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Abstract. Non-destructive scanning acoustic microscopy investigations of elastic 
properties of porous silicon films, limited to low and medium porosities, are extended in 
this work to higher porosities (80 %) corresponding to the appearance of room 
temperature electroluminescence phenomena. Acoustic materials signatures were 
measured at various operating frequencies, f, and film thickness, d. It was shown that as 
these parameters increase the oscillatory V(z) behaviour disappears progressively to 
become completely attenuated, for f = 565 MHz and d = 6 µm, due to wave absorption, 
with αx = 0.2 µm−1. Moreover, from high frequency microechography, it was possible to 
determine longitudinal velocity, VL = 1680 m/s. To evaluate Young’s modulus, E, and 
shear modulus, G, we used two different approaches to derive simple expressions for 
these constants in terms of just VL. The validity of such expressions was successfully put 
into evidence then applied to the highly porous silicon layers for which it was found that 
E = 1.29 GPa and G = 0.63 GPa. 
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1. Introduction 

Crystalline, microcrystalline and amorphous silicon have 
been playing a very important role in many aspects of 
fundamental and applied research fields as a result of the 
well established and relatively cheap technology of this 
semiconductor element. However, with an energy gap of 
1.1 eV, silicon remained up till recently unapplied into 
optoelectronics, which was reserved to compound 
semiconductors technologies of which are relatively 
difficult and, usually, very costly. The discovery of 
visible electroluminescent phenomenon in porous silicon 
(PS) even at room temperature (RT) [1, 2] stimulated a 
great deal of interest [3, 4]. With an energy gap of 
0.5 eV greater than its crystalline counterpart [5], this 
semiconductor opened up many other application fields 
[6, 7] such as opto-, micro-, and nanoelectronics. 
However, RT electroluminescence phenomenon, in such 
a material, can only be observed when its porosity 
reaches a high level of about 80 %. This high porosity 
level makes it very fragile, and hence the investigation 
of its elastic properties, which are important parameters, 

more delicate. Recently, great efforts have been devoted 
to the investigation of elastic properties of PS films 
using X-ray diffraction [8], acoustic microscopy 
techniques [9-11], nanoindentation and Brillouin 
spectroscopy [12-16]. However, only few Young’s 
modulus values have been reported in the literature for 
PS films with even less investigations for high porosity 
films. In fact, even the scanning acoustic microscopy 
method [17-19], which is one of the most challenging 
tools for non-destructive testing has only been applied to 
low and medium porosity films of less than 50 % [9-11]. 

It is the aim of this work to extend microacoustic 
investigation methods to highly porous silicon, H-PS, 
layers. In doing so, we first measure the acoustic 
material signatures at various operating frequencies and 
film thicknesses via a scanning acoustic microscope 
(SAM). Then, we measure the longitudinal wave 
velocity, VL, of such layers. Finally, using different 
acceptable approximations we derive an elastic constants 
formula as a function of only VL, then determine the 
most accurate expressions to evaluate both elastic 
moduli of such H-PS layers. 
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2. Background on porosity effects on acoustic 
parameters 

The investigation of porosity is of great importance in 
the determination of materials characteristics. Among 
the most challenging characterisation techniques of thin 
films, coating and bulk materials are ultrasonic non-
destructive evaluation methods, involving the 
measurements of wave velocities. Hence, the acoustic 
parameters that can be investigated are transverse, 
longitudinal and Rayleigh velocities (VT, VL and VR, 
respectively), longitudinal impedance, ZL, transverse 
impedance, ZT, and elastic constants (Young’s modulus, 
E, and shear modulus, G). Several attempts concerning 
the dependence of porosity, P, on single or on some of 
these acoustic parameters were previously reported in 
connection with some materials. It was first reported that 
[20] ultrasonic velocity and Young’s modulus are related 
to porosity by the following expressions: 

V = V0(1 − P)m, (1a) 
E = E0(1 − P)n, (1b) 
where the subscript (0) stands for non-porous materials 
and the empirical constants m and n depend on the 
microstructure with m = 1.009 for a porous brittle solid 
[20]. Such dependences were also recently reported for 
porous silicon with m = 1.095 [11] and n = 2.93 [13]. 
Other dependences, for low porosities (P ≤ 10 %), were 
expressed as [21, 22]:  
V = V0(1 − αP)m,  (2a) 
(E, G) = (E0, G0)exp(αP + βP2), (2b) 

where α and β are characteristic empirical constants 
describing the variation of each parameter. 

A more general and improved investigation [9], 
using the scanning acoustic microscopy method, was 
recently reported on the porosity effects on several 
measured acoustic parameters, A ≡ VL, VR, VT, ZL, ZT, E 
or G in silicon films of low and medium porosities 
(≤ 50 %). It was found that all such parameters give a 
similar polynomial dependence of the form: 
A = A0(1 − αP + βP2), (3) 
where A0 is the non-porous acoustic parameter 
representing: 

0LV , 
0RV , 

0TV , 
0LZ , 

0TZ , 0E  or 0G . 

The values of the empirical constants α and β are typical 
of each individual acoustic parameter.  

The importance of knowing acoustic parameters, in 
particular surface acoustic wave (SAW) velocities, lies 
in their use to non-destructive determination of both E 
and G; these elastic moduli are given, according to 
physical acoustics theory, for any given material of 
density, ρ, by the following relations:  
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2ρ TVG = . (5) 

3. Experimental details 

3.1. Porous silicon films 

Porous silicon films are obtained by electrochemical 
dissolution of monocrystalline silicon in concentrated 
hydrofluoric acid HF solutions (10 to 40 %). The 
application of d.c. current between the silicon electrode 
and a cathode generates an array of extremely small 
holes width range of which from 2 to 20′; these pores 
run orthogonal to the surface to form a thin PS film 
within the upper surface of the silicon substrate. The 
density and the dimension of such quasi-cylindrical 
pores are dependent on the preparation conditions. The 
porous films obtained are then oxidized, using aqueous 
solutions (HCl or KNO3) in the same electrochemical 
cell at constant small current densities of order of the 
mA/cm2. During this anodic oxidation a red orange 
colour is observed on the wafer surface. It is worth 
noting that this electroluminescence phenomenon 
depends on the degree of porosity as well as on the oxi-
dation time, t [23]; it begins to appear at t ≈ 0 for 85 % 
porosity samples and reaches its maximum at t ≈ 50 s. 
Whereas, for 75 and 65 % porosity specimens it does not 
appear until 160 and 250 s, respectively, with intensities 
very much lower than those of 85 % porous silicon.  

3.2. Quantitative acoustic investigations 

Non-destructive acoustic investigations are based on the 
emission and reception of SAWs that interact with the 
elastic properties of a given material where different 
modes propagate. Among the most promising tools that 
have demonstrated a variety of unique capabilities in 
qualitative and quantitative characterisation of surface 
and sub-surface details are scanning acoustic 
microscopes. Such microscopes consist of several 
elements (Fig. 1); a piezoelectric transducer generates 
surface waves that propagate into a delay line, other end 
of which contains a lens that focuses these acoustic 
beams, through a coupling liquid, into the surface or at 
the sub-surface of the sample. Such beams, after having 
scanned the desired plane of the sample are reflected 
back following the inverse path (coupling liquid, lens, 
delay line) to be collected by the same initial transducer 
that acts now as a receiver. 

In microanalysis, the output signal is recorded as 
the distance between the sample and acoustic lens is 
changed to obtain the V(z) curves. Constructive and 
destructive interference between surface modes lead to 
the appearance of peaks and dips in such curves also 
known as acoustic materials signatures. Spectral analysis 
of these curves via fast Fourier transform treatment leads 
to the determination of the phase velocity, Vp, of  the 
leaky SAWs from the special period, Δz, between two 
successive peaks (or two successive dips) in the V(z) 
curves; it is given by the following relation [24]: 
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Fig. 1.  Schematic representation of a scanning acoustic 
microscope. 
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where Vliq is the longitudinal velocity in the coupling 
liquid and f is the operating frequency.  

It should be noted that ultrasonic velocities, V, of 
propagating modes can also be determined via high 
frequency microechography techniques [11, 25] that are 
based on measuring the time interval Δt, between two 
reflected echoes from two interfaces of known spacing, 
d. The velocity is then given by the familiar relation: 
V = 2d /Δt.  

3.3. Experimental conditions and materials 

All experimental measurements of acoustic material 
signatures, V(z) curves, were carried out via a scanning 
acoustic microscope, working in reflection mode, under 
normal operating conditions: water coupling and a 50° 
half-opening angle. Different operating frequencies, f, 
(58, 142 and 565 MHz) were considered. Using the 
configuration of highly porous films/crystalline Si 
substrates, n- and p-type Si 〈100〉 samples were 
investigated on both porous and crystalline sides. To 
study the effects of film thickness on V(z) responses, thin 
(1 µm) as well as thicker H-PS layers (4 and 6 µm) were 
considered. High frequency microechography was 
applied, to determine longitudinal wave velocity at 
200 MHz with mercury as a coupling liquid. 

4. Experimental V(z) curves and discussions 

4.1. Frequency effects on V(z) signatures 

Fig. 2 illustrates typical experimental V(z) curves 
obtained by means of a SAM at f = 58 MHz (a), 
142 MHz (b) and 565 MHz (c) for H-PS films/Si 

configurations (…) with a thickness of 1 µm of the H-PS 
layer; the continuous curves (_____) represent bulk p-type 
c-Si substrates, to be considered as a reference curve. 
The use of such relatively and increasingly operating 
frequencies has the advantage of a good resolution in the 
z direction, thus allowing investigations of relatively thin 
specimens without interference effects of back side 
echoes. It is clear that the usual oscillatory behaviour of 
V(z) response is clearly displayed for crystalline Si; in 
this case the conventional procedure [24, 26] (fast 
Fourier analysis and relation (6)) can safely be used to 
determine its Rayleigh velocity that was found to be 
(VR)Si = 5160 m/s, in good agreement with literature 
[9, 10]. However, the V(z) curves obtained for the H-PS 
film are characterised by a smaller signal amplitude that 
decreases continuously when the operating frequency 
increases. Thus, leading to period broadening and 
eventually the oscillatory behaviour becomes less 
pronounced.  
 

 

Fig. 2. Experimental V(z) curves for the structure H-
PS(1 µm)/Si substrate (…) and for bulk p-type Si substrate 
(_____) obtained with SAM at variuos frequencies: f = 
= 58 MHz (a), 142 (b) and 565 (c). 
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Fig. 3. Experimental V(z) curves obtained with SAM at f = 
= 565 MHz for bulk Si substrate (_____), H-PS(1 µm)/Si struc-
ture (- - -) and H-PS(6 µm)/Si configurations (…). 

c-Si 

H-PS

 2 

3
1 30 ns

 
 
Fig. 4. Equivalent pulse echoes for different interfaces: liquid 
(Hg)/c-Si (1), c-Si/H-PS (2) and H-PS/free surface (3), 
obtained with f = 200 MHz. 

The use of low frequencies would be sensitive to 
back reflection from the substrate, which may dominate 
and obscure the presumably porous silicon signatures. 
Therefore, in Fig. 2a, the V(z) dotted curve (…) obtained 
at 58 MHz represent, in fact, the whole structure thin 
film/substrate [27, 28] rather than that of the 1 µm-
porous Si layer. Hence, the velocity extracted from such 
curves does not represent necessarily that of H-PS films. 
The use of higher frequencies (Fig. 2c) leads smaller 
amplitudes and limits the number of arches as a result of 
the small defocusing distance. However, since the 
considered thickness is too small (1 µm), the remaining 
few periodic oscillations (…) still represent the whole H-
PS/Si structure dominated by the c-Si substrate 
characteristics rather than those of porous films alone. 
Therefore, it is necessary to consider thicker specimens. 

4.2. Thickness effects on V(z) signatures 

To put into evidence film thickness effects on acoustic 
signatures, we measured other H-PS/c-Si structures with 
thicker layers at various operating frequencies (58, 142, 
and 565 MHz). Fig. 3 shows some typical experimental 
V(z) curves obtained, at a frequency equal to 565 MHz, 
for relatively thicker (6 µm) porous samples (…) 
together with 1-µm H-PS/c-Si structure (- - -) and c-Si 
substrate (____). It can be seen that as the thickness of  
H-PS films increases we notice (i) a decrease in 
amplitudes, (ii) a broadening of the periods and 
(iii) a complete disappearance of the usual oscillatory 
behaviour of V(z) curves for the highest thickness.  

Therefore, it remains difficult to find a compromise 
between d and f in order to determine the values of 
propagating wave velocities of H-PS thick films from 
such curves. Nevertheless, from the measured V(z) 
curves one can conclude, qualitatively, that as the film 
thickness increases the wave absorption increases 
leading the complete disappearance of peaks and valleys 
in V(z) signatures. This behaviour is analogous to that of 
a plane monofrequency wave travelling in the z 

direction; the expression for the acoustic signal 
including absorption effects can be written as V(z) = 
= V0exp(–αx z) with V0 being the acoustic signal 
intensity at distance z = 0 and αx the exponential decay. 
Therefore, from the V(z) free oscillation curves it is 
possible to determine the attenuation coefficient that is 
related to the exponential decay [24, 29, 30]. Hence, 
from the fitting of the completely attenuated curve of 
Fig. 3, one can easily deduce a quantitative value for 
αx = 0.2 µm–1 for the 6-µm H-PS layer at a frequency of 
565 MHz; further investigations on attenuation effects 
are underway. 

5. Longitudinal wave velocity determination  

In order to enrich and to complete the above SAM 
investigations for SAW velocity determination, we 
investigate longitudinal waves that can be generated in 
the material [10, 21]. It should be noted that the 
empirical formula (relation (3)) proposed for medium 
porosity films cannot be applied to the present 80 % PS 
layers, as it gives false results; a quick test shows some 
anomalous values in elastic constants, e.g., shear 
modulus of 80 % PS is found to be abnormally greater 
than that of 50 % PS films. Hence, the alternative would 
be the use of the non-destructive high frequency 
microechography technique [11, 25] that seems to be 
suitable for these highly porous films.  

Fig. 4 illustrates an equivalent pulse echo 
(amplitude versus time) for a structure of porous silicon 
film on a crystalline silicon, c-Si, wafer. The echoes 
were obtained at (i) a frequency of 200 MHz, which 
allows the separation of the reflected signals at the 
various interfaces and (ii) with mercury as a coupling 
liquid to ensure good wave transmission. In this 
configuration, the ultrasonic wave was chosen to fall on 
the back side of the c-Si substrate, in order to avoid the 
coupling liquid penetration in the porous silicon layer. 
Therefore, the first echo corresponds to the reflection 
from the Hg/c-Si interface surface. Whereas, the second 
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and the third peaks correspond to reflections from  
c-Si/H-PS interface and from PS free surface, res-
pectively. Hence, from the typical echoes displayed in 
the microechographic spectrum of Fig. 4, it can be 
deduced that longitudinal velocities for c-Si and H-PS 
films are (VL)c−Si = 8433 m/s and (VL)H−PS  = 1680 m/s, 
respectively. Similar values were also found for other 
identical samples for this highly porous silicon. 

6. Elastic constants determination  

Highly porous silicon films are very fragile materials. 
Therefore, the determination of their elastic constants by 
conventional static methods is very delicate. Hence, the 
alternative would be ultrasonic non-destructive evalua-
tion techniques requiring wave velocity measurements. 
However, due to difficulties in getting valuable 
information concerning the velocities of different 
propagating modes from SAM measurements, we make 
use of the measurement possibility via high frequency 
microechography of longitudinal velocity to express 
conventional relations (4) and (5) in terms of just the 
only measurable parameter, VL.   

6.1. Derivation of one-parameter formula for elastic 
constants  

6.1.1. Approach based on the Viktorov formula 

In deriving E and G in terms of just VL, we make some 
acceptable approximations to the most widely known 
Viktorov formula [31]: 

⎟
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It should be noted that for the permissible range of 
the Poisson ratio from 0 to 0.5, over which VT /VL ranges 
from 1/ 2  to 0, the Rayleigh velocity varies from 87 to 
95 % of transverse velocity [18]. Therefore, to a first 
approximation, it is usually considered that VR /VT ≈ 0.9 
[18, 27]; introducing this value into the left hand side of 
equation (7) leads to (VT /VL)2 ≈ 0.43. Then, we replace 

2
TV  in the relations (4) and (5) to find novel expressions 

for E and G of the form: 

2ρ966.0 LVE = , (8) 
2ρ43.0 LVG = . (9) 

6.1.2. Specific approach for porous silicon 

To improve the above approach, we no longer consider 
the conventional approximation concerning the whole 
range of materials, i.e. VR ≈ 0.9VT, but we use the 
relation: VR = CRTVT, where CRT is the proportionality 
constant between VR and VT characterising any given 
material [32]. Similarly, we can write VT = CTLVL. 

Hence, one can easily deduce for crystalline Si [9] that 
CRT = 0.88 and CTL = 0.694. Since H-PS films are 
obtained from single crystal wafers, whose upper 
surfaces have been electrochemically treated, they 
should have similar atomic structure as that of their Si 
parent. We can then consider that the ratio of transverse 
and longitudinal velocities of silicon remains identical to 
that of its corresponding porous material, i.e. (VT /VL)H−PS 
≈ (VT /VL)c−Si = 0.694. Hence, introducing this value into 
relations (4) and (5) should lead to more accurate 
expressions of E and G as follows: 

2ρ997.0 LVE = , (10) 

2ρ482.0 LVG = . (11) 

6.1.3. Validity of the proposed approaches 

It is worth noting that the above deduced relations (8)–
(11) are similar to those reported in literature [33]: 
E = ρ 2

LV  and G = 0.38ρ 2
LV . For G, the discrepancy in 

the proportionality constants for shear modulus, in 
relation (11) and that in ref. [33], is due to the fact that 
the latter case concerns the average of a whole range of 
materials, Poisson ratios of which vary from 0 to 0.5; it 
is then less accurate than that of relation (11) specifically 
derived for just one material, namely, silicon. 

To test, even further, the validity of the introduced 
approximations we first apply the above derived 
relations (8)−(11) to single crystal Si and compare the 
deduced results of its elastic constants to those reported 
in literature. For p-type Si 〈100〉 with a density α0 = 
= 2300 kg/m3, all the results thus obtained are 
summarized in Table together with some published data 
[9, 10, 12, 34]. It is clear that the present results (E = 
163.1 GPa and G = 70.3 GPa) are in agreement with 
literature; a close analysis shows that the best agreement 
is obtained with the approach specifically derived for 
porous silicon (relations (10) and (11)). Whereas, the 
general approach based on the Viktorov formula 
(relations (8) and (9)), though acceptable, leads to 
relatively smaller values (E  = 158 GPa and G = 
= 70.3 GPa). Another test of relations (10) and (11) is 
the very good similarity between the deduced E /G ratios 
for c-Si (E /G = 2.08, in this work) and those determined 
from literature [34, 9]. Therefore, the application of the 
approach specifically derived for porous Si gives more 
accurate values. Hence, relations (10) and (11) can be 
safely used to obtain consistent results. 

6.2. Evaluation of elastic constants of highly porous 
silicon and discussion 

It is known that the density, ρ, of porous materials [9, 
13, 20] is related to that of crystalline silicon, ρ0, by the 
relation:  

ρ = ρ0(1 – P). (12) 
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Thus, the density of highly porous (80 %) silicon 
layers becomes ρ = 460 kg/m3. It is then possible to 
deduce both elastic constants, with a good accuracy, via 
the application of the optimal approach (relations (10) 
and (11)). The results obtained in this way for highly 
porous (80 %) p-type Si 〈100〉 are E = 1.29 GPa and G = 
0.63 GPa (Table); the ratio of (E/G)H−PS = 2.06 is similar 
to that of its crystalline parent (E /G)c−Si = 2.08. These 
low values are typical of highly porous materials. It is 
worth noting that among elastic moduli of highly porous 
silicon only very rare values, to our knowledge, have 
been reported on Young’s modulus [12, 13].  

To compare the obtained results, let us consider the 
work of Bellet et al. [12] who put into evidence that 
Young’s modulus varies not only with porosities but also 
with doping levels: Ep for p-type PS layers is smaller 
than Ep+ for heavily doped p+-type PS films. 
Quantitatively, it was reported for high porosity films 
(70 and 80 %) that: (Ep+)70% = 12 GPa, (Ep)70% = 2.4 GPa 
and (Ep+)80% = 5.5 GPa. Although, the p-type 80 % PS 
film (our case) was not included [12], its value should be 
smaller that of heavily doped PS layers, i.e., 
(Ep)80% < (Ep+)80% < 5.5 GPa; in agreement with this 
work: (Ep)80% = 1.29 GPa. Moreover, to improve this 
comparison, we deduce a value for Young’s modulus of 
the 80 % porous silicon p-layer. In fact, by considering 
relations (1b) or (2b) that do not depend on doping, one 
can conclude that the ratio of Young’s modulus between 
two different doping levels of a material (with the same 
parameter  n and the same degree of porosity P) remains 
constant, so that: 

 (Ep+/Ep)P% ≈ (Ep+/Ep)80% ≈ (Ep+/Ep)70%. = C.  (13) 

Hence, by replacing known E values [12] one gets: 
(Ep+/Ep)70% = 5 corresponding to Ep+ = 5Ep. Therefore, 
for the 80 % PS layers, it can be deduced that (Ep)80% = 
1.1 GPa in good agreement with this work. Another 
comparison is the application of relation (1b) where the 
empirical parameter of porous silicon was reported to be 
n = 2.95 [13]; the value thus deduced is found to be 
(Ep)80% = 1.3 GPa, which compares very favourably with 
that obtained in Table. 

Therefore, the present simple approach, based on 
expressing both elastic constants on just one acoustic 
parameter, VL, not only can give good evaluation of 
Young’s modulus (relation (10)) but can also be 
extended to shear modulus (relation (11)) that is found to 
be G = 0.63 GPa (Table). This approach is less 
complicated than Nielson model [35] concerning two-
phase materials, which has been recently applied to 
porous oxide films [36]. Moreover, such a simple but 
accurate approach can be successfully applied to porous 
and non-porous materials, in particular to slow materials 
characterised by very low SAW velocities. It can also be 
useful in the determination of elastic moduli when using 
acoustic microscopes with small aperture lenses, which 
only generate leaky surface skimming longitudinal 
compressional waves [37]. 

Table. Elastic constants of single crystal Si and highly 
porous Si; the c-Si case is considered here to show the 
validity of the introduced approximations. 

 
Materials E (GPa) G (GPa) E /G Source of E and 

G 
Single 
crystal Si 

158.8 
 

163.1 
 
 

165.5 
166.7 
165.3 
162.0 

70.30 
 

78.80 
 
 

79.70 
79.50 

– 
– 

2.25 
 

2.08 
 
 

2.08 
2.10 

– 
– 

Relations (8) and 
(9), this work 
Relations (10) 
and (11), this 
work 
Ref. [34] 
Ref. [9] 
Ref. [10] 
Ref. [12] 

 
Highly 
porous (80 
%) Si 

 
1.25 

 
1.29 

 
 

1.10 
 

1.30 

 
0.56 

 
0.63 

 
 
– 
 
– 

 
2.23 

 
2.06 

 
 
– 
 
– 

 
Relations (8) and 
(9), this work 
Relations (10) 
and (11), this 
work 
Deduced from 
Ref. [12] 
Deduced from 
Ref. [13] 

 

7. Conclusions 

In conclusion, experimental V(z) curves of highly (80 %) 
porous silicon films having different thicknesses were 
measured by SAM at variuos operating frequencies 
(f = 58, 142, and 565 MHz). Such signatures were either 
dominated by the substrate response or completely 
attenuated for higher thickness, from which a value of 
αx = 0.2 µm−1 was deduced. Moreover, two simple 
approaches for expressing elastic constants in terms of 
only longitudinal velocity were proposed. The best 
appropriate approximations, that compare favourably 
with conventional formula, were shown to be of the 
form: E = 0.997ρ 2

LV  and G = 0.482ρ 2
LV . The 

application of such formulae led to evaluation of both 
elastic moduli for this highly porous silicon, 
characterised by its RT electroluminescence; they were 
found to be E = 1.29 GPa and G = 0.63 GPa.  
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