respond to the vibrational frequencies of the chemical groupsdicating that as-deposited films are amorphous. After anneal-
present in the layer. As a matter of fact, a lot of wojk8—12]  ing, the amorphous band remains present and the spectra exhibit
were carried out to ascribe the position of the infrared bandsharp components at 513 and 520¢mwith y = 0.43 Fig. 2a),
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Fig. 1. Transmission infrared spectra of $ifdms obtained at two different flow rate ratigs as-deposited (a) and annealed at 1273 K for 1 hjratdosphere

(b).

solid spectra) angr =1 (Fig. 2(b), solid spectra), respectively. crystallite size is about 2 nm-3.6 nm, respectively. The Raman
As a matter of fact, one can also find in the literafilig 18]that ~ results appear to indicate that the $filns obtained by PECVD

the band at 520 crit is related to the crystalline silicon while exhibit an amorphous state of the as-deposited samples and a
the Raman peak located around 513¢nsan be attributed to  mixture of two phases in the annealed samples, an amorphous
the incorporation of nanosilicon in the Sifims. Whentheflow  matrix and ordered silicon domains or nanocrystallites. In order
rate ratio decreased fropn=1 to 0.43, the nanocrystalline sili- to confirm the Raman measurements and to map the location of
con peak shifted down by approximately 7chilt suggested a  Si nanocrystals embedded in the Si@yers after the anneal-
decrease in the silicon nanocrystallite size by a few nanometers)g process, we used HRTEMig. 3 shows a HRTEM image
after annealing. The band-shape modification of the Raman peaklative to SiQ film obtained with a flow rate ratigr =0.43,

has been used by many theoretical mod#820]to evaluate after 1 h annealing at 1273 K. Let us the deposit was the same
gquantitatively the average size of nc-Si. According to the Zi etas when the sample was characterized by Raman spectroscopy
al.’s confinement modglL9] and Viera et al.’s studig0], the  (Fig. 2(a@)). The analysis of the HRTEM image showed clearly
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Fig. 2. Raman spectra of SjdIms obtained fory =0.43 (a) and’ = 1 (b), as-deposited (dot spectra) and annealed at 1273 K for 1 hamhosphere (solid spectra).
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Fig. 4. Experimental (solid curve) and calculated (square data) ellipsometric
spectra of SiQ films obtained fory =0.43, as-deposited (a) and annealed at
16 F T T T T T T T 3 1273K for 1h in nitrogen atmosphere (b). The square curves are obtained on

r 1 the basis of the FB and BEMA models for the as-deposited and annealed films,
\ =4 nm respectively.

mean

o =0.7nm

selected and tested to describe the sample optical properties.
| ] One class used the Fourouhi—Bloomer dispersion mgaig!
8 | \ g In this, we assumed that the films were homogenous and the
1 as-deposited films could be based on this model. Another model
I \ ] used Bruggeman effective medium approximation (BENEZ)
41 \ - which could be utilized to describe the optical properties of the
[ ] annealed films. In this case, the fit parameters were the layer
thickness and the volume fraction of different materials consti-
tuting the effective medium. Therefore, the complete physical
model should take into account the surface roughness and pos-
sible surface oxidation. Thus, a two-layer model plus a topmost
Fig. 3. HRTEM micrograph and relative Si nc size distribution of a,Si(m |ayer with a void fraction are required to reproduce the opti_
prepared with a flow rate ratip= 0.43 and annealed at 1273 K for 1 hin nitrogen cal data of the as-deposited and annealed films. As an example,
atmosphere. . .
the tanr) and cosf) experimental spectra of as-deposited and
annealed sample obtainedjat 0.43 are reported ifrig. 4(a)
that the amorphous Si@ontained a high density of small clus- and (b), respectively. In the same figure, we have also included
ters uniformly distributed in the matrix which was identified asthe fits (solid lines) obtained with the different models discussed
Sinanocrystals. On the other hand, the statistical analysis of tHa the above. The agreement between the experimental data and
crystal size distribution (histogram reportedHig. 3) obtained  the theoretical values is very good, as confirmed by the very low
from the HRTEM pictures showed a distribution of crystal sizestandard deviation of the fit(= 0.000637 and 0.000323 for the
ranging from 3 to 6 nm with a mean radius of 4 nm, in goodFB and BEMA models, respectively) indicates that the assumed
agreement with the particle size calculated from the Raman meas-deposited and annealed model is appropriate and the obtained
surements with the Viera et al.'s mod20]. The distributionhad results are reliable.
a standard deviatiom of 0.7 nm, accounting for all the different Fig. 5 shows the optical constantsand k calculated with
crystal sizes detected in the HRTEM micrograph. the FB and BEMA fits. Two different samples obtained under
In this paper, the complex optical indeX defined as the same operating conditions at different flow rate ratios,
N=n—ik (wheren is the refractive index and the extinc- as-deposited and annealed, were optically characterized. The
tion coefficient) is obtained by fitting spectroscopic ellipsometryrefractive indexn (Fig. 5@)) and the extinction coefficierit
measurements with an appropriate model in the wavelengtfiFig. 5b)) increase fromy =0.15 to 0.43, as the film compact-
range of 200—880 nm. The determination of the physical paramatess and the silicon content increase. These trends hold for both
ters depends on the choice of the optical model adopted to derivgs-deposited and annealed layers. In agreement with our previ-
n and k from tan@) and cosQ) experimental data. Accord- ousFTIR and Raman observations, the refractive index curves of
ing to our previous infrared and Raman spectra analyses, thas-deposited films are a smooth and structureless spectra hump
ellipsometric spectra show that the as-deposited films consist ¢7], confirming an amorphous state. The effects of the anneal-
amorphous layers whereas the annealed films can be modelledy treatments on the optical functianandk of each sample
as mixtures of poly-silicon crystals, amorphous silicon com-reveal more information. The annealed films are conveniently
pounds and Si@ Indeed, two suitable classes of models weresimulated by BEMA model involving appropriate mixtures of
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m—ye @ ) 28 formed. Other studieft,9] attribute this behavior to the quan-
08 N 26 tum confinement effect, i.e., the gap energy is conditioned on
0.6 4 the size of the nanocrystals.
v=043
0.4 e
= 20 = 4. Conclusion
—0.2 2
5 ¥ 13 2
= =006 D SiO, layers were grown by PECVD technique by varying the
z ; flow rates of SiH precursor gases and keeping@\constant
E g at 40 sccm. Using Infrared and Raman spectroscopy, transmis-
& 5 sion electron microscopy and spectroscopic ellipsometry, the
films were found to consist of an amorphous state in their
as-deposited form and of very small crystals (3—6 nm) cov-
ered by a native oxide in addition to an amorphous residual
formed after a high-temperature annealing. In particular, it has
12 03 04 05 06 07 0802 03 04 05 06 07 08 . .
Wavelenght (m) been established that the valuejafflow rate ratio, strongly
affects both physicochemical and optical properties of theg SiO
Fig. 5. Refractive index (a, c) and extinction coefficiert(b, d) as a function films
of wavelength for the SiQOfilms obtained for two different flow rate ratigg )
as-deposited (a, b) and annealed at 1273 K for 1 hyiatsosphere (c, d).
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