
Size-dependent photoluminescence in silicon nanostructures: quantum

confinement effect

V. Kumar, K. Saxena, A.K. Shukla

Laser Assisted Materials Processing and Raman Spectroscopy Laboratory, Department of Physics, Indian Institute of
Technology Delhi, New Delhi 110016, India
E-mail: akshukla@physics.iitd.ernet.in

Published in Micro & Nano Letters; Received on 28th November 2012; Revised on 18th April 2013; Accepted on 26th April 2013

Visible photoluminescence (PL) from laser-etched silicon nanostructures has been analysed. A systematic size dependence study of PL from
silicon nanostructures has been performed. The PL from these structures is attributed to the quantum confinement effect. Different quantum
confinement models have been used for PL and Raman lineshape fitting to calculate the mean size and size distribution of silicon
nanostructures and the results are comparatively studied. Calculated values of oscillator strength and radiative lifetime show that PL is due
to radiative recombination of confined excitons.
1. Introduction: Photoluminescence (PL) from silicon
nanostructures (Si NSs) has stimulated enormous interest because
of its potential applications in optoelectronics and biomedical/
biophotonics [1, 2]. Crystalline silicon (c-Si) has been considered
unsuitable for optoelectronic applications owing to its indirect
electronic bandgap, which limits its efficiency as a light emitter.
Light emission in indirect materials is naturally a phonon-assisted
process with low probability since spontaneous recombination
lifetimes are in the millisecond range [3]. Non-radiative
recombination rates are much higher than that of radiative ones in
c-Si and most of the excited electron–hole pairs recombine
non-radiatively at room temperature. This results in very low
internal quantum efficiency [4] of Si luminescence.
Room-temperature light emission has been observed in silicon

when it is in the form of a low-dimensional system [5–9].
Low-dimensional silicon systems such as porous silicon [5, 6],
silicon nanocrystals [7], silicon/insulator superlattices [8] and
silicon nanopillars [9] etc. are being actively investigated as a
means of improving light-emission properties. Many experimental
efforts have been made to understand the nature of microstructures
and the mechanism of PL in porous silicon [10–14]. The origin of
PL from these NSs is discussed because of size and also because
of oxide-related interfacial defect states [12] and surface states [14].
A complete understanding of the origin and mechanism of PL has
not yet been achieved since the quantum confinement and surface
effects are widely accepted in interpretation of PL [10–14]. Ding
et al. [13] and Estes and Moddel [14] have proposed quantum con-
finement effect along with localised surface states for PL of Si NSs
and have obtained different analytical expressions for PL spectra.
Here, we are using a different analytical expression solely incorpor-
ating the quantum confinement effect to explain our experimental PL
from Si NSs. Area under the PL spectrum is utilised here to calculate
the oscillator strength of radiative transition for a given size of Si NSs.
In the work reported in this Letter article, Si NSs have been pre-

pared by laser-induced etching (LIE) technique to neglect matrix
effects on NSs. Optical phonon Raman spectra are used here to cal-
culate the mean size and size distribution of Si NSs using theoretical
Raman line shape fitting. A quantum confinement model has been
used here to fit the PL spectra. The Si NSs fabricated on a clean
surface, show visible PL at room temperature because of the
quantum confinement effect. This is supported by the calculation
of radiative lifetime using PL spectrum.
2. Experimental: Three samples (samples S1, S2 and S3) of Si
NSs were fabricated by the LIE method [15]. Commercially
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available n-type Si (100) (resistivity∼5 Ω-cm) wafers were used
for laser etching. Different samples S1, S2 and S3 were prepared
by irradiating the wafers for 25, 45 and 60 min, respectively. The
Raman and PL spectra were recorded using a spectroscopic setup
of the triple monochromator (T64000 Jobin Horiba). Samples
were excited with a photon energy of 2.41 eV from an argon-ion
laser (COHERENT, INNOVA 90-5).

3. Results and discussion: Optical phonon Raman spectra are used
here to calculate the mean size and size distribution using
theoretical Raman line shape fitting of Si NSs. In Si NSs the
selection rule Δk = 0 of first-order Raman scattering (i.e. Δk =
kf− ki, where kf and ki are momentum vectors in final and initial
vibrational levels, respectively) is relaxed [16, 17]. Therefore
optical phonons away from zone-centre (Δk≠ 0) also take part in
the scattering process. For Si NSs, the optical phonons
originating from the optical branch of phonon dispersion with
(Δk≠ 0) contribute to the Raman mode. Therefore first-order
Raman intensity [18] for Si NSs is given by
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where ‘N (L)’ is a Gaussian function of the form N (L)≅ [exp{−(L
− L0)/σ}

2] included to account for the size distribution of the NSs.
L0 is the most probable or average size of Si NSs and σ defines the
width of distribution. L1 and L2 are the minimum and maximum
size distribution of Si NSs, respectively. ‘a’ is the lattice
parameter of c-Si and ω2(k) = A + B cos(πk/2) (where A = 171 400
cm − 2 and B = 100 000 cm−2) is the phonon dispersion curve for
the optical branch of c-Si. Γo is the natural line width of the
Raman mode of c-Si and ‘n’ shows the degree of confinement.

Figs. 1(i) (a–c) show the Raman spectra of samples S1–S3,
respectively. The Raman spectra of these samples display the
usual optical mode (i.e. 520.5 cm−1 for c-Si) that is shifted to a
lower wavenumber with lineshape broadening and asymmetry
towards the lower wavenumber. Phonon softening, full-width half
maximum and the asymmetry of the optical mode are found to in-
crease from samples S1 to S3. The Raman spectra of samples S1–
S3 are theoretically fitted using (1) to calculate the average size of
Si NSs. The theoretically calculated Raman line shape of these
samples is shown by a solid line in Fig. 1(i). The best fit is obtained
using n = 2. The sizes calculated by fitting Raman scattering data
from samples S1, S2 and S3 using (1) are given in Table 1.
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Table 1 Calculated minimum, maximum and average sizes of samples
S1, S2 and S3 calculated by fitting the Raman scattering data of these
samples shown in Fig. 1

Samples Theoretically calculated sizes

L1, nm L2, nm L0, nm

S1 3.5 7.0 5.3
S2 3.0 5.8 4.5
S3 2.5 5.5 4.0

Figure 2 Room-temperature PL spectra from samples S1, S2 and S3 are
shown in (a), (b) and (c), respectively
The inset of this figure shows the PL observed from Si NSs

Figure 1 (i) Comparison of experimental and theoretical Raman spectra of
laser-etched sample
Theoretically calculated Raman spectra using (1) are indicated by solid lines
and the experimental data are plotted as discrete points. c-Si peak appears at
520.5 cm−1

(ii) Two-dimensional AFM images of samples S1, S2 and S3 are shown in
(a), (b) and (c), respectively
Figs.1(ii) (a)–(c) show two-dimensional atomic force microscope
(AFM) images from samples S1, S2 and S3, respectively. Images
shown in Fig. 1(ii) are high-resolution images taken from pore
walls of the laser-etched samples. Fig. 1(ii) shows that the Si NSs
have sizes in the range of a few nanometres. It is well known that
the sizes of NSs seen in the AFM image are always greater than
the sizes obtained by Raman data. This has been discussed by
Wana et al. [19] because of the diameter of the AFM tip apex
and the aspect ratio of sample and tip. However, both Raman
data and AFM images show reduction of sizes with increased
etching time.

PL spectra are studied here as a function of etching time. Figs. 2
(a)–(c) show the room-temperature PL spectra from samples S1, S2
and S3, respectively. The inset of Fig. 2 shows PL observed from Si
NSs when it is viewed in the reflection by white light through a
microscope assembly. Silicon normally emits only extremely
weak infrared PL at low temperature because of its relatively
small and indirect bandgap. Therefore PL is not observed for c-Si
at room temperature as shown in Fig. 2. The PL from the sample
S1 is shown in Fig. 2 (a), where a clear peak of about 2.11 eV is
observed for in irradiation time of 25 min. With further increase
in irradiation time to 45 min, the observed PL shows a clear
hump about 2.16 eV in Fig 2 (b). As the irradiation time is
further increased to 60 min, the observed PL shows a clear hump
about 2.2 eV in Fig. 2 (c). Thus, a blue-shift in PL peak position
is observed with increasing etching time.

Results reported in the literature indicate that visible PL in the
range of 2.0–2.3 eV can be because of the quantum confinement
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of electrons in the Si NSs or because of defects at the interface of
the nanoparticles/matrix or in the SiO2 matrix itself [20, 21].
However, the LIE process has involvement of fluorine or hydrogen.
Species such as SiF4, SiHF4 or H2SiF6, can form a passivation layer
over the surface. It may generate recombination centres for the elec-
trons, where PL is due to chemisorbed molecules over the surface
[22]. Thus, a different radiative process is possible because of
molecular agents and the PL band can be associated with molecules
chemisorbed to the surface area of the NSs. In addition to this, the
formation of oxide over the surface also can be the source of PL.
Thus, it is important to exclude the effect of chemical species
which may diminish the sole contribution of quantum confinement
in the observed PL. In our case, the nanosized texture is itself on the
Si surface. Therefore PL from NSs is not affected by the surround-
ing matrix and interfaces. To exclude the effect of chemical species
and oxides, the samples were rinsed with hot water and ethanol to
remove the species absorbed on the surface of NSs. A possible
origin of visible PL is the quantum confinement of electrons
since NSs are grown in isolation. Therefore size-dependent blue-
shift of the PL peak position is attributed to the quantum confine-
ment of electrons in LIE-generated Si NSs.

The size and size distribution of Si NSs, which may contribute
efficiently to visible PL, are estimated here using the quantum
confinement model proposed by Yorikawa and Muramatsu [23]
They assume that each particle has a very sharp PL intensity for
the ensemble of particles having Gaussian distribution D(RE) of
sizes. The PL spectrum S(E) is written as [23]

S(E) = Ca Eexc − E
( )

D RE

( ) 1
b

RE

E − E0
g

(2)

where RE is defined by RE = d = g/ E − E0
g

( )[ ]1/b
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the size of crystallites, which can emit photons with an energy E. γ
= 3.73 (eV nmβ), β = 0.9 and Gaussian distribution
D(RE) = 1/s






2p
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/2s
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(where R0 is the mean

size of NSs) are utilised to fit our experimental PL data. Mean
sizes of samples (S1, S2 and S3) calculated by (2) are shown by
solid circles in Fig. 3. The inset of Fig. 3 shows the lineshape
fitting of sample S3 using (2). There is a slight mismatch
Micro & Nano Letters, 2013, Vol. 8, Iss. 6, pp. 311–314
doi: 10.1049/mnl.2012.0910



Figure 4 Oscillator strength, fosc, and radiative time tR plotted against
particles size
Solid star shows the fosc calculated using PL spectra of samples S1, S2 and
S3

Figure 3 Mean sizes calculated by (1) and (2) are shown by solid squares
and solid circles, respectively
Lineshape PL fitting using (2) and AFM image are shown in the inset for
sample S3
between experimental and theoretical results towards the low
energy side. This is attributed to the presence of a relatively less
number of smaller size NSs over the laser-etched surface.
Quantum confinement of optical phonons has been observed in
Raman scattering of LIE-generated Si NSs. Mean sizes of Si NSs
for samples (S1, S2 and S3) calculated by (1) are also shown by
solid squares in Fig. 3. These sizes calculated using (1) and (2)
lie in the range of 4–5.3 nm. Both results are in good agreement
with each other. Therefore it is concluded that PL in the range of
1.9–2.3 eV is due to the quantum confinement of electrons and
phonons in LIE-generated Si NSs.
Radiative lifetime is discussed here to rule out the PL because of

defects. The size-dependent blue-shift of PL peak position is attrib-
uted to the quantum confinement effect. Significant increase in PL
intensity is observed in Fig. 2 with the decrease in size of Si NSs.
Therefore quantum efficiency of radiative transition [24] is
increased with decreasing size of Si NSs. This attributes to the tran-
sition from indirect to direct recombination process that causes in-
crease in oscillator strength ( fosc) and reduction of the radiative
lifetime (tR) of electrons [24, 25]. Theoretically, the radiative
recombination rate RR = tR

− 1 is linked to the dipole-allowed

optical transition matrix element kci |̂p|lcf

∣∣∣ ∣∣∣2 and the recombination

frequency ω via Fermi’s Golden rule. It is usually given by

t−1
R = RR = e2nv/p10m

2hc3
( )

kci |̂p|lcf

∣∣∣ ∣∣∣2. The oscillator strength
[26] of optical transition can be expressed as

fosc(v) = (2/hmv) kci |̂p|lcf

∣∣∣ ∣∣∣2. Therefore lifetime tR for

dipole-allowed optical transitions can be calculated by the follow-
ing simplified equation

tR = 2p10mc
3

e2nv2

1

fosc(v)
(3)

where n is the refractive index of Si, c is the velocity of light and ω
is the peak emission photon energy. The exciton mass m is the sum
of me (∼0.19m0) and mh (∼0.286m0), where m0 is the rest mass of
the electron. It is invoked that oscillator strength, fosc, can be calcu-
lated by fosc∼ 4.3 × 10−9A. A is the area under the PL spectrum for a
given size in Fig. 2 when PL is measured in absolute wavenumber.
fosc calculated from our PL spectra and its dependence as d−5 pro-
posed by Sanders and Chang [27] is plotted in Fig. 4. Both fosc
shown in Fig. 4 are in good agreement. tR, which is calculated
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by (3), is also plotted with particle size ‘d’ of LIE-generated Si
NSs in Fig. 4. As size of the LIE-generated Si NSs is decreased, ra-
diative lifetime is also decreased with increase of the quantum effect
as shown in Fig. 4. The radiative lifetime shown in Fig. 4 suggests
that the PL is not because of the defect-related effects which exhibit
large decay rates. The calculated results are in close agreement with
the experimentally predicted radiative lifetime for Si NSs [25].
Thus, the observed PL from LIE-generated Si NSs is solely
because of the quantum confinement effect.
4. Conclusions: In summary, the PL forming Si NSs in the present
work is explained in terms of the quantum confinement of electrons.
The effect of matrix interface and other possible contributions in
visible PL have been neglected by fabricating the Si NSs on the
Si wafer itself. Blue-shift of the PL peak position on decreasing
the size of Si NSs is attributed solely to the quantum confinement
of electrons. Quantum confinement models have been used here
to calculate the mean size of Si NSs using Raman and PL
lineshape fitting. Good agreement between experimental results
and theoretical calculations reveals the presence of the quantum
confinement effect in Si NSs. Oscillator strength has been
calculated by area under the PL curve, which shows good
agreement with the size-dependent relation. Calculated radiative
lifetime reveals the presence of radiative recombination in the
quantum confined Si NSs.
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