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Abstract

Surface reconstruction of silicon using lasers could be utilized to
produce silicon nanostructures of various features. Electrochemical
and photoelectrochemical etching processes of silicon were employed
to synthesize nanostructured surface. Effects of current densities 5,
10 and 20 mA/cm2 on the surface features were examined. It is
found that the surface porosity and layer thickness increase with the
current density. Moreover, large surface area of 410 m2/cm3 can be
achieved when laser power density of 0.6 W/cm2 was used during
the etching process. Optimum operating conditions were found to
achieve better silicon nanostructured surface features. The surface
roughness can be reduced to 8.3 nm using laser beam of 650 nm
irradiated the silicon surface during the photoelectrochemical etching
process. The surface morphology of the nanostructured silicon
surface using SEM and AFM could give rich details about the
surface. Silver nanoparticles of 10 — 20 nm was embedded at the
nanostructured silicon surface by LIFT process to reduce the surface
resistance and maintain the large surface area. This technique enables
silicon nanostructures to be efficiently used in many optoelectronic
applications.

Keywords: Silicon Nanostructure, Porous Silicon, LIFT, Silver

Nanoparticles.

1. Introduction

Nanotechnology is a design, manipulation and
constructing materials for applications by controlling
the size, shape and properties at less than 100 nm.
New materials and new-engineered surfaces could
enable products for better performance [1].

Considerable progress using lasers has been
achieved in the science of production nanoparticles
and nanotechnologies. In some applications, the laser
beam is preferable to be used in nanotechnology due
to the unique characteristics of the laser beam, such
as spatial and temporal coherence [2].

The laser surface engineering is one way to
improve the surface properties of materials. Laser
surface engineering encompasses several applications
that are mainly related to enhancing one of the
surface dependent properties such as hardness,
friction, fatigue and resistance to wear, corrosion, etc.
[3]-

The main advantage of laser as a material
treatment tool is the ability to precisely control its
position and at the rate that energy deposited. This
control is exercised by selecting the correct laser
treatment parameters to achieve the desired

modification of the material. Modifying the surface
properties on multi-length scales plays an important
role to improve the material's performance for a
given application. For example, the surface cosmetic
appearance and its absorption properties can be
controlled by changing its texture [4]. The exposure
of the material to wear and surface damage can be
reduced by changing the surface chemistry,
morphology, and crystalline structure [5]. Also, one
can consider the frictional, adhesive, and wet forces
acting on a material interface severely affected by the
size and shape of existing micro and nanoscale
features [6]. As such, multi-band surface
modifications are critical to the development of new
material structures and to the engineering of detailed
interactions that occur at surfaces and facades [7].
Various mechanisms could be employed to describe
laser surface engineering of silicon [8-10].
Photoelectrochemical — process utilizes Laser-
assisted etching of silicon is considered as a relatively
rare, preferable technique to produce for creating
modified silicon nanostructures at the surface [11].
This technique has been extensively investigated for
various semiconductors last two decades using a wide
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variety of laser sources from low power CW laser to
nanosecond laser pulse for a wide laser wavelength
range from 0.4 to 10.6 pm [12]. This technique is
widely used since it is applicable for all types of
conductivities (intrinsic, n and p-type
semiconductors), solar cells and sensors. The laser
light can play a dual role in this process; initial the
chemical reaction and define the etching direction
[13,14]. Generally, in this process, chemical reaction
takes place due to externally supplied holes and the
fluorine ions of HF acid. While for EC etching
process, the holes are supplied from an external
power supply, these holes move toward the front of
the silicon electrolyte interface and silicon dissolution
takes place. Subsequently, pores are formed at the
silicon surface and which produce porous structure
consisting silicon nanostructures [15].

On the other side, large surface area for silicon
nanostructures increase the surface resistance which
limit some other optoelectronic applications such as
light emitters and sensors [16-18]. Therefore, there
was a great demand for nanostructured surfaces of
large surface area and simultaneously, low resistance.
Aim of this work is preparing silicon nanostructure of
controllable feature including the large surface area
and low resistance by embedding silver nanoparticles
at the surface.

2. Experimental Procedure

Laser-induced etching is a very interesting
process of forming silicon nanostructures at the
silicon surface. At room temperature, both
photoelectrochemical etching (PEC) and
electrochemical etching (EC) can be used to prepare
silicon nanostructures. In this work, EC and PEC
processes conducted with the following
procedure; silicon samples were cut with

are

the

Green laser

3. Results and Discussion

One of the most important and effective
parameters for production of porous silicon in the
PECE process is the wavelength of the laser used
[19]. Each wavelength has a specific penetration
depth within the silicon. Therefore, the thickness of
the porous layer will vary from one wavelength to
another. Three different wavelengths (red, green,
violet) have been used with 100 mW. The rest of the

Teflon cell, ¥
contain HF20%
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Figure 1: The Experimental set up for PEC etching process.
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dimensions of 2 c¢m?, this area is suitable for the
Teflon cell slot to enter the laser beam. Those
samples were cleaned with ethanol to eliminate the
oxide layer, and then dried. Then, these samples were
put in the etching cell which made from Teflon. The
Teflon material is chosen for its high resistivity to HF
acid, interspersed with electrodes that are connected
to the power supply. The front side of the wafer
should face the platinum wire (the cathode) while the
back side is connected to the stainless-steel anode.
Using HF solution, one can use electrical current for
EC and laser light with electrical current for PEC.
The HF acid is diluted to concentration 20%, the
irradiation time of the diode laser for PEC etching is
30 minutes and the etching time of EC etching is also
30 minutes.

Various parameters are varied in the
experiments such as: wafer conductivity, laser
wavelength, current density, laser power density. To
study one of these parameters, the studied parameter
should be varied while others kept constants, for each
experiment, the surface structure and the porous layer
thickness should be monitored.

Nd: YAG laser (Trumpf Co., Germany) with a
pulse mode operation and varied energy in the range
0.5 to 6 J was employed in this work. The beam
diameter was 3 mm and the divergence angle og 2
mrad. Fixed number of pulses and energy was used
for Laser induced Forward Transfer (LIFT) process.
High purity nano silver paste of 10 - 20 nm particle
size was also employed in this process.

The electrical measurements were conducted by
RLC multi-meter for frequencies 1 to 100 KHz.
Aluminum film was deposited in a planner
configuration for resistance measurements. Figure 1
illustrates the experimental set for the PEC process.
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processing parameters such as the HF concentration
of 20%, current density 20mA/cm?, irradiation time
30 minutes and p-type silicon wafer are kept
constant.

Figure (2) shows the porous layers produced by
various laser wavelengths. In (a), the silicon structure
appears in different pore shapes and sizes. It is also
clear that the porous structure prepare by green laser
(b) has a random distribution with different pore
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diameters and the layer thickness is lower than in (a).
In the sample that processed by the violet laser (c),
the structure of porous silicon has very small depth.
Due to the long wavelength of 650nm, thick layer of
high pore is produced. While using wavelength
532nm, it was found that the thickness of the porous
layer (60 um) was lower than that of the red
wavelength (100 um) in terms of density and the pore
dimensions due to the small penetration depth. While
using short wavelength of 405nm, it is found that the
thickness of the porous layer (20um) is lower than in
the two cases mentioned above, also the numbers of
pores and their dimensions are very small.

Figure 2: P-Si layer produced by PEC process using,
a: red laser diode, b: green laser diode, c: violet laser
diode.

To study effect of laser power density, the laser
wavelength 650 nm was used and the rest of other
parameters are kept constant (current density 20
mA/cm?, irradiation time is 30min, HF acid
concentration is diluted to 20%). It is noticed that at
higher power density, the shape of the pores and
their number becomes larger size of pore and lower
number. When using laser power density of 0.4
W /cm?, the chemical reaction begins and lead to
reconstruct the surface. The pores were found to be
too small, irregular and randomly distributed. While
at higher power density of 0.6 W /cm? the chemical
reaction increases and generate large numbers of
electron-hole pairs which leads to generate extra
holes. These holes arrive at surface for more
dissolving of silicon wafer, also we found larger pores
which have different shapes and also irregular. When
using a high-power density of 1 W /cm?, significant
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change in the structure of porous silicon was
observed in terms of pore diameters and shape as
shown in figure 3. These changes are due to the
speed of the reaction. The higher the density of the
power, the faster the chemical reaction with the
silicon wafer. This could be attributed to the extra
holes reach the surface lead to further dissolving of
the silicon and create excessive etching which in turn
decrease the thickness and the etching rate. Table (1)
gives the calculated porosity and the surface area for

,’;ﬁs“e N et : (b)
Figure 3: The P-Si surface produce by PEC process
using, (a) power density 0.4W /cm?, (b) power

density 0.6 W /cm?, (c) power density 1W /cm?.

Table 1: The calculated porosity and surface area for
porous silicon prepared by PEC process with
different laser power density.

Laser Power P v % Surface area
density W /cm? OrosIY 0 1 m? Jem?)
0.4 85% 340
0.6 90% 410
1 65% 180

The fine features of the upper surface layer of
porous silicon can be obtained by atomic force
microscopy, an AFM image that gives complete
details of the shape and pores diameter with
nanoscale dimensions as well as the sutface
roughness. The samples were examined with different
parameters as shown in the following figure 4.

It has been found that the nanostructure
synthesized by EC process with current density of
5mA/cm? produces a homogeneous distribution of
the nanocrystallie size where the average diameter is
37 nm was used, as show in figure 3. While current
density of 10 mA/cm? was used small diameter with
average value of diameter is 33.71nm is obtained, as
show in Figure 4.

Fig 5 demonstrates SEM images for two different
EC process samples. A sample prepared with small
value of current density 5mA/cm? gives largest
surface area and porosity. While for the sample
prepared by higher current density 20mA/cm?*with
30 min time give lower surface area and porosity. The
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pore diameters were calculated using the image
processing software (image J), figure 6 (left) shows
pore size distribution with mean value is about 25
um. While for the sample prepared with 20 mA/
cm?, the pore diameter has more uniform
distribution with 32 pm mean value.

Furthermore, for nanostructure sample prepared
by PEC process using laser wavelength of 650 nm
produces porous structure of irregular diameters with
average value of diameter 42.65nm.

Figure 5: SEM images for the nanostructured silicon
surface prepatred by (a) 5 mA/cm? and (b) 20

mA/cm?.
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Figure (4): The AFM images for nanostructured )
silicon sutface produced by 5 and 10 mA/cm?
current density. oL . T
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Figure 6: The calculated size distribution histograms
for the two samples prepared by EC.
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Figure (7): The AFM image with size distribution
histogram of nanostructured silicon sutface prepared
by PEC with 650 nm laser beam.

Table 2: Grain size and roughness for different
current densities and 650 nm laser wavelength for the
sample’s investigation in AFM.

Sampl Roughness Grain size
pe (nm) (nm)
EC, J=5mA/cm? 10.7 37
EC, J=10mA/cm? 16.8 33.71
PEC, A = 650nm
; ’ 8.3 42.65
J=20mA/cm?

/%9)

The surface resistance and conductivity of the
nanostructured silicon samples measured
compared with resistivity about (0.01-0.02)€. cm for
silicon wafer. After EC and PEC process, the
resistance values increased significantly, as shown in
Table 3. The nanostructure surface resistivities were
measured using LRC tester for 10 KHz. After
embedding the nano silver paste by Nd: YAG laser
action with ten number of pulses, 3ms pulse duration
and 3] energy, the surface resistivity has decreased
drastically to one or two orders of magnitude.

Table 3 shows the resistivity and conductivity
values of the nanostructured silicon surfaces
processed by PECE and ECE process, with different
influencing parameters. It is found that the LIFT
process has improved the nanostructured surface
resistivity for all samples but the effect was greater
for the sample prepared by PEC process compared to
EC process and that is due to the effect of PEC
process on size reduction and modification the nano
silicon surface. Thereby, one can achieve large surface
area and a small resistance. Also, one could notice
that the resistivity values after the LIFT for the
samples produced by ECE process are lower than
that for samples prepared PECE process.

were

Table 3: The surface resistivity and conductivity values of the porous silicon samples with
different parameters, before and after the LIFT process.

parameters P g PLIFT OLIFT
20mA/cm? 2 x103 5x107* 1.2 X 102 8.3x1073
15mA/cm? 3.8 x 103 2.6 x107* 2.5 x 102 4x1073
5mA/cm* 2.5x103 4x107* 22x10% | 454x1073
0.519 w/cm? 5x 103 2x107* 4.6 X 102 2.1x1073
650nm, 20mA /cm? 1.4 x 103 7.1x107* 3.4 x 102 29x1073
650nm, 15mA/cm? 53x10* |[1.88x107° | 4.1x10% | 243x1073
532nm, 20mA/cm? 1.8 x 103 5.5x107* 3.9 x 102 25x 1073
1064nm, 15mA/cm? 4.6 x10* | 2.17x107° | 3.8 x 10? 2.6 x1073
1064nm, 5mA/cm? 58x10* | 1.72x1075 | 4.5x 102 2.2x1078

4. Conclusions

Porous silicon constituting silicon nanostructures
can be produced by photoelectrochemical and
electrochemical etching of silicon in HF acid. The
nanostructured surface features were controlled by
various parameters like laser wavelength, laser power
density and current density. The electrical properties
of silicon nanostructure can be improved by
embedding nanoparticles through LIFT
technology to adopt many  optoelectronic
applications. This work promotes new technology to
obtain silicon surface of high surface area and low
resistance.

silver

References

[1] W.H. de Jong, B. Roszek, R.E. Geertsma,
"Nanotechnology in  medical  applications:
possible risks for human health." (2005).

[2] P. Campbell, "Enhancement of light absorption
from randomizing and geometric textures." JOSA
B 10, no. 12 (1993): 2410-2415.

327

[3] M. Mangirdas, A. Zukauskas, S Hasegawa, Y.
Hayasaki, V. Mizeikis, R. Buividas, and S.
Juodkazis. "Ultrafast laser processing of materials:
from science to industry." Light: Science &
Applications 5, no. 8 (2016): ¢16133.

[4] V. Semak, N. Dahotre, " Lasers in Surface
Engineering, Surface Engineering Series, vol. 1, ed. by
N. Dahotre (ASM International, Materials Park,
OH, USA, (1998), pp. 35-67.

[5] V. Gregson, Laser Material Processing (Holland
Publishing Company, Holland, (1984).

[6] I Etsion, J. Tribol, "State of the art in laser
sutface texturing." Journal of tribology 127, no. 1
(2005): 248-253.

[7] S. Brown and B. Arnold. "Fundamentals of laset-
material interaction and application to multiscale
surface modification."” In Laser  precision
microfabrication, pp. 91-120. Springer, Berlin,
Heidelberg, (2010).

[8] B. Franta ,E. Mazur and S. Sundaram "Ultrafast
laser processing of silicon for photovoltaics" Int.
Mat. Rev. ,Vol. 63, 4, 2018.


https://www.tandfonline.com/author/Franta%2C+Benjamin
https://www.tandfonline.com/author/Mazur%2C+Eric
https://www.tandfonline.com/author/Sundaram%2C+S+K

NJES 22(4)323-328, 2019
Ibrahim &Rasheed

[9] J. Huang, L. Jiang, X. Li, A. Wang, Z. Wang, Q.
Wang, J. Hu, Li Qu, T. Cui and Y. Lu
"Fabrication of highly homogeneous and
controllable nanogratings on silicon via chemical
etching-assisted femtosecond laser modification"
Nanophotonics; 8(5): (2019) 869-878.

[10] C. Colpitts and A. Kiani "Biometerials in
Regenerated Medicine" Book, IntechOpen, 2017.

[11] A. Demchuk and V. Labunov, Surface
morphology and structure modification of silicon
layers induced by nanosecond laser radiation.
Appl. Surf. Sci. 86: (1995) 353-358.

[12] Y. Lu and W. Choi, Controllable laser induced
petiodic  structures at silicon—dioxide/silicon
interface by excimer laser irradiation. J. Appl.
Phys. 8: (1996) 7052-7056. [13] S. Clark and D.
Emmony,  Ultraviolet-laser-induced  periodic
surface structures.Phys. Rev. B, 40: (1989) 2031-
2041.

[14] D. Emmony, R. Howson. Laser mirror damage
in germanium at 10.6 pm. Appl. Phys. Lett. 23:
(1973) 598-600.

328

/\%9)

[15] H. Mavi and B. Rasheed,.Photoluminescence
study of Nd:YAG laser-etched silicon. J. Non-
Cry. Sol. 286: (2001) 162-168.

[16] L. Canham,Silicon quantum wire array
fabrication by electrochemical and chemical
dissolution of wafers. Appl.Phys.Lett.57: (1990)
1046-1048.

[17] X. Xu, S. Roth, B. Neuenschwander, "Laser
Applications in Microelectronic and
Optoelectronic Manufacturing" (LAMOM) Proc.
of SPIE Vol. 8967, (2014).

[18] W. Han, L. Jiang, X. Li, Q. Wang, S. Wang, J.

Huand Y. Tu "Controllable Plasmonic
Nanostructures  induced by Dual-wavelength
Femtosecond  Laser Irradiation"  Scientific

Repotts, vol. 7, (2017) 17333.

[19] K. Kolasinski, D. Mills and M. Nahidi " Laser
assisted and wet chemical etching of silicon
nanostructures”" J. Vac. Sci. Technol. A 24, 4

(2006).


http://www.sciencedirect.com/science/article/pii/0169433294004285
http://www.sciencedirect.com/science/article/pii/0169433294004285
http://www.sciencedirect.com/science/article/pii/0169433294004285
http://scitation.aip.org/content/aip/journal/jap/80/12/10.1063/1.363779
http://scitation.aip.org/content/aip/journal/jap/80/12/10.1063/1.363779
http://scitation.aip.org/content/aip/journal/jap/80/12/10.1063/1.363779
http://scitation.aip.org/content/aip/journal/apl/23/11/10.1063/1.1654761
http://scitation.aip.org/content/aip/journal/apl/23/11/10.1063/1.1654761
http://www.sciencedirect.com/science/article/pii/S0022309301005191
http://www.sciencedirect.com/science/article/pii/S0022309301005191
https://www.nature.com/articles/s41598-017-16374-6#auth-1
https://www.nature.com/articles/s41598-017-16374-6#auth-2
https://www.nature.com/articles/s41598-017-16374-6#auth-3
https://www.nature.com/articles/s41598-017-16374-6#auth-4
https://www.nature.com/articles/s41598-017-16374-6#auth-5
https://www.nature.com/articles/s41598-017-16374-6#auth-6
https://www.nature.com/articles/s41598-017-16374-6#auth-6
https://www.nature.com/articles/s41598-017-16374-6#auth-7
https://www.nature.com/srep
https://www.nature.com/srep

