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ABSTRACT The recent observation of optical gain from sili-
con nanocrystals embedded in SiO2 opens an opportunity to
develop a nanoscale silicon-based laser. However, the challenge
remains to design and develop a laser architecture using CMOS-
compatible materials. In this paper we present two designs for
a waveguide laser in which silicon nanocrystals embedded in
SiO2 are used as the optical gain media. One design employs
a SiO2 membrane containing encapsulated Si nanocrystals. Pre-
liminary calculations given here show that a highly resonant
laser cavity can be produced in a SiO2 membrane using sub-
wavelength structures. This photonic crystal architecture, used
to guide and contain the light, can be combined with a gain
medium of optically active Si nanocrystals synthesized in the
SiO2 membrane using ion implantation/thermal annealing to
produce a Si-based laser. The laser cavity dimensions can be
matched to the near-infrared wavelengths where optical gain has
been observed from Si nanocrystals. The second design utilizes
silicon nanocrystals embedded in a distributed-feedback laser
cavity fabricated in SiO2. Lasing action over a broad wavelength
range centered at ∼ 770 nm should be possible in both of these
configurations.

PACS 61.72.Tt; 42.55.Tv; 78.67.Bf; 42.55.-f

1 Introduction

Direct band gap compound semiconductors such
as GaAs have largely dominated opto-electronic applications.
Bulk silicon has an indirect band gap and is an extremely in-
efficient emitter of light. As a result, the prospect of adding
optical functionality to a silicon microelectronic device has
not been promising. However, instigated by the pioneering
observation more than a decade ago of bright-red photolumi-
nescence (PL) from porous Si at room temperature [1], sig-
nificant theoretical and experimental investigations have been
carried out to characterize the phenomena of light emission
from nanosized Si and to understand the mechanism. New
and novel ways have been discovered to produce nanocrys-
talline Si materials with interesting optical properties. Intense
photoluminescence that is tunable in wavelength has been

� Fax: +1-434/982-2037, E-mail: supriya@virginia.edu

observed not only from porous Si [2, 3] but also from Si nano-
crystals deposited on various substrates [4], as well as syn-
thesized in a SiO2 matrix using co-deposition techniques [5]
or ion implantation/thermal annealing [6–9]. Recently, elec-
troluminescence from Si nanocrystals in SiO2 has also been
demonstrated [10, 11].

Much of this luminescence research is driven by the pos-
sibility of achieving optically active nanostructured devices.
A part of that goal may have been moved closer to reality by
the reported observations of optical gain from silicon nano-
crystals embedded in SiO2 using ion-implantation process-
ing and other techniques [12–15]. This demonstration creates
an opportunity to develop a nanoscale silicon-based laser.
A silicon laser produced using CMOS-compatible techniques
could be integrated into standard IC chip manufacturing and
would enable a host of optical technologies, including inter-
connects and modulators.

In this communication, we propose two designs of a nano-
scale Si laser based on photonic crystal architecture. Both
designs employ optically active Si nanocrystals as the gain
medium. The nanocrystals are synthesized in SiO2 by ion
implantation/thermal annealing. In the first design the nano-
crystals are encapsulated in a SiO2 membrane. In the second,
Si nanocrystals are embedded in a distributed-feedback laser
cavity formed in the top region of bulk SiO2.

2 Membrane laser design

The dispersion of nanocrystals in a SiO2 membrane
gives rise to a symmetric waveguide that ensures maximum
light confinement in the z direction (normal to the membrane).
Light confinement along the waveguide is achieved by the
use of periodic photonic sub-wavelength structures. A double
array of such structures serves to form a Fabry–Pérot reso-
nant cavity around the gain medium, which selects the lasing
mode. Embedding the laser in a waveguide produces opti-
mal confinement and also provides a means to achieve high
coupling efficiency into and out of the laser. The scalable
properties of the photonic structures and the broad spectral
range in optical gain [12] allow for selectivity of wavelengths
in the near-infrared range. The following discussion describes
three key components necessary for laser fabrication using the
membrane design: waveguide formation, optical gain media,
and a resonant cavity.
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2.1 Waveguide

Waveguides can be fabricated from SiO2 mem-
branes. For the laser design described here, silicon diox-
ide membranes approximately 0.4 mm × 0.4 mm and 1 µm
in thickness have been produced from a layered structure of
SiO2/Si3N4 deposited on a Si wafer by exploiting the selec-
tive etch properties of potassium hydroxide for Si and reactive
ion etching of the Si3N4. The resulting one-micron-thick SiO2
membrane allows for the propagation of three axial modes
over the range of wavelengths of interest here. For these wave-
lengths, evanescent waves extend into air on both sides of
the membrane to a maximum of ∼ 250 nm. Single-axial-mode
propagation, which is desirable, could be achieved by re-
ducing the membrane thickness to 300 nm. The synthesis of
optically active Si nanocrystals in the membrane serves to in-
crease its effective refractive index and further improves opti-
cal confinement. Ellipsometry measurements show that for an
excess Si concentration of 5 ×1021 /cm3 the index increases
from 1.45 to ∼ 1.6. Laser light can be coupled out of the mem-
brane by inserting an optical fiber in a groove cut into the Si
wafer such that the fiber is adjacent to the membrane edge. By
creating N lasing cavities in a single membrane, a laser with
output power that scales as N2 is achievable.

2.2 Optical gain medium

The gain medium proposed for the laser cavity con-
sists of Si nanocrystals encapsulated in SiO2. After forming
a SiO2 membrane, implantation of Si ions at multiple en-
ergies can be used to generate a nearly uniform concentra-
tion profile of excess Si in the membrane. Thermal annealing
(1100 ◦C/1 h) in a flowing Ar+4%H2 ambient causes precip-
itation and silicon-nanocrystal formation.

Figure 1 shows a PL spectrum from a SiO2 mem-
brane implanted with a nearly uniform concentration of
5 ×1021 Si/cm3 throughout its thickness and subsequently
annealed. For excitation, a 50-mW beam of the 514-nm line
from an Ar-ion laser is focused through a microscope onto

FIGURE 1 Photoluminescence spectrum from Si nanocrystals synthesized
in a 1-µm-thick SiO2 membrane

an area 3 µm in diameter, providing a local power dens-
ity of ∼ 200 kW per cm2 after accounting for losses in the
microscope. The spectrum was obtained by collecting light
backscattered through the microscope. A broad and intense
luminescence band is observed that peaks close to 750 nm.
The spectrum from the membrane is nearly identical in spec-
tral distribution to that obtained from a bulk SiO2 sample
implanted and annealed using the same conditions. The inten-
sity from the membrane is ∼ 10% less than that from the bulk.
The slight decrease may be attributed to the greater degree
of optical confinement provided by the symmetrical thin-film
membrane. The luminescence band in Fig. 1 occurs at pho-
ton energies greater than the band gap of bulk Si. The origin
of this luminescence is attributed to a radiative state asso-
ciated with the nanocrystal/SiO2 interface, as suggested by
others [3, 6, 12]. The membrane remained intact under the
conditions used for ion implantation, thermal annealing, and
optical excitation.

Several groups have now reported the achievement of
population inversion and optical gain from silicon nanocrys-
tals encapsulated in SiO2, where the silicon nanocrystals are
formed by implantation and annealing conditions similar to
those that were used here [12, 15]. Hence it is reasonable to
expect that optical gain could be achieved using membranes
embedded with Si nanocrystals. In fabricating the laser, the
optical gain medium will be formed in a resonant cavity re-
gion by selective masking and ion implantation.

2.3 Resonant cavity

Confinement of light along the waveguide axis can
be achieved using two-dimensional sub-wavelength struc-
tures of a different index of refraction to form a resonant
cavity [16]. Such periodic changes in the dielectric medium
give rise to a photonic band gap which prohibits the propaga-
tion of light over a range of frequencies. The structures act like
regions of high and low potential, which scatter light in a co-
herent manner. The size of the structures, their relative spac-
ing, and the relative contrast in refractive indices determine
which wavelengths scatter coherently, producing a resonance.
For specific conditions, light of a broad range of frequencies is
highly reflected.

Results from simulations carried out using either a rigor-
ously coupled wave analysis (RCWA) [17, 18] or film mode
matching (FMM) [19–21] show that a highly reflective broad-
band mirror is possible by the formation of a periodic array
of square holes. A schematic of such a mirror made from
an array of 10 columns of square holes in a planar wave-
guide is illustrated in Fig. 2a. Using RCWA analysis, the
reflectance from this structure as a function of wavelength
given in Fig. 2b shows a broadband (∼ 80 nm) reflectance
of about 95% centered at ∼ 770 nm. The simulation assumes
a plane wave incident on columns of infinite extent and holes
of perfect periodicity. Results obtained using a second simu-
lation based on FMM analysis are given in Fig. 2c and d.
Figure 2c shows the decrease in transmitted energy of a Gaus-
sian wave incident on an array of square holes extending for
six rows and ten columns. In this figure the energy distribu-
tion is given as a thermal image where the warmth of the
color, at a particular position, is proportional to the time-
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FIGURE 2 a Schematic of a mirror array of 10 columns
of square holes of infinite extent. The holes have di-
mensions 160 nm×160 nm and a periodicity of 0.29 µm.
b RCWA reflectance calculation as a function of wave-
length based on a plane wave incident on an infinite array
of holes with the configuration shown in a. c FMM cal-
culation of the decrease in transmitted energy due to
reflection from an array of square holes arranged in 10
columns and six rows. The holes have the same dimen-
sions as in a. A Gaussian beam at 770 nm is incident
from the left. After traversing five columns, the transmit-
ted energy drops to near zero. d Reflectance from the hole
configuration of c

averaged field intensity. A standing wave, represented as red
and yellow bands, is set up to the left of the holes (white
rectangles). The dark blue at the right indicates that almost
no energy is transmitted through the array. A mirror with the
hole configuration of Fig. 2c has a broadband (110 nm) re-
flectance of 95% centered at 770 nm, as shown in Fig. 2d.
The effects of small defects in periodicity, deformation of the
square sub-wavelength structures, and increased temperature
also have been modeled using the same FMM simulation,
and the consequences for laser formation were found to be
negligible.

FIGURE 3 a Schematic of a Fabry–Pérot laser cavity
consisting of a double array of 10 columns of square holes
of infinite extent. The holes have dimensions 160 nm×
160 nm and a periodicity of 0.29 µm. The two arrays
are spaced 260-nm apart. b RCWA transmission analy-
sis showing a narrow band around ∼ 750 nm transmitted
through the cavity of a. c FMM calculation of transmis-
sion versus wavelength through a double array of square
holes arranged in 10 columns and six rows. Dimensions
and periodicity of the holes and the cavity spacing are as
shown in a. d Energy distribution within the cavity. See
text for explanation of the colors

Under certain conditions, it is possible for a mode to exist
in the photonic band gap. For example, defects in the peri-
odicity of the reflecting structure, which break translational
symmetry, permit localized modes to exist at otherwise for-
bidden frequencies. Such a configuration is shown in Fig. 3a,
which depicts a structure consisting of a double array of 10
columns of holes of infinite extent separated by a missing
column. The periodic array of holes forms a resonant struc-
ture that forbids the propagation of certain frequencies, but
the missing ‘column defect’ allows propagation in a narrow
band. This is demonstrated in Fig. 3b, where a RCWA an-
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alysis utilizing a plane wave incident on the configuration
with dimensions of Fig. 3a shows that a Fabry–Pérot spac-
ing of λ/2n (n is the refractive index) gives rise to a narrow
transmissive peak at a wavelength of 750 nm. This defines
the lasing mode. An analysis using a FMM algorithm of
a Gaussian beam on a Fabry–Pérot cavity with similar dimen-
sions and periodicity of holes, shown in Fig. 3c, demonstrates
a 92% transmissive peak at 770 nm. The difference in res-
onance wavelength calculated in Fig. 3b and c arises from
the use of different algorithms and is not significant. The en-
ergy distribution within such a structure is given as a thermal
image in Fig. 3d. Note the large build-up of energy centered
in the cavity. This is characteristic of a laser cavity resonance
condition.

The Q of the cavity is a measure of the total phase of
a damped oscillation that accumulates before the oscillation
amplitude is reduced to 1/e due to radiative and other losses
and is an indication of the energy build-up in the cavity. Foresi
et al. calculated a Q of ∼ 280 in a channeled silicon wave-
guide with a single row of sub-wavelength structures [22].
The Fabry–Pérot cavity designs in Fig. 3b and c have Q values

FIGURE 4 a Schematic of a distributive feedback
laser architecture. b FMM calculation of transmission
through a DFB cavity with design as depicted in a and
60 periods in each diffraction grating. c Energy distri-
bution within the distributed-feedback cavity. See text
for explanation of the colors

of ∼ 380 and ∼ 600, respectively, as determined by divid-
ing the peak frequency by the full width at half height of the
resonance.

2.4 Lasing condition

As a result of optical pumping, a population inver-
sion with a lifetime of ∼ 70 µs [12] is created in the electronic
states at the nanocrystal/SiO2 interface. The resonant cavity
selects a mode that builds up at the expense of all other pos-
sible modes. Threshold conditions for lasing are met when
QαL ≥ 1, where α is the gain of the optical medium (i.e. the
Si nanocrystals embedded in SiO2) and L is the length of the
lasing cavity. Assuming an optical gain, α, of 100 cm−1 [12],
and a Q of 600, then the required cavity length for lasing
would be approximately 200 nm. The actual limit is set by
λ/2n, the ultimate spacing of the resonant cavity, which for
λ = 750 nm is 260 nm. Since the laser gain curve is broad,
and the cavity dimensions are scalable, this laser design is
in principle tunable over any desired wavelength in the gain
curve.
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3 Distributed-feedback laser

The second laser design employs a distributed-
feedback (DFB) structure. The advantages of the DFB ar-
chitecture are its relative simplicity and its inherent single
mode of operation. For this laser, a diffraction grating made
of square grooves is etched in the surface of a sample formed
by embedding Si nanocrystals in the top layer of a bulk SiO2
sample. The silicon nanocrystals are responsible for provid-
ing a higher index of refraction in the region where they are
formed in the SiO2, giving rise to an optically waveguided
layer. The grating groove widths are chosen to be a quarter of
an optical wavelength, which is equal to the wavelength in air
divided by the index of refraction.

Figure 4a shows a schematic of such a DFB structure de-
signed to be resonant at ∼ 780 nm, i.e. the groove widths are
130 nm, which is ∼ λ/4n where n = 1.6. For this structure,
silicon nanocrystals are created in the top 500 nm of bulk
SiO2 by ion implantation and thermal annealing. After form-
ing the silicon nanoparticles, diffraction-grating grooves are
etched in the SiO2 to define the distributed-feedback cavity.
The unetched regions are 125-nm wide by 100-µm long and
the groove depth is 100 nm. With a groove width of 130 nm,
the effective grating periodicity is 255 nm. This configuration
produces a distributed mirror structure. By inserting a quarter-
wave offset at the center of the grating, a centered half-wave
cavity is created. This forces the structure to act as a laser
cavity with the two mirrors distributed throughout the entire
grooved region. Finally, a thin film (∼ 2 µm) of silicon diox-
ide is deposited on top of the structure (not shown in Fig. 4a)
to create a symmetric waveguide region. Creating an architec-
ture with symmetry in the index of refraction helps increase
the structure’s optical confinement. Figure 4b shows that the
cavity resonance of the DFB configuration depicted in Fig. 4a
occurs at a wavelength of ∼ 780 nm. Figure 4c shows a verti-
cal cross section of the energy distribution in the DFB laser.
The Q value of the cavity depends on the number of periods.
For the calculations in Fig. 4, 60 periods were used on both
sides of the cavity and Q is estimated to be ∼ 1000, which
should be more than sufficient for lasing.

4 Conclusions

These designs for a nanoscale silicon laser offer
four significant advantages: the membrane structure allows
for excellent optical confinement; the-ion implantation tech-
nique allows a high areal density of nanocrystals, exhibiting
extremely high optical gain; the Fabry–Pérot resonant cav-

ity yields high Q values, and allows for the production of
a nanoscale laser; and the distributed-feedback design allows
for simplicity in fabrication. These characteristics pave the
way for an effective nanoscale silicon laser and the advent of
nanolasing phenomena.
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