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Abstract

Various laser wavelengths have been employed to synthesize luminescent nanocrystallites of n-type silicon by laser-induced
etching (LIE) process. These nanocrystallites exhibit light emission in the visible region. Both the photoluminescence (PL)
emission and the surface morphology of the photosynthesized layer were significantly controlled by laser processing parameters.
An estimate of the nanocrystallite sizes present in the photosynthesized layer was obtained from a modified quantum
confinement model appropriate for spherical nanocrystallites.

PACS: 81.05 Rm; 81.40 Tv; 81.40 Wx
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1. Introduction

The origin of strong visible photoluminescence
(PL) at room temperature from nanocrystalline silicon
and porous silicon (PS) [1] has been extensively
investigated over the last decade. Much effort has
been focused on the control of the light emission
properties of silicon nanocrystallites and porous
silicon for possible utilization in optoelectronics
applications [2-5]. The emission wavelength of light
from porous layer can be simply changed varying the
sample porosity. Usually, PS is fabricated by electro-
chemical etching of silicon wafer in HF acid that gives
broad PL band characteristic of a large nanocrystalline
size distribution. Photochemical etching [6-12] with

laser provides an alternative method to produce and
control the size and the emission characteristics of PS.

The photoluminescence from silicon nanocrystals is
usually attributed to the electron confinement in low
dimension. The electron confinement in nanometer size
crystallites leads to a blue shift of the band gap. In
silicon, the size reduction shifts the fundamental band
gap from infrared region to the visible region. Further-
more, the nature of the band gap transform from indirect
to direct with a consequent change in the PL efficiency
and radiative life time. However, the confinement effect
alone does not explain the broad PL spectrum, which
typically exhibits a large FWHM in the range 300-
400 meV. It is generally accepted that such large
emission broadening is a reflection of crystallite size
distribution in the layer. The size of nanocrystallites can
be determined by a model proposed by Suemoto et al.
[13], assuming that each particle constituting PS con-
tributes a sharp luminescence. Later, Yorikawa and
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Muramatsu [14,15] introduced effects of the size dis-
tribution of nanocrystallites in that model. For a size
distribution function D(RE), the PL intensity S(E) at a
certain energy can be written as:

(1)

where Eg0 is the gap energy of bulk silicon, RE the
crystallite radius degfined by RB = g=ðE - Eg0Þ1=ng,
Eexc the excitation photon energy, E the band gap
energy for various crystallite sizes, c is a constant,
a(E) is the absorption coefficient of porous silicon as a
function of energy [16] and n= 1:25 for spherical
nanocrystallites [14,15,17].

The porous layer formation in the anodization
technique could be observed by applying a certain
current densities below the electropolishing regime
[18]. Whereas in laser-induced etching (LIE) process,
the pore formation occurs only at the charge carriers
regions [12], which initiate the chemical reaction. This
step is followed by charge carriers rearrangement due
to the variation of the surface environment. These
charge carriers accumulated in the positions where Si
atoms are removed causing further chemical reaction
[19]. This process reconstructs the surface, the recon-
structed surface has microstructures of various shapes
and sizes, though columnar microstructures are more
preferred shapes. It is expected that the microstructure
and surface morphology of the photosynthesized PS
layer prepared by laser-induced etching depends on
various processing parameters such as laser wave-
length, irradiation time (IT), laser power density
and the substrate orientation and conductivity.

The aim of this paper is to control the light emission
from silicon nanocrystallites produced by laser-
induced etching as well as to investigate the surface
morphology of the photosynthesized layers by
employing various laser parameters.

2. Experimental procedure

Commercially available n-type Si wafer of 10 O cm
resistivity was immersed in HF acid of 40% concen-
tration. The immersed wafer was put on two Teflon
plates. Laser etching was done by using different
wavelengths from argon-ion and Nd:YAG lasers.
The samples were etched for 90 min of exposure with

the laser after which they were rinsed with ethanol and
dried in air [20]. The laser-irradiated area was visible
to the naked eye and has a brown-red color. We have
studied the PL of the photosynthesized PS prepared by
different visible wavelengths from argon-ion laser
with a power density <0.2 W/cm2 to avoid excessive
heating. To study effect of one laser parameter, we
have kept other processing parameters constant. Scan-
ning electron microscopy (SEM) investigation was
employed to study the surface morphology of the
reconstructed area.

3. Results and discussion

3.1. Photoluminescence

3.1.1. Dependence on laser wavelength
We have observed a two-peak PL emission from all

the PS samples synthesized by visible wavelengths,
which indicates existence of two PS layers and corre-
sponding two Gaussian size distributions [21]. Strong
PL from these samples was recorded with photon
energy of 2.71 eV with different peaks intensities form
samples etched with different wavelengths. Fig. 1
displays the PL spectra of PS produced by LIE
with different wavelengths. Each PL peak observed
from the luminescent layers (dotted lines) is fitted with
the quantum confinement model (solid lines) with a
Gaussian distribution function to estimate the mean
value of nanocrystallite sizes. When the wavelength
514.5 nm used for etching, a brown-red spot has been
clearly seen by naked eye after the etching process.
The mean values of nanocrystallites estimated by
fitting the PL spectrum with the quantum confinement
model were 35 and 30 A for the 1.85 and 1.97 eV PL
peaks, respectively, see Table 1. The FWHM of PL
spectrum was 340 meV, as shown in Fig. 1a. Also we
have used 488 nm laser line for etching, where a
similar color spot could be seen. The PS layer thick-
ness in this case is less due to the difference in the
penetration depths of 514.5 and 488 nm in silicon
which are 0.6 and 0.4 mm [22], respectively. The PL
emission from this sample is weaker but blue shifted,
the PL peak position were 1.96 and 2.07 eV, and
comparatively narrower with FWHM of 320 meV,
Fig. 1b. The mean crystallite sizes clearly indicate
presence of smaller sizes compared with the longer
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Fig. 1. Photoluminescence spectra of PS prepared by various wavelengths of an argon-ion laser and recorded with laser line l = 457:9 nm.
The experimental data (discrete points) are fitted with the quantum confinement model (solid lines).

wavelength. Moreover, a blue light (457.9 nm) has
been used for the LIE process. In this case, the laser
power density of 10W/cm2 and irradiation time of
90 min was not sufficient to synthesize the PS layer.
Therefore, we have increased the power density to
12 W/cm2 and irradiation time to 120 min. This layer
could be distinguished under an optical microscope.
The PS layer has very small thickness since the
penetration depth of this wavelength is only 0.2 mm
[22]. The PL intensity of PS prepared by blue light was
low although the PL peak position indicates abun-
dance of small nanocrystallite sizes. This is attributed
to the low density of smaller nanocrystallites in the PS
layer. The FWHM of the PL is -400 meV, as shown in
Fig. 1c.

3.1.2. One-step and two-step LIE
Fig. 2 displays a photoluminescence spectra of n-

type Si etched with laser light of 12 W/cm2 power
density for a duration of 90 min: (a) for a Nd:YAG
laser; (b) argon-ion laser; and (c) two-step laser
etching Nd:YAG followed by argon-ion laser. The
photon energy of a Nd:YAG laser (1.16 eV) is very
close to the energy band gap of the bulk silicon
(1.12 eV), therefore, near resonance absorption
occurs when this laser used for photochemical etch-
ing. Moreover, this laser (1=1:06 mm) has a penetra-
tion depth in silicon wafer greater than 400 mm, so
that thick porous layer has been formed. The PL
spectrum of the photosynthesized layer produced
by a Nd:YAG laser has one distribution function

Table 1
Nanocrystallite sizes

X (nm)

541.5
488.0
457.9

£oi(A)

35.0
30.5
26.8

of PS prepared by

LoiiA)

30.0
26.0
25.0

1.0
1.3
1.5

different wavelengths and excited

A) s2 (A)

0.9
1.0
0.9

)PL1 peak
position (eV)

1.85
1.96
1.94

by photon energy

PL2 peak
position (eV)

1.97
2.06
2.09

of 2.71 eV

(meV)

140
150
160

FWHM2

(meV)

150
170
200

Total
FWHM (meV)

290
310
350
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Fig. 2. Comparison of PL spectra for (a) Nd:YAG laser etching, (b) argon-ion laser etching and (c) both Nd:YAG and argon-ion laser
subsequent etching. The observed PL spectra (discrete points) are fitted by the quantum confinement model.

(one peak) Fig. 2a, the mean crystallite size calculated
by the quantum confinement model is 28 A and the
FWHM is 300 meV. Similarly, the penetration depth
of the green light of the argon-ion laser (2.41 eV) is
0.5 mm and the depth of the porous layer in this case
will be much less compared to that of Nd:YAG laser
whereas, the PL of the samples prepared by this laser
shows two distribution functions Fig. 2b with FWHM
of 320 meV and average mean crystallite size is
31.6 A. Narrow FWHM of the PL (220 meV) can
be achieved by etching silicon in two-step laser
etching as given in Table 2. Since the band gap of
PS layer formed by the first cycle etching with
Nd:YAG laser has a smaller value than the photon
energy of the second cycle, electron-hole pairs would

be generated in the PS layer [21] with an argon-ion
laser and cause farther etching of the already formed
nanocrystallites and consequently further reduction of
the size in the top PS layer.

3.1.3. Dependence on laser power density
Fig. 3a-e shows PL spectra from PS samples

prepared using a Nd:YAG laser for a fixed irradiation
time of 90 min with varying laser power densities
from 8 to 20 W/cm2. No PL spectra could be
observed for laser power densities <8 W/cm2. For a
threshold laser power density close to 8 W/cm2, the PL
band appears with its peak position at 1.84 eV. As the
laser power density increase from 8 to 12 W/cm2,
the PL peak position shifts from 1.84 to 2.02 eV. As

Table 2
The silicon nanocrystallite sizes

Etching laser

Argon-ion laser
Nd:YAG laser
Arþ þ Nd:YAG

L01 (A)

31.6
28.0
31.2

estimated by

L02(

27.5

27.5

the quantum confinement

;A) s 1 (A)

0.9
2.6
0.5

model and

<72(A)

0.8

0.5

FWHM of PL for different

FWHM (meV)

320
300
220

PS samples

PL1 (eV)

2.05
2.02
1.95

PL2 (eV)

1.93

2.05
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Fig. 3. PL of n-type Si etched with a Nd:YAG laser of various power densities 8, 10, 12, 15 and 20 W/cm in (a)-(e), respectively. The
experimental data (discrete points) are fitted with the quantum confinement model (solid lines).

the laser power density is increased from 12 to 20 W/
cm2, the PL peak position energy decreases from
2.02 to 1.9 eV. These observations clearly indicate
that in addition to a minimum threshold laser power
density for the observation of PL from the etched
samples, there exists an optimum laser power density
for obtaining maximum PL yield from the PS
samples.

There is a strong correlation between the etching
time and laser power density required for obtaining
threshold for PS formation and both taken together
determine the PL characteristics and the generated
nanocrystallite size distributions. It is found that the
minimum power density required to produce lumines-
cent PS layer for 15 min IT was 20 W/cm2. When this
value is used with 10 min IT, no PL could be observed.
For longer IT (more than 15 min), the minimum power
density required to produce luminescent PS layer
decreased to 8 W/cm2. Accordingly, the PL peak
position changes. The minimum PL peak position
has been observed in our experiments was 1.8 eV
and maximum PL peak position was 2.02 eV as given
in Table 3.

3.1.4. Dependence on laser intensity profile
The photosynthesized PS layer produced by laser

etching has a circular shape with a diameter either
close to the laser beam diameter or less than the beam
diameter depending on the various laser processing
parameters like laser power density, irradiation time
and the laser wavelength. Therefore, when we probe
the PS center, the PL intensity of high-energy peak
(PL2) was larger than the low-energy peak (PL1)
which indicates that number of smaller nanocrystal-
lites at the PS centre more than the larger sizes. As we

Table 3
Best PL fitting parameters used in Eq. (1) to estimate the
nanocrystallite sizes of the PS layers prepared with various laser
power densities

Power
density (W/cm )

8
10
12
15
20

La(A)

36.0
31.0
28.0
29.4
30.4

a (A)

2.0
2.3
2.6
2.6
2.5

FWHM
(meV)

190
260
300
300
280

PL peak
position (eV)

1.82
1.94
2.02
1.98
1.96



156 R.K. Soni et al./Applied Surface Science 214 (2003) 151-160

is.

uu -

•

50-

•

0 -

II
11

Tim

ifM
i • • i i

AJ \
\ \" \
V v.- NT

v\ ^
rj T*s»

Ar+ laser etching
Caculated

a at the centre
b +100 M.m
c +200 jim

i d +300 ^m

\
• \

• \
• m.w

I ' I ' 1

1.4 1.6 1.8 2.0 2.2

Photon energy (eV)

2.4 2.6

Fig. 4. PL emission of the photosynthesized layers prepared by an argon-ion laser (2.41 eV) and recorded at different radial positions within
the irradiated spot (a) at the center, (b) þ100 mm, (c) þ200 mm, (d) þ300 mm near the edge. Each PL peak was fitted with the quantum
confinement model and the overall PL spectra were fitted with convolutions of individual peaks.

move away from the center, the number of smaller
nanocrystallites decreases (Fig. 4b and c), while the
number of larger nanocrystallites dominate the PL
emission when we probe near the edge region, Fig. 4.
The estimated mean crystallite sizes for different
location were calculated by the quantum confinement
model and given in Table 4. The smaller mean nano-
crystallite size at the spot center was 27.8 A and the
larger mean nanocrystallite size 31.6 A, while the
smaller and larger mean nanocrystallite size near

Table 4
The fitting parameters of PL emission of n-type Si prepared with an
argon-ion laser and recorded at different radial positions

Probing
position
(mm)

Center
+ 100
þ200
Near the edge

PL measurements

L01 (A.

31.6
31.8
32.4
32.5

) L02 (A)

27.8

29.8

27.6

27.5

)PL1

(eV)

1.93

1.92

1.91

1.89

PL2

(eV)

2.05

2.05

2.04

2.02

FWHM1/

FWHM 2

1.20

1.40

1.52

1.58

the spot edge were 27.5 and 32.5 A, respectively.
The spatial distribution of nanocrystallite sizes in
the PS layer could be related to the Gaussian distribu-
tion of the laser intensity profile. Since the intensity
at the beam center is very high, it is expected that
number of photogenerated e-h pair is very large
compared with those at the beam wing, where the
intensity exponentially decreases. This leads to further
etching at the center and consequently smaller nano-
crystallite sizes.

Fig. 5 shows the relative PL intensity of the larger
nanocrystallite to the smaller nanocrystallites as I1/I2
as a function of the radial distance from the PS center.
The relative intensity ratio indicates that the number
of smaller nanocrystallite is more at the PS center
while larger nanocrystallites dominates the spot
edge. Also, we found that the PL FWHM ratio of
the two peaks is in agreement with the PL intensity
ratio and minimum FWHM ratio was obtained at the
PS center while no appreciable variation in the ratio
for the nanocrystallites near the edge has been
observed.
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3.2. Surface morphology

Recently, control of the surface morphology for the
PS produced by anodization in the presence of light
has been reported [23]. Juhasz and Linnros [23] have
investigated controlling the porous structure of PS
prepared by light-assisted electrochemical etching
through using different bias voltages. We have studied
the porous structure for the laser-induced etching for
samples prepared on n-type Si by a Nd:YAG laser
etching for a fixed irradiation time of 90 min and
different power densities. The surface morphology
of the reconstructed area has different structures when
different power densities were used for the etching.
Fig. 6 shows the surface morphology of the PS layers
prepared with different power densities. When the
laser power density increases to 12W/cm2, micro
columns with different diameters are distributed in
the etched area, Fig. 6b. These micro columns contain
a nanocolumns at the top surface similar to the SEM
pictures reported by Ngan et al. [7]. Further increase of
the laser power density to 20 W/cm2 leads to the
formation of pits with different diameters, as shown

in Fig. 6c. The walls between two pits are very thin, in
the range of a few nanometers, and the Si nanocrys-
tallites are distributed at the top of these walls, shown
in Fig. 6.

At low laser power densities (5 W/cm2), surface
disorder can be recognized as shown in Fig. 6a. This
structure gives no photoluminescence emission due to
insufficient electron-hole pair density generated in the
irradiated area, therefore, weak chemical reaction
initiated at the Si wafer surface leads to surface
disorder. The number of the photogenerated elec-
tron-hole pairs is proportional to the laser power
density used for the irradiation [7,23],

aI
ho ; (2)

where a is the absorption coefficient, I the laser power
density and ho the photon energy. Therefore, large
number of e-h pairs would be generated at higher laser
power densities (10-15 W/cm2). These pairs distrib-
uted within a distance close to the penetration depth of
the absorbed wavelength. Thus, PS column height will
be in the same order due to the chemical reaction
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(C)

Fig. 6. The surface morphology of the photosynthesized layers prepared on (1 0 0) n-type Si with different Nd:YAG laser power densities: (a)
5 W/cm2; (b) 12W/cm2; (c) 20W/cm2.

between the photogenerated holes and fluorine ions.
Optimum PL intensities were achieved when this
range of laser power density is used to produce PS.
This indicates that the PS structure consists of a larger
number of Si nanocrystallites. For laser power density
of 20 W/cm2, large number of e-h pairs generates
within the PS columns causing the PS layer dissolu-
tion. The dissolution process continues during the
laser illumination till the PS wall width between
two pits becomes very thin (<50 nm), then, the photo-
generated holes can not enter the thin region and the
dissolution process stops [12]. When very high laser
power density (more than 40 W/cm2) used for the
etching, the high etching rate in the illumination

direction across the wafer leads to hole drilling whose
depth increases with the laser power density.

We have also studied the surface morphology of the
PS layers prepared with different laser wavelengths.
Fig. 7 shows columnar-like structures from two PS
samples: one etched with a Nd:YAG laser and the
second with an argon-ion laser. For both samples, the
same laser power density and irradiation time was
used. These surface morphology investigations of PS
layers produced by using different laser wavelengths
for the etching process reveal the following facts:
firstly, we have observed that the total number of
PS columns per unit area (columns density) is inver-
sely proportional to the etching laser wavelength.
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(a)

(b)

Fig. 7. SEM micrographs of the laser-etched layers prepared by (a)
Nd:YAG laser and (b) Argon-ion laser. The two PS layers have
been prepared under 12 W/cm2 processing conditions.

Since smaller nanocrystallites are predominant at the
top surface of PS, the PL intensity from the PS
produced by visible wavelengths is found to be higher
than that prepared with longer wavelength under the
same processing conditions. Fig. 7a shows the PS
columns produced by Nd:YAG laser etching. These
columns are distributed perpendicularly to the Si
wafer. Whereas larger number of columns were
observed when the Si wafer was etched with the
wavelength 514.5 nm of the argon-ion laser. These
columns are distributed at different angles with the
substrate as shown in Fig. 7b. Secondly, we found that
the PS column height increases with increasing wave-
length used for etching. This is attributed to the effect

of different absorption coefficients and larger pene-
tration depth for the longer wavelengths. The average
height of columns for the PS layers prepared with
Nd: YAG laser was in the range of few microns near the
PS spot edges and 100-300 mm at the spot center
depending on the irradiation time and the laser power
density and maximum height of only a few microns for
the PS prepared with the 514.5 nm wavelength of
argon-ion laser. Thirdly, the column widths are larger
for the larger laser wavelength. Fig. 7 shows columns
with large diameters for the PS prepared with Nd: YAG
laser, while thinner columns have been observed for
the argon-ion laser etching of n-type Si.

4. Conclusions

Photoluminescence peak position and FWHM of
the photochemically synthesized porous silicon layer
by laser-assisted etching process affected significantly
by the laser wavelength. Nanocrystalline sizes of the
photosynthesized layer can be controlled by selecting
suitable laser wavelength and two-step laser etching
process could be used to produce luminescent
nanocrystallites with narrow size distribution, when
photons' energy is higher than the band gap energy of
the porous layer. Our results demonstrate a novel way
to control the crystalline sizes and the peak position of
the PL spectra and finally, the porous layer structure
could be controlled easily by suitable selection of the
laser power density used for the etching process and
better control could be achieved when shorter laser
wavelengths are used for the etching process. Small
size nanocrystallites are abundant at the PS spot center
while larger nanocrystallites are predominantly dis-
tributed near the edge.
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