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Silicon photonics has been a very active area of research especially in the past two
decades in order to meet the ever-increasing demand for more computational power and
faster device speeds and their natural compatibility with CMOS. In order to develop Si as a
useful photonics material, essential photonic components such as light sources, waveguides,
wavelength convertors, modulators and detectors need to be developed. However, due to the
indirect electronic bandgap of Si, conventional light emission devices such as LEDs and
lasers are not possible. Therefore, there has been considerable interest to develop Si-based

Raman lasers, which are nonlinear devices, and require large stimulated Raman scattering



(SRS) in an optical cavity. However, due to the low quantum yield of SRS in Si, Raman lasers
have very large device footprints and high lasing threshold, making them unsuitable for
faster, smaller and energy efficient devices. Here, we report strong SRS and extremely high
Raman gain in Si nanowire optical cavities in the visible region with measured SRS threshold
as low as 30 KW/cm? . At cavity mode resonance, light is confined into a low mode volume
and high intensity electromagnetic mode inside the Si nanowire due to its high refractive
index, which leads to strong SRS at low pump intensities. Electromagnetic calculations reveal
greater than six orders of magnitude increase in Raman gain coefficient at 532 nm pump
wavelength, compared to the gain value at 1.55 pm wavelength reported in literature despite
the 102 higher losses at 532 nm. Because of the high gain in such small structures we believe
that this is a significant first step in realizing a monolithically integrable nanoscale low

powered Si Raman laser.

Keywords: Raman spectroscopy, silicon, nanowire, stimulated Raman Scattering, Silicon

photonics, Raman lasing

Silicon photonics offers a cost effective solution for building the next generation of
ultrafast, small and energy efficient optoelectronic devices! because of existing and highly
developed processes in the microelectronic industry along with compatibility with CMOS
fabrication®. These optoelectronic devices also require a laser for transmitting the modulated
electrical data using light?, and ideally an optical source fabricated from Si for seamless integration
with other Si-based components. But due to the indirect electronic bandgap of Si*, building
conventional emission based lasers in which an electron-hole pair recombination leads to a photon
emission, is extremely difficult and as a result Raman scattering has been explored as a source for

stimulated emission from Si*->. But relatively high losses in Si® and an inherently low Raman gain



coefficient value of ~10 cm/GW (at 1.55 pm)’ have made it difficult to achieve net optical gain in
Si cavities. To overcome this challenge, a large cavity of size 4.8 cm was used to achieve net gain
using pulsed optical pumping?® as well as continuous wave (CW) optical pumping® but with a power
requirement of ~470 mW (power intensity ~ 30MW/cm?) to attain a net gain of 58%. Si Raman
lasers have been fabricated using similar cavities with lasing thresholds of 10 W (pulsed
pumping)'® and 300 mW (CW pumping)!!, which are in general prohibitive for practical
applications. Ring-resonator cavities optimized for low losses further brought down the lasing
threshold to ~50 mW CW power but a reverse bias p-n junction was still required for efficient
operation to minimize free carrier absorption losses'?. These centimeter-scale lasers with large
lasing thresholds are incompatible with the goal of making small, low powered energy efficient
devices which require nanoscale, low lasing threshold and monolithically integrable Si laser. These
nanoscale devices are particularly important to achieve seamless integration with electronic
devices such as transistors on sub-100 nm lengthscales. Although a pm scale Si Raman laser has
been demonstrated using photonic crystals'3,t it still has an overall large device footprint and is

also not monolithically integrable with other devices.

Si nanostructures provide an interesting platform to investigate optical properties which
are otherwise challenging to realize in bulk. For eg. we recently reported broadband white light
emission from Si nanowires!'® which is not observable in bulk Si because of its indirect bandgap.Si

rich particles in SiO, matrix have also shown giant Raman gain!'%!?

and Raman lasing was
observed in micrometer scale Si photonic crystals'?. But compared to other nanostructures such as
nanoparticles and photonic crystals, nanowires are easier to integrate in devices because of their

simple one-dimensional cylindrical geometry. They can also function as device elements and

nanoscale interconnects, and have immense potential for integration with future nanophotonic



devices. In this work we report a large net Raman gain in Si nanowires from stimulated Raman
scattering (SRS) in the visible spectral region with an extremely low threshold despite large
absorption losses in this region. The overlap of the cavity mode of Si nanowire with the pump
wavelength leads to high electric field intensity modes inside the nanowire (~30 times more intense
than in bulk Si). This combined with the low mode volume of these electromagnetic modes leads
to SRS at (external) pump intensities as low as 30 KW/cm?. A Raman gain coefficient value of
4x107 cm/GW at 532 nm is calculated, which is more than 10° greater than the reported value for
bulk Si at 1.55 um excitation!”!3, Such high Raman gain can pave way for a monolithically
integrable nanoscale Si laser, which may also enable seamless integration of a nanoscale optical
source with other nanscale electronic and optical components, leading to the development of next

generation of low powered nanodevices and nanosystems.

To study SRS, Si nanowires grown via low-pressure chemical vapor deposition (see
supporting information for details), were dispersed onto a glass substrate. Raman spectroscopy
was performed on these nanowires using CW laser excitation at two different wavelengths (532
and 659.4 nm, spot size ~1um) and varying pump intensity. The pump light was polarized along
the nanowire long axis to increase in-coupling of optical power (schematic in Figure la, see
supporting information for details). Excitation power dependent Raman measurements performed
on a Si nanowire of diameter 100 nm showed that with increase in pump intensity the Raman peaks
red shift and broaden (Figure 1b). The integrated Stokes intensity- calculated from area under each
Raman peak (Figure 1c, see supporting information for details), also increased with an increase in
pump intensity. At lower pump intensities, the Stokes scattering was linearly dependent on pump
intensity indicating spontaneous Raman scattering but at higher pump intensities this dependence

became nonlinear, suggesting the onset of SRS. At a pump intensity of 1 MW/cm?, the measured



Stokes intensity was twice the value calculated from linear extrapolation of Stokes intensity at the
lowest pump intensity (Figure lc, broken line), corresponding to a 100% enhancement in Stokes
scattering. The superlinear dependence of Stokes scattering on pump intensity is more clearly
visible in log-log scale (inset- Figure 1c). The slope of this curve which is close to 1 at low pump
intensity increased to ~2 at a pump intensity of | MW/cm?, clearly indicating nonlinearity and SRS
at higher pump intensities'®. The threshold for SRS, i.e., when the Raman scattering process
becomes nonlinear is only ~30 kW/cm? (pump intensity at which the slope of the log-log plot
becomes greater than 1). It is indeed interesting to observe SRS in single Si nanostructures on a
100 nm lengthscale and that too in the visible spectrum where losses are ~8 orders of magnitude

higher than at 1.55 pm (see supporting information for details).

To understand the mechanism of strong SRS in the otherwise lossy spectral region,
numerical calculations were performed to calculate the spatial distribution of electric field intensity
inside the nanowire via the finite difference time domain (FDTD) method (see supporting
information). Calculations for the Si nanowire of diameter 100 nm showed that high electric field
intensity-whispering gallery (TMio) mode? is excited in the nanowire near 532 nm (pump
wavelength, Figure 2a) and 547 nm (Stokes wavelength, Figure 2b) with a fourfold enhancement
in electric field intensity compared to incident electric field intensity. There is also a good spatial
overlap of the electromagnetic modes at the pump and at Stokes wavelength inside the nanowire
which was shown to be a critical factor in achieving SRS at low powers in nanostructured Si'3.
The average electric field intensity (Figure 2¢) inside the nanowire is also enhanced by a factor of
1.5 (compared to incident electric field intensity) at both the wavelengths, which is much stronger
than the average electric field intensity in bulk Si (only 5% of incident electric field intensity).

Moreover, the mode volume of these electromagnetic modes is estimated to be ~3.5x10* um? in



the Si nanowire compared to ~2.1x10-3 pm? in bulk Si (see supporting information for details).
This increase in electric field intensity inside the nanowire at both the pump and Stokes wavelength
along with the spatial overlap of electromagnetic modes combined with their small mode volume

leads to strong SRS in Si nanowires at low intensities.

The strong electric field intensity inside the Si nanowire and above bandgap excitation
wavelength (bandgap of Si at 302 K = 1.09 um)? also leads to strong absorption of incident light.
However, because of the indirect bandgap of Si* most of the absorbed light is converted into heat?!,
which coupled with the heat generated from Raman scattering causes an increase in nanowire
temperature leading to a red shift*? and broadening?® of the Raman peak at higher pump intensities
(Figure 1b). Nanowire temperature calculated from the red shift in Raman peak?* (see supporting
information for details) increased with increase in pump intensity. A maximum temperature of
865K was attained at a pump intensity of 1 MW/cm? (Figure 3a, black curve-left axis), an increase
of ~570K from 295K. The broadening of Raman peak happens in part due to increased lattice
anharmonicity®® at higher temperature and has also been previously reported during SRS
measurements'>. A comparison of the experimentally measured increase in full width at half
maximum (FWHM) value of the Raman peak (Figure 3a, orange solid curve-right axis) with
numerical calculations for expected increase in FWHM value at higher temperature?* (Figure 3a,
orange broken curve-right axis) revealed more broadening (more FWHM) in the experimentally
measured Raman peak than predicted from calculations. This extra increase in FWHM is caused
by non-uniform laser heating of the Si nanowire?® and asymmetric line broadening associated with
Fano interactions between optically excited charge carriers and the lattice?’, each of which has
been shown to cause Raman peak broadening in Si nanowires at high pump intensities. While SRS

has been reported earlier in bulk Si!®!'! Si nanoparticles', carbon nanotubes®® and GaP



nanowires?’, gain associated peak narrowing has not been observed, which is consistent with our

observations.

To further investigate the effect of temperature on SRS, FDTD calculations were
performed to calculate the average electric field intensity inside the nanowire as a function of
wavelength and temperature using temperature dependent permittivity of Si*’. These calculations
show that an increase in temperature leads to a decrease in the average electric field intensity
confined inside the nanowire at pump and at Stokes wavelength (Figure 3b). At 865K, the product
of electric field intensities inside the cavity at pump and at Stokes wavelength is decreased by a
factor of 3 compared to the value at room temperature (Figure 3b, inset). Since SRS depends on
the product of electric field intensities inside the cavity at pump and at Stokes wavelength, a
threefold decrease in SRS intensity at 865 K (pump intensity- 1 MW/cm?) is expected. In other
words, under otherwise identical conditions, the SRS intensity at pump intensity of 1 MW/cm?
would be three times the value experimentally recorded if the temperature of the system were to
be maintained at 295 K. Other experimental'®*! and theoretical®? studies performed to investigate
the temperature dependence of Raman scattering in Si also concluded that the intensity of Stokes
scattering decreases with an increase in temperature. To analyze SRS without the deleterious effect
of temperature in Si nanowires, temperature corrected Stokes intensity (for Figure 1c) was
calculated using the empirical formula for temperature dependence of Stokes scattering provided
by Compaan et.al** (also see supplementary figure S1) which showed an even larger increase in
Raman scattering intensity (Figure 3c). The slope of the temperature corrected curve was also
steeper indicating stronger Raman nonlinearity if the deleterious effect of increased nanowire
temperature were to be removed. At a pump intensity of 1 MW/cm? the increase in temperature

corrected Stokes scattering intensity was ~400% compared to a 100% increase in experimentally



measured Stokes intensity highlighting the decrease in SRS intensity due to increase in
temperature. It should be noted that the temperature correction factor for Stokes intensity for bulk
Si at 865K is 2.5 which is similar to the value of 3 calculated by numerical calculations for
nanowire. One of the reasons for higher value from numerical calculations could be the fact that
at higher temperature, the cavity mode of the nanowire shifts away from the pump wavelength,
leading to poor confinement of light at pump and Stokes wavelength and a further decrease in
Raman scattering (and correspondingly a bigger temperature correction factor), an effect not seen

in bulk.

To investigate the effect of confinement of electric field intensity inside the nanowire at
pump and Stokes wavelengths on SRS and also the wavelength tunability of SRS, finite difference
time domain (FDTD) calculations were performed to calculate the average electric field intensity
inside the nanowire as a function of their diameter and excitation wavelength. These calculations
reveal wavelength and nanowire diameter dependent electromagnetic modes where the electric
field intensity is strongly confined inside the nanowires (Figure 4a). Based on these calculations it
can be inferred that experiments conducted on a nanowire selected with high average electric field
intensity inside the nanowire at the pump and Stokes wavelength should show SRS and hence
Stokes intensity should be superlinearly dependent on pump intensity. Alternately, experiments on
a nanowire with low electric field intensity at pump and Stokes wavelength should show
spontaneous Raman scattering and Stokes intensity should vary linearly with pump intensity. To
test this hypothesis, Raman scattering experiments were done on several nanowires with varying
diameter at two pump wavelengths 532 and 659.4 nm (green and red broken lines in Figure 4a).
Results for four representative wires plotted in Figure 4b (with high and low average electric field

intensity at each of the two pump wavelengths) show a good correlation between electric field



intensity inside the nanowire and observance of SRS. Nanowires A (diameter, 220 nm) and B
(diameter, 100 nm) have high average electric field intensity at 659.4 nm and 532 nm respectively.
Correspondingly they show SRS and a superlinear dependence of Stokes scattering intensity on
pump intensity. On the other hand, nanowires C (diameter,125 nm) and D (diameter, 100 nm) have
low average electric field intensity at 532 and 659.4 nm respectively and hence do not show SRS,
therefore confirming the dependence of SRS on electric field intensity inside the nanowire, as well

as the wavelength tunability of SRS.

In order to quantify the gain observed in Si nanowires, calculations were performed using
the model for pump and Stokes power evolution as proposed by Jones et.al** . Based on this model,
net optical gain from SRS in a cavity is proportional to Stokes intensity from spontaneous Raman
scattering and difference of Raman gain and losses in Si. By estimating spontaneous Raman
scattering intensity from linear extrapolation of Stokes scattering intensity at lowest pump
intensity, and losses from linear absorption coefficient of Si at 547 nm, a gain coefficient value of
4x107 cm/GW for Si nanowire of diameter 100 nm at 532 nm pump wavelength is calculated (see
supporting information for details). This represents enhancement by a factor >10° in Raman gain
coefficient compared to the value of 10 cm/GW reported for bulk Si at 1.55 pm'®!°. Note that
while our calculations assume 100% in-coupling and negligible losses of pump power inside the
nanowire, accounting for lower in-coupling and pump power losses inside the nanowire, would
give a larger value of gain coefficient than what is calculated here. Despite such high gain
coefficient in these nanowires, lasing was not achieved primarily because of high losses leading to
increase in cavity temperature which is detrimental to SRS. Similar to observations in bulk Si
where a decrease in cavity losses by a factor of three decreased lasing threshold by an order of

magnitude'?; decreasing loss in Si nanowire should also help achieve lasing. In order to achieve



that, experiments can be conducted at 1064 nm where losses are only ~ 0.1% of the losses at 532
nm. Moreover, the corresponding Stokes emission at 1190 nm would be below the bandgap of Si
which would further decrease the loss of Stokes scattered light. Additionally, coating Si nanowires
with a thick metal layer would provide an efficient heat sink to keep the nanowire at lower
temperature and also lead to stronger confinement of light inside the nanowire?®. Numerical
calculations show (supplementary figure S2) a seventy-fold enhancement of electric field intensity
inside the nanowire of diameter 475 nm coated with 250 nm Ag at 1060 nm excitation due to the
formation of metal-dielectric cavity modes with stronger confinement. If Raman experiments were
to be conducted on resonant Si nanowire cavities at this wavelength, it may lead to lasing in these
Sinanowires due to lower losses and stronger confinement of light. Thus, by using the high Raman
gain coefficient nanowires it should be possible to make a low powered Si nanolaser in the infrared

wavelength region.

In conclusion, we have demonstrated that by aligning the nanowire cavity mode with the
pump wavelength, strong SRS can be observed in Si nanowires of various diameters at different
wavelengths. Raman gain coefficient of Si nanowire can be enhanced by a factor greater than 10°
at 532 nm excitation despite 8 orders of magnitude higher losses compared to at 1.55 pm. This
enhancement was possible because of higher electric field intensity and lower mode volume of the
electromagnetic modes inside the Si nanowire compared to bulk Si at pump and Stokes
wavelength, as well as spatial overlap of these modes inside the cavity. This is a significant step
towards development of a homogeneous Si nanolaser with low lasing threshold and could lead to
the development of first monolithically integrable Si Raman nanolaser in the infrared as well as

telecom wavelength range.
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Supporting Information

Methods for nanowire synthesis and diameter measurement, optical measurements, calculations
for temperature, Stokes intensity, temperature dependence of Stokes intensity, wavelength

dependent losses in Si, Raman gain coefficient and numerical calculations.
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Figure Captions

Figure 1: Stimulated Raman Scattering in Si nanowires: a) Schematic of Raman experiments
on a Si nanowire in backscattering geometry. Green arrows indicate the direction of the
propagation of the incident wave and the back scattered Raman Stokes wave. Black broken arrow
shows the direction of polarization of incident electric field, inset shows the scanning electron
microscopy image of a representative Si nanowire (scale bar is 400 nm); b) Pump intensity
dependent Stokes Raman spectra of a Si nanowire of diameter 100 nm with a 532 nm pump, legend
shows the pump intensity; c) Integrated Stokes intensity of the same wire as a function of pump
intensity (linear scale). Broken line is the extrapolation of Stokes intensity using the Raman
scattering data at the lowest pump intensity and represents the expected Stokes intensity from

spontaneous Raman scattering. Inset shows the same data in log-log scale.

Figure 2: High electric field intensity inside the nanowire at cavity mode resonance: a, b)
Electric field intensity distribution (normalized to incident electric field intensity) inside the Si
nanowire of diameter 100 nm at pump wavelength (532 nm) and at Stokes wavelength (547 nm).
Region inside the inner white circle represents the nanowire. Region in between the two white
circles represents the native oxide layer; ¢) Average electric field intensity inside the nanowire
(normalized to incident electric field intensity) inside Si nanowire and bulk Si as a function of

excitation wavelength.

Figure 3: Effect of Temperature on Stimulated Raman Scattering: a) left axis: Temperature of
the Si nanowire as a function of pump intensity, right axis: experimentally measured increase in

16



full width at half maximum (FWHM) values and calculated** temperature dependent increase in
FWHM values (line connecting the points is a guide to the eye); b) FDTD calculations for average
electric field intensity inside the nanowire (normalized to incident electric field intensity) as a
function of temperature. Inset shows the product of pump electric field intensity (Ipump) and Stokes
electric field intensity (Is;), which is directly proportional intensity of SRS, inside the nanowire as
function of temperature; ¢) Experimentally measured and temperature corrected integrated Stokes
intensity (line connecting the points is a guide to the eye), and linear extrapolation of Stokes
intensity from the lowest pump intensity as a function of pump intensity of Si nanowire of diameter

100 nm

Figure 4: Effect of nanowire cavity mode alignment with pump wavelength on Stimulated
Raman Scattering: a) FDTD calculations of average electric field intensity inside the nanowire
(normalized to incident electric field intensity) as a function of nanowire diameter and excitation
wavelength. Vertical broken lines represent the two pump wavelengths- 532 nm (green line) and
659.4 nm (red line); b) Experimentally measured integrated Stokes intensity as a function of laser
intensity in Si nanowires of diameter 220 nm (A) and 100 nm (D) at 659.4 nm and of diameter 100

nm (B) and 125 nm (C) at 532 nm
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Figure 2
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Figure 4
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