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Acoustic investigation of porous silicon layers 
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Porous silicon (PS) layers are formed on p+-type silicon wafers by electrochemical 
anodization in hydrofluoric acid solutions. Microechography and acoustic signature, V(z), 
have been performed at 1.5 GHz and 600 MHz, respectively, in order to study the elastic 
properties of PS layers. The thicknesses of PS layers were measured and longitudinal, shear 
and Rayleigh velocities and Young's modulus were obtained as a function of porosity. 
Equations showing the porosity dependence of bulk wave velocities and Young's modulus 
have also been proposed. 

1. Introduction 
Porous silicon (PS) is electrochemically formed by 
anodic dissolution of silicon in a hydrofluoric acid 
solution. It has been extensively studied since it was 
discovered by Turner [1] in 1958 and, particularly, 
from the recent observations where porous silicon 
exhibited strong visible luminescence at room temper- 
ature (suggesting promising applications in silicon- 
based optoelectronic devices [2]). Other fields of ap- 
plication exist for PS: one in full insulation by porous 
oxidized silicon [3] or the FIPOS technique, and 
others in silicon micromachining and microsensors. In 
fact, depending on the electrolysis conditions [4], this 
material presents a porous texture with pore dia- 
meters varying from 2-15 nm and a density varying 
from 20%-80% of that of the original substrate. This 
makes PS a very versatile material. 

Despite these varied interests, the mechanical prop- 
erties of PS layers have not been much studied. It is a 
well-established fact that many elastic parameters 
change drastically with increasing porosity. For in- 
stance, in aerogels the Young's modulus can be smal- 
ler by a factor of 104 than for non-porous silica glass 
[5]. Consequently, for many practical applications, it 
is important to characterize the mechanical behaviour 
of porous materials. However, for relatively thin speci- 
mens such as PS layers, conventional mechanical tests 
(strength, bending and compression loading) com- 
plicate the interpretation of elastic properties meas- 
urements and easily destroy the samples [6]. Other- 
wise, acoustic microscopy is a very good technique 
designed for this purpose, as far as small volumes are 
concerned. Furthermore, it is a non-destructive and 
easy to handle method which not only allows the 
determination of acoustic properties in microanalysis 
but also the detection of defects by acoustic imaging of 
both surfaces and subsurfaces of materials I-7-10]. In 

this work, we show that the combination of acoustic 
techniques, more specifically the acoustic material 
signature, V(z), and high-frequency microechography, 
allows one to determine routinely and independently 
the thickness, bulk wave velocity and Young's modu- 
lus of PS layers. Equations showing the porosity 
dependence of the longitudinal wave velocity and 
elastic modulus have also been derived. 

2. Experimental procedure 
2.1. Preparation of the PS layers 
All PS layers were produced by anodization of silicon 
wafers in hydrofluoric acid solutions using platinum 
as a counter electrode. The silicon wafers used in the 
present experiments were p+-type single crystals of 
(1 00) orientation with polished surfaces and about 
15 mm x 15 mm x 0.30 mm in size. Hydrofluoric acid 
solutions concentration and current of anodization 
were controlled in order to obtain PS layers with 
different values of porosity and thickness. The poros- 
ity of PS layers was 20%-50% and it was calculated 
from the weight and volume of the specimens, taking 
the density of non-porous silicon as 2330 kg m -3. 

2.2. High-frequency microechography 
To measure thickness and longitudinal wave velocity 
of the PS layers, high-frequency microechography was 
performed using a network analyser (HP 8753A) to- 
gether with the S-parameter test set (HP 85046A). This 
equipment can measure reflection and transmission 
parameters as a function of frequency. Moreover, it is 
equipped with a Fourier transform processor which 
allows us to calculate equivalent response in the time 
domain (pulse response), with excellent time resolu- 
tion ( -~ 10-12 s). All the experiments were carried out 
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in reflection mode, i.e. measuring the Sly-parameter, 
defined as the ratio of the reflected to incident wave. 
Consequently, only a single ultrasonic transducer was 
used for transmitting and receiving the acoustic signal. 
The transducer was operated at a central frequency of 
1.5 GHz and it was directly connected to the input of 
the S-parameter test set. Because high-frequency 
acoustic waves cannot propagate in air, we employed 
water to couple the transducer to the specimen. The 
non-porous face of a silicon wafer was put towards the 
transducer in order to avoid water penetration in the 
porous silicon layer. A schematic illustration is shown 
in Fig. 1. In this experimental configuration three 
echoes are detected by the transducer (see Fig. 2): the 
first echo from the HzO-non-porous silicon interface 
at time to, the second one from the non-porous Si-PS 
layer interface at time t~ and, finally, the third one 
from the PS layer-air interface at time t2. Thickness 
and longitudinal wave velocity of PS layers were 
determined from the time delay, At, between these 
consecutive echoes and by using the following rela- 
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Figure 1 Schematic illustration of a porous silicon sample in high- 
frequency microechography measurements. 
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where do is the total thickness of the silicon wafer, d is 
the thickness of the PS layer and VLO and VL are the 
longitudinal wave velocities for non-porous silicon 
and the PS layer, respectively. The time delay, At, 
between the echoes was measured to within 0.1% and 
VLO was taken as 8435 m s-a [11]. 

2.3. Acoust ic signature, V(z) 
In this study the acoustic microscope was used to 
measure more directly the Young's modulus of PS 
layers via the so-called acoustic material signature, 
also known as V(z). This signature is obtained by 
recording the reflected acoustic signal variation, V, as 
a function of the sample defocus, z, when the latter is 
moved along the axis from the focal plane toward the 
transducer. As z varies, the V(z) curves exhibit pseudo- 
oscillations due to the constructive and destructive 
interference between a narrow bundle of axial specular 
reflected waves and leaky surface waves. This inter- 
ference phenomenon constitutes the acoustic material 
signature. For elastic characterization, the most signi- 
ficant and interesting mode in the V(z) curves is the 
Rayleigh mode. In our V(z) experiments, performed at 
an operating frequency of 600 MHz, the Rayleigh 
wave velocity, VR, for each PS layer was precisely 
calculated from fast Fourier transform (FFT) spectra 
of V(z) curves [10, 12]. 

As soon as the longitudinal and Rayleigh wave 
velocities were measured by the two acoustic methods 
described above, we could easily determine the shear 
wave velocity, Vs, by using the Viktorov's relation 
[13] 
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Figure 2 Microechographic spectrum of a PS sample. The echoes 
are due to the H20-Si  wafer, Si wafer-PS layer and PS layer-air 
interfaces. 

0.718 - (Vs/V0 2 
V~ = Vs0.750 _ (VslVO ~ (3) 

Hence the Young's modulus, E, was related to the 
velocities VL and Vs via the following expression 

E = ApV  ~ (4) 

where P is the density of the material and A is a 
quantity that depends on the ratio of shear wave 
velocity to the longitudinal wave velocity. Actually 
this parameter can be written as [-13, 14] 

 Z,/J 
It should be noted that in Equations 3-5 the values of 
P, VL and Vs change as a function of porosity. The data 
on velocities and mechanical properties of PS layers 
reported in the paper are based on the average of 20 
tests. 
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3. Results and discussion 
Rayleigh and shear velocities and the thickness for PS 
layers are summarized in Table I. For each specimen, 
the thickness measured by the ultrasonic method rep- 
resents an average which was taken in 20 different 
zones of the material. These average values can be 
compared with the one obtained by micrometric 
measurement of the silicon substrate thickness after 
removing the PS layer. There was a reasonably good 
correspondence between the values obtained by the 
two methods, the maximum difference being less than 
2%. 

Fig. 3 shows some V(z) curves for different values of 
porosity. It can be observed that the period of the 
pseudo-oscillations in V(z) response decreases with 
the increase of porosity. This qualitative analysis is 
confirmed by the reduction of the Rayleigh velocity 
when calculated from FFT spectra of V(z) curves. This 
last result indicates a decrease of the efficiency of 
stress-wave energy propagation as well as stiffness 
constants of the material with an increase of flaw 
density. These phenomena have also been found in 
other porous materials, as seen in relevant publica- 
tions [15-17]. 

The experimental results of longitudinal wave velo- 
city of PS layers as a function of porosity are shown in 
Fig. 4. In this figure, we also included the value of 
longitudinal velocity for non-porous silicon which was 
measured from a non-anodized silicon wafer. The 
distribution of the points suggests a linear behaviour 
between the longitudinal velocity, V L, and the poros- 
ity, P, and shows that these parameters can be correl- 
ated by the equation 

VL = VLO(1 -- p)k (6) 

where VLo is the longitudinal velocity at zero porosity 
and k is an empirical constant. The values of VLO and k 
were evaluated by a numerical analysis software and 
found to be 8570 m s- ~ and 1.095, respectively. 

Likewise we can express the porosity dependence of 
the shear-wave velocity by a similar expression to 
Equation 6, i.e. 

Vs = Vso(1 - e )  m (7) 

where Vso is the shear velocity for non-porous silicon 
and m has a like definition to k in Equation 3. Because 
9 = 9o( 1 - P )  for air-saturated porous materials 
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Figure 3 V(z) curves of three different samples: ( non-porous 
silicon, ( - - - )  PS layer-20% and ( ) PS layer-47%. 

[18, 193 where Po is the density at zero porosity, the 
Young's modulus, E, can be related directly to poros- 
ity by substituting Equations 6 and 7 into 4 and 5, 
then 

~3_ ~ 4X2(1 _- P)~'] 
E = BOX2(1 - P)~+~L 1 - x z ( 1 -  P). j (8) 

where 

Bo = 9o VL2o (9) 

Vso X - (10) 
VLo 

q = 2(m - k) (11) 

s = 2k + 1 (12) 

In order to fit the experimental results of Young's 
modulus, the constants B o, X, q and s were evaluated 
numerically using ASYST subroutines [20] and they 
were found to be 165.30 GPa, 0.69, 0.18 and 3.22, 
respectively. The data agree reasonably with Equation 
8, having correlation coefficient of 0.993. For Si (1 0 0) 
the theoretical value of A in Equation 4 is approxim- 
ately equal to 1 (see the values of longitudinal and 

T A B L E  I Thickness and velocities determined from the acoustic techniques for PS layers 

Sample Density, Rayleigh yelocity, Shear velocity a, Layer thickness b, Layer thickness% 
9 (kg m-3)  VR (ms -~) V s (ms -1) d (~m) d (/am) 

Non-porous Si 2330 5140 + 30 5840 + 50 290 + 2 289 + 2 
PS-20% 1864 4005 + 20 4450 + 40 44 _ 0.5 45 + 1 
PS-28% 1678 3820 + 20 4170 + 40 65 __+ 0.7 65 _ 1 
PS-32% 1584 3320 + 15 3645 + 30 35 + 0.4 35 + 1 
PS-35% 1515 2845 + 15 3170 + 30 52 _+ 0.5 53 + 1 
PS-38% 1445 2695 + 15 2970 ___ 30 61 + 0.7 60 4- 1 
PS-47% 1221 2270 + 15 2520 4- 30 105 _+ 1 103 ___ 1 

"Shear velocities calculated from the experimental results of Rayleigh and Longitudinal velocities by using Equation 3. 
b Thicknesses measured by the ultrasonic method. 
c Thicknesses measured by etching off the PS layer. 
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Figure 4 The plot of longitudinal velocity of the PS layer against 
porosity: (0) experimental values, ( ) theoretical fit, 
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Figure 5 The Young's modulus of PS layers as a function of 
porosity: (Q) measured values, ( - - )  the theoretical fit. 

shear velocities for non-porous silicon given elsewhere 
[9, 11]) and, in such a case, we can consider the 
constant B o as being the Young's modulus at zero 
porosity, E 0. Moreover, the value of velocity ratio 
between shear and longitudinal waves for non-porous 
silicon, X, is consistent with those found by other 
authors [21-24]. A plot of E against P for values of 
Young's modulus of porbus silicon calculated from 
longitudinal, shear and Rayleigh velocities, and for the 
final result of the fit obtained by Equation 8, is shown 
in Fig. 5. 

Equations 6-8  satisfy clearly the boundary condi- 
tions V L = VLo, Vs = Vso and E = E o for P = 0, and 
V L = 0, Vs = 0 and E = 0 for P = 1. Phani et al. [25] 
showed that this kind of data fitting holds true over a 
wide range of porosity and does not have the limita- 
tions of linear and exponential empirical equations. 
Nevertheless, the equation for Young's modulus of 
porous materials suggested in this work differs from 
that proposed by those authors. This is due to the fact 
that shearing effects are not generally taken into 
account (A = 1 in Equation 4) when a specimen is 
submitted to tensile testing, which is justified because 
it has a very small shear dimension in comparison 
with its longitudinal dimension. However, the 
shearing effects, which are due to the shear polariza- 
tion of acoustic waves, cannot be neglected when 
acoustic techniques are employed to characterize the 
elastic properties of solid materials, even if micro- 
scopic volumes are investigated. Equations 4 and 8 
consider these effects and, therefore, they are different 
from those reported elsewhere [25]. 

The parameters k, m and s were also investigated by 
Phani et al. [25]. They observed that these quantities 
depend on the microstructure of the porous material 
and that the value of s lies between 2 and 4 (0.5 < k, 
m < 1.5) for a relatively ordered and less-open pore 
structure and higher for disordered and intercon- 
nected pore structure. Consequently, the values ob- 
tained for the parameters k and s indicate that the PS 
layers under consideration have a porous microstruc- 
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ture that can be considered nearly regular. Recent 
studies by transmission electron microscopy [6, 
26-28] have confirmed this observation for porous 
silicon microstructure when the anodization condi- 
tions are well controlled. From Equation 11 we can 
say that q is also a microstructure-dependent para- 
meter because it results from m and k. This parameter 
is obviously a measure of the influence of the pores 
upon the velocities of longitudinal and shear acoustic 
waves. For a given value of porosity, if q > 0, the shear 
velocity is more reduced than the longitudinal velocity 
and, inversely if q < 0. When q tends to zero the pores 
have the same influence upon the two bulk acoustic 
waves and the parameter A is independent of porosity. 
Although the plot of V~ against P is not shown, the 
values of Vso and m were found to be 5840 m s- t and 
1.19, respectively. Substituting the values of k and m in 
Equation 11, we find q = 0.19. This value is nearly 
equal to that obtained from the Young's modulus data 
fitting. Likewise, we must note that the value of s, 3.22, 
is close to the expected value of s -- 3.19 (see Equation 
12). These last results confirm that the experimental 
errors were reduced in our acoustic study of PS layers. 
In a future work about PS layers, acoustic techniques 
will be employed to investigate the effect of different 
anodization conditions and pore morphology on these 
empirical parameters. 

4. Conclusions 
We have shown that acoustic techniques, more specif- 
ically acoustic microscopy and microechography, are 
very powerful non-destructive methods to character- 
ize porous silicon layers, unlike conventional mechan- 
ical tests. Besides thickness measurements, the first 
attempts at using these techniques give valuable in- 
formation about the porosity dependence of longitud- 
inal and shear velocities and Young's modulus. Em- 
pirical equations obeying the boundary conditions 
have been proposed to relate the elastic properties to 
porosity. The values of the empirical constants k, m, s 



and q were determined and they indicated that the 
porous silicon microstructure is relatively ordered. As 
mentioned in the text, additional experimental work 
will be carried out in order to investigate the influence 
of the anodization conditions and pore morphology 
upon the empirical constants and, consequently, elas- 
tic properties. Moreover, PS layers with high porosity 
will be also characterized by acoustic techniques. In 
future, this will enable a complete control of the 
mechanical parameters of PS layers during manufac- 
turing. 
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