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Brillouin spectroscopy of acoustic modes in porous silicon films
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A systematic Brillouin study has been carried out on acoustic modes in porous silicon films prepared from
p-type Si~100!. A surface Rayleigh mode and two bulk acoustic modes, transverse and longitudinal, were
observed. Results are presented for the dependence of the phase velocities of these three modes on sample
porosity and film thickness. The phonon velocities, especially those of the bulk modes, increase sharply with
decreasing film thickness below;10 mm. This thickness dependence is attributed to the presence of a transi-
tion layer between the porous silicon film and crystalline Si substrate. Its influence on the film bulk modes
increases with decreasing thickness. Elastic constants and Young’s modulus of porous Si are estimated for
different porosities from the phase velocities of the two bulk acoustic modes and are compared with the
corresponding data obtained by other techniques.
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I. INTRODUCTION

Electrochemically formed porous silicon (p-Si!, because
of its light-emitting properties and potential applications
silicon-based optoelectronic devices and in bio-chemical
chemical sensing, has drawn much research interest.1–4 It is
an unusual material whose open framework of interc
nected microcrystallites varies considerably in form depe
ing on the preparation conditions. With a suitable choice
the anodizing parameters~etchant and current density! and
silicon wafer ~doping and orientation!, the porosity can be
varied over a wide range.1 Generally,p-type p-Si contains
small pore diameters and interpore spacings, typically
tween 1 and 5 nm, with a highly interconnected and hom
geneous pore network.1

The surface of freshly preparedp-Si is covered with sili-
con hydrogen (Si-Hx) bonds. This termination offers goo
electronic properties to the material, but is subject to e
oxidation in air. Surface passivation and photoluminesce
~PL! stabilization of p-Si were achieved by variou
strategies.5 Recently, an organic modification of thep-Si sur-
faces was successfully used for such a purpose.6 We have
shown that the thermal reaction of hydrogen-terminatedp-Si
surfaces with alkenes and aldehydes gives organic mono
ers attached through Si-C and Si-O-C bonds, respectiv
These monolayers preserve the PL of thep-Si nanostructures
and offer a high stability to the surface against oxidation.7–9

From an acoustic point of view,p-Si also has many othe
interesting physical properties due to its columnar or spon
like structure. As the pore diameters are much smaller t
the typical acoustic phonon wavelength of;300 nm, acous-
tic waves are expected on top of and withinp-Si films. It
would therefore be interesting to study the effect of structu
variance on the elastic properties ofp-Si compared to crys-
talline Si (c-Si!. Investigations into the elastic and acous
properties ofp-Si were made using acoustic techniques10

nanoindentation11 and Brillouin spectroscopy.12–14 In par-
ticular, the existence of surface- and film-guided acou
waves in these films was reported in Brillouin light scatteri
0163-1829/2002/65~16!/165330~8!/$20.00 65 1653
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studies. Andrewset al. investigated the surface acoust
waves in low porosity~30%! p-Si, and observed the Ray
leigh mode.12 In their study of surface and bulk acoust
phonons in low and high porosityp-Si, Beghiet al.13 found
three surface acoustic phonons in their high porosity sam
whose velocities exhibited dispersion. The Brillouin spe
trum of 80% porosityp-Si, recorded by Lockwoodet al.,14

revealed two well-separated broad peaks at about 8 an
GHz, assigned as the Rayleigh mode and longitudinal gui
mode, respectively.

We have carried out a systematic Brillouin study
acoustic modes in H-terminated and 1-decene-passiv
p-Si films of different thicknesses~1–26mm! and porosities
~57–83%!. In general, we find that films ofp-Si on Si~100!
can sustain three kinds of acoustic waves, viz. the Rayle
mode, a bulk transverse acoustic~TA! mode, and a longitu-
dinal acoustic~LA ! mode. The two bulk acoustic modes a
analyzed with regard to their porosity dependence and
corresponding elastic parameters are extracted from the
louin data. Some of our results are significantly differe
from those of previous Brillouin studies ofp-Si.12–14

II. EXPERIMENTAL METHOD

The p-Si samples used in this study were prepared
anodizing B-doped, single-side polished~100! p-type silicon
wafers. The silicon wafers were first cleaned in 3:1 conc
trated H2SO4/30% H2O2 for 5 min at room temperature, an
then rinsed copiously with Milli-Q water. The clean wafe
were immersed in 48% aqueous HF solution for 1 min
room temperature to remove the native oxide. The sam
were then electrochemically anodized in 48% aqueous
and ethanol solution at current densities of 2–40 mA/c2

and an etching period of 8 or 80 min to achieve 57–83
porosity and 2.2–26-mm film thickness. Details of the prepa
ration conditions for H-terminated samples used in the
rosity study are given in Table I. After etching, the samp
were rinsed with pure ethanol and dried under a stream
dry nitrogen. For the thickness study, samples were prep
©2002 The American Physical Society30-1
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TABLE I. Preparation conditions, porosity, and thickness of H-terminatedp-Si films prepared fromp-type
Si ~100! wafers.

Sample Si wafer resistivity HF/EtOH Current density Etching time Porosity Thickne
V cm ~v/v! (mA cm22) ~min! ~%! (mm)

1 1.0– 1.05 1:1 5 8 70 3.06
2 1.48– 1.84 1:1 10 8 72 6.24
3 1.48– 1.84 1:1 30 8 75 12.0
4 1.0– 1.05 1:1 30 8 77 5.03
5 1.0– 1.05 1:1 40 8 79 20.6
6 0.005 1:1 20 8 60 10.36
7 0.005 1:1 40 8 63 20.3
8 1.48– 1.84 1:3 5 8 83 2.17
9 1.48– 1.84 1:3 10 8 83 5.04

10 1.48– 1.84 1:1 5 8 70 2.77
11 1.48– 1.84 1:1 5 8 70 2.95
12 1.48– 1.84 1:1 5 8 70 3.04
13 1.48– 1.84 1:1 2 80 79 9.45
14 1.0– 1.05 1:1 5 8 74 3.0
15 1.0– 1.05 1:1 5 8 78 2.82
16 0.005 3:1 40 8 57 26.0
-
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from 1.48–1.84-V cm silicon wafers in a 1:1 etching solu
tion of HF:EtOH at a current density of 5 mA/cm2 to pro-
duce a porosity of 70%. Etching times of 4, 8, 16, 32, and
min were used to vary the film thickness from;1 to 24mm.
The H-terminated surfaces of these freshly preparedp-Si
samples were chemically modified with 1-decene at 115
~Refs. 7–9! to form p-Si passivated with C10H21 ~abbreviated
to C-passivatedp-Si!. The passivation process is activ
throughout the entire depth of thep-Si layer ~confirmed by
Auger spectroscopy! and protects the pore surfaces agai
oxidation in ambient air.7–9

Sample porosities were determined by low-angle x-
reflectivity.15 The specular reflectivity from the sample w
measured using a Philips MRD diffractometer equipped w
a four-crystal monochromator~220 reflections! and a 0.1-mm
receiving slit. The index of refraction of a solid surface
x-ray wavelengths is slightly less than unity, and results
total reflection of x rays up to a critical angle typically of
few tenths of a degree. In the reflectivity curve, the critic
angle (fp-Si for p-Si andfc-Si for c-Si! corresponds to the
angle at which the reflectivity starts to decrease sharply,
to an increased penetration of x rays through the solid.
critical angle is proportional to the square root of the el
tronic density, and its measurement provides an easy
accurate means of determining the density at the surfac
impurity-free elemental materials or stoichiometric co
pounds. A typical x-ray reflectivity curve is shown in Fig.
The porosities~«! of the freshly prepared H-terminate
samples listed in Table I were calculated from15 «51
2(fp-Si /fc-Si)

2.
Scanning electron microscopy~SEM! images were ob-

tained with a Field Emission Hitashi S4700 using an acc
erating voltage of 5.0 keV. The SEM measurements w
used to study the pore morphology and to determine thep-Si
film thickness given in Table I. The very dense and verti
16533
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cylindrical pore channels are clearly visible in the typic
plan view and cross sectional SEM images shown in Fig
The p-Si nanocrystallite size was found using Raman sc
tering, which was performed at room temperature in a q
sibackscattering geometry using 30 mW of 457.9-nm la
excitation. A typical Raman spectrum is shown in Fig.
From the shift in frequency relative to thec-Si Raman peak,
the nanocrystallite sizes of the samples studied w
estimated16 to range from 4 to 10 nm. Raman spectrosco
confirmed the presence of H in the freshly preparedp-Si
samples through the observation of characteristic SiHx peaks
~see Fig. 3!.

Brillouin spectra were recorded in the 180°-backscatter
geometry using a~313!-pass tandem Fabry-Pe´rot interfer-
ometer. The free spectral range was set between 12.5
50.0 GHz. A laser light of 514.5 nm wavelength was us
with the incident beam power kept below 25 mW to preve
sample damage. All measurements were carried out at r

FIG. 1. X-ray reflectivity spectrum of H-terminatedp-Si. The
porosity is calculated~Ref. 15! to be«512(0.112/0.220)2'74%.
0-2
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BRILLOUIN SPECTROSCOPY OF ACOUSTIC MODES IN . . . PHYSICAL REVIEW B65 165330
temperature. A stream of pure, dry argon gas was directe
the irradiated spot on the sample to cool it and to keep
away from it. The refractive index of ourp-Si is estimated to
be about 1.5,17 much lower than that of crystalline silico
~'4.2!. Thus, for the excitation wavelength used in th
study, thep-Si films are effectively optically transparent. Th
incident light wave vectork0 made an angleu with respect to
the ~100! surface normal, and the backscattered light is c
lected from within the solid angle around2k0 . Spectra were
recorded inp-p and p-s polarization configurations, typi
cally for a duration of one hour.

FIG. 2. ~a! Plan view and~b! cross-sectional SEM images of
78% porosity, 2.82-mm-thick H-terminatedp-Si film prepared from
p-type Si~100!.

FIG. 3. Raman spectrum of 70% porosity, 2.0-mm-thick
H-terminatedp-Si ~continuous line! and of c-Si ~dash line!. The
frequency shift from 520 cm21 in c-Si to 516 cm21 in p-Si indi-
cates an average spherite diameter of 5 nm~Ref. 16!. The inset
shows Raman peaks at 2089, 2113, and 2139 cm21 due to SiHx .
16533
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III. RESULTS AND DISCUSSION

A. Spectra and assignment of modes

Figure 4 shows the Brillouin spectra of a 70% porosi
3.0-mm-thick H-terminatedp-Si sample recorded at variou
angles of incidenceu in p-p polarization.~Thep-s-polarized
spectra were found to be featureless.! In general, the spec
trum features three peaks centered at about 4, 14, an
GHz, which are respectively assigned~see below! to the sur-
face Rayleigh mode, a bulk TA mode, and a bulk LA mod

Figure 5 shows the thickness dependence of the Brillo
spectrum of 70%-porosity C-passivatedp-Si for one angle of
incidence. It is clear that with increasing film thickness
the peaks shift to lower frequencies. Similar results w
obtained for other values ofu. It is noteworthy that the
highest-frequency peak appears as a doublet for s
samples. This feature is ascribed to a relatively abr
change in porosity inhomogeneity across the sample de
as evidenced by cross sectional SEM images.

The phase velocities of the Rayleigh mode (yR) and bulk
modes (yB) were computed from their Brillouin frequencie
(nR andnB) using

yR5lnR /~2 sinu!,

yB5lnB /~2n! ~1!

wherel is the excitation wavelength. The refractive inde
of p-Si,n, is calculated from the empirical formula fo
porosity«,17

FIG. 4. Brillouin spectra of 70% porosity, 3.0-mm-thick
H-terminatedp-Si obtained at various angles of incidence.R: Ray-
leigh mode; TA: bulk transverse acoustic mode; LA: bulk longit
dinal acoustic mode.
0-3
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12«5
~12n2!~N212n2!

3n2~12N2!
, ~2!

whereN54.22 is the refractive index ofc-Si at the wave-
length of 514.5 nm. The phonon velocities of the thr
modes in 70% porosity C-passivatedp-Si for two film thick-
nesses are shown in Fig. 6 as a function ofu. Results ob-
tained for H-terminatedp-Si and for other porosities and film
thicknesses are qualitatively similar. As can be seen in Fig

FIG. 5. Brillouin spectra of 70% porosity C-passivatedp-Si of
various film thicknesses. The angle of incidence is 60°.R: Rayleigh
mode; TA: bulk transverse acoustic mode; LA: bulk longitudin
acoustic mode. For some spectra, a doublet LA is observed~see the
discussion in the text!.

FIG. 6. Phase velocities of the Rayleigh~circle!, TA ~square!,
and LA ~triangle! vs the angle of incidence for 70% porosi
C-passivatedp-Si films. Open symbols: 5.24mm thick; filled sym-
bols: 10.7mm thick.
16533
6,

all three modes show no obvious velocity dispersion w
increasingu, within experimental error.

The very sharp lowest-frequency peak, below 10 GH
was assigned to scattering from the surface Rayleigh mo
Its frequency is proportional to sinu, which is characteristic
of real surface modes. Thus it is not surprising that it do
not exhibit any velocity dispersion~see Fig. 6!. This sharp
mode was not observed in our earlier study14 based on a
single thick~25 mm! p-Si slab sample, and thus was inco
rectly identified in that study. The Rayleigh peak in th
present study has an extremely small linewidth~'0.2 GHz!,
in contrast to those ofp-Si films ~'2 GHz! measured by
Beghi et al.13 and of cluster-assembled carbon films me
sured by Bottaniet al.,18 in which cases the broadened ph
non peaks and the presence of an intense elastic backgr
probably arise from sample surface roughness and inho
geneity. This suggests that ourp-Si samples have good su
face quality on a mesoscopic length scale, as borne ou
SEM data. Unlike the conclusion drawn by Andrewset al. in
their Brillouin study of 30% porosity~111!-orientedp-Si,12

our Rayleigh mode velocity is independent of its propagat
direction, as shown in Fig. 7, and thus our higher poros
p-Si surfaces@originally Si ~100!# are elastically isotropic.

The intermediate-frequency peak is weak as well
broad, and arises from a mode whose velocity is independ
of incident angles. Empirically, the frequency of this peak
too high, relative to the Rayleigh wave, to be that of
Sezawa wave, which is a film mode propagating paralle
the film surface. In addition, Rowellet al.19 established that
the number of orders of Sezawa waves, in supported fil
increases with increasing film thickness. However, no ad
tional peaks were observed in the vicinity of th
intermediate-frequency peak for the thicker films. Neith
can it be a Stoneley wave, which is an interface mode, for
reason that the transverse acoustic velocity inp-Si is much
smaller than that in thec-Si substrate~also see below!. This
peak is instead assigned to a bulk TA mode inp-Si. In our
spectra, the TA peak is observable only for some samples
for incidence angleu larger than 50°~see Fig. 4!. Although,

l

FIG. 7. Acoustic mode velocities ofp-Si films vs their propa-
gating directions relative to the@110# direction of the Si substrate
Triangle: Rayleigh velocity of 70% porosity, 1.1mm thick
C-passivatedp-Si. Square: Rayleigh velocity of 57% porosit
26.0mm thick H-terminatedp-Si. Circle: LA mode velocity of 70%
porosity, 2.8mm thick H-terminatedp-Si.
0-4
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BRILLOUIN SPECTROSCOPY OF ACOUSTIC MODES IN . . . PHYSICAL REVIEW B65 165330
in an elastically isotropic medium, Brillouin scattering fro
the TA mode is theoretically forbidden in an exact 18
backscattering configuration,20 it was most probably detecte
because of the finite aperture~f/2! of the lens collecting the
scattered light.

The highest-frequency peak is also associated with a b
mode, primarily because its frequency is insensitive tou.
This mode cannot be a longitudinal guided mode localiz
inside the film, because its frequency is more than five tim
that of the Rayleigh mode~see Fig. 4!, and hence too high.21

Moreover, it still appears as a dominant peak in spectra
p-Si films that are up to 20mm thick, whereas a longitudina
guided mode tends to be unobservable at large film th
nesses~.3 mm! due to the breakdown of the resonan
condition.21 Therefore, the highest-frequency peak is a
cribed to the bulk LA mode of thep-Si film. Except for the
bulk LA mode ~'140 GHz! of the c-Si ~100! substrate, no
other acoustic mode was observed at higher frequencie
the p-Si films. The;140 GHz peak observed by Beghiet
al.13 in their Brillouin spectrum ofn-type p-Si of 30% po-
rosity most probably originates from thec-Si substrate, in-
stead of from thep-Si film.

A prominent feature of the LA peak is its large linewid
~;3–5 GHz! compared to that of the Rayleigh peak~'0.2
GHz!. This indicates a considerable scattering of the pho
by interior structural irregularities, i.e., the intrinsic imhom
geneity, resulting from the anodizing process, of the crys
line Si skeleton within the depth of thep-Si film. The top
surface of thep-Si film, however, retains the flatness of th
original c-Si ~100! wafer surface.

B. Variation of mode velocity with film thickness

For the study of film thickness effect, samples were c
sen from those prepared under similar conditions but for
ferent etching times so that similar porosities were expec
Figure 8 shows the thickness dependence of phase veloc
of the Rayleigh, TA, and LA modes in the H-terminated a
C-passivatedp-Si samples. The figure reveals that the velo
ties of these three modes in C-passivatedp-Si are almost the
same as their corresponding ones in H-terminatedp-Si. This
implies that surface passivation with 1-decene has little
fect on the mode velocities ofp-Si. The Rayleigh mode ve
locity is quite independent ofp-Si layer thickness at large
thicknesses. This is not surprising as the Rayleigh wave,
ing a true surface wave, propagates on the top surface o
film only, and its velocity should not be greatly affected
layer thickness, at least not for the thicknesses greater
10 mm.

In contrast, the velocities of the two bulk modes a
strongly influenced by the thickness. For both H-termina
and C-passivatedp-Si, the bulk mode velocities increas
sharply with decreasing film thickness below;10 mm. This
thickness dependence can be attributed to the presence
transition layer between thep-Si film and thec-Si substrate,
within which its elastic properties vary from those of thep-Si
to those ofc-Si. For a large film thickness the mode veloc
ties reflect the elastic properties of the film. However, as
film thickness decreases, the transition layer will have
16533
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larger influence on the bulk mode velocities of the film. F
sufficiently thin layers, the LA mode~;140 GHz! of thec-Si
substrate starts to appear in the spectrum. A film thickn
dependence of other physical properties was also obse
in different systems: e.g., the dielectric permittivity an
the effective longitudinal piezoelectric coefficient o
ceramic films,22,23and the photoconductivity of a amorphou
carbon.24

C. Variation of mode velocity with porosity

As its velocity is quite insensitive to film thickness, dete
mining the porosity dependence of the Rayleigh wave vel
ity is relatively straightforward. Figure 9~a! shows our re-
sults, together with Brillouin data measured by Andrewset
al.12 and Beghiet al.,13 as well as data determined by acou
tic techniques,10 for the Rayleigh mode velocity versus po
rosity in H-terminatedp-Si. Experimental data for zero po
rosity (c-Si! was obtained from Ref. 25. The dependence
the velocity on porosity is essentially linear within expe
mental error, which mainly arises from the determination
porosity.

In contrast, the determination of the variation of the T
and LA velocities with porosity is made difficult by the
strong dependence on layer thickness~see Fig. 8!. From the
above discussion, only data for thick layers~.10 mm!
were used to ascertain the thick film limit of the poros
dependence of the TA and LA velocities. Results for t
H-terminated and C-passivated samples are displayed

FIG. 8. Phase velocities of the three acoustic modes in 7
porosity~a! H-terminated and~b! C-passivatedp-Si as a function of
film thickness. Data were obtained from spectra taken at an incid
angle of 60°. Circle: Rayleigh mode; square: TA mode; triangle:
mode.
0-5
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Fig. 9~b!, in which the corresponding bulk velocities dete
mined by Fonsecaet al.10 were also included. It is seen tha
the data obtained by the acoustic technique are consis
with those measured by Brillouin scattering, and that an
crease of porosity leads to a linear drop of the bulk mo
velocities.

The relationship between the acoustic mode velocities
c-Si and those ofp-Si is10

y5y0~12«!m, ~3!

wherey andy0 are the surface and bulk mode velocities
p-Si andc-Si, respectively, andm is an empirical paramete
depending on the microstructural details of the porous so
Use of Eq.~3! to fit our experimental data yielded the fo
lowing values ofm: 1.004~Rayleigh mode!, 1.086~TA!, and

FIG. 9. Variation of acoustic mode velocities ofp-Si with po-
rosity. ~a! The Rayleigh mode of H-terminatedp-Si: results of
present study~open circle!, Andrews et al. ~Ref. 12! ~diamond!,
Beghi et al. ~Ref. 13! ~filled triangle!, and Fonsecaet al. ~Ref. 10!
~open triangle!. Data from Schindelet al. ~Ref. 25! for c-Si was also
included~square!. ~b! LA mode ~triangle! and TA mode~square! of
H-terminated and C-passivatedp-Si: shown are results of the
present study~open symbols! and those of Fonsecaet al. ~filled
symbols!. The data for zero porosity are the corresponding theo
ical bulk LA and TA velocities ofc-Si in the @100# direction.
Dashed lines correspond to the fits withy5y0(12«)m ~see the
text!. The error bars for the velocities are smaller than the symb
used to represent them.
16533
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1.083 ~LA !, which are all within the 0.5–1.5 range. Th
indicates, based on findings by Phaniet al.,26 that our
samples have a relatively ordered and less-open pore s
ture, which is consistent with the observations made us
SEM ~see, for example, Fig. 2!

D. Estimation of elastic parameters

Knowledge of the bulk mode velocities allows us to d
duce the elastic parameters of bulkp-Si material. As shown
in Fig. 8, the bulk mode velocities show negative dispers
with thickness and the limiting mode velocities forp-Si are
attained for films thicker than;20 mm. For isotropic media,
the relationships between elastic constants and acoustic
locities in the infinite thickness limit are

yLA5Ac11/r,

yTA5A~c112c12!/2r ~4!

wherer is the density ofp-Si which is related to that ofc-Si
(r0) by r5r0(12«). Hence the elastic constantsc11 and
c12 can be deduced from the experimental mode veloci
yTA and yLA , which in our case were determined for th
thickest films ~;20 mm! as approximate values for th
asymptotic velocities of the TA and LA modes, respective
for infinitely thick films. Young’s modulusE, in isotropic
media, can be expressed in terms of the elastic constan

E5~c1112c12!~c112c12!/~c111c12!. ~5!

In addition, the surface Rayleigh mode velocityyR can be
calculated using Viktorov’s relation:27

yR'yTA~0.87c1112c12!/~c1112c12! ~6!

Table II summarizes the results obtained in this way
samples of 70% porosity. The experimental values of
Rayleigh velocity are also presented for comparison.

The results given in Table II show that the velocities
the TA and LA modes inp-Si are significantly smaller than
the corresponding values of;5800 and;8600 m/s inc-Si.
Also note that the mode velocities are almost the same in
C-passivated film as those in the H-terminated one, indic
ing negligible effect from the passivation of 1-decene. O
Young’s modulus values are very close to that of 2.4 G
obtained forp-type p-Si of 70% porosity by Belletet al.11

using the nanoindentation technique. In addition, the ca
lated Rayleigh velocities are slightly higher than the expe

t-

ls

TABLE II. Acoustic mode velocities and elastic parameters
70%-porosity H-terminated and C-passivatedp-Si.

p-Si yTA yLA c11 c12 E yR
a yR

b

~m/s! ~m/s! ~GPa! ~GPa! ~GPa! ~m/s! ~m/s!

H-terminated 1250 2250 3.40 1.30 2.68 1100 11
C-passivated 1200 2300 3.55 1.62 2.54 1000 11

aExperimental value of the Rayleigh velocity extrapolated fro
Fig. 8.

bThe Rayleigh velocity calculated using Eq.~6!.
0-6
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BRILLOUIN SPECTROSCOPY OF ACOUSTIC MODES IN . . . PHYSICAL REVIEW B65 165330
mental values. This small discrepancy in the Rayleigh velo
ity mainly results from overestimation ofc11 andc12 due to
the finite thickness of the films studied.

In order to understand how the sample porosity affects
elastic constants and Young’s modulus, we applied Eqs.~4!
and~5! to samples of various porosities and film thickness
~.10 mm!. Sample with large film thicknesses were chos
in order to minimize the influence of film thickness in est
mating the bulk velocities, as mentioned above. For compa
son, the calculation was also performed for the case wh
the shear and longitudinal mode velocities were obtained
acoustic methods.10 The results obtained are shown in Fig
10. It can be seen that bothc11 and c12, calculated from
Brillouin data, fits in well with the general trends. This goo
agreement corroborates our assignment of the two higher
quency peaks to bulk TA and LA modes.

The calculated Young’s modulus data from our resu
were fitted with11

E5E0~12«! l , ~7!

whereE0 is Young’s modulus ofc-Si andl 52m11, where
m is the empirical parameter for the LA mode in Eq.~3!. The
fitted values areE05155 GPa andl 52.93. This value ofE0
is comparable to the measured Young’s modulus of 162 G
for c-Si.11 The magnitude ofl is quite consistent with the
value of 1.083 obtained above form. For comparison, data
obtained using nanoindentation methods,11 acoustic tech-
niques10 and Brillouin scattering by Andrewset al.12 are also
included. There is, in general, good agreement between
results obtained by these various methods.

IV. CONCLUSION

This comprehensive Brillouin study of acoustic waves
p-Si films has allowed the identification of the three types
acoustic modes observed. The velocities of the three mo
are found to exhibit a negative dispersion with porosity. B
cause of the high porosity, values for the velocities of the T
and LA modes inp-Si are much lower than those ofc-Si. The
surface Rayleigh mode velocity is quite independent of t
incidence angle and, as expected, is least affected by thep-Si
film thickness. On the other hand, the TA and LA mode
exhibit negative velocity dispersion with the film thicknes
i.e., as the film thickness decreases below;10 mm, their
velocities increase sharply. The thickness dependence is
,
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tributed to the presence of a transition layer between thep-Si
film andc-Si substrate. The asymptotic velocities of the bu
modes at large thicknesses have enabled us to estimat
elastic constants as well as Young’s modulus ofp-Si. Increas-
ing the porosity leads to a nonlinear decrease of the ela
constants and Young’s modulus.

ACKNOWLEDGMENTS

This work was supported in part by the National Unive
sity of Singapore under Research Project No. R-144-0
018-112, and through the award of a scholarship to H. J. F

FIG. 10. Variation of elastic parameters of H-terminatedp-Si
with sample porosity.~a! Elastic constants: filled and open symbo
representc11 and c12, respectively. Triangles denote acoustic da
from Fonsecaet al. ~Ref. 10!. Elastic constants at zero porosi
correspond to those ofc-Si. ~b! Young’s modulus: filled square
present study; open square, nanoindentation~Ref. 11!; open dia-
mond, acoustic~Ref. 10!; filled diamond: Brillouin scattering~Ref.
12!. The dashed line corresponds to a fit ofE5E0(12«) l to our
data~see the text!.
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