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Abstract: Porous Silicon (PSi) is a groundbreaking mate-
rial because its physicochemical properties can be cus-
tomized through its porosity. This means that monitoring
and control of the growing parameters allows the fabrica-
tion of PSi-based systems with controlled properties. In-
terferometry and photoacoustics are non -invasive, non -
contact, real-time (in-situ) techniques used to character-
ize the phenomena that takes place during the formation
of PSi. This work presents the mathematical and experi-
mental aspects related to the implementation of the tech-
niques mentioned above, which are meant to characterize
the PSi growth in fluoride-based electrolyte media. These
methods can determine macroscopic parameters of PSi
such as thickness, porosity profile trough effective medium
approximation (EMA), refractive index, etching rate, and
RMS roughness under 100 nm. The monitoring ability of
these techniques is strongly dependent on the wavelength
of radiation used. However, it is possible to monitor thick-
ness from Ag/4 to ~ 1/ag, where ag is the optical absorp-
tion coefficient at Ay. Also, these techniques can be imple-
mented as feedback control on the etching processes for
fabrication of PSi.
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1 Introduction

In the last decades, the physical modification of the well-
known materials, like silicon and carbon, has become a
tendency since the demand for customized systems is a
constant requirement, particularly for the optoelectronic
industry. The primary objective of this kind of processes
is to change the physicochemical properties of materials
or give them new ones. These modifications are related to
structure, morphology, and dimensionality [1]. Another
way to modify the features of the materials is through the
chemical route, which mainly consists in the formation of
new compounds and functionalization [2, 3]. Porous sili-
con (PSi) is an excellent example of the new functionality
of crystalline silicon (c-Si). PSi consists of a porosified ma-
trix of c-Si, which confers it with different properties com-
pared with the bulk material, making it an interesting sys-
tem for various fields such as electronics, optoelectronics,
photonics, bioengineering, and chemical sensing.

PSi material can also be applied to the manufacturing
of Lithium-ion batteries (LIBs). In this way, Si may present
a high energy density, but its structure goes through a vol-
ume expansion upon the lithidation, producing a cracking
in the electrode and resulting in an energy capacity loss.
An alternative to solve this problem is to use a porosified
matrix of Si (PSi) as anodes that can hold the strain, [4-7]
which requires high accuracy and reproducibility in size
and morphology of the PSi anodes. The main issues of
PSi are the porosity and surface chemistry, because the
mechanical, electrical, optical, and thermal properties de-
pend effectively on these parameters. At the same time, the
porosity is determined by the parameters involved in the
fabrication process. Hence, it is the primary property to be
controlled.

The PSi is usually obtained by anodization or electro-
chemical etching in presence of aqueous fluoride media.
However, other routes have been developed, like vapor
etching, photoetching, alkali-based etches, among oth-
ers [8]. Canham presented different fabrication techniques
in Ref. [8], and the formation mechanisms have been de-
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scribed by Smith and Collins [9]. Although the models of
formation had been proposed, the properties of the PSi
system are strongly dependent on intrinsic parameters
(e.g., wafer crystalline orientation, type and doping con-
centration, defects) and extrinsic parameters (e.g., temper-
ature, electrolyte composition, anodization current, oper-
ator skills), and the characterization of PSi is usually car-
ried out ex situ. These critical aspects require methods for
monitoring several parameters during the etching of PSi.

The main techniques reported to study the in situ for-
mation of PSi by electrochemical etching in hydrofluoric
acid(HF) media are: in situ Fourier transform infrared spec-
trometry (FTIR) [10, 11], optical interferometry [12-17] op-
tical scattering [19, 20], and photoacoustics [21-25].

The previous reports about the in situ characterization
of the PSi etching focused on studying the chemical ki-
netics of the etching reaction and the optical properties
(film thickness, refractive index, porosity, roughness). Rao
et al. [10] used FTIR spectroscopy to study the chemical
species that appear during the etching. They found that
the Si-H species are always present on the Si surface, even
when the PSi is drying. This technique provides direct evi-
dence of the incorporation of H into Si lattice [26]. The SiHy
becomes important because it partially explains the pho-
toluminescence of PSi [27-30].

The self-organization in PSi formation explains exper-
imental features in the morphological properties of PSi
such as a constant porosity profile, and the surface rough-
ness [31]. Consequently, the optical properties of PSi result
an effective combination of the optical properties of Si bulk
and the material, which is embedded in the porous matrix.
This means, that during the PSi formation, it is possible to
follow the changes in the thickness, roughness, and poros-
ity by using light interferometry because the optical path
changes continuously and multiple interfaces where the
light can be reflected appear. This methodology and the
mathematical model were reported in [12-18].

Another technique is photoacoustics, which consists
in sound generation by the modulated light absorp-
tion [32]. Photoacoustic techniques are nondestructive and
are used to study thermal and optical properties of several
materials, including porous media [33-35]. It is crucial to
highlight that there are two methodologies to study materi-
als using photoacoustic. In the first one, the measurement
is carried out when the sample does not present physical
or chemical changes, even with the interaction with radia-
tion. These measures are usually performed as a function
of the frequency of the modulated light, and used to deter-
mine thermal properties. The second one can be used to
study kinetic processes; it means that the sample changes
during the measure. It is useful to follow changes in op-
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tical and thermal properties in real time, the formation of
multilayers, wetting process [21] , emptying and filling of
porous media, and chemical reactions. Indeed, it is possi-
ble to perform an in situ monitoring of the PSi formation
by using photoacoustic in HF aqueous media [21-25].

This work shows the theoretical models and experi-
mental issues related to the in situ characterization tech-
niques of PSi formation. The first topic is related to the
interferometry techniques, using front and back illumina-
tion with sub-bandgap radiation. These methodologies are
useful to estimate the etching rate, roughness, and poros-
ity of PSi. The second method is photoacoustics. In this
technique a super-bandgap radiation is required in order
to produce the thermal wave formed by the diffusion of
electrons and phonons, which generates a sound signal
after the de-excitation process. This method is used to de-
termine the refractive index, etching rate, porosity, and to
design multilayers systems of PSi.

2 Porous silicon formation

Electrochemical etching is the most common route to ob-
tain PSi. Admittedly, the usual geometrical arrangement
of the electrochemical cell is formed by two-electrodes
where the working electrode is c-Si (anode), and the
counter-electrode is platinum (cathode). Figure 1 shows a
schematic representation of the generic etch cell.

The physicochemical explanation of how the pores are
formed is still an open problem because multiple chemical
reactions take place during the etching. Despite this, the
chemical reaction proposed by Lehmann and Gosele [36]
(Eq. 1) is useful to understand that the reaction needs pos-
itive charges (holes) and releases hydrogen.

The current-voltage curve in HF media exhibits three
main regions [37]. It is necessary to overcome the Vcp
(open circuit potential) to start the etching. At increasing
positive potential, the first region shows an exponential
behavior and the porous formation is regular. Next, the
second region is a transition stage characterized by an ir-
regular formation of porous. When a maximum current
density (critical current) is reached, the electropolishing
occurs; this is the third region.

Si+6F +2H" +2h" — SiFZ”" +H, 1)

At this point, it is essential to take into account some is-
sues related to experiment performance that influence the
formation of PSi. For a homogeneous etching, it is crucial
to clean the sample following the RCA [38, 39] standard
method or sonication [40], and to guarantee ohmic con-
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tacts even for highly doped samples. Even so, it is possible
to find resistivity variations because the dopant distribu-
tion in the Si wafer is nonhomogeneous.

HF electrolyte Pt cathode
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Si sa.mple/' Ohmic contact

Figure 1: Schematic of the electrochemical cell. The Si sample seals
the electrolyte reservoir. Also, the cell has to be HF-resistant

The composition of the electrolyte is also important.
Commonly, the electrolyte base is an aqueous HF (37-40%)
added with a surfactant (e.g., ethanol or glycerol) to de-
crease the surface tension, which results in a better wetta-
bility [21]. The temperature of the electrolyte reservoir and
the HF/surfactant ratio are the parameters that strongly in-
fluence the roughness of the PSi films [41].

Finally, the geometric cell configuration (reservoir and
Pt electrode) influences the distribution of the current den-
sity. During the etching, a controlled current source injects
a specific current profile. However, a constant current is
more desirable provide a greater control of the thickness
and porosity of the films.

3 Interferometry techniques

The base of these methodologies is interferometry. This is
about the determination of the changes in reflected (re-
flectance, ‘R’) or transmitted (transmittance,‘T’) light in-
tensity by the thin film structure. Also, it is possible to mea-
sure the electric field properties such polarization of the
light (spectroscopic ellipsometry (SE)) [42]. In the case of
PSi growth is possible to integrate an optical system to the
electrochemical cell. Thus, during the PSi formation, new
films and interfaces appear producing changes in the opti-
cal path [13]. The behavior of R, T, and polarization of the
light contain information about the etch rate, optical con-
stants, interface roughness, and porosity [16, 42].
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Figure 2 shows a diagram of the situation. During the
PSi formation, new interfaces appear, where the light can
be reflected, and the optical path changes continuously
making alternations of constructive and destructive inter-
ference. Two optical configurations can be used for etch-
ing monitoring. The first one deals with front illumina-
tion [14, 15]. The other one is related to the back illumi-
nation of the sample [13, 16]. In both cases, sub-bandgap
radiation is recommended because Si has low absorbance
for energies lower than Si band gap (1.12 eV). However, it is
recommended a careful selection of the laser wavelength
because the absorption coefficient is dependent on doped
concentration due to free carries [47]. The absorption lim-
its the thickness that the technique can monitor.

I, Front illumination
—0,+0 - Electrolyte 1
2
L
Substrate
0—.—
Air
i I,
X Back iIIumi'nation 1

Figure 2: Ray trajectories through the sample during the etching.
Two configurations are possible; by front or back incidence. The
rough surface of PSi/Si interface produces light scattering

The reflection coefficients rs (for s polarization) and rp
(for p polarization) are dependent of thickness, refractive
index and interface roughness of each layer. In the case of
reflectometry for an arbitrary angle of incidence the effec-
tive reflectance is expressed as

1
Reg = 5 (IrsP+1rol”) @

while for ellipsometry the aim is to measure the changes
of the reflectance ratio as

p= ;—p = tan(¥)e’, 3)
S

where Y is the ratio of reflected amplitudes and 4 is the

phase difference produced upon reflection [42]. Moreover,

(¥, A) are wavelength dependent. There are few works
about in-situ SE to study the PSi formation [42-46].
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3.1 Interferometry theory

Assuming monochromatic plane waves, the interference
between the reflected and the incident waves is given by
phase difference (6(t)). Using the diagram showed in fig-
ure 2, in the case of front illumination, the phase difference
can be expressed as [14, 15]

5x(¢) = %\/ (02 - n2sin2(@)I(0) + Ap,  (4)

or in the case of back illumination

85(t) = %,/ng - n2sin?@),(0) + Ap,  (5)

where n; is the refractive index of the medium, 0 is the in-
cidence angle, and A¢ is the phase change of the reflected
beam that is assumed as a constant.

scatter contribution

Intensity (arb. units)
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Figure 3: The intensity of the radiation during the etching of a sam-
ple with 3:7 ethanol/HF volume ratio. It was used a diode laser with
a line 1550 nm and 10mA/cm?.

The changes in the reflected intensity is proportional
to v(t); that it is the interference frequency.
06(t)

v(t) = ot (6)

In the case of the equations 4 and 5, the thickness of
the PSi changes as a function of time as well as thickness
of the Si substrate. These equations contain information
about the refractive index, thickness, and etching rate of
PSi. Also, it is possible to estimate the roughness of the
film.

Figure 3 shows the intensity of the reflected radiation
during the etching. In this case, the sample is illuminated
from the front. Even though the absorption coefficient for
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Siis low at 1550 nm, the curve exhibits damping as a func-
tion of time. This effect is a scattering process due to the
formation of rough interfaces.

Also, the inset in the figure 3 shows little jumps
because there are hydrogen bubbles that could appear
through the path of the light. It is possible to determine a
value of the roughness that is described in the section 3.4.

Indeed, the subsequent analysis of these equations
and the geometrical configuration can provide control of
the etching process. The next study explores the method-
ologies reported for back and front illumination.

3.2 Double beam front illumination

The refractive index of the PSi is a function of depth. As it is
defined in the equation 6, the oscillations in the reflected
light change as a function of the thickness of the PSi film.
Moreover, this equation has two unknown parameters; the
refractive index profile and the velocity formation of PSi. If
the sample is illuminated with two beams at different an-
gles, it obtains two oscillation frequencies given by [15]:

The equation 7 represents a system of equations with the
following solution:

v2(t) sin® 6, — v2(¢) sin? 6,
ny(t) =n 1 2
2() 1\/ V%(t)—V%(t)

i _ A | vil®)-vi@0) ®

dt  2n;\ sin? 6, - sin? 6,

The equation 8 describes a simple methodology to deter-
mine the refractive index and the etching rate during the
PSi formation. Also, it is possible to determine the poros-
ity profile by using an effective media rule [48] and the re-
fractive index calculated by this method. To improve the
accuracy of the refractive index and thickness estimation,
is recommended a significant difference between the two
incidence angles [49].

3.3 Back illumination

By using the equation 5, the etching rate is defines as it
follows

1

/102 _ 92 cin2
ng n; sin” 0

However, equation 9 does not contain information of PSi
layer. But, if the optical path of the beam that reflects in

re) = ‘izb(t)‘ - "70 ve). )
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the PSi/electrolyte interface is taken into account, a sec-
ond phase difference can be defined as

850 = %\/ﬂ% -n2 sin? 01,,(t)
0

1(t)

+ % / \/ 300 - n2 sin? Odx,

0

(10)

and by using the expression 5, 9, and deriving the equa-
tion 10 to determine the interference frequency v/, the re-
fractive index of the PSi is

AN 2
n,(I(t) = \/(\/ nZ-n2 sin @ - Ag:é?) +nZsin® 6.
(11)

Equations 9 and 11 give the etching rate and the refrac-
tive index profile. The refractive profile can be used to de-
termine the porosity by using an effective medium the-
ory [48].

3.4 Roughness calculation by back
illumination

In the case of the signal shown in the figure 3, the intensity
falls off with time despite the fact that the absorption co-
efficient for Si in the IR range is very low. This effect is an
indicator of the increase of the roughness that produces
scattering during the PSi formation.

Figure 4: Cross section of a single layer of PSi. It is appreciated that
the ends of the pores are not flat. This roughness causes scattering
in the light

Figure 4 shows a cross-section of a PSi film. It is clear
that the end of the pores does not have flat terminations.
This rough interface and the porous branching, attenuate
the amplitude of the reflected radiation. This effect allows
to quantify the root mean square (RMS) roughness. In the
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case of the work reported by Kan et al. [17], they defined
a parameter that described the scattering during the PSi
formation as:
Amax - A(t)
Amax ’
The equation 12 is not a direct quantification of the rough-
ness, but it provides a behavior of the light scattering dur-
ing the PSi formation that is useful to determine the effect
of the electrolyte composition. Nevertheless, to character-
ize the irregularities of the PSi/Si interface in the case of a
single layer, it is possible to introduce the factor o (RMS
roughness), that in the case of 0 << Ay and a Gaussian
distribution, introduces a correction in the Fresnel reflec-
tion coefficient. The correction for back illumination can
be written as follows

2
41n3 05 3
R; =R - 55—
3 oexp[ ()locose) }’
where Ry is the regular Fresnel coefficient (perfect flats
surface), 0, 3 is the RMS roughness between the material

2 and 3 (Si/PSi).This approximation is valid for roughness
values omax = (V2Ao) / (87n(Ao)) [50, 51].

Roughness = (12)

(13)

4 Photoacoustic techniques

4.1 Experimental issues

The electrochemical cell (two electrodes configuration)
was coupled with an open photoacoustic cell [24]. In this
kind of configuration, the incident radiation comes from
the front, and the sensor ( e.g., piezoelectric transducer [22,
23] or electret microphone [24, 25]) is located at the back
of the Si substrate. A p-type Si is usually used because
the I-V curve does not change as a function of the light-
ing conditions. These experiments were carried out us-
ing heavy doped silicon (p*), single polished and (100)-
oriented. The electrolyte composition is a HF/ethanol so-
lution. A controlled current source (6220 Precision Current
Source Brand Keithley) was used to fix a constant current
profile and solid Cu back contact. As an excitation source,
it requires a Si super-bandgap laser (A > 1107 nm).

Figure 5 shows the PA amplitude recorded during the
etching of Si. Initially, the electrochemical cell is empty.
A few seconds later, the electrolyte is emptied. As a re-
sult, a perturbation of DC level takes place. It waits for an-
other time interval for SiO, removal, and finally, the cur-
rent source is turned on, producing an oscillatory shape
in the PA amplitude. The PSi amplitude is a periodic func-
tion as a function of time. In the case of the Figure 5 the
sample was etching during 32 PA cycles.
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Figure 5: The experimental data of the PA amplitude signal as a
function of time during 16 PA cycles. It was used a p*-Si (0.005
Q/cm) anodized at 20 mA/cm?2 and A = 808 nm.

4.2 Photoacoustic Modeling

The classical theory of photoacoustic proposes to solve the
heat flow equations in this multilayered system to deter-
mine the temperature distribution. In the case of the for-
mation of a PSi single layer, three interfaces appear as the
Figure 2 shown. Electrolyte/PSi at x = —(I, + I) , PSi/Si at
x = -1, and Si/Air at x = 0. The coordinate origin is lo-
cated conveniently at the end of the Si substrate, and the
distance of the detection is at x = g, that it is the thickness
of the gas column. The [ is the thickness of the PSi, I, the
thickness of the Si backing. The general heat equation can
be written as

i aTYl(X’ t)

VZTH(Xy t)_ an at =fn(x, t)"'Qn(t, X)9 (14)

where, fa(x, t) are the optical heat sources, Qn(x, t) is a
term related with the chemical reaction and Joule effect,
and n = 1, 2, 3 refers to the heat diffusion medium (see
Figure 2).

Experimentally, the periodical profile of the modu-
lated light source is rectangular. However, if it is expanded

in Fourier series and it takes the first harmonic; the func-
tion can be written as

Fa(x, ) = BnInnn (1 = R(®) |x=x0 ) ePnx (1 . eiwt) )

2kn (15)

where f3 is the absorption coefficient, I is the intensity
of the incident light, 1, is the quantum absorption effi-
ciency, w is the modulated frequency, k, the thermal con-
ductivity, and R(t) is the reflectance evaluated at x = xq.
At this point, because the PSi/Si interface is moving as
I, (t) = 1,(0) - vt; where v is the formation velocity of PSi,
the value of the reflectance is not constant. Thus, it is nec-
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essary to introduce the changes in the reflectance as fol-
lows.

_ cos?(8)(§0 = §1)° +sin*(O)($od1 = 1*
cos2(8)(&o + £1)? + sin®(6)(£oé1 + 1)2°

R(t) = ‘rz‘

8(t) = 72”"2/‘(5)1(0, (17)

where &y = ny/ny(p), &1 = n3/n,(p), n; the refractive index
of each medium, which in the case of PSi (n, (p)) is porosity
(p) dependent. The inspection of the Equations 16 and 17
shows that the reflectance depends on the effective refrac-
tive index [48], the thickness of the PSi film, and the wave-
length (Ap) of the light source. Furthermore, the reflectance
is a periodic function producing a self-modulation effect in
the intensity of the incident light. This is the effect that pro-
duces the periodicity in the photoacoustic (PA) signal (see
Figure 5). Admittedly, it is not convenient to introduce the
expression of the Equation 16 in the heat equation. Even
so, if it uses an approximation in Fourier series, the heat
sources for each region can be written as,

for PSi region, —(1 + 1},) < x < -1, + vt

Folx, ©) = — A(1 + el@1t)e P20+l D (18)
_ B(l + eiwzt)eﬁz(x+lb+vt)
where
_ Bolims _ Balum
=5k and B = BT (19)
For Si substrate, -1, + vt < x < 0
f3(X, t) __ C(l + eiwlt)e—ﬁg(x+lb+vt) (20)
—D(l + ei(l)zt)eﬁgx,
where
_ Bslims _ B3l
T and D = ok (21)
For the gas, 0 < x < Ig
falx, t) = 0. (22)

By using the methodology developed for Rosencwaig and
Gersho (RG) [25, 52] the temperature distribution in the cell
is

T(x,t) = Re {p(x, )} + To, (23)

where T is the room temperature and ¢(x, t) = ¢;(x, t) is

given for each region as

t
3206, ) = P2(x, ) — / Q()dr (24)
(0]
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+ [Wl e—a%(O)(x+l+lb) + W, ea%(o)(x+l+l,,)
- Ele*ﬁz(x+l+lb)} RN
+ {W3 e—oﬁ(v)(x+lb+vt) i W4ea§(v)(x+lb+vt)

_ EzeﬁZ(“lbWt)} elwzt’

B3(x, t) = 3(x, t) 25)
+ {Ul e—aﬁ(v)(x+lb+vt) -V e—ﬁg(x+lb+vt)i| RN
+ [Uzeag(o)x _ Vzeﬁgx} eiwzt,
. 2
D40, 1) = Pu(x, ) + Y Onexp [-0ix + iwnt] . (26)

n=1

The parameter o; is related with thermal diffusivity of ev-
ery single media as

o %
()-(2

oy =(1+1)

V2 + biow .
’") , j=2,3. 27

and the coefficients Ej, U;, V;, and W; are obtained by
substitution of these expressions [25] (equations 24, 25,
and 26) in the equation 14 with the following boundary
conditions:

¢a(=ly +vt, t) = p3(-1l, +vt, t)
$3(0, ) = $4(0, 1)

k3%(—lb+vt, 0=k 5)2( I +vt, O),

d d
m%(o, ) = k3%(o, .

(28)

Furthermore, the conditions mentioned above can be ap-
plied separately to each region to obtain the amplitude of
the temperature evaluated at the length of the Si substrate,
(x = 0) giving as a result:

_ ks(Bs - 03(V))
ks oi(v) - k404

k3(B3 - 03(0)) v
k30'%(0) + k40'12‘ 2

’ﬂS(lb*Vt)’ (29)

0, =

The temperature field is a function of time and space. How-
ever, the microphone just detects the pressure variations
as a function of time, thus it is convenient to define the av-
erage temperature as follows

21y

q‘b(t)zﬁ / bac(x, Odx. (30)
0]
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When this average definition is applied to the equation 26,

2
POy =D o ne .
n=1

is obtained, where y, is the thermal diffusion length of the

gas (u; = /2a;/w). Finally, by using the gas ideal approx-
imation, the displacement of the column gas is

2
ay On i(w i
x(t) = 27ps » \/a;‘*élez(wnt nl4),
n
n=1

where the average DC temperature of the gas is set equal to
the DC solid surface, thus @ = 6, + Ty, and the adiabatic
pressure variations is

€3)

(32

SP(f) = 7%6V(t) 33)

2

27y, s On i(wnt-nj4)
— P [ & O gitwnt-n/4)
T, nz; wn @

4.3 Data fitting and results

Figure 6 shows a fitting example of the experimental data
shown in the figure 5. For the fit procedure, the experimen-
tal values of thermal and optical parameters for Si were
extracted from Ramirez-Gutierrez et al. [25]. In this case,
the modulation frequency of the light was f = 13 Hz, and
the sample was etched during 16 PA cycles. It is necessary
to fit at least one PA cycle to find the etch rate or the for-
mation velocity. The amplitude of the PA signal decreases
as a function of the PSi thickness due to absorption, scat-
tering, and coherence loss [53], and the DC level increases
because of the Joule effect and the chemical reaction. Con-
sequently, fluctuations during the etching take place pro-
ducing changes in the PSi formation velocity. As a con-
sequence, the PA signal is fitted by sections, and the fre-
quency parameter (w, in equations 18 and 20) related to
the velocity was obtained.

In the case of Figure 6, a combination of velocities
formation (v;) and frequencies (w»;) is used to fit the PA
cycles. Also, the absorption coefficient remains as a con-
stant.

Figure 7 shows a ratio between the experimental data
and the theoretical model. It shows the accuracy of the
model is of about 90%. In this case, due to change in the
formation velocity, the data was fit into sections that were
defined arbitrarily. Each velocity is represented in a differ-
ent color, and it is related to a change in the period of the
PA cycle. In general, the model provides a good descrip-
tion of the phenomenology. A better fit of the experimen-
tal data can be achieved by considering several velocities
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Figure 6: The experimental data (black line) and the fitting (color
line blue, red and green) Each section was fit by using a different

frequency, it means that the formation velocity does not remain
constant along the chemical reaction.
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Figure 7: The ratio between the data and theory. Black dots repre-
sent the central value of the ratio. (Color line) Represent the error
bars associated with the uncertainty related to the experimental
performance.

in short intervals of time, in fact,a short-time Fourier trans-
formed is recommended to extract all the frequency com-
ponents. Also, it is recommended to control the noise dur-
ing the data acquisition.

Figure 8 shows the velocity formation of the porous
layer as a function of the etching time. In this case, two
samples were grown under different conditions. In the
case of the sample previously reported by by Ramirez-
Gutierrez et al. [25], the velocity formation of the PSi re-
mains constant during 500 s. However, a sharp jump takes
place at 1150 s that it is an indicative of perturbation on
growth conditions. In the case of long time etching, it is
reported that the composition of the electrolyte changes
and the increase in the temperature modifies the chemical
reaction.

—— J. Appl. Phys. 121, 025103 (2017)
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Figure 8: ((Blue line) Formation velocity as a function of the time for
the sample shown in figure 5. (Red line) It shows the case studied in
the reference [25]. This graphic shows that the formation velocity of
PSi is not constant along the reaction.

5 Conclusions

Porous silicon (PSi) has been considered as a versatile
material for optoelectronics, chemical sensing, an anode
for lithium batteries, among others applications in sev-
eral fields. These new forms of surface modified silicon
or porous silicon (PSi) involve the design and construc-
tion of single or multi- thin films structures. Of course,
the growth of PSi or the process to make porous requires
the implementation of real time (in-situ) techniques that
can provide control and accuracy in the physicochemical
properties. Techniques such as optical interferometry and
photoacoustics can be enhance the reproducibility of stan-
dard methods to obtain PSi. This fact represents an advan-
tage over the ex-situ techniques to characterize the proper-
ties of PSi. The in-situ monitoring and characterization of
the PSi formation opens a new window for a better under-
standing of the route for the porous nucleation in Si and
liquid/semiconductor interface. Also, it propels the appli-
cations of PSi because it allows control of its properties.
Also, it generates an optimization in the growth and fabri-
cation process.

In the case of interferometry, the methods presented
show a methodology real-time monitoring of multiple pa-
rameters of PSi, such as the velocity formation, porosity
profile, refractive index, and roughness. It allows studying
the effect of the electrolyte composition and temperature
to characterize the evolution of surface morphology. Nev-
ertheless, multiple reflections in the interfaces produce
more than one frequency component in the reflected am-
plitude. In this case, it is necessary to take into account all
possible reflections and extract all the frequency parame-
ters by Fourier analysis.
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In the case of photoacoustics, the primary mechanism
to generate the signal (sound) is the absorption of modu-
lated light, despite the fact that PA signal is governed by in-
terference effects, a diffusive process creates the PA signal
that produces a decrease of frequency components in the
signal which is an advantageous situation for monitoring
multilayer systems such as Bragg reflector. A simple anal-
ysis of the maxima and minima points of the PA signal can
provide criteria to calculate the effective refractive index of
the PSi film that is the case reported by Ramirez-Gutierrez
et al. [24]. Moreover, if the heat equation for the multi-
layer system is solved, it is possible to reproduce the PA
signal by using fitting parameters such as the oscillation
frequency and velocity formation. The PSi signal also con-
tains information about the increase of temperature dur-
ing the etching process, that is an indication that the PA
signal includes information on the chemical reaction and
thermal properties of the system that makes an attractive
scenario to study thermal properties of porous media. In
addition, the photoacoustic method can be used for moni-
toring the formation of a multilayered system making pho-
toacoustic a useful technique for the fabrication of pho-
tonic crystal based on PSi. Finally, these methods are no
surface-specific but are useful to characterize macroscopic
properties, such as the formation velocity, film thickness,
roughness, refractive index, and thermal conductivity.
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