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Achieving optical gain and/or lasing in silicon has been one of the
most challenging goals in silicon-based photonics'~ because bulk
silicon is an indirect bandgap semiconductor and therefore has a
very low light emission efficiency. Recently, stimulated Raman
scattering has been used to demonstrate light amplification and
lasing in silicon*°. However, because of the nonlinear optical loss
associated with two-photon absorption (TPA)-induced free
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carrier absorption (FCA)'*", until now lasing has been limited

to pulsed operation®’. Here we demonstrate a continuous-wave
silicon Raman laser. Specifically, we show that TPA-induced FCA
in silicon can be significantly reduced by introducing a reverse-
biased p-i-n diode embedded in a silicon waveguide. The laser
cavity is formed by coating the facets of the silicon waveguide
with multilayer dielectric films. We have demonstrated stable
single mode laser output with side-mode suppression of over
55dB and linewidth of less than 80 MHz. The lasing threshold
depends on the p-i-n reverse bias voltage and the laser wavelength
can be tuned by adjusting the wavelength of the pump laser. The
demonstration of a continuous-wave silicon laser represents a
significant milestone for silicon-based optoelectronic devices.

The continuous-wave (c.w.) silicon Raman laser is constructed
from a low-loss silicon-on-insulator (SOI) rib waveguide whose
facets are coated with multilayer dielectric films. The front facet
coating is dichroic, having a reflectivity (R¢) of ~71% for the
Raman/Stokes wavelength of 1,686 nm and ~24% for the pump
wavelength of 1,550 nm. The back facet has a broadband high-
reflectivity coating (Rp,) of ~90% for both pump and Raman
wavelengths (Fig. 1a). These waveguide facet reflectivities were
determined using a Fabry—Pérot resonance technique’.

The silicon rib waveguide is fabricated on the (100) surface of an
undoped SOI substrate using standard photolithographic pattern-
ing and reactive ion etching techniques. We designed the waveguide
dimensions with the goal of obtaining a small cross-section for
minimizing the required optical power to achieve the lasing
threshold, but not so small as to cause high transmission loss. A
cross-section scanning electron microscope image of a typical p-i-n
waveguide is shown in Fig. 1b. The rib waveguide dimensions are:
rib width (W) ~1.5 pm; height (H) ~1.55 pm; and etch depth (h)
~0.7 p.m. The effective core area' of the waveguide is calculated to

a R, V bias n-region R,
Pump beam SOl rib waveguide
A
Laser output l T
Dichroic = p-region Broadband
coating reflective
coating

SiO, passivation

Al contact Si rib waveguide Al contact

p-region

Buried oxide

Si substrate

Figure 1 Silicon waveguide used in the Raman laser experiment. a, Schematic layout
of the silicon waveguide laser cavity with optical coatings applied to the facets and a p-i-n
structure along the waveguide. b, Scanning electron microscope cross-section image
of a silicon rib waveguide with a p-i-n diode structure.
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be ~1.6 um?. The waveguide was formed in an S-shaped curve with
a total length of 4.8 cm and a bend radius of 400 pm (Fig. 1a). The
straight sections of the waveguide are oriented along the [011]
crystallographic direction.

A p-i-n diode structure was designed to reduce the nonlinear
optical loss due to the TPA-induced FCA. The p-i-n structure was
formed by implanting boron and phosphorus in the slab on either
side of the rib waveguide (Fig. 1a, b) with a doping concentration of
~1X10* cm™>. The separation between the p- and n-doped
regions was designed to be ~6 pm. Ohmic contacts were formed
by depositing aluminium films on the surface of the p- and n-doped
regions. This was followed by a SiO, passivation layer deposition.
The doped regions and the metal contacts at the designed separation
had negligible effect on the propagation loss of the waveguide
because the optical mode is tightly confined in the waveguide.
This was verified experimentally. The linear optical transmission
loss of the S-bend waveguide was measured to be 0.35dBcm ™’
using the Fabry—Pérot resonance technique®.

When a reverse bias voltage is applied to the p-i-n diode, the
TPA-generated electron—hole pairs can be swept out of the silicon
waveguide by the electric field between the p- and n-doped regions.
Thus the effective carrier lifetime, representing the lifetime of the
free carrier’s interaction with the optical mode in the waveguide
region, reduces with increased bias voltage. This has been experi-
mentally verified by comparing the measured nonlinear trans-
mission of a silicon waveguide with modelling™'*. The measured
photocurrent in the reverse-biased p-i-n diode scales with the
square of the light power inside the waveguide, indicating that the
charge carriers are generated by the TPA process'®. At a reverse-bias
voltage of 25V, the effective carrier lifetime is reduced to ~1ns
compared to the free carrier lifetime of several tens of nanoseconds
in ordinary silicon rib waveguides'®''. Before performing the lasing
experiment, the single-pass c.w. Raman gain of a p-i-n silicon
waveguide was measured in a pump—probe experiment'*, showing
a single-pass net gain of >3 dB at a reverse-bias voltage of 25 Vand a
pump power of ~700 mW coupled into the waveguide.

Figure 2 is a schematic of the Raman laser experiment. A c.w.
external cavity diode laser (ECDL) at 1,550 nm is amplified by an
erbium-doped fibre amplifier system to produce a pump beam of
up to 3 W. The pump beam passes through a polarization controller
followed by a thin-film-based wavelength de-multiplexer and is
coupled into the waveguide cavity by a lensed fibre through the
dichroic-coated front facet. The Raman laser output and the
reflected pump beam are coupled back into the lensed fibre, and
separated through the wavelength de-multiplexer. The extracted
laser output from the reflection port of the de-multiplexer is further
filtered by a long-wavelength pass filter before being detected by a
power meter or optical spectrum analyser. The coupling loss

Pump power monitor Silicon
Lensed ;
Polarization fibre waveguide
Pump at controller De-multiplexer
1,550 nm OO0
Tap coupler 4 4
output at Dichroic  High-
Optical 1,686 nm coating refle;:hon
spectrum| |3 coating
analyser | |t=rmemoo

Laser output Tap coupler

power meter

Figure 2 Schematic set-up of the silicon Raman laser experiment. See main text for
details.

726

© 2005 Nature Publishing Group

between the lensed fibre and the waveguide was measured to be
~4dB and the insertion loss of the de-multiplexer and the long-
wavelength pass filter is ~0.6 dB. The silicon chip is mounted on a
thermo electric cooler and kept at a constant temperature of 25 °C.

At the pump wavelength, a low finesse cavity is formed by the low
reflectivity front facet and high reflectivity back facet. This con-
figuration allows the cavity enhancement effect'>"” of the pump
power to be used to lower the lasing threshold. When the pump laser
is tuned to the resonance of the cavity, the circulating power inside
the waveguide cavity is enhanced, and the effective mean internal
power (I.g) inside the cavity can be expressed as'®:

1—e (1 —Re)(1+Rpe b

al (1= /RiRye )
where I is the incident pump power (less coupling loss), Rgand Ry,
are the reflectivity of the front and back facet respectively, « is the
absorption coefficient, and L is the waveguide length. At low power,
we can estimate the power enhancement factor M = I.¢/I; to be
~2.2, using our experimental parameters. At high power, however,
the absorption coefficient « increases owing to the TPA-induced
nonlinear absorption, and M reduces accordingly.

Figure 3 plots the Raman laser output power versus the input
pump power (I;) coupled into the laser cavity depicted in Fig. 1a, at
two different reverse-bias voltages applied to the p-i-n diode. In
the experiment, the pump beam polarization is adjusted with a
polarization controller and its wavelength is fine-tuned to the cavity
resonance to take advantage of the cavity enhancement of the pump
and maximize the laser output. The Raman laser frequency is
15.6 THz lower than that of the pump laser. We see from Fig. 3
that the lasing threshold reduces with increasing reverse-bias
voltage. The lasing threshold is ~280 mW with a 5-V bias and
~180 mW with a 25-V bias. The lower threshold and higher laser
output power with higher reverse-bias voltage are expected because
the effective carrier lifetime is shorter, resulting in lower nonlinear
loss and higher gain'. For this waveguide cavity, the total loss of the
feedback mirrors (Ry= 71% and R}, = 90%) at the lasing wave-
length is ~2 dB, so a ~1-dB single-pass net gain is needed to reach
lasing threshold. From previous measurements', a ~1-dB net c.w.
gain is obtained at a pump power of ~400 mW with 25-V reverse
bias and ~600 mW with 5-V reverse bias. Taking into account the
cavity enhancement factor of ~2.2, the lasing thresholds are
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Figure 3 Silicon Raman laser output power as a function of the input pump power at a
reverse bias of 25 and 5 V. The pump wavelength is 1,550 nm and the laser wavelength is
1,686 nm. The slope efficiency (single side output) is 4.3% for 25-V bias and 2% for 5-V
bias. Error bars represent standard deviations.
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expected to be ~182 and ~273 mW for reverse biases of 25 and 5V,
respectively, which is consistent with our measurements. The slope
efficiency (single side output) above threshold is ~4.3% with a
reverse bias of 25V, and 2% with a reverse bias of 5 V. Figure 3 also
shows that the laser output power begins to saturate at a pump
power of >400mW with a 25-V bias and at a pump power of
>500 mW with a 5-V bias. This is primarily due to the nonlinear
loss caused by the TPA-induced FCA as a consequence of the non-
zero carrier lifetime of the p-i-n waveguide, reducing the net gain at
higher pump powers. In addition, the cavity enhancement factor M
for the pump reduces with increasing nonlinear loss, lowering the
effective pump power in the cavity.

The spectrum of the laser output is measured with a confocal
scanning Fabry—Pérot spectrum analyser with a free spectral range
of 8 GHz and finesse of 100. Figure 4a shows the Raman laser
spectrum measured at a pump power of ~400 mW and a reverse
bias of 25 V. As shown, the laser has single-mode output, that is, no
other cavity modes with expected mode spacing of 0.9 GHz for a
4.8-cm-long silicon waveguide cavity appear within the free spectral
range (8 GHz) of the spectrum analyser. The measured linewidth of
80 MHz is limited by the resolution of the spectrum analyser. This
was verified by recording the spectrum of a narrow-band laser of
linewidth <1 MHz with the same spectrum analyser.
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Figure 4 Silicon Raman laser spectra. a, Measured with a confocal scanning Fabry—Pérot
spectrum analyser. Displayed is a scan over one free spectral range of 8 GHz showing
single-mode operation of the laser. The measured linewidth of 80 MHz is limited by the
resolution of the spectrum analyser. b, Measured with a grating-based optical spectrum
analyser at different pump wavelengths from 1,548 nm to 1,558 nm in 2-nm steps,
showing a side mode suppression of >55dB.
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Figure 4D is a plot of the laser output spectrum measured with a
grating-based optical spectrum analyser with 0.07-nm resolution at
various pump wavelengths. The spectra shown were obtained by
changing the wavelength of the pump laser seed (ECDL) from 1,548
to 1,558 nm in 2-nm steps. The input pump power was ~400 mW
and a reverse bias of 25 V was applied to the p-i-n diode. The Raman
laser output has side-mode suppression of over 55 dB and its centre
wavelength corresponds to the appropriate Stokes shift for each
pump wavelength. The displayed linewidth is limited by the
resolution of the spectrum analyser. The small fluctuation in output
power is due to the wavelength dependence of the insertion loss of
the de-multiplexer, the long-wavelength pass filter, and the gain of
erbium-doped fibre amplifiers.

This first demonstration of c.w. Raman lasing in silicon repre-
sents a significant milestone towards producing fully integrated
monolithic photonic chips. The performance of this silicon Raman
laser could be further improved by optimizing cavity mirror and
cavity length design. The threshold power could be reduced by using
a waveguide with smaller cross-sectional dimensions and/or by
introducing a larger cavity enhancement for the pump beam. The
fibre to waveguide coupling efficiency could be improved by adding
amode converter in the waveguide'. In addition, with optimization
of the p-i-n diode design, it may be possible to further reduce
the effective carrier lifetime to below 1ns. This would reduce the
saturation effect and thus increase the laser output power. The
multilayer coating approach used to form the cavity mirrors could
also be replaced with waveguide Bragg reflectors®®?!, ring or
microdisk resonator architectures®; this could provide a platform
for monolithic integration of silicon-based optoelectronics. O
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Silicon has a crucial role in many biogeochemical processes—for
example, as a nutrient for marine and terrestrial biota, in
buffering soil acidification and in the regulation of atmospheric
carbon dioxide. Traditionally, silica fluxes to soil solutions and
stream waters are thought to be controlled by the weathering and
subsequent dissolution of silicate minerals">. Rates of mineral
dissolution can be enhanced by biological processes®. But plants
also take up considerable quantities of silica from soil solution,
which is recycled into the soil from falling litter in a separate
soil-plant silica cycle that can be significant in comparison with
weathering input and hydrologic output*®. Here we analyse soil
water in basaltic soils across the Hawaiian islands to assess
the relative contributions of weathering and biogenic silica
cycling by using the distinct signatures of the two processes in
germanium/silicon ratios. Our data imply that most of the silica
released to Hawaiian stream water has passed through the
biogenic silica pool, whereas direct mineral-water reactions
account for a smaller fraction of the stream silica flux. We expect
that other systems exhibiting strong Si depletion of the mineral
soils and/or high Si uptake rates by biomass will also have strong
biological control on silica cycling and export.

Germanium/silicon ratios have been used to trace silica sources in
rivers and the oceans™'’. Ge/Si ratios in streams unaffected by
pollution or hydrothermal inputs are always lower than Ge/Si in
the silicate bedrock that they drain''. Secondary minerals (clays)
formed in the soil environment are the major complementary
reservoir higher in Ge/Si (refs 12—14). Dissolved Ge-Si relationships
from most rivers from a variety of climatic and geological settings
are similar, and comprise trends that have been explained as mixing
between silica derived from weathering of primary minerals and
silica derived from weathering of secondary clays'>"*. According to
this scheme, which we term the Murnane, Stallard, Froelich (MSF)
model, incongruent dissolution of primary minerals yields a solu-
tion with high Si concentration, [Si], and low Ge/Si (component 1),
whereas dissolution of secondary, Ge-enriched clays yields a
low-[Si], high-Ge/Si solution (component 2).

The MSF model assumes direct mineralogical control on stream
silica (and germanium). According to this model, mineral stability
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controls the concentrations of dissolved silica in equilibrium with
clay assemblages; mineral weathering rates define the available flux
of Si; and the degree of dilution of solutions generated in the
weathering environment sets overall stream [Si]. Ge/Si ratios in soil
solutions should reflect the soil mineral phases undergoing
dissolution or transformation'. However, the recognition of an
active terrestrial biological cycle of Si raises questions about the
pathways of silica from weathering to streams. Many plants
sequester silica in biogenic phytoliths (opal-A structures), and
soils can accumulate significant quantities of biogenic opal-A'®.
What is the impact of this internal plant cycle on stream Si fluxes?
Is stream export largely unaffected by this process, or does the
‘internal’ plant cycle have a significant role in controlling silica
export from watersheds?

The Hawaiian islands offer an opportunity to test the predictions
of the MSF model and to investigate the impact of biogenic silica
cycling on stream export. Ge/Si in fresh Hawaiian basalts (tholeitic
and alkaline) fall in a relatively narrow range of (2.3-2.9) X 10°°
(mol/mol) (ref. 17). Ge and Si data from Hawaiian streams
unaffected by coal burning or hydrothermal inputs define an
apparent mixing relationship'' (Fig. 1). The data can be modelled
as a two-component mixture in which component 1 has
Ge/Si = 0.2 X 10~¢ and [Si] > 600 uM, and component 2 has
Ge/Si =~ 2.6 X 10°® and [Si] = 25puM (Fig. 1). The MSF model
predicts that the low-Ge/Si, high-[Si] component 1 is produced
during the incongruent dissolution of primary minerals in the lower
part of soil profiles, near the interface with fresh material, and/or in
the upper parts of young soils that are not yet depleted of silica
and retain primary minerals. High-Ge/Si, low-[Si] solutions (com-
ponent 2) should occur in the upper parts of weathered soil profiles
that have lost their primary minerals and in which the dissolution of
secondary clays with high Ge/Si is important.

We tested the predictions of the above model by measuring [Ge]
and [Si] in soil waters from seven depth profiles along a chrono-
sequence of basaltic soils across the Hawaiian islands. The chrono-
sequence ranges from 0.3 to 4,100 kyr substrate age, but has
common rock type, present-day climate and vegetation'®". Major
element geochemistry, soil mineralogy and solid-phase Ge/Si ratios
have been characterized by previous studies. Young soils (about
0.3kyr old) retain primary minerals and volcanic glass, have
experienced little Si loss, and have Ge/Si ratios close to that of
fresh basalt'. Older soils (at least 20kyr old) have experienced
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Figure 1 Plot of Ge/Si against [Si] from Hawaiian stream waters. Data are from ref. 12 and
this study. The hyperbolic curve is a two-component mixing model, in which component 1
is derived from the dissolution of biogenic silica and has Ge/Si = 0.25 x 107 and
[Si] = 1,800 M, and component 2 is derived from the dissolution of soil minerals and
has Ge/Si = 2.6 x 10 and [Si] = 25 pM. Hawaiian streams generally show lower
[Si] and higher Ge/Si at high discharge. The discharge-weighted stream fluxes have
Ge/Si < 1 and [Si] > 80 M, implying that component 1 is the larger contributor of
dissolved silica and indicating a major role for biogenic silica in controlling stream Si
export. Labelled crosses on the mixing curve indicate the modelled fraction of
biogenic Si.
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