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Abstract. The Brilloub light scattering technique has been exploited in order to study the elastic 
properties of finitestage a-SiWa-Sij -JX :H semicanductor quasiperiodic Fibonacci multilayers, 
deposited by plasma enhanced chemical vapour deposition on crystalline silicon. fused quartz and 
coming glass substmres. Deteclion of the Rayleigh surface acoustic mode enabled us to study the 
evolution of the phase velocity of his mode as the number of Fibonacci shger is incrwed from 
eight to twelve and to evaluate the effective elastic consIant c a .  The values obtained in these 
finite-stage Fibonacci swctures are consistent with those calculated, by means of the effective 
modulus mbdel, for an infinite quasiperiodic stmme. In canuast to the anomalous elastic 
behaviour previously found in merallic superlauices, no elastic anomaly has been observed in the 
a-Si:Wa-Sil_,C,:H amorphous semiconductor multilayers, in agreement with recent theoretical 
models, which predict the presence of elastic anomalies in wses of symmetry difference and 
lattice mismatch between adjacent crystalline layers. Moreover, a slight decrease ofthe Rayleigh 
mode velacity has been observed on changing the subsmte from e-Si to coming glass or Fused 
quartz. 

1. Introduction 

Hydrogenated amorphous siiicon carbide (a-Sil,C,:H) has received great attenuation in 
recent years for both fundamental and applicative reasons. It is studied as a typical 
amorphous material with variable disorder [l] and used in relevant applications such as 
solar cells [Z], optoelectronic devices 131, high-temperature coatings [4] and x-ray masks 
[5]. The most fascinating feature of this novel material is that a remarhble increase 
of material functions is obtained by controlling electrical, optical and photoelectronic 
properties, through adjustment of the atomic compositional ratio between Si and C [6,7]. 
This has stimulated important developments in both the growth technology and the physical 
characterization of amorphous silicon carbide films, including extensive studies of their 
electrical, optical and structural properties [6,8]. More recently, a-Sil-,C,:Wa-Si:H 
heterojunctions and multilayers have also been fabricated and their physical properties 
investigated experimentally [9, lo], as a natural extension of the effort devoted to the single 
constituent materials. To our knowledge, however, no detailed study of the elastic properties 
of this kind of structure has been performed to date. 

In this paper we present the results of an investigation of the elastic properties of 
Fibonacci a-Sil,C,:Wa-Si:H multilayers, deposited by plasma enhanced chemical vapour 
deposition (PECVD) on different substrates. These structures are an intermediate state 
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Table 1. Slruclud chamcteristies of the multilayers analysed. including the number of Fibonacci 
stages. the sublayer thicknesses d~ md ds, the quasiperiodicily pq and the total thickness h. 

Number of IIA ds pq = r 4  + de h 
Samle Fibonacci rmmr fnml (nml (ml (nml 

NSCS eight 3.3 2.0 7.34 951 
NSCll  eleven 3.3 2.0 7.34 405.7a 
NSCl2 twelve 3.3 2.0 7.34 653.2 

In this case an extra layer of a-SkH, 2 nm Lick. was added on top of the multilayer. 

between periodic and random structures, since they present a quasiperiodic onedimensional 
sequence dong the growth direction. We have studied heterostructures with a finite number 
of Fibonacci stages, namely eight, eleven and twelve, since previous Raman studies of finite- 
stage Fibonacci multilayers have evidenced marked deviations from the ideal behaviour 
of an infinite Fibonacci lattice, even for a number of stages as large as ten [ 1 I]. The 
present study has been performed by means of the Brillouin light scattering technique, 
which permits detection of surface acoustic modes naturally present in the structure under 
investigation, in a wide range of acoustic wave numbers and angular frequencies 1121. 
Analysis of the frequency of these modes provides direct insight into the elastic properties 
of the multilayer and their dependence on the film thickness, substrate material and interface 
effects. Measurements performed on multilayers consisting of eight, eleven and twelve 
Fibonacci stages permitted us to test the suitability of a theoretical approach elaborated for 
an ideal Fibonacci sequence. The results obtained are discussed in light of the previous 
Brillouin spectroscopy studies of the elastic response of Fibonacci metallic multilayers, 
where the presence of elastic anomalies connected with the average density of the interfaces 
has been evidenced 113,141. 

2. Experimental details 

The a-Sil-,C,:Wa-Si:H supcrlattices were grown on Si(OOl), fused quartz (SiOz) and 7059 
corning glass substrates using conventional PECVD in a capacitive RF glow discharge reactor. 
The deposition parameters were as follows: RF frequency, 13.56 MHz; RF power, 20 W; 
total work pressure, 300 mTorr and substrate temperature, 2 S O T  The growth rate was 
0.09 nm s-I for the a-Si:H layers and 0.05 nm s-' for the a-Sil-,C,:H ones. A gas mixture 
of CH4 and S i b  was used, with a gas Row ratio r = [CH~]/([CHL,] + [Sib]) 0.9. 
From this value of r ,  the C fraction x has been estimated to be about 0.25, while the H 
content is about 30 at.%. It follows that the expected mass density of the a-Si,-,C,:H 
layers, calculated from the weighted average of those of a-Si (2.21 g and of a-C 
(1.2 g is about 1.96 g cm-3. The Fibonacci structure consists of two building blocks 
A and B, with thickness dA and &, which are superimposed according to the Fibonacci 
sequence SI = A, SZ = AB, Ss = ABA. S, = S j - 1 S j - 5 .  .. [lS, 161. The j t h  stage S j  

consists of F; elements A and Fj-I elements B, where Fj is the j t h  term of the Fibonacci 
series defined iteratively by the recwrent law Fj = F,-I + 4 - 2 ,  for j 2 2, with Fo = 0 
and F, = 1. When j increases, the ratio FjIFj-1 converges to the irrational golden 
mean 5 = (1 + *)/2 = 1.61803.. .. It follows that for high-generation multilayers the 
quasiperiodicity of the structures can be defined as pq = 5dA + dB. In the present case 
block A consists of 3.3 nm of a-Si:H, and block B consists of 2.0 nm of a-Sil-,C,:H, so 
dA = 3.3 nm, dB = 2.0 nm. We have studied three multilayers with eight, eleven and 
twelve stages, whose structural parameters are summarized in table 1. 
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Brillouin spectra were taken in air, at room temperature, using a 40 mW p-polarized 
light beam (single mode of the 514.5 nm line of an Art laser). The incident light was 
focused on the surface of the specimen and the back scattered light collected by means of 
a lens with f number 2 and focal length 50 mm. The frequency analysis was performed 
using a Sandercock type 3 + 3-pass tandem Fabry-Perot interferometer [ 121, characterized 
by a finesse of about 100 and a contrast ratio higher than 5 x lolo; the sampling time per 
spectrum was typically 3 h. In the back scattering geometry used here, the wavevector Q 
of the surface phonons coming into the scattering process is 

QIud = 281 sin0 (1) 

where kl is the light wavevector and 0 the angle of incidence; from this expression one 
can directly derive the connection between the frequency shift f of Brillouin peaks and the 
phase velocity U of the corresponding acoustic modes as follows: U = Irf/ksin0. 

3. Theoretical background 

Due to the conservation of momentum expressed by (I), surface acoustic phonons probed 
by Brillouin light scattering experiments have a wavelength comparable with that of light 
so the medium under investigation can be described within the framework of continuum 
elasticity. In the case of a multilayer with amorphous constituents, the elastic stiffness tensor 
has a cylindrical (or hexagonal) symmehy, with five independent effective elastic constants, 
namely c l l .  cI2,  c I3 ,  q3 and ca. The values of these constants in periodic structures can be 
calculated from those of the multilayer constituents, imposing the continuity of stress and 
strain across the interfaces, according to the procedure outlined in [17]. An extension of 
this procedure to the case of quasiperiodic structures has been introduced in [l8], showing 
that a quasiperiodic structure with a large number of Fibonacci stages can be considered to 
be elastically equivalent to a periodic structure with sublayers A and B of thicknesses rdA 
and d s ,  respectively. In other words, one can define the relative fractions of blocks A and 
B as fA = ~ d ~ / p ~  and fB = dB/p,. Therefore, its mass density can be written as 

while its effective elastic constants can be derived from those of sublayers A and B simply 
by applying the effective modulus model to this equivalent periodic medium. For instance, 
the shear effective elastic constant of the multilayer can be expressed as 

In the case of a Fibonacci structure consisting of a few stages above approach must be 
partially modified in the sense that the weighting factor r in the expression of fA and of 
the quasiperiodicity is no longer appropriate. In particular, for an n-stage multilayer, one 
has that the relative fractions of the elements A and B are fi = (F,-l/Fn-z)(d,t,/dn) and 
f{ = (dB/d,) where d. is the pseudo-quasiperiodicity, defined as d,, = ( F . - l / F . _ z ) d ~ + d ~ .  
These fraction values should be replaced in (2) and (3) in order to calculate the multilayer 
properties. We stress, however, that because of the rapid convergence of the Fibonacci 
series, the ratio Fn-~/Fn-2 rapidly converges to T when n increases, as shown in table 2, so 
that in the case of the a-Si:H/a-Sil-,C,:H multilayers analysed here, deviations of the elastic 
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Table 2. Values of the ntio between ihe number of blacks A md lhal of blocks B included in 
the nth Fibonacci stage S.. 

~ 

53 s4 Sr s6 sl SS sv SI0 SI1 SI2 

FD-iIFn-z 2.0 1.5 1667 1.6 1.625 1.615 1.619 1.618 1.618 1.618 

constants of the order of a few per cent from those of a semiinfinite Fibonacci structure are 
expected only in structures with less than five or six stages. 

An experimental determination of the elastic constants of the multilayer films can be 
achieved from analysis of the surface phonon spectrum, revealed by Brillouin spectroscopy. 
This acoustic spectrum depends both on the ratio between total film thickness h and phonon 
wavelength A, and on the characteristics of the substrate material. In particular, for the 
specific structures analysed here, two different conditions can be distinguished, as follows: 

(i) In the case of corning glass or fused quartz substrates, the transverse acoustic wave 
velocity in the film is higher than that in the substrate material, so only the Rayleigh acoustic 
mode can be supported, in a small range of values of h / A  close to zero; for increasing film 
thicknesses this mode becomes leaky and degenerates in the pure Rayleigh wave of the film 
material for h / A  > 1 [19]. 

(ii) In the case of the Si substrate, the transverse wave velocity in the film is lower than 
that in the substrate material, so a number of guided acoustic modes can be supported by the 
film, namely thc Rayleigh and Sezawa modes, whose number increases with the ratio h / A .  
The phase velocity of these modes depends not only on the value of h / A 7  but also on the 
mass density and on the elastic constants of the film and of the Si substrate. However, for 
h f A  > 1 one finds that the phase velocity of the Rayleigh mode depends almost exclusively 
on the value of the shear elastic constant c, of the film and on its mass density [20]. 

4. Results and discussion 

Figure 1 presents typical Brillouin spectra relating to two multilayers consisting of eight 
(NSC8) and twelve MSC12) Fibonacci stages, supported by crystalline Si. The peak 
corresponding to the Rayleigh acoustic mode is clearly seen in these spectra. Due to 
the slow film-fast substrate combination, the Rayleigh mode undergoes dispersion with 
increasing number of Fibonacci stages, i.e. the ratio h / A ,  as reported in figure 2. Jn order 
to explain the experimental data quantitatively, we have also taken measurements on a-Si:H 
(element A of the multilayer), and a-Sil-,C,:H (element B of the multilayer) single films, 
about 0.5 p m  thick, deposited on crystalline Si substrates. We could thus determine the 
values of the Rayleigh wave velocity in these films to be about 2820 m SKI and 4180 m s-', 
respectively; from these values we estimated those of the shear effective elastic constants 

- 17.7 GPa. Finally, the shear effective constant 
of the Fibonacci multilayer was evaluated through use of (3) to be c~ = 31.8 GPa. This 
expected value has then been used to calculate the dispersion of the phase velocity of the 
Rayleigh wave, which is plotted in figure 2 (dashed line), proving to be consistent with the 
experimental points relating to the three Fibonacci multilayers analysed. 

A major result of the present work is therefore that the elastic properties of Fibonacci 
multilayers with eight, eleven and twelve stages do not exhibit any appreciable deviation 
from those expected for an infinite Fibonacci structure. In addition, in contrast to lhe 
anomalous behaviour of metallic quasiperiodic multilayers, such as Nb/Cu and TdAI 

a-Sil,C,:H - to be p-SI :H - - 45.3 GPa and c, 
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0 5 10 15 

Frequency (GHz) 
Figure 1. Bdllouin spectra relative to two quasiperjodie multilayers with eight (NSC8) and 
twelve (NSCIZ) Fibonacci stages, deposited On silicon. for an angle of incidence 0 = 76". The 
peak labelled R is due to the Rayleigh acoustic mode. 

[13,14], no elastic anomaly is found in the a-Si,-,C,:Wa-Si:H structures investigated. 
This ideal behaviour is similar to the one We have recently observed in a-Sil_,N,:H/a-Si:H 
multilayers, characterized by amorphous semiconductor constituents [ 18,211. In this respect 
we stress that the absence of elastic anomalies in semiconductor amorphous mulitlayers is 
consistent with the most recent theoretical models, which attribute the anomalous elastic 
behaviour of metallic smctures to the lattice and symmetry mismatch between adjacent 
crystalline layers 122,231. 

We have also investigated the dependence of the elastic properties of the Fibonacci 
multilayers on the substrate material. Figure 3 presents three Brillouin spectra relating 
to the eleven-stage specimen deposited on three different substrates, namely corning glass 
7059, fused quartz and (001) Si. It can be seen that the frequency position of the Rayleigh 
peak is somehow higher in the case of the Si substrate: in this case the phase velocity is 
about 3640 It 30 m s-' against the value of 3580 i 30 m s-' obtained for corning glass 
or fused quartz substrates. A similar result is also found in the case of the twelve-stage 
specimen. We notice that while in the case of the Si substrate the velocity of the Rayleigh 
mode starts from the substrate value of 4921 m s-' and decreases for increasing h / A  up to 
the Rayleigh velocity of the film, as shown in figure 2, in the case of fused quartz or corning 
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Figure 2 Experimental values (symbols) Of the phase velocity of the Rayleigh mode on 
multilayers deposited on silicon. for different angles of incidence from 45" to 76O, The dashed 
line represents the calculated behaviour of the Raylcigh mode phase velocity assuming the value 
of  c e  derived from measurements on a-Si:H and a-Sir-,C,:H single f i lm.  

glass substrates the velocity of this mode starts from 3600 and 3200 m s-', respectively, and 
then increases up to the Rayleigh velocity in the film (even if with a leaky character) [19]. 
For film thicknesses as large as about 0.5 Wm, however. numerical simulation shows that this 
discrepancy, arising from the presence of different substrates, should be almost completely 
recovered and the values of the Rayleigh wave velocity calculated for Si, fused quartz and 
corning glass substrates coincide within 1 m s-'. One can therefore reasonably hypothesize 
that the physical properties of the multilayer are affected by the substrate material in such 
a way that the Rayleigh wave velocity slightly decreases as the substrate changes from 
crystalline Si to fused quartz or coming glass. A similar dependence of the elastic properties 
of thin films on the characteristics of the substrate material, via interface effects, has been 
observed in previous Brillouin scattering studies [24]. 

5. Conclusion 

The elastic properties of a-Si:Wa-Sil-,C,:H quasiperiodic semiconductor multilayers with 
eight, eleven and twelve Fibonacci stages have been investigated by means of the Brillouin 
light scattering technique. These multilayers are an intermediate state between periodic and 
random structures since they present a one-dimensional sequence along the growth direction 
that is quasiperiodic, i.e. characterized by two different fundamental periods whose ratio is 
irrational. Detection of the Rayleigh surface acoustic mode enabled us to study the cvolution 
of the phase velocity of this mode as the number of Fibonacci stages is increased and to 
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0 5 10 15 

Frequency (GHz) 
Figure 3. Brillouin spectra relative IO the multilayer with eleven (NSCII) Fibonacci stages 
deposited on 7059 coming glass, fused quam and Si, for an angle of incidence of 7.5'. The 
pe& labelled R is due to the Rayleigh acoustic mode. 

evaluate the shear effective elastic constant CM. The expected value of this constant was 
calculated by means of the effective modulus model applied to quasiperiodic structures, 
using results of measurements of the elastic moduli of a-Si:H and a-Si,-,C,:H single 
films. This enabled us to show that the theoretical approach elaborated for calculating the 
elastic properties of an infinite Fibonacci sequence suitably apply to the case of finitestage 
multilayers with eight generations or more. In addition, in contrast to previous Brillouin 
studies of the elastic response of Fibonacci multilayers with metallic constituents, there is 
a good agreement between the calculated values of the effective shear elastic constant CM 
and those determined experimentally. This ideal behaviour of an amorphous layer structure 
is consistent with recent theoretical models which attribute the elastic anomalies observed 
in several metallic multilayers to atomic disorder caused by the lattice mismatch and the 
different symmetry of crystalline layers at the interfaces [22,23]. Finally, a slight decrease 
of the Rayleigh velocity, probably associated with a modification of the residual stress in 
the multilayer film, has been observed as the substrate material is changed from crystalline 
Si to coming glass or fused quartz. 
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