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Abstract
ENGINEERING PHONON, PHOTON, ELECTRON AND PLASMON INTERACTIONS IN SILICON -
METAL NANOCAVITIIES FOR SILICON PHOTONICS AND THERMOPLASMONICS

Daksh Agarwal

Ritesh Agarwal, PhD

Silicon photonics offers a cost effective solution to achieve ultrafast data processing speeds. But due to its
indirect bandgap structure, making lasers from silicon is extremely difficult. Thus research has focused on
nonlinear Raman processes in silicon as a method to achieve optical gain. Silicon nanowires provide an
interesting platform for enhancing these nonlinearities because of their small size, geometry and relevant
length scales. In the current work Raman measurements done on silicon nanowires reveal that up to
twelvefold enhancement in Stokes scattering intensity and fourfold enhancement in anti Stokes scattering
intensity can be attained depending on cavity structure and size, and excitation wavelength. In some cavities
Stokes intensity depends on the sixth power of pump intensity, indicating extreme nonlinearity. Numerical
calculations, done to understand the mechanism of these results indicate that silicon nanowires confine light
to highly intense electric field modes inside the cavity which lead to stimulated Stokes and anti Stokes Raman
scattering. Cavity modes can also be tuned to enhance the relative emission of either one of anti Stokes or
Stokes photons which could enhance cavity cooling. These results would enable the development of smallest
monolithically integratable silicon laser with extremely low lasing threshold and could lead to the
development of next generation of high speed and energy efficient processors. The intense electric field inside
the nanowire could also be used to enhance the degree of plasmon excitation in metallic nanoparticles. Silicon
nanowires coated with a 10 nm thick gold film lead to strong plasmon excitation in gold and high cavity
absorption which enable the cavity to heat up to temperatures of 1000K at relatively low pump powers. The
cavities also give the ability to measure temperature attained during plasmon excitation and control the
plasmon resonance wavelength. Because of the strong heating and plasmonic effects, these cavities show
enhanced evolution rates of hydrogen, a crucial industrial building block and a promising fuel, in
photoreforming reactions of alcohols.
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ABSTRACT 

ENGINEERING PHONON, PHOTON, ELECTRON AND PLASMON 

INTERACTIONS IN SILICON - METAL NANOCAVITIIES FOR SILICON 

PHOTONICS AND THERMOPLASMONICS 

Daksh Agarwal 

Ritesh Agarwal, PhD 

Silicon photonics offers a cost effective solution to achieve ultrafast data 

processing speeds. But due to its indirect bandgap structure, making lasers from silicon is 

extremely difficult. Thus research has focused on nonlinear Raman processes in silicon as 

a method to achieve optical gain. Silicon nanowires provide an interesting platform for 

enhancing these nonlinearities because of their small size, geometry and relevant length 

scales. In the current work Raman measurements done on silicon nanowires reveal that 

up to twelvefold enhancement in Stokes scattering intensity and fourfold enhancement in 

anti Stokes scattering intensity can be attained depending on cavity structure and size, 

and excitation wavelength. In some cavities Stokes intensity depends on the sixth power 

of pump intensity, indicating extreme nonlinearity. Numerical calculations, done to 

understand the mechanism of these results indicate that silicon nanowires confine light to 

highly intense electric field modes inside the cavity which lead to stimulated Stokes and 

anti Stokes Raman scattering. Cavity modes can also be tuned to enhance the relative 

emission of either one of anti Stokes or Stokes photons which could enhance cavity 

cooling. These results would enable the development of smallest monolithically 

integratable silicon laser with extremely low lasing threshold and could lead to the 
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development of next generation of high speed and energy efficient processors. The 

intense electric field inside the nanowire could also be used to enhance the degree of 

plasmon excitation in metallic nanoparticles. Silicon nanowires coated with a 10 nm thick 

gold film lead to strong plasmon excitation in gold and high cavity absorption which 

enable the cavity to heat up to temperatures of 1000K at relatively low pump powers. The 

cavities also give the ability to measure temperature attained during plasmon excitation 

and control the plasmon resonance wavelength. Because of the strong heating and 

plasmonic effects, these cavities show enhanced evolution rates of hydrogen, a crucial 

industrial building block and a promising fuel, in photoreforming reactions of alcohols. 
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irradiation was repeated. Scale bar is 500 nm in each image. 

134 

Figure 4.16: Cavity stability tests: Temperature – a) and Raman intensity – b) 

vs. laser power for three repeated cycle at the same spot on the nanowire with 

a maximum temperature of 750 K; c, d) Similar data except with a maximum 

temperature of 950 K 
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Figure 4.17: SEM image of the nanowire region kept at 950 K. Scale bar is 

500 nm 
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Figure 4.18: Cavity stability tests: Temperature – a) and Raman intensity – b) 

vs. laser power for three repeated cycle at the same spot on the nanowire with 

a maximum temperature > 1000 K 
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Figure 4.19: SEM image of the nanowire region heated to a temperature > 

1000 K. Scale bar is 200 nm 
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CHAPTER 1. Introduction   

 

1.1 Case for nanoscale silicon photonics 

The advances in the CMOS technology have greatly enhanced processor speed of 

devices. However, device size is expected to reach saturation soon
1
 with Intel already 

working on a 14 nm transistor
2
. Moreover, with the ever increasing demand for faster 

speeds and larger bandwidths from interconnects, copper interconnects are expected to 

soon lag behind the requirements
3
. Both of these would greatly affect the potential speeds 

at which chips could operate. Optical interconnects provide an alternative, allowing much 

faster speeds and larger bandwidths and are already being used to connect racks of 

equipment that span 1-100 meters. Over the next decade they are expected to slowly 

make way into backplane communication- connecting separate printed circuit boards over 

a distance of 20-100 cm, and eventually to chip to chip applications, spanning less than 

20 cm 
3
. These would allow for much faster device speeds and faster communication 

between different components of a chip. They would also directly greatly increase the 

rate at which data can be transferred across a network.  

Silicon because of its low cost and compatibility with the CMOS industry offers 

itself as the obvious choice for optical interconnect material. Using silicon would allow 

for easy assembly and integration of optical components within the existing devices 

leading to much lower cost given that packaging and assembly account for ~ 60-70% of 

the total costs
3
. But silicon does not emit light at because of its indirect bandgap

4
 and 
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therefore alternate mechanisms such as Raman scattering for light emission need to be 

explored. Decade long research has opened up exciting possibilities; with silicon laser
5
 

and optical modulation being realized
6
, which could dramatically revolutionize the 

industry. To give some perspective, copper interconnects typically allow for a speed of 

~100Mbits/sec and the best ones available can potentially go as fast as 10-

20Gbits/second
3
. Today silicon devices can modulate signals electro-optically and 

process data at speeds higher than that
7
.
 
It can be used to process optical signals at speeds 

of 100Gbit/s and beyond
7
 
8
. Tbits/s speed is the next goal

9
 and while the developments so 

far have been promising, there are still a variety of issues that need to be addressed. 

Silicon based photonic devices typically have large footprints (>10 μm). Hence they 

require higher operating powers; which along with their size-mismatch with electronic 

components limits their potential for ultra dense device integration. High manufacturing 

cost for high volume production, high heat generation originating from high power 

requirements further limit the applications. Moreover some silicon-germanium (or III-V) 

hybrid components are still required especially for applications as a lasing source, which 

further complicates the integration steps. Therefore, new advances in materials design, 

fundamental understanding of nanoscale optical physics and innovative optical 

engineering are required to solve this problem. 

Nanoscale silicon photonics could go a long way in addressing these issues. 

Efficient silicon photonics at the nanoscale would bring down the size of optical 

components making integration much easier. Nanowire geometry as well as all (only) 

silicon optical components would further simplify the integration process. Smaller size 
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would enable smaller chip sizes and bring down the cost of manufacturing. These 

nanoscale components would also work at much lower operating power and voltages 

(possibly a few orders of magnitude lower). Given that interconnects today consume 

about 80% of the microprocessors power; this would bring about a dramatic decrease in 

the power consumption
10

. Lower powers consumption would decrease the amount of heat 

that needs to be removed from the system bringing the load on the cooling 

infrastructure
10

. Given the amount of heat that can be removed from a chip in cost 

effective manner is expected to be constant in the foreseeable future
10

, minimizing power 

losses is extremely important for larger scale integration of devices. An all silicon laser at 

the nanoscale which could be easily integrated would be another big step which would 

greatly reduce the power requirements both in terms in operating power and cooling 

infrastructure, making the system more energy efficient and economical, as well as make 

device integration feasible allowing for much faster speeds especially required in data 

centers and super computers. 

Other potential applications areas for silicon photonics include 

telecommunications, optical sensing, biomedical applications, imaging, quantum 

cryptography and atmospheric sensing and monitoring
11

 
12

. 

1.2 Recent advances in silicon photonics 

Silicon is an indirect band gap material with a bandgap of 1.12 eV
4
. Conventional 

lasers employ direct band gap semiconductors in which the maxima of the valence band 

and minima of the conduction band are momentum matched (at k = 0). Thus an electron-
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hole recombination event almost always results in a photon emission (figure 1.1
13

) 

leading to high quantum efficiency. However for silicon, the minima of conduction band 

and the maxima of valence band do not lie at the same point in k-space (Figure 1.1
13

). As 

a result non radiative processes such as Auger recombination and free Carrier absorption 

(FCA) dominate carrier relaxation processes. The rate of radiative recombination is about 

6 orders of magnitude lower than the rate of non-radiative recombination
13

. Thus it is 

extremely difficult to make silicon lasers via the conventional electron-hole 

recombination processes.  

 

 

One of the alternate ways that has been exploited to make a silicon laser is by 

using Stimulated Raman scattering (SRS, discussed in next section). But high losses from 

Figure 1.1
13

: Energy – momentum band diagram of a direct (InP) and an indirect (Si) 

bandgap semi conductor showing major charge carrier transition processes 
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mechanisms such as free carrier absorption (FCA) and low gain make it extremely 

difficult to achieve net cavity gain
14

 
15

. Liu et.al showed via simulations that the free 

carrier density via two photon absorption (TPA) in a silicon waveguide can be 

significantly reduced if the pump width is small compared to the carrier lifetime; which 

led to the observation of SRS, a precursor for Raman lasing, being observed in bulk 

silicon for the first time using pulsed laser pumping
16

. The first silicon Raman laser was 

also built using pulsed lasing
17

 with a lasing threshold of 9 watts. 

The mechanisms used with pulsed lasing could not be used with a continuous 

wave pumping and the free carrier density with continuous pumping is always high. But 

losses could still be reduced by reducing the effective carrier lifetime
18

. To decrease the 

carrier transit time Jones et.al
19

 used a p-i-n junction which was formed by depositing a 

p
+
 layer and an n

-
 layer on either side of the waveguide. The carrier transit time (free 

carrier lifetime) could be varied by applying different reverse bias voltage across this 

junction. Higher the reverse bias voltage lowered the carrier transit time leading to lower 

losses. Lowest carrier life time of ~ 1 ns, with a reverse bias voltage of 25V, was 

reported.  Using this they were able to show, net optical gain with continuous wave 

pumping. This was followed by lasing using continuous wave pumping with the 

application of a reverse bias in a ‘S’ shaped cavity of size 4.8 cm (figure 1.2a)
20

. In this 

cavity, lasing threshold and conversion efficiency (of pump to Stokes wavelength) was a 

direct function of losses in the cavity. Lower losses decreased the lasing threshold and 

increased conversion efficiency while higher losses increased the lasing threshold and 

decreased the conversion efficiency. At a reverse bias voltage of 25 V a lasing threshold 
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of 180 mW was observed. With a 5 V bias, the lasing threshold was 280 mW (laser 

output characteristics in figure 1.2b). Note that this threshold power values correspond to 

the amount of power coupled into the cavity and not the total pump power. Figure 1.2 
20

 

shows the schematic of this cavity and the output of laser for two reverse bias voltages.  

a) b)

 

 

The first monolithically integrated laser (schematic in figure 1.3
21

) was made by 

forming a racetrack resonator cavity with a length of 3 cm and the bent radius was 400 

µm. The quality factor of the cavity was calculated to be ~ 6E5, and
 
depending on the 

device architecture and applied reverse bias voltage, lasing threshold powers in between 

~150 and 250 mW were reported
21

. This laser could be integrated on the chip and paved 

way for a plethora of applications. More recently, a cascaded laser
22

 and a 0-reverse bias 

voltage laser
23

 have also been made, primarily by decreasing cavity losses and increasing 

the cavity quality factor. 

Figure 1.2
20

: Continuous wave Raman silicon laser: a) Schematic layout of silicon 

waveguide used in the Raman laser experiment; b) Silicon Raman laser output power 

as a function of the input pump power at a reverse bias of 25 and 5 V. Pump 

wavelength: 1,550 nm; laser wavelength: 1,686 nm. Error bars represent standard 

deviations 
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While the developments in achieving optical amplification have been 

phenomenal, these devices have the footprint of a few centimeters which increases the 

power consumption and also makes it difficult to integrate these lasers with other 

nanoscale components of the chip. Such larger cavities are required because although the 

Raman gain for silicon is higher than Raman gain for a lot of other materials, the gain 

value is still very small due to low Raman scattering cross section. These lasers also 

require cavities with very high quality factors as well as application of a reverse bias 

voltage to further decrease cavity losses. 

Hybrid silicon lasers have also been fabricated which have a III-V semiconductor 

gain medium integrated with a SOI waveguide
24

 
25

 
26

 
27

. These hybrid lasers have a 

device footprint of a few microns and require a few 100 of µA of current for lasing but 

are harder to fabricate on-chip, involving multiple complicated fabrication steps which 

would make the chip structure more complex and increase the production costs. 

Figure 1.3
21

: Layout of the silicon ring laser cavity with a p-i-n structure along the 

waveguide 
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1.3 Raman scattering and Raman lasing  

Raman Scattering is the process by which photons get inelastically scattered 

from phonons (lattice vibration modes) in a lattice, leading to new photons, shifted 

(Raman shift) in energy from the incident photons by an amount equal to the vibrational 

energy of the phonons. The up-converted photons are anti-Stokes scattered while the 

down shifted photons are Stokes scattered. The relations in between photon frequencies 

for Stokes and anti Stokes scattering can be summarized by the following two 

expressions: 

RamanShiftpumpstokes         (1.1) 

RamanShiftpumpstokesanti         (1.2) 

At room temperature Stokes scattering and hence Stokes photons are more 

common than anti-Stokes scattering and anti-Stokes photons. This is because at room 

temperature, a larger fraction of phonons are in the ground state. Figure 1.4
28

 shows the 

schematic of Stokes and anti-Stokes scattering in a Raman process. 
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First order and higher order Raman scattering processes: 

Spontaneous Raman scattering is a first order optical process in which Stokes 

intensity is proportional to the first power of incident laser (pump) intensity. This is 

typically observed at low pump powers. 

Stimulated Raman scattering (SRS) is a third order optical process in which 

Stokes intensity is proportional to the second power of the pump intensity and first power 

of probe (at Stokes wavelength) intensity. Accordingly a probe wavelength (λSt), in a 

Raman active (gain) medium, is amplified in the presence of a pump wavelength (λP) if 

the energy difference in between the two wavelengths is equal to the Raman shift of the 

material of the medium. This is explained in the schematic in figure 1.5. The probe beam 

while propagating in the medium, experiences attenuation and as a result the intensity of 

beam coming out of the medium is less than the intensity of light going into the medium. 

In the presence of a pump beam, the intensity of the probe beam coming out of the 

Figure 1.4
28

: Schematic diagram of (a) Stokes and (b) Anti Stokes, Raman scattering 
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medium could be greater than the intensity of the probe beam coming out without the 

pump beam if the difference in the energy of pump and probe photons is equal to the 

Raman shift of the medium. This apparent increase in intensity is because of SRS. If the 

losses in the system are minimized enough and the length of the medium is long enough, 

then the intensity of the probe beam coming out of the cavity could be greater than the 

intensity going in, leading to a net gain. This happens when the gain from SRS is greater 

than the cavity losses. To convert this gain from SRS into a laser, mirrors can be placed 

on either side of the cavity to keep the probe beam into the medium leading so that it can 

experience gain leading to build up of intensity of the probe beam resulting in lasing 

(assuming net roundtrip gain is positive). 

RamanShiftprobepump  

Si
Iprobe (0)

Iprobe (z)

Si

Iprobe(0)
+ 

Ipump(0)
Iprobe (z)

I = Intensity of laser

 

 

Typically in operation of a Raman laser, only a pump beam is used. Stokes 

scattered wave acts as the probe beam and is amplified as a result of Raman gain. Thus 

during SRS, Stokes intensity is super linearly dependent on the pump power experiencing 

gain as it propagates in the medium. The proportion of increase in Stokes emissions is 

greater than the proportion of increase in the pump power. From a practical point of view, 

Figure 1.5: Schematic showing Stimulated Raman Scattering  
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as long as the gain medium can be placed inside a cavity such that the net roundtrip gain 

is positive, a laser can be built. Raman scattering cross section for materials are extremely 

small and typically only one photon in a few million is Raman scattered. As a result the 

gain coefficient associated with Raman scattering is also very small. For silicon it is of 

the order of 10 GW/cm
19

 which although is much larger than the corresponding value for 

silica fibers but is inherently much smaller. Just increasing the propagation distance in the 

gain medium is not enough to achieve Raman gain/lasing. Minimization of cavity losses 

is also very critical as was discussed in the last section.  As a result Raman lasers 

typically require long propagation lengths for the gain to build up in the cavity. It is for 

this reason that SRS reports in nanostructures have been few.  

Stimulated anti Stokes Raman Scattering (SARS) refers to the process in 

which the anti Stokes scattering intensity experiences a gain in the Raman medium. The 

anti-Stokes intensity is proportional to the second power of pump intensity and the first 

power of anti Stokes intensity. Conceptually it is exactly similar to SRS
29

 except is 

observed less commonly due to much lower anti Stokes scattering cross section. One of 

the reasons for that is the fact that at room temperature only a small fraction of phonons 

are present in the higher energy levels from where they could transition to ground state to 

emit an anti Stokes scattered phonon. Nevertheless anti Stokes lasing has been 

demonstrated in BaWO4 crystal by placing the crystal at an angle to the incident beam so 

that there is non-collinear phase matching for the generation of first anti Stokes wave 

from four wave mixing used pulsed pumping
30

. 
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1.4 Relation between Raman scattering, phonon occupation number and 

temperature of the system 

Temperature Determination from Bose Einstein distribution 

Since phonons are bosons they follow the Bose Einstein distribution. 

Accordingly, the probability that a particle will have energy E is given by the expression: 

1

1
)(

/



TKE BAe

Ef          (1.3a) 

where A is a constant (1 for phonons), T is the temperature and KB is the Boltzmann 

constant. Since the anti Stokes and Stokes line correspond to the absorption and emission 

of an optical phonon, the ratio of their intensities IAS and ISt is given by
31

: 

1


o

o

St

AS

N

N

I

I
          (1.3b) 

where No is the equilibrium occupation number of the q = 0 optical phonon of frequency 

ωo is given by
34

 

1)1)(exp( 
TK

N
B

o
o


        (1.3c) 

where ħ is the Planck’s constant. This simplifies equation 1.3b to
34

: 

)exp(
TKI

I

B

o

St

AS 
          (1.3d) 
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Using this relation, the temperature of the system can be calculated by the determining by 

the ratio of anti Stokes scattering to Stokes scattering. Various relations similar to 

equation 1.3d have been suggested. And while there is agreement on the general form of 

this expression various proportionality constants have been proposed to replace the ‘1’ 

before the exponential term
32

 
33

 
34

 
35

 
36

. Most of these expressions have been widely used 

by various researchers for temperature determination applications. The general form of 

this expression is presented in equation 1.4. 

)exp(
TKI

I

B

o

St

AS 
          (1.4) 

Temperature determination from change in Raman shift 

Temperature of the system can also be determined by the temperature dependent 

phonon energy (Raman shift) or uncertainty in phonon energy which is determined by the 

full width half maximum (FWHM) of the Raman peak. Lattice anharmonicity typically 

leads to a decrease in the phonon energy and an increase in the uncertainty of the phonon 

energy which leads to a red shift and a broadening of the Raman peak
37

 
38

. For silicon, 

the temperature dependence of this red shift and change in FWHM is well understood and 

various theoretical models have been developed and verified experimentally for the same. 

The model developed by Balkanski et.al
39

 (equations 1.5 and 1.6), has been widely used 

for temperature calculations from change in Raman shift for bulk silicon as well as 

various silicon nanostructures such as nanowires and nanocrystals
40

 
41

 
42

 
43

.  
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The following relation for red shift in Raman spectra vs. temperature from this 

model has been used to determine temperature in the current work presented in chapters 

2, 3 and 4.  

)
)1(

3

1

3
1()

1

2
1(*)(

2








yyx ee
D

e
CT       (1.5) 

where ∆ is the change in Raman shift, T is the temperature, C and D are constants 

and were determined to be -2.96 -0.174 by Balkanski et.al. 

Tk
x

B

o

2


  and 

Tk
y

B

o

3


         (1.6) 

Other models relating phonon energy to temperature (for silicon) have also been 

proposed. One of them predicts the change in Raman shift to be .022 cm-1 for every 1K 

rise in temperature
44

 
45

. 

Phonons and Temperature 

Temperature of a system is a measure of energy of the system. In crystalline 

solids, most of that energy is stored in the form of lattice vibrations. A system at a higher 

temperature will have more vibrational energy and the occupation number for phonons 

will be higher. A system at a lower temperature would have lower vibrational energy and 

most of the phonons will be in ground state (lower occupancy number). It follows that in 

order to decrease the temperature of a system, one only needs to bring phonons from 

higher energy state to ground state, or in other words to annihilate the phonons.  
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Since anti Stokes scattering involves transition of a photon from an excited state 

to the ground state (phonon annihilation), it leads to cooling of the system. Stokes 

scattering, on the other hand leads to generation of a phonon which would lead to 

heating. Cavity heating is a major concern for operation of Raman lasers
46

 and much 

work has focused on decreasing the heating by increasing the anti Stokes scattering in the 

cavity
47

 
48

. If somehow the anti Stokes scattering could be enhanced in the system, the 

material would lose heat more quickly. But since Stokes scattering is always greater than 

anti Stokes scattering (because of low occupancy number) more phonons are always 

being generated than are being annihilated. If somehow the relative intensity of anti 

Stokes scattering were to be increased, it could bring about optical cooling in materials, 

even in indirect bandgap semi-conductors. 

1.5 Localized surface plasmons and thermoplasmonics  

Metal nanoparticles possess interesting optical properties because of presence of 

collective oscillations of electrons called plasmons. These plasmons lead to generation of 

high electric fields close to the metal surface, the extent of enhancement of field 

depending on the material, its structure and the surrounding medium. The hot electrons 

generated via plasmon excitation can either be used to aid electron transfer in chemical 

reactions
49

 or to generate local heat for various applications such as photothermal therapy 

for cancer treatment, nano-surgery, photothermal drug delivery, photothermal imaging 

and nanochemistry
50

. There has been a growing interest in exploring various metallic 

nanostructures for heat generation applications. 
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Key developments in plasmonic structures  

Gold is the most commonly used plasmonic metal because of its inert nature and 

its plasmonic resonance lying in the visible to infrared range
51

 
52

. The success of a 

metallic nanostructure for plasmonic applications depends on the ease with which the 

structure can be synthesized, the lifetime of the structure and the control it offers over 

tuning its properties. A variety of plasmonic structures such as nanospheres and 

nanorods
53

, dielectric core-metallic shells
54

, nanomatryushkas (metal-dielectric-metal 

core-shell-shell structure)
55

 and metallic ring/disc cavities
56

 have been engineered for 

various applications.  

Of all of these structures, nanospheres are the easiest to synthesize. Irradiation of 

the light on the nanosphere at the plasmon resonance leads to high absorption and 

scattering efficiencies because of which they find uses as localized heat generators. The 

plasmon resonance depends on the diameter of the nanosphere and a larger diameter 

typically leads to red shifting of the plasmon resonance due to retardation effects
53

. But 

because of this nanospheres only allow a narrow spectrum in which the plasmon 

resonance wavelength could be tuned. This makes them unsuitable for a variety of 

nanoscale applications. It is difficult to tune the resonance wavelength to infrared regions 

for therapeutic applications. This problem is overcome by use of geometrically 

asymmetric shapes such as rods. The asymmetric shape leads to red shifting of the 

plasmon resonance due to retardation effects and provides a broader resonance spectrum. 

Resonance wavelength is typically found to change with the aspect ratio of the rods
53

. 

Gold nanoshells with a dielectric core allow for a wider spectrum of plasmon resonance 
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because of hybridized energy states of the structure. But it is hard to get plasmon 

resonance in the infrared regions for particles of small size
54

. Nanomatryushkas which 

are core-shell-shell structures of metal-dielectric-metal provide better resonance 

wavelength control at much smaller sizes compared to nanoshells because of additional 

hybridized energy states arising out of interactions in between the inner and outer metal 

structure. They also give the flexibility to control relative scattering and absorption cross 

sections by changing the diameter of inner and outer metallic structures. Having a large 

absorption cross section leads to generation of localized heat and applications in 

therapeutics
55

. 

Applications  

Plasmonic structures have found use in a variety of biological in-vivo 

applications. Cognet et.al used 10 nm gold particles for protein detection in cells based on 

photothermal interference contrast
57

. Orozco used the heat generated from gold 

nanomatryushkas and gold nanoshells for treating triple negative breast cancer tumors in 

mice
58

. In plasmonic photothermal delivery, a therapeutic agent attached to a gold 

nanoparticle, which acts as the carrier, is released at the target upon laser induced heating 

of the nanoparticle
59

. Plasmonic nanostructures also have been used for various high 

temperature applications. High temperatures have been attained in plasmonic structures 

using laser irradiation and have been shown to promote nanowire growth
60

 
61

. A variety 

of chemical reactions have shown enhanced reaction rates either due to high temperatures 

attained by localized heat generation or due to generation of energetic hot electrons 
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which increase the speed of redox reactions
62, 63

 
64

. Generation of super heated water 

vapor/steam using focused sunlight and gold nanoparticles was also shown 
65

 
66

 
67

. 

The ability to measure the change in temperature of the system as a result of 

heating induced by the plasmonic system is critical since many applications require a 

precise temperature control. Techniques to measure heat released or temperature change 

exploit change in phase
68

, photoluminescence intensity
69

, fluorescence polarization 

anisotropy
70

, Raman scattering
71

 or extended x-ray absorption fine structure
72

. In high 

temperature systems temperatures measurements have been limited to estimates being 

made using various chemical reactions
62, 63, 64

 or Stokes/anti-Stokes ratio
66

 or thermal 

models
60, 73

 and only a few methods exits which work for temperatures beyond 100°C
74

 

75
. In one the works Raman peak width of ZnO was used to measure temperature

76
 but it 

has been shown that non-uniform heating which is likely to happen with localized heating 

in nanostructures, causes additional peak broadening
77

 and hence may lead to an 

overestimation of the temperature. Fano interactions as a result of scattering of 

photogenerated charge carriers with phonons which is commonly observed in semi 

conductors may also lead to broadening of Raman peak leading
78

 to additional errors in 

temperature determination from peak width of Raman spectrum. 

Limitations in existing plasmonic structures 

Majority of the work on engineering plasmonic structures has focused on tuning 

the plasmon resonance wavelength and little work has been done on increasing the 

strength of plasmonic interactions themselves which could be done by using techniques 
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such as increasing the effective electric field experienced by the gold particles or 

promoting interparticle interactions
79

. Thus the structures engineered thus far have either 

been completely made out of a metal or have an inactive core such as silica. While such 

core-shell structures lead to new hybridized energy states and have various advantages, 

such systems limit the interactions between the metal and electric field of the light 

because of the low refractive index of the core. Use of complex structures at high 

temperatures is undesirable since gold is known to anneal at high temperatures
80

 which 

could not only change the plasmon resonance drastically but also destroy the complete 

structure itself. Thus a new strategy for plasmonic enhancement and wavelength control 

could be great significance. Using a high refractive material such silicon for the core in a 

core shell structure could have multiple advantages. The high refractive index core could 

confine light to extremely small energy densities which could increase the degree of 

plasmonic excitations. An active core could also provide temperature measuring 

capability which could be extremely important in the field of catalysis. 

Chapter 4 discusses the work done on silicon-gold cavities that have been 

fabricated to enhance the plasmonic interactions in gold and the temperature measuring 

capabilities of these cavities. 

1.6 Current work 

In the current work, interactions in between phonons, photons, electrons and 

plasmons have been engineered by changing the structure and size of silicon nanowire 

cavities. Chapter 2 discusses the effects of cavity modes on nonlinear optical properties 
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of silicon such as stimulated Stokes Raman scattering and stimulated anti Stokes Raman 

scattering. Alignment of the cavity mode with either of Stokes or anti Stokes wavelength 

and the pump wavelength leads to strong confinement of electric field intensity inside the 

nanowire which decreases the threshold for Raman non linear effects. A metallic layer on 

of silicon helps the cavity dissipate heat faster. Fano interactions can also be tuned by 

choosing an adequate metallic layer. Chapter 3 discuss the effects of selectively tuning 

the cavity mode with either one of Stokes or anti Stokes wavelength on the anti Stokes to 

Stokes scattering ratio.  

In chapter 4 the discussion moves away from non linear optics onto plasmonics. 

The chapter investigates how the intense electric field inside the silicon nanowire at 

cavity mode resonance can be used to excite strong localized surface plasmons in thin 

plasmonic metallic films covering the nanowire and its effect on the cavity temperature.  
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CHAPTER 2: STIMULARED RAMAN SCATTERING IN 

SILICON NANOWIRES 

 

2.1: SRS in nanostructures 

Work on SRS in silicon nanostructures has been limited to gain in silicon rich 

silicon oxide films
1
 
2
. But in these studies, the actual enhancement in Raman scattering is 

extremely small and the mechanism of Raman gain was not explained. Moreover the 

hetero structures used are difficult for monolithic integration. Low threshold Raman 

lasing was observed in silicon photonic crystals which had an effective quality factor of 

10
11

 
3
. In homogeneous microstructures, SRS has been observed in GaP nanowires

4
, and 

carbon nanotubes (CNTs)
5
. The work on GaP wires used nanorods made from focused 

ion beam milling (FIB) of GaP nanowires which led to significant wire damage. Raman 

gain was reported to increase with a decrease in the nanorod length and was related to the 

theory developed for spherical microcavity lasers. Work done on SRS on CNTs reported 

the Raman gain to be a few orders higher than in bulk but the actual enhancement in 

Raman scattering intensity was extremely small and there was significant damage to the 

CNTs in the process because of heating. Significant heating of the gain medium was 

reported in each of the works, indicating that it could be an issue while performing SRS 

measurements on nanostructures. 
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2.2 Motivation 

Till date there have been no reports of SRS in homogeneous silicon 

nanostructures. But as was discussed in chapter 1, SRS/Raman lasing in monolithically 

integratable silicon nanostructures would mark a significant development in the field of 

silicon photonics that could lead to the next generation of ultrafast low energy devices. 

Recently resonant silicon nanowire cavities were shown to emit bright white light
6
. While 

silicon is in indirect bandgap material, the optical properties were tuned by cavity 

engineering to enable white light emissions. Similarly other exciting properties in silicon 

nanowires such as voltage-tunable circular photogalvanic effect were also shown
7
. 

Silicon nanowires are easy to synthesize and given their one dimensional structure, they 

should be easy to integrate with the existing CMOS devices. Recently published work has 

indicated that reducing the waveguide dimensions could increase the Raman 

nonlinearities in silicon and also decrease carrier lifetime leading to a decrease in non-

linear absorption
8
. 

In the current work Raman measurements on silicon nanowire cavities have been 

performed and possibility of achieving SRS and other non linear optical processes has 

been explored. Cavities of varying nanowire diameter and different structures have been 

fabricated and Raman measurements using two different wavelengths have been 

performed. The details are presented below. 
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2.3: Cavity fabrication and experimental details 

Silicon nanowires were procured from Sandia National Laboratories where they 

were grown on a gold catalyst via vapor liquid solid mechanism. These nanowires were 

transferred onto a cover glass slip. Experiments were either conducted on these 

nanowires (bare) or a thick metal layer (either gold or silver) was deposited on these 

wires using electron beam deposition (PVD 75, Kurt J. Lesker Company) at a low 

deposition rate of 0.2 Å/s for the first 10 nm and 1.0 Å/s for the remaining film. The 

thickness of the metal was selected to be approximately 1.5 times the diameter of the 

silicon nanowire to form a thick conformal layer of metal on the nanowire without 

leaving any exposed nanowire areas. This ensured that light did not leak through the 

metal and that a thick uniform heat sink was available to the entire nanowire 

circumference allowing the nanowire to effectively dissipate heat. Experiments were 

performed on nanowires in the diameter range 50 nm to 400 nm to cover a broad range of 

spectrum. To measure the diameter of the wires, the gold layer was etched using a TFA 

gold etchant after all the optical measurements had been made. Following this a thin less 

than 10 nm thick gold/palladium layer was sputter coated onto the sample and high 

resolution scanning electron microscopy (JOEL 7500F) was performed. In some cases, 

diameter of the bare nanowire was measured using an Atomic Force Microscopy 

(Asylum AFM). It was also observed that the silicon nanowires had a 2 nm thick native 

oxide layer on the circumference
9
. 

Raman spectroscopy was performed at room temperature in backscattering 

geometry via a confocal set up (Ntegra, NTMDT) using either a 532 nm (Compass 315M, 
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Coherent) or a 659.4 nm (Flamenco, Cobolt) laser. For temperature dependent 

measurements, a thermoelectric heating stage was used. For measurements on bare 

nanowires, the nanowire cavity was excited from the nanowire side. Measurements on 

cavities with a thick metal layer around the nanowire were done by laser excitation 

through the cover glass slip. Raman scattered spectrum was detected using an Andor 

charge coupled detector maintained at a temperature of -50º C. The spectral resolution of 

the grating used was ~ 0.5 cm
-1

at 532 nm and 0.2 cm
-1

 at 660 nm when only one of either 

Stokes or anti Stokes spectrum was recorded. A coarser grating was required when both 

Stokes and anti-Stokes spectra was recorded. The resolution of this grating was 1.5 cm
-1

 

at 532 nm and 0.6 cm
-1

 at 660 nm. Power dependent measurements were carried out with 

the power ranging from 5E3 W/cm
2
 to 10

6
 W/cm

2
 with the 532 nm laser and from 5E3 

W/cm
2
 to 4E6 W/cm

2
 with the 660 nm laser which was the maximum power possible for 

each of these lasers. Spot size was ~ 1µm in diameter. Laser power measurements were 

done on the sample stage after removing the objective lens. Transmission coefficient of 

the objective lens was calculated by measuring the power with and without the objective 

lens at low powers. Experiments were typically performed with the polarization of the 

incident electric field parallel to the nanowire long axis (TM polarization) to maximize 

the electric field intensity inside the nanowire. In some cases, experiments were also 

performed with the electric field polarization perpendicular to the nanowire long axis (TE 

polarization). Unless otherwise mentioned, the results discussed below would correspond 

to excitation in TM polarization. Device and cavity schematics for bare and metal coated 

nanowires have been presented in figure 2.1 and figure 2.2 respectively. A scanning 
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electron microscope image of the cavity (silicon nanowire coated with a 360 nm gold 

layer) cross section obtained after focused ion beam milling is shown in figure 2.3. 

Raman spectra collected in 
backscattering geometry

 

                         

           

The Raman spectrum of silicon is best described by a Lorentzian fit
10

 (equation 

2.1) but at high pump powers, scattering of photoexcited charge carriers from the lattice 

leads to an asymmetric fano broadening of the line shape
11

. Asymmetry in such cases is 

described by the asymmetry parameter q defined in equation 2.2
12

.  

Figure 2.2: Schematic of Raman 

measurements on a metal coated 

nanowire 

Figure 2.1: Schematic of Raman 

measurements on a bare 

nanowire 

Figure 2.3: Scanning electron microscopy 

image of the cross section of a silicon 

nanowire coated with 360 nm gold. Scale 

bar is 200 nm. 

Si 

Au 
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where I is the scattering intensity, A is a constant. In equation 2.1, ωo is the phonon 

frequency, Г is the line width. In equation 2.2, ωo is the renormalized or dressed phonon 

frequency in the presence of the couple scattering, q is the asymmetry parameter (1/q is 

referred to as the coupling strength), Г is the line width parameter and is related to the 

phonon lifetime. 

In the current work, to best describe the experimental data, both fano and 

lorentzian profiles were tried to fit with the experimental data and the profile giving a 

better fit was selected. Details of fano interactions will be discussed a little later. Using 

the fano/lorentzian fits, the peak position, peak width and other parameters were 

calculated. Increase in the temperature of nanowire was calculated by the change in 

Raman shift of silicon at different laser powers. Heating typically leads to a decrease in 

the value of Raman shift due to phonon softening
13

. At higher temperatures, the atoms in 

the lattice move away from each other because of thermal expansion which decreases the 

attractive force in between them, leading to a decrease in the bond strength, which leads 

to a decrease in the phonon energy (Raman shift). This dependence of Raman shift on 

temperature has been characterized by Balkanski et.al
13

 and has been used to determine 

the temperature of silicon in the current work. 
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where ∆ is the change in Raman shift, T is the temperature, C and D are constants 

and were determined to be -2.96 and -0.174 respectively by Balkanski et.al. 
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 Similarly the change in full width at half maximum (FWHM or peak width) was found to 

be dependent on the temperature by the following relation: 
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where Г if the change in FWHM, A and B are constants and were determined to 

be 1.295 and 0.105 respectively, and other variables are the same as in equation 2.3. In 

the current work, this relation has been used to calculate the expected FWHM value 

calculated at the temperature determined from experimentally measured Raman shift and 

equation 2.3. The FWHM value obtained from equation 2.5 is then compared to the 

experimentally obtained FWHM value. This comparison lends credibility to the 

temperature calculations from equation 2.3 and provides insights about certain aspects 

such as fano broadening of the peak and non uniform heating in the nanowire.  

Numerical calculations were performed using the finite-difference time-domain 

methodology using a commercially available software (Lumerical) for bare, gold and 

silver coated silicon nanowires using a Gaussian wave and were set up to best mimic the 



34 
 

experimental conditions. From the analytical calculations spatial distribution of electric 

field inside and outside the silicon nanowire was obtained. From the spatial distribution, 

average and maximum electric field intensity inside the silicon nanowire were calculated 

at the pump, Stokes and anti Stokes wavelength, for various nanowire sizes and cavity 

combinations. Native oxide layer thickness was set to 2 nm in designing cavity structure 

for simulations. 

Experiments and computational simulations were also performed on a bulk silicon 

wafer to compare the results with those of a nanowire/cavity. 

2.4: Optical Measurements on bulk silicon and bare silicon nanowires 

Figure 2.4a shows the power dependent Raman spectra of a silicon wafer (bulk 

silicon) collected with a 660 nm laser excitation. The spectrum is centered at 521 cm
-1

 as 

expected and fits a Lorentzian peak very well (at low powers). Although it is difficult to 

notice on visual inspection but at high pump powers, the Raman peak experiences 

asymmetric broadening. This is because of (photoexcited) charge carriers scattering from 

lattice leading to fano resonance and has been previously reported as well
14

 
15

. Since the 

wavelength of laser that is used to excite silicon is above the bandgap of silicon (1.12 

eV)
16

; the absorption is high which leads to high charge carrier concentration. Integrated 

peak intensity calculated from the fano fits (figure 2.4) shows a sub-linear dependence of 

Stokes scattering intensity on laser power. Ideally in the absence of non-linear losses or 

Stokes Raman scattering intensity is linearly dependent on pump power
17

. But because of 

high losses at higher powers, the dependence becomes sublinear. This intensity vs. pump 
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Figure 2.4: a) Power dependent Stokes Raman spectra of bulk Silicon using a 660 nm 

pump; b) Integrated Stokes intensity vs. pump power for bulk silicon. The dashed line 

represents the linear extrapolation of Stokes intensity from the lowest laser power. 

power represents the general trend of Raman scattering in bulk silicon and the net 

negative gain highlights the problem in making a Raman laser from bulk silicon. To 

achieve lasing, the net gain should be positive. 
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The strength of the fano interactions is judged by the coupling strength, which is 

the inverse of the asymmetry parameter (q), and has been shown in figure 2.5a. A smaller 

1/q value corresponds to weaker fano interactions or lower scattering of charge carriers 

from phonons leading to only a small amount of asymmetric broadening. Higher 

scattering leads to a higher asymmetric broadening and a higher 1/q value. In figure 2.5a, 

the asymmetry increases with increase in laser power because of higher concentration of 

photoexcited charge carriers at higher laser powers which would lead to more scattering 

and an increase in the fano interaction parameter. Fano interactions are observed at 
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Figure 2.5: a) Fano coupling factor 1/q vs. laser power for bulk silicon with a 660 

pump; b) Temperature (left vertical axis) and FWHM increase (right vertical axis) vs. 

pump power for bulk silicon. 

Stokes side and at anti Stokes side with similar 1/q values (not shown here for the sake of 

redundancy). Moreover a positive value of 1/q and broadening at the higher Raman shift 

side point to electrons being the majority charge carriers. This observation agrees well 

with the previously reported studies on fano interactions in silicon
18

. It must be noted that 

there is hardly any shift in the Raman peak position at higher laser powers (figure 2.4a). 

Figure 2.5b shows the temperature and FWHM dependence of Raman on bulk silicon 

wafer. As expected because of the small change in the Raman peak position there is only 

a small change in temperature of silicon wafer even up to pump powers of 2.5E6 W/cm
2
. 

The heat generated in the system because of absorption is dissipated quickly because of 

availability of a large heat sink (large and thick silicon wafer compared to ~ 1 µm spot 

size and 1 µm penetration depth of pump wavelength). The FWHM values increase with 

an increase in laser powers even because of increase in fano interactions which cause 

asymmetric broadening of the Raman peak.  
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Figure 2.6: Electric field intensity distribution in bulk silicon. a) Spatial distribution of 

electric field intensity inside the cavity at 660 nm; b) Average electric field intensity 

inside silicon as a function of wavelength. The thick left vertical dashed line represents 

the position of pump wavelength and the thin right vertical dashed line represents the 

position of Stokes wavelength. 

FDTD calculations done to investigate the electric field intensity inside the silicon wafer 

revealed that the electric field intensity (at 660 nm) inside the sample, decreased with 

increasing depth in the sample (figure 2.6a). This is because as the wave penetrates into 

the sample, losses such as absorption decrease the electric field intensity. Moreover, the 

average intensity inside the silicon wafer was only ~8% of the applied electric field 

intensity at pump and at Stokes wavelength (figure 2.6b). 
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Raman spectroscopy performed on silicon nanowires gave very different results 

from those in bulk silicon depending on the diameter of the nanowire and the excitation 

wavelength. Figure 2.7a shows the Raman spectra of a bare silicon nanowire of diameter 

100 nm excited at 532 nm in TM polarization. With an increase in laser power, a red shift 

and a broadening of the peak are seen, alluding to heating of the nanowire at higher laser 
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powers. Integrated intensity calculations (figure 2.7b) revealed that Stokes intensity was 

super linearly dependent on pump power in contrast with the trend observed in bulk 

silicon. A plot of pump power vs. Stokes intensity in the log-log space (figure 2.7c) 

revealed a slope greater than 1 at pump powers as low as 3E4 W/cm
2 

which indicates the 

onset of SRS. A log-log plot of pump power vs. Stokes intensity slope should have a 

slope of 1 (or less than 1) for spontaneous Raman scattering since Stokes intensity is (at 

best) linearly dependent on pump power. At higher laser power slope as high as 1.76 is 

observed pointing to stronger SRS. This indicates that at higher pump power Stokes 

scattering intensity is proportional to ~ the second power of pump. This is the first time 

SRS has been observed in a silicon homogeneous nanostructure and is also the lowest 

reported threshold for SRS in any homogeneous silicon structure. A plot of the 

asymmetry parameter vs. laser power (figure 2.7d) revealed much higher asymmetry in 

nanowire compared to in bulk at much lower pump power (.003 at 5E5 W/cm
2
 in 

nanowire compared to .0009 at 2.5E6 W/cm
2
 in bulk). At higher pump power the 

asymmetry parameter starts to decrease again. This is most likely due to a large increase 

in the temperature of the nanowire. 
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Figure 2.7: Raman spectroscopy of bare silicon nanowire of diameter 100 nm with a 

532 nm pump. a) Power dependent Raman spectra; b) Integrated Stokes Raman 

intensity as a function of laser power; c) Integrated Stokes Raman intensity vs. laser 

power in log-log scale; d) Asymmetry parameter 1/q vs. laser power 
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To understand the nature of this SRS, FDTD calculations were done to understand 

the electric field confinement inside the silicon nanowire. Calculations revealed (figure 

2.8a) that the electric field intensity is very tightly confined (high average electric field 

intensity) inside the nanowire compared to bulk. There is also a cavity mode at 547 nm 

(Stokes wavelength) leading to extremely high electric field intensity at Stokes 

wavelength. The average electric field inside the cavity is also very high at 532 nm. 

Compared to bulk silicon this represents almost a thirtyfold enhancement in average 
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Figure 2.8: Electric field intensity distribution inside a bare silicon nanowire of 

diameter 100 nm. a) Average electric field intensity inside the silicon nanowire as a 

function of pump wavelength. Vertical dashed lines represent pump and Stokes 

wavelength from left to right; b, c) Spatial electric field intensity distribution inside the 

silicon nanowire at pump (532 nm) and at Stokes wavelength (547 nm) respectively. 

Circles represent silicon nanowire cross section. Inner core corresponds to the silicon 

nanowire and outer shell corresponds to the 2 nm thick silicon oxide layer. The 

horizontal straight line represents the substrate/air interface. 

electric field intensity inside the cavity at Stokes as well as pump wavelength (~1.5 in 

nanowire vs. ~0.05 in bulk-figure 2.6b). Since SRS intensity is proportional to the 

product of electric field intensity at Stokes and at pump wavelength, this enhancement 

should bring down the threshold for SRS by about three orders of magnitude. 

Calculations for spatial electric field distribution inside the cavity (fig. 2.8b) reveal the 

presence of TM21 mode at the Stokes wavelength with the electric field mode lying inside 

the nanowire cavity. Thus as a result of the high confinement brought about by the 

nanowire cavity, nanowire silicon experiences a much higher electric field compared to 

in bulk-silicon leading to SRS being observed at much lower powers. 
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The high electric field intensity inside the medium also leads to high absorption in 

cavity. Since silicon is an indirect bandgap material most of this absorbed light is emitted 
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non-radiatively
19

, generating heat which could cause cavity heating. Stokes scattering 

leads to generation of phonons which also lead to increase in the temperature of 

nanowire. This is evident in the red shift and peak broadening of the Raman peak at 

higher laser powers. Cavity temperature calculations done using the model proposed by 

Balkanski et.al
13

 revealed an increase in cavity temperature with increasing pump power 

with peak temperature close to 850 K at a pump power of ~10
6
 W/cm

2
 (figure 2.9a).  A 

comparison of increase in FWHM values measured experimentally and those predicted 

by the Balkanski model at corresponding temperature revealed that that experimental 

FWHM values were much larger. Such broader peaks have been observed previously 

during laser heating of nanowires and have been attributed to inhomogeneous heating in 

the nanowire
20

 
21

. A part of this increase in FWHM could also be brought about by the 

asymmetric fano broadening that was also observed in the nanowire although this 

contribution would be small since at the pump power of 10
6
 W/cm

2
 the asymmetry 

parameter is much lower than at lower powers but the mismatch in between the 

theoretical and experimental FWHM is much larger. It was previously discussed that the 

fano interaction parameter was much higher in the nanowire than in bulk. This increased 

asymmetry is also because of intense electric field intensity inside the nanowire. 
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Figure 2.9: Effect of temperature on SRS in a bare silicon nanowire of diameter 100 

nm at a 532 nm pump. a) Temperature (left vertical axis) and FWHM increase (right 

vertical axis) vs. pump power for the nanowire; b) Dependence of average electric 

field intensity inside the nanowire as a function of temperature. Inset shows the 

product of the electric field intensity at pump and at Stokes wavelength as a function 

of temperature; c) Experimentally measured temperature dependence of Stokes 

scattering intensity as a function of temperature for bulk silicon. The dotted line 

represents the scattering intensity predicted from the empirical model by Compaan 

et.al; d) Stokes scattering intensity for silicon nanowire shown in figure 2.7b 

corrected for temperature using the empirical relation by Compaan et.al 

0 4 8 12
300

500

700

900
 

 Temperature

Laser power (mW)

T
e

m
p

e
ra

tu
re

 (
K

)

0

8

16

 Experimental

 Model

fw
h

m
 in

c
rre

a
s

e
 (1

/c
m

)

0 4 8 12
0.0

2.5

5.0

 

 

S
to

k
e

s
 I

n
te

n
s

it
y

 (
a

.u
.)

Laser Power (mW)

 Nanowire

 Linear

500 600 700
0

1

2

 

 

A
v
e

ra
g

e
 f

ie
ld

 i
n

te
n

s
it
y

Wavelength (nm)

 300 K

 500 K

 750 K

 850 K

300 600 900
0

1

2

3

 

 

I(
S

t)
 *

 I
(p

u
m

p
)

Temperature (K)

290 325 360 395 430
0.8

0.9

1.0

 

 

S
to

k
e

s
 I

n
te

n
s

it
y

 (
a

.u
.)

Temperature (K)

 Experimental

 Model Predicted

a) b)

c) d)

 

 

Higher temperatures are known to have a deleterious effect on Raman scattering
22

 

23
 

24
 

25
and on SRS

26
 because of multiple reasons such as higher absorption at higher 

temperatures
27

 and decrease in first derivative of polarizability with respect to inter 

atomic distance
28

. Since absorption and Raman scattering are competing processes, a 

higher absorption would decrease Raman scattering. With an increase in temperature, the 
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absorption in semi conductors with an indirect bandgap increases
29

 (because of 

availability of a larger number of phonons which aid in absorption) which should 

decrease Raman scattering. Raman scattering is directly proportional to the first 

derivative of polarizability with distance and thus decreases at higher temperatures. The 

dependence of electric field intensity inside the cavity as a function of wavelength at 

different temperatures is shown in figure 2.9b. With an increase in temperature a clear red 

shift and decrease in average electric field inside the cavity is observed. It is interesting to 

note that even though the refractive index of silicon increases at higher temperatures
30

, 

the confinement (average electric field intensity inside the cavity) decreases contrary to 

what one would expect since higher refractive index should lead to higher confinement. 

The decrease is because of increase in losses (extinction coefficient) at higher 

temperature
31

. The higher refractive index causes the mode to red shift implying that a 

slightly larger wavelength can be fit inside the same cavity.  

Inset figure 2.9b shows the product of the electric field intensity at pump 

wavelength and Stokes wavelength as a function of temperature. The fact that this 

product decreases is also a direct indication that at higher temperatures the intensity of 

Raman scattering and SRS would decrease. The temperature dependence of intensity of 

Raman scattering in bulk silicon was measured by Compaan et.al at different 

wavelengths and an empirical relation was deduced
24

. This relation was also verified 

experimentally by us at 532 nm pump (figure 2.9c). We found that up to a temperature of 

423K (highest temperature possible with the existing thermoelectric stage) the 

experimentally observed scattering intensity was equal to or slightly less than the 
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intensity predicted by the empirical relation by Compaan et.al. Using this empirical 

relation we calculated temperature corrected Stokes intensity at each pump power. The 

resulting dependence shown in figure 2.9d is much more superlinear with a fivefold 

enhancement in scattering intensity at a pump power of 10
6
 W/cm

2
. Moreover at this 

pump power the slope of the log-log plot is 2.8 indicating that the scattering intensity is 

proportional to the ~ third power of pump intensity pointing to stronger SRS in the 

cavity. 

To test the effect of field confinement on SRS, Raman measurements were 

performed on the same wire at a pump wavelength of 660 nm. With the 660 nm pump the 

field confinement is poor at the pump and at Stokes wavelength (figure. 2.10a) and the 

field intensity inside the nanowire is not enhanced as can be seen in spatial electric field 

intensity distribution profiles (figure 2.10 b and c). As a result no SRS is expected in this 

cavity with excitation from a 660 nm pump.  
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Figure 2.10: Electric field intensity inside a bare silicon nanowire of diameter 100 nm. a) 

Average electric field intensity inside the cavity as a function of pump wavelength. 

Vertical dash line represents the pump and the Stokes wavelength from left to right; b, c) 

Spatial electric field intensity distribution inside the cavity at pump (660 nm) and at 

Stokes wavelength (683 nm) respectively. The circles represent the silicon nanowire cross 

section. The inner core is the silicon nanowire and the outer shell is the oxide layer. The 

horizontal straight line is the substrate/air interface. 
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Pump power vs. Stokes scattering intensity plot shows a sub-linear dependence of 

Stokes intensity on pump power (figure 2.11a) similar to the dependence observed in 

bulk silicon. The change in the trend of dependence of Raman scattering on pump power 

is a direct result of poor confinement of pump and Stokes electric field in the nanowire 

leading to a smaller value of average electric field intensity inside the cavity. 

Temperature calculations from Raman peak shift revealed that temperature of the wire to 

be around 340K (figure 2.11b). Temperature corrected Stokes intensity using the 

empirical formula for 532 nm pump still revealed a sublinear dependence of Stokes 

scattering intensity on pump power (figure 2.11c). It must be noted that the empirical 

formula for 660 nm was not available in literature but it was empirically shown by 

Compaan et.al that the correction factor at 660 nm is slightly higher than that for 532 

nm
25

. Therefore, at best the temperature corrected Stokes intensity at 660 nm could be 

linear or very slightly superlinear with the pump power which is much lower than the 

SRS observed in this wire at 532 nm when the field confinement was much more. The 

increase in experimentally observed FWHM values of the Raman peak (figure 2.11b) was 

more than what was predicted by the model because of asymmetric broadening caused by 

fano interactions. 1/q value was calculated to be ~ 2.5E-3 at a pump power of ~10
6
 

W/cm
2 

(figure 2.11d). This value is higher than the value observed in bulk but slightly 

lower than the value observed for the wire at 532 nm and is also related to the average 

field intensity inside the field. Asymmetry parameter is directly proportional to amount of 

photoexcited carriers in the wire which increase with increase in absorption. Absorption 

is directly related to the electric field confinement in the wire. Thus more confinement 

leads to more absorption and more asymmetric broadening and higher 1/q parameter.  
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Similar sublinear dependence of  SRS on pump power was also obtained using a 

532 nm pump with a nanowire of diameter 125 nm in TE polarization confirming the 

importance of cavity mode in attained SRS in the nanowire. Figure 2.12a and b show the 

wavelength dependent average electric field intensity inside the nanowire and the pump 

power dependence of Stokes Raman scattering intensity. Misalignment of cavity mode 

Figure 2.11: SRS in a nanowire without a cavity mode- bare silicon nanowire of 

diameter 100 nm excited with a 660 nm pump: a) Pump power dependence of 

integrated Stokes intensity; b) Temperature (left vertical axis) and FWHM increase 

(right vertical axis) vs. pump power for the nanowire; c) Temperature corrected 

Stokes scattering intensity for silicon nanowire shown in figure 2.11a; d) Fano 

asymmetry parameter as function of pump power 
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Figure 2.12: SRS without a cavity mode- bare silicon nanowire of diameter 125 nm 

excited with a 532 nm pump. a.) Electric field intensity distribution inside a bare silicon 

nanowire of diameter 125 nm in TE polarization. a) Average electric field intensity inside 

the cavity as a function of pump wavelength. The vertical arrows represent the pump and 

the Stokes wavelength from left to right; b) Pump (532 nm) power dependence of 

integrated Stokes intensity 

with the pump wavelength leads to linear/sub-linear dependence of Raman scattering 

intensity on pump power. 
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Even though there was evidence of strong SRS in the nanowire with a 532 nm 

pump, lasing was not observed in any of the nanowires that were tested. The main reason 

for this was high losses in the nanowire which lead to an increase in the nanowire 

temperature which leads to a decrease in Raman scattering. Stokes Raman scattering also 

leads to generation of phonons which lead to heating. To negate the effect of absorption, 

measurements were performed at 660 nm with nanowires having a resonant mode at this 

wavelength. Absorption in silicon at 660 is 3 times less than at 532 nm
32

 which should 

lead to lower losses, causing lower heating leading to higher SRS. Figure 2.16a shows the 

average electric field intensity inside the nanowire of diameter 225 nm (TM polarization) 

as a function of wavelength showing the presence of cavity mode and high electric field 
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Figure 2.13: Electric field intensity distribution inside a bare silicon nanowire of diameter 

225 nm. a) Average electric field intensity inside the cavity as a function of pump 

wavelength. Vertical dash line represents the pump and the Stokes wavelength from left to 

right; b, c) Spatial electric field intensity distribution inside the cavity at pump (660 nm) 

and at the Stokes wavelength (683 nm) respectively. The circles represent the silicon 

nanowire cross section. The inner core is the silicon nanowire and the outer shell is the 

oxide layer. The horizontal straight line is the substrate/air interface. 

intensity inside the nanowire at 660 nm. The spatial distribution of electric field intensity 

at the pump (figure 2.14b) and at the Stokes wavelength (figure 2.14b) reveals that the 

mode lies inside the nanowire with more than 2.5 times enhancement in intensity 

compared to incident field intensity which should cause high SRS. 

500 600 700
0.0

0.5

1.0

 

 

A
v

e
ra

g
e

 f
ie

ld
 i

n
te

n
s

it
y

Wavelength (nm)

a) b) c)

 

 

Figure 2.14a shows Stokes scattering intensity of the nanowire as a function of 

pump power. At a pump power as low as 6E5 W/cm
2
, more than a fourfold enhancement 

in Stokes intensity is observed. The slope of the log-log plot (figure 2.14b) is three, 

implying that Stokes scattering is proportional to the third power of the pump intensity. 

Temperature calculations done using the change in Stokes shift revealed significant 

cavity heating with a peak temperature of ~1050K. Even though the absorption is lower 

at 660 nm, the increase in temperature is coming from the much stronger Raman 

scattering which generates extra phonons, leading to heating. Temperature corrected 
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Stokes scattering intensity using the empirical relation for 532 nm pump wavelength, 

reveals a more than twelvefold enhancement in Stokes scattering. This is still an 

underestimate of temperature corrected intensity since as discussed earlier the 

temperature correction factor for 660 nm is more than for 532 nm. Nevertheless, 

significant enhancement in SRS is seen using a 660 nm pump with resonant cavities 

because of lower absorption losses even though lasing is still not seen.  
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Figure 2.14: SRS in a bare nanowire of diameter 225 nm with a 660 nm pump: a) 

Pump power dependence of integrated Stokes intensity; b) a log-log plot of pump 

power dependence of Stokes intensity; c) Temperature (left vertical axis) and FWHM 

increase (right vertical axis) vs. pump power for the nanowire; d) Temperature 

corrected Stokes scattering intensity for silicon nanowire in figure 2.14a; 
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2.5: Concluding remarks on SRS on bare silicon nanowire 

Raman scattering is directly proportional to the 4
th

 power of the pump 

frequency
17

. Thus the scattering cross section and by extension Raman gain at 532 nm 

should be higher compared to at 660 nm. In spite of this, stronger SRS is observed at 660 

nm. This is because of two reasons. Firstly the diameter of resonant cavity at 660 nm 

pump is more than at 532 nm. This allows for larger power to be coupled into the cavity 

and also allows for a larger propagation length in the gain medium which would lead to a 

higher observed enhancement. Secondly the losses at 660 nm are much lower than at 532 

nm which lead to an increase in SRS because of more power availability for SRS and 

because of lower heating. 

While extremely high SRS was observed in bare nanowires (Raman scattering 

dependent on the third power of pump intensity) lasing was not achieved. This could be 

because of two reasons. Firstly the cavities have a quality factor of less than 100 which 

makes lasing incredibly difficult. A higher quality factor means that the photon would 

spend more time in the cavity and make higher number of round trips before leaving the 

cavity which would lead to more gain. Typical quality factors for silicon cavities in 

which Raman lasing was observed were of the order of 10
6
 

3
 

33
. Even with bad quality 

factor cavities, lasing could potentially be achieved at higher pump powers as has been 

shown before
34

. But significant heating is observed at higher pump power which is 

detrimental to Raman scattering and also to the cavity itself if sufficiently high 

temperature is reached. The Raman lasers in silicon that have been built so far have been 

at 1.55 microns. At this wavelength the major loss mechanism is free carrier absorption 
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Table 2.1: Total cavity losses at different wavelengths 

(FCA) by carriers generated by two photon absorption (TPA) from the pump
35

 
36

. At 532 

nm and at 660 nm the major loss mechanism is absorption. Total loss in silicon at 532 nm 

and at 660 nm is ~ eight orders of magnitude higher than at 1.55 µm (table 2.1). A 

significant increase in SRS was observed when the losses were brought down by a factor 

of only three. It is quite possible that performing similar measurement on resonant 

cavities at 1.55 µm may make the nanowire lase because of much lower losses.  

λµm α (cm
-1

) β (cm
-1

) αFCA (cm
-1

) 

Total 

Losses 

1.550   7.50E-10 4.24E-05 4.24E-05 

0.660 2.58E+03   2.25E+01 2.60E+03 

0.530 7.85E+03   3.55E+01 7.89E+03 

 

The calculations were done based on the equations given by 
37

: 

N
Nm

FCA 





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55.1
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2

217
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      (2.6) 
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N   + 





**2

** 2



effpI
       (2.7) 

where α, β and αFCA refer to the one photon absorption,  two photon absorption and free 

carrier absorption cross sections respectively, λµm is the wavelength in microns. Loss 

associated with one photon absorption at 1.55 µm and with two photon absorption in the 

visible spectrum were assumes to be negligible compared to other losses at the respective 

wavelengths. The absorption, TPA and FCA coefficients were taken from 
32

 
38

 and 
37

 

respectively. In calculating FCA, carrier lifetime was assumed to be 10 ns, about the half 
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the value that what was reported for conventional rib waveguides
39

, pump power was 

taken to be 10
6
 W/cm

2
,  

Due to lack of experimental setup we were unable to perform measurements at 

this wavelength. As a result new cavities were synthesized by coating the nanowires with 

a thick metal (gold or silver) shell. While a metallic layer would not decrease the total 

cavity losses, it could decrease the cavity temperature by providing a thermal sink to the 

nanowires. Gold/silver have the lowest loss among all metals in the visible spectrum and 

both have extremely high thermal conductivity values
40

 
41

; thus making them ideal 

candidates for a heat sink.  

2.6: SRS on silicon-gold cavities 

The silicon-gold cavities were fabricated as explained in section 2.3. Figure 2.3 

shows a scanning electron microscopy image of a 360 nm gold coated silicon nanowire 

which was milled by using a focused ion beam to reveal the cavity cross section; showing 

the nanowire and the gold coating on top of it. It can be seen that gold forms a uniform 

thick layer on top of silicon which should enable good heat transport from silicon. Raman 

measurements were performed on silicon-gold cavities at 660 nm excitation with the 

incident electric field parallel (transverse magnetic, ‘TM’ polarization) to the nanowire 

long axis. Power dependent Raman spectra in the range 8E3 W/cm
2
 to 3.8 E6 W/cm

2
 

done on a gold coated nanowire of size 235 nm are shown in figure 2.15a. Compared to 

bare nanowire, with an increase in laser power the red shift is the Raman peak is much 

lower implying that the increase in temperature is much lower because of better thermal 
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transport via the gold layer. Integrated intensity calculated by adding the area under the 

Raman peak revealed that the increase in Raman intensity was super linearly dependent 

on laser power (figure 2.15b). The dashed line in the figure is a linear extrapolation of the 

expected Stokes scattering at higher powers from the measured Raman scattering 

intensity at 80 µW. Measurements on the silicon nanowire cavity revealed the Stokes 

intensity to be increasing at a faster rate than the pump power, leading to non-linear- 

almost exponential increase in Stokes scattering intensity. A log-log plot revealed that the 

non-linearity, threshold for stimulated Raman scattering, starts at a power of 200µW 

(figure 2.15c). The slope of the log-log curve which was close to 1 at low powers 

becomes 4.23 at a pump power of 38 mW, indicating that at a pump power of 38mW, 

Stokes scattering is increasing with the fourth order of pump power. Thus because of the 

addition of gold layer much stronger SRS is seen in the silicon nanowire. The gold layer 

also leads to the disappearance of fano interactions in between phonons and charge 

carriers. Figure 2.15d shows the plot of asymmetry parameter 1/q vs. laser power. Even at 

the highest power of 3.8E6 W/cm
2
, the value of 1/q is 2E-6. This value is constant across 

all the powers and represents the noise level in the system. If these were real numbers, 

then 1/q would have increased with an increase in power because of increased 

photoexcited carriers at higher powers, which is not the case.  Gold acts as a good sink 

for electron and leads to quenching of the charge carries, decreasing the effective carrier 

lifetime in the process and thus serves the same purpose as that of application of a reverse 

bias voltage using a p-i-n junction employed while making Raman lasers 
37

. The fact that 

the electric field in the cavity is stronger than in the bare nanowire enhances the 
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Figure 2.15: Stimulated Raman Scattering in gold coated silicon nanowire of diameter 

235 nm with a 660 nm pump: a) Power dependent Stokes Raman spectra of the silicon 

nanowire of diameter 250 nm; b) Integrated Stokes intensity as a function of laser 

power; c)Log-log plot of integrated Stokes intensity as a function of laser power, inset is 

the zoomed in version of the same graph showing the onset of SRS ; d) Fano interactions 

parameter 1/q as a function of laser power 

quenching effect. This reduces the scattering of charge carries from phonons to such an 

extent that fano asymmetric broadening is not observed in the Raman spectra. 

a) b) 

b) d) 
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Calculations done using the FDTD methodology to simulate electric field 

intensity distribution inside the nanowire cavity indicated that the electric field was 

tightly confined in the cavity at the pump and at Stokes wavelength (figure 2.16a, golden 

curve). The maximum of electric field intensity is also strengthened by factors of over 10 
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Figure 2.16: Mechanism of Stimulated Raman Scattering- gold coated silicon nanowire 

of diameter 235 nm with a 660 nm pump: a) Average electric field inside the cavity as a 

function of excitation wavelength. Vertical dash line represents the pump and the Stokes 

wavelength from left to right;  b,c) electric field intensity distribution inside the silicon 

nanowire cavity at the pump wavelength (660 nm) and the Stoke’s wavelength (683 nm). 

Black circles represent the nanowire. Horizontal line is the substrate-gold interface 

 

and 6 relative to the incident electric field intensity. Similar calculations for bulk silicon 

(discussed earlier) revealed that maximum field intensity inside bulk silicon was only 

~15% of the applied field intensity for both pump and Stokes field (figure 2.16a black 

curve) and the average electric field intensity was less than 10% of the applied field 

intensity. Since SRS is proportional to the product of pump field intensity as well as the 

Stokes field, the cavity confinement of electric field leads to  an enhancement factor over 

2000 for SRS in the gold coated silicon nanowire cavities compared to bulk silicon. 

Calculations of spatial distribution of electrical field intensity inside the cavity revealed 

the whispering gallery TM21 resonant with the cavity mode at pump (figure 2.16b) and at 

Stokes wavelength (figure 2.16c), with the electric field inside the silicon nanowire, 

leading to much stronger SRS because of the higher effective electric field experienced 

by the material. It must be noted that addition of gold leads to a threefold increase in field 

confinement in the cavity compared to bare nanowire because the thick gold film acts as 

a mirror reflecting the light back into the cavity at the silicon-gold interface.  
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Temperature calculations revealed that the temperature of this cavity was around 

640K (figure 2.17a, left vertical axis) at a pump power of 3.8E6 W/cm
2
, close to the 

eutectic temperature of silicon-gold system
42

 but significantly lower than temperature in 

the bare nanowire. The FWHM values of these Raman peaks (figure. 2.17a, right vertical 

axis) were in good agreement with the values expected at the corresponding temperatures 

from the model proposed by Balkanksi et.al 
13

. Up until this point, experimental values 

have always been larger than the model predicted FWHM values and this is the first time 

that they have been in agreement. The is because of two reasons: firstly the thermal heat 

sink allows for good heat transport removing any broadening associated with non 

uniform heating of the nanowire; secondly, absence of fano interactions also prevents 

asymmetric line broadening. Computational simulations of electric field confinement in 

the cavity based on the temperature dependent permittivity of silicon revealed that with 

an increase in temperature the field intensification (at pump and at Stokes) decreases and 

red shifts (figure 2.17b). Raman scattering intensity which depends on the product of 

pump and Stokes field intensity should decrease with temperature as result of poorer 

confinement which reduces to almost half of its value when temperature increases from 

295K to 640 K (figure. 2.17b, inset). The empirical relation for temperature dependence 

of Stokes scattering intensity in bulk silicon as discussed earlier was used to estimate the 

temperature corrected Stokes intensity. These calculations revealed a much higher rate of 

increase in Stokes scattering with a ~ 400% (figure 2.17c) increase in scattering intensity 

and a slope of 5.71 in the log-log plot of Stokes intensity vs. laser power at a pump power 

of 38 mW (figure 2.17d) which is almost double the value of the slope in bare nanowires 

(albeit at higher powers). 
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Figure 2.17: Effect of Temperature on Stimulated Raman Scattering- gold coated 

silicon nanowire of diameter 235 nm with a 660 nm pump: a): Temperature (left 

vertical axis) and increase in FWHM (right axis) of the cavity as a function of pump 

power. Inset shows the product of the electric field intensity at pump and at Stokes 

wavelength as a function of temperature; b) FDTD calculation of field confinement in 

the cavity as a function of temperature; c) Temperature corrected experimental 

integrated Stokes intensity as a function of laser power of silicon nanowire; d) Log-log 

plot of temperature corrected Stokes intensity vs. pump power 

 

a) b) 

c) d) 

0 10 20 30 40

300

500

700
 

 Temperature

Laser power (mW)

T
e

m
p

e
ra

tu
re

 (
K

)

0

2

4

6

 Experimental

 Model

fw
h

m
 in

c
rre

a
s

e
 (1

/c
m

)

0 10 20 30 40
0.0

2.5

5.0

 

 

S
to

k
e

s
 I

n
te

n
s

it
y

 (
a

.u
.)

Laser Power (mW)

 Nanowire

 Linear

 Bulk

-2 0 2 4
8

11

14

17

 

 

S
to

k
e

s
 I

n
te

n
s

it
y

 (
a

.u
.)

Laser Power (mW)

 Nanowire

 Linear

500 600 700
0

1

2

3

4

5

 

 

A
v

e
ra

g
e

 f
ie

ld
 i

n
te

n
s

it
y

Wavelength (nm)

 300 K

 400 K

 500 K

 600 K

300 500 700
3

4

5

 

 

I(
S

t)
 *

 I
(p

u
m

p
)

Temperature (K)

 

 

To investigate the wavelength and size distribution of cavity modes, calculations 

were done for average electric field intensity distribution inside silicon nanowire as a 

function of nanowire size and excitation wavelength for bare and gold coated wires. 

Figure 2.18a and figure 2.18b show the average field intensity inside the nanowire as a 

function of nanowire size and excitation wavelength in bare and metal coated wires 
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respectively in TM polarization. With an increase in cavity size a clear red shift in cavity 

mode resonance is observed. It is also observed that with an increase in wavelength the 

field confinement as a result of the mode increases. This is because of lower losses in 

silicon and in gold at larger wavelengths. The losses in silicon decrease with an increase 

in wavelength where as losses in gold are extremely low at 660 nm in gold and higher on 

either sides
40

. Moreover, gold leads to a stronger confinement of light inside the silicon 

nanowire, by acting as a mirror and preventing the light from leaking outside the cavity. 

The increase in confinement is typically three – five times depending on the excitation 

wavelength and the size of the nanowire. This stronger confinement should in general 

lead to stronger SRS as was also observed.  

a) b)

 

 

 

Figure 2.18: Wavelength and size distribution of average electric field intensity inside 

the silicon nanowire in TM polarization. a.) in bare silicon nanowire; b) in gold coated 

silicon nanowires. Green and red vertical dashed lines represent the position of the 

available pump wavelengths using which SRS experiments were conducted. 
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2.7 Estimation of gain coefficient 

Using the model for pump and Stokes power evolution during Raman scattering 

developed by Jones et.al
37

 calculations were done to estimate the Raman gain coefficient 

in silicon. Power at Stokes wavelength inside the cavity can be described as: 
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ss
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     (2.8) 

where Ps and P are powers of the Stokes wave and pump wave, z is the propagation 

distance, Aeff is the effective area of cross section and gr is the Raman gain coefficient, z 

is the round trip distance and is equal to twice the nanowire diameter; Aeff is 1µm
2
. As a 

first order approximation pump depletion was neglected in the cavity. 100% reflection at 

the silicon-gold (gold coated nanowire) and at the silicon-silica (bare nanowire) interface 

has been assumed for the round trip. All losses in gold have also been ignored. At higher 

temperature, the absorption losses in silicon would increase but all the values have been 

taken at room temperature only. For intensity calculations total pump power has been 

used which is greater than the actual power coupled into the nanowire. From table 2.1 it 

can be seen that αFCA and β << α at 532 nm and at 660 nm 

This simplifies equation 2.8 to 
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Here ln(Pso/Ps) is the natural logarithm of the enhancement in Stokes power as a result of 

SRS. In a pump probe experiment, this would be the ratio of the output probe power with 

and without the pump. In experiments without the probe, this still represents the gain at 

Stokes power as a result of SRS but is calculated as the ratio of experimentally observed 

Stokes scattering intensity and the expected Stokes scattering intensity based on linear 

extrapolation of Stokes scattering intensity from low pump power. Such an analysis was 

also used by
2
. In all the calculations below, actual experimentally collected intensity was 

used instead of temperature corrected intensity. Using these calculations Raman gain 

coefficient of the order of 5E7 in bare wire and 10
7
 in gold coated wires at 660 nm has 

been calculated. Previously a value of 9.5 cm/GW at 1.55 µm pump was reported for 

silicon
37

. This is the first instance of Raman gain being observed in the visible spectrum 

in silicon so a comparable value at 660 nm was not found. But given that the losses at 

660 nm are ~ eight orders of magnitude higher than at 1.55 µm, it is almost remarkable 

that any SRS is observed at all. Still, these calculations, though approximate reveal 5-6 

orders of magnitude increase in the gain coefficient of silicon.  This is because of the 

strong confinement of light leading to extremely high electric field intensities in the 

nanowire cavities which cannot be attained in bulk cavities. Another interesting 

observation was that the gain coefficient in gold coated nanowire was lower than in bare 

nanowires in spite of higher field confinement in gold coated nanowires. This is most 

likely because of absorption losses of Stokes scattered field in gold. But, a steeper 

increase in Stokes scattering intensity is observed in gold coated wires at higher powers 

because of higher field confinement. 
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The gain coefficient values that have been calculated are not material constants but 

depend on the confinement of electric field inside the cavity and would thus be different 

for different cavity size and structures depending on the extent of confinement. These 

gain calculations, though approximate, explain the remarkable enhancement in Raman 

gain that can be achieved by confining the electric field modes inside the nanowire 

cavities. 

2.8 Raman scattering in silicon-silver cavities and fano interactions 

Cavities were also fabricated using silver instead of gold as the thermal sink. 

Silver has a lower imaginary part of permittivity compared to gold
40

 and a higher thermal 

heat conductivity making it a better choice than gold. The eutectic temperature of silicon-

silver system is also over 1110 K
43

 which should make the silicon-silver cavity stable at 

higher temperatures compared to the silicon-gold cavity which may start getting damaged 

at temperatures close to 650 K. Raman measurements were done on these silver coated 

silicon nanowires in exactly the same way as was done with gold coated silicon 

nanowires. 

While size of the individual wires was not determined, scanning electron 

microscopy was done on other nanowires from the same sample from which nanowires 

were taken for silver deposition. The results revealed that, a majority of wires were in the 

size range 210-240 nm. Raman measurements were done on multiple silver coated silicon 

wires to ensure that the trends observed were consistent and corresponded to that of wires 

in the size range 210-240 nm. Figure 2.19a shows the average electric field intensity 
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Figure 2.19: Electric field confinement in silver coated silicon nanowires: a) 

Wavelength and size distribution of average electric field intensity inside the silicon 

nanowire in TM polarization. The red dashed vertical line shows the position of pump; 

b) Diameter dependence of average electric field intensity at the pump and at Stokes 

wavelength. 

 

inside the silicon nanowire (coated with 360 nm silver) as a function of nanowire 

diameter and excitation wavelength. Figure 2.19b gives the size dependence of average 

field intensity inside the nanowire specifically at pump and at Stokes wavelength. They 

provide some insight into the expected electric field confinement inside the cavity. 
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Figure 2.20a and figure 2.20b show the power dependent anti Stokes and Stokes 

Raman spectra respectively. With an increase in pump power, an increase in asymmetric 

broadening is clearly observed. Figure 2.20c shows calculations for coupling constant, 

1/q, at Stokes and at anti Stokes wavelength. The two values closely follow each other at 

all powers. At a pump power of 4E6 W/cm
2
, 1/q value of 0.045 is observed, more than an 

order of magnitude higher than in bulk. At a pump power of 2.5E6 W/cm
2
 (25 mW, 

figure 2.5), 1/q value in bulk is less than 10
-3

, while it is greater than .01 in the silver 
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coated nanowire at the same power. This is because of much higher electric field 

confinement in the nanowire cavity. The increase in 1/q value with increase in power and 

similar nature of asymmetric broadening at Stokes and anti Stokes wavelength confirms 

that the fano resonance arises because of scattering of photoexcited charge carriers from 

the lattice. It is surprising that while coating gold lead to a quenching of fano interactions, 

coating silver does not lead to quenching. The most likely reason for this is the quality of 

silver film that is deposited. While the gold film was clean, it is possible that while 

depositing silver, a thin oxide layer may have formed at the silicon-silver interface. In 

such a case, the quenching of charge carriers would not take place. Instead the strong 

electric field intensity inside the cavity could lead to enhanced interactions in between the 

phonons and charge carriers leading to stronger fano resonance. Resonant bare nanowires 

could have shown similar 1/q numbers at higher powers but the faster rate of heating in 

them makes excitation at such high pump powers impossible without destroying the 

nanowire. Figure 2.20d shows the temperature and increase in FWHM values as a 

function of pump power. While with gold coated silicon nanowires there was good 

agreement in between experimental and model predicted FWHM values, much broader 

peaks are observed in silver coated silicon nanowires. Heating should be uniform in both 

the metal coated cavities and therefore this broadening is caused by the fano interactions 

in the silver coated film.  
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Figure 2.20: Raman scattering in silver coated silicon nanowire: a, b) Power 

dependent anti Stokes and Stokes Raman spectra; c) Fano interaction parameter as a 

function of laser power; d) Temperature (left vertical axis) and increase in FWHM 

(right vertical axis)as a function of laser power 
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Integrated intensity calculations (figure 2.21a) reveal that only a small 

enhancement in Stokes scattering intensity, lower than in the silicon-gold cavities, is 

observed. Even at a pump power of 4E6 W/cm
2
, less than twofold enhancement in Stokes 

intensity is achieved. Figure 2.21b shows the plot of Stokes intensity vs. pump power in 

the log-log space. At a higher power of 4E6 W/cm
2
, the slope of the curve is ~ 3, which is 

also lower than what is observed in gold coated cavities (>4 at pump power of 3.6E6 

W/cm
2
, figure 2.15). Among all the nanowires tested, this wire had the maximum 

enhancement in Raman scattering which is still lower than the enhancement observed in 
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Figure 2.21: Stimulated Raman scattering in silver coated silicon nanowire: a) 

Integrated Stokes intensity as a function of pump power for the nanowire in figure 2.20; 

b) Log-log plot of integrated Stokes intensity vs. pump power for the same nanowire.  

gold coated cavities. It is quite likely that losses associated with scattering of charge 

carriers from phonons is leading to low SRS. 
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In some wires, saturation in fano interaction parameter is observed (figure 2.22). 

Neither such high coupling constants nor the saturation has ever been reported before in 

nanowires. While evolution of fano interactions in bare and metal coated nanowires is an 

interesting topic in itself, investigations were limited to enhancing SRS in the cavities.  
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Figure 2.22: Fano asymmetry 

parameter 1/q vs. laser power for a 

silver coated silicon nanowire 

showing saturation in 1/q  
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2.9 A note on peaking narrowing during lasing 

The onset of lasing is characterized by a sudden increase in intensity of emission 

and a gain associated peak narrowing. With huge increases in emission intensity have 

been observed in some nanowires, peak narrowing has been elusive. Competing with gain 

associated peak narrowing are a few processes which cause peak broadening. The most 

important contributor to peak broadening is the increase in temperature. At higher pump 

powers, due to increase in Raman scattering (which generates phonons) and absorption 

(which also generates phonons during non-radiative decay in indirect bandgap 

semiconductor), there is an increase in temperature of silicon nanowire as was shown. 

Because of higher lattice anharmonicity
44

 at higher temperatures, the Raman emission 

becomes broader at higher temperatures, an effect that may be impossible to overcome. 

Higher pump powers may also lead to a certain degree of non uniform heating especially 

in bare nanowires which may lead to additional peak broadening. Moreover, comparison 

of increase in FWHM values in bare nanowires, gold coated nanowires and silver coated 

nanowires has revealed that fano interactions also lead to asymmetric peak broadening 

which would also make gain associated peak narrowing difficult to attain in nanowires 

which show fano interactions. In many cases (such as in figure 2.14), the jump in 

emission intensity was coincident with the increase in temperature and increase in peak 

width. It is possible that the nanowire was lasing at that time but due to the increase in 

temperature peak narrowing was not observed.  

Keeping these factors in mind, it may be hard to achieve peak narrowing 

associated with lasing at least until the temperature of the system is kept under control.  
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2.10 SARS: Gain in anti-Stokes Raman scattering intensity 

Stokes scattering generates phonons and leads to heating which is undesirable. 

Higher temperature attained during operation of Raman lasers is detrimental to the 

quality of emission
26

. Anti Stokes interactions, on the other hand, lead to phonon 

destruction and cooling of the system in the process. From that perspective, an anti 

Stokes laser would be extremely useful since, more the output of the laser would be, 

more heat would be taken away from the system. While there have been many reports on 

Stokes Raman gain and Stokes based Raman laser, very little work has been done on 

SARS (stimulated anti Stokes Raman scattering)
34

. One of the reasons for that is the low 

scattering cross section of anti Stokes scattering. At room temperature for silicon, anti 

Stokes intensity is only ~8% - 10% of Stokes intensity as has been shown in chapter 3. 

Given that tuning the resonant cavity mode to the pump/Stokes wavelength, leads 

to an enhancement in Stokes scattering, it should also be possible to achieve gain in anti 

Stokes scattering since the processes are very similar. But before looking at some 

experimental data, it is important to understand the temperature dependence of anti 

Stokes scattering intensity since heating is a common occurrence in most of the cavities. 

There is no empirical model for anti Stokes intensity dependence on temperature 

available in literature. But the dependence of anti Stokes/Stokes ratio on temperature is 

reasonably well understood and has been widely used for temperature determination
45

 
46

. 

Using Stokes intensity’s dependence on temperature
24

 (figure 2.23a) and the anti 

Stokes/Stokes scattering intensity ratio dependence on temperature
23

 (figure 2.23a), an 
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Figure 2.23: Dependence of anti Stokes intensity on temperature: a.) Stokes intensity 

vs.  temperature with a 532 nm pump
24

; b) Anti Stokes/Stokes ratio vs. temperature
23

; 

c)Anti Stokes intensity as a function of temperature.  

estimate of anti Stokes intensity’s dependence on temperature can be made. Fig 2.23c 

shows this dependence that is obtained by multiplying the expressions for figure 2.23a 

and figure 2.23b. Note that, Stokes intensity – temperature dependence relation for 532 

nm has been used and therefore the calculations for anti Stokes intensity give a slight 

overestimate for correcting experimental data with a 660 nm pump. Nevertheless, it can 

be seen that for a fixed pump power, with an increase in system temperature, the anti 

Stokes intensity first increases until ~ 700 K at which point it is about 2.25 times the 

intensity at 293 K. Above 700 K, the anti Stokes intensity starts to decrease again. This 

trend is the interplay of two factors: Stokes intensity dependence on temperature and the 

anti Stokes/Stokes ratio dependence on temperature. At lower temperature (<700 K), the 

increase in the ratio dominates over the decrease in Stokes scattering and thus the 

resultant effect is an increase in anti Stokes intensity. At higher temperature, the ratio 

starts to saturate and the increase is not large enough to compensate for the decrease in 

Stokes scattering and hence the anti Stokes intensity starts to decrease.  
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Fig. 2.24a shows the integrated anti Stokes intensity as a function of laser power 

for a gold coated wires of size 230 nm. A tenfold enhancement in anti Stokes intensity is 

seen at pump power of 3.8E6 W/cm
2
 much higher than Stokes intensity enhancement in 

any of the wires before and also greater than 2.25 pointing towards non-linear processes 

contributing to anti Stokes scattering. Also, the Raman peaks did not show any fano 

character, consistent with the trend in gold coated wires. Temperature and FWHM 

calculations indicated that the cavity was heated to a temperature of ~ 640 K and the 

experimentally observed FWHM values were in close agreements with the values 

predicted by model. Temperature corrected anti Stokes scattering intensity still showed ~ 

fourfold enhancement in scattering intensity. Temperature corrected anti Stokes intensity 

should be linearly dependent on pump power since, at a constant temperature, in the 

absence of any non linear processes, spontaneous Raman scattering is linearly dependent. 

The fact that fourfold enhancement is seen is a definite indication of stimulated anti 

Stokes Raman scattering taking place in the system. Calculations for average electric 

field intensity inside the nanowire (figure 2.24d) revealed the presence of mode at the 

pump wavelength, extending to the anti Stokes wavelength. Because of this the average 

field intensity inside the nanowire is fourfold and twofold enhanced at the pump and at 

the anti Stokes wavelength, leading to strong anti stoke scattering. Higher cavity 

temperatures also aid anti Stokes scattering because of presence of more phonons in the 

excited state.  
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Figure 2.24: Stimulated anti Stokes Raman scattering in gold coated silicon nanowire 

of diameter 230 nm using a 660 nm pump: a) Power dependence of integrated anti 

Stokes intensity; b) Temperature (left vertical axis) and increase in FWHM (right 

vertical axis)as a function of laser power; c) Temperature corrected integrated anti 

Stokes intensity vs. pump power; d) Dependence of average electric field intensity 

inside the silicon nanowire of diameter 230 nm on wavelength. Vertical dash line 

represents the anti Stokes and the pump and wavelength from left to right. 
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The scattering cross section of anti Stokes scattering is much lower than that of 

Stokes scattering. In spite of that SARS is observed because of the tight confinement of 

electric field in the cavity. SARS in silicon nanostructures has never been reported 

before. It is interesting that cavities of similar size show SRS and SARS. This is because 

the cavity mode is broad enough to cover the pump wavelength, Stokes wavelength and 

anti Stokes wavelength leading to non-linearity on both sides. This type of cavities could 

be extremely important since, while the mode at Stokes side could be used to make a 



71 
 

Raman laser using SRS, enhancement on the anti Stokes side (SARS) could help in 

cooling the cavity. It may also be possible to make an anti Stokes laser from these 

cavities. 

2.11 Conclusions and future directions 

In conclusion, stimulated Raman scattering is attained in silicon nanowires by 

aligning the cavity mode with pump and Stokes wavelength. More than an order of 

magnitude enhancement in temperature corrected Stokes intensity is seen in bare 

nanowire cavities using a 660 nm pump; fivefold enhancement is observed in observed in 

metal coated cavities and in bare cavities at 532 nm. These enhancement values 

correspond to a gain value which is ~six orders of magnitude greater than in bulk at pump 

powers of the order of 10
6
 W/cm

2
. The reason for this high gain is the strong confinement 

of electric field modes inside the nanowire. Stimulated anti Stokes Raman scattering was 

also observed in nanowires when the cavity mode was aligned with the anti Stokes 

wavelength. This is the first report for SRS in homogeneous silicon nanostructures which 

have the potential to be monolithically integrated. 

In spite of the high gain, peak narrowing (or lasing) was not observed. This could 

be because of two reasons: substantial heating was observed in nanowires due to 

absorption and stimulated Raman scattering and lattice anharmonicities lead to 

broadening of the Raman peak. Moreover in some cases, non uniform heating of the 

nanowire led to additional peak broadening. Secondly, scattering of photoexcited charge 

carriers from lattice led to asymmetric fano broadening. Coating a thick gold shell 
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reduced the fano interactions drastically and provided a good thermal sink for efficient 

heat loss which allowed the cavity to be pumped to higher powers. This led to 

observation of stronger instantaneous (higher slope of the log-log plot in metal coated 

nanowires compared to in bare nanowires) gain at higher pump power but losses in gold 

led to lower enhancement in SRS. 

High temperature leads to a decrease in Raman scattering as well as a decrease in 

SRS. Therefore it is extremely important to have an efficient cavity heat management 

system without increasing the cavity losses. Between 532 nm and 660 nm, much larger 

Raman enhancement was observed at 660 nm. This is because of losses in silicon are ~ 

three times less at 660 nm than at 532 nm. Moreover no SRS was observed with a thick 

gold shell with a 532 nm pump even though SRS was observed in bare nanowires.  This 

is because of the fact that d-band transitions in gold at 532 nm makes it much more lossy 

at 532 nm than at 660 nm leading to a decrease in observed Raman scattering.  

Raman lasing was attained in silicon at 1.55 µm by making high quality factor 

cavities (10
6
-10

11
) and by minimizing the cavity losses. Our nanowire cavities typically 

have a quality factor of less than 100. Moreover, losses in silicon at 660 nm and at 532 

nm are more than 8 orders of magnitude higher than at 1.55 microns. Comparing these 

factors and the fact that Raman scattering cross section is extremely low, it is almost 

incredible that any Raman gain is observed in the nanowire cavities. Nevertheless, 

decreasing the losses in silicon by only a factor of three, led to a threefold increase in 

SRS.  
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Below the bandgap of silicon losses in silicon would drastically decrease. 

Conducting measurements below the bandgap (where losses are drastically lower) in 

resonant cavities with the wave propagation distance along the nanowire long axis would 

increase the interaction length in the gain medium. This could potentially lead to lasing. 

Alternatively, methods to confine the silicon nanowire in another high quality factor 

cavity could also help in lasing. Lower losses would also keep the cavity temperature 

low, which would prevent deleterious effects of high temperature. Similar efforts towards 

optimizing the experimental conditions at the anti Stokes wavelength could lead to anti 

Stokes lasing. The advantage of anti Stokes lasing is that it would naturally act as cooling 

mechanism since anti Stokes scattering requires annihilation of a phonon which would 

prevent cavity heating. With proper cavity design, it may also be possible to achieve 

lasing at Stokes as well as anti Stokes wavelength, quite possibly in the same nanowire.  

Because of lack of resources, these experiments could not be performed at the 

University of Pennsylvania. But the fact that a net Raman gain is observed in the 

nanowire cavities in the visible part of spectrum is very promising. This could potentially 

lead to the smallest Raman laser from a homogeneous silicon cavity having the lowest 

lasing threshold. Since nanowires are easy to synthesize and integrate into the existing 

microelectronics fabrication industry, this could lead to much better integration of optical 

technology into microelectronics industry leading to much faster device speeds and large 

energy and cost savings.  

It would also be interesting to investigate the cause of strong fano resonance in 

silver coated cavities. Coating gold led to a dramatic decrease in fano interactions inside 
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silicon, to the extent that the fano coupling parameter (1/q) almost became 0. On the 

other hand coating silver enhanced these interactions (1/q ~ 0.1) and saturation in 

coupling factor was observed at pump powers of ~ 2E6 W/cm
2
. It would be interesting to 

do Raman measurements with a reverse bias voltage applied across the silicon nanowire. 

Application of reverse bias has been shown to decrease the carrier lifetime
37

 of 

photoexcited carriers. A decrease in carrier lifetime would decrease the fano interactions 

and hence the coupling factor (1/q). Dependence of 1/q on the applied reverse bias at a 

constant but high pump power could help better understand the mechanism of fano 

interactions and how to control them. Comparison of pump power and gate voltage 

dependent measurements could help in understanding the contributions of fano 

interactions in cavity heat generation and in decease of SRS. This could also help build a 

Raman laser on silver coated silicon nanowires. 
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CHAPTER 3: Cavity effects on Bose Einstein Distribution of 

phonons 

 

3.1 Motivation 

In the previous chapter enhancement of Stokes and anti Stokes scattering by 

cavity mode engineering was discussed. It would be interesting to compare the relative 

enhancement of anti Stokes and Stokes scattered field. More specifically, is it possible to 

tune the relative magnitudes of Stokes and anti scattering by cavity engineering and what 

is the effect of pump power and temperature on this ratio.  

The ratio of anti Stokes to Stokes scattering is a measure of relative populations of 

bosons in excited and ground state respectively and has been extensively used to 

determine the temperature of the system
1
 

2
 

3
. Lauhon et.al 

4
 performed experiments on 

diameter dependence of Raman Stokes scattering intensities of silicon nanowires, in 

which they briefly mentioned that the anti Stokes to Stokes scattering intensity ratio 

should not be used to determine temperature of the nanowire without a diameter 

dependent term; although no experimental data or calculations were shown to corroborate 

this. The possibility of tuning the anti Stokes to Stokes scattering ratio at room 

temperature by cavity engineering seems extremely interesting. But before exploring 

these effects, it is important to review the basics and the equilibrium distribution of 

phonons in bulk silicon. 
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3.2 Bose Einstein Distribution and Temperature  

It is important to differentiate the Bose-Einstein distribution of phonons from the 

ratio of anti-Stokes and Stokes scattered Raman intensities. Bose Einstein 

distribution/statistics describe the distribution of bosons (phonons) in the excited state as 

a function of total system energy or temperature. At a lower temperature, the energy of 

the system is low and hence more phonons occupy ground state. At a higher temperature, 

because of higher system energy, more phonons occupy the excited state. Thus the 

relative distribution of phonons in ground state to the particles in excited state can be 

used to determine the temperature of the system. Stokes scattering happens when a 

phonon in the ground state interacts with a photon to transition to an excited state, 

generating a photon with a slightly lower energy in the process. Anti Stokes scattering 

happens when a phonon in the excited state interacts with a photon to relax back to 

ground state, generating a photon of slightly higher energy in the process. Aside from 

some frequency dependent factors (discussed in the next paragraph) a photon is equally 

likely to interact with the phonons in the ground state and in the excited state. Therefore, 

the ratio of anti Stokes scattering to the ratio of Stokes scattering is equal to the ratio of 

populations to phonons in excited state to phonons in ground state. 

Since Raman scattering and absorption which is frequency dependent are 

competing processes, Raman scattering is also affected by change in frequency. Besides 

different works have suggested different frequency (of scattered light) dependence of 

Raman scattering cross section. Equations 3.1 and 3.2 explicitly discuss two of the 

possible relations. Based on these parameters, various relations for scattering intensities 
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(Stokes and anti Stokes) and Bose Einstein distribution have been proposed some of 

which are mentioned below: 
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Where the subscript AS, St and p refer to anti Stokes and Stokes and pump, I is 

the scattering intensity, ω is the frequency, ωo is the Raman shift, ħ is the Planck’s 

constant, KB is Boltzmann constant, T is the system temperature, and F is wavelength 

dependent constant and typically close to 1 (values in between 0.8 and 0.97 have been 

suggested in various studies). While a variety of relations have been suggested, there is 

no consensus as to which of these relations is correct and experimental proof has been 

shown to support each one of them. 

For silicon the room temperature value (295 K) of the exponential term is 0.0774. 

For a 660 nm pump, using the equation 3.1-3.4, the range over which IAS/ISt could vary 

should be 0.062 - 0.101.  



81 
 

3.3 Experimental details and measurements in bulk silicon 

To investigate the effect of cavity size, cavity structure structure and wavelength 

on anti Stokes to Stokes scattering ratio, Raman measurements were performed on 

samples at room temperature using very low pump powers. The method of collecting data 

is exactly the same as described in chapter 2. Low powers ensured that there was no 

heating in the sample. Measurements were made at two - three different powers to ensure 

that there was no heating which would have been reflected by a change in the Raman 

shift. Measurements were performed on bare and gold coated nanowires with diameters 

ranging from 60 nm to 400 nm using both the pump wavelengths to check the wavelength 

dependence as well. To check the effect of cavity mode on the same nanowires, 

measurements were made on the same nanowire before and after coating gold using both 

the wavelengths. Procedure for doing scanning electron microscopy on bare and metal 

coated wires has already been described in chapter 2. Following the nanowire diameter 

determination, FDTD calculations were done to calculate the average electric field 

intensity inside the nanowire described in the same way in chapter 2. From these FDTD 

calculations ratio of average electric field intensity inside the nanowire at the anti Stokes 

wavelength and at the anti Stokes wavelength was calculated and compared to 

experimentally observed ratios of anti Stokes and Stokes intensity. Power dependent 

measurements on various wires were also conducted to investigate the dependence of anti 

Stokes to Stokes scattering ratio on the temperature of the cavity. Cavity temperature was 

calculated by using the change in Raman shift methods described earlier. For a 660 nm 

pump equation 3.1 and 3.2 are reduced to: 
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Table 3.1: Anti Stokes to Stokes ratios in bulk silicon at different wavelengths. 

Experimental values are ratios of experimentally measured scattering intensities at 

anti Stokes and Stokes wavelength. FDTD calculations refer to the ratio of average 

electric field intensity inside the nanowire at the anti Stokes and Stokes wavelength. 

Repeated measurements performed on multiple silicon wafers at room 

temperature and at very low pump powers, typically in between 5E3 ~ 8E3 W/cm, using 

the 532 nm and the 660 nm pumps have revealed the anti Stokes to Stokes scattering ratio 

to be .080 and 0.098 respectively. While ratio differs for different pump wavelength it 

was consistent for multiple measurements using the same pump. From FDTD calculation 

ratio of average electric field inside the nanowire at the anti Stokes to that at Stokes was 

calculated to be 0.760 for the 532 nm pump and 0.950 for the 660 nm pump. The results 

have been summarized in table 3.1. Relatively lower electric field confinement at the anti 

Stokes wavelength (to Stokes field) with a 532 nm pump leads to a relatively lower anti 

Stokes scattering (to Stokes scattering) at 532 nm.  

Wavelength (nm) Experimental FDTD calculations 

532 0.080 0.761 

660 0.098 0.950 

 

 

 

 To make a fair comparison across measurements for different cavities and at 

different wavelengths, all the measurements and FDTD calculations in nanowires were 

normalized by the corresponding number for bulk silicon. All experimentally measured 

anti Stokes/Stokes scattering ratios using the 660 nm pump were divided by the 

corresponding value for bulk (0.098).  All ratios of average electric field intensity inside 

the nanowire at anti Stokes to Stokes wavelength with a 660 nm pump from FDTD 
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calculations were divided by the corresponding value for bulk (0.950). The same was 

done measurements and calculations at 532 nm. Based on these normalizations, two new 

quantities can be defined as following: 
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where E.E is the average electric field intensity (at Stokes or anti Stokes wavelength) 

inside silicon obtained from FDTD calculations and I is the experimental scattering 

intensity at the anti Stokes or Stokes wavelength. It must be noted that these ratios 

represent only the relative electric field intensity and relative scattering intensities and 

must not be confused with the absolute electric field intensity or the absolute scattering 

intensity. 

The value of 1 for theoretical ratio and experimental ratio, thus correspond to the 

value for bulk silicon. Values greater than 1 would correspond to a case where compared 

to bulk, the ratio of anti Stokes to Stokes scattering (or average electric field inside the 

nanowire) is higher in the nanowire. Values less than 1 would correspond to the case 

where compared to bulk, the ratio of anti Stokes to Stokes scattering (or electric field 
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intensity inside the nanowire) is lower in the nanowire. This helps compare the average 

enhancement/reduction in electric field intensity ratios in nanowire and its corresponding 

effect on enhancement/reduction in experimentally observed scattering intensities. 

3.3 Anti Stokes – Stokes intensity ratios in silicon nanowire 

Figure 3.1 shows the anti Stokes and Stokes Raman scattering spectra for a bulk 

silicon sample, and 2 nanowires of diameters 220 nm and 280 nm respectively, taken 

with a 660 nm pump. Each of the three spectra have been normalized to the maximum of 

corresponding Stokes spectrum so that the anti Stokes to Stokes ratio can directly be read 

from the vertical axis. The corresponding ratios of anti Stokes to Stokes intensity are 

0.098, 0.058 and 0.342 respectively and have been summarized in table 3.2. The three 

silicon samples are identical in every way and have been measured under exactly same 

conditions at room temperature and suing the same pump wavelength. The only 

difference is in the diameter of silicon nanowires. Yet the three samples have different 

anti Stokes to Stokes scattering intensity ratios. It is unlikely that the phonon population 

itself is changing since that is determined only by the energy (temperature) of the system.  
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Figure 3.1: Anti Stokes and Stokes Raman 

spectra of 3 silicon samples: bulk, 

nanowires of diameter 220 nm and 280 nm 

collected using a 660 nm pump. The three 

spectra have been normalized with the 

maximum of Stokes intensity. 

Table 3.2: Anti Stokes/Stokes intensity ratio for three silicon samples at room 

temperature using a 660 nm pump. The numbers adjacent to the nanowires are the 

diameters of the nanowire 
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  anti Stokes/Stokes intensity ratio 

Silicon nanowire 220 nm 0.058 

Bulk silicon 0.098 

Silicon nanowire 280 nm 0.342 

 

To better understand the nature of this discrepancy, average electric field intensity 

and the spatial distribution of electric field intensity inside the three samples (nanowires 

of respective sizes and bulk silicon) were calculated as a function of wavelength using 

FDTD simulations. Figure 3.2 presents the spatial electric field intensity profiles at the 

anti Stokes (a, c) and Stokes wavelength (b, d) for silicon nanowires of diameter 220 nm 

(a, b) and 280 nm (c, d). It can be seen that for the nanowire of diameter 220 nm, the 

electric field mode is more strongly confinement (more intense electric field intensity 

inside the nanowire) at the Stokes wavelength than at the anti Stokes wavelength, which 

should lead to a stronger average electric field intensity value at the Stokes wavelength. 

The situation is reverse in the nanowire of diameter 280 nm. The electric field intensity 

inside the nanowire is more intense at the anti Stokes wavelength than at the Stokes 
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Figure 3.2: Spatial electric field intensity profile inside the nanowires at: a, b) anti Stokes 

and Stokes wavelength for the silicon nanowire of diameter 220 nm; c, d) anti Stokes and 

Stokes wavelength for the silicon nanowire of diameter 280 nm. 

wavelength which should lead to a stronger average field intensity value at the anti 

Stokes wavelength. 

λAS

λAS

λSt

λSt

a) b)

c) d)

 

 

Average electric field intensities inside the silicon cavity (bulk and nanowires) as 

a function of wavelength have been shown in figure 3. The field intensity profile inside 

the bulk sample is almost independent of wavelength since there are no cavity modes in 

bulk silicon (ratio of average field at intensity at anti Stokes and Stokes field equals 

0.950). The small difference is because of change in permittivity of silicon as a function 
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of wavelength. For the nanowire of size 280 nm, the average electric field intensity inside 

the nanowire is stronger at anti Stokes frequency than at Stokes wavelength. This higher 

confinement of anti Stokes field intensity relative to Stokes field intensity inside the 

nanowire leads to relatively stronger scattering at the anti Stokes wavelength than at the 

Stokes wavelength leading to a higher anti Stokes to Stokes scattering ratio than in bulk. 

Exactly opposite happens with the silicon nanowire of diameter 220 nm. The average 

electric field intensity inside the nanowire is stronger at Stokes wavelength than at anti 

Stokes wavelength leading to relatively stronger scattering at Stokes wavelength than at 

anti Stokes wavelength and lower anti Stokes to Stokes ratio than in bulk.  
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Theoretical and experimental ratios as defined in section 3.2 were calculated for 

the two nanowires. Table 3.3 summarizes the results of these calculations for both the 

nanowires and bulk silicon. It can be seen that a theoretical ratio greater than 1 leads to an 

experimental ratio greater than 1 and a theoretical ratio less than 1 leads to an 

experimental ratio less than 1. 

 

Figure 3.3: Average electric field 

intensity inside the silicon as a function 

of wavelength for bulk silicon and two 

nanowires of diameters 220 nm and 280 

nm. 
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Table 3.3: Comparison of calculations for ratio of average electric field intensity in the 

nanowire at anti Stokes and Stokes wavelength with the ratio of experimental scattering 

intensity at anti Stokes and Stokes wavelength for silicon nanowires of diameter 220 nm 

and 280 nm and for bulk silicon. The values have been normalized with the 

corresponding bulk values. 

 

  Theoretical ratio Experimental ratio 

Si 220 nm 0.62 0.81 

Bulk 1 1 

Si 280 nm 2.03 3.50 

  

Figure 3.4 shows the dependence of average electric field intensity at anti Stokes 

wavelength and at Stokes wavelength as a function of nanowire diameter. Diameter 

dependence of theoretical ratio can be obtained by dividing the blue curve (anti Stokes 

wavelength) with the red curve (Stokes wavelength) and then dividing that by the 

corresponding ratio for bulk silicon (0.950). 
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Figure 3.4: Average electric field 

intensity at anti Stokes (638 nm) and 

Stokes (683 nm) wavelength inside the 

silicon nanowire as a function of 

nanowire diameter. 
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3.4 Discussion 

Changing the nanowire diameter changes the relative confinement of electric field 

intensity inside the nanowire at the anti Stokes and Stokes wavelength (theoretical ratio 

≠1) which leads to a change in the density of state of photons at anti Stokes and Stokes 

wavelength
10

. This changes the way, photons interact with phonons resulting in different 

ratios of Raman scattering at the anti Stokes and Stokes wavelength (experimental ratio ≠ 

1). In bulk silicon the ratio of confinement of electric field intensity is ~ 1 at 660 nm 

excitation. The direction and deviation of theoretical ratio away from 1 (stronger 

confinement of one of Stokes or anti Stokes field than the other) inside the nanowire 

directly correlates with the deviations of experimental ratio (relatively stronger Raman 

scattering at one of Stokes or anti Stokes field than the other). It is interesting that there is 

no additional external electric field (probe) at either Stokes or anti Stokes wavelength in 

the cavity and the only electric field generated will be from Raman scattering itself after 

the photon interacts with phonon. In other words, changing the density of state of photon 

that will be generated after the pump photon interacts with a phonon, the said interaction 

between the pump photon and phonon can be altered. The pump field should affect 

Stokes and anti Stokes scattering equally and should not cause any deviations of 

experimental ratio away from 1. This effect is seen even at extremely low pump 

intensities (<10
4
 W/cm

2
) so it unlikely that it is caused by any other non linear process. 

To test this hypothesis, Raman measurements were performed under exactly 

similar conditions (room temperature, low power, 660 nm pump) on multiple nanowires 

of varying diameter in the range 100 nm to 300 nm. For each of these wires, theoretical 
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ratio and experimental ratio, as defined in section 3.3, were calculated. The results are 

shown in figure 3.5. Horizontal axis represents the diameter of the nanowire. The left 

vertical axis (in black) represents the experimental ratio and data for various nanowires is 

represented by circles. Depending on the diameter, nanowires have experimental ratio 

greater than or less than 1 pointing to either a relative (to bulk silicon) enhancement or 

reduction in the ratio of anti Stokes scattering to Stokes scattering. The right vertical axis 

(in red) represents the theoretical ratio. Calculations for nanowires of different diameters 

have been shown by a continuous plot highlighting the dependence of increase/decrease 

in the theoretical ratio on the nanowire diameter. The scales for the two vertical axes have 

been set up in such a way so that the 1 for each of them is coincident representing the 

value for bulk silicon which is shown in the graph by the black dashed line. 

As can be seen in figure 3.5, a very good match in between experimentally 

observed ratios and theoretically calculated ratios is observed. If for a particular nanowire 

diameter, the FDTD calculations predict that the ratio of average electric field intensity at 

anti Stokes wavelength to Stokes wavelength is twice the value for bulk. Then the 

experimental anti Stokes to Stokes scattering intensity ratio is twice the corresponding 

value in bulk. Conversely, if the FDTD predict a lower ratio, then the same lower ratio is 

observed experimentally as well. This agreement in between theoretical and experimental 

ratios was found to hold true for the entire range of nanowire diameters on which 

experiments were performed (100 nm to 300 nm), confirming the validity of the 

hypothesis. 
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Figure 3.5: Comparison of experimental ratios (left vertical axis) and theoretical 

ratios (right vertical axis) (as defined in section 3.2). Left vertical axis: Dependence 

of anti Stokes to Stokes scattering ratio (relative to bulk) on nanowire diameter; 

Right vertical axis: Dependence of ratio of average electric field confinement at 

anti Stokes to Stokes wavelength (relative to bulk) on nanowire diameter. 

 AS and St refer to the anti Stokes and Stokes wavelength, Intensity refers to the 

experimentally observed scattering intensity, E.E refers to the average electric field 

intensity inside the nanowire, nw refers to nanowire. 
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3.5 Measurements in silicon-gold cavities 

This is the first report of tuning the interactions of phonons with photons by 

changing the nanowire diameter which leads to a change in the photon density of states. 

In order to check the validity of this hypothesis to different cavity structures and different 

wavelengths, diameter dependent measurements were carried on silicon nanowires coated 

with a thick gold layer (~1.5 times the diameter of silicon nanowires) with a 660 nm 

pump and a 532 nm pump. 
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Deposition of gold changes the field confinement in the cavity and changes the 

position of resonant modes.  Deposition of a metal also changes the carrier lifetime and 

carrier dynamics as has been shown previously
11

. If the ratio of scattering intensity is 

dependent only on the relative electric field confinement at the anti Stokes and Stokes 

wavelength, there should still be a good agreement in between experimental ratios and 

theoretical ratios. Figure 3.6a shows the dependence of anti Stokes - Stokes ratio on 

diameter of silicon nanowire for measurements in the diameter range of 50 nm to 360 nm. 

Similar to figure 3.5, the left vertical axis (in black) represents the ratio of experimentally 

observed anti Stokes – Stokes scattering intensity normalized for the same ratio in bulk 

(experimental ratios). The right vertical axis (in red) shows results of FDTD calculations 

for the ratio of average electric field intensity at the anti Stokes wavelength and the 

Stokes wavelength normalized to the same ratio for bulk (theoretical ratios). The 

theoretical ratios in the gold coated cavities are a little higher than in bare nanowires. 

This is because of the fact that coating gold leads to stronger confinement of electric field 

intensity inside the nanowire which leads to more skewed ratios. The figure shows that 

the agreement in between the experimental and theoretical ratios is very good over the 

entire range of nanowire diameter. Although a wide of ratio of anti Stokes to Stokes 

scattering intensity (normalized to bulk) has been observed (from ~0.35 to greater than 

4.5), extreme scattering intensity ratios such as 10 were not observed. Although it is 

possible that measurements on more nanowires would reveal at least some wires to have 

extreme ratios, is could also be because of the fact that the theoretical calculations 

represent a highly ideal system which is not the case experimentally. Nevertheless, the 
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Figure 3.6: Comparison of experimental ratios (left vertical axis) and theoretical 

ratios (right vertical axis) (as defined in section 3.2 in gold coated silicon 

nanowires at a) 660 nm; b) and at 532 nm. 

 Left vertical axis: Dependence of anti Stokes to Stokes scattering ratio (relative 

bulk) on nanowire diameter; Right vertical axis: Dependence of ratio of average 

electric field confinement at anti Stokes to Stokes wavelength (relative to bulk) on 

nanowire diameter. AS and St refer to the anti Stokes and Stokes wavelength, 

Intensity refers to the experimentally observed scattering intensity, E.E refers to the 

average electric field intensity inside the nanowire, nw refers to nanowire. 

agreement in between the theoretically calculated ratios and experimentally observed 

ratios is very good.  
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Measurements were also carried out on similar cavities with a 532 nm pump to 

ensure that the hypothesis is valid at multiple wavelengths. At 532 nm, the ratio of anti 

Stokes to Stokes average electric field intensity are much lower than at 660 nm. This is 

because of the fact that higher losses in silicon and in gold lead to lower confinement 

(average electric field values) of electric field intensity inside the nanowire which makes 

the ratios less extreme. Good agreement similar to at 660 nm in experimentally measured 

and theoretically calculated ratios is observed (figure 3.6b). 
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Measurements were also carried at in the silicon-gold cavities with 660 nm pump 

in TE polarization (figure 3.7). While more polarization dependent measurements need to 

be done to get a clearer picture, it appears that at least in some cases, theoretical and 

experimental values may not agree.  
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To prove that the anti Stokes/Stokes ratio depends on the relative confinement of 

modes in the nanowire and not on the intrinsic nanowire diameter, measurements were 

carried out on the same nanowire before coating gold using a 660 nm pump or after 

coating a thick gold layer (~1.5 times the thickness of nanowire) using a 660 nm or a 532 

nm pump. For multiple nanowires either some of all of the three measurements were 

carried out. These measurements are important because for the same nanowire, 

depending on the combination of cavity (bare or gold coated silicon nanowire) and pump 

wavelength (532 nm or 660 nm), cavity modes will be different. This will change the 

relative confinement of average electric field intensity at Stokes and at anti Stokes 

wavelength, which should lead to different anti Stokes to Stokes scattering intensity 

ratios experimentally for the same nanowire. Figure 3.8 shows the data of four such 

nanowires in the diameter range 100 nm to 250 nm. Data for more nanowires was 

Figure 3.7: Comparison of experimental 

ratios (left vertical axis) and theoretical 

ratios (right vertical axis) (as defined in 

section 3.2 in gold coated silicon 

nanowires in TE polarization at 660 nm;  
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collected to ensure consistency of trends but has been left out for the sake of redundancy. 

The figure shows the results for multiple nanowires plotted according to the method 

described in figures 3.5 to 3.7 except here only 1 vertical axis has been used for 

simplicity. The three continuous curves represent the theoretically calculated ratios of 

average electric field intensity inside the nanowire at anti Stokes and at Stokes 

wavelength (relative to bulk silicon) at three cavity-wavelength combinations. 

Accordingly the black, red and green curves represent data for bare nanowire with a 660 

nm pump, gold coated nanowire with a 660 nm and gold coated nanowire at 532 nm 

respectively. The circles represent the experimentally observed ratios of scattering 

intensities. The color coding for circles is the same as for solid curves. For all the four 

nanowires, the circles are almost coincident with the curves for the corresponding colors 

pointing to a good agreement in experimental ratios and theoretical ratios. The same wire, 

depending on the relative confinement of mode at the anti Stokes and Stokes field leads 

to different anti Stokes to Stokes scattering intensity ratios. 
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Experiments have been performed on a wide range of nanowire diameters (50 nm 

to 360 nm), using multiple wavelengths (532 nm and 660 nm) and using different cavity 

structures (bare and gold coated silicon nanowires). The good agreement in between 

experimental ratios and theoretical ratios lends credibility to the hypothesis that the 

scattering of one of anti Stokes or Stokes scattering relative to the other can be enhanced 

by tuning the cavity resonant mode with the desired wavelength. It is the relative tuning 

of the modes that is important and not the absolute tuning of either of the modes. Tuning 

both the modes in equally good or equally bad manner would not change the ratio of anti 

Stokes – Stokes scattering intensity, although it would change the absolute scattering of 

Figure 3.8: Comparison of scattering intensity ratios (relative to bulk) in the same 

nanowire with different mode confinement at Stokes and anti Stokes wavelength. 

Expt refers to the experimental scattering intensity data. Sim refers to the theoretical 

calculations for ratio of average electric field intensity inside the nanowire at anti 

Stokes to Stokes wavelength. AS/St ratio refers to the corresponding ratios at anti Stokes 

and Stokes wavelength. Au refers to gold coated silicon nanowire, bare refers to bare 

silicon nanowire without gold 
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Stokes or anti Stokes. These effects are observed at room temperature and at extremely 

low pump powers where it may be difficult for any non linear effects to make a 

significant contribution.  

3.6 Variance of anti Stokes/Stokes ratio on temperature 

To check the temperature dependence of anti Stokes to Stokes scattering ratio, 

measurements were carried out on multiple nanowires at high pump powers to induce 

heating. If the anti Stokes to Stokes scattering intensity ratio in a nanowire increases 

proportionally to the increase in phonon population in bulk silicon at higher temperature, 

it would confirm that cavity mode confinement alters the interactions in between photons 

and phonons at the very fundamental level. It would be particularly interesting to 

investigate the possibility of achieving higher anti Stokes scattering intensity than Stokes 

scattering intensity. 

To make this comparison it is important to first estimate the temperature 

dependence of anti Stokes to Stokes scattering intensity ratio in bulk silicon. This can be 

extracted from the relation in between Bose Einstein distribution and anti Stokes to 

scattering intensity ratio from the expressions available in literature. By comparing the 

experimentally measured anti Stokes to Stokes scattering ratio at room temperature using 

a 660 nm pump for bulk silicon with equations 3.1-3.3 the following expressions can be 

attained 


 )exp(*313.1

TKI

I

B

i

S

AS 
        (3.1b) 
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where A in equation 3.2 is set to 1.011, experimental constant F in equation 3.3 is  set to 

1.241. Since equations 3.1 and 3.4 cannot be made to agree with the experimental results 

in bulk silicon at room temperature and equation 3.2 and 3.3 give the same dependence of 

anti Stokes to Stokes scattering on temperature, equation 3.2b (or 3.3b) is used to 

estimate the anti Stokes to Stokes scattering intensity in bulk silicon at temperature T that 

is calculated from the change in Raman shift method described in section 2.3. From these 

calculations, a quantity called phonon population ratio is defined which is the extent of 

increase in ratio of phonon population in excited state with respect to ground state at 

higher temperature normalized to the ratio at room temperature. It can be calculated by 

dividing the expression for equation 3.2 (or 3.3) at a temperature T, to the same at room 

temperature: 
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which reduces to: 
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It can be inferred that the relative increase in phonon population in excited state at a 

temperature T compared to at room temperature (phonon population ratio) is equal to the 

ratio of anti Stokes to Stokes scattering intensity (AS/St) at temperature T to the 

corresponding value at room temperature (295 K).  

A comparison was made for the phonon population ratios of nanowires, calculated 

from the experimental data and the phonon population ratios for bulk silicon, estimated 

from calculated anti Stokes to Stokes scattering intensity ratios from equation 3.2b (or 

3.3b). It is important to know what this comparison would look like for bulk silicon but 

since it was not possible to heat bulk silicon to high temperatures, a nanowire with anti 

Stokes to Stokes ratio similar to the bulk value was selected for the same. The results for 

anti Stokes to Stokes scattering intensity shown in figure 3.9 reveal a good agreement in 

the experimental anti Stokes to Stokes scattering intensity ratios and the estimated ratios 

from corresponding temperatures using the Bose Einstein distribution. At a temperature 

of ~ 500 K, based on the Bose Einstein distribution the AS/St ratio for bulk should be ~ 

0.27. The corresponding experimental ratio is 0.31 which is in reasonably good 

agreement, given the different models involved in doing the calculations and estimating 

the ratios. Figure 3.9b shows the experimentally observed phonon populations ratio for 

the nanowire and the estimate for bulk at different temperatures. At a temperature ~ 500 

K, based on the Bose Einstein statistics, the ratio of phonons is the excited state relative 
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to ground state should be about 2.7 times the corresponding ratio at 295 K. 

Experimentally this number was measured to be 3.1 which is in reasonably good 

agreement with the number from Bose Einstein statistics given the fact multiple models 

exist for this comparison (AS/St. scattering intensity vs. Bose Einstein statistics) with 

neither one of them being able to explain all the experimental results.  

It may be possible to devise a new statistical distribution model which better 

agrees with the experimental data such as including temperature dependent absorption 

values but that is not the objective of this comparison. More extensive models for this 

comparison exist in literature and can be found in the following references
12

 
13

. The slight 

disagreement at higher temperatures could also be because of the fact that with a 

temperature change, the permittivity of silicon changes (also absorption) which changes 

the confinement of electric field intensity inside the nanowire cavities which would 

change the scattering intensities at Stokes and at anti Stokes wavelength leading to 

slightly different ratios. Wavelength dependent absorption values also change with 

temperature which would change the proportion of Raman scattering. The two graphs 

may look trivial at the moment but this is because a nanowire with a behavior similar to 

bulk silicon was selected to establish the trend of phonon population ratio and anti Stokes 

to Stokes scattering intensity.  
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Figure 3.10 shows the similar comparison for a bare silicon nanowire of diameter 

330 nm. The simulations predict relatively stronger enhancement at the anti Stokes 

wavelength. Accordingly, at room temperature a ratio of 0.28 for AS/St scattering 

intensity is observed which is much higher than the corresponding value in bulk. At a 

temperature of 470 K at which the bulk value for AS/St scattering ratio is 0.25, the ratio 

for the nanowire is 1 (figure 3.10a). At this point, the scattering at anti Stokes wavelength 

is equal to the scattering at Stokes wavelength. Such high values of AS/St scattering have 

never been reported before. While there is a mismatch in between anti Stokes to Stokes 

scattering intensity ratios, figure 3.10 shows that there is a relatively good agreement in 

the phonon population ratios measured experimentally and those estimated from Bose 

Einstein statistics.  

 

Figure 3.9: Comparison of a) anti Stokes to Stokes scattering intensity ratio (AS/St 

intensity); and b) phonon population ratio; at elevated temperature for a nanowire with 

bulk like anti Stokes to Stokes scattering intensity ratio 
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Good agreement is also observed in silicon nanowire coated with a thick gold 

shell (~1.5 times the diameter). Figure 3.11a and 3.11b show the data for one such silicon 

nanowire of diameter 60 nm. Although at a temperature of 580 K, the AS/St scattering 

intensity ratios measured experimentally and estimated from Bose-Einstein statistics are 

0.85 and 0.35 respectively (figure 3.11a), very good agreement is observed in the phonon 

population ratios. These values for phonon population ratios at 580 K are 0.53 and 0.57 

from experimental measurements and from Bose-Einstein’s distribution respectively. In 

fact, for the entire temperature range and across all laser powers the experimentally 

determined phonon population ratios and those estimated from Bose-Einstein statistics 

are very similar (figure 3.11b).  

Figure 3.10: Comparison of a) anti Stokes to Stokes scattering intensity ratio (AS/St 

intensity); and b) phonon population ratio; at elevated temperature in a bare silicon 

nanowire of diameter 330 nm. 
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Similar experiments were conducted on multiple nanowires with different levels 

of enhancement in AS/St ratio at room temperature which showed good agreement in 

phonon population ratios irrespective of the values of actual AS/St intensities. Even the 

most extreme cases which are presented here (experimental AS/St scattering intensity 

ratio approaching 1) show good agreement. Measurements performed on nanowires 

which showed a reduction in AS/St scattering intensity at room temperature revealed 

similar results. Figure 3.12 shows the results for a bare nanowire of diameter 234 nm (a 

and b) and a gold coated nanowire of diameter 190 nm (c and d). In the bare nanowire, 

data was collected up to a temperature of ~ 1000 K. At room temperature the AS/St 

scattering ratio is only 0.058 and at a temperature of 1000 K, the AS/St scattering 

intensity ratio is 0.32 while according to Bose-Einstein distribution calculations, it should 

be 0.61. In spite of this mismatch in between experimental and estimated AS/St 

Figure 3.11: Comparison of a) anti Stokes to Stokes scattering intensity ratio (AS/St 

intensity); and b) phonon population ratio; at elevated temperature, in a silicon 

nanowire of diameter 60 nm, coated with a thick gold shell 
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intensities, good agreement is observed in the phonon population ratios for the entire 

temperature range. Similarly in the gold coated nanowire, even though the room 

temperature value of AS/St scattering intensity is 0.37, much lower than the value of bulk 

(0.98), good agreement is observed in experimentally observed and estimated phonon 

population ratios. 
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Figure 3.12: Comparison of a) anti Stokes to Stokes scattering intensity ratio (AS/St 

intensity); and b) phonon population ratio; at elevated temperature, in a silicon nanowire 

of diameter 234 nm; c-d) similar comparison for a silicon nanowire of diameter 190 nm 

coated with a thick gold shell 
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Experiments were conducted to explore the possibility of “population” – 

inversion; a state in which the population of phonons in the excited state is greater than 

the population of phonons in ground state. While physically it is not possible to achieve 

this for phonons, it may be possible to at least have a system in which anti Stokes 

scattering is greater than Stokes scattering. This was observed in a bare silicon nanowire 

(figure 3.14) at temperatures of ~ 650 K and above and at pump powers as low as 2E5 

W/cm
2
. Since anti Stokes scattering is greater than Stokes scattering, more phonons are 

annihilated than generated during the Raman process. This should lead to cooling of the 

nanowire. But because of absorption and other losses, which only generate phonons, a net 

decrease in the temperature of the system was not observed. The ratio drops at a pump 

power of 3.8E5 W/cm
2
 most likely because the nanowire is damaged which leads to 

cavity destruction and changes the confinement of electric fields inside the nanowire 

leading to a change in the AS/St scattering intensity ratio. 
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Note that it is possible to achieve “population”-inversion in many nanowires and 

many were shown to attain a state in which anti Stokes scattering was equal or almost 

Figure 3.13: “Population”-inversion: 

Anti Stokes to Stokes scattering intensity 

ratio (AS/St intensity) showing greater 

intensity of anti Stokes scattering than 

Stokes scattering. 
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equal to Stokes scattering. But because of certain experimental constrains on availability 

of pump power, it was only be observed in a few nanowires. In certain cases, the 

nanowire temperature rose drastically (as in figure 3.13) which led to a destruction of 

cavity before “population”-inversion could be attained. Further experiments in gold 

coated nanowires using a higher pump power should reveal more instances of 

“population” inversion.  

3.7 Concluding remarks and future work 

In conclusion cavity engineering of anti Stokes – Stokes scattering intensity ratio 

has been shown. By changing the cavity size, variations by over a factor of ten have been 

observed (0.035-0.45) in the room temperature anti Stokes to Stokes scattering ratio. 

Nanowire diameter, excitation wavelength and cavity structure dependent measurements 

have confirmed that this ratio depends on the relative confinement of the anti Stokes and 

Stokes electric field intensity inside the cavity. A higher confinement of anti Stokes 

electric field intensity inside the nanowire (relative to Stokes electric field intensity) leads 

to higher relative (to Stokes scattering) emission of the anti Stokes scattering. Thus it is 

possible to enhance phonon-photon interactions by simply increasing the density of states 

(in the cavity) at the wavelength at which the new photon is expected to be emitted. 

While the absolute Stokes and anti Stokes scattering intensity also depend on the 

confinement of pump intensity, the ratio is completely independent of the confinement of 

the pump electric field inside the cavity.  
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Tuning of photon-phonon interaction using the cavity mode alignment has never 

been reported before. While this is very interesting purely as a scientific phenomenon, it 

could also be extremely critical in mitigating system heat and hence in the design of 

Raman lasers. During operation of Raman lasers, phonons are constantly being generated 

which lead to heating of the gain medium. This heating has detrimental effects on the 

quality of emission
14

. Since anti Stokes scattering leads to destruction of a phonon and 

hence cooling, it provides a natural mechanism for cooling of the gain medium. A Raman 

laser cavity which also has a strong confinement at the anti Stokes wavelength would also 

have enhanced anti Stokes emissions and would be heated to a lesser degree in the 

process.  

High temperature measurements reveal that the tuning of anti Stokes-Stokes 

scattering intensity ratio on cavity mode is independent of the pump power and the 

system temperature. In other words the ratio continues to stay tuned even at elevated 

temperatures. This tuning ratio is important to understand and estimate from the 

application perspective of temperature determination from anti Stokes to Stokes ratio. 

The cavities can even be tuned to reach a state in which emission at anti Stokes 

wavelength is greater than the emission at Stokes wavelength leading to a net cooling 

effect in the cavity. While at above bandgap temperatures, due to high absorption related 

losses, net cooling was not observed, the cooling capacity of such systems is worth 

investigating with below bandgap excitation. Moreover when anti Stokes emissions is 

greater than Stokes emissions, the system is in a state of “population” inversion which 

was described as an important consideration for building an anti Stokes Raman laser
15

. 
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Future FDTD simulations to predict cavities which can attain “population inversion” at 

lower temperatures and experiments on such cavities could reveal interesting results. The 

applications of optical cooling in silicon are immense given the demand of more energy 

efficient silicon based devices and understanding photon-phonon interactions is the key 

to achieving it 
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CHAPTER 4: Enhanced heating and localized surface 

plasmonic activity in silicon-gold nanocavity  

 

4.1 Motivation 

Chapters 2 and 3 discussed the effects of confining electric field modes inside 

silicon nanowires on nonlinear optical properties of silicon. At high pump powers, 

heating was observed. While the focus earlier was to design methods to reduce cavity 

heating, this chapter focuses on optimizing the cavity design to enhance the degree of 

excitation of localized surface plasmon modes in gold from the evanescent field inside 

the nanowire, and achieving high cavity temperature in the process. 

Recently Halas et.al showed solar vapor generation using nanoparticles at ambient 

temperature
1
 
2
 
3
. Irradiating focused sunlight on gold nanoparticles (silica-gold core-shell 

structures) led to heat generation due to excitation of localized surface plasmons (LSP). 

The amount of heat generation was directly proportional to the degree of LSP excitation 

which was directly proportional to the intensity of sunlight (electric field) irradiated on 

the nanoparticles. Thus using focussed sunlight led to stronger electric field intensities 

inside the nanoparticles leading to stronger heat generation. In another experiment 

irradiating gold nanoparticles with a laser led to extremely high localized heating and 

high temperatures which promoted the growth of various nanostructures such as 

semiconductor nanowires and carbon nanotubes
4
 

5
. These reactions were carried out at 

room temperature and used small gold nanoparticles of the size of a few tens of 
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nanometers. Thus it was possible to perform high temperature reactions at ambient 

temperature leading to a decrease in energy requirements. Plasmonic heating (and/or hot 

electrons from plasmons) has also been shown to increase the rate of chemical reactions 

while irradiating from a laser or a UV/visible lamp
6
 

7
. The principle behind the 

enhancement is similar, with light exciting plasmons in the metallic nanoparticles, which 

led to enhancement of the reaction rate either because of heat generation or because of 

generation of hot electrons from plasmons.  

The success of these experiments depended on the degree of plasmon excitation 

which depends on the intensity of electric field irradiant upon the plasmonic 

nanoparticles. The experiments discussed above used either an inactive core (such as 

silica) or simple nanoparticles without the use of  cavity engineering to enhance the 

plasmonic interactions such that higher degree of plasmon excitation and higher 

temperatures could be attained at much lower irradiation powers (laser or UV/visible 

lamp). Use of a high refractive index material as a core could lead to high electric field 

intensities inside the core (as was shown in chapters 2 and 3) and in the metal 

nanoparticle outside because of evanescent field extending into the nanoparticle from the 

nanowire.  

The following chapter will focus on demonstrating a new method to tune and 

enhance the plasmon resonance properties of metals (gold) using novel semiconductor-

metal nanowire cavity which is heated to high temperatures at cavity mode resonance. 

Using the combined effect of a high refractive index core enhanced by an effective 

metallic cavity and the LSPs in gold, temperature close to 1000K can be attained in these 
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cavities at a pump power as low as ~5.7E5 W/cm
2
, which is highest reported temperature 

for any plasmonic system. Because of the resonant enhancement effect of cavity, the 

absorption inside the cavity is stronger than the sum of absorption values inside the 

individual components of the cavity if excited separately: a bare silicon nanowire and a 

hollow gold shell. The silicon core gives the additional advantage of accurate temperature 

measurement capabilities and the ability to control the plasmon resonance of gold even at 

high temperatures. Since gold is known to anneal at high temperature
8
, the ability to 

control plasmon resonance wavelength could be particularly useful. 

New silicon-gold cavities structures were designed and investigated to enhance 

their potential to achieve high temperature at lowest possible pump power. The 

mechanism of heat generation was investigated and methods to tune it to different 

wavelengths were explored. 

4.2 Sample preparation and Experimental   

Silicon nanowires procured from Sandia National Laboratories were transferred 

onto a cover glass slip. The silicon nanowires had a 2 nm thick native oxide layer on the 

surface
9
.  Experiments were either conducted on bare nanowires or depending on the 

experiment, either a 10/150 nm gold or a 10 nm Ti layer was deposited on these wires 

using electron beam deposition (PVD 75, Kurt J. Lesker Company) at a low deposition 

rate of 0.2 Å s-1 for the first 10 nm and 1.0 Å/s for the remaining film (if applicable). 

Figure 4.1 shows the SEM image of a representative nanowire. Experiments were 

performed on nanowires in the diameter range 100 nm to 250 nm.  To measure the 
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diameter of the nanowires, a thin (less than 10 nm) gold/palladium layer was sputter 

coated onto the sample and high resolution scanning electron microscopy (JOEL 7500F) 

was performed. Experiments were also performed on a bare bulk silicon wafer and a 

silicon wafer coated with 10 nm gold to compare the results with those of a 

nanowire/cavity. 

 

Raman spectroscopy was performed in the same way described in section 2.3 at 

532 nm and 660 nm excitation. For bare nanowires and nanowires with a thin metallic 

shell, the cavity was excited from the nanowire size. With a thick metal the cavity was 

excited through the cover glass slip. Power dependent measurements were carried out 

with the power ranging from 5E3 W/cm
2
 to 6E5 W/cm

2
. Experiments were performed 

with the polarization of the incident electric field either parallel (TM polarization) or 

perpendicular (TE polarization) to the nanowire long axis (cavity schematic in figure 

4.2).  

Figure 4.1: Scanning electron microscopy 

(SEM) image of a gold coated silicon 

nanowire (scale bar: 200 nm) 
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Temperature of the nanowire was calculated by measuring the temperature 

dependent change in Raman shift of silicon as a function of pump power (details in 

section 2.3). The energy of Raman active longitudinal optical phonon of silicon decreases 

with an increase in temperature (phonon softening) at a rate of 2.73µeV/K at 295K 

(higher rate at higher temperature)
10

 which has been demonstrated to provide a robust 

method for temperature calculation of the system from the change in Raman shift
11

. For 

recording the Raman spectra of bulk silicon, an ultra fine resolution grating with a 

resolution of 0.05 cm
-1

 was used to detect potential small changes in temperature. 

Procedure for numerical calculations has already been explained in section 2.3. 

From the spatial distribution of electric field in the cavity, cavity absorption was 

calculated using the following expression: 

)''*(||**
2

1 2  EAbsorption        (4.1) 

Figure 4.2: Schematic of cavity. 

Green and red arrows indicate 

direction of K vector of incident wave 

and back scattered Raman wave 

respectively, solid and dashed black 

arrows indicate direction of 

polarization of electric field of 

incident light in transverse magnetic 

(TM) and transverse electric 

polarization (TE) respectively. 



115 
 

where ω is the frequency, Ɛ’’ is the imaginary part of the permittivity of material at ω and 

E is the Electric field. Native oxide layer thickness was set to 2 nm in designing cavity 

structure for simulations. 

Photocatalysis experiments were performed in collaboration with Dr. Matteo 

Cargnello in Prof. Chris Murray’s group at the University of Pennsylvania. For 

performing these measurements, samples of silicon NWs were deposited on cover glass 

slides (18x18 mm, Fisher Scientific) and coated with a 10 nm gold film. Titania 

nanostructures were prepared from TiCl4 in the presence of oleylamine and oleic acid 

according to
1213

. Solutions of these structures in hexanes/octane 8/2 v/v at concentrations 

of 5 mg mL
-1

 were drop-casted directly onto the substrate containing the cavity by 

reducing the evaporation rate by covering the substrate. Control samples were prepared 

by depositing a 10 nm gold film on the glass slide without the silicon nanowires followed 

by deposition of the titania nanostructures. Samples were dried overnight before further 

use. To perform photocatalysis, these films were immersed in a 4 mL of a 1/1 v/v 

solution of water/ethanol and tested in a semi-batch photoreactor under irradiation of a 

300 W Hg/Xe lamp equipped with a water IR filter to remove the heat. Gaseous products 

were transported to a gas-chromatograph (Buck Scientific) by a flow of nitrogen, and 

hydrogen and other gaseous species were separated using a Shin Carbon column (Restek) 

and detected using a thermal conductivity detector and nitrogen as inert carrier gas. 

Cavity schematic is shown in figure 4.3 
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4.3 Optical measurements on a silicon wafer 

Figure 4.4 a and b show the power dependent Raman spectra obtained from a bare 

silicon wafer and a silicon wafer coated with 10 nm gold respectively with 532 nm 

excitation. While Raman spectrum was collected at multiple powers, only the spectra at 

lowest and highest powers have been shown here. There was no change in Raman shift in 

bare silicon wafer at powers up to 1.2E6 W/cm
2
 (highest possible pump power) implying 

that there was no change in the temperature of silicon wafer upon laser irradiation. This is 

because of the large size of silicon wafer which would require a large amount of power to 

show any heating. Measurements carried out on 10 nm gold coated silicon wafer revealed 

a small change of 0.2 cm
-1

 in the Raman spectra at the highest and the lowest power. This 

shift corresponds to a temperature increase of 10 K in the silicon wafer. While this 

change may appear small, it is brought about by an extremely thin 10 nm gold layer 

(particles in the film) and points to the presence of localized heat generated by the gold 

film.  

Figure 4.3: Schematic of cavity for 

photocatalysis experiments 
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4.4 Optical measurements on silicon nanowires 

To test the enhancement in heating brought about by silicon-gold resonant cavity 

structures; a cavity was fabricated by coating a 10 nm gold layer on silicon nanowire 

placed on a glass substrate. The 10 nm thick gold film breaks into small particles with an 

interparticle separation of ~ 5 nm as can be seen in the scanning electron microscopy 

(SEM) image in figure 4.1. The amount of cavity heating which is also directly related to 

the degree of plasmonic excitation was assessed by calculating the temperature of the 

silicon core by measuring the change in temperature dependent phonon energy of silicon 

via Raman scattering
14

 (ref. and citations). Power dependent Raman measurements on a 

bare silicon nanowire of diameter 100 nm (fig. 4.5) revealed that with an increase in laser 

power, Raman shift decreased in energy suggesting an increase in temperature of the 

silicon nanowire.  

Figure 4.4: a-b) Power dependent Raman spectra using a 532 nm pump of a) Bare 

silicon wafer; b) Silicon wafer coated with 10 nm gold. Legend indicates pump power 

in mW. 
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The change in the phonon energy (Raman shift) of the silicon nanowire as a 

function of laser power was fitted with the Raman shift vs. temperature model proposed 

by Balkanski et.al
10

 to obtain the temperature of the silicon nanowire as a function of 

laser power. These temperature calculations (figure 4.6a) from the Raman spectra of bare 

silicon nanowire revealed that a peak temperature of ~ 500K was achieved in the TM 

polarization (solid black curve) at a laser power of 5.7E5 W/cm
2
. Raman measurements 

performed on the same nanowire after coating a 10 nm gold film revealed that there was a 

dramatic increase in temperature of the system and a peak cavity temperature of 1000 K 

was observed in TM polarization at the same laser power of 5.7E5 W/cm
2
 (figure 4.6a, 

solid golden curve). Compared to previous reports in metal-semiconductor structures in 

which indirect estimates of potential temperatures achieved during plasmonic excitation 

using either the rate of chemical reactions or analytical calculations
15

 
16 17 18

 have been 

made, use of silicon in this work provides a method to directly measure the temperature. 

To understand this enhanced heating effect, absorption spectra of bare and gold coated 

silicon nanowire of diameter 100 nm (figure 4.6b) was calculated via the finite difference 

time domain (FDTD) methodology. Calculations for bare silicon nanowire (figure 4.6b, 

Figure 4.5: Raman spectra of a bare 

silicon nanowire (100 nm diameter) 

at different incident powers using 532 

nm wavelength in the TM 

polarization. 
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solid black curve) indicated that the cavity mode was resonant with the excitation 

wavelength of 532 nm with a peak absorption value of ~ 8% in TM polarization. Silicon 

is an indirect bandgap (Eg) material (Eg ~ 1.12 eV, 1.11µm)
19

 and since the pump 

wavelength used in the current work (532 nm and 660 nm) is above the bandgap of 

silicon but below the direct bandgap, the absorption is high but during relaxation of 

charge carriers, the rate of nonradiative recombination is ~ 10
6
 times faster than that of 

radiative recombination
20

. As a result, most of the photons absorbed decay nonradiatively 

generating a large number of phonons thereby generating heat. Calculations also 

indicated that after deposition of a 10 nm gold layer around the silicon nanowire (figure 

4.6b, solid golden curve) the cavity absorption increased to 14% in the TM polarization, 

leading to increased heat generation in the cavity. Almost the entire amount of increased 

absorption in gold generates heat since only a small fraction (~10
-10

) of the absorbed light 

in gold is emitted radiatively via d-band transitions
21

.  

Polarization (incident electric field) dependent measurements of cavity heating 

were also conducted. It was observed that the bare silicon nanowire and the gold coated 

silicon nanowire were heated to higher temperature in the TM polarization compared to 

TE polarization (figure 4.6a, solid vs. dashed curves): 500 K vs. 360 K in bare silicon 

nanowire and 1000 K vs. 860 K in gold coated silicon nanowire. Absorption values from 

FDTD calculations supported the experimentally observed polarization dependence at 

532 nm (figure 4.6b, vertical green dashed line), with higher absorption in the TM 

polarization in both, bare (7.5% vs. 5%) and gold (14% vs. 9%) coated silicon nanowire. 
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In order to better understand the mechanism of cavity absorption and heating, 

spatial distribution of the electric field intensity was calculated from the FDTD 

calculations in bare and gold coated silicon nanowire of diameter 100 nm. Calculations 

revealed that at 532 nm excitation, at cavity mode resonance in TM polarization, the 

electric field mode is confined inside the bare silicon nanowire (figure 4.7) with low 

mode volume and with a fourfold enhancement in field intensity compared to incident 

intensity; a consequence of high refractive index of silicon. This highly intense electric 

field leads to high cavity absorption (8%) and consequently high heating. The intense 

evanescent field also extends into the gold film (in the gold coated cavity, figure 4.7) 

leading to a significant increase in cavity absorption (14%) and heating, since gold
22

 is 

Figure 4.6: Extra ordinary heating of gold coated silicon nanowires: a) Temperature 

vs. laser power for the gold coated nanowire calculated from the Raman spectra 

shown in figure 4.5) and also for the same nanowire after coating 10 nm gold; b) 

Computational simulations of absorption spectra of the nanowire cavity for gold 

coated and bare nanowire of diameter 100 nm in TM and TE polarization. Vertical 

green and red arrows indicate the wavelength of the pump (532 nm and 660 nm) 
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much more lossy than silicon
23

 (imaginary part of permittivity of gold Ɛ’’Au = 2.2 vs. Ɛ’’Si 

= 0.39 for silicon at 532 nm). 

a) b) 

Si bare, TM, 532 nm Si/Au, TM, 532 nm

 

 

To further investigate the effect of mode confinement, the intense evanescent field 

and cavity absorption on heating, measurements were performed on this cavity with a 660 

nm excitation wavelength. This excitation wavelength was chosen because according to 

FDTD calculations, the electric field is poorly confined by the silicon nanowire at 660 

nm resulting in weaker electric field in silicon and in gold. The peak electric field 

intensity inside the cavity is ~ three times lower at 660 nm (figure 4.8b) than at 532 nm 

(figure 4.7b) in the gold coated nanowire in TM polarization. Moreover both silicon
23

 and 

gold
22

 are less lossy at 660 nm compared to at 532 nm (Ɛ’’Si = 0.39 at 532 nm vs. Ɛ’’Si = 

0.12 at 660 nm, Ɛ’’Au = 2.2 at 532 nm vs. Ɛ’’Au = 1.0 at 660 nm). These factors lead to 

Figure 4.7: Mechanism of heating: a-b) Electric field distribution inside the cavity in 

TM polarization for bare and 10 nm gold coated nanowire of diameter 100 nm 

respectively at 532 nm 



122 
 

lower cavity absorption in bare (0.6%) and in gold coated silicon nanowire (1.4%) as can 

be seen in figure 4.6b. Experiments performed on bare silicon nanowire revealed that the 

temperature of bare nanowire was ~ 320 K (figure 4.8a) at a pump power of ~ 6E5 

W/cm
2
, in agreement with the low absorption value obtained from calculations. Since 

there is only a marginal increase in absorption value after coating gold on the silicon 

nanowire (1.4% vs. 0.6%), only a small increase in temperature of the gold coated silicon 

nanowire (from 320K in bare silicon nanowire) is expected at comparable laser excitation 

powers. But there was a substantial increase in cavity heating and a temperature close to 

550 K was attained in the cavity. This sudden increase in cavity heating is because of 

excitation of LSPs in the gold film. It can be seen in the SEM micrograph (figure 4.1) 

that the gold layer breaks into small particles of size 20-30 nm and a thickness of ~ 10 nm 

(10 nm gold layer was deposited). These particles support LSP modes
24

 in the visible 

range because of the evanescent field extending from the silicon nanowire. Moreover 

since the particles in the film are separated by a distance of only ~ 5 nm, the gold 

particles interact with each other leading to further strengthening of the LSP excitations
25

. 

Thus excitation of these LSPs from the evanescent field leads to a drastic increase in 

cavity heating after coating gold.  
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The strength of LSP excitation can be controlled by altering the strength of 

evanescent field extending into the gold film. When a cavity mode exists at the excitation 

wavelength, the evanescent field intensity in the gold film is more intense than otherwise, 

leading to stronger LSP excitation (and more absorption) and consequently higher 

heating as was seen at 532 nm excitation (figure 4.6a) where temperature of the cavity 

increased from 500K to 1000K after coating gold. The broadband and polarization 

independent nature of these LSP excitations because of the random shape, size and 

orientation of the gold particles in the film makes the cavity heating less anisotropic. 

Thus decreasing the strength of the evanescent field in the gold film by detuning the 

cavity mode of the silicon nanowire at 660 nm, drastically reduces the cavity heat 

generation and the strength of LSPs excitation (and cavity absorption), highlighting the 

importance of presence of a cavity mode of silicon nanowire at the excitation wavelength. 

Figure 4.8: Heating in a cavity with off resonance excitation: a) Temperature vs. 

laser power for gold coated and bare nanowire of diameter 100 nm in TM 

polarization at 660 nm excitation; d) Electric field distribution inside the silicon 

nanowire of diameter 100 nm coated with 10 nm gold in TM polarization at 660 nm 
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Figure 4.9: Role of localized surface plasmons in heating: a) Temperature vs. laser 

power of a silicon nanowire of diameter 100 nm coated with 150 nm gold in TM 

polarization (532 nm excitation), inset shows the schematic of the experiment; b) 

Computational simulations of absorption spectra of the metal-nanowire cavity in a) 

In order to ascertain the contribution of LSPs towards heating, two control 

experiments were performed. In the first experiment, to prevent LSP excitation at the 

silicon-gold interface, a cavity was fabricated by coating a 150 nm thick gold film on a 

silicon nanowire of diameter 100 nm. Since the field penetration depth in gold at 532 nm 

is ~ 50 nm, laser irradiation was done through the glass substrate (schematic in inset of 

figure 4.9a). As a result of this, the electric field would be too weak to excite any LSPs at 

the air-gold interface thereby decreasing the heat generation in this cavity with a 150 nm 

gold film compared to a cavity with only 10 nm gold film. Raman measurements done 

with pump power up to ~6E5 W/cm
2
 revealed (figure 4.9a) that while the bare silicon 

nanowire was heated to a temperature of 500 K, the temperature of the cavity after 

coating 150 nm gold was only 380 K, lower than that of even the bare silicon nanowire 

even though the cavity absorption increased fourfold after coating gold (27% vs. 7%, 

figure 4.9b). This decrease in temperature is because of two reasons: prevention of LSP 

excitation in the cavity with 150 nm gold layer; and availability of a larger heat sink 

(thicker gold film) to dissipate heat.  
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In the second experiment, to prevent the formation of LSPs in the thin metallic 

film while maintaining the same cavity structure and thickness of metal, a 10 nm thick 

titanium (Ti) layer (instead of gold) was coated on a silicon nanowire of diameter 100 

nm. While Ti does not support any plasmon modes at this wavelength
23

, it is more lossy 

than gold
22

 at 532 nm (Ɛ’’Ti = 9.3 vs. Ɛ’’Au = 2.2). This should lead to higher absorption in 

this cavity compared to a similar cavity with gold, a hypothesis supported by FDTD 

calculations (figure 4.10a), which should cause higher heat generation if LSPs were not 

contributing to cavity heat generation in the gold coated cavity. Since the thermal 

conductivity of Ti (21.9 W/m/K)
26

 is more than an order of magnitude lower than that of 

gold (317 W/m/K)
26

 and both have similar specific heat capacities (Ti = 2.35 J/cm
3
/K, 

gold = 2.49 J/cm
3
/K)

26
, temperature in Ti cavity should be higher than in gold cavity even 

for the same amount of cavity heat generation. In other words, if LSPs do not contribute 

to heating in the gold cavity, then under otherwise similar experimental conditions in a Ti 

cavity, temperature of 1000K should be achieved at powers much lower than 6E5 W/cm
2
 

at 532 nm excitation. But experiments revealed that temperature in the Ti coated cavity 

was only 650K (figure 4.10b), much lower than in the gold coated cavity (1000K at pump 

powers ~ 5.7E5 W/cm
2
). This is only possible if LSPs contribute significantly to heat 

generation in the gold cavity. In essence, without any LSP activity in gold particles, 

temperature of the gold coated cavity should be lower than 650K. But contributions from 

LSPs excited from a strong evanescent field (at silicon nanowire cavity mode resonance) 

increase the temperature of the silicon-gold cavity to 1000K (figure 4.6a).  
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Moreover, when the cavity mode is not resonant with the excitation wavelength, 

the evanescent field extending into the gold film is weaker which would excite relatively 

weaker LSPs in the gold particles of the film and cause a relatively lower increase in 

cavity temperature. This was evident in silicon nanowire of diameter 100 nm coated with 

10 nm gold, at 660 nm excitation (figure 4.8a) when the cavity temperature increased to 

only 550 K from 320 K after coating gold. This once again highlights the importance of a 

nanowire cavity mode at excitation wavelength in excitation of LSPs and total cavity heat 

generation. It is important to note that the absorption in the silicon-gold cavity is greater 

than the sum of absorption values inside the individual components of the cavity of 

corresponding sizes if excited separately: a bare silicon nanowire and a hollow gold shell 

(figure 4.11) highlighting the advantage of this highly engineered cavity structure. 

Figure 4.10: Heating in Ti coated cavities: a) Computational simulation of the 

absorption spectra of silicon nanowire of diameter 100 nm coated with 10 nm Ti; b) 

Experimentally observed temperature vs. laser power of the cavity in (a) at 532 nm.  
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c) d) 

a) b) 

 

To show the tunability of silicon nanowire cavity mode to different wavelengths, 

experiments were conducted on a silicon nanowire of 240 nm diameter with and without 

a 10 nm gold film. This particular nanowire size and wavelength combination was chosen 

because while both gold and silicon are less lossy at 660 nm than at 532 nm, a cavity 

mode exists at this nanowire size for 660 nm excitation (figure 4.12a). This should cause 

high absorption in silicon and gold film and strong LSP excitation in the gold particles of 

the film leading to high temperatures in these cavities (bare and 10 nm gold coated 

silicon nanowire). Experiments in TM polarization indicated that the bare silicon 

nanowire was heated to a temperature of ~400 K and after coating gold the cavity 

attained a temperature of 900 K (figure 4.12b, solid black and golden curves). The 

temperatures attained in the TE polarization in bare (380 K) and gold coated (770 K) 

Figure 4.11: Higher absorption in cavity modes: a-d) Computational simulations 

showing diameter and wavelength dependence of absorption modes in TM polarization 

for a bare silicon nanowire, hollow gold shell, bare silicon nanowire + hollow gold shell, 

and for cavity respectively, color bar represents % of absorbed incident power  
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silicon nanowire are lower than in the corresponding cavity in TM polarization (400 K 

and 900 K respectively) and are in accordance with lower absorption values in TE 

polarization (2% and 10% in bare and gold coated nanowire respectively) than TM 

polarization (3% and 13% in bare and gold coated nanowire respectively) predicted from 

FDTD calculations. These temperatures in gold coated cavity (silicon nanowire diameter 

240 nm) at 660 nm are similar to the temperatures attained in the gold coated cavity 

(silicon nanowire diameter 100 nm) resonant at 532 nm (figure 4.6a), in spite of lower 

lossy nature of silicon and gold at 660 nm, and are attained because of a combined effect 

of three separate but related mechanisms. Silicon nanowire confines the light to highly 

intense electric field modes which causes high absorption and heat generation in silicon. 

Because of the gold layer outside the silicon nanowire, the field enhancement and cavity 

absorption in the silicon-gold cavity is enhanced and is greater than the sum of absorption 

in individual components of the cavity. The evanescent field from these intense modes 

that extends into the particles of the gold film excites strong LSPs leading to further heat 

generation. The silicon-gold engineered cavities thus simultaneously take advantage of a 

high refractive index dielectric silicon, enhanced cavity mode because of the gold shell 

outside the nanowire and LSPs in the gold particle in the shell. Moreover the cavity mode 

resonance can be tuned easily by changing the silicon nanowire diameter and is 

unaffected by changes in shape and size of gold particles in the film.  



129 
 

0 2 4 6

400

600

800

1000

 

 

T
e

m
p

e
ra

tu
re

 (
K

)

Laser Power (mW)

 Si-240 nm/ Au-10 nm, TM

 Si-240 nm/ Au-10 nm, TE

 Si-240 nm/ bare, TM

 Si-240 nm/ bare, TE

a) 

500 600 700
0

10

20

30
 Si-240 nm/ Au-10 nm, TM

 Si-240 nm/ Au-10 nm, TE

 Si-240 nm/ bare, TM

 Si-240 nm/ bare, TE

 

 

A
b

s
o

rp
ti

o
n

 (
%

)

Wavelength (nm)

b) 

 

 

To capture this wavelength-nanowire cavity size dependence of modes, cavity 

absorption spectra for silicon nanowire with diameter ranging from 80 nm to 250 nm 

coated with 10 nm gold film in the wavelength range 450 nm - 700 nm have been 

presented in figure 4.13a and 4.13b (TM and TE polarization respectively). A silicon 

nanowire size resonant with the excitation wavelength creates intense electric field in the 

cavity, which would lead to high absorption in silicon and gold and also excite strong 

LSPs, maximizing cavity heating and temperature. This has been tested at two different 

wavelengths; at 532 nm excitation in a 100 nm diameter silicon nanowire (figure 4.6a), 

and at 660 nm excitation in a 240 nm diameter silicon nanowire (figure 4.12a). The 

nanowire can also be used as a thermometer for measuring temperature of the system up 

to temperatures as high as 1000 K. These graphs provide a roadmap for silicon nanowire 

size selection for maximizing the LSP activity and temperature in the cavity depending 

on the excitation wavelength for applications such as photocatalysis. 

Figure 4.12: Cavity size tuning of resonant mode: a) Computational simulations of 

absorption spectra of gold coated and bare nanowire of diameter 240 nm in TM and 

TE polarizations (660 nm excitation); b) Temperature vs. laser power of cavity in a) 
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a) b) 

 

 

The high temperatures that develop in the proximity of the gold layer are 

potentially attractive for enhancing the rate of several chemical reactions
9
. In this work 

we take advantage of these high temperatures to drive photothermochemical 

transformations for the conversion of ethanol to generate hydrogen using the combined 

effect of light and heat. Photocatalytic production of hydrogen from renewable sources 

such as alcohols is important to sustainably provide a crucial industrial building block 

and a promising clean fuel
27

. This is attained by reducing protons to hydrogen and 

oxidizing carbon-containing compounds to CO2 via photogenerated electrons and holes in 

a semiconductor catalyst, a process generally called photoreforming. The use of 

plasmonic materials has been shown to improve the rate of photocatalytic reactions 

thanks to higher temperatures developed around the plasmonic structures, typically by the 

use of a laser
28

 
29

. But there is a lot of scope for improvement, since cavity enhanced 

plasmonic structures have not been explored for photocatalysis till now. To show 

Figure 4.13: Wavelength and size dependence of resonant modes: a,b) Computational 

simulations showing diameter and wavelength dependence of absorption modes in TM 

and TE polarization respectively, color bar represents % of absorbed incident power 
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enhanced photoreforming rates by cavity enhanced plasmonic structures, a layer of 

colloidal titania nanorods (~40 nm in length and 5 nm in diameter), was deposited on top 

of the silicon-gold cavity structures. This was done by drop-casting a solution of titania 

nanorods in hexanes/octane (schematic in figure 4.14b). By tuning the concentration and 

volume of the drop-casting solution, a 5nm layer of titania nanorods was deposited onto 

the substrate on top of the gold-silicon cavity. This creates a thin, porous titania film that 

increases reactant transport to the active sites that are located at the gold-titania 

interface
30

. The films were tested for photoreforming of ethanol as a model compound for 

sustainable hydrogen production
27

 (C2H5OH + 3H2O →2CO2 + 6H2) with. Films that 

contained either the complete cavity (silicon nanowires/gold/titania) or only the 

photocatalytically active components (gold/titania, thus simulating conditions in which 

plasmonic but not cavity-enhanced photocatalysis exists) were compared under UV/Vis 

illumination, and otherwise identical conditions. Blank experiments with only 

gold/silicon cavity and no titania were tested but did not show any hydrogen production 

activity even after several hours under illumination (figure 4.14a) confirming the role of 

titania as a catalyst in the photoreforming reaction. Films that contained the complete 

cavity showed superior H2 production rate compared to films which only had gold/titania 

catalyst (figure 4.14a), showing the importance of cavity-enhanced plasmonics in driving 

the reaction rate. A regression analysis yielded an intrinsic rate of H2 production of 90 

µmol g-1 min-1 vs. 66 µmol g
-1

 min
-1

 for silicon nanowire/gold/titania and gold/titania 

samples, respectively, demonstrating that an activity boost of ~40 % was obtained by 

simply introducing the cavity design. Furthermore, while the gold/titania catalyst 
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progressively deactivated under reaction conditions as evidenced by a change in the slope 

of H2 production, the silicon nanowire/gold/titania sample produced hydrogen at a 

constant rate for as long as three consecutive days, after taking the evaporation of the 

solution into account. Because of the reduced amount of photocatalyst in the experiment, 

limiting incident light to >400 nm did not produce detectable amounts of hydrogen, and 

further tests need to be conducted in order to fully understand the activity of the samples 

under visible light. Nevertheless, cavity enhanced plasmonics provide a new, easy and 

stable way to enhance the activity of photocatalyst for hydrogen production from ethanol 

compared to other hydrogen-evolving systems
31

. 
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4.5 Thermal stability measurements on the cavity 

Temperature calculations done using Raman shift have shown that cavities (with 

10 nm gold) have achieved temperatures up to 1000 K. Since silicon and gold form a 

eutectic system with a eutectic temperature of ~ 640 K
32

, it was important to check 

Figure 4.14: a) Hydrogen evolution from the silicon-gold-titania nanocavities gold-

titania catalyst and from silicon-gold; b) Schematic of silicon/gold/titania cavity catalyst 
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whether a eutectic reaction was taking place in between silicon and gold or not and how 

would it change the experimental results. With this objective, measurements were 

performed on 3 different silicon nanowires coated with a 10 nm gold layer using a 532 

nm laser. Power dependent Raman measurements were performed and data was recorded 

at multiple powers by slowly increasing the power, until the temperature of the cavity 

reached ~630K. The nanowire was continuously irradiated with laser at each power for a 

few minutes to allow for any potential damage to take place. Once the nanowire was kept 

at 630 K for a few minutes, the laser was turned off to allow for the cavity cool down and 

reach steady state. Even though the cooling is instantaneous, as was evidenced by Raman 

spectrum recorded at lower power immediately after the nanowire was heated, the 

nanowire was allowed to cool for 3 minutes to ensure that the cavity is completely cooled 

to room temperature and is at equilibrium. Following this, same power dependent 

measurements were repeated at the exact same powers, for the exact time in the exactly 

same order of increasing power. This entire cycle was repeated three times. Following 3 

successive cycles, the entire set of measurements (of three cycles) was repeated with a 

slightly higher maximum power than earlier so that the nanowire is now heated to a 

maximum temperature of ~ 750 K, i.e. slightly above the eutectic temperature. The same 

was then repeated with the nanowire temperature set to ~ 950 K and then for temperature 

> 1000 K.  

This entire set of measurements, gives three sets of data for the cavity for each of 

the following etmperatires: 630 K, 750 K, 950 K and 1000 K. Integrated Stokes Raman 

intensity and temperature was calculated from each of this spectrum and was plotted with 
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pump power. Following these the same laser power cycle was carried on the gold film 

where no nanowire was present to compare the physical damage of the gold film that was 

on top of the nanowire with the gold film elsewhere. SEM measurements were then 

performed on the nanowires and on the gold film where the laser was irradiated to 

corroborate findings of Raman measurements with visual proof. If there is no physical 

damage to the cavity then the nanowire should be heated to similar temperatures and have 

similar Stokes scattering intensity at similar powers upon repeated measurements. But if 

there is some physical damage to the cavity, the cavity shape or size or both would 

change. This would change the field distribution inside the cavity, since that is dependent 

on the cavity shape and size. The changed field confinement should change the heating of 

the nanowire and also Stokes scattering intensity. Thus any physical damage would cause 

the repeated measurements to differ from the previous ones.  

Figure 4.15 a, b, c and d show the 3 sets of Raman measurements collected with 

the peak temperature of 630 K and SEM image of the nanowire and of the  gold film 

subjected to the same laser irradiation cycle. Clearly, the temperature (figure 4.15a) and 

the Raman scattering intensity (figure 4.15b) of the wire is consistent at all the powers in 

all the 3 cycles indicating that there is no physical damage to the cavity up to a 

temperature of 630 K. This is expected since the temperature of the cavity is below the 

eutectic temperature of silicon-gold system.  The SEM images of the wire (figure 4.15c) 

and the gold film (figure 4.15d) show that the gold film has annealed and started to form 

distinct particles. This process had happened to a greater degree in the case of gold film 

on top the nanowire confirming that the cavity is heated to a higher temperature than just 
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the gold film. In spite of the change in arrangement of the gold particles/film, the Raman 

results are still extremely self consistent which proves that the gold film acts as an 

effective medium and Raman spectrum shows this average response of the effective 

medium even though the particles in the film are distinct and disconnected. 
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Figure 4.16 a, b, c and d show similar data for temperature (a, c) and Stokes 

intensity (b, d) with maximum temperature set to 750 K (a, b) and 950 K (c, d). The 

Figure 4.15: Cavity stability tests: Temperature – a) and Raman intensity – b) vs. laser 

power for three repeated cycle at the same spot on the nanowire with a maximum 

temperature of 630 K. c, d) SEM images of the nanowire on which the test was carried 

out and of the film on which same  cycle of laser irradiation was repeated. Scale bar is 

500 nm in each image. 
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Raman data for repeated cycles at each power during multiple cycles is very consistent 

barring small fluctuations. It must be noted that the cavity must have been for a total 

period of more than 10 minutes each at 750 K and at 950 K with no evidence of any 

physical damage to the cavity, even though the temperature of the cavity was above the 

eutectic temperature.  
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Figure 4.16: Cavity stability tests: Temperature – a) and Raman intensity – b) vs. laser 

power for three repeated cycle at the same spot on the nanowire with a maximum 

temperature of 750 K; c, d) Similar data except with a maximum temperature of 950 K 
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Figure 4.17 shows the SEM image of the nanowire which was kept at 950 K for 

over ten minutes without any evident signs of damage. 

 

 

This confirms that with a 10 nm gold shell, the cavity is stable even at 

temperatures up to 950 K.  The SEM image in figure 4.17 reveals that the gold film is 

slightly more granular at 950 than it was at 630 K because of stronger annealing effects at 

higher temperature. The slight difference in temperature and scattering intensity could 

have been caused by thermal fluctuations in the laser power or in the spectrometer grating 

itself. It is also possible that the change in the morphology of gold film has a minor 

effect. But that happens in the first few minutes of exposure since the second and third set 

Figure 4.17: SEM image of the nanowire region kept at 950 K. Scale bar is 500 nm 
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of reading of readings are exactly consistent. Overall as corroborated by the SEM image, 

there is no physical change in the cavity besides for some annealing effects in the gold 

film up to a temperature of 950 K.  

Once the temperature of the nanowire crosses 1000 K, there is definite damage to 

the nanowire as is evidenced by the change in nanowire temperature and in integrated 

intensity upon performing repeated measurements (figure 4.18 a and b). SEM image 

(figure 4.19) of this section of the wire shows that the wire cross section has been 

damaged and is no longer circular. This change in nanowire cross section leads to a 

different field confinement in the cavity which leads to different temperature and 

scattering intensity. It is quite possible that the wire was still undergoing physical damage 

even until the third cycle of measurements since the Raman intensity of the second round 

of tests is different from the third round of tests. 
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Figure 4.18: Cavity stability tests: Temperature – a) and Raman intensity – b) vs. laser 

power for three repeated cycle at the same spot on the nanowire with a maximum 

temperature > 1000 K 
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Similar results have been obtained on multiple wires confirming that the cavity 

consisting of silicon nanowire coated with a 10 nm gold film is stable up to temperatures 

~ 1000K beyond which the nanowire starts to melt and the cavity is destroyed.  

4.6 Conclusions and future work 

It would be interesting to understand the mechanism that leads to enhancement of 

the photocatalysis rate. There have been various reports published in literature attributing 

the enhancement either to hot electrons or to heat or to s synergic effect of both. Various 

experiments were tried to estimate the temperature change of the nanowire while 

simultaneously irradiating with the UV-Vis lamp used for photocatalysis. But due to the 

strong emission from the lamp and the relatively weak Raman signal, it was very difficult 

to attain a signal. Nevertheless, after blocking by the visible part of the spectrum from the 

UV/vis lamp (which constitutes a major part of the emission) there was some evidence 

for temperature rise of at least 10 K, though higher temperatures could easily have been 

attained. Attempts were also made to measure the temperature increase in the 

photocatalysis set up using an infrared thermometer but they were unsuccessful too. It is 

possible that the localized heat which may be good enough to enhance the rate of 

Figure 4.19: SEM image of the nanowire 

region heated to a temperature > 1000 K. 

Scale bar is 200 nm 
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photocatalysis reaction may not be strong enough to increase the temperature of entire 

solution.  

The silicon-gold cavities show incredibly strong heat generation and incredibly 

high temperatures when irradiated with a laser. Various studies have been done to 

enhance the rate of chemical reactions using plasmonic heating with laser irradiation as 

was mentioned previously. But they have all used simple plasmonic structures such as 

spheres or cuboids without any cavity enhanced plasmonics. It would be very interesting 

to perform some of those chemical reactions using the silicon-gold cavities and compare 

the enhancement brought by the use of these cavities with the enhancement from just 

plasmonic structures. 

In conclusion, we have demonstrated significant enhancement and easy tunability 

of plasmonic properties of gold, using highly engineered silicon-gold nanocavities. 

Because of the high refractive index of silicon core, highly intense electric field is 

generated inside the cavity. This intense electric field not only leads to high absorption in 

silicon and gold but also excites strong LSPs in the gold particles of the thin gold film 

(further enhanced by the close proximity of the gold particles to each other), leading to 

high heat generation in the cavity. By calculating temperature from change in Raman 

shift of silicon nanowires, we have shown that temperatures close to 1000K at a pump 

power ~ 5.7E5 W/cm
2
 can be achieved in the cavity because of enhanced plasmonic 

activity and that the resonant wavelength can be tuned by varying the nanowire diameter. 

The cavities show enhanced hydrogen generation rate from photoreforming reactions by 

up to 40% over extended periods of time. The temperature insensitive resonant behavior 
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of these cavities makes them ideal for applications in catalysis and as model systems to 

study the high temperature properties of semiconductors. The silicon nanowire cavities 

also provide a robust method for temperature calculation of the system. 
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CHAPTER 5:  Conclusions and future work 
 

5.1: Conclusions 

Cavity effects of silicon, silicon-gold (a thick as well as a 10 nm layer), silicon-

silver and silicon-titanium cavities have been investigated by varying the nanowire 

diameter, cavity structure and excitation wavelength. These cavities support wavelength 

dependent resonant modes which can be exploited to tailor the interactions in between 

photons, phonons, plasmons and electrons. At cavity mode resonance, the electric field is 

tightly confined in the cavity which leads to high field intensities in the cavity, much 

stronger than in bulk silicon. 

Using these highly confined modes, stimulated Stokes Raman scattering and 

stimulated anti Stokes Raman scattering was obtained for the first time in homogeneous 

silicon nanostructures. Raman lasers built out of this cavity design would enable the 

development of on-chip, low powered, easily monolithically integratable optical 

interconnects. The ease of fabrication and integration and the low powered nature of 

these cavities could lead to next generation of ultrafast and cheap devices.  

Cavity modes could also be tuned to enhance the relative proportion of the anti 

Stokes Raman scattering. In a few cases, the state of “population” inversion was reached 

in which the intensity of anti Stokes scattering was greater than the intensity of Stokes 

scattering. At the other extreme, almost complete Stokes emissions (~96%) was also 

achieved. These cavities along with the use of Stimulated anti Stokes Raman scattering 
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could be designed to make an anti Stokes laser and devices for mitigating heat in Raman 

lasers by enhancing the anti Stokes interactions. An anti Stokes laser would be 

advantageous because the lasing emission would involve a destruction of phonon which 

would lead to cooling of the cavity. Therefore anti Stokes lasers would function more 

efficiently than Stokes lasers. 

Lastly, the interactions in highly confined electric fields inside the silicon 

nanowire were used to excite extremely strong localized surface plasmons in gold which 

led to cavity heating and temperatures close to 1000 K at a pump power of 5E5 W/cm
2
. 

These cavities were shown to enhance the hydrogen (a crucial industrial building block 

and a promising clean fuel) evolution rate from ethanol. These cavities should also have 

applications in high temperature catalysis. 

5.2: Future work 

Because of high losses in silicon in the visible spectrum lasing was not achieved 

in the cavities, although gain in SRS was observed which looks extremely promising. 

Because losses at 1.55 µm, where majority of the silicon Raman lasers have been built, 

are ~ eight orders of magnitude lowers than in the visible spectrum, it should be much 

easier to attain Raman lasing using this pump wavelength. Therefore experiments need to 

be conducted at this wavelength or anywhere below the bandgap of silicon with the 

direction of wave propagation along the nanowire long axis in order to increase the 

interaction length in between silicon and pump. It should be possible to achieve lasing at 

both Stokes and anti Stokes wavelength. 
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Cavities could be designed to enhance anti Stokes scattering to such a degree that 

it becomes greater than Stokes scattering. This has already been shown although at high 

temperatures. Higher anti Stokes scattering would have applications in optical cooling as 

well as building an anti Stokes laser.  

The silicon-gold (10 nm layer) cavities have the potential to attain extremely high 

temperatures at much lower pump powers. Future applications of these cavities in 

catalysis and energy conversions can be explored. 
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