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Abstract

In this novel research, three laser beams of equal intensities were employed to form multiple orthogonal Porous Silicon
(PSi) layers on the bilateral and the front silicon substrate. The morphology of the synthesized PSi layers, composed of
multi-axis of Si nanocrystallites columns, pores and mud-like structures, and perpendicular to each other. These specific Psi
morphologies are created via two various laser-supporting etching pathways with an appropriate optical system consisting of
different types of lenses, three laser diodes of similar power 100 mW with a short wavelength of 410 nm were employed as
a photonic source during the etching process. The morphological, structural, and optical properties of the bi-lateral and top
PSi layers were investigated extensively. The obtained results display the existence of ultra-high density of Si columns, pores
and trenches in the front and the opposite lateral PSi layer. The grain sizes, surface morphology, PL emission and chemical
bonds of the bi-lateral porous layers show a high degree of symmetry. This unique PSi layer can be suggested as an excellent
choice for improving the surface area and decreasing the surface leakage current in porous silicon-based gas sensor devices.
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1 Introduction

Porous silicon (PSi) is defined as a tangled network of differ-
ent silicon nanostructures, which are surrounded by pores of
different dimensions and shapes [1]. PSi is characterized by
a set of unique properties; it has a very high surface area and
a very high electrical resistivity compared to the resistivity
of an intrinsic silicon substrate. The resistivity increases as
a function of the porosity of the layer [2]. The adsorption
rate of chemicals on the porous structure increases with the
surface area and the density of nanocrystallites within the
porous layer [3]. Therefore, PSi is considered one of the
important materials that are utilised in different applications,
such as plasmonic sensors of various types, photonic sen-
sors, and gas sensors [4—6]. PSi is usually synthesized by
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photochemical etching, which is mostly done in the presence
of light or a laser beam with an external electric current or
in the absence of an electric current [7, 8]. The presence of
light or a laser beam is considered essential to provide the
necessary charge carriers to complete the dissolution process
of silicon within the hydrofluoric acid solution, especially if
the crystalline silicon sample used is of the donor type [9].

The effectiveness of any PSi layer towards any type of
application, particularly in the field of electrically detecting
toxic gases and organic vapors, is dependent upon several
important parameters, including the layer's surface area, the
surface density of the nanostructures contained therein, as
well as the layer's morphology [10]. Therefore, elevating
these important parameters would improve the performance
of sensors manufactured from a PSi layer. In addition, reduc-
ing the surface leakage current in any PSi gas sensor is con-
sidered one of the very important factors in reducing the
error rate in electrical measurements, in addition to reducing
the silicon detection limit of the sensor [11]. Thus, using
a multi-faceted continuous PSi layer (front and bi-lateral)
is considered one of the important scientific concepts to
improve the performance of sensors, because it provides an
increase in the total surface area of the sensor while reducing
the surface leakage current to the lowest possible extent [12].
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Consequently, based on what was previously mentioned,
the novelty of this research is to prepare and study the over-
all characteristics of a frontal and bi-lateral multifaceted
continuous PSi layer for the purpose of increasing the sur-
face area of the sensor while reducing the surface leakage
current. The potential application of a multifaceted continu-
ous Psi layer with double laser beams has a high degree of
novelty.

2 Experimental procedure

In this research, distinct multiple orthogonal PSi layers of
multi-faceted bi-lateral/front continuous layer were cre-
ated. These layers had the morphology of synthesized PSi
layers and were composed of multi-axis Si nanocrystallite
columns, pores and muds-like structures, perpendicular to
each other across the top thickness of the substrate. This dis-
tinct multiple orthogonal PSi layer was generated for the first
time using two different etching methods conducted simul-
taneously, using three laser beams at similar wavelengths
and intensity. The first etching method for the creation of
the bi-lateral porous layers was the photochemical etching
process using two laser beams with a wavelength of 410
nm and an optical power of 100 mW. The bi-lateral etching
method, (photochemical) etching was conducted without
the use of an external etching current and the duration of
the laser beam was 20 min. The lateral laser beams were
focused in the form of a straight line instead of a circular
spot, and this was done using two cylindrical lenses one for
each silicon-sided with a focal length of 15 cm. The second
etching method was conducted for the front layer. A sup-
portive laser etching with a 100 mW laser power, 410 nm
wavelength and an etching current of 30 mA for a period
of time of 20 min was utilized. The front laser beam was
focused in the form of a circular irradiation area of about
1.5 cm?, on the front face of the crystalline Si surface using
a biconvex lens with a 20 cm focal length. This multiple
etching method on different silicon surfaces was used for the
first time (novel approach). This etching technique achieves
the generation of a porous layer that provides multi-axis Si
nanocrystallites, ensuring high adsorption of gas molecules
to be detected very efficiently. The side etching process was
done without using a platinum electrode, so it is a chemical
etching supported by a laser beam. The electrical current
used in etching the upper surface of the silicon surface is
an external current applied by a power supply with a laser
beam (laser-assisted electrochemical etching). The advan-
tage of this double etching is to obtain three-dimensional
nanostructures and to obtain a distinct surface area, which
is difficult to obtain with conventional single etching meth-
ods. This multiple orthogonal surface etching method for

@ Springer

the creation of front and bi-lateral porous layers' structures
is shown in Fig. 1.

The etching process was carried out on an n-type crystal-
line Si substrate of 100 orientation and 10 Q-cm resistiv-
ity in 20% HF concentration, (1:1) electrolyte solution (HF
40%: C,Hs;OH 99.99%).

In the creation of the front PSi layer (second etching
method) which is supportive with laser, the Si substrate
acted as an anode and a platinum ring as a cathode. The
experiment was carried out at room temperature. The poros-
ity and layer thickness of the created PSi were calculated
gravimetrically and from the x-section image of FE-SEM.
The morphological properties of formed structures were
investigated by ZEISS Field Emission scanning electron
microscopy (FE-SEM), while the photoluminescence PL
spectrum was conducted using Jobin—Yvon T64000 with
CW 320 nm, 350 mW He—Cd laser.

The structural properties of the front and each of the lat-
eral silicon faces were studied by analyzing the FTIR and
X-ray diffraction (XRD) patterns.

3 Results and discussion

3.1 Characterization of front and bi-lateral PSi
layers

The morphologies aspects (pores, muds, and columns) of the
synthesized layer were investigated extensively, based on the
surface and x-section FE-SEM image of the front PSi layer,
while the porosity and layer thickness of front and bilateral
(right- and left-sided) porous silicon layers were studied
gravimetrically [13]. The value of layer thickness of right-
and left-sided were about 1.8 and 1.87 um, respectively,
while the front layer was about 2.3 um. The porosity of the
front, right- and left-sided layers were around 68%, 67.5%
and 74%, respectively. Pores can also be formed through
perforation, where external forces or objects puncture the
front layer, creating holes or gaps. This can happen through
mechanical impact, etching, or other penetrating actions.
Based on the Bruggeman effective medium approximation
theory, which involves considering the porous silicon layer
as a complex network of pores surrounded by silicon nano-
structures [14], the dielectric constant &, _of the right, left
and front layers were about 4.1, 4.4 and 3. 8, respectively
[15-20]. e, is related to the porosity of the layer by the
following fo~rmula [16]:

-5, M)

are the dielectric constant of air which

ErPsi = 6"Si _p<£"s|

where e, ande,_
pore Si

fills the pores and Si, respectively. As the porosity increases,
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Fig. 1 Experimental setup for creating multiple orthogonal PSi layers

the e, will decrease due to the increase in the number of
void spaces within the porous matrix.

The morphological characteristics of the front porous
silicon surface indicate the presence of a complex network
of vertical silicon columns having different dimensions
arranged perpendicularly to the silicon surface, in addition
to the presence of distinct pores irregularly distributed on
the silicon surface, as it is clear in Fig. 2a. Whereas the sur-
face morphology of the bilateral (right and left side) porous
silicon layers, Fig. 2b, c, clearly indicate that the surface of
the porous silicon contains a distinctive formation of mud-
like silicon texture of various dimensions with almost rec-
tangular shapes distributed in an unorganized manner on
the surface, these muds were separated by vertical trenches
with varied width. Each individual silicon mud consisted
of ultrafine pores separated by silicon columns distributed
perpendicular to the surface. The dimension variance of the
silicon muds and trenches was attributed to the Gaussian
distribution of the laser beam intensity along the sides of
the Si substrate.

In the front PSi layer, the surface density of pores was
about (3x10° pores/cm2) which was lower than that of the
surface density of columns (8 X 10° columns/cm?). Whereas
for the right and the left layers, the densities of the mud were

Laser Diode

Laser line

about (7x 107 and 5 x 10”) muds/cm?, respectively. This little
variation in the density of mud on both sides of the lateral
porous layer (right and left) was mainly caused by the sym-
metry of the etching method on both sides, which occurred
at a constant laser intensity and an identical etching time.
However, the difference in the surface density of silicon col-
umns and the silicon muds between the front porous layer
and bilateral PSi layers was due to the difference in the etch-
ing method utilized [21]. Despite the equal intensity of the
laser beam in the two etching methods, the presence of the
external electric current in etching the front layer enhances
the dissolution of the silicon and thus increases the rate of
the etching in all directions. Thus, an increase in the surface
density of the resulting nanostructures (columns) took place
[22].

Figure 3a—d illustrates the histogram of the size distribu-
tion of columns and pores in the front layer and mud area
of the right layer and the left layer. The columns and pores
sizes are shown in Fig. 3a, b, the sizes of the pores were in
the range of 300-900 nm, while the apex sizes of columns
ranged from 25 to 150 nm. The peaks of the histogram of
pores and columns are around 900 and 45 nm, respectively.
The mud area of the right and the left bilateral porous layer,
shown in Fig. 3c, d, ranged from 0.1 to 0.4 um? and the peak
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Fig.2 Illustrates the surface
morphology of porous silicon a
front layer, b right layer and ¢
left layer
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of the histogram of mud area of the right layer and the left
layer were around 0.15 and 0.25 um?, respectively. The main
reason for the difference in the area of the silicon muds for
the left side and the right side is due to slight changes in the
reflectivity of the side faces of the silicon, which in turn will
lead to a slight difference in the intensity of the laser beam
absorbed by the right side and the left side. The difference in
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the intensity of the absorbed laser beam will lead to a change
in the etching rate on each side, which in turn will lead to a
change in the area of the silicone muds.

Figure 4b, c represents the x-section FE-SEM image of
the right layer and the left bilateral porous layer. The PSi
morphologies within the lateral porous layers consisted of
double Si columns perpendicular to each other, while, the



Novel approach of laser formation and characterization of multi-faceted bi-lateral/front...

Page50f10 72

Fig. 3 Histogram of size distri-

bution a columns in the front
layer, b pores in the front layer,
¢ mud area of the right layer and
d mud area of the left layer
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pores shown in the front layer were arranged vertically and
uniformly along the Si surface.

The effects of laser intensity on the etching pathway and
morphology can play a significant role in determining the
resulting surface structures and properties. This process
will modify the Si dissolution route during the PSi crea-
tion which leads to the existence of a complex network of
nanostructures in the forms of pores, muds or columns. The
formation mechanism behind these results can be understood
based on the K. Cheah model [23-26], the etching pathway
in a process that depends on the rate of photo-generated elec-
tron—hole couples can indeed be influenced by the intensity
of the laser used. When the laser intensity increases, it can
lead to a higher rate of photo-generated electron—hole pairs.

In supportive laser etching with external current, the cur-
rent plays a significant role in providing the required posi-
tive holes for activating the silicon dissolution process [27].
The number of charge carriers (N) which was generated as
a result of applying an external current is given via the fol-
lowing formula [16]:

_ tmgJ

= 2
qpsiVq @

where my; is the mass of a Si atom, J is the current density,
q is the elementary charge, P is the density of Si, V is the
dissolved volume of silicon and ¢ is the etching interval.

Whereas in the case of a photochemical etching process,
only the photo-generated e~h + couples take place. under
the condition of a uniform generation rate of h + within
the space charge district, the rate of charge generation is
expressed by the following formula [28]:

_ %

G=- 3)
Meanwhile

By = Bo(1 —rps) (1 —e™") €

where is @, the amount of absorbed light in a space charge
district of thickness T, @, is the incident photon flux, a is the
absorption coefficient and rpy is the reflectivity of PS which
is expressed by the following formula [18]:

Tpg = (nps — llnpg + 1)2 (®)]

where npg is the reflective index of the porous layer and is
given by the following formula [28]:

Nps = \/&rp, 6)

The FTIR spectrum provides very accurate information
about the chemical bonds present on the surfaces of both
the front porous silicon layer and the bilateral porous sili-
con layers. Figure 5a—c presents the FTIR spectra of porous
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Fig.4 x-section FE-SEM
images of the bilateral porous
layer. a Right and b left
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silicon surfaces within the wavenumber range (600-1500
cm™!). Based on the resulting spectrum, the porous silicon
surfaces contain vibrational bonds of different wavenum-
bers and intensities, which are naturally attributed to the
front and lateral surfaces of the porous silicon. The intensity
of these vibrations varies according to the etching method.
The intensity of the bond vibrations of the front porous
silicon layer (Fig. 5a), is higher than its counterparts in the
bilateral porous silicon (right and left) layers (Fig. 5b, c),
which are correspondent to each other. These molecular
vibrations indicate the following bonds: bending vibration
of mono hydride SiH, tri hydride SiH3 and the di-hydrides
SiH2 within the wavenumber range from 600 to 1119 cm™!
[29-33]. The peak intensity of these hydrogenated bonds
is usually located on the surfaces and the inner sides of the
silicon columns and pores.

The laser-supporting etching pathway for the front
porous silicon layer provides higher efficiency than the
photochemical etching pathway used in the side porous
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silicon layers. Therefore, the dissolution of the silicon
atoms in the front porous silicon layer is more efficient.
Thus, the density of the resulting types of hydrogen bonds
is more intense.

The XRD patterns of the front porous layer and bilateral
PSi layers are shown in Fig. 6a—c, respectively. The X-ray dif-
fraction patterns generated from the front and bilateral layers
were characterized by the presence of distinct XRD peaks and
are consistent with the XRD data regarding diffraction values,
(JCPDS). The XRD peaks of both types of porous silicon lay-
ers are characterized by the presence of only one peak indicat-
ing that the porous silicon is (100) plane monocrystalline at a
diffraction angle (20) of about 30°, with a clear difference in
full width half maximum (FWHM) (f). These differences in
FWHM produced by the front and the bilateral porous silicon
layers is attributed to the difference in the etching process,
which lead to the emergence of slight differences in the dimen-
sions of the three directional porous silicon layers. The smaller



Novel approach of laser formation and characterization of multi-faceted bi-lateral/front...

Page7of 10 72

400

1.80 T T T T
: (@)
1.65
1.50 i
~
=- -
g« 1.35 7]
= | 4
=
£ 120
8 | Absorption | Chemical | Wavenumber
-2 pecks bonds (cm?)
1.05 — 1.70 CH: 1105
i 1.45 SiH 984
1.38 Si-H; 939
0.90 = Si-O-S1 =
{{126.166 Si-H, 866,1045
1.23 S1-S1 613
0.75 = T T T » T T T T T
1300 1200 1100 1000 S00 800 700 600 500 400
Wavenumber(c m'l)
1.25 I 1 '
1.00
_—
= 7 —
d
g
S 075 - i
S
&
=3 — Absorption Chemuical | Wavenumber 7]
= pecks bonds (cm?)
050 } (S:iII-I_Ig 1 1_19
0.76 Si1-H; S44
. - S1-O-S1 -
0.82.0.71,0.97 Si-H, 821.995,1011 1
0.65 S1-S1 620
0.25 T T T T T T T T T T T T T
1300 1200 1100 1000 S00 800 700 600 500
Wavenumber(cm ™ 1 b}
1 '2 5 T T T T
(© -
1.00 —
/—.\ |
= —]
r—
.S 075 - 4
—
=
S - =
= -1 Absorption r
- pecks bonds {cm-)
050 14?1 (;;I; 11_1:-
0.78 Si1-Hs 9S40 Bl
. - S1-O-S1 -
0.87.0.76.0.94 Si-H> 816.989.997 T
0.68 S1-S1 617
025 = = = - = - - - - r T . T T
1300 1200 1100 1000 9S00 800 700 600 500 400

Wavenumber(cm ™ 1 h)

Fig.5 FTIR spectra of PSi a front layer, b right layer and c left layer
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Fig.6 XRD patterns of Psi a front layer, b right layer and c left layer

the dimensions of the silicon crystals, the FWHM will obvi-
ously increase [34].

The sizes of the silicon nanocrystals within the front porous
silicon layer and the bilateral porous silicon layers (d) were
calculated based on Scherrer equation [33, 35]:

L = FA/BcosO N

where L represents the sizes of the crystals in the porous
silicon layer, F is a dimensionless shape factor, with a
value close to unity, 4 is the X-ray wavelength, f is the line
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broadening at half the maximum intensity (FWHM), @ is
the Bragg angle. The photoluminescence spectra (PL) of
the front porous layer and bilateral PSi layers is shown in
Fig. 7. The emission wavelength and intensity are governed
by the morphology of the porous layer, the density and the
dimensions of the Si nanocrystallites. The emission wave-
length, intensity, dimension of nanocrystallites and energy
gap (E,) of porous silicon layer are presented in Table 1.
As shown in the table, shortest emission wavelength, i.e.,
higher porous silicon energy gap, was reached by the front
porous layer, while, longest emission wavelength, i.e., lower
porous silicon energy gap, was documented with the bilat-
eral PSi layers. In addition, the lowest FWHM emission of
PL wavelength with blue shift and much higher PL inten-
sity was realized with front porous layer compared with the
bilateral PSi layers. This is mainly related to the presence of
the external electric current in etching the front layer, this
current will enhance the dissolution of the silicon and thus
increases the silicon etching rate. While, for the bilateral
PSi (right and left) layers, there is a little variation in emis-
sion wavelength, intensity, dimension of nanocrystallites and
energy gap density in both lateral porous layers (right and
left). This is mainly caused by the symmetry of the etching
method on both sides, which occurs at a constant laser inten-
sity and an identical etching time. The PL intensity is chiefly
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Fig.7 PL spectra of PSi a front layer, b right layer and c left layer

Table 1 PL emission wavelength, intensity, dimension of nanocrys-
tallites and energy gap of porous silicon layer

Porous type ~ Emission Intensity (a.u.) Nanocrys-  E, (eV)
wavelength tallites L
(nm) (nm)
Front PSi 650 956 3.16 1.9
Bilateral left 725 380 3.87 1.71
Bilateral right 730 350 3.92 1.7
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influenced by the quantity of nanocrystallites’ luminescence
in the porous layer due to the increase of e—h + recombi-
nation rate [32]. The dependence of energy gap of porous
silicon on their sizes was in excellent agreement with the
proposed model by Alwan et al. as revealed in the following
formula [33]:

e — (Si (h’n’D)
g = (Si) + m (®)

where mr* is the reduced effective mass, D is a constant
equals 2 for a quantum pillar and 3 for SiQDs, while L is the
confinement dimension.

This slight change in the properties of the bilateral layers
of porous silicon is mainly due to the change in the rough-
ness of the left and right sides of the substrate resulting from
cutting the silicon. As the roughness of the cutting area
increases, the reflectivity of the silicon surface decreases,
and thus the rate of photon absorption increases, which in
turn will change the etching rate.

4 Conclusion

In this research, three laser beams of equal intensities were
employed to form three directions PSi continuous layers.
These specific PSi morphologies were created simulta-
neously via laser supporting and photochemical etching
pathways. The morphology of this multi-faceted bi-lateral/
front continuous PSi layer is composed of a multi-axis of
Si nanocrystallite columns, pores and mud-like structures,
perpendicular to each other. The morphological, structural,
and optical properties of the bilateral and top PSi, show
strong dependence on the etching pathway. An ultra-high
density of Si columns, pores and trenches was recognized
in the front and bi-lateral PSi layer. The grain sizes, sur-
face morphologies, PL emission and chemical bonds of the
bi-lateral porous layers show a high degree of symmetry
compared with the front porous layer. This unique multi-
faceted bi-lateral/front continuous PSi morphology can be
suggested as an excellent choice for improving the surface
area and decreasing the surface leakage current in porous
silicon-based gas sensor devices.
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