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The application of novel technologies to silicon electronics has been
intensively studied with a view to overcoming the physical limita-
tions of Moore’s law, that is, the observation that the number of
components on integrated chips tends to double every two years.
For example, silicon devices have enormous potential for photonic
integrated circuits on chips compatible with complementary metal-
oxide-semiconductor devices, with various key elements having
been demonstrated in the past decade' . In particular, a focus on
the exploitation of the Raman effect has added active optical func-
tionality to pure silicon’'°, culminating in the realization of a con-
tinuous-wave all-silicon laser''. This achievement is an important
step towards silicon photonics, but the desired miniaturization to
micrometre dimensions and the reduction of the threshold for laser
action to microwatt powers have yet to be achieved: such lasers
remain limited to centimetre-sized cavities with thresholds higher
than 20 milliwatts', even with the assistance of reverse-biased p-i-n
diodes. Here we demonstrate a continuous-wave Raman silicon
laser using a photonic-crystal, high-quality-factor nanocavity with-
out any p-i-n diodes, yielding a device with a cavity size of less than
10 micrometres and an unprecedentedly low lasing threshold of
1 microwatt. Our nanocavity design exploits the principle that the
strength of light-matter interactions is proportional to the ratio of
quality factor to the cavity volume and allows drastic enhancement
of the Raman gain beyond that predicted theoretically'>'*. Such a
device may make it possible to construct practical silicon lasers and
amplifiers for large-scale integration in photonic circuits.

In 2002, stimulated Raman scattering in rib waveguides was proposed
as a novel mechanism to generate optical gain in crystalline silicon’.
However, the Raman gain is inherently small compared with the gain
due to radiative recombination in direct-bandgap semiconductors'>'°.
Therefore, Raman silicon lasers have thus far required long cavities and
high excitation powers to generate net gain. Furthermore, free carrier
absorption (FCA) induced by two-photon absorption'”'® (TPA) has a
superlinear dependence on the excitation power, resulting in additional
losses that compete with the Raman gain. The incorporation of reverse-
biased p-i-n diodes along the waveguides has also been necessary to
remove the carriers'*"%. To overcome all these disadvantages, the design
of optical cavities with high quality factors (Q) and small volumes (V) is
essential because high Q/V ratios yield strong light-matter interactions
and enhance the Raman gain. From this point of view, the use of high-Q,
photonic-crystal nanocavities'>** is desirable. However, there have
thus far been no experimental reports of stimulated Raman scattering
in nanocavities and no feasible designs have been proposed for cavities
in which continuous-wave lasing can be achieved. Progress in this
area of research halted after a number of numerical studies on elemen-
tary cavity structures were unsuccessful in finding a design in which
Raman emission can be detected™'***. However, we now present a
laser design that incorporates a heterostructure nanocavity, and dem-
onstrate that it exhibits lasing with an unprecedentedly ultralow thres-
hold of 1 uW.

Figure la—c illustrates the basic features of the nanocavity Raman
laser developed in this study. The photonic crystal has the well-known
triangular lattice structure formed by circular air holes in a suspended
silicon membrane. The heterostructure nanocavity is formed from a
line-defect waveguide (Fig. 1d). This waveguide has two types of pro-
pagation mode within the photonic bandgap, an odd-waveguide mode
and an even-waveguide mode. Thelow-loss propagation bands of these
modes are shown in Fig. 1e. The modes are classified as ‘odd’ or ‘even’
by the symmetry of the electric field E,, as schematically displayed. The
corresponding band structure in wavenumber (k)-space is shown in
Fig. 1f, where the blue and red curves show the dispersion relations for
the odd-waveguide mode and even-waveguide mode, respectively. The
dashed line represents the light line, below which the low-loss propaga-
tions are obtained (Supplementary Information, section A). The nano-
cavity is formed by a small increase (Aa) of the lattice constant in a
short section of the waveguide, which moves the dispersion relation
curves to alower frequency. Accordingly, the frequency of the odd- and
even-waveguide bands is lowered in this section*' (Fig. 1b), such that
‘odd’” and ‘even’ nanocavity modes are formed as a result of optical
confinement by the mode-gap differences. (The mode gap is the fre-
quency range with no low-loss waveguide modes.) In our Raman laser,
we use these nanocavity modes to confine pump light and Stokes-Raman-
scattered light, respectively (Fig. 1c).

Figure 1g shows the calculated x and y components of the electric
field distribution of the odd nanocavity mode, which are denoted
Ey pump and E, pymp, respectively. Figure 1h presents the analogous
electric field distributions of the even nanocavity mode, denoted
E; Rraman @and Ej,_paman. The Ey pump and E, graman distributions have
different parities because they are generated from different waveguide
modes. This is also the case for E, ,ump and E, raman. Such pairs of
modes initially seem unsuitable for Raman lasers owing to the small
degree of overlap for stimulated Raman scattering. However, it can be
seen from Fig. 1g, h that the ‘cross components’, E; pump and E;, raman
(and E, pump and E graman)> have the same line symmetry and similar
distributions. This is a key observation, showing that the problem of
cavity design can be solved by carefully selecting the crystallographic
direction in which the nanocavity is formed, as discussed below. We
will next demonstrate that the frequencies (f, and fg), Q values (Q,
and Qg), modal volumes (V}, and Vy) and electric field distributions
(E, and Eg) associated with this unusual pair of modes allow dramatic
enhancement of the Raman gain.

The first advantage of our design is that the frequency spacing
(Af = f, — fr) between these nanocavity modes can be tuned to the
silicon Raman shift of 15.6 THz by changing the air-hole radius. This is
because the electric field densities of the two modes within the air holes
are fundamentally unequal owing to the difference in parity. It is
fortuitous that the frequency spacing is close to 15.6 THz when the
lattice constant (a) is set so that the even nanocavity mode has an
operation wavelength in the telecommunications band between 1.30
and 1.60 pm. Tuning the frequency spacing to exactly 15.6 THz is
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Figure 1 | Structure of Raman silicon laser based on a heterostructure
nanocavity. a, Schematic picture of the heterostructure nanocavity in the
photonic crystal slab. The lattice constant at the centre of the cavity is slightly
larger in the x direction. b, Band diagram of the nanocavity along the

x direction, where c is the speed of light in vacuum. Two high-Q nanocavity
modes originating from odd- and even-waveguide modes are formed in the
heterostructure. ¢, Configuration of Raman silicon laser using a small cavity.
The two nanocavity modes in b are used to confine pump light and

essential for the efficient generation of Raman scattered light into the
even nanocavity mode, and the flexibility of our design is thus an
advantage over the alternatives''***.

Second, although the Q factor of the even nanocavity mode (Qg) can
be made as high as 4,000,000 in heterostructure nanocavities™, the odd
nanocavity mode has so far received little attention regarding its pos-
sible use as a high-Q resonant mode. However, we will show below that
the Q factor of this mode (Q,) can be higher than 100,000 in hetero-
structure nanocavities. Because the laser threshold is inversely propor-
tional to the product of Q, and Qg, owing to the reduction of cavity
loss, the characteristic of high Q factors for both modes is another
advantage of our design. Below we demonstrate experimentally that
the product Q,Qg can exceed 10", which is 10,000 times higher than
previously reported values'*'*. In addition, the cavity volumes of both
modes (V,, and Vy) can be reduced to a cubic wavelength when Afis at
the desired value and Q,Qg is high. This volume is 10,000 times smal-
ler than in earlier rib-waveguide Raman lasers'"'">. Therefore, our
design enables extraordinarily high Q,Qg/V ratios, which no cavity
design reported thus far has been able to achieve.

Last, our design allows high effective overlap for the Raman gain
because the nanocavity is fabricated along a unique crystallographic
direction of the silicon-on-insulator (SOI) substrate, which further

Stokes-Raman-scattered light, respectively. SRS, stimulated Raman scattering.
d, Line-defect waveguide formed by a missing row of air holes, in which two
propagating waveguide modes are formed. WG, waveguide. e, Band diagram of
the line-defect waveguide. The insets sketch the profiles of the propagating
modes. f, Calculated band structure for the line-defect waveguide in k-space.
g, h, Calculated electric field distributions for the odd nanocavity mode and the
even nanocavity mode, respectively. The colour scale represents the intensity of
the electric field.

enhances the advantages discussed above. If the device is fabricated
on astandard (001) SOI, then either the [100] or [110] direction can be
chosen as the xaxis of the nanocavity. Considering the Raman selec-
tion rules in silicon and that both nanocavity modes have transverse
electric polarization with respect to the slab, in our design the Raman
gain in each direction is as follows, where an asterisk denotes complex
conjugate (Supplementary Information, section B):

2
100] o JH | 'x-Raman y_pump +E;_RamanEx—PumP| dx dy dz (1)

G[UO] o m |E;,RamanEx,pump E; Raman J’ pump| dXdy dz (2)
Si

Usually, SOI-based photonics devices are fabricated along [110] or its
equivalent directions because the wafer is easily cleaved along [110].
The previously reported rib-waveguide lasers were indeed designed
along [110] (refs 9-12) and the previous theoretical studies used the
same direction'***. Although the Afand Q factors are insensitive to the
direction of fabrication, equation (1) indicates that the Raman gain will
be higher for the [100] direction because there is a negative term in
equation (2). The overlap involving the cross components is significant
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Figure 2 | Configuration of nanocavity Raman silicon laser. a, Scanning

electron microscope image of the core region of the laser. The annotations show
how laser light created from the pump beam is mainly emitted in the direction
vertical to the slab. We refer to this as dropped light. A portion of the light is

in equation (1), which involves the odd and even nanocavity modes
with the desirable parities and distributions indicated in Fig. 1g, h.
Consequently, our design is also superior in terms of overlap and
can drastically enhance the Raman gain when the device is fabricated
along [100].

We now demonstrate the operation of a device fabricated according
to our design strategy. Figure 2a shows a scanning electron microscope
image of a nanocavity formed using well-established silicon nanofab-
rication technologies™. The central line defect is the heterostructure
nanocavity, and the upper and lower line defects are waveguides used
to pump the odd nanocavity mode and to extract Raman laser light
from the even nanocavity mode, respectively. The structural parameters
were chosen such that the even nanocavity mode has a wavelength in
the 1.55-pum band: the lattice constant is a = 410 nm, the air-hole radius
is r = 130 nm, the silicon slab thickness is 220 nm and there are two

a Near-infrared .
.. (Monochromator) camera
// Fibre
(Lock-in amplifier) [ .

i (PD) Lens ==
(Wavelength meter) (Long-pass filter) =
Objective lens —
(Chopper

()

o
S}

Intensity (a.u.)
o
£
Intensity (a.u.)

0%
1,424.96

1,540.130

1,540.120
Wavelength (nm)

1,425.00
Wavelength (nm)

Figure 3 | Optical measurements on fabricated nanocavities. a, Set-up used
to obtain resonant spectra and Raman-scattering spectra. The components
enclosed in parentheses and angle brackets were used for resonant spectra and
Raman spectra, respectively. TE, transverse electric. b, ¢, Resonant spectra for
odd (b) and even (c) nanocavity modes. a.u., arbitrary units. d, Raman
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1,540.140

b

Odd-mode excitation
waveguide

propagated along the even-mode extraction waveguide. b, Dark-field
microscope image of the fabricated chip. Nanocavities oriented along [100] and
[110] were fabricated. Patterned and unpatterned regions are clearly
distinguishable. The rectangles indicate the areas shown in a.

successive 5-nm increases of a in the x direction. Figure 2b shows a
microscope image of the chip. We also fabricated a nanocavity along
[110] for reference. We note that no p-i-n diodes to reduce the TPA-
induced FCA were incorporated.

We investigated the optical properties using the measurement set-
up shown in Fig. 3a. Figure 3b, ¢ show the measured resonant spectra
of the two nanocavity modes for a sample with the x axis aligned to
[100]. The even nanocavity mode was excited through the even-mode
extraction waveguide. The linewidth (A1) of the odd nanocavity mode
peak is 13.7 pm at the resonant wavelength /, =1424.99nm. A Q,
value of 104,000 is obtained from the relation Q = 1/AA. The Qg value
for the even nanocavity mode is estimated as 1,400,000 at the resonant
wavelength /g = 1540.13 nm, and, thus, Q,Qr = 1.5 X 10'". The fre-
quency spacing is Af=c(1/4, — 1/g) = 15.74 THz, which is not
exactly matched to the silicon Raman shift of 15.6 THz.
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spectrum for the [100] nanocavity, measured while pumping the odd
nanocavity mode in b with an input power of 1 fW. e, Raman spectrum for the
reference [110] nanocavity. The resolution limit of the monochromator is
~100 pm.
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Figure 4 | Continuous-wave operation of fabricated nanocavity Raman
silicon laser. a, Laser output power (black points) as a function of pump power
coupled into the nanocavity. The absolute power was estimated from the
dropped-light intensity, taking into account the loss from the experimental set-
up. The red line shows the output of a typical laser with a slope efficiency of 8%
above threshold. The insets show the Raman spectra below and above the
threshold power on the same scale, demonstrating Raman laser action.

b, ¢, Near-infrared camera images of the nanocavity Raman laser below and
above the threshold, using a long-pass filter to eliminate the pump light. Dotted
lines represent the waveguides. Rectangles indicate the nanocavity position.
d, e, Near-infrared images at a waveguide edge. Images in b—e are shown on the
same intensity scale.

Figure 3d shows the Raman scattering spectrum measured when the
odd nanocavity mode in Fig. 3b was excited by a continuous-wave laser
beam coupling only 1 fW of power into the cavity. Although the detuning,
Af — 15.6 THz, from the Raman shift is larger than the Raman gain width
of silicon (~0.1 THz), a sharp Raman scattering peak is nevertheless
observed. This is enhanced by the strong confinement of the even nano-
cavity mode at the tail of the normal spontaneous Raman emission peak.
The linewidth of the normal spontaneous Raman peak is 750 pm, which
is almost the same as the Raman gain width of silicon. As shown in Fig. 3e,
the resonant peak is much smaller for the reference [110] nanocavity,
which has similar Q values and Af to the [100] nanocavity in Fig. 3d.
Although the sample in Fig. 3d did not oscillate, owing to the residual
mismatch of Af, we were able to fabricate a sample with a Af value of
exactly 15.6 THz by carefully changing the radius of the air holes (Sup-
plementary Information, section C). We separately confirmed that the
rate of change of Af with radius r is (JAf/dr) = 0.15 THznm ™.

Finally, we present details of lasing in a sample with Q, = 140,000,
Qr = 1,500,000, A, = 1428.38 nm and Az = 1543.02 nm. The laser out-
put power is plotted in Fig. 4a as a function of the pump power coupled
into the nanocavity, showing lasing oscillation above a threshold of
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1 uW. This threshold is 20,000 times smaller than that previously
reported for a rib-waveguide Raman silicon laser'* and is also smaller
than predicted by numerical studies'>'*. The spectral peak intensities
in the insets indicate that the efficiency for Raman light generation
above threshold is more than 1,000 times higher than that below thresh-
old (Supplementary Information, section D). In addition, the slope
efficiency is 8% and the laser efficiency is 4% without any p-i-n diodes
(Supplementary Information, section E). The resolution limit of the
monochromator (~100 pm) is much larger than the linewidth of the
even nanocavity mode (~1 pm) and, thus, linewidth narrowing relative
to the lasing could not be detected. We separately confirmed that
sample heating due to increasing pump powers is negligible (see Sup-
plementary Information, sectionF, for temperature dependence).
Figure 4b and Fig. 4c show near-infrared camera images of the nano-
cavity below and above the threshold power, respectively. Figure 4d, e
shows images of a waveguide facet, demonstrating that a portion of the
Raman laser beam was successfully extracted from the even-mode
extraction waveguide.

This low-threshold lasing result is a consequence of the fact that our
nanocavity design produces net Raman gain in the low-excitation
range before TPA-induced FCA becomes dominant. Because Raman
gain has a linear dependence on pump power whereas TPA-induced
FCA has a superlinear dependence, the Raman gain can exceed losses
for low pump power in our design, where the high Qg value and the
large overlap between the nanocavity modes have especially important
roles. Although the lasing output power gradually saturates with
increasing pump power, most probably as a result of TPA-induced
FCA, this effect could be reduced by reducing the free carrier lifetimes.
There is also potential for further performance enhancement, includ-
ing the reduction of threshold pump power ( <100 nW), for example by
increasing the Q, and Qg factors™ and modifying the volumes. Such an
ultralow threshold is encouraging for a number of reasons. For
instance, electrically driven silicon spontaneous-emission sources might
be used for integrated pump light sources even though their efficiencies
would be low, and Raman silicon laser chips without external pump
sources could be realized in the future. The operational wavelength
range could be extended above and below the 1.55-um band*. It will
also be possible to make other Raman amplification devices based on
photonic crystals®®* using our design strategy. We believe that our
device will stimulate silicon photonics research in a number of areas for
the realization of compact photonic integrated circuit chips.

METHODS SUMMARY

We used the three-dimensional, finite-difference time-domain method* to calculate
the band structure and the electric field distributions in Fig. 1, where the structural
parameters in Fig. 2a were used. The calculated Q, and Qg values are 500,000 and
4,000,000, respectively. The experimental Q values obtained from Fig. 3b, ¢ are
smaller owing to the load of the two adjacent waveguides and imperfections in the
fabricated samples®*°.

The samples were fabricated using the following steps®. A thin film of electron-
beam resist was deposited by spin coating. The photonic-crystal patterns were drawn
on the resist by electron-beam lithography. Next the samples were immersed in the
developer at room temperature (22 °C) and the developed mask patterns were
transferred to the top silicon slab using sulphur-hexafluoride-based dry etching.
Finally the silicon dioxide layer underneath the patterned region was selectively
removed using hydrofluoric acid to form an air-bridge structure.

In the optical measurements, the temperature of the sample stage was stabilized
at room temperature using a Peltier controller. The nanocavity modes were excited
by evanescent mode coupling with the corresponding waveguides, and dropped
light from the nanocavity in the direction vertical to the slab was measured while
scanning the wavelength-tuneable laser with a narrow linewidth. The signal was
collected from the 5-pm spot area at the centre of the nanocavity as shown in
Fig. 2a. This measurement configuration is convenient for performing sensitive,
quantitative analysis of the Raman laser (Supplementary Information, section E).
The odd-mode excitation waveguide was fabricated close to the nanocavity because
the E distribution is tightly confined in the y direction (Fig. 1g). For high-

‘y_pump
sensitivity Raman spectroscopy, we used a 500-mm-focal-length monochromator
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with a liquid-nitrogen-cooled InGaAs-arrayed detector and a 0.65-numerical-
aperture objective lens for the dropped light.
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