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Nanowires with dimensions of few nanometers were formed on
the whole etched surface. The optical analysis of silicon nanostruc-
tures was studied. Blue shift luminescence was observed at 660 nm
for PS produced by electrochemical etching, and at 629 nm for
laser-induced etching. PS produced a blue shift at 622 nm using
both etching procedures simultaneously. X-ray diffraction (XRD)
was used to investigate the crystallites size of PS as well as to pro-
vide an estimate of the degree of crystallinty of the etched sample.
Refractive index, optical dielectric constant, bulk modulus and
elasticity are calculated to investigate the optical and stiffness
properties of PS nanowires, respectively. The elastic constants
and the short-range force constants of PS are investigated.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The nanoparticles, nanowires, nanobelts and nanotubes are attractive because of their unique
chemical, physical and electrical properties compared to the bulk form of the corresponding material.
Single electron transistors, single-electron memory arrays, precise size definition and location of nano-
structured semiconductor materials are considered vital to obtain good device performance [1–4].

The characteristics of the surface strongly affect the properties of Si. Therefore, the quantum con-
finement effects are considered to control the mechanism of the luminescence in nanocrystallites
[5,6]. The reduction of size to a few nanometers is required to observe efficient light emission as it
modifies in the electronic, optical and vibration properties [7].

Recently, Lin et al. [8] prepared vertical and single crystalline porous silicon nanowire (SiNW) ar-
rays using the silver-assisted electroless etching method. They used the selenization treatment at
d. All rights reserved.
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700 �C and found it is useful for investigating the photoluminescence (PL) properties of porous SiNWs.
Also, they observed PL peaks blue-shift to 650 nm. They proved that the selenization treatment could
could increase the absorbance of the SiNWs and also enhance the stability of the PL intensity which it
is useful as nanoscale optoelectronic devices. Silicon nanowire (SiNW) arrays of smooth surface by
using a low-cost and facile Ag-assisted chemical etching technique and found experimentally that
the reflectance can be significantly suppressed (<1%) over a wide solar spectrum (300–1000 nm) in
the as-grown samples are successfully fabricated by Xie et al. [9]. They obtained from further simula-
tion study on the light absorption in SiNW arrays, a photocurrent enhancement of up to 425% per unit
volume of material as compared to crystalline Si. In addition, they have demonstrated experimentally
and theoretically that the as-grown samples have an omnidirectional high-efficiency antireflection
property. Also, Ozdemir et al. [10] have been fabricated vertically aligned silicon nanowire (SiNW) ar-
rays over large areas using an electroless etching (EE) method, which involves etching of silicon wafers
in a silver nitrate and hydrofluoric acid based solution. They analyzed Si NW arrays using field emis-
sion scanning electron microscope (FE-SEM), studied a linear dependency of nanowire length to both
temperature and time and showed the change in the growth rate of Si NWs at increased etching dura-
tions. Furthermore, they investigated the effects of EE parameters on the optical reflectivity of the
SiNWs.

One of the porous silicon (PS) fabrication methods [11–15] is to electrochemically etch bulk Si wa-
fers in an electrolyte solution [14,15]. This structure is mechanically fragile and unstable with oxidi-
zation, alternatively. Porous silicon micro column array can be created by exposing the Si substrate to
a powerful laser source [11–15]. This formation cannot be repeated if the laser power is insufficient to
melt the Si surface.

The objective of this study is to investigate the refractive index using specific models, optical
dielectric constant, stiffness, elasticity and short-range force constants of PS nanowires.
2. Practical procedure

Porous silicon was fabricated by electrochemical etching of n-type Silicon wafer with (1 1 1) orien-
tation, resistivity of 0.75 X.cm, and thickness of 283 lm. The wafer was placed in an electrolyte solu-
tion (hydrofluoric acid (HF): ethanol in the ratio of 10 ml: 40 ml) with current density of 100 mA/cm2

for about 30 min. Before etching process, the Si substrate was cleaned to remove the oxide layer by the
Radio Corporation of America (RCA) method. The Si wafer was immersed in HF acid to remove the na-
tive oxide. The electrochemical cell was made of Teflon and has a circular aperture on its bottom under
which the silicon wafer was sealed. The cell was a two-electrode system with a silicon wafer as an
anode and platinum as a cathode. The process was carried out at room temperature.

After etching process, all the samples were rinsed with ethanol and dried in the air. Laser-Induced
Etching (LIE) was done by using Continuous Wavelength (CW) laser diode beam (k = 635 nm, 1.95 eV)
at 1 mm diameter without using any electrodes as normally carried out in the traditional methods of
etching. The rinsed samples were placed in an electrolyte solution with HF concentration of 40% with
laser power density of 51 W/cm2 and irradiation time of 2 h at room temperature. Photoluminescence
(PL) measurement was also performed at room temperature by using He–Cd laser (k = 325 nm) [16].
3. Results and discussion

3.1. Photoluminescence spectroscopy

Fig. 1 shows the PL spectrum at room temperature for the PS prepared by two etching techniques.
PL spectra were measured with laser excitation photon energy of 3.81 eV. Blue shift luminescence was
observed at 660 nm with Full-Width and Half Maximum FWHM of 135 nm (9.18 eV) for the PS pro-
duced by electrochemical etching and at 629 nm with FWHM of 110 nm (11.27 eV) for laser-induced
etching. The PS fabricated by using both etching procedures simultaneously produced a blue shift at
622 nm with FWHM of 106 nm (11.6 eV). The energy gap of PS increases to 1.87, 1.97, and 1.99 eV for
electrochemical, laser-induced and integrated etching procedures, respectively [16]. Broadening of the



Fig. 1. PL spectra of PS using electrochemical, laser-induced and integrated etching techniques.
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band gap energy occurs when there is a decrease in the crystallite size [17]. An estimate of the size of
the Si nanocrystallite was identified using the effective mass theory. Assuming that infinite potential
barriers, the Eg of the 3D confined Si were obtained as [18].
EnðeVÞ ¼ Eg þ
h2

8d2

1
m�e
þ 1

m�h

� �
; ð1Þ
where Eg is the bulk silicon energy gap, d is the diameter of the spherical particle and m�e , m�h represent
the electron and hole effective mass, respectively (at 300 K, m�e = 0.19m�, m�h = 0.16m� and Eg = 1.12 eV)
[19]. From Eq. (1), the obtained radiuses of the nanocrystallites En were 5, 4.2, and 4 nm for the three
techniques respectively. The reduction of dimension to nanometer sizes leads to a change in the phys-
ical properties of Si drastically. This is attributed to the charge carrier quantum confinement. This
means that the particles are confined in the lower dimension and the probability of the recombination
of the electrons and holes is higher in low dimensional structure. This leads to high emission efficiency
from high porosity structures arising from the quantum confinement effects as a result of the conver-
sion of the material’s energy gap from indirect to direct band gap. The change from indirect to direct
band gap occurs when the nanostructures form and the transition are dominated by porosities, surface
passivation, pore size and size distribution [20].

The photoluminescence intensity at room temperature shows an increasing trend with laser power
density. This strength of photoluminescence output becomes stronger when the porosity increases.
This means the intensity of photoluminescence is proportional to the number of emitted photons
on the porous surface. This surface experiences shrinking of the size caused by deeper etching which
in turn leads to increase in the number of transitions inside the structure. This leads to increase in PL
intensity.

3.2. Optical properties

The refractive index n is an important physical parameter related to microscopic atomic interac-
tions. Theoretically, the two different approaches in viewing this subject are the refractive index re-
lated to density, and the local polarizability of these entities [21].

On the other hand, the crystalline structure represented by a delocalized picture, n will be closely
related to the energy band structure of the material, complicated quantum mechanical analysis
requirements and the obtained results. Many attempts have been made to relate the refractive index
and the energy gap Eg through simple relationships [22–27].
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However, these relationships of n are independent of temperature and incident photon energy.
Here, the various relationships between n and Eg will be reviewed. Ravindra et al. [27] suggested dif-
ferent relationships between the band gap and the high frequency refractive index and presented a
linear form of n as a function of Eg:
Table 1
Calcula
others c

Etch

Elect
Lase
Elect

a Ref
b Ref
c Ref
d Ref
n ¼ aþ bEg ; ð2Þ
where a = 4.048 and b = �0.62 eV�1.
To be inspired by simple physics of light refraction and dispersion, Herve and Vandamme [28] pro-

posed an empirical relation as:
n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A

Eg þ B

� �2
s

; ð3Þ
where A = 13.6 eV and B = 3.4 eV. Ghosh et al. [29] took a different approach to the problem by con-
sidering the band structural and quantum-dielectric formulations of Penn [30] and Van Vechten
[31]. Introducing A as the contribution from the valence electrons and B as a constant additive to
the lowest band gap Eg, the expression for the high-frequency refractive index is written as:
n2 � 1 ¼ A

ðEg þ BÞ2
; ð4Þ
where A = 25Eg + 212, B = 0.21Eg + 4.25 and (Eg + B) refers to an appropriate average energy gap of the
material. Thus, these three models of variation n with energy gap have been calculated. The calculated
refractive indices of the end-point compounds are calculated in Table 1. The optical dielectric constant
e1 is calculated using e1 = n2 [33] and depends on the refractive index. In Table 1, the calculated values
of e1 using the three models are investigated for different etching techniques. As with Ravindra et al.
[27], this is more appropriate for studying solar cell optical properties.

3.3. X-ray diffraction

XRD was used to investigate the size of the crystallites of the PS and to estimate the crystalline de-
gree of etched sample. Fig. 2a shows a very sharp peak at 2h = 28.46� for the Si as grown sample.
Fig. 2b and c shows a small broadening peak of the PS when laser power density and irradiation time
gradually increase. Fig. 2d shows broadening in a spectrum at power density of 51 W/cm2 with aver-
age diameter of crystallites of 13 nm. The two different etching techniques used in this study are to
obtain different diffraction angles of different shapes on the porous layers [16]. Many types of porosity
were provided to investigate if there is matching between the theoretical part and experimental part
which helps to calculate the grain size. The average grain size (crystallite size) corresponds to the aver-
age diameter (t) of the crystallite columns which can be calculated by using Debye–Scherrer formula
as shown in Eq. (5).
t ¼ 0:9k
B1

2
cos h

; ð5Þ
ted refractive using indices Ravindra et al. [27], Herve and Vandamme [28], and Ghosh et al. [29] models compared with
orresponding to optical dielectric constant for PS of different etching techniques.

ing techniques n e1

rochemical etching 2.88a 2.76b 2.66c 3.88d 11.22a 8.46b 8.35c 11.68d

r-induced etching 2.82a 2.72b 2.63c 10.04a 7.78b 7.67c

rochemical and laser-induced etching 2.81a 2.71b 2.62c 8.64a 7.18b 7.07c

. [27].

. [28].

. [29].

. [32] expt.
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Fig. 2. X-ray diffraction of PS prepared by (a) As grown, (b) Electrochemical etching, (c) Laser-induced etching and (d)
Integrated etching procedures.
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where B1
2

is the full width at half maximum of the diffraction peak, h is the diffraction angle, and k is
1.54 Å of the Cu Ka line. The crystallite size reduced through these measurements showed a variation
from 13 to 6 nm via electrochemical and laser etching rad. The decrease in the average of the crystal-
lite size indicated that there is an increase in the porosity [34,35]. In addition, the reduction in the
crystallite size can be inferred through the increase in broadening of the XRD spectra. On the other
hand, to select the best etching technique which may be used to fabricate the optoelectronics devices
as a high quality substrate or as a buffer layer, the average discrepancy% between the PS lattice con-
stant and the bulk silicon lattice constant was calculated by using Eq. (6).
DD ¼ aps � abs

abs
� 100%; ð6Þ
where aps is porous silicon lattice constant and abs is bulk silicon lattice constant.
For diamond structure of silicon, the lattice constant was considered as a function of the interpla-

nar spacing dhkl by using Eq. (6) [36]
a ¼ dhkl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

q
; ð7Þ
where hkl are Miller indices.
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Table 2 shows that discrepancy is �13.2% for the electrochemical etching, 0.11% for the laser-
induced etching and 0.36% for the fabricated sample by using integrated etching. This means that
the laser induced etching is a more suitable technique which may be used to fabricate the optoelec-
tronic devices such as PS solar cell and PS gas sensors.
3.4. Bulk modulus

It is known that the bulk modulus is a reflectance of the materials stiffness that it is important in
different industries. Many authors [37–42] have made various efforts to explore thermodynamic prop-
erties of solids. In these studies, authors have examined the thermodynamic properties such as the
inter-atomic separation and the bulk modulus of solids with different approximations and best-fit
relations [39–42]. It has become possible to compute with great accuracy an important number of
structural and electronic properties of solids. The ab initio calculations are complex and require signif-
icant effort. Therefore, more empirical approaches have been developed [43,44] to compute properties
of materials. In many cases, the empirical methods offer the advantage of applicability to a broad class
of materials and to illustrate trends. In many applications, these empirical approaches do not give
highly accurate results for each specific material, but are still very useful. Cohen [45] has established
an empirical formula for calculation of the bulk modulus B0; based on the nearest-neighbor distance.
His result is in agreement with experimental values. Lam et al. [46] have derived an analytical expres-
sion for the bulk modulus from the total energy. This expression is different in structure from the
empirical formula but gives similar numerical results. Also, they have obtained an analytical expres-
sion for the pressure derivative B0 of the bulk modulus. Our group [47] used a concept based on the
lattice constant to establish an empirical formula for the calculation of the bulk modulus. The results
are in good agreement with experimental data and other calculations. The theory yields a formula
with two attractive features. Only the lattice constant is required as input, the computation of B0 itself
is trivial. Consideration of hypothetical structure and simulation of the experimental conditions are
required to make practical use of this formula.

The aim is to see how a qualitative concept, such as the bulk modulus, can be related to the lattice
constant. It was argued that the dominant effect is the degree of covalency characterized by Phillips’
homopolar gap Eh [43], and one reason for presenting these data in this work is that the validity of our
calculations that is not restricted in computed space. We thus believe that the data will prove valuable
for future work in this field.

An important reason for studying B0 is the observation of clear differences between the lattice con-
stant for PS using different techniques as seen in Table 2.

The basis of our model is the lattice constant as seen in Table 2. Fitting of these data gives the fol-
lowing empirical formula [47]:
Table 2
The dis

Etch

Elect
Lase
Elect
B0 ¼ 3000� 100k½ � a
2

� ��3:5
; ð8Þ
where a is the lattice constant (in Å) and k is an empirical parameter which accounts for the effect of
ionicity; k = 0; 1, 2 for group IV, III–V, and II–VI semiconductors, respectively. In Table 3, the calculated
bulk modulus values are compared with experimental values and results of Cohen [45], Lam et al. [46]
and Al-Douri et al. [48,49].

We may conclude that the present bulk moduli calculated in a different way than the definition of
Cohen are in accord with the experimental value, and exhibit the same chemical trends as those found
crepancy between bulk Si and PS using different etching techniques.

ing techniques aps(Å) abs(Å) Discrepancy DD (%)

rochemical etching 4.70 5.42 �13.2
r-induced etching 5.43 5.42 0.11
rochemical and laser-induced etching 5.44 5.42 0.36



Table 3
Calculated bulk modulus, elastic constants and short-range force constants for PS of etching techniques along with Cohen [45], Lam
et al. [46], Al-Douri et al. [48,49] and experimental data [45,52]. The experimental values are for bulk Si.

Etching techniques B0

(GPa)
B0

(GPa)
B0

(GPa)
C11

(1011 dyn/
cm2)

C12

(1011 dyn/
cm2)

C44

(1011 dyn/
cm2)

a(N/
m)

a(N/
m)

Electrochemical etching 150.7* 98a 98b

100c

100.7d

100.9e

13.27*

16.57f
8.65*

6.39f
8.99*

7.96f
46.83*

48.50f
5.51*

13.81f

Laser-induced etching 90.9* 6.390* 2.74* 7.77* 20.19* 9.19*

Electrochemical and laser-
induced etching

90.39* 6.393* 2.68* 7.74* 20.03* 9.31*

* Calculated value.
a Ref. [48] expt.
b Ref. [48].
c Ref. [49].
d Ref. [50].
e Ref. [51].
f Ref. [52] expt.
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for the values derived from the experimental value as seen in Table 3. Our calculations results using
laser induced etching are in good agreement with experiment, Cohen [45], Lam et al. [46] and our pre-
vious works [48,49], that regard a very suitable technique for fabricating different optoelectronic
devices.

We now turn our attention to the elastic properties. In this respect, the elastic constants namely
C11, C12 and C44 have been calculated following the same procedure used by Al-Douri et al. [32] that
was based essentially on the work of Baranowski [50], where C11, C12 and C44 are expressed as,
C11 ¼
ffiffiffi
3
p

�h2

4d5m
1� a2

p

� �1
2

4:37ð5þ kÞð1� a2
pÞ � 0:6075

h i
; ð9Þ

C12 ¼
ffiffiffi
3
p

�h2

4d5m
1� a2

p

� �1
2

4:37 3� kð Þð1� a2
pÞ þ 0:6075

h i
; ð10Þ

C44 ¼
ffiffiffi
3
p

4d
ðaþ bÞ � 0:136 SC0 � Cn2; ð11Þ
In Eqs. (9)–(11), d is the nearest neighbor distance, k is a dimensionless parameter which has a
constant value of 0.738 [50] and m is the electron mass. The quantities a and b in Eq. (11) are the
short-range force constants. They represent the bond-stretching and bond-bending force constants,
respectively and are expressed as [51],
a ¼ dffiffiffi
3
p ðC11 þ 3C12Þ þ

d

3
ffiffiffi
3
p ð1:473 SC0Þ; ð12Þ

b ¼ dffiffiffi
3
p ðC11 � C12Þ � 0:053 SC0½ �; ð13Þ
The parameter n is the internal-strain parameter. The quantities S and C0 are obtained using the fol-
lowing expressions,
S ¼ Z�2

eð0Þ ; ð14Þ

C0 ¼
e2

d4 ; ð15Þ
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S is an effective charge parameter, C0 has the dimensions of an elastic constant and z⁄ is the effective
charge. More details about the determination of the quantities C, n and z⁄ are given in Ref. [51]. e(0) is
the static dielectric constant.

Our results concerning C11, C12 and C44 of different etching techniques for PS are given in Table 3
including the experimental data for comparison. Generally, our results agree reasonably well with
those reported in the literature. Qualitatively, the trends of elastic constants of PS are similar. From
the quantitative point of view, the elastic constants show considerable differences according to differ-
ent etching techniques. The calculated bond-stretching a and bond-bending b force constants of PS for
different etching techniques are shown in Table 3. From Table 3, one can see that our results agree well
with those obtained experimentally [52]. It is confirmed that the laser induced etching is the recom-
mended technique for high technological applications due to it blows average results between hard-
ness and suppleness fit to solar cells.
4. Conclusion

Simultaneous electrochemical and laser-induced etching processes were used to synthesize nano-
wires. The efficiency of high emission from high porosity structures was created via quantum confine-
ment effect as a result of change in the band gap from indirect to direct. The obtained PS nanowire
results of optical, structural, elastic and force constants recommend that laser induced etching is more
suitable technique and Ravindra et al. is more appropriate model for fabrication the optoelectronic de-
vices such as PS solar cells and PS gas sensors.

This porous surface proved to be an excellent antireflection coating for the incident light compared
with other etching techniques. This means that this technique has promising great control over the
resultant PS nanostructure. The reduction in the crystallite size was confirmed through broadening
of the FWHM obtained from the XRD spectra.
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