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Abstract

The integration of optical devices and electronic devices on the same platform is

currently a gateway into many research and practical applications. Because silicon

and silicon compatible materials have dominated electronic development, optical de-

vices must also conform to the silicon platform. One of the greatestchallenges in

building such an integrated opto-electronic system is the development of an e�cient

Si-compatible light emitter.

In this thesis, we develop several Si-based nano-photonic devicesfor the control of

light at the nano-scales. However, several Si-compatible materialsand light emitters

have low index of refraction (n), and high degrees of con�nement using only index

contrast and total internal re
ection is di�cult. We design high qua lity ( Q-) factor

photonic crystal nanobeam cavities for a variety of materials with low index, such

as SiO2 (n = 1:46), silicon rich oxide (n = 1:7), and silicon nitride (n = 2:0), all

with Q > 5; 000 and mode volumesVm < 2:0(�=n )3. We employ these cavity designs

to a variety of active materials, including Si-nanocrystal doped silicon oxide, Er-

doped amorphous silicon nitride (Er:SiNx ), and InAs quantum quantum dots (QDs)

in GaAs. By placing emitters in these ultrasmall, high-Q cavities, we demonstrate

that the cavity enhances emission processes. We show that the free carrier absorp-

tion processes are greatly enhanced in the Si-nanocrystal nanobeam cavities at both

room and cryogenic temperatures, up to an order of magnitude compared to bulk.

In addition, we demonstrate that nanobeam cavities made of Er:SiNx have enhanced

absorption and gain characteristics compared to earlier designs that included silicon

in the cavity. Because of the reduced losses stemming from absorption, we observe
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linewidth narrowing and material transparency at both room temperature and cryo-

genic temperatures. Finally, we demonstrate low threshold continuous-wave lasing

from InAs QDs embedded in 1D nanobeam PC cavities, with pump powerthresh-

olds below 1� W. We investigate the behavior of the threshold for di�erent pump

conditions and manipulate the cavity with a �ber taper in close proximity to the

cavity.

We also design plasmonic cavity and grating structures, which have lower Q com-

pared to photonic crystal cavities due to metal ohmic losses, but have low mode

volumes that break the di�raction limit. We propose and study a planar distributed

Bragg re
ector plasmonic cavity analogous to the nanobeam photonic cavity. We

show that a plasmonic bandgap arising from a metallic grating can con�ne a plasmonic

mode to a defect region, and enables ultrasmall volume that can enhance lumines-

cence from emitters embedded in the cavity. We also demonstrate the enhancement of

emission from silicon nanocrystals coupled to wide area plasmonic grating modes and

Er:SiNx coupled to metal-insulator-metal modes con�ned between two metal layers.

We demonstrate the control of emission wavelength by changing the device dimen-

sions in both cases, and in the case of the Er material, observe an order of magnitude

increase in collected emission compared to a sample with only one side contacting the

metal. In addition, we identify both local and coupled plasmonic modessupported

by metallic gratings and nano-particle arrays.

Finally, we demonstrate resonant actuation of a mechanical mode with optical

gradient forces in a Si nanobeam cavity. The optical cavity enhances the optome-

chanical coupling between the optical mode and the mechanical vibration, and en-

ables detectable mechanical motions with hundreds of nanowatts driving an optical

cavity mode.
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Chapter 1

Introduction

1.1 Optical Sources for Photonic Networks

In the information age, the need for bandwidth to pass data between computation

centers has greatly increased. In addition to the growth of the �ber-optic communi-

cation bandwidth for long distance data transfer, the growth of the local data centers,

computer clusters, and multi-core processors has motivated thedevelopment of op-

tical communications for the short distances. Here, and especiallyfor chip to chip

communications, the optical interconnect has distinct advantages over conventional

electrical interconnects as device sizes are decreased to increase the information den-

sity [1]. In particular, the resistance and time constant of wires transporting the

electrical data increase as device dimensions are scaled down, leading to high energy

costs for transporting information. On the other hand, the energy cost for optical

interconnects is determined by the size of the transmitter and receiver, and could be

decreased with the device design.

In addition to energy considerations, the establishment of electronic computation

devices on a silicon complementary metal-oxide-semiconductor (Si-CMOS) platform

requires that optical interconnects be silicon-compatible as well. Because silicon is an

indirect bandgap material and not an e�cient light emitter, there have been signi�cant

e�orts to incorporate direct gap III/V materials with CMOS processing [2, 3]. An

alternative to such fabrication is to develop devices that enhance the emission of novel

2
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silicon-compatible materials. It would be feasible to combine such optical systems

with electronics in a cost e�ective way, as drastic changes in existingelectronics

fabrication processes could be avoided. In addition to optical communications, silicon-

compatible optical emitters can have a large impact in sensor, light, and display

technologies.

The emission and control of light on such nanoscales could then be done by a

variety of optical cavities [4]. The two key �gures of merit for an optical cavity at

frequency! (and wavelength� = 2�c=! , wherec is the speed of light) are the quality

(Q-) factor and the mode volume (Vm ). The Q-factor of the cavity is de�ned in

terms of the energy decay of the cavity, which goes as exp(� !t=Q ). Using a Fourier

transform of the decaying electric �eld at frequency! , the Q-factor can also be de�ned

in the optical spectrum of the cavity asQ = != � ! � �= � � , where � ! and � � are

the full-width at half-max (FWHM) of the cavity spectrum in the frequency and

wavelength domains, respectively. The high-Q cavity could also be used to spectrally

�lter signals and de�ne operating wavelengths from a broad emissionsource. In total,

the Q factor is a measure of the temporal con�nement of the photons.On the other

hand, the mode volume of the cavity is a measure of the volume that the photonic

�eld occupies when con�ned to the cavity. It is de�ned as:

Vm =
R

� (~r)jE(~r)j2dV
max[� (~r)jE(~r)j2]

; (1.1)

where E(~r) is the spatial distribution of the electrical �eld of the cavity mode, � (~r)

is the dielectric structure of the cavity. In short, it measures thespatial con�nement

of photons in the cavity.

In particular, increasing Q and decreasingVm increases the light-matter interac-

tion inside of a photonic cavity. In the weak-coupling, or Purcell, regime of cavity

quantum electrodynamics (cQED), the spontaneous emission (SE)rate of an emitter

coupled to a cavity is enhanced by the Purcell factor, de�ned as [5]:

F =
3

4� 2

 
�
n

! 3 Q
Vm

 (�; ~r; � ); (1.2)
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where  (�;~r; � ) includes the decrease of enhancement for spatially and spectrally

detuned emitters from the cavity mode. De�ned for a dipole emitterwith frequency

� (spectrally detuned from the cavity frequency,! ) at a position ~r that forms an

angle� with the cavity ~E-�eld at the same position,  (�; ~r; � ) takes the form:

 (�;~r; � ) =

�
�
�
�
�
E(~r)
Emax

�
�
�
�
�

2 (�= (2Q))2

(� � ! )2 + ( �= (2Q))2)
cos2(� ); (1.3)

whereEmax is the E-�eld amplitude at the location of the maximum E-�eld energy

density, � jE j2. Intuitively, enhancing Q increases the photon storage time, while

decreasingVm increases the local photon energy density, both increasing the interac-

tion (emission and absorption) between the emitter and photons in the optical cavity

mode. Finally, in a di�erent interpretation, the cavity modi�es the local density of

states. From the energy decay of the cavity, the density of states for the cavity can

be found as:

S(� ) =
1
�

�= (2Q)
(� � ! )2 + ( �= (2Q))2

: (1.4)

At the cavity resonace (� = ! ), the density of states is proportional to the cav-

ity Q and is increased above the free space value. Thus, using derivations such as

Fermi's Golden Rule, the spontaneous emission of emitters into the cavity mode can

be increased [6].

In experiments, under a continuous-wave (CW) pump source, theincreased spon-

taneous emission rate allows more photons to be emitted per unit of time, and thus

increases the emission e�ciency of the emitters inside of a cavity. Inaddition, the

increasedQ and reducedVm reduce the lasing threshold for active materials, as the

increased photon storage time enhances stimulated emission processes, while the re-

duced mode volume allows inversion with reduced pump power. Finally, cavities of

small Vm enable fast direct modulation speeds exceeding 100 GHz [7, 8], which have

the potential to be used in opto-electronic communications.
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1.2 Photonic Crystal Cavities

The photonic crystal (PC) cavity system, with high Q-factor and low Vm , could be

employed to enhance the spontaneous emission rate via Purcell enhancement and

reduce the threshold to lasing. First proposed by Yablonovitch [9] and John [10],

the photonic crystal is a structure with a periodic variation in dielectric constant.

Much like how periodic arrangements of atoms and electron wavefunctions in solids

lead to a bandgap in allowed energies for electronics, period arrangements of the

dielectric constant lead to a photonic bandgap in the allowed energiesfor photons.

This photonic bandgap can be used to direct light, as photons with energies inside of

the bandgap will be re
ected by the photonic crystal structure.

In particular, the energy eigenstates of the electromagnetic �eldinside of a pho-

tonic crystal can be found by solving the Maxwell eigenvalue equation [11]:

r �

 
1

� (~r)
r � H (~r)

!

=
� !

c

� 2

H (~r); (1.5)

where H (~r) is the spatial distribution of the magnetic �eld for a mode supported

by a dielectric structure � (~r). For photonic crystals, � (~r) is periodically varying in

one (1D), two (2D), or three dimensions (3D). The periodicity of the material sys-

tem creates coupling between forward and backward propagatingwaves with certain

wavevectorsk and frequencies! , and for certain ranges of the! -k relationship, can

enable fully coherent re
ection in a process known as distributed Bragg re
ection

(DBR). Although 3D PCs can con�ne light in all directions and their fabrication has

been recently improved (including highQ cavities) [12, 13, 14, 15, 16], the fabrica-

tion process for these multi-layered structures is extremely di�cult. Similarly, 1D

PCs have been used in vertical cavity surface-emitting lasers (VCSEL) design [17],

but require very well controlled growth of multilayer structures. In this thesis, we

focus on 1D or 2D cavities that are fabricated in a one step lithography and etching

process to form suspended membranes. Because 1D and 2D PCs only con�ne light in

the direction with periodic dielectric constant, total internal re
ection (TIR) arising

from the index contrast between the slab material and the surrounding medium is
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used to con�ne light in the remaining directions.

The basic photonic crystal cavity system is shown in Fig. 1.1(a), where a three

hole defect is formed in a periodic triangular lattice of air holes in a dielectric slab.

By solving Eqn. 1.5 in this system for the possible directions of propagation in

the plane of the membrane in the PC region, we obtain the energy band diagram

of the photonic system shown in Fig. 1.1(b), for the transverse-electric (TE-) like

polarization, which has non-zero components in only (Ex ; Ey ; Hz) on the midplane

of the z-direction, whereEx and Ey are in the plane of the membrane, andHz �eld

perpendicular to the plane of the membrane. The high symmetry directions of the

triangular lattice, which forms the boundary of the irreducible Brillouin zone in the

reciprocal lattice space (Fig. 1.1(a), inset) is plotted along the x-axis. The solid lines

in this plot correspond to the light line. The gray region of the band diagram (known

as \above the light-line") denotes the region where TIR does not con�ne photons in

the direction normal to the plane of the membrane. Below the light-line, we see a

range of energies where no photonic modes exist, and thus a rangeof energies where

the PC would con�ne light through DBR. Because the photonic bandgap exists for

all directions below the light-line, photons con�ned to the cavity region would not

be able to escape through photonic crystal in direction parallel to the plane of the

membrane. Thus, the con�nement of a PC cavity is limited by the radiation lost

in the directions not con�ned by the DBR, i.e., the cavity �eld components located

above the light-line. However, designs to manipulate the spatial pro�le of the cavity

mode and minimize radiation in above light-line directions have been implemented to

improve Q-factors [18, 19].

From the picture in Fig. 1.1(b), we also observe that the lattice constant that

creates a band gap is generally on the order ofa � �=n , wheren is the refractive index

of the PC slab material. Such a relationship should not be surprising, as it arises from

the di�raction limit of electromagnetic waves in a dielectric medium. With proper

design, theVm of PC cavities is expected to be below of (�=n )3. Compared to other

cavities, such as the micropillar (Q = 2,000, Vm > 5(�=n )3), microdisk (Q > 104,

Vm > 6(�=n )3), microtoroid (Q > 108, Vm � 102(�=n )3), and microsphere (Q > 109,

Vm > 103(�=n )3), the photonic crystal cavity o�ers a di�erent regime of moderate Q
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Figure 1.1: (a) The 2D PC cavity system in a suspended membrane, with the cavity
defect and the periodic air holes that form the triangular lattice photonic crystal.
TIR con�nes the light in the out-of-plane directions of the membrane, while DBR
con�nes the light in the directions in the plane of the membrane. The inset shows
the irreducible Brillouin zone in the reciprocal space for the triangular lattice, along
with the labeled high symmetry points. (b) A representative band diagram for the
TE-like polarization along the high-symmetry directions, for a slab with index of
refraction n = 3:5. The solid line is the light-line, which separates the states con�ned
by the total internal re
ection (below the line) from those that leak in the direction
perpendicular to the membrane. The optical bandgap is seen below the light line and
between normalized frequenciesa=� = 0:25 and 0:33.

and low Vm , which is useful in quantum optical and Purcell regime work [4].

1.3 Plasmonic structures

An alternative to enhance emitters in the Purcell regime is the use ofsurface plasmon-

polariton (SPP) modes. As stated above, the mode volume of photonic modes con-

�ned by DBR and TIR are di�raction limited from below to � (�= 2n)3. However,

evanescent surface modes bound to an interface can break the di�raction limit. The

SPP is a mode that stores its energy in electromagnetic �elds and electronic charge

oscillation [20]. It is an evanescent mode bound to metal-dielectric interface and

supported by a surface charge at the interface. It has TM polarization, where a
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scalar H -�eld is parallel to the plane of the interface [Fig. 1.2(a)]. By employing

SPP cavities in solid-state, we could attempt to achieve the same or even higher SE

rate enhancement compared to photonic designs (as a result of smaller Vm ), but with

simpli�ed fabrication. However, due to ohmic losses in the metal, SPP modes often

have broad spectra and lowQs, which is advantageous for some applications, such

as when \bad emitters" with broad homogeneous linewidths are employed. In that

case, Purcell enhancement is limited by the quality factor of the emitter (inversely

proportional to the emitter linewidth) or the quality factor of the cavity, whichever

is lower [21]. The homogeneous linewidth of Er ions at room temperature, for ex-

ample, is several nanometers [22], and thus limits the e�ective Purcell enhancement

despite coupling to high-Q cavities. In such a case, broadband enhancement (result-

ing from low modal Q) could produce higher overall enhancements. Furthermore,

enhancements from photonic crystal cavities are limited to emitters near the spatial

maximum of the cavity mode and spectrally coupled to the narrow cavity bandwidth,

where the (E(~r)=Emax )2 and Lorentzian spectral terms in Eqn. 1.3 are respectively

signi�cant. Hence, large area and broadband enhancement are di�cult to achieve.

On the other hand, SPP modes can be designed for large surfaces,and again due to

the broadband enhancement, can produce higher enhancementsthan photonic modes.

The surface plasmon dispersion relation is given by [20]:

ksp =
!
c

vu
u
t � d� m (! )

� d + � m (! )
; (1.6)

whereksp is the wave-vector of the plasmon mode,! is the mode frequency,� d = n2 is

the dielectric constant of the dielectric material,� m (! ) = 1 � (! p=! )2 is the dielectric

constant of the metal described by the Drude model, and! p is the bulk plasma

frequency of the metal. The dispersion relation plotted for SPP modes on a 
at gold

metal surface facing air (n = 1:0) is shown in Fig. 1.2(b), along with the light-line

for air. For small k-vectors, the dispersion approaches the light-line,! = kspc=n,

while at high k-vectors, the dispersion relation asymptotically approaches! = ! sp =

! p=
p

1 + � d, which is known as the surface plasmon frequency. The inverse decay
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length of the SPP mode in the dielectric material is:

� =
!
c

vu
u
t � 2

d

j� d + � m (! )j
; (1.7)

which is in general comparable ton=� at small k-vectors, but drastically increases as

frequency approaches! sp.

Figure 1.2: (a) Depiction of the SPP mode. (b) The dispersion relationship for the
SPP modes on a gold-air interface. The light-line (! = cksp) and ! sp (where ! p is the
bulk plasma frequency) asymptote are also shown.

Because the dispersion relationship of the SPP mode on a 
at metal-dielectric

interface 
attens near the frequency! sp, modes at highk-vector represent modes

that travel at slow group velocity. In addition, because these modes are grouped

closely in frequency, the density of states at! sp is high. In recent years, various

materials have been coupled to this region of high density of optical states, including

InGaN based quantum wells [23, 24] and CdSe colloidal quantum dots [25], with

observations of increases in the spontaneous emission rate. These experiments were
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done by matching the surface plasmon frequency to the emitters'emission frequency,

often by manipulating the index of refraction of the material in contact with the metal

surface. In order to e�ciently extract emission and to diversify the SPP enhancement

over a range of wavelengths, several groups have investigated grating type structures

combined with quantum wells or organic materials [26, 27, 28, 29]. Finally, other

groups have proposed and demonstrated coupling emitters to metallic nanowires and

nanotips, where the tight con�nement of the mode (the reductionof Vm ) enables high

Purcell enhancements [30, 31, 32, 33].

We introduce various types of light emitting materials that have beenemployed

in the experiments of this thesis.

1.3.1 Silicon Nanocrystals

The system of silicon nanocrystals (Si-NCs) embedded in a silicon dioxide (SiO2, or

silica) host has been proposed as a silicon-compatible light emitter. Assuch, this

material is a viable option for building an inexpensive Si-CMOS compatiblelight

source for optical communications, interconnects, or solid-state lighting purposes.

These crystalline particles can be fabricated by a variety of methods, including laser

ablation [34], Si implantation [35, 36], or plasma enhanced chemical vapor deposition

(PECVD) [37]. Regardless of the method, the general principle is that Si above

the stoichiometric ratio is inserted into the oxide matrix, and a high temperature

annealing step phase segregates the silicon from the silicon dioxide, leaving silicon

nanocrystals in the oxide matrix. Because of the excess silicon, thismaterial is often

referred to as silicon-rich oxide (SRO). The excess silicon content of the material can

be tuned by varying deposition conditions, and the index of the material can vary

between 1.6 to 2.0. Although bulk silicon is an indirect bandgap materialand is a

poor emitter of light, nanocrystalline particles of silicon relax some constraints for

radiative recombination, as the quantum con�nement of the electronic wavefunction

broadens the electron wavefunction ink-space and enhances radiative transitions at

the zone center.

The Si-NCs demonstrate photoluminescence (PL) in a wide range of wavelengths,
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depending on the pump wavelength and fabrication procedures. Bytuning the size of

the nanocrystals, the emission of the Si-NCs can be tuned from theultraviolet to the

near infrared (300 - 1000 nm) [38, 39]. In addition, there have beenseveral reports of

ampli�ed spontaneous emission (ASE) and gain in this material [36, 37].Although

the origin of the PL and stimulated emission has been attributed to both quantum

con�ned states and surface states, the demonstrations of ASEmakes the material

promising for optical devices. However, free carrier absorption has also been closely

studied in this material [37], and its e�ect on the available optical gain has not been

fully determined. Finally, electroluminescence has also been demonstrated with this

material [40], and making integration with Si-electronics even more promising.

1.3.2 Erbium doped Silicon Nitride

Erbium (Er)-doped materials also have potential as light sources in optoelectronics

due to emission at the telecommunication wavelength of 1.54� m. The Er-doped

materials have similar properties to the erbium-doped �ber ampli�er (EDFA), with a

wide spectrum of gain from the 4f level around the telecommunication wavelengths (in

fact, the C-band from 1530 nm to 1570 nm is also known as the \Erbium window").

In addition, Er doped (sub-stoichiometric) silicon oxide (SiOx ) and nitride (SiNx )

can be integrated with silicon complementary metal-oxide-semiconductor (CMOS)

electronics, potentially serving as light sources for on-chip or o�-chip communications.

Because the 4f transition has a small oscillator strength and correspondingly slow

radiative lifetimes, there have been many attempts to improve its emission intensity.

Recently, there has been signi�cant work on the material properties of Er-doped

materials. The material systems of Er sensitized by silicon nanoclusters in SiOx

[41, 42], Er doped amorphous silicon nitride (Er:SiNx ) [43, 44, 45, 46, 47], and Er

doped SiNx -Si superlattices [48] have all demonstrated an increase in emissionand a

reduction of non-radiative decay under optical pumping. For example, Er emission

from Er doped in an amorphous nitride matrix (Er:SiNx ) can be sensitized by the host

through a nanosecond-fast energy transfer mechanism, which provides an absorption

cross-section four orders of magnitude larger than that of Er in silica (SiO2) [43, 44].
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Low �eld electrical injection in this material is also possible, as demonstrated by

electroluminescence of silicon nanocrystals in silicon-silicon nitride superlattices [49,

50].

1.3.3 InAs Quantum Dots

The growth of InAs quantum dots (QDs) in a GaAs host has been studied in detail

[51]. One growth method for these dots is the self-assembly method, where a thin

layer of InAs is grown on GaAs (which has a di�erent lattice constantthan InAs)

and the QDs are subsequently formed to relieve the strain from thelattice mismatch.

Being formed from III-V materials, InAs QDs have a direct bandgap, are e�cient

emitters of light, and have a high gain coe�cient. The dots are on theorder of

10 nm in the lateral dimension and a few nanometers in the growth (out-of-plane)

direction. By controlling the strain, the QD size, and the Ga contentof the QDs, QD

emission can be tuned from 900 nm [52, 53] to 1300 nm [54, 55]. The useof quantum

dot active material inside PC cavity lasers to further lower the lasingthreshold (by

minimizing non-radiative surface recombination e�ects and enhancing the emission

rate through Purcell enhancement) has been studied [52, 53, 54,55, 56]. Due to its

low non-radiative decay rates, the InAs QD can also be used for a variety of quantum

optics and quantum information applications [57, 58].

1.4 Thesis Outline

The outline of the thesis is as follows: Chapter 2 describes the theoretical design

of various photonic crystal and plasmonic structures used to enhance emission from

silicon compatible materials. Chapter 3 describes the experimental coupling of 1D

PC cavities to various silicon compatible emitters and quantum dots. Chapter 4

describes the experimental coupling of plasmonic grating structures to silicon com-

patible emitters. Chapter 5 describes the implementation of the nanobeam cavity

design for passive structures with various indices of refraction. Chapter 6 describes

the measurement and actuation of mechanical modes in photonic crystal cavities by
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optical forces. Finally, Chapter 7 o�ers conclusions and outlooks for the various works

in this thesis.

The topics in these chapters can be broken down into design and implementation

of photonic crystal cavities or plasmonic structures. The relevant publications for

photonic crystal experiments (Sections 2.1.1-2.1.4, Chapter 3, Chapter 5, Chapter 6)

are:

� (1-2 equal contribution) Y. Gong, M. Makarova, S. Yerci, Rui Li, M.J. Stevens,

B. Baek, S. W. Nam, R.H. Had�eld, S.N. Dorenbos, V. Zwiller, J. Vuckovic, and

L. Dal Negro. Linewidth narrowing and Purcell enhancement in photonic crystal

cavities on an Er-doped silicon nitride platform. Optics Express, 18(3):2601-12,

JAN 2010.

� Y. Gong and J. Vuckovic. Photonic crystal cavities in silicon dioxide. Applied

Physics Letters, 96(3):031107, 18 JAN 2010.

� Y. Gong, B. Ellis, G. Shambat, T. Sarmiento, J. S. Harris, and J. Vuck-

ovic, Nanobeam photonic crystal cavity quantum dot laser. OpticsExpress,

18(9):8781-8789, APR 2010.

� Y. Gong, S. Ishikawa, S.-L. Cheng, M. Gunji, Y. Nishi, and J. Vuckovic. Pho-

toluminescence from silicon dioxide photonic crystal cavities with embedded

silicon nanocrystals. Physical Review B , 81(23):235317, MAY 2010.

� Y. Gong, M. Makarova, S. Yerci, R. Li, M. J. Stevens, B. Baek, S. Woo Nam,

L. Del Negro, and J. Vuckovic. Observation of transparency of ering of plas-

monic grating structures to silicon compatible emittebium-doped silicon nitride

in photonic crystal nanobeam cavities. Optics Express, 18(13):13863-13873,

MAY 2010.

The relevant publications for the design of plasmonic structures and experimental

coupling of active materials to plasmonic modes (Sections 2.2.1 - 2.2.3, Chapter 4)

are:
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� Y. Gong and J. Vuckovic. Design of plasmon cavities for solid-state cavity

quantum electrodynamics applications. Applied Physics Letters, 90(3):33113-

1-3, 15 JAN 2007.

� Y. Gong, J. Lu, S.-L. Cheng, Y. Nishi, and J. Vuckovic. Plasmonic enhancement

of emission from Si-nanocrystals. Applied Physics Letters, 94(1):013106, 5 JAN

2009.

� Y. Gong, S. Yerci, R. Li, L. Dal Negro, and J. Vuckovic. Enhanced light emission

from erbium doped silicon nitride in plasmonic metal-insulator-metal structures.

Optics Express, 17(23):20642-20650, 26 OCT 2009.

� (1-2 equal contribution) M. Makarova, Y. Gong, S.-L. Cheng, Y. Nishi, S. Yerci,

R. Li, L. Dal Negro, and J. Vuckovic. Photonic Crystal and Plasmonic Silicon-

Based Light Sources. IEEE Journal of Selected topics in Quantum Electronics,

16(1):132-140, JAN-FEB 2010.



Chapter 2

Design of Photonic Crystal Cavity

and Plasmonic Cavity Structures

2.1 One dimensional Nanobeam Photonic Crystal

Cavity

Two dimensional photonic crystal membranes have been well established in photonics

research, as they can be fabricated by standard microfabrication techniques, and their

2D photonic bandgap proivdes strong DBR con�nement in all in-planedirections. By

proper design of the spatial pro�le of the photonic modes, extremely high Q-factors

have been achieved [18]. These designs modulate the index of refraction in a waveg-

uide system, andQs > 106 have been theoretically and experimentally achieved in a

high index material (silicon, n = 3:5) [18, 59, 60]. In addition, moderateQ cavities

have been proposed in low index materials such as diamond (n = 2:4) [61, 62] and

silicon nitride (Si3N4, n = 2:0) [63, 64], with experimentalQ > 3; 000. Whereas a

full photonic band gap in a 2D photonic crystal is di�cult to achieve in low index

materials, one dimensional (1D) nanobeam cavities can achieve photonic bandgaps

in the direction of the periodicity with small index contrast due to thereduced di-

mensionality, while relying on total internal re
ection in directions perpendicular to

the beam length [65]. Recent developments in 1D nanobeam cavities with \potential

15
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well" designs have achieved the sameQ-factors in silicon as in 2D photonic crystal

cavities with comparable mode volumes [66], while also opening the door for high-Q

cavities in Si3N4 for applications of optomechanics [67] and coupling to active materi-

als [68]. In particular, the experimentally demonstratedQs exceed 105 for Si [66] and

104 for Si3N4 (n = 2:0) [67], while maintainingVm < 2:0(�=n )3. We develop designs

for low-index materials (n = 1:46 to n = 2:0) [69], which are hosts to a variety of

active materials (e.g. Si nanoparticles in SiO2), and whose emission can be enhanced

in the Purcell regime of highQ, low Vm cavities. Such silicon-compatible cavities

also present an interesting platform for applications such as sensors, as due to their

poor index contrast with surrounding air, the cavity modes have high overlap with

the environment.

2.1.1 Nanobeam Cavity in Silicon Dioxide

First, we design 1D nanobeam cavities in silicon dioxide (SiO2, or silica), which has a

low index of refractionn = 1:46. Unlike silicon, which absorbs heavily in the visible

wavelength range, silica is transparent and can be used for applications in visible

lighting. Silica is also a heavily used material in electronics, has low cost,and has

established fabrication techniques. We follow the cavity design usedin Si and Si3N4

[67, 70], but consider a silica slab suspended in free space, with latticeconstant a,

width w, slab thicknessd, hole width hx , and hole heighthy , as shown in Fig. 2.1(b).

We �rst obtain the band diagram of a periodic (or unperturbed) nanobeam waveguide

using the three dimensional (3D) �nite di�erence time domain (FDTD) method with

Bloch boundary conditions. The FDTD method is described in AppendixB. A

sample band diagram is shown in Fig. 2.1(c) for a beam with parameters: lattice

constant a, w = 3a, d = 0:9a, hx = 0:5a, and hy = 0:7w, and also for a beam with

the same parameters, except with lattice constanta0 = 0:9a. The high symmetry

points for periodicity in one direction are the � point at k = 0 and the X point at

the edge of the irreducible Brillouin zone,k = �=a [Fig. 2.1(c)]. As expected, the

structure with the smaller lattice constant has slightly higher band frequencies, as

this structure supports modes that have higher overlap with air. Because the lowest
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band of the structure with lattice constant a0 (mode at the �=a 0 point) lies in the

band gap of the structure with lattice constanta, it can serve as the defect mode in

a beam with lattice constanta, which acts as the photonic crystal mirror. We also

notice that the bands 
atten near the Brillouin zone edge, corresponding to modes

of small group velocity, much like the analogous slow electron group velocity at the

edge of an electronic band diagram. This slow group velocity e�ect also helps con�ne

the defected mode in the cavity region.

Figure 2.1: (a) The fabricated 1D nanobeam cavity in silica (SiO2, n = 1:46) imaged
in an SEM. (b) The electric �eld intensity ( jE j2) of the fundamental mode supported
by the cavity. (c) Band diagram for a beam with lattice constanta, w = 3a, d = 0:9a,
hx = 0:5a, and hy = 0:7w, and another beam with the same parameters except for
lattice constant a0 = 0:9a. The dashed line indicates the light line in free space. (d)
Design of the cavity. The plot shows the period (a) along the length of the beam as
a function of N, the layer number counted from the center of the cavity.
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Next, we use the perturbation design suggested by previous references and intro-

duce a parabolic relationship between the lattice constant and thex-coordinate, thus

forming an optical potential well [71]. In particular, we choose a minimum e�ective

lattice constant of 0.90a at the center of the potential well, and the remainder of the

lattice constants as shown in Fig. 2.1(d). The perturbations of lattice constants span

7 periods away from the center of the cavity. We simulate the full cavity structure

again using the FDTD method, with a = 20 program units and perfectly matched

layer (PML) absorbing boundary conditions, and obtain the fundamental TE-like

mode with frequencya=� = 0:454,Q = 1:6 � 104, Vm = 2:0(�=n )3, and electric �eld

intensity ( jE j2) shown in Fig. 2.1(b). This represents a more than one order of mag-

nitude increase inQ-factor and a 7 fold reduction in mode volume compared to a

5 � m diameter silica microdisk (or microdisk made of SRO, withn = 1:8 [72]) cavity

with the same silica thickness, again obtained in FDTD simulations. While silica

micro-disks with Q = 105 have been achieved [73], such microdisks have dimensions

much larger than the nanobeam cavities studied here.

We also simulate the e�ect of the number of photonic crystal mirrorlayers on the

cavity Q. In particular, we de�ne the quality factor in the direction î asQi = !U=P i ,

where ! is the frequency of the mode,U is the total energy of the mode, andPi

is the power radiated in the î direction, computed by taking the integral of the

time averaged Poynting vector across a plane (details in Appendix B). We separate

Qtot = 1=(1=Q? +1=Qjj +1=QP C ), whereQP C corresponds to radiation leaked through

the ends of the silica beam [in thex direction of Fig. 2.1(b)], Qjj corresponds to

radiation leaked out of the beam transverse to the long axis of the beam within

the z = � d=2 plane (in the y direction), and Q? corresponds to the remaining

radiation leaked transverse to the beam long axis (in thez direction) [71]. We plot

the dependence of the variousQs as a function of the number of layers of photonic

crystal mirrors in Fig. 2.2(a). We see that the gentle con�nement method enables

high re
ectivity mirrors even in silica, asQP C continuously increases with the addition

of more PC mirror layers. In the case of a 1D nanobeam,Q is limited by loss in the

directions where the mode is con�ned by total internal re
ection,namely Q? and

Qjj . As seen in Fig. 2.2(a), the limiting factor inQtot is Q? in this case. Thus,
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Qtot could be increased by improving the design of the periods that correspond to

the photonic crystal cavity, possibly by parameter search, genetic algorithms [74], or

inverse designs [19, 75].

Figure 2.2: (a) The direction speci�c Q-factors of the silica nanobeam cavity as
a function of the number of photonic crystal mirror layers surrounding the cavity.
With respect to Fig. 2.1(b), Q? corresponds to radiation leaked in thez direction, Qjj

corresponds to radiation leaked in they direction, and QP C corresponds to radiation
leaked in the x direction. Qtot is the parallel sum ofQ? , Qjj , and QP C . (b) The
Q-factors and (c) the mode volumes of cavities with the same air hole design, but
di�erent beam widths and thicknesses. The reference dot sizes are for Q = 2:0 � 104

and Vm = 2:0(�=n )3 in (b) and (c), respectively.

Furthermore, we simulate the cavity with the same pattern of holesin the x-

direction, while changing the beam widthw and thicknessd, keepinghx = 0:5a and

hy = 0:7w. The resulting limiting Q (the parallel sum of Q? and Qjj ) and Vm are
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shown in Fig. 2.2(b) and (c), respectively. We see that both theQ-factor and Vm

increase with the slab width and thickness, which is expected as larger cavities have

higher con�nement but higher mode volumes. In fact, we observe that for small

widths and thickness [lower left of Fig. 2.2(b) and (c)], the cavity mode is not as

well con�ned to the center of the beam. Such a trade-o� betweenQ and Vm is also

present in other types of cavities, including 2D PC cavities and� -disk systems. In

order to employ this cavity in cQED applications, we need to maximize the Q=Vm

ratio. Such a maximum is achieved withw = 2:6a and d = 1:1a, with Q = 2:0 � 104

and Vm = 1:8(�=n )3.

2.1.2 Nanobeam Cavity in Silicon Rich Oxide

We extend the same design to the silicon rich oxide material, with index of refraction

n = 1:7. The cavity extends 6 air holes on either side of the center of the cavity, where

the distance between air holes is 0.9a at the center of the cavity, while holes outside of

the cavity in the photonic crystal mirror have lattice constanta. The design maintains

air holes with horizontal sizehx = 0:5a and vertical sizehy = 0:7w [Fig. 2.3(a)]. We

again simulate the cavity using the 3D-FDTD method, with a discretization of 20

units per lattice constant and apply perfectly matched layer absorbing boundary

conditions. For a cavity with d=a = 0:7 and w=a = 3:2, and assuming the Si-NC

doped oxide material to have an index of refraction ofn = 1:7, we �nd that the

cavity supports at least three TE-like modes, which have dominantEy �eld pro�les

shown in Fig 2.3(b)-(d), and are referred to as the �rst (TE0, or fundamental), second

(TE 1), and third order (TE 2) modes, respectively [71]. The TE0, TE1, and TE2 modes

have normalized mode frequencies ofa=� = 0:417, 0:398, and 0:385, respectively, with

the electric �eld energy of higher order modes occupying regions onthe beam with

increasing lattice constants (and thus lower frequency waveguidemodes). We again

compute theQ of the cavity from the radiated power of the cavity, and we �nd that

the TE0, TE1, and TE2 modes have radiation limitedQs of 2:0 � 104, 1:3 � 104, and

2:9� 103, and mode volumes of 1.6(�=n )3, 2.5(�=n )3, and 4.4(�=n )3, respectively, for

a reference index ofn = 1:7.



CHAPTER 2. DESIGN OF CAVITY STRUCTURES 21

Figure 2.3: (a) SEM image of the fabricated beam structure. TheEy component
of the (b) �rst- (c) second- and (d) third-order TE-like modes supported by the
nanobeam with parametersw = 3:2a, hx = 0:5a, hy = 0:7w, and thicknessd = 0:7a
are also shown. The beam material has indexn = 1:7.

We also vary the width (w) and thickness (d) of the beam with the same �xed air

hole design, and �ndQ and Vm for di�erent beam parameters, shown in Fig 2.4(a) and

(b), respectively. Much like the simulations for the lower index silica, for w < 2:4a,

we �nd that the con�nement of the mode (and thus the Q) increases as the beam

increases in either width or thickness, and that theVm correspondingly increases. In

addition, we observe that for all beam widths, such a trade-o� is maintained as the

thickness of the beam is increased. However, we see that theQ of the cavity mode

saturates as the width of the beam is increased beyondw > 2:4a, as con�nement

of the mode in they-direction is no longer dominant in the overall con�nement of

the mode. Indeed, the thicknesses (d) of the beams are far smaller than the width at
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w = 2:4a, and increasingd further increases con�nement. Likewise, thek-space pro�le

could remain largely unchanged by the increase of the beam width, thus limiting the

Q achieved by this air hole design. In order to maximize the Purcell enhancement

for this cavity, we would maximize theQ=Vm ratio, which (in this parameter space),

is achieved atw = 1:6a and d = 1:1a, corresponding to radiation limitedQ = 25; 000

and Vm = 1:1(�=n )3. This represents an order of magnitude increase inQ and 7

times reduction in mode volume compared to� -disks with a similar thickness and a

diameter of 5� m [72].

Figure 2.4: (a) Q and (b) Vm for the TE0 mode for di�erent beam widths (w) and
thicknesses (d) for nanobeam cavities inn = 1:7 material. We keep the same air hole
design for the simulated cavities.

2.1.3 Nanobeam Cavity in Silicon Nitride

We also apply the parabolic design to the Er:SiNx material, which has an index of

refraction approximately the same as that of SiNx (n = 2:05). The hole spacing at the

center of the cavity is 0.88a, and the beam has thicknessd = 0:8a and width w = 1:5a.

The width of the rectangular holes in the direction along the beam ishx = 0:5a, and

the width perpendicular to the beam ishy = 0:7w [Figure 2.5(b)]. We employ the
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3D-FDTD method to calculate the �eld pro�le of the fundamental TE-like mode, as

shown in Fig. 2.5(b). The mode has theoretical normalized frequency a=� = 0:36,

quality factor Q = 30; 000, with mode volumeVm = 0:95(�=n )3. In addition, the

mode overlap, de�ned as the fraction of the electric �eld energy in the beam material,

is 52%.

Figure 2.5: (a) SEM image of the fabricated Er:SiNx nanobeam cavity. (b) ThejE j2

pro�le of the fundamental cavity mode from FDTD simulations. (c)-(d) The color
of each marker illustrates theQ and Vm of nanobeam cavities inn = 2:1 material
as the width and height of the beam is changed, whilehx = 0:5a, hy = 0:7w, and
the design of the holes are �xed. The reference markers represent Q = 30; 000 and
Vm = 0:95(�=n )3.

We also vary the beam width (w) between 1.0a and 3.2a and the beam thickness

(d) between 0.6a and 1.0a, �xing hx = 0:5a, hy = 0:7w, and the same design of holes

for the cavity, and �nd Q and Vm for the cavities. We observe that theQ of the

cavity has little dependence on the width of the beam, but does increase with the

beam thickness [Fig. 2.5(c)]. Because SiNx has a fairly high index of refraction, and

beam widths in the studied range can still support waveguide modes,the beam width

no longer impacts theQ factor. In addition, we �nd that Vm is minimized around

w=a= 1:6 for various beam thicknesses [Fig. 2.5(d)] to about (�=n )3.
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2.1.4 High-index Nanobeam Cavities

Although high-Q cavities have already been achieved using 2D PCs for high index

materials (n > 3:0), the nanobeam design can still be extended to all materials. Here,

we consider similar designs for materials like Si and GaAs in the infrared(n � 3:5).

We employ circular holes that are patterned along the beam with period a and radii

r = 0:3a (Fig. 2.6(a)). We note that as the index of the beam material is increased,

con�nement by TIR is enhanced and narrower beam widths can be used in the design

without degradation in Q. In addition, for narrow beam widths, circular holes are

slightly easier to fabricate, and are used in the design shown in Fig. 2.6(b). This

cavity comprises of holes spaced ata0 = 0:84a at the center of the cavity, and holes size

of r 0 = 0:84r , wherea and r are the lattice constant and the hole radius at the outer

portion of the cavity. The hole spacing and size increase parabolicallyfrom the center

of the cavity outwards, extending 6 holes on either side of the cavity. The cavity is

designed withd = 0:7a and w = 1:3a, and is simulated by the 3D-FDTD method with

20 units per lattice constant and perfectly matched layer (PML) absorbing boundary

conditions. We compute theQ of the cavity using time-averaged energy radiated

from the cavity. Using the FDTD simulation, we �nd the jE j2 �eld pro�le of the

fundamental TE-like cavity mode shown in Fig 2.6(b), which is dominated by the

Ey component. We also �nd that further increase in the number of photonic crystal

mirror layers beyond 15 did not increase the overallQ of the cavity. Finally, from the

simulations with optimized designs, we obtainQ = 1:2 � 105, Vm = 0:8(�=n )3, and

normalized frequency ofa=� = 0:25.

An alternative design for high index nanobeam cavities has been suggested by

Quan et. al. [76], where the lattice constant of the air holes is �xed toenhance

k-vector matching between segments with di�erent hole sizes. The air holes have

maximum radii at the center of the cavity, and the radius is reducedas the distance

from the center of the cavity increases. Such a taper-out designfollows the same

concept of the band diagram in Fig. 2.1(c), where the defect band forming the cavity

mode is pushed to higher frequency by the larger air holes at the center of the cavity.

Such a design in principle adiabatically joins waveguide mode at the outer edge of the

beam to the cavity mode in the center of the beam, enabling high coupling e�ciencies
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Figure 2.6: (a) The fabricated 1D nanobeam cavity in GaAs, with indexn = 3:5. (b)
The electric �eld intensity ( jE j2) of the fundamental mode supported by the cavity.

when inputting light from the side through the waveguide.

Figure 2.7: (a) TheEy pro�le for the (a) �rst and (b) second order modes using the
taperout design.

We simulate in 3D-FDTD (with a = 32 units) such a cavity design with an index

n = 3:5 material, with w = 1:3a, h = 0:3a, the central hole having radiusr = 0:3a,

and the hole area tapering out in a parabolic manner. As with the taper-in type
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designs for the low-index material, we observe the �rst two ordersof cavity modes

[Fig. 2.7(a)-(b)], although the second order mode is more delocalizedin this design.

Again, because of the high-index contrast between the beam and the surrounding

air, very high Q is achievable in simulation. In this case,QP C = 9:0 � 105 and

Q? = 1:0 � 106 for the fundamental mode, withQjj = 5:8 � 106 [resulting in Qtot =

(Q� 1
P C + Q� 1

jj + Q� 1
? )� 1 = 4:4 � 105]. Thus, we can approximate that the coupling

e�ciency via the waveguide direction asQtot =QP C � 0:48. The second order mode has

Q = 2; 500, and the mode volumes of the �rst and second order modes are0:57(�=n )3

and 1:0(�=n )3, respectively. This cavity is used as the example to describe the FDTD

method in Appendix B.

2.2 Plasmonic Cavity

2.2.1 Metallic Distributed Bragg Re
ection Cavity

Similar to the 1D PC cavity, where DBRs con�ne a mode in the central cavity defect

mostly in one direction, we also attempt to design cavities with DBRs for SPP modes

by inserting periodic metallic scatters along a 
at metal-dielectric interface. The

SPP mode o�ers natural con�nement in the direction normal to themetal-dielectric

interface, similar to TIR, and DBR could be su�cient to con�ne SPP modes lat-

erally. Several authors have demonstrated decreased transmission by using periodic

structures to manipulate SPPs [77, 78]. These experiments con�rmthe existence of

backscattering and a plasmonic band gap in metallic gratings. In addition, other

groups have demonstrated that surface plasmons interfere as normal waves and set

up standing waves under certain conditions [79]. Using designs such as the 1D PC

cavities for photonic modes, we attempt to design a SPP cavity whose central defect

is 
anked by DBRs. While some plasmonic DBR cavities have been proposed in

previous work [80], the designs are often impractical to fabricate.

The proposed structure is shown in Fig. 2.8 and is composed of gratings with thin

slices of metals on either side of an uninterrupted surface, which forms the cavity.

Such a grating will open a plasmonic band gap at a frequency to be determined by
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the grating period (a). The periodicity of the grating that opens a plasmonic band

gap at frequency! may be determined from the dispersion relationship of SPPs at a

metal-dielectric interface:

ksp =
�
a

=
!
c

s
� d� m

� d + � m
(2.1)

In this section, we assume that the dielectric is GaAs, with permittivity � d = � GaAs =

12:96, and the metal is silver, with permittivity estimated from the Drude model as

� m = � 1 � ( ! p

! )2, with � 1 = 1 and the plasmon energy of silver as �h! p = 8:8 eV

(� p = 140 nm) [29]. Setting an operation energy of �h! = 1:2 eV, we determined the

grating periodicity to be a = 116 nm. Although the metal is only 30 nm thick, coupled

modes between the air-metal interface and GaAs-metal interfaces have a negligible

impact on the dispersion relation.

Figure 2.8: (a) The proposed structure. (b)-(d) Mode pro�les (jE j2) with total cavity
lengths 216 nm, 328 nm, and 440 nm, respectively. These correspond to 2, 3, and 4
peaks of the electric �eld intensity inside the cavity.

2D FDTD simulations with discretization of 1 unit cell per 2 nm were conducted
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with 5 periods of the DBR gratings on either side of a cavity and using the Drude

model for the metal [29]. The depth of grooves in GaAs (�lled with metal) and the

metal slab layer thickness were both set at 30 nm while the groove width was set at

20 nm. Here, losses were also included in the Drude model with the damping energy

of �h� = 2:5 � 10� 5 eV to simulate low temperature conditions relevant for solid-state

cavity QED experiments [81] (see Appendix B). This damping factor isequivalent

to decreasing the non-radiative losses by approximately a factor of 2000 from their

room temperature values (� = � RT =� ), where � will be called the loss factor. Such an

assumption is for the ideal case of metals, but in experiment are determined by the

metal deposition conditions and metal �lm quality. The cavity length was then varied

over multiple grating periods to determine its e�ect on the modes. Three prospective

modes with their electric �eld intensities are shown in Fig. 2.8 and the in
uence of

cavity length on the Q-factor and frequency is shown in Fig. 2.9. TheQ-factors were

calculated using the average power radiated from the cavity or lostvia absorption in

the metal. First, we see that indeed the modes display standing wavepatterns inside

the cavities. Moreover, the peak quality factors of the modes areseparated by grating

periods, again supporting the idea that a standing wave is formed bythe re
ectors

on either side of the cavity. The peak quality factor is approximately1000, and losses

are dominated by radiation through the dielectric. The peaks of thequality factor

all occur around ! = 0:153! p, suggesting a band gap around that frequency. It is

also noteworthy that the radiation parallel to the metal-dielectric interface is not the

dominant pathway for losses, suggesting that increasing the number of DBRs would

not enhance the overallQ of the modes. Finally, we see that the plasmonic modes of

the DBR cavity exhibits a donor tendency, as the modes decrease infrequency as the

cavity length increases.

Shown in Fig. 2.10(a) is the calculated Purcell enhancement of a quantum emitter

(such as an InAs/GaAs quantum dot - QD) per cavity width Y (in � m) in the y

direction normal to the plane of the 2D simulation (see Fig. 2.8). The Purcell

enhancement, assuming negligible spectral detuning and non-radiative emitter decay

(� nr ), and alignment of the emitter dipole with the cavity �eld polarization (mainly
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in the z direction) is:

F =
� 0 + � nr + � pl

� 0 + � nr
� 1 +

� pl

� 0

= 1 +
3

4� 2

� 3

n3

Q
Vm

�
�
�
�

E
Emax

�
�
�
�

2

(2.2)

where � 0 is the emitter spontaneous emission rate in bulk, �pl is the emission rate of

the QD coupled to the plasmon cavity mode,Q is the quality factor, and Vm is the

mode volume de�ned for 2D simulations as:

Vm =
RR

� E (x; z)jE(x; z)j2dxdz
max [� E (x; z)jE(x; z)j2]

Y (2.3)

Here, Y is the width of the cavity and the e�ective dielectric constant is [82]:

� E (x; z) =
d(!� (x; z))

d!
=

8
<

:
� 1 +

�
! p

!

� 2
; metal

� Air or � GaAs ; non-metal
(2.4)

Figure 2.9: Dependence of (a) frequency and (b) quality factor (Q) of the localized
plasmon mode on the cavity length. In (a), the dots sizes are proportional to the
modeQ-factor.
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Figure 2.10: (a) Dependence of Purcell enhancement (normalized by width of the
cavity in the y direction of Fig. 2.8) on cavity length for various emitter positions
relative to the metal-dielectric interface (z direction). (b) Exponential decay of the
electric �eld in the dielectric (jE j2) away from the metal-dielectric interface, plotted
for 3 di�erent cavity lengths corresponding to maximum Purcell enhancements. The
decay constant of 36 nm is consistent with the plasmon modes in the band gap at the
ksp = �=a point. (c) Normalized Purcell enhancement as a function of emitterposition
(in the x-direction) inside the 440 nm cavity for four di�erent emitter distances from
the metal-dielectric interface.

The curves pictured in Fig. 2.10(c) show thejE j2 (/ F ) for various depths

of a quantum emitter relative to the metal-dielectric interface. Thelarger of the

cavities seem to have large tolerances of cavity lengths that could lead to the high

Purcell factors. Shown in part (b) of the �gure, the electric �eld amplitude decays

exponentially away from the metal-dielectric interface, as expected for SP modes.
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Moreover, the decay pro�le of all three modes is very similar, and the decay constants

of jE j2 of 36nm is consistent with the plasmon mode at theksp = �=a point. This

again shows that a plasmon frequency is selectively contained by theband gap created

from the gratings. Such a decay also creates a mode area of approximately (50 nm)2

for 2D simulations, much smaller than the (�=n )2 area achieved for photonic crystal

cavities. If we were able to contain the �eld in they direction to 50 nm as well,

we could in theory achieve the strong coupling regime. Namely, for anInAs/GaAs

quantum dot with a dipole moment of� = 10� 28 C�m [83] positioned 20 nm from the

metal-dielectric interface in the tail ofE-�eld anti-node and resonant with the �eld,

the emitter-cavity �eld coupling is:

g = �
s

!
2� �hVm

�
�
�
�

E
Emax

�
�
�
� = 2� � 170GHz (2.5)

Note that becauseEmax is not located in the middle of the cavity, but at corners of

the cavities, the coupling factor is degraded from maximum values. For comparison,


 (the emitter decay rate without a cavity, dominated by radiative decay, � 0) and

� = != (2Q) (the cavity �eld decay rate) are 2� � 1 GHz and 2� � 160 GHz, respectively.

For such a set of parameters,g > 
; � , and the onset of the strong coupling regime

is reached. While degradation ofQ may result from fabrication imperfections, even

a ten-fold drop in Q may still result in Purcell enhancements of hundreds, enabling

such a device to be used in quantum information applications [84].

Another interesting property of the cavity is the spatial range for high Purcell

e�ect. As shown in Fig. 2.10(c), the electrical �eld amplitude follows astanding

wave pro�le of an even mode in thex direction and exponentially decays in thez

direction. While the Ez �eld dominates for this mode, the contribution of the Ex

�eld increases as we approach the surface, making the electric �eldamplitude near

the surface signi�cant throughout the cavity. Although the Ez �eld is the main

component of the SPP mode far away from the metal-dielectric interface, quantum

dots with polarization in the xy-plane positioned close to the interface could also have

high coupling to the SPP mode.

In plasmonics, one great concern is the losses of the metal at optical frequencies.
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Figure 2.11: (a) Dependence of Purcell enhancement on the loss factor, � , in the
Drude model (� is inversely proportional to the damping frequency). The Purcell
enhancements are calculated for emitters 20 nm from the metal-dielectric interface
for three di�erent cavity lengths. (b) Dependence of the Purcellenhancement on the
temperature, which is obtained by translating the� factor into temperatures for a
residual resistivity of 1600 for silver.

However, after locating the modes with peak Purcell factors, we can increase losses

by a factor of 80 and still preserve enhancement, as shown in Fig. 2.11. Only at those

lowest gains in conductivity do the radiative quality factor (Qrad ) and mode volume

change (by 1% at� = 25). In the same manner, the Purcell enhancement change

is dominated by the linear decrease in the absorptiveQ factor (Qabs) with loss, and

only drops by a factor of 2 from the low loss (� = 2000) case at� = 50. This is seen

if the total Q of the system is described as the parallel combination ofQrad and Qabs:

1
Q

=
1

Qrad
+

1
Qabs

(2.6)

For loss factors greater that 100,Qabs is far greater thanQrad , and thus is negligible,

and the mode is not signi�cantly perturbed. However for loss factors less than 25,

the mode is changed, resulting in a diminishedQ and negligible Purcell enhancement.

This suggests that the sample temperature should be reduced to at least 40 K (where

� � 25 [85]) in order for the radiative losses to be dominant. Such operational

temperatures are already being used for solid-state cavity QED experiments [57].
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2.2.2 Metallic Grating Modes with Silicon Oxide

In this subsection, we study the interaction of plasmonic modes supported by a metal-

lic grating to enhance extraction and emission from silicon-based emitters, such as

SRO and SiNx . Unlike the cavity design of the previous section, we use wide area

gratings to enhance emission for a large set of emitters, thereby obtaining large aver-

age enhancement of emission instead of enhancing emission from a particular cavity

region. Much like the photonic modes at the band edge, we would expect that the

SPP dispersion relation 
attens at the irreducible zone edge, leadingto slow group

velocity modes that enhance emission.

We �rst study the enhancement of Si-NCs using a metallic grating on top of an

SRO layer. We analyze the plasmonic modes of a structure with a 70 nmlayer of SRO

(n = 1:7) on top of a quartz substrate, with 30 nm thick gold gratings on top of the

SRO layer [Fig 2.12(b)]. We simulate the structure in 2D-FDTD simulations as in the

previous section [29, 86], with the plasma frequency of gold as! p = 2�c= (160� 10� 9

m). We calculate the band edge frequencies of the modes at the � (k = 0) and X

(k = �=a ) points of the band diagram, �xing a duty cycle [the ratio between the

gold bar width and the grating period, as in Fig. 2.13(b)] of 0.7 and varying the

grating period from 200-1000 nm. We plot the free space mode wavelengths (� 0)

for �rst three relevant modes in the wavelength range of emission from Si-NCs in

Fig. 2.12(a), with the �rst order mode �tting one half SPP wavelength per grating

period (corresponding tok = �=a , i.e. the X point of the band diagram), the second

order mode �tting a full SPP wavelength per grating period (k = 2�=a , which folds

to the � point), and so forth. We also calculate the �eld pro�les for t he �rst three

order modes for a duty cycle of 0.8, �xing the free-space wavelength � 0 � 800 nm,

and plotting the results in Fig. 2.12(b)-(d). The grating period (ap) for the pth

order mode with a given mode frequency! can be roughly determined from the SPP

dispersion relationship at the Si-NCs-gold interface without a grating [20]:

p�
ap

= kg =
!
c

vu
u
t � d� m (! )

� d + � m (! )
(2.7)
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where � d = n2
NC is the dielectric constant of the Si-NC layer, the dielectric constant

of gold is � m (! ) = 1 � (! p=! )2.

Figure 2.12: (a) The FDTD calculated band edge frequencies for �rst, second, and
third order modes of the SPP band diagram. The �rst and third order modes corre-
spond to modes at theX (k = �=a ) point of the dispersion relation, while the second
order mode corresponds to modes at the � (k = 0) point. The jE j2 and jB j2 �elds
for the �rst (b), second (c), and third (d) order modes are plotted.

We calculate the Purcell enhancement by discretizing the dispersionrelation by

following the procedure from reference [87]. The Purcell enhancement for eachk-

vector is given by:

F (�; k ) =
3
2

c3

n3
NC ! 2(k)

max[� E (z)jE(z)j2]
R

� E (z)jE(z)j2dz

� E
Emax

� 2

S(�; Q k); (2.8)

where the normalized density of statesS(� ) is from Eqn. 1.4, Qk is the quality
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factor corresponding to the mode at the (!; k ) point of the band diagram, ! (k) is

the dispersion relation for the grating structure, and� E (x; z) = d(!� (x; z))=d! is the

e�ective dielectric constant. We then sum over allk-vectors to calculate the Purcell

enhancement as a function of the frequency� . This enhancement is averaged over

the region occupied by the Si-NCs. By obtaining! (k) from the dispersion relation,

we calculate the Purcell enhancement for the �rst, second, and third order modes as

3.8, 3.3, and 3.1, respectively.

Another way to calculate the Purcell enhancement is as follows. We make the

intuitive approximation that the standing wave modes in Fig. 2.12(b)-(d) are modes

of cavities spaced with the period of the SPP half wavelength, as those modes have

the same frequency! . We then calculate radiative quality factor (Qrad ) and the mode

volume, de�ned as:

Vquant =
RR

� E (x; z)jE(x; z)j2dxdz
max [� E (x; z)jE(x; z)j2]

Y; (2.9)

the integral is taken over the unit cell of the SPP wave [88], andY is the length of the

grating bars. Using the above �gures, and noting that the quality factor is limited

by the absorption factor Qabs � 50 (sinceQrad � 500 � Qabs), we can calculate

the average Purcell enhancement by using Eqn. 1.2, where theE-�eld intensity is

again averaged over the region occupied by the Si-NCs. WithY =10 � m as in the

fabricated devices, we estimate the average Purcell enhancements to be 2.7, 2.7, and

2.4 for respectively, the �rst, second, and third order modes, which approximates the

results from the previous method.

2.2.3 Metallic Grating Modes in Metal-Insulator-Metal Con -

�guration with Silicon Nitride

Finally, we analyze metal-insulator-metal (MIM) structures, where the active ma-

terial is sandwiched between two metallic layers, and grating modes are formed by

patterning the metal on one side. In order to increase the emitter-�eld coupling from

the case where the SPP mode is on only one side of the active material,we propose

to employ a MIM device. MIM devices with active materials have been considered

using III-V materials sandwiched by metal layers, using lifto� processes to preserve
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the crystalline material [29]. Passive MIM waveguides with sputteredoxide as a

passive insulator have been previously demonstrated, with extreme sub-wavelength

dimensions [89], and coupling of emitters to MIM modes have also been theoreti-

cally considered [90]. It is possible that silicon compatible materials can be directly

deposited on metal while maintaining their luminescence, thus avoidingcomplicated

fabrication processes. In this section, we analyze an active SiNx layer sandwiched

between a metal substrate and a metallic grating, as nitrides are robust and can be

directly deposited on metal. In addition, nitrides can be hosts to Er ions with emit

at 1.5 � m, where metallic losses are reduced compared to operation in the visible

wavelengths.

The dispersion relation of the MIM mode with semi-in�nite metal thicknesses,

insulator thickness t, and �eld symmetric along the direction perpendicular to the

insulator layer, is given by the transcendental equation [91]:

�
km

kd
=

� m (! )
� d

tanh(kdt=2); (2.10)

where km =
q

k2 � � m (! )( !=c )2 and kd =
q

k2 � � d(!=c )2 are de�ned in terms of

the SPP propagationk-vector, and t is the thickness of the insulator layer. Because

the two metal surfaces con�ne the SPP mode from both sides of the active material,

the mode volume of the MIM mode is decreased relative to that of theSPP mode

supported by metal on only one side of the insulator. In addition, the symmetric �eld

mode of a MIM structure has higher overlap with the active materialthan the mode

of a single sided design.

We analyze the MIM grating structure using the 2D-FDTD method with param-

eters in our previous work [86, 92]. The structure has a 100 nm gold substrate, with

plasma frequency! p = 2�c= (160 � 10� 9 m), a 52 nm Er:SiNx layer with index of

refraction n = 2:1, and a 30 nm thick top gold grating [Fig. 2.13(b)]. In particular,

we �x the grating duty cycle to be d = 0:8, and vary the grating period. We �nd the

wavelengths of the band edge SPP modes as a function of grating period, as plotted

in Fig. 2.13(a). We focus on the SPP MIM mode that has symmetric �eld(and

anti-symmetric charge) along the growth direction [up-down in Fig. 2.13(b)-(c)], as
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Figure 2.13: (a) The wavelengths of the �rst and second order �eld-symmetric MIM
SPP modes for di�erent grating periods, with a 52 nm thick layer of SiNx between the
metal layers. The analytical solution for a MIM structure with semi-in�nite metal
thickness and the same SiNx thickness is also shown. (b) The magnetic �eld (B)
and (c) the electric �eld intensity ( jE j2) of the �rst (top) and second (bottom) order
modes near free space� 0 � 1500 nm. The MIM SPP modes in a 2D simulation have
B �elds perpendicular to plane of the �gures, while theE �eld is restricted to the
plane of the �gures. The inset of (b) shows the magnetic �eld through a vertical slice
of the structure, as well as the analytical solution of a MIM systemwith semi-in�nite
metal thicknesses and a 52 nm SiNx spacer layer.

it will have high overlap with the active material. In addition, we focus only on the

band edge modes in the plasmonic band diagram that support integermultiples of the

SPP half-wavelengths within the grating period and exhibit the strongest emission

enhancement, as in Eqn. 2.7 [92]. Because the Er emission wavelengthis much longer

than the plasma wavelength of gold, the structures operate in the\linear" regime of

the SPP dispersion relation, where the band edge modes' wavelengths are approxi-

mately linear with respect to the grating period. We examine the magnetic �eld ( B)

and electrical �eld intensity (jE j2) of the �rst and second order modes, where the �rst

order mode [Fig. 2.13(b)-(c), top] is at theX -point of the dispersion relation, while

the second order mode [Fig. 2.13(b)-(c), bottom] is at the � point.The solution of

Eqn. 2.10 for the MIM mode with semi-in�nite metal thicknesses and the same SiNx
parameters is also plotted in Fig. 2.13(a) for the same periodicities, and the analyti-

cal magnetic �eld pro�le of such a MIM mode is shown in the inset of Fig.2.13(b).

The dispersion relation of the grating is blue shifted from the analytical model of

Eqn. 2.10, as the MIM modes for the grating are no longer fully con�ned and slightly
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overlaps with air. By comparing the simulations with a similar one-sided SPP mode

with a fully SiN x substrate to this MIM design, we �nd that the overlap with the

active material (in a 52 nm slice near the metallic grating surface) is increased by

approximately 0.5, and the mode volume is approximately halved for the MIM SPP

mode.



Chapter 3

Enhancement of

Photoluminescence and Lasing in

One-dimensional Photonic Crystal

Cavities

3.1 Silicon Nanocrystals in Oxide

Photoluminescence (PL) from silicon nanocrystals (Si-NCs) in a nitride host was

previously coupled to a photonic crystal (PC) cavity [64], and PL from Si-NCs in

an oxide host was coupled to a microdisk cavity [72, 93]. In the microdisk case, the

loss mechanisms of the material were analyzed, and it was noted that free carrier

absorption may play a signi�cant role in loss processes and may ultimately inhibit

gain in this material [93]. In addition, loss mechanisms were also studiedin ultra-

high quality (Q) factor bottle resonators, which have largeVm [94]. By coupling the

Si-NCs to an oxide 1D PC (nanobeam) cavity, we examine the emission properties of

the material, along with the lossy mechanism, in a small mode volume (Vm ) setting,

(instead of the larger whispering gallery mode type resonators).

The Si-NC beams with embedded Si-NCs are made by fully CMOS compatible

fabrication techniques, following the fabrication procedures in Appendix A.2. Cavities

39
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are fabricated with the design parameters from Sec. 2.1.2, and the�nal fabricated

structure is shown in Fig. 2.3(a). We vary the lattice constanta from 250 nm to

350 nm with a �xed thickness ofd = 200 nm in fabrication to create cavities with a

variety of wavelengths, where all beams have a width ofw = 3:2a (due to fabrication

constraints). A transmission electron microscope (TEM) image of representative Si-

NCs is shown in Fig. 3.1(b).

Figure 3.1: (a) PL spectra from unpatterned oxide �lm with Si-NCsat10 K and
290 K, as well as a cavity spectrum at 290 K with the �rst two TE modes visible.
(b) TEM image of representative Si-NCs. (c) The PL spectrum of a representative
fundamental cavity mode at 290 K, and the �t to a Lorentzian with Q = 9; 000. (d)
The polarization angle dependence of the cavity mode at 290 K, alongwith the angle
dependence of PL from an unpatterned region. 0� corresponds to they-direction of
Fig. 2.3(d).
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The micro-photoluminescence (� -PL) experiments are conducted with a 63� ob-

jective lens with numerical apertureNA = 0:75, focusing the pump to a 5� m di-

ameter spot (See Appendix C). The sample is pumped from normal incidence [z in

Fig. 2.3(b)] with either a CW 405 nm laser diode or a frequency doubledTi:Sapphire

(Ti:Sapph) laser at 390 nm with 3 ps pulses and repetition rate 80 MHz.The pho-

toluminescence is also collected from normal incidence through the same objective

and directed to a Si CCD array in a spectrometer, with resolution of0.01 nm. The

cryogenic temperature experiments are conducted in a helium 
ow cryostat, with

temperatures as low as 5 K. Room temperature data was taken outside of vacuum.

We observe the PL from an unpatterned region of the sample at both 10 K and 290 K,

using the CW laser as the pump [Fig. 3.1(a)]. The PL spectrum is centered at around

670 nm, and is the same at both temperatures, which suggests that the change in the

homogeneous linewidth for the Si-NCs is small with temperature. Finally, we observe

that the PL of the sample pumped with the pulsed Ti:Sapph laser (not shown) was

the same as the PL in Fig. 3.1(a) at both temperatures, similar to previous work

[95].

Figure 3.2: TheQs of nanobeam oxide cavities wiht Si-NCs at di�erent wavelengths
as a function of temperature.

We also investigate the cavities in the same� -PL con�guration, �rst at room
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temperature. A representative cavity spectrum at 290 K is shownin Fig. 3.1(a),

where at least the �rst two orders of transverse electric- (TE-)like modes (TE0 and

TE1) are visible. We also plot the spectrum of the fundamental mode of ahigh-Q

cavity along with a �t to a Lorentzian lineshape, representingQ = 9; 000, in Fig

3.1(c). Finally, we measure the polarization angle dependence of thecavity mode by

placing a polarizer and a half waveplate in the PL collection path, plotted in Fig.

3.1(d). The cavity mode is dominated by theEy �eld, and the mode is measured to

have a linear polarization in they-direction. On the other hand, the PL collected

from the unpatterned region is unpolarized. As seen from the �nite-di�erent time-

domain (FDTD) simulations, the TE0 mode has the highestQ and lowestVm . Thus,

we choose to work with the fundamental mode to maximize the Purcell e�ect.

We measure theQ-factors of various cavities throughout the Si-NC PL spectrum at

temperatures between room temperature and 5 K, as shown in Fig 3.2. The cavities

are all pumped with the CW diode laser and very low pump powers (200 nW),

which is necessary to reduce the cavity losses stemming from free carrier absorption

(FCA). The di�erent cavities have di�erent lattice constant a, but have the same

�xed w=a = 3:2 ratio, d = 200 nm, and the same air hole design. We �nd that for

all cavities, the cavity Q continuously drops to approximately one half of the room

temperature value at 5 K. Such change in cavityQ can be attributed to the di�erence

in the homogeneous linewidth of the Si-NCs at the two temperatures. As seen in

previous work on coupling Er emission to PC cavities, the Purcell enhancement of

absorption is degraded when the homogeneous linewidth of the emitter far exceeds

that of the cavity linewidth [96]. Single Si-NCs have measured linewidthsof over 100

nm at room temperature, but have far narrower linewidths down to1 nm at 35 K

[97]. Thus, the narrower linewidth at low temperature increases theabsorption of the

Si-NCs coupled to the cavity mode, and lowers theQ of the cavities. The temperature

dependence ofQ suggests that the homogeneous linewidth of the Si-NCs continuously

decreases with temperature, much as in previous work [97].

In addition, we study the Qs of many cavities at the extremes of the temperature

(10 K and room temperature), where the same set of cavities was measured at both

temperatures [Fig. 3.3(a)]. We again notice that theQs of the cavities are higher
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Figure 3.3: (a) The Qs of the one set of cavities vs. the cavity wavelengths, at
10 K and 290 K. The PL from an unpatterned region of the sample is shown for
reference. (b) The change in the cavity linewidth as the temperature is increased
from 10 K to 290 K. Lower Qs at low temperature are attributed to the increase in
Si-NC absorption, resulting from narrowing of the Si-NC linewidth.

at room temperature than theQs of the same cavities at 10 K. Because the lattice

constant increases for the longer wavelength cavities, thed=a ratio decreases with

increasing cavity wavelength. We note in Fig. 3.2 and Fig. 3.3(a) that the cavities

have increasingQ at longer wavelengths, which disagrees with the simulated trend of

higher Qs for thicker beams (higherd=a). While this discrepancy could be caused by

higher sensitivity to surface roughness for cavities operating at shorter wavelengths,

we do not observe this e�ect in similar cavities made in pure SiO2 [69]. Thus, we

attribute the decreasingQ with decreasing lattice constant to the material absorption

of the Si-NCs, which increases with decreasing wavelength (as moreNCs contribute

to absorption). We also measure the change in the cavity linewidth for the same

set of cavities between 290 K and 10 K, shown in Fig. 3.3(b). We noticethat the

decrease in the linewidth with increasing temperature is approximately uniform and
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equal to 0.10-0.15 nm for the entire wavelength range of the Si-NC PL. The losses in

the cavity can be related to the cavityQ by:

!
Q

=
!
Q0

+ 
 (T; P) (3.1)

where! is the cavity frequency,Q0 is the intrinsic cavity Q, and 
 (T; P) is the pump

power and temperature dependent loss rate. The intrinsicQ change with temperature

is negligible, as a result of the small change in refractive index (the change in cavity

wavelength with temperature is negligible). In this case, the measured linewidth

di�erence is the change in
 (T; P) with temperature, and suggests that the linewidth

narrowing of the Si-NCs is uniform throughout the PL spectrum.

We also use 10 K and 290 K as representative temperatures for measuring the

power dependence of the cavities. We employ both the CW diode laserand the

pulsed doubled Ti:Sapph laser in the power dependence studies, and we pump various

representative cavities throughout the PL wavelength range. By�tting the obtained

spectra to Lorentzian lineshapes, we obtain the integrated emission, cavity wave-

length, and cavity linewidth. In Fig 3.4(a)-(b), we �rst investigate the integrated

cavity intensity obtained from the �ts at 290 K and 10 K, respectively, as a function

of pump power. We observe that the cavity output is approximatelylinear in the

pump power, with some slight sub-linear characteristics, mostly likelydue to FCA.

In addition, we �nd that at both temperatures, the output for th e pulsed pump gen-

erates slightly more PL. Finally, at room temperature, the output intensities of the

cavities have slightly lower slope for the pulsed pump than for the CW pump. On the

other hand, the slopes of the light-in light-out curves are approximately the same for

the di�erent types of pump at 10 K. Such sub-linear behavior at small pump powers is

similar to the trend from previous work with Si-NCs coupled to� -disk cavity modes

[93]. The smaller increases in the cavity amplitude with increasing pump power for

pulsed pumping suggest that lossy mechanisms are more readily found with pulses

and high instantaneous pump intensities.

We also �nd the pump dependence of the change in the cavity wavelength from

the �ts to a Lorentzian lineshape, and plot the results for the cavities around 720
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Figure 3.4: The pump power dependence of the integrated intensityfor di�erent
cavities at (a) 290 K and (b) 10 K. The amplitude traces of each cavity are o�set by
factors of 10 to allow clear viewing. The pump power dependence of the change in
cavity wavelength (with respect to the low pump power wavelength,� 0) for di�erent
cavities at (c) 290 K and (d) 10 K. Power dependences were taken with both the
CW diode laser and the pulsed frequency-doubled Ti:Sapph. The pumppower is
measured in front of the objective.

nm in Fig. 3.4(c)-(d), obtained at 290 K and 10 K, respectively. We observe that in

both cases, the cavity continuously red-shifts with increasing pump power, implying

the thermal-optic e�ect as the cause [93]. At room temperature, the pulsed pump

generates far less heating than the CW pump, while at 10 K, the wavelength shifts

are approximately the same between the two pump methods. In addition, at high

pump powers for both CW and pulsed pumping, we observe melting of the cavities,

where the wavelength of the cavities abruptly blueshifts [e. g. in Fig.3.4(c) for the

pulsed pumping]. In order to avoid this regime, pump powers are keptbelow 500� W

for all experiments. We also note that the wavelength shift for thecavities can be
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related to the index of refraction change caused by the thermal-optic e�ect by (using

the perturbation method of Ref. [98]):

� � � �
�
2

� �
�

; (3.2)

where � is the fraction of the mode overlapping with the Si-NC doped oxide, � is

the unperturbed cavity wavelength, � � is the change in cavity wavelength, �� is the

change in dielectric constant, and� is the dielectric constant of the Si-NC doped oxide.

For the TE0 cavity mode at 720 nm, we obtain � = 0:52 from FDTD simulations,

and �nd that the index of refraction shift is � n = 2:2 � 10� 4, which corresponds

to a temperature change of 20 K, using the bulk thermal-optic coe�cient of oxide,

dn=dT = 1 � 10� 5=K. Such a change in index (and temperature) is achieved with

approximately two orders of magnitude less power than in the� -disk setting [93].

This large change is due to the lack of heat conduction from the nanobeam cavities,

as noted from previous work with thermal-optical bistability in 1D nanobeam cavities

fabricated in silicon [99]. The changes in index with temperature are doubled when

pumping the cavities at 10 K, possibly due to reduced air convection inside a vacuum.

Finally, we measure the cavity linewidth for representative cavities throughout the

Si-NC PL spectrum, at both 290 K and 10 K in Fig. 3.5(a) and (b), respectively. We

note that the cavity linewidth continuously increases with increasingpump power, re-

gardless of cavity wavelength or cavityQ. The linewidth data resembles the linewidth

data for � -disk modes in Ref. [93], though the low pump powerQs for the nanobeam

cavities are approximately 4-8 times higher. Such broadening of thecavity linewidth

can be attributed to FCA. Taking the pump beam spot area to be 4� m2, we �nd

that the power necessary to observe FCA is more than an order ofmagnitude less

than in � -disks, corresponding to a pump 
ux of 3 W/cm2 [93]. Following the slope

of the curves in Fig. 3.5, smaller powers could also generate losses from free carrier

absorption. As described previously [93], the onset of FCA only occurs when the

FCA dominates other processes such as Mie scattering and band-to-band absorption

in nanocrystals. On the other hand, in highQ, low Vm systems, we observe that

free-carrier absorption dominates the other processes, and that linewidth broadening
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e�ect from FCA occurs at even small powers. In addition, the linewidth increases

until at high pump powers (> 100� W), there is a sudden increase due to overheating

and melting of the cavities. In previous work, the losses arising fromFCA in � -disks

were saturated when the carrier density is su�ciently high to promote Auger recom-

bination [93]. However, we do not reach that regime, as the pump intensities required

are higher than that to destroy the cavities. We further note that the cavity linewidth

for each cavity is narrower with the CW pump than with the pulsed pump at room

temperature. Such evidence corroborates the conclusion that pulsed pumping induces

more losses in the cavities than CW pumping.

Figure 3.5: The linewidths of representative cavities as the pump power is changed at
(a) 290 K and (b) 10 K. Both a CW diode laser and a frequency doubledmode-locked
Ti:Sapph laser are used as the pump source. The pump power is measured in front
of the objective.

We attempt to characterize the FCA mechanism following the procedure in Ref.
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[93]. First, we �nd the distribution of Si-NC sizes by assuming that theenergy of

emission for the Si-NCs is related to the size of the NCs by [93, 100]:

�h! = Eg;Si +
3:73

(2R)1:39
; (3.3)

whereEg;Si = 1:12 eV is the bandgap energy of bulk Si, �h! is the energy of emission

in eV, and R is the radius of the NC in nanometers. The emission at each energy is

proportional to the density of nanocrystals at a particular size, and the proportion-

ality constant is found by �nding the volume ratio of Si in the entire �lm , assuming

complete phase segregation. By �nding the mass fractions of Si (xSi = 0:42) and O

(xO = 0:47) obtained from x-ray photoelectron spectroscopy (XPS), we�nd that the

distribution of nanocrystal sizes (� (R)) as the distribution shown in Fig. 3.6(a). As

expected, the distribution of NCs has smaller radii than the NCs of Ref. [93], as the

NC emission has been pushed to shorter wavelengths. By integrating the distribution

for all radii, we �nd a total nanocrystal density of NNC = 7 � 1018 cm� 3, which is

comparable to the densities obtained in other works [36, 93].

We also �nd the pump power dependent rise (� r ) and fall (� f ) times of the Si-NCs,

by chopping the CW diode pump with an acousto-optic modulator with 15 ns rise

and fall times. Representative time traces from unpatterned regions of the sample

can be found in Fig. 3.6(b), for the sample at 290 K and 10 K. Stretched-exponential

functions are �tted to the data to �nd � r and � f [101]. The� f of the sample is found to

be approximately 20� s at 290 K, and approximately 80� s at 10 K [Fig. 3.6(c)]. The

longer lifetime at low temperatures is expected, as similar samples of porous silicon

also demonstrate a dramatic increase in lifetime with decreasing temperature, which

was attributed to longer radiative lifetimes and higher fraction of the emission coming

from the di�usion of carriers [101]. It is also possible that non-radiative recombination

centers and recombination at dangling bonds are reduced with temperature. The

excitation cross section of the Si-NCs at a particular wavelength� (� ex(� )) can be

related to � r , � f , and the pump 
ux � by [93]:

1
� r (� )

= � ex(� )� +
1

� f (� )
: (3.4)
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By conducting time-resolved measurements at various wavelengths, using 10 nm band-

pass �lters to spectrally �lter the emission, we �nd � ex by a linear �t of the pump


ux dependent di�erence of 1=� r � 1=� f to � , with the results shown in Fig. 3.6(c).

Finally, the occupation (the number of electron-hole pairs) of individual Si-NCs at a

particular size and pump 
ux (f (R; � )) is found by the relation [93]:

� ex(� )�
�h! p

�
f (R; � )
� f (� )

�
f 3(R; � )

� A (� )
= 0; (3.5)

where! p is the pump laser frequency, and� A is the Auger recombination time. The

Auger time constant can be found by� A = 1=CA � (V=2)2, where CA = 4 � 10� 31

Figure 3.6: (a) The Si-NC density distribution of this sample as a function of Si-NC
radius. (b) Time resolved measurements of the Si-NC rise and fall time. Fits to
extended exponential distributions yield a rise time of 17� s and a fall time of 20� s
for the sample at 290 K, and a rise time of 78� s and a fall time of 79� s for the
sample at 10 K. (c) The excitation cross section and the lifetimes (� f ) of the Si-NCs
as a function of emission wavelength, for both 290 K and 10 K. (d) The calculated
free carrier concentration as a function of pump intensity for 290K and 10 K.
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cm6/s is the Auger recombination coe�cient for bulk Si, and V is the volume of the

Si-NC assuming a spherical particle shape [102, 93]. Although the bulkSi Auger

coe�cient is used, the Auger recombination time of Si-NCs with similar sizes as the

ones in this work has been observed to match well with the bulk Augertime constant

[102]. Finally, the density of free carriers at a pump 
ux� (nF C (� )) can be found by

integrating the occupation for NCs of all sizes [93]:

nF C (� ) =
Z

R
f (R; � )� (R) dR: (3.6)

We plot the results in Fig. 3.6(d), and observe that due to the smallerexcitation

cross-section at 10 K, the free carrier concentration at 10 K at any particular pump


ux is approximately one half that of the free carrier concentration at 290 K.

Finally, this free carrier concentration can be related to the change in linewidth

of the cavity modes, assuming the FCA is the dominant absorption process:

�FWHM =
� 2�

2�n ef f
� F CA (� )nF C ; (3.7)

where �FWHM is the change in the cavity linewidth, nef f is the e�ective index of the

cavity mode, and� F CA (� ) is the free carrier absorption cross-section. We calculate

nef f and � from the FDTD simulations with various beam dimensions. We plot

the change in linewidth (obtained from the power dependence curves) againstnF C ,

and �nd � F CA through a linear �t to the slope [Fig. 3.7(a), showing data from the

cavity near 720 nm] for cavities at both 290 K and 10 K. In addition, we plot all

of the �tted � F CA for di�erent cavities throughout the Si-NC PL spectrum at both

temperatures, as a function of the cavity wavelength, in Fig. 3.7(b). We �rst note

that the mean free carrier absorption obtained in the nanobeam cavities is a factor

of 4 increased from that obtained in Ref. [93] at room temperature. In addition, as

seen in Fig. 3.7(a), the change in the cavity linewidth with increasing pump power

is larger at 10 K than at 290 K for the same cavity. Even more, because the free

carrier density at the same pump power is lower at 10 K than at 290 K,we calculate

that the � F CA is approximately 6 times higher at 10 K than at 290 K [Fig. 3.7(b)].



CHAPTER 3. ENHANCEMENT OF EMISSION IN 1D PC CAVITIES 51

While FCA in bulk crystalline materials decreases with temperature [103], the FCA

mechanism in Si-NCs of scattering at the Si-NC boundary [93] could beless sensitive

to temperature. However, we do not observe the� 2 dependence of� F CA generally

associated with FCA [93], especially at room temperature, where� F CA is seen to

decrease with wavelength.

Figure 3.7: (a) The change in cavity linewidth as a function free carrier density for a
representative cavity around 720 nm at 290 K and 10 K. Linear �ts to the data are also
shown. (b) The free carrier absorption cross-section (� F CA ) obtained from linear �ts
such as those in part (a), as a function of wavelength, for di�erent cavities throughout
the PL spectrum of the Si-NCs. The inset shows the same data renormalized in a
small Vm setting. The dashed lines represent �ts to a� b model, whereb = 1:3 and
1:8 for the 290 K and 10 K data, respectively.

While the calculation above allows easy direct comparison with the �gures ob-

tained in Ref. [93], they assume that the optical mode of the cavity istraveling in
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an e�ective medium with some e�ective index and group velocity. While such an

assumption is valid for large cavities such as� -disks, they are oversimpli�ed for the

case of highQ, low Vm cavities. In the cavity setting, the Purcell enhanced strength

of absorption is given by [104]:


 /
Z

!
jg0j2� (! )d! /

Z

!
� (! )=Vmd!; (3.8)

wherejg0j2 / 1=Vm is the emitter-�eld interaction term, and � (! ) is the joint density

of states associated with the electronic transition for FCA and theoptical density of

states of the cavity. However, since the transition for FCA is a broad continuum, the

normalized narrow bandwidth optical density of states from the cavity is integrated

out, resulting in no enhancement of the absorption rate in highQ cavities. Thus, in

this case, the Purcell enhanced absorption should only be proportional to � and the

inverse ofVm . We renormalize the calculated� F CA of Fig. 3.7(b) with those consider-

ations and plot the results in the inset of the same �gure, along with their respective

�ts to a � F CA / � b model. We obtainedb = 1:3 and 1:8 for the 290 K and 10 K

cases, respectively, which is more consistent with FCA being the cause of the power

dependent absorption. This evidence suggests that cavity enhanced absorption may

be applicable to processes such as FCA, and are not limited to just emission of single

quantum dots [57], ensembles of atoms with large homogeneous broadening [96], and

even Mie scattering [105]. Even more, the large e�ective absorptioncoe�cients of

Si-NCs in microcavities could hamper development of a lasing source, whether the

Si-NCs serve as the emitters or as the sensitizer as in Si-NCs mediated emission from

Er doped SiOx . Finally, it is likely that cooling down systems involving Si-NCs would

present additional challenges. Although many non-radiative phonon mediated recom-

bination processes decrease with decreasing temperature, we have demonstrated that

FCA increases dramatically with decreasing temperature as well, possibly o�setting

some of the gains.
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3.2 Erbium-doped Amorphous Silicon Nitride

In previous work, we have already demonstrated enhancement ofEr PL in Er doped

amorphous silicon nitride (Er:SiNx ) coupled to a two-dimensional (2D) hybrid Er:SiNx -

Si PC membrane cavity, including linewidth narrowing of the PC cavity mode and

Purcell enhancement of the Er emission rate [96, 106]. Although silicon-based PC

cavities have highQ and small Vm , the overlap of the cavity mode with the active

material is small, as most of the cavity mode is con�ned in the higher index Si portion

of the membrane. In addition, absorptive losses, stemming mostly from the Si portion

of the membrane absorbing the pump light and creating free carriers, also limit the

gain. As seen in the previous section, nanobeam cavity design enablehigh-Q cavities

made with low index materials. Here we report on a nanobeam PC cavitydesign

made entirely of the Er:SiNx material, which have 12 times mode overlap relative

to previous cavity designs [96] and reduced absorptive losses, as there is no longer

Si present in the cavity. We demonstrate enhanced linewidth narrowing for these

nanobeam cavities, and observe of material transparency.

We use the fabrication procedures of Appendix A.3, to fabricate the cavity designs

of Sec. 2.1.3. The cavities are fabricated with a Type I membrane [inset of Fig. 3.8(a)]

where the Er:SiNx layer is 500 nm thick with an Er concentration of 3:0� 1020 cm� 3.

We also fabricate cavities in Type II samples, shown in the inset of Fig.3.8(b), with

have only the middle third of the membrane doped with Er. The scanning electron

micrograph (SEM) of the fabricated beam with a width ofw = 1:5a is shown in

Figure 2.5(a).

As in previous work, we pump the ErI 15=2 ! I 11=2 transition at 980 nm in order

to reduce the total material losses [96, 107]. Micro-photoluminescence is performed

from normal incidence for both the pump and the collection beams with a 100�

objective lens with numerical apertureNA = 0:5, and the emission is directed to an

InGaAs CCD spectrometer. The bulk PL is shown in Fig. 3.8(a) for both room and

5.5 K temperatures. In the cavity PL we observe the two TE-like modes, and we

choose to work with the �rst order (fundamental) mode, as it has the lowest mode

volume. A sample cavity PL spectrum is shown in Fig. 3.8(a), and typical cavities
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Figure 3.8: (a) Photoluminescence from the cavity at room temperature and the
unpatterned �lm at room temperature and 5.5 K. The whole membrane is composed
of Er:SiNx in this case (type I, shown in inset). (b) Spectrum of a cavity fabricated
in SiNx with only the middle third doped with Er (type II, shown in inset). Dots
correspond to the spectrum obtained by a laser scan in cross-polarization re
ectivity,
and circles to PL measured by the spectrometer. Fits to a Lorentzian lineshape
gives aQ = 52; 000 from the re
ectivity scan and a spectrometer resolution limited
Q = 25; 000.

have Q > 12; 000.

In addition, we also fabricate larger cavities with the same design parameters,

except with w = 2:5a and only the middle one-third of the slab doped with Er [type

II in the inset of Fig. 3.8(b)]. In such a cavity, we measure aQ of 25,000 from PL

taken with the spectrometer [Fig. 3.8(b)]. However, since the corresponding linewidth

of 0.06 nm is limited by spectrometer resolution, a scan of the cavity isperformed in

cross-polarization re
ectivity [58, 108] in steps of 0.002 nm with a tunable laser. The

re
ectivity scan data are also shown in Fig. 3.8(b), and yields aQ of 52,000.

We perform power series measurements on one cavity (type I) at both room and

cryogenic temperatures, with pump powers varying from 0.030 mW to 40 mW. We

plot the integrated intensity from the cavity, and the integrated intensity of the

uncoupled PL from the main Er emission lobe at 1525 nm� 1540 nm (excluding the

cavity, as the cavity and main Er emission lobe overlap), at both roomtemperature
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and 5.5K [Fig. 3.9(a)]. The amplitudes of the cavity and spectrally decoupled PL

both increase sublinearly at both temperatures. However, it is interesting to note that

the PL from the spectrally decoupled regions have approximately the same saturation

characteristics at both temperatures, while the PL from the cavity resonance rise with

a higher slope on the log-log plot than that of their uncoupled counterparts at both

temperatures. Such behavior suggests a faster spontaneous emission rate at the cavity

resonance, due to Purcell enhancement of radiative emission rate. In addition, at both

temperatures, the cavities redshift at high pump power, suggesting cavity heating

[Fig. 3.9(b)]. Finally, Fig. 3.9(c) shows that at 5.5 K, theQ increases dramatically

with pump power from 6,000 to over 15,000. On the other hand, at room temperature,

the Q only increases from 14,000 to 16,000. In our previous work with an Er:SiNx

layer coupled to a Si 2D PC cavity, we observed a smaller increase inQ at cryogenic

temperatures and negligible increase inQ at room temperature [96]. As previously,

here we attribute the di�erence in the behavior ofQ at the two temperatures to the

broadening of the homogeneous linewidth of the Er emission transition with increasing

temperature, which degrades Purcell enhancements of emission and absorption [96].

The larger changes inQ in the nanobeam cavity (relatively to the change in [96])

at both temperatures are the result of greater mode overlap withthe active material

and the reduction of free carrier absorption, as the 980 nm pump isabsorbed more

by Si than by SiNx . Because of the redshift in the cavity resonance wavelength with

increasing pump power, we conclude that heating mechanisms due tofree carriers

or Er-Er interactions may still lead to increased absorption at high pump powers.

Nevertheless, the reduced cavity losses of the new cavity design have enabled the

observation of linewidth narrowing at room temperature.

By changing the PC lattice constant, and while maintaining the same cavity de-

sign, we fabricate cavities with a variety of wavelengths that span the Er emission

spectrum. At room temperature, we observe that all cavities have Qs at or above

10,000, at high or low pump power [Fig. 3.10(a)]. However at low temperature, all

the cavities that overlap with the main Er emission lobe demonstrate lower Qs at

low pump power (below 10� W pump). Then, by increasing the pump power, we

observe a decrease in cavity linewidth and an increase inQ [Fig 3.10(b)], much like
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Figure 3.9: The pump power dependence of the (a) integrated PC cavity intensity
and PL spectrally decoupled from the cavity, (b) the cavity resonance wavelength,
and (c) the cavity Q, all at 5.5K and 290K. The pump power is measured in front of
the objective lens.

in our previous work [96]. However, the linewidth narrowing observedin this work

is more than double that of our prior work, as expected, because of the higher mode

overlap and reduced free carrier absorption. The maximum observed linewidth nar-

rowing is by 0.23 nm at 5.5 K. In addition, the change in linewidth decreases with

increasing cavity wavelength to almost negligible amounts. The spectral dependence

of the linewidth narrowing is expected, as the wavelength range from 1525 nm to

1540 nm corresponds to the peak of Er absorption, and the absorption decreases with

increasing wavelength. As opposed to our prior work [96], here we observe linewidth

narrowing for all cavities at room temperature as well [Fig 3.10(b)]. Although the

linewidth changes at room temperature are much smaller than the changes for the

same cavities at 5.5 K, they are still signi�cant. At room temperature, the linewidth

change is nearly the same for all cavity wavelengths. This can be explained by the
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large homogeneous linewidth of the Er at room temperature (up to 10 nm in glass

hosts), such that a signi�cant portion of the Er population couplesto the cavity

resonance. We have previously found that theQs of the cavities, and thus the Er

homogeneous linewidth, vary smoothly between 5.5 K and room temperature [96]. In

addition, as the system is in the bad emitter limit, the absorption and emission rate

enhancements depend only on the mode volume and not the cavityQ factor. Thus,

we have explored the two extremes of the temperature (5.5 K and 290 K) in order to

display the largest variation in linewidth (at low pump power).

Figure 3.10: (a) TheQs of the cavities at 5.5K and 290K, both with low pump power
(less than 10�W ). The dashed lines connect the data for the same cavity at the two
di�erent temperatures. The shift in wavelength between the two temperatures is most
likely due to a shift of the sample position in the cryostat as temperature is varied. (b)
The change in the linewidth (full-width at half-max, FWHM) for individua l cavities
as pump power is switched from less than 10�W to 40 mW, at 5.5 K and room
temperature. The scaled and shifted Er spectrum is shown in gray as a reference.

Time-resolved PL measurements are performed using the same setup as in our

previous work [96]. In summary, a 980 nm pump laser is chopped at 50 Hz by a

mechanical chopper, and the decay of the PL is sent to a superconducting nanowire
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single-photon detector (SNSPD), which is held at a temperature of� 3 K in a closed-

cycle helium cryocooler [109]. The chopper provides start pulses to the time-sampling

electronics, while the SNSPD provides a stop pulse each time it detects a photon. The

electronics record a histogram of the number of stop counts arriving in each 20� s

time interval after a start pulse; this histogram is proportional tothe time response

of the PL to the square wave pump. Time-resolved PL for the cavitydesign with

w = 2:5a and the type II Er:SiNx membrane [Fig 3.11(b)] for pump powers varying

from 2 mW to 30 mW for the sample also at� 3 K. A clear increase in the initial decay

rate from the cavity is observed. We also �t the decay traces to a double exponential

with the decay time constants shown in Fig. 3.11(b). We observe that both the long

and short decay lifetimes vary with pump power, which is consistent with the concept

of stimulated emission. We note that the initial decay time constant is4.0 ms for

unpatterned �lm and 0.73 ms for cavity resonant emission. The measured total PL

emission decay time constant (� ) from the unpatterned �lm is the parallel sum of the

radiative (� r ) and the non-radiative (� nr ) decay time constants. On the other hand

for a cavity, the radiative decay time constant is shortened by Purcell factor Fp, and

the measured overall time constant for a cavity is:

1=�cav = Fp=� r + 1=�nr : (3.9)

The lower bound of the radiative lifetime of Er in bulk Si3N4 is 7 ms, as it is the longest

total (combined radiative and non-radiative) lifetime observed forsuch a system [110].

Using this �gure, we conservatively estimateFp = 6 at 3 K at the lowest pump power.

We also observe that theQs of the cavities with the type I membrane at 5.5 K

and at high pump powers can sometimes exceed theQs of the same cavities at high

pump powers at room temperature. We �nd the di�erence betweenthe linewidths

of the cavity resonances at the two di�erent temperatures at the same high pump

power and plot them in Fig. 3.12(a). We observe that a cluster of cavities between

1535 nm and 1539 nm exhibit narrower linewidth at low temperature than at room

temperature. Understandably, this range lies on the longer-wavelength side of the Er

emission peak, where absorption from Er is lower compared to the shorter-wavelength
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Figure 3.11: (a) Time-resolved PL measurements of the cavity resonance for various
pump powers at� 3 K, as well as unpatterned �lm (integrated for all wavelengths).
Solid lines for the cavity time traces are �ts to a bi-exponential model. (b) The fast
and slow components from the �ts in part (a), as well as for an unpatterned �lm
lifetimes for various pump powers.

side of the Er emission peak. The observation of narrower linewidth at 5.5 K indicates

that larger gain is achievable at low temperatures than at room temperature.

In addition, we expect the pump power and temperature dependent absorption

rate (
 a(P; T)) to be related to the observedQ-factor of the cavity (Qobs) by:

! 0

Qobs
=

! 0

Qcav
� 
 a(P; T); (3.10)

where! 0 is the cavity frequency, andQcav is the intrinsic (no gain or loss) cavityQ.

Because the light-in light-out (LL) curve does not indicate clear threshold behavior,

the system operates well under any lasing conditions, and Eq. 3.10 isvalid. However,

as discussed in our previous work [96],
 a(T) is dependent on the Er homogeneous

linewidth, and thus has a strong dependence on temperature. By using the time-

resolved data above, we have estimated that the average enhancement of radiative

lifetime to be 5 to 7 times stronger at� 3 K than at room temperature, the same

as in our previous work [96]. At room temperature, the homogeneous linewidth of
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Figure 3.12: (a) The di�erence in between the cavity linewidth at 5.5 K and 290 K,
under high pump power (greater than 40 mW). The scaled and shifted Er spectrum
is shown as a reference. (b) The absorption rate achieved at roomtemperature
under high pump power (circles) and low pump power (squares) calculated by use
of the cavity Qs measured in experiment, with error bounds assuming that the Er
homogeneous linewidth at room temperature is between� = 4 and � = 8 times that
at 5.5 K. (c) The absorption rate achieved at 5.5 K at high pump power(circles) and
low pump power (squares), with the same error bounds as part (b). Regions with
positive 
 a correspond to gain achieved with the system.

Er in SiNx is estimated to be greater than 1 nm, and is much broader than the

cavity linewidth. In that case, the system is in the bad emitter limit [111], and the

spontaneous emission rate enhancement at room temperature isF (T) / QEr =Vmode,

where QEr = ! 0=� ! Er , and ! 0 and � ! Er are the Er transition frequency and Er

homogeneous linewidth, respectively. On the other hand, at cryogenic temperatures,

if � ! Er were to be comparable to or smaller than the cavity linewidth (bad cavity

limit), we would expect F (T) / Qcav=Vmode, which in this case would be over 50 times
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larger than at room temperature. Since we observe a change in Purcell enhancement of

only 5 to 7, we con�rm that the Er homogeneous linewidth limits Purcellenhancement

at cryogenic temperatures as well.

Next, we use the time-resolved data to estimate the Er inversion fraction. We

may write for a single cavity that 
 a(290 K) = 
 a, where 
 a is the cavity dependent

absorption rate, and that 
 a(5:5 K) = �
 a, where � is the factor by which the Er

homogeneous linewidth decreases between room temperature and5.5 K. By using

� = 6 as observed from time-resolved spectroscopy, along withQobs (deconvolved

from the spectrometer response) at low pump powers (Er all in theground state)

at 290 K and 5.5 K, we can �nd 
 a and Qcav for each cavity using Eq. 3.10. We

plot 
 a in Fig. 3.12(b) and (c) for room temperature and 5.5 K, respectively, and

the data match well with the expected absorption spectrum of Er.In addition, we

�nd the e�ective gain (or absorption) rate, namely, ! 0=Qobs � ! 0=Qcav, achieved at

the cavity resonance wavelength for each cavity under di�erent pump powers. We

plot the results for room temperature and 5.5 K in Fig. 3.12(b) and (c), respectively,

with the cases of� = 4 and � = 8 as the error bar bounds. As with the data in

Fig 3.12(a), we observe that the fraction of inverted Er rises above transparency,

i.e., 
 a equal to or greater than zero (otherwise
 a < 0 denotes absorption loss), for

the cavities coupled to the longer wavelength side of the main Er emission peak at

both room temperature and 5.5 K. Once again, such an e�ect matches well with the

pump power dependent gain curves of Er in glass [22]. The absorptioncoe�cient

(� ) can be calculated from the absorption rate by� = � 
 a=(2� )=(c� =nef f ), where

for this cavity mode the e�ective index is nef f = 1:6 and mode overlap with the

active material is � = 0 :52. At the Er emission peak, we obtain an absorption rate

of 
 a = 2� � 6 GHz, which corresponds to an absorption coe�cient of 0.6 cm� 1 and

is consistent with absorption rate of Er doped materials in silicon nanocrystal doped

oxide and phosphate glass waveguide systems [112, 113]. Similarly, the maximum

gain (
 a > 0) obtained at 5.5 K and 290 K is
 a = 2� � 2 GHz, which corresponds to

� = � 0:22� 0:05 cm� 1. In general, we observe that at the long wavelength edge of

the main Er emission peak, cavities are pumped to transparency.
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Figure 3.13: (a) The change in linewidth between 5.5 K and room temperature, both
measured at low pump powers (below 10� W). The color of the points represents the
intrinsic cavity Q-factor (Qcav). The scaled and shifted Er spectrum is shown as a
reference.

Finally, we con�rm that the Purcell enhancement is degraded by thelarge homo-

geneous linewidth of the Er transition at both 5.5 K and room temperature. We plot

the change in the cavity linewidth at low pump power between 5.5 K and room tem-

perature for various cavities, which is representative of the absorption of the cavities

at cryogenic temperatures, and simultaneously plotQcav on a color scale in Fig. 3.13.

We observe that the change in the linewidth (i.e., the change in absorption) between

the two temperatures is not strongly correlated with the intrinsic cavity Q-factor.

Therefore, minimizing the cavity mode volume while keeping the cavity linewidth

comparable to the homogeneous Er linewidth would achieve the maximum Purcell

enhancement for Er coupled to nano-cavity structures.

3.3 InAs Quantum Dots in GaAs nanobeam laser

Two-dimensional PC cavities have had a large impact in the �eld of low-threshold

lasers [114, 115], as highQ, low Vm cavities reduce the lasing threshold by increasing

the spontaneous emission rate and channeling the enhanced emission into the cavity

mode. The 1D nanobeam cavity design of previous sections can accomplish same

e�ect, and very recently, lasing in such cavities incorporating quantum well material
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has been demonstrated [116, 117]. In this section, we couple emission from InAs

quatum dots (QDs) to nanobeam PC cavities, as the QDs have less non-radiative

decay channels than quantum wells, and thus could enable very low lasing thresholds.

Because the 1D PC lasers have small footprint, the cavities also have nanomechanical

properties that could theoretically enable tunable lasers [118]. Finally, the nanobeam

laser are also suitable for coupling to �ber taper, which is demonstrated in this section.

We employ this coupling to tune the lasing wavelength by up to 7 nm by controlling

the overlap between the cavity and the taper.

We study the lasing properties of GaAs nanobeam cavities with InAs quantum

QDs at room temperature. We employ the same cavity design as in Sec. 2.1.4,

fabricating cavities on a GaAs membrane of 240 nm (Appendix A.4). Anexample

of a fabricated structure is shown in Fig. 2.6(a). We work with the fundamental

TE-like mode (E-�eld in the xy-plane in the middle of the nanobeam) as it has

the highestQ and lowestVm among all TE-like modes. In experiment, we observe a

signi�cant reduction in Q relative to theoretical prediction (by an order of magnitude),

resulting from fabrication imperfections (such as edge roughnessfrom the dry etch

and lithographic tolerances to the hole position), or from absorption losses in the QDs

and the wetting layer. In fact, by simulating this structure directly [119] without

absorption losses, we observe a reduction inQ to Q � 20; 000.

We pump the cavities at both 780 nm (above the GaAs band gap positioned at

� g = 870nm) and at 980nm (longer wavelength than� g, but shorter wavelength than

the emission wavelength of the QDs, and slightly above the emission wavelength of

the quantum well wetting layer at 1000 nm), both at room temperature. Suspended

bridge nanobeam cavities have been shown to have very small heat conduction [99].

However, the 980 nm pumping avoids heating of the cavity at high pump powers, and

allows high power continuous wave (CW) pumping. The CW pump laser is focused

onto the beam from normal incidence with a 100� objective lens with numerical

aperture NA = 0.5. The photoluminescence (PL) from the sample is also collected

from the direction perpendicular to the plane of the chip and sent toa spectrometer

with an InGaAs CCD array. The PL from QDs in a unpatterned region of the sample

is shown in Fig. 3.14. The PL spectra of various cavities with slightly di�erent lattice
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constants and radii are also shown in Fig. 3.14, with pump powers above threshold

with the 980 nm pump. The Lorentzian �t to a cavity spectrum (pumped at 14� W,

below threshold) with Q = 9; 700 is shown in the inset of Fig. 3.14.

Figure 3.14: Normalized PL spectra from representative GaAs nanobeam cavities
with embedded InAs QDs above lasing threshold (colored points). The PL spectrum
from QDs in bulk (unpatterned �lm) is also shown (gray circles). The inset shows a
zoomed-in cavity spectrum (pumped at 14� W, below the lasing threshold) and its
�t to a Lorentzian lineshape, corresponding toQ = 9; 700.

We also study the pump power dependence of cavities by varying thepump power

of an unchopped CW 980 nm laser from as little as 0.1� W to as much as 10mW.

The output power of the nanobeam laser as a function of the pump power is shown

in Fig. 3.15(a). The experiment is repeated with the same cavity, butwith the 780

nm pump [Fig. 3.15(b)]. We �t the data to the standard rate equations [120]:

dN
dt

= �
L in

�h!V a
� N

� F
� r

+
1

� nr

�

� vggP (3.11)

dP
dt

= � vggP + � �
N
� r

�
P
� p

; (3.12)

whereN (P) represents the carrier (photon) density,F is the Purcell factor, � repre-

sents the fraction of incident pump power (L in ) absorbed in the active region,Va is
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the active volume of the laser,� r (� nr ) is the radiative (non-radiative) recombination

lifetime, vg = 1 � 1010 cm/s is the group velocity of light in the active medium,� p is

the photon lifetime of the cavity, � is the fraction of spontaneous emission coupled to

the cavity mode, and � is the mode overlap with the QDs. Because thehomogeneous

linewidth of such QDs at room temperature is approximately 10 meV [54], which far

exceeds the cavity linewidth, the Purcell enhancement is negligible (F � 1) [21]. A

logarithmic gain model g = g0ln(N=Ntr ) is used whereg0 is the gain coe�cient in

units of cm� 1 and Ntr is the transparency carrier density in units of cm� 3 [54]. The

photon lifetime � p = Q=! is estimated from the linewidth of the cavity resonance

around threshold to be 7.1 ps. The QD radiative lifetime in bulk,� r , is estimated

from the literature to be about 3 ns [54], and the non-radiative lifetime, � nr , is too

long to signi�cantly a�ect the �ts. We also expect that the non-radiative recombina-

tion occurring at the surfaces in our structures is signi�cantly lower than in quantum

well lasers, as a result of the spatial con�nement of the QD exciton. This small non-

radiative recombination rate, in addition to low threshold, causes a soft turn-on of

the laser structures shown in Fig. 3.15(a).

Since it is di�cult to estimate the gain parameters and the fraction ofabsorbed

pump power in our structures, we �t the rate equations with� , g0, Ntr , and � as

variable parameters. We simultaneously �t the data from the 780 nmpump and the

980 nm pump to the model with the same� , g0, and Ntr , but di�erent � . The best �t

to the data is obtained withg0 = 6:2� 104 cm2 and N tr = 7:9� 1015 cm� 3, comparable

to previous studies with similar quantum dots [54]. For our lasers we �nd � = 0:88,

� = 1:3 � 10� 5 for the 980 nm pump, and� = 6:3 � 10� 4 for the 780 nm pump. The

di�erence in � for the two pump powers is expected, since the 980 nm pump laser

has lower energy than the GaAs band gap and therefore is weakly absorbed (only

by QDs and the wetting layer). Despite low Purcell enhancement, a high � factor

is achieved, resulting from redirection of spontaneous emission intoa single mode,

similar to vertical nanowire antennas [121, 122]. To �nd the threshold of the laser we

use a linear �t to the light-in light-out curve above threshold, and �nd the thresholds

to be 19 � W and 0.3 � W, for the 980 nm and 780 nm pump, respectively. Again,

the reduction in threshold at the shorter pump wavelength highlights the improved



CHAPTER 3. ENHANCEMENT OF EMISSION IN 1D PC CAVITIES 66

Figure 3.15: The light-in light-out curves of a representative cavity, using CW pump-
ing at (a) 980 nm and (b) 780 nm. Fits from the rate equations, and linear �ts to
the above threshold behavior are also shown. (c) The power dependence of the cav-
ity wavelength with 780 nm and 980 nm pump. The red-shift at high pump powers
indicates structure heating, and it kicks o� sooner if the above-GaAs bandgap laser
(780nm) is employed, as expected. The inset shows the cavity intensity for larger
pump powers, where the beginning of saturation is observed toward the end of both
traces. (d) The power dependence of the cavity linewidth with 780 nm and 980 nm
pump. The pump power (horizontal axis) is measured before the objective in all
cases.

pump e�ciency with the 780 nm pump. The threshold with the 780 nm pump is an

order of magnitude lower than that (25� W) reported in Ref. [54], where a chopped
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CW pump (100 � s on in a period of 1 ms) was used to reduce heating e�ects, and

that (2.5 � W, in front of the objective) in Ref. [55], with CW pumping. We observe

a reduction in threshold despite not using any chopping, which could come from the

reduced number of QDs layers in our structure, or from the high� -factor of this

cavity design.

Figure 3.16: The thresholds of various nanobeam lasers obtained bylinear �t to the
above threshold behavior, using both the 780 nm and the 980 nm pump. Threshold
pump powers are measured before the objective lens in all cases. The Qs of various
cavities (all below threshold) are also shown.

In addition, we notice that two pump wavelengths create di�erent behavior in

the cavity heating. For both pump wavelengths, the cavity wavelength is unchanged

at low pump powers, but begins to red shift at high pump powers [Fig. 3.15(c)].

Moreover, the wavelength shift for the 780 nm pump begins at lowerpowers than the

one for the 980 nm pump, which is expected, as the 780 nm pump is more e�ciently

absorbed in the material. We also study the cavity linewidth as a function of pump

power, but observe only a small narrowing [Fig. 3.15(d)], as the cavity linewidth is

near the resolution of our spectrometer and small linewidth narrowing at threshold

is a signature of high� factor lasers [123]. There is a noticeable increase in linewidth

above 10� W pump power associated with heating losses, and again occurring sooner

with the 780 nm pump. Finally, in the inset of Fig. 3.15(c), we show the high

pump power dependence of the cavity output intensity, and the end of each trace
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represents the pump power where the cavity output starts to decrease. While the two

pump wavelengths show approximately the same power output, thecavity linewidth

is irreversibly broadened with the 780 nm before the saturation behavior (as in Fig.

3.15(d)), suggesting heating damage to the cavity. On the other hand, damage to the

cavity is not observed with the 980 nm pump.

Figure 3.17: The light-in light-out curve for the same cavity as in Fig 3.15(a)-(b),
pumped with a pulsed 830 nm laser, and by a CW 830 nm laser. The emission from
a portion of the PL spectrum not coupled to the cavity is also shown.Pump powers
are measured in front of the objective.

We also investigate multiple cavities throughout the PL spectrum of the QDs,

�nding each threshold by a linear �t to the above threshold behaviorand plotting

the results in Fig. 3.16. First, we notice that the thresholds increase by nearly an

order of magnitude as we move toward the blue side of the PL spectrum, for both

the 780 nm and the 980 nm pump. This results from the degradation of the cavity

Q-factor with decreasing wavelength (Fig. 3.16). As more quantum dots are able to

absorb the emission from the cavity, theQ falls well below the radiation limited Q

found by simulation. In addition, we also observe that the use of the780 nm pump

always results in lower thresholds than the 980 nm, by approximatelytwo orders of

magnitude. Again, this corroborates the fact that the pumping above the GaAs band

gap e�ciently delivers carriers to the QDs.

In order to check the loss mechanisms due to heating, we also pump the cavity
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with a pulsed 830 nm laser (35 ns pulse, 150 ns repetition period). It should be noted

that this corresponds to a quasi-CW regime, as the pulse duration ismuch longer

than any recombination time scales of the system, but the modulation helps reduce

heating losses. The cavity emission as a function of the peak CW power is plotted

in Fig. 3.17 for the various cases of CW and pulsed pumping. Lasing is observed in

both cases, but the pulsed pump generated a higher slope of the LLcurve. Moreover,

the saturation at higher pump powers is delayed in the case of the pulsed pumping.

This is attributed to the reduction of the heating e�ect, which leadsto higher laser

e�ciency.

Finally, we attempt to tune the wavelength of the nanobeam cavitiesby bringing

a �ber taper in close proximity to the cavity. Fiber taper fabrication details and

experimental setup are the same as in Ref. [124], and a �ber taper with a diameter

of approximately 1 � m was used in this work. In this con�guration, we are able to

both pump the cavity (at 780 nm) and collect the resulting 1.3� m emission through

the �ber. We observe the cavity spectrum as we move the �ber to di�erent positions

around the cavity, thereby changing the coupling between the �ber and the cavity.

Because the �ber has a higher index of refraction than air, the e�ective index of

the cavity is increased as the �ber overlaps more with the cavity mode, leading to a

red-shift of the cavity mode [124]. In particular, we move the �ber along the y and

z directions of Fig. 2.6(b), and plot the resulting spectra in Fig. 3.18(a). With the

movements in the two directions, we demonstrate tuning of the cavity mode by over

7 nm. In addition, the Q factor of the cavity is not greatly deteriorated throughout

the movement of the �ber, as the free space measuredQ is 5; 500, while the measured

Q in the spectra in Fig. 3.18(a) range from 3,800 to 5,400. We simulate the full

structure of the cavity with the �ber represented by a 1� m diameter silica (n = 1:5)

cylinder lying horizontally along the nanobeam long axis [inset, Fig. 3.18(b)]. We �nd

via simulation that the �ber in full contact with the nanobeam redshifts the cavity

resonance by 8.4 nm from the free space resonance wavelength, while supporting the

same cavity mode withQ = 15,000 (compared toQ=35,000 of an unoptimized design

without the presence of the �ber). These theoretical results match the experimental

result of minimal perturbation of the cavity Q in experiment, while the reduced tuning
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range of 7 nm could be due to imperfect positioning of the �ber on topof the cavity.

If we were to use thinner membranes, the tuning range of the cavity mode could be

even larger, as the design of the nanobeam cavity withd=a= 0:7 con�nes the mode

well in the z direction.

Figure 3.18: (a) Spectra from a nanobeam cavity as it is tuned by themovement of
a �ber taper in close proximity to the cavity. The free space spectrum without the
�ber taper is shown as a reference, and taper movement in they- and z-directions
(shown in Fig. 2.6) tunes the cavity mode by over 7 nm. The spectra for the tuned
cavity are scaled for clarity. (b) The lasing thresholds of one cavitypumped from
free space (normal incidence) and through the �ber taper, with collection through
the �ber taper in both cases. The �ber taper position is varied to tune the lasing
wavelengths. A reference case without any �ber tapers is also shown as the data point
with the shortest wavelength. The inset shows the geometry simulated by FDTD, as
well as thejE j2 �eld of the cavity mode in the presence of the �ber taper.

We also pump another cavity through the �ber taper and through free space (from

normal incidence) with the 980 nm laser, and with the �ber taper in various positions

near the cavity (in both cases, emission is collected via the �ber taper). We observe

lasing in both cases, with thresholds obtained from a linear �t to the above threshold

behavior, as before [Fig. 3.18(b)]. The data point with the shortestwavelength

represents the experiment without any �ber tapers, and we againobserve that the

cavity is red-shifted with the presence of the �ber taper. We also note that the �ber

taper e�ciently pumps the cavity, as we observe lower thresholds with the �ber taper

pumping than with free space pumping. This e�cient pumping is due to the localized
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pumping of the cavity from the �ber taper [125]. Furthermore, thefree space pump

case with the presence of the �ber taper has a much higher threshold than any other

case, most likely due to the �ber taper re
ecting or redirecting thepump away from

the cavity. Finally, we notice that the threshold changes by more than a factor of two

over a small wavelength range as the cavity wavelength is tuned by the movement of

the �ber taper. Such a large change is due to the change in pump e�ciency, instead

of the change in material absorption with wavelength. The taper is moved farther

away from the center of the cavity as the cavity wavelength blue shifts, leading to

reduced pumping of the cavity region and a higher threshold.



Chapter 4

Plasmonic Enhancement of

Emission from Si-compatible

Materials

We explore the alternative strategy of coupling active material to plasmonic struc-

tures. Because surface plasmon-polariton (SPP) modes have broad bandwidth, and

can be excited in larger areas, they are a good �t for coupling to emitters such as

silicon nanocrystals (Si-NCs) and Er. While Si-NCs have been previously coupled to

isolated metallic disks [126], coupling to gratings allows enhanced out-coupling and

easier con�gurations for electrical injection. We explore in greater detail the rela-

tionship between the size of plasmonic structures and the plasmonicenhancement of

emission.

4.1 Plasmonic Enhancement of Silicon Nanocrys-

tals

We �rst study the enhancement of Si-NC photoluminescence (PL) from a one-sided

metallic grating fabricated on top of an active layer. We use the fabrication procedures

described in Appendix A.6, which results in a 30 nm thick gold grating layer on top of

72
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a 70 nm layer of Si-NCs, all on top of a quartz substrate (see structure in Sec. 2.2.2).

The fabricated gratings have duty cyles of 0.6 to 0.8, but the overall trends of the PL

data do not change over this range of duty cycles. Because the SPP mode of interest

is con�ned to the Si-NCs-gold layer interface, we would expect the emission from the

SPP mode to be redirected toward the Si-NCs and subsequently toward the quartz

substrate. Hence, we pump Si-NCs with a green laser at 532 nm, andcollect the

emission from the back side of the sample with an objective lens with large numerical

aperture NA=0.5, maximizing the collection [Fig. 4.1(b)].

Figure 4.1: (a) PL from the bulk Si-NC wafer (unprocessed, i.e., without metal-
lic grating). (b) Experimental setup. (c) Fabricated gold grating,with p1 and p2
denoting the two polarizations selected in the experiments.

The experimentally observed enhancement in emission rate is:

Fmeas =
� tot

� 0 + � nr
=

� 0 + � nr + � pl

� 0 + � nr
(4.1)

where � 0 is the Si-NC spontaneous emission rate in bulk, �pl is the emission rate of

the Si-NCs coupled to the plasmon mode, and �nr is the non-radiative recombination
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rate. While the measured enhancement of collected PL intensity di�ers from the

SE rate enhancementF = � pl=� 0 from above, in the limit that the non-radiative

decay rate is negligible (�nr � � 0; � r ), the two �gures are equal (asuuming collection

e�ciencies for � 0 and � r are equal in the optical setup). On the same chip, we

create gratings with a range of periodicities and analyze the PL for each grating

period. The SPP grating modes in Fig. 2.12(b)-(d) are predominantlypolarized in

the direction perpendicular to the grating bars [p1 in Fig. 4.1(c)]. In order to separate

the enhancement due to SPP modes from other e�ects, we isolate two polarizations

(p1 and p2) in experiment by collecting with di�erent polarizer settings. The results

are shown in Fig. 4.2(a)-(b). We observe that the PL polarized in thep1 direction

(which coincides with the SPP polarization) has a shift in the peak wavelength with

respect to the grating period, while the PL polarized in the p2 direction is fairly

constant for all grating periods. The ratio of the two spectra,P Lp1=P Lp2, is then

calculated and plotted in Fig. 4.2(c). There is a noticeable shift in the peak of the PL

enhancement, and this enhancement can be strictly attributed tothe enhancement

of coupling to the grating SPP modes. The band edge mode frequencies for the

second order mode at the � point (k = 0) and the third order mode at the X point

(k = �=a ) from Fig. 2.12(a) are redrawn on top of the experimental data. The

theoretical and experimental data are a good match, as we see enhancement for the

second order mode, which is in the collection cone of our objective, and suppression

for the third order mode, which is outside of the collection cone. Forthe mode at the

� point, we obtain an experimental maximum Purcell enhancement ofapproximately

2. While such enhancements are comparable to previous references, we also note that

the obtained Purcell enhancement is averaged over the exponential decay tail of the

SPP mode. Peak enhancements for some nanocrystals are thus even larger, much

like in the case where quantum wells of smaller thicknesses are placed at an optimal

distance away from the metal-dielectric interface [24].

To reach the range of the �rst order mode, we repeat the experiment for smaller

grating periods (200 - 320 nm) as well, and plot the sameP Lp1=P Lp2 ratio in Fig.

4.2(d). We �nd that the PL emission is suppressed for grating periods below 350 nm

by as much as a factor of 2, and the theoretically predicted �rst order mode wavelength
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Figure 4.2: PL from Si-NCs near the grating for the (a) p1 and (b) p2polarizations,
from Fig. 4.1(a). (c) The ratio of PL spectra for the p1 and p2 polarizations. The
second (diamond) and third (square) order mode wavelengths from FDTD are plotted
again from Fig. 2.12(a). (d)P Lp1=P Lp2 from Si-NCs coupled to the �rst order SPP
grating mode. The FDTD calculated �rst order mode wavelengths are plotted again
from Fig. 2.12(a).

matches the suppressed PL region in the middle and lower right the �gure. Because

the �rst order grating modes fall below the light line, they will not be collected into

the objective, leading to the suppression of emission.

In order to extract the �rst order mode emission, we employ biharmonic gratings as

discussed in previous works [127, 128]. In all the examples above, the single periodicity

of the gold bars,a, establishes the edge of the �rst Brillouin zone at theX point. By

introducing a secondary periodicity (2a) twice as large as the primary periodicity (a)

into the gratings, we can scatter modes at theX point back to the � point, i.e., into

the collection cone of the objective lens. In particular, the approach that was taken

in this work was to create a skewed grating with a unit cell of two gold bars where the

unit cell period is 2a, the bar center-to-center width isa, the larger of the two bars has

width 2ad, and the ratio of the bar sizes is 1 : (1� d) [Fig. 4.3(a)]. The gratings with

primary periodicities from 200 - 320 nm andd = 0:3 are fabricated with the above
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Figure 4.3: (a) Biharmonic grating design, wherea is the grating period that couples
Si-NC to the SPP mode at�=a , and d is the duty cycle that can vary between 0
and 1. (b) The enhancement of the p1 polarization by the biharmonicgratings.
The �rst order mode wavelengths from FDTD are plotted again fromFig. 2.12(a).
(c) Enhancement for one particular grating periodicity, with the red line being a
Lorentzian �t of to data, representing quality factor Q = 16.

procedures and we plot the ratioP Lp1=P Lp2 once more for these structures in Fig.

4.3(b). We observe the same red-shift in the PL as the grating period increases, but

also observe a much narrower linewidth of the enhancement than in the enhancement

from the second order grating. We show a �t to a Lorentzian lineshape corresponding

to quality factor Q = 16 in Fig. 4.3(c). We redraw the grating periodicity against the

band edges of the �rst order mode from the FDTD simulations above, and the peak

enhancement follows the band edge at�=a well, implying that the �rst order mode

is successfully extracted via such biharmonic gratings.



CHAPTER 4. PLASMONIC ENHANCEMENT OF EMISSION 77

4.2 Enhancement of Er Photoluminescence via

Metal-Insulator-Metal modes

We can also employ SPP modes to enhance broad homogeneous linewidth emitters

such as Er, using devices like those detailed for enhancing Si-NC emission in the last

section. Because Er emits at 1.5� m, we expect reduced ohmic losses for devices in-

volving Er compared to Si-NCs. In addition, we employ metal-insulator-metal (MIM)

modes to obtain high con�nement of the SPP mode, using metallic con�nement on

two sides of an active material. The MIM con�nement becomes more e�ective for

longer emission wavelengths, as the e�ective mode volume (Vm ) of the plasmonic

mode is reduced for the same active material thickness. Active MIMdevices have

been previously considered in only III-V semiconductors [29] and in organic thin �lms

[129]. On the other hand, single-sided modes have been used to enhance Er emission,

where silver nanoparticles deposited on an Er doped silicon-oxide sample enhanced

the collected emission from an ensemble of Er ions by a factor of 2 [130].

The material properties of the Er doped nitride layer are also suitable for incor-

porations in MIM devices, as Er-doped amorphous silicon nitride (Er:SiNx ) is a very

robust material and can be deposited on a gold substrate at room temperature. Thus,

the MIM structure with Er:SiN x as the insulator can be fabricated with a bottom-

up procedure, without the need for complicated epitaxial lift-o� processes as in the

case of crystalline semiconductors [29]. We use the fabrication procedure described

in Appendix A.7, to fabricate MIM grating devices with various gratingperiods [30

nm gold grating - 52 nm Er:SiNx - 100 nm gold substrate - silicon dioxide substrate,

shown in Fig. 2.13(b)] such as the device shown in Fig. 4.4(a), imaged inan SEM.

In the experiment, we pump the MIM structure through the top-side plasmonic

grating with a 400 nm wavelength laser diode, focused by a 100� objective lens

with numerical aperture NA = 0.5. The beam is focused down to approximately a

3 � m radius, smaller than the size of the structures (10� m � 10 � m). The output

is collected through the same objective, and is directed to a spectrometer with the

pump laser �ltered out. The output PL for Er-doped amporphous silicon nitride

(Er:SiNx ) deposited on gold, as well as for a sample grown and annealed on a quartz
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Figure 4.4: (a) Top gold grating fabricated on the Er:SiNx /Au substrate imaged by
SEM. The the double arrows indicate the approximate alignment of the polarizer (0� )
(b) PL from on and o� the grating structure, as well as from a reference sample with
the same Er:SiNx thickness grown on quartz. The same excitation power was used
in all three cases. The region o� the grating is a region with Er:SiNx on top of Au
without the top metal layer.

substrate under the same conditions, is shown in Fig. 4.4(b). The PLspectrum

from the Er:SiNx layer on gold is similar to the spectrum of Er:SiNx deposited on

quartz, while the total integrated intensity from the sample on thegold substrate

is reduced by approximately a factor of 2. We perform lifetime measurements using

the demodulation technique [131], and �nd that the Er:SiNx deposited on gold has

a lifetime of 100� s. We also measure the lifetime of the quartz substrate sample,

both with and without a 30 nm gold layer on top of the Er:SiNx layer, and observe

lifetimes of 100 - 130� s. On the other hand, for samples of Er:SiNx of the same

thickness grown on quartz annealed at 1100� C, we observe lifetimes of 1.0 ms and

1.5 ms with and without a thick gold layer on top, respectively. In addition, the

integrated PL for such samples was approximately 3 times higher than any of the

samples annealed at lower temperatures. Based on these measurements, we conclude

that the large decrease in Er emission e�ciency when grown on metalis due to non-

optimal annealing conditions. However, we also attribute some losses to the imperfect

�lm quality on top of the gold substrate, but not to non-radiative decay mediated by

SPP modes on the gold substrate.

Next we vary the period of the grating, and observe the enhancement of PL relative

to the sample without the top metal layer (labeled as \o� grating"). As seen in the PL
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Figure 4.5: (a) The enhancement of integrated emission from grating structures rela-
tive to o� grating areas, as a function of grating period. The threecurves correspond
to two di�erent duty cycles ( d), and to a biharmonic grating. (b) The enhancement
of emission as a function of polarization angle for the resonant �rstand second or-
der grating modes, as well as for the resonant biharmonic grating.The emission
polarization angle dependence of the Er:SiNx on Au o� grating is also shown.

trace from an example grating structure in Fig. 4.4(b), the outputis enhanced relative

to the case without the grating. Because the observed plasmonic mode linewidth

is broader than the erbium emission, we plot the integrated PL intensity over the

emission spectrum for di�erent periods of the grating, normalized by PL from an

area o� grating [Fig. 4.5(a)]. The duty cycle d=0.7, was fabricated at low grating

periodicities, due to minimum feature sizes required for lifto�, while a higher duty

cycle of d=0.8 was fabricated for higher grating periods. We �nd several resonant

grating periods with maximum enhancement of approximately 4 and 3,respectively,

for the periods of 250 nm and 800 nm. These correspond well to theFDTD calculated

grating periods of 300 nm and 740 nm for the �rst and second ordermodes with

resonances around� 0 = 1.54 � m. The particular resonant grating period of 250 nm is

well below the�= (2n) cuto� of purely dielectric modes, suggesting that the enhanced

emission is coupled to plasmonic modes. Finally, the enhancement rolls o� as the

grating becomes non-resonant, with the enhancement of emissionreturning to unity.

From the FDTD calculation, we estimate theQ-factors of the �rst and second order

modes to be 3 and 5, respectively. We do not expect the linewidth of these modes

to be broadened by collecting more than one point of the dispersion relation, as we
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�lter for one emission direction in the Fourier plane of the collection path without

observing any changes in the spectral shape of the emission.

In addition, we perform polarization measurements on the periodic array by plac-

ing a half waveplate followed by a polarizer in the collection path. In all subsequent

measurements, the horizontal direction (0� ) corresponds to the polarizer set perpen-

dicular to the grating bars (i.e., aligned with the wave-vectork), as shown in Fig.

4.4(a). In Fig. 4.5(b), we plot the angle dependence of the integrated emission inten-

sity from structures at the two maxima of enhancement in Fig. 4.5(a), as well as from

a region o� grating. First, we �nd that the emission from o� grating is unpolarized, as

the angle dependence of the emission is mostly 
at with minor perturbation coming

from the angle dependent de
ection from the optics. For the �rstorder mode with the

highest intensity enhancement, we �nd that the 0� polarization is greatly enhanced

compared to the o� grating emission, by factor of 7. As the polarization dependent

enhancement rejects one half of the unpolarized o� grating emission, the peak angular

enhancement corresponds well to the peak enhancements of 3 to4 measured without

the polarizer. The maximum enhancement at 0� is expected, as the SPP mode is a

longitudinal mode with polarization parallel to its k-vector. On the other hand, the

emission in the orthogonal polarization is greatly suppressed. The suppression indi-

cates that the PL in the orthogonal direction does not couple to the grating mode.

In such a manner, the one-dimensional grating is an e�cient polarization selective

enhancement device.

We also attempt to enhance the output by employing biharmonic gratings as in

previous reports [92]. Again, due to limitations in fabrication, the duty cycle was

kept low for proper lifto�. The maximum duty cycle fabricated has average metal

coverage of 56%. The enhancement with respect to the fundamental grating period is

plotted in Fig. 4.5(a) and the angle dependence of the emission from the grating with

maximum enhancement plotted in Fig. 4.5(b). As expected, the resonant grating

period matches well with the resonance of single period grating, andalso maintains

the broad resonance of the �rst order grating modes. However,the maximum angle

dependent enhancement increased to only 9.

In order to enhance the output for both polarizations, we fabricate nano-particle
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Figure 4.6: (a) The design of the square array of square metal particles. (b) The
enhancement of emission from the shown nano-particle array structures relative to
o�-array areas, as a function of array period (a). (c) The angle dependence of the
emission from a near-resonant nano-particle array with lattice constant of a = 290 nm.

arrays using the same procedure. In particular, we design a square lattice of square

metal particles, with similar lattice constant as the one-dimensionalgratings and duty

cycled=0.7 as de�ned in Fig. 4.6(a). We pump these structures in the same manner

and observe the intensity of the output, plotted in Fig. 4.6(b). We note a maxi-

mum enhancement of approximately 12 for some structures, and the resonant lattice

constant is similar to the resonant grating period of the one-dimensional grating. In

addition, by measuring the angular dependence of the enhancement for the resonant

lattice constant a = 290 nm as shown in Fig. 4.6(b), we notice that the output is

unpolarized, which is expected from the symmetry of the two orthogonal plasmonic

modes in the square lattice. We do not observe the diagonal traveling modes with

grating period 250 nm/
p

2, most likely due to the lack of symmetry of the individual

square particles.

As shown in Figs. 4.5 and 4.6, we managed to collect emission from the �rst

order modes of both the grating and the nano-particle array although they should

be positioned below the light line. This suggests that scattering fromrough metal

surfaces or plasmonic resonances localized to individual metal particles, as opposed

to coupled grating modes, may be the dominant e�ect in the observed enhancement.

In order to study this e�ect in greater detail, we fabricate squarearrays with the

design in Fig. 4.6(a), but vary the duty cycle fromd = 0:3 to d = 0:7. We plot the
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enhancements corresponding to various duty cycles in Fig. 4.7(a).By plotting the

enhancement versus the particle width (w = d � a) in Fig. 4.7(b), we notice that the

resonances correspond to similar particle widths, especially for low duty cycle. This

indicates that modes localized to individual particles are the main contributors to

emission enhancement and extraction. Furthermore, as the dutycycle increases, the

particle width corresponding to maximum enhancement decreases.This is explained

by the formation of coupled modes between the particles. For coupled modes, as

shown by the �eld pro�les in Fig. 2.13(b)-(c), the MIM mode is more con�ned to

the Er:SiNx layer, thus increasing the e�ective index. Such an e�ect in turn slightly

reduces the frequency of the MIM mode for the same particle width, and requires

a smaller particle to achieve the same resonant wavelength. We also note that the

arrays of smaller period maintain relatively high enhancement despitebeing away

from the plasmonic resonance. However, the modes of these closely packed particles

resemble traveling waves of an unpatterned MIM slab (instead of individual particle

resonances) and thus have wide bandwidth. Finally, the maximum enhancement

increases with duty cycle. Because the e�ective pump reaching theEr decreases with

increasing duty cycle (due to the presence of more metal), this indicates that the

actual enhancements in the high duty cycle arrays are even higherthan 12 and higher

than in the low duty cycle case.

Figure 4.7: (a) The enhancement of emission from a square array ofsquare metallic
particles (Fig. 4.6(a)), as the duty cycle (d) and lattice constant (a) are varied. (b)
The same set of data is replotted against the particle width,w = d � a.

Finally, we attempt to quantify the coupling between the particles asa function
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of particle separation and polarization. To do this, we fabricate rectangular arrays,

where in the horizontal direction, gratings have widthw = 0:8a, and we vary the

period a. In the other direction, we vary period (v) by increments of 200nm, with

metal bar height (h) �xed to be 0.4v [Fig. 4.8(a)]. We measure the enhancements for

di�erent horizontal and vertical distances without a polarizer, and plot the results in

Fig. 4.8(b). Here, we observe that the resonant horizontal periods of 210 nm and 550

nm are the same for all three vertical periods, while the overall enhancement is reduced

for higher vertical period. This suggests that the plasmonic oscillations that enhance

emission at the resonant grating periods are primarily in the horizontal direction, and

that the oscillation frequency does not change with inter-particle separation in the

vertical direction. The reduction in enhancement for larger vertical separation is due

to the reduced overlap between the SPP mode and the active material for large v.

Figure 4.8: (a) Asymmetric particle arrays used to examine the role of inter-particle
distance in the directions parallel and perpendicular to the plasmonicmode polar-
ization. The vertical period v and horizontal perioda are changed independently of
each other. The polarization of the plasmonic resonances observed is shown by the
double arrows. (b) The enhancement of emission from asymmetric particle arrays as
a function of horizontal perioda, while v is changed. Vertical periodv is increased in
increments of 200 nm. The particle has a width ofw = 0:8 a, and height ofh = 0:4 v
for all measurements. The horizontal perioda that produces maximum enhancement
remains the same for allv. (c) The enhancement of emission from arrays wherev is
�xed at 600 nm, h is �xed at 360 nm, and the horizontal width and period are varied
independently.

In order to determine the role of inter-particle spacing in the direction of the

plasmonic mode polarization, we fabricate gratings with the same �xed v = 600 nm
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and h = 360 nm, but vary the horizontal particle width w and horizontal period

a [Fig. 4.8(a)]. We plot the enhancement against the particle width for di�erent

horizontal separations in Fig. 4.8(c). As with the square lattice arrays, we observe a

distinct shift in the resonant horizontal particle width as the horizontal inter-particle

spacing is varied. The resonant particle width increases as the particles are pulled

away from each other, again suggesting a decrease in the coupling between SPP

modes on separate particles and a decrease in the overlap with the active material.

This con�rms that the particle arrays have resonant �elds con�ned to the individual

particles for large inter-particle separation, while supporting coupled modes for small

inter-particle separation. We also note that the peak enhancement decreases with

increasing particle separation abovea � 1:3w, suggesting that coupled modes, with

higher overlap with the active material, increase the overall enhancement. While

the a = 1:1w case has lower peak enhancement, pumping e�ciency and outcoupling

e�ciency are reduced because of large metal coverage, and the e�ective enhancement

may be larger.



Chapter 5

Passive Nanobeam Cavities

In this section, we experimentally demonstrate highQ passive cavities in silicon diox-

ide and silicon, which have relatively low and high index of refraction forsemicon-

ductor materials, respectively. We develop highQ cavities in these systems also

using the nanobeam photonic crystal cavity design. The possible applications include

bio-sensing and nano-opto-mechanics (described in Chapter 6).

5.1 Silicon dioxide nanobeam cavities

Silicon dioxide is an abundant material which is convenient for bio-medical appli-

cations because of the easy fabrication, low toxicity, and low absorption at visible

wavelengths. However, designing a high-Q, small mode volume cavity in this mate-

rial is a challenge, because of its low refractive index (n = 1:5) and the associated

small size of the 2D PC bandgap. We use the low dimensional 1D PC (nanobeam)

cavities that enables highQ.

We fabricated the device from Sec. 2.1.1 using the procedure in Appendix A.1, on

a 270 nm thick SiO2 layer on top of Si. The �nal fabricated structure is shown in Fig.

2.1(a). We vary the lattice constanta from with 260 nm to 300 nm in fabrication to

create cavities with a variety of wavelengths.

We characterize the cavities using the cross-polarized re
ectivitymeasurement

technique [58, 108]. In summary, white light linearly polarized 45� from the cavity

85
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Figure 5.1: (a) The cavities spectra measured in re
ectivity from structures with
di�erent lattice constants are normalized and shown together, with �ts to Lorentzian
lineshapes plotted on top of the data points. The cavity spectra are shown from
left to right with increasing a. (b) The Qs of the cavities shown in part (a) plotted
against the wavelengths of the cavities. (c) The angle dependenceof the re
ectivity
amplitude. The horizontal axis corresponds to the half-waveplateangle, which is
placed in front of the objective lens that is in front of the chip (and thus placed in
both the incident and collection paths). The �t to the re
ectivity am plitude shows a
period very close to�= 4, indicating a linearly polarized cavity mode.

polarization is directed at the cavity through an objective lens fromabove (z direc-

tion), and emission in the polarization orthogonal to the excitation (135� ) is collected

also from above and detected by a spectrometer. The fundamental mode of the cavity

is linearly polarized in the direction perpendicular to the beam length [y-polarized in

Fig. 1(b)], much like the fundamental TE mode of a rectangular slab waveguide. We

observe cavities of di�erent resonant wavelengths that span 600-716 nm in the visible

wavelength range for di�erent lattice constants, as shown in Fig. 5.1(a). The cavities

are shown from left to right with increasinga. The measured cavity wavelengths and
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Qs of the cavities are plotted in Fig. 5.1(b). While the measuredQ = 5; 000 is lower

than the simulated value of 20,000, and the reduced value can be attributed to fab-

rication tolerances of the hole positions and edge roughness of theetched structure.

Nevertheless, the experimentally achievedQ is a signi�cant fraction of the simulated

value. Similarly, the local variations ofQ in Fig. 5.1(b) can be attribute to the same

causes. By placing a half-waveplate in the incident/collection path, we con�rm that

the observed cavity mode is linearly polarized, as the angle dependent re
ectivity

amplitude has a period of�= 4 with respect to the half-waveplate angle [Fig. 5.1(c)].

5.2 Silicon nanobeam cavities

High Q passive cavities in Si (without light emitters) are also interesting fora variety

of applications, as Si is transparent in the telecommunication wavelengths around 1.5

� m, where cavities in Si can serve as �lter banks and other functions. In addition,

the Si cavities can be used for studies in optomechanics, as discussed in Chapter 6.

An alternative cavity design to the designs used in Chapter 3 (wherethe holes

size shrinks toward the center of the cavity) is the design in Sec. 2.1.4, where the

holes radii are tapered down away from the central cavity. We fabricate the single

beam cavities (length of 13� m, single beam widths of 550 nm,r = 0:28a, and the

total cavity length is 34 holes), again with the procedures described in Appendix A.5,

on a 160 nm thick SOI sample. The fabricated cavity is shown in Fig. 5.2(a), and

also has waveguides attached con�gured for cross-polarization measurements [such as

the ones shown in Fig. 6.1(a)]. The optical transmission spectrum is shown in Fig.

5.2(b), and again we observe the multiple orders of modes. The insetof Fig. 5.2(b)

shows a laser scan of the fundamental mode, with a �t to a Lorentzian lineshape with

Q = 1:3 � 105. Thus, we are able to measure the cavity transmission of a high-Q

cavity in this con�guration.
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Figure 5.2: (a) SEM image of the fabricated structure with the alternative hole taper-
out design. (b) The transmission spectrum of this cavity found witha broadband LED
bank. The inset shows a laser scan of the fundamental cavity peakin transmission,
along with a �t to a Lorentzian lineshape with Q = 1:3 � 105.



Chapter 6

Optomechanics in One-dimensional

Photonic Crystal Cavities

Optomechanics, the study of the interaction between light and mechanical motion, has

recently captured the imagination of photonics researchers [132,133]. For example,

researchers have probed radio frequency (RF) mechanical motion of nanometer sized

objects [67, 134]. In addition, proposals for using the optical gradient force to induce

mechanical motion [135, 136, 137] with [134, 138, 139, 140, 141] and without [142,

143, 144] the use of an optical cavity have been experimentally demonstrated. In fact,

at very high optical and mechanical con�nement [134, 145, 146], the amplitude of a

mechanical mode can be greatly increased. In such a manner, cavities with passive

light emitting materials can serve as active emission sources of phonons.

The experiments above have been done with continuous-wave (CW)excitation of

an optical cavity or modulated excitation of a waveguide. However,the CW excitation

mechanism requires the mechanical motion to induce an out-of-phase modulation of

the laser input, as only those forces in quadrature with the mechanical motion perform

mechanical work on the structure. Such e�ects are generally small, as the thermal

motion of the structure only weakly perturbs the optical transmission properties of

a waveguide or cavity. In the CW case, the amount of work done on the mechanical

cavity is proportional to � � 2, where � is the optical �eld decay rate in the cavity.

89
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However, an alternative to increase the transduction between optical power and me-

chanical motion is to use modulated pumping [142, 143]. Such a schemecan do work

that is proportional to � � 1, and greatly reduce the amount of power needed to excite

the mechanical mode (see Appendix D). In this section, we demonstrate the use of

optical pump modulation in conjunction with an optical cavity to reduce the amount

of power needed to actuate the mechanical mode. Because of theoptical con�nement

and recirculation of photons, we hope to obtain large mechanical oscillations without

regenerative feedback.

In particular, we choose to work with the double beam one-dimensional photonic

crystal (PC) cavity con�guration in silicon, such as the cavities in Sec. 5.2. Due to its

high optical quality factor (Q > 104), which enhances the circulating optical power

inside the cavity, and low mode volume (� (�=n )3), which also enhances the local

�eld potential, the PC cavity can greatly enhance the optical gradient force. The

optomechanical coupling rate is de�ned as:

gOM =
d!
dx

; (6.1)

where ! is the optical cavity frequency andx is the mechanical displacement of the

cavity. By using cavities where theE-�eld is increased near material boundaries (such

as in a slotted design [67, 147]), the frequency perturbation with mechanical motion

and the optomechanical coupling can both be tailored.

We fabricate devices on a silicon-on-insulator (SOI) wafer with a 150nm thick

layer of Si and a 1� m thick oxide layer, such as the cavity shown in Fig. 6.1(a). The

beam cavities have lengths of approximately 13� m, single beam widths of 550 nm,

and a middle slot width of 100 nm. We use the design of Ref. [76], and detailed in

Sec. 2.1.4 with the hole lattice constanta = 400 nm. The hole at the center of the

cavity has radiusr = 0:28a, and the total cavity length is 34 holes. The cavities are

fabricated with the procedures in Appendix A.5 on a 160 nm thick siliconon insulator

(SOI) layer with a 1 � m oxide sacri�cial layer. In addition to the beam cavity, we also

attach coupling waveguides on both sides of the cavity, and one of the waveguides is

bent 90� to con�gure the device to be probed in a cross-polarization geometry [Fig.
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Figure 6.1: (a) Scanning electron microscope image of the fabricated cavity. The Ey

�eld of the (b) TE 1;+ and (c) TE2;+ optical modes. (d) The �rst order common in-
plane mechanical mode, and (e) the �rst order di�erential in-planemechanical modes
are plotted with the color map assigned to the in-plane (y) motion.

6.1(a)] [58, 108].

We �rst simulate the beam cavities in the optical regime using the three di-

mensional �nite-di�erence time-domain (3D-FDTD) method. Double beam cavi-

ties support bonded (+) and anti-bonded (� ) optical super-modes, formed from the
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transverse-electric (TE) modes of the individual beam cavities. Inparticular, the Ey

�eld is symmetric or anti-symmetric about the xz-plane going through the slot for

the bonded and anti-bonded modes, respectively. We �nd that the�rst (TE 1;+ ) and

second (TE2;+ ) order bonded modes [see Fig. 6.1(b)-(c)] have theoretical radiation-

limited Qs of 30,000 and 1,500, respectively. We observe an enhanced electric �eld in

the air slot region for the bonded modes because of the continuity conditions for the

dominant Ey �eld at the slot boundaries (i.e. continuity of the displacement vector

� ~E). Thus, we expect that the bonded optical modes have the highest optomechanical

coupling to the in-plane mechanical modes, as the high electric �eld concentration

in the middle of the cavity enhances the change in the optical cavity frequency with

mechanical deformations. For this reason, we work with the �rst and second order

bonded optical modes in our experiments.

We experimentally analyze the optical properties of the cavity usingthe setup in

Fig. 6.2(a). We pump the cavities with a broadband LED bank, which is coupled

into a waveguide using a dielectric grating coupler. We align the cavity such that the

input grating polarization is along jH i , while the output polarization is alongjV i ,

to obtain the maximum signal to noise ratio. The transmission characteristics of the

cavity are shown in Fig. 6.2(b), where we are able to observe the �rst two orders

of the bonded and the anti-bonded modes. We are able to di�erentiate the bonded

modes from the anti-bonded modes by moving the input beam on the grating coupler

to change the input parity. The �rst order modes have highQ-factors, and we use a

tunable laser to fully characterize the cavity. The laser scan at low input powers (1

nW) shows a Lorentzian spectrum withQ � 15; 000 for the bonded �rst order mode

(TE 1;+ ) [inset, Fig. 6.2(b)]. In addition, we observe that the higher order bonded

mode (TE2;+ ) has Q � 2; 000. BothQ values are comparable to the FDTD simulated

values.

We next use the COMSOL �nite element solver to �nd the frequenciesof the

mechanical modes, using library parameters for silicon: Young's modulus of 131 GPa,

Poisson's ratio of 0.27, and a density of 2.33 g/cm3. As described above and in

previous work [67], mechanical modes with in-plane (in this case, referring to the xy

plane) motion will have signi�cant optomechanical coupling to the bonded modes. In
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particular, we �nd the �rst order common and di�erential modes for in-plane motion

[67]. The common and di�erential modes have the beams moving in phase and out

of phase, primarily in the y-direction, and have displacement pro�les shown in Fig.

6.1(d) and (e), respectively. By simulating the structure observed in the SEM image,

we �nd that these two mechanical modes have mechanical frequencies of 25.72 MHz

and 26.74 MHz. We �nd the optomechanical coupling strength similarlyto previous

work [134], with the optomechanical coupling length de�ned as:

1
LOM

=
1
2

R
dA

�
dq
d� � n̂

� �
� � jE jj j2 � �( � � 1)jD? j2

�

R
dV �jE j2

: (6.2)

Here, q is the mechanical displacement,� is the parameterized displacement of the

mechanical mode, ^n is the surface normal vector,E jj is the electric �eld parallel

to the surface, D? is displacement �eld normal to the surface, �� = � 1 � � 2, and

�( � )� 1 = � � 1
1 � � � 1

2 , with � 1 being the dielectric constant of silicon, and� 2 the dielectric

constant of the surrounding medium. Because of the highE-�eld enhancement in the

slot and the di�erential mechanical resonance having opposite parity to the Ey �eld,

we observe very strong optomechanical coupling lengths ofLOM = 1.3 � m and 1.8

� m for the coupling between the di�erential mechanical mode and theTE1;+ and

TE2;+ optical modes, respectively. On the other hand, the coupling between the

TE1;+ and TE2;+ optical modes and the common mechanical mode was calculated to

be far weaker (LOM > 40 � m), because this mechanical mode has the same parity

as the optical �eld.

In order to �rst characterize the mechanical modes of the system, we pump the

second order bonded mode with a red detuned probe laser, at the cavity half-max,

with low pump power (300� W before the objective) to observe the mechanical modes

in air. The transmission signal is �ber-coupled and sent to a photodiode detector with

a transimpedance gain of 2:5� 104 V/A and a bandwidth of 125 MHz, and the electri-

cal signal is then read by an RF spectrum analyzer. We estimate coupling e�ciencies

of 2% to the TE2;+ mode and 0.5% to the TE1;+ mode, assuming symmetric losses

at the input and output gratings, and accounting for the transmission losses of the

coupling waveguides using FDTD simulations. We observe the two mechanical modes
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in the RF spectrum, shown in Fig. 6.3(a), which correspond well to the simulated

in-plane mechanical mode frequencies, and slight discrepancies canbe attributed to

minor di�erences in the clamping conditions of the fabricated device.Because of the

low optical Q of the TE2;+ mode and the low optical power buildup, we do not ob-

serve the giant optical spring e�ect seen in previous works [67, 141], as the mechanical

modes do not change frequency with increasing pump power. We alsodo not observe

signi�cant changes in the optical cavity wavelength with pump power, suggesting min-

imal heating. Because of the mechanical damping of the ambient atmosphere, the

mechanicalQ-factors of these modes are limited to 50-100. When we test the same

cavity in vacuum, we observe the two modes more clearly, as shown inFig. 6.3(b).

In vacuum, the mechanicalQs are as high as 2,500, and are limited by the clamping

geometry of our cavity. We choose to work with the higher frequency mode (the

di�erential mode), as it is the in-plane mechanical mode with higher optomechanical

coupling to the second order optical mode.

Next, we pump the TE1;+ mode with a second (pump) laser tuned to the optical

cavity resonance wavelength and sinusoidally modulated near the RFfrequency of

the mechanical mode, while keeping the �rst CW laser tuned to the half-maximum of

TE2;+ . We observe the e�ect of the second, modulated laser on the RF modulation of

the �rst laser. We scan through the �rst-order optical mode withvarious unmodulated

powers, and observe that the �rst order cavity resonance is notsigni�cantly changed,

suggesting that the injected power on the �rst order optical mode does not change the

temperature of the beam, and thus does not modulate the beam transmission via the

thermo-optic e�ect. Although both lasers pass through the cavity and are extracted

with the same output grating coupler, the laser on TE1;+ is blocked by a band-pass

�lter centered at 1550 nm with a full-width at half-max of 12 nm. The power of

the laser on TE1;+ is modulated by a Mach-Zender interferometer modulator with

a bandwidth of 2.5 GHz and full modulation depth [Fig. 6.2(a)]. First, we�x the

input power on the �rst-order optical mode at under 2� W, and scan the modulation

frequency through the mechanical resonance. When we tune theRF input frequency

near the mechanical resonance frequency, we observe a narrowresponse in the RF

spectrum (of the laser on TE2;+ ) [Fig. 6.3(c)]. In addition, as the RF input frequency
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Figure 6.2: (a) The optical setup used to probe the optomechanical cavity. (b)
Spectrum of the cavity observed in transmission using a broadbandLED. The �rst
and second order bonded (+) and anti-bonded (� ) modes are labeled. The inset
shows a laser scan of the TE1;+ cavity mode for excitation, with a �t to a Lorentzian
lineshape havingQ � 15; 000.

is tuned around the mechanical resonance frequency, we observe that the integrated

power within the narrow bandwidth response matches exactly thatof the mechanical

cavity resonance [Fig. 6.3(d)], suggesting that the optical power inthe �rst order

mode is modulating the transmission properties of the second ordermode through

the mechanical resonance. In addition, we observe the Lorentzian mechanical mode

with far better signal to noise, and can observe the tails of the mechanical mode even

when detuned by more than three mechanical cavity linewidths.

We also measure the RF response of the probe laser on TE2;+ as we change the

power of the modulated pump laser on TE1;+ . We �rst do so with the probe power
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Figure 6.3: The RF spectrum of the mechanical modes under study in(a) ambient
atmosphere, and in (b) vacuum. (c) The time averaged spectrum of the di�erential
mechanical mode from part (b) is shown (green points), observedas RF sidebands
of the laser tuned to TE2;+ . The non-averaged RF spectrum showing the sharp RF
response when a modulated laser is pumped on TE1;+ is also plotted (blue line). The
inset shows the same data zoomed in, to observe the thermal driven mechanical mode
in the background. (d) The integrated power within the sharp RF response of the
laser on TE2;+ [from (c)] with di�erent RF modulation frequencies of the laser on
TE1;+ . The two dotted curves correspond to two di�erent average input powers on
the �rst order mode and �xed input power on the second order mode. A closer zoom
of the mode shown in part (b) of the �gure is shown as a reference at the bottom
(blue).

for TE2;+ �xed at 2 �W coupled into the cavity, and observe the RF response with

varying average power on TE1;+ for di�erent RF detunings from the mechanical reso-

nance [plotted on a log-log scale in Fig 6.4(a)]. Similar to the data in Fig. 6.3(d), we

observe the RF response is decreased as the modulation frequency is detuned from
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the mechanical resonance. We observe that the relationship between the integrated

power in the RF response and the input laser power on TE1;+ is quadratic for all

detunings. This is expected, as the RF spectrum analyzer measures the power of the

voltage signal from the transimpedance ampli�er of our detector,and that power has

a quadratic relationship with the ampli�er output voltage and thus a quadratic rela-

tionship with the output RF oscillation amplitude. This indicates a linear relationship

between displacement and input pump power on the �rst order mode.

We also measure the RF power spectrum from TE2;+ when we �x the average laser

power on TE1;+ , and increase the power of the pump on the second order mode, as

shown in Fig 6.4(b). Again, we observe that the integrated RF response of the driven

mechanical mode is quadratic with the input power, which is expectedas the sideband

amplitude is linearly related to the probe power. We also obtain the RF response as

a function of the input power on TE1;+ for various probe powers on TE2;+ , shown

in Fig 6.4(c). The RF response is reduced for lower input powers, as the sideband

powers are proportional to the input probe power. However, we are able to observe

an RF response with only 100 nW coupled to the TE1;+ mode to drive the mechanical

oscillations, and only 200 nW coupled to the TE2;+ mode to sense the mechanical

motion.

Finally, we compare the e�ciency of exciting the mechanical mode in vacuum and

in ambient atmosphere. We �x the input power for the probe laser onthe TE2;+

mode in both air and vacuum to 2� W, and obtain the same output coupled power

into our photodetector. We obtain the power series from the samecavity under

both conditions, which is shown in Fig. 6.4(d). As expected, the amplitude of the

mechanical oscillation is signi�cantly higher in vacuum than in ambient atmosphere,

due to the higher mechanicalQ. In fact, the experimentally measured factor of 20

between the power needed to generate the same RF response in airand vacuum

matches well with the ratio of mechanicalQs for the two conditions (31).
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Figure 6.4: (a) The integrated intensity in the RF response collectedfrom TE2;+ as a
function of average input power on TE1;+ for di�erent detunings of the RF modulation
frequency from the mechanical resonance at a �xed probe power(2 � W) on TE 2;+ .
(b) The integrated intensity in the RF response as a function of di�erent probe powers
on TE2;+ , at two di�erent �xed average pump powers on TE1;+ . (c) The RF response
as a function of input power on TE1;+ with di�erent probe pump powers on TE2;+ .
(d) The integrated RF response as a function of average pump power on TE1;+ . The
two curves correspond to the response at ambient atmosphere and in vacuum, both
with the same probe intensity on the TE2;+ (2 � W).



Chapter 7

Conclusion and Future Directions

Because of the low light emission e�ciency of silicon compatible materials, signi�cant

research must be done to promote the integration of electronics and optics. We have

demonstrated a variety of nanophotonic structures to enhancethe emission of silicon

compatible materials, and demonstrated that these devices can also be applied to

novel studies such as optomechanics.

First, we have theoretically and experimentally implemented highQ 1D PC cav-

ities for low index materials such as silicon oxide and silicon nitride. Due tothe

reduced dimensionality, 1D PCs have bandgaps that are more conducive to making

con�ned cavities modes. We have designed cavities withQ > 10; 000 for materials

with index as low asn = 1:5, and implemented the same designs for higher index

materials. We were also able to obtain experimentalQ > 5 � 103, while maintaining

low mode volumes in SiO2, while obtaining Q > 105 in a high indexn = 3:5 Si system.

We have also applied these cavities to a variety of active materials, including Si-NC

doped silicon oxide, Er-doped silicon nitride (Er:SiNx ), and InAs quantum quantum

dots (QDs) in GaAs. First, we fabricated the nanobeam cavities in the Si-NC mate-

rial, operating in the visible wavelengths. We were able to measure thefree carrier

absorption processes in such cavities, indicating that the absorption cross-section of

the Si-NCs is further increased when the NCs are placed in a highQ, low Vm cavity,

and we observed a di�erence in behavior between room temperature and cryogenic

temperatures. We also applied the nanobeam design to the Er:SiNx system. We

99



CHAPTER 7. CONCLUSION AND FUTURE DIRECTIONS 100

have observed enhanced absorption and gain characteristics in the Er:SiNx compared

to our previous work with a hybrid Er:SiNx -Si PC cavity [96], due to the increased

overlap of the cavity mode with the active Er material and the reduction of mate-

rial losses. Because of the reduced loss mechanisms, we were able to observe material

transparency at both room temperature and cryogenic temperatures. Finally, we have

demonstrated low threshold CW lasing from InAs QDs embedded in 1D nanobeam

PC cavities. We have investigated the wavelength dependence of the lasing threshold,

and we have demonstrated that the nanobeam cavity laser can be tuned by a �ber

taper in close proximity to the cavity.

In the future, the development of higherQ photonic cavities and the improvement

of emission properties of the employed materials should occur simultaneously. The

increase of photon con�nement and the reduction of loss processes such as free carrier

absorption will enable devices to reach the lasing threshold at lower pump power, and

spawn devices with a variety of applications. The nanobeam cavities inparticular

are interesting for sensor applications, as their cavity modes havehigh overlap with

the environment. In addition, the narrow linewidths of nanobeam cavities and the

compatibility of the design with a variety of materials could be an enabling technol-

ogy for displays, as accurate control of colors can be de�ned from a broad emission

background. Nevertheless, cavity design for low index materials remains an inter-

esting challenge, as ultrahighQ (> 106) cavities have yet to be fabricated. Finally,

the mechanical properties of the nanobeam cavity should be explored, as mechanical


exibility should translate into 
exibility in manipulating the optical prop erties of

cavities through a variety of mechanical forces.

As an alternative to high-Q photonic modes, we have also designed plasmonic

cavity and grating structures that have moderateQ but low mode volumes that break

the di�raction limit. First, we have proposed and studied a planar DBRplasmonic

cavity that could enable high radiative quality factor. We have demonstrated that

such a cavity indeed arises from the bandgap e�ect of plasmonic gratings, and that

small Vm cavites can enable high Purcell enhancements. We have also demonstrated

enhancement of emission from Si-NCs coupled to wide area SPP grating modes and

Er:SiNx coupled to metal-insulator-metal (MIM) SPP modes. Because of the higher
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con�nement of the MIM mode, we were able to demonstrate an order of magnitude

increase in collected emission intensity from a MIM structure with Er:SiNx as the

active material. The device has been fabricated with simple bottom-up procedure and

does not require complicated 
ip-chip bonding [29]. In addition, we have identi�ed

both local and coupled SPP modes supported by metallic gratings andnano-particle

arrays.

For all of the plasmonic structure designs, future work should focus on con�ning

the electromagnetic �eld in the third dimension (besides the SPP evanescent �eld

direction and the DBR direction), so as to fully realize the small mode volumes of the

SPP modes. In addition to improving the material properties of silicon-compatible

emitters, work should also focus on improving the fabrication processes so that metals

can be placed next to active materials without reducing the e�ciencyof emitters.

Finally, metallic systems such as the MIM structure certainly have the potential to

be electrically pumped since the metal layers could serve as the electrodes, and proper

band engineering must be investigated to inject carriers into the active material in

this con�guration.

Finally, we have demonstrated resonant actuation of a mechanicalmode with op-

tical gradient forces in a Si nanobeam cavity. The input power needed to observe

driven motion of the mechanical cavity is greatly decreased in the presence of an

optical cavity, and hundreds of nanowatts can drive the mechanical motion via a

modulated laser coupled to a second cavity mode. The research of optical forces

coupled to mechanical structures is nascent, and there are a variety of opportunities

available. First, the mechanical motion itself can be thought of as anactive mate-

rial, generating phonons. Thus, the control, emission, and transport of the phonon

quantum can be greatly explored. In addition, the mechanical deformations can be

coupled to a wide variety of active materials, such as InAs quantum dots, and the

rich area of electron-phonon interactions can be explored. Finally,the actuation of

mechanical motion can also be used for a variety of applications, such as mechanical

motors that do work on nanometer-sized objects, �nally enabling Richard Feynman's

dream of machines building machines on the nanoscale.

Because of the new capabilities and �gures of merit achieved by optical cavities,
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new applications using the control of light at the nanoscale will continue to become

available, from telecommunications to lighting, from quantum optics to mechanical

motion. As always, there will need to be foresight to �t nanoscale devices into the

niche demands and appropriate usage. The future of nano-opticswill certainly be

bright as the �eld �nds and meets the desirable applications.



Appendix A

Fabrication

The speci�c fabrication processes for the various photonic crystal and plasmonic

structures are described below. The electron beam resist (polymethylmethacrylate

- PMMA, or ZEP-520A) was spun by the Headway spinner. ZEP-520Arequires a

30 minute warm up time at room temperature. Both PMMA and ZEP-520A were

baked at 200� C for 2 minutes. After etching or evaporation, PMMA was removed by

acetone, while ZEP-520A was removed by remover PG, with or without sonication. If

additional cleaning was required, an oxygen plasma was used at 20 sccm, 150 mTorr,

and 100 W RF power on Drytek 4.

A.1 Silicon Dioxide beam cavities

We start by oxidizing a silicon wafer, forming a 270 nm layer of SiO2 on top of silicon.

Next, e-beam lithography is performed with a 250 nm layer of ZEP-520A as the resist

(8.0 krpm spin). After development of the resist, the pattern is transferred to the

oxide layer with a CHF3:O2 (100 sccm/2 sccm ratio) chemistry dry etch, at 100 mTorr

and 150 W forward power (Drytek 4) for 380 s. Finally, the beam is undercut with

a 1.0 Torr XeF2 dry etch for 30 s, removing approximately 4� m of silicon under the

oxide layer.
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A.2 Silicon dioxide beam cavities with embedded

Si nanocrystals

The Si-NC doped oxide layer is grown on top of a silicon substrate by PECVD at

350� C in a N2 atmosphere with a gas 
ow of SiH4:N2O=1400:300 sccm. The growth

rate is approximately 46 nm/min, and the �nal oxide thickness is 200 nm. The sample

is then annealed in a N2 atmosphere at 900� C for 1 hr, followed by a forming gas (95%

N2, 5% H2) anneal at 500� C for 1 hr. The refractive index of the layer is measured

asn = 1:7 at 700 nm by ellipsometry. Next, e-beam lithography is performed with a

250 nm layer of ZEP-520A as the resist. After development of the resist, the pattern

is transferred to the oxide layer with a CHF3:O2 (100 sccm/2 sccm ratio) chemistry

dry etch, at 100 mTorr and 150 W forward power (Drytek 4) for 330 s. [69]. Finally,

the beam is undercut with a 1.0 Torr XeF2 dry etch for 30 s, removing approximately

3 � m of silicon under the oxide layer.

A.3 Er-doped Silicon Nitride Beam Cavities

Er:SiNx is grown on top of an oxidized silicon wafer by N2 reactive magnetron co-

sputtering from Si and Er targets in a Denton Discovery 18 confocal-target sputtering

system, as discussed elsewhere [43, 44], on top of an oxidized silicon wafer. The

sacri�cial oxide layer is 700 nm thick. The growth is followed by a post-annealing

process in a rapid thermal annealing furnace at 1180� C for 480 s under forming gas

(5% H2, 95% N2) atmosphere. The fabrication of the resonators employs electron

beam lithography with 400 nm of ZEP-520A as the resist (3.5 krpm). The written

pattern is then etched into the Er:SiNx or SiNx slab with a CHF3:O2 (100 sccm/5

sccm ratio) chemistry dry etch, at 100 mTorr and 150 W forward power (Drytek 4)

for 330 s. Finally, suspended PC membranes can be formed by undercutting the oxide

layer with a 6:1 bu�ered oxide etch (20 minutes), and further undercutting of 3 � m

of the silicon substrate with a XeF2 etcher at 1.0 Torr for 30 s.
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A.4 GaAs Beam Cavities

The employed membrane structure was grown by molecular beam epitaxy (MBE) and

consists of a 1� m Al0:8Ga0:2As sacri�cial layer and a 240 nm GaAs membrane that

contains three layers of InAs quantum dots separated by 50 nm GaAs spacers. To

achieve emission at 1.3� m, the dots were capped with a 6 nm In0:15Ga0:85As strain-

reducing layer. The quantum dots were formed by depositing 2.8 monolayer (ML) of

InAs at 510� C using a growth rate of 0.05 ML/s. These growth conditions result in

a dot density of 3� 1010 cm� 2, as estimated from atomic force microscopy (AFM)

measurements of uncapped quantum dot samples. Fabrication of the PC cavities is

done by spinning a 300 nm layer of the electron beam resist ZEP-520Aon top of the

wafer (5.0 krpm spin), and performing e-beam lithography. The written pattern is

then transferred to the GaAs membrane using a Cl2:BCl3:Ar (3.0:10.0:15.0 sccm, RF

40 W, forward power 200 W) dry etch. Finally, the nanobeam is undercut with a 7%

HF solution in water for 10-20 dips of 1s-2s.

A.5 Si Beam Cavities

A silicon-on-insulator (SOI) wafer with a 160 nm layer of Si and 1� m thick layer of

oxide is used. The cavity is fabricated with electron-beam lithography with a 300 nm

layer of ZEP-520A (5.0 krpm) as the resist, and the pattern is transferred into the

silicon layer by a Cl2:HBr (20 sccm/15 sccm) plasma dry etch, at 100 mTorr, 200 W

forward power, and 30 Gauss magnetic �eld (Applied Materials P5000etcher). The

oxide sacri�cial layer is then etched away by dipping in 6:1 bu�ered oxide etch (BOE)

for 15 minutes to obtain the free standing beams.

A.6 Metallic Gratings on Si-NC layer

The studied structures are fabricated by the following procedure: A 70nm thick layer

of Silicon Dioxide (SiO2, n = 1:5) is grown on polycrystalline quartz by plasma-

enhanced chemical vapor deposition (PECVD) with a 14:1 mixture of SiH4 (diluted
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to 2% with N2) and N2O at 350� C. The wafer is subsequently annealed in nitrogen at

1100� C to form the Si-NCs. The Si-NC enriched SiO2 layer has an e�ective refractive

index of nNC = 1:7. Then, a 100 nm layer of 2% PMMA (2.0 krpm) is spun on top of

the wafer followed by subsequent e-beam lithography to de�ne thegrating pattern.

Finally, a 30nm layer of gold (Au) is evaporated on top of the PMMA layer with a 3

nm Cr sticking layer and the grating is fabricated by lift-o� in acetone.

A.7 Metallic Gratings in MIM Con�guration

The structures under study are fabricated by �rst evaporatingan 8 nm Chromium

(Cr) sticking layer followed by a 100 nm gold layer on top of an oxidized silicon wafer.

The 1 � m oxidized silicon serves as a di�usion blocking layer beneath the gold. Then,

a 52 nm erbium doped amorphous silicon nitride (Er:SiNx ) layer is deposited on top

of the gold substrate by N2 reactive magnetron co-sputtering from Si and Er targets

in a Denton Discovery 18 confocal-target sputtering system [43, 44]. The growth is

followed by a post annealing process in a rapid thermal annealing furnace at 600� C for

600s under forming gas (5% H2, 95% N2) atmosphere. While the optimal annealing

temperature to maximize erbium emission e�ciency is 1150� C, degradation of the

gold substrate at high temperatures restricts the annealing temperature to be below

600� C. The top side grating pattern is then formed by electron beam lithography

with a 100 nm layer of PMMA as the resist. Finally, the grating is fabricated by

depositing a 3 nm Cr sticking layer followed by a 30 nm layer of Au on top of the

patterned resist, and lifting o� in acetone.



Appendix B

Finite Di�erence Time Domain

Simulations

The Yee algorithm [148] was �rst proposed to numerically simulate Maxwell's equa-

tion. The basic concept is to discretize Maxwell's curl equations on a spatial grid,

and numerically integrate the time evolution using Euler's method. Thespatial dis-

cretization is shown in Fig. B.1, where each unit cell includes a set of (Ex ; Ey; Ez) and

(Hx ; Hy; Hz). The E-�eld components are aligned on the edges of the Yee cube, while

the H -�elds are aligned perpendicular to the faces of the cube. It can beseen that

eachE or H is surrounded by 4 components from theH and E �elds, respectively,

and these surrounding components forms the curl around the appropriate component.

In more detail, assuming non-magnetic media and lossless dielectrics (� = 1,

� = 0) the Maxwell curl equations can be written as:

@~H
@t

= �r � ~E; (B.1)

@~E
@t

=
1

� (~r)

�
r � ~H � ~J

�
; (B.2)

where ~E and ~H are the electric and magnetic �elds,� (~r) is the dielectric structure,

and ~J is the current density. We will examine only thex components of theE and

H �eld on the left hand side of the equations, as the other equations can be obtained
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Figure B.1: The FDTD grid from Yee's algorithm. The (i; j; k ) label the spatial
coordinates of the grid, while the components of theE and H �elds are labeled in
color arrows.

using a cyclic permutation of (x; y; z). In particular:

@Hx

@t
= �

 
@Ez
@y

�
@Ey
@z

!

(B.3)

@Ex
@t

=
1

� (~r)

 
@Hz

@y
�

@Hy

@z
� ~J

!

(B.4)

We then obtain the appropriate components from Fig. B.1, discretize the �elds in

time and space [i. e. the �eldF in the x̂ direction is enumerated asFx (i; j; k; t )], and

evolve in a leapfrog fashion:

Hx (i; j; k; t + 1=2) = Hx(i; j; k; t � 1=2) �

"
Ez(i; j + 1; k; t) � Ez(i; j; k; t )

�

�
Ey(i; j; k + 1; t) � Ey(i; j; k; t )

�

#

(B.5)

Ex (i; j; k; t + 1) = Ex (i; j; k; t ) +

"
Hz(i; j; k; t ) � Hz(i; j � 1; k; t)

� � (i; j; k )

�
Hy(i; j; k; t ) � Hy(i; j; k � 1; t)

� � (i; j; k )

#

+
~J

� (i; j; k )
(B.6)
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where we have assumed that the grid is discretized in the same units inthe x, y and z

directions (� x = � y = � z = �). Note that by using the normalized units of � 0 = 1,

� 0 = 1, � = 1, and thus c = 1, we obtain very simple evolution equations. In order

to meet the Courant condition, which ensures that the FDTD simulation converges,

we use a time step of �t = 0:99=
p

3 for our simulations.

We may excite modes of the dielectric structure through the current term ~J . By

inserting a time dependent current inside the structure at a particular point:

~J (i; j; k; t ) = exp

"

�
(t � t0)2

T2

#

cos(!t ); (B.7)

we excite a frequency bandwidth of �! = �=T centered around frequency! . We can

excite the structure with a broadband excitation to excite many supported modes,

and then selectively excite modes by using excitation with narrow bandwidth. One

example of this process is shown in Fig. B.2, when simulating the structure in Fig.

2.7. First, we excite with a broad band pulse, with the time response inFig. B.2(a),

and the frequency response in Fig. B.2(b), which is the Fourier transform of the

time response. We note that we are able to initiate a brief pulse [�rst peak on the

left of Fig. B.2(a) for broadband excitation], and have the system evolve afterwards.

We �nd multiple peaks in the frequency response in Fig. B.2(b) that rise above

the background, representing the highQ modes of the system, and that there is a

broad envelope representing the broadband excitation. We run separate simulations

with narrow band excitation to isolate those modes, and the �rst and second order

TE-like modes shown in Fig. 2.7 are found in this manner. The highQ mode (at

higher frequency) has extremely slow temporal decay of the �eld amplitude, and the

moderateQ mode (at lower frequency) has visible decay of the �eld amplitude. We

�nd that the frequency response at the various cavity resonances match the cavity

responses from the broadband excitation, but isolated to one cavity frequency. At

the end of the narrow band excitation, we obtain the two modes shown in Fig. 2.7.

Finally, we can calculate theQ of the cavities by measuring the time-averaged

radiated power from the cavity. The time-averaged power radiated through a surface
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Figure B.2: (a) The time dependentHz amplitude response of the cavity structure
to di�erent excitations. Broadband excitation, along with narrow band excitation for
high Q cavity modes are shown. (b) The frequency response to the three excitations
shown in part (a), obtained from a Fourier transform relation.

is computed from the spatial integral of the Poynting vector on a surface:

hPi T =
� I

~E � ~H �d~A
�

T
; (B.8)

where d~A is in the surface normal direction, and the averaging takes place over an

optical cycle of the cavity mode,T = 2�=! . We use the discretizedE and H to

calculate the cross product and the Poynting vector. We then calculate the Q-factor

using the relation,Q = !U= hPi , whereU is the total energy in the cavity structure,

and ! is the resonance frequency. In the particular case of the nanobeam cavity,
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we de�ne three integrating surfaces to measure radiation in di�erent directions (Fig.

B.3). Here, we can see that theQP C suface captures radiation propagating through

the ends of the beams, theQjj surface captures the radiation in the plane of the beam,

but out in the y-direction, and the Q? surface corresponds to radiation out of the

plane of the beam. The totalQ is calculated fromQtot = ( Q� 1
P C + Q� 1

jj + Q� 1
? )� 1.

With proper placement of the various surfaces, we obtain good match (within 5%)

between theQtot calculated from the radiation method and theQ calculated from the

�eld-decay in the time series when exciting at the cavity resonance [the right hand

side of Fig. B.2(a)].

Figure B.3: The nanobeam cavity structure is shown, along with the integrating
surfaces forQP C , Qjj , and Q? . For clarity, the bottom half of surfaces forQ? are
omitted.

In addition, plasmonic structures can be simulated by including the material con-

ductivity and a frequency dependent current response into Eqn.B.2. Under the
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Drude model, which assumes that free electrons collide with ion coresin a memo-

ryless process with a time constant� p, the frequency response of the conductivity

(� (! )) is de�ned with a �rst order pole as [149]:

~J = � (! ) ~E =
� 0

1 + j!� p

~E (B.9)

where � 0 is the amplitude of the dielectric constant associated with the Drudepole.

The time constant � p is also known as the damping coe�cient (� , from Sec. 2.2.1)

for a particular metal. As a �nite di�erent equation, the dispersive current can be

calculated from the di�erence equation:

Jx(i; j; k; t + 1) =
1 � � t=2� p

1 + � t=2� p
Jx(i; j; k; t + 1)

+
� 0� t=� p

1 + � t=2� p

 
Ex (i; j; k; t + 1) � Ex (i; j; k; t )

� t

!

(B.10)



Appendix C

Optical Setup

The basic optical setup is approximate the same for all of the photoluminescence

setups, shown in Fig. C.1.
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Figure C.1: The optical setup.

The various components in the optical setup is shown below:
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number component component description
1 Pump sources doubled Ti:Sapphire (doubled to 400 nm)

Thorlabs laser diode LDM405 (405 nm)
Qphotonics (980 nm)
tunable lasers (Agilent 8164A, Anritsu MG9638A)
broadband LED bank
(Agilent 83437A Broadband Source)

2 Objective lens Zeiss 63� , NA = 0.7 (visible)
Mitutoyo 100� , NA = 0.5 (infrared)

3 Beam splitter Thorlabs FM04 Cold mirror (Pump with 400 nm)
IR Polarizing beam splitter (Newport 10FC16PB.7)

4 Low pass �lter Varied from 500 nm to 1500 nm
Waveplate Half (�= 2) waveplate
Polarizer Glan-Thompson Polarizer

5 Lens telescope f = 20 cm
6 Iris Adjustable/movable pinhole
7 Beam splitter Gold mirror

IR Polarizing beam splitter (Newport 10FC16PB.7)
8 Spectrometer for IR :Princeton instruments 750 OMAV 1024

(1024 pixel InGaAs detector, 830 G/mm grating)
for visible: Princeton instruments 750 Spec-10:2K
(2048� 512 pixel Si detector, 1714 G/mm grating)

9 Detectors New Focus 1811 PIN
(125 MHz, Gain = 2:5 � 104)
New Focus 1647 APD
(1 GHz bandwidth, Gain = 1:0 � 104)

Table C.1: List of optical components.



Appendix D

Theory of Resonant Excitation of a

Mechanical Mode through an

Optical Cavity Mode

We would like to solve for the mechanical amplitude as a function of theaverage input

power of a modulated laser. We follow the derivation given in Ref. [134]and start

with the cavity �eld equation:

_c(t) = �
� �

2
+ i! 0

�

c(t) +
i� (t)! 0

LOM
c(t) +

r
� e

2
s(t)e� i!t (D.1)

wheres(t) is the time-varying pump �eld, ! 0 is the cavity frequency,� is the cavity

�eld decay rate, � e is the external coupling rate,LOM is the optomechanical coupling,

c(t) is the cavity �eld, and � (t) is the mechanical mode amplitude. In this case, we are

inputing a laser at ! which is detuned from the optical cavity mode center frequency,

and the input is modulated periodically with frequency 
, which is detuned from the

mechanical mode center frequency 
0.

We assume sinusoidal mechanical motion, such that the beam also moves with

modulation frequency 
:

� (t) = � 0 sin(
 t) (D.2)

Note that 
 could be di�erent from 
 0, but since we're driving the motion, we can
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assume the mechanical mode responds with the same frequency. Then the equation

becomes:

_c(t) = �
� �

2
+ i! 0

�

c(t) +
i! 0� 0 sin(
 t)

LOM
c(t) +

r
� e

2
s(t)e� i!t (D.3)

The homogeneous solution is:

ch(t) = C0 exp
�

� (
�
2

+ i! 0)t
� X

n
(� i )nJn(� )ein 
 t (D.4)

with � = ! 0� 0=LOM 
, and the inhomogeneous solution is:

cp(t) =
Z

u
r

� e

2
s(t)e� i!t =

Z
e( �

2 + i! 0)t
X

n
inJn (� )ein 
 t

r
� e

2
s(t)e� i!t (D.5)

Since our pump is modulated with frequency 
, we express the input as a Fourier

Series withs(t) =
P

k
akeik 
 t :

cp(t) =
Z

e( �
2 + i! 0)t

X

n
inJn (� )ein 
 t

r
� e

2

X

k

akeik 
 te� i!t dt

=
X

n;k

inJn (� )ak

r
� e

2

Z
e( �

2 + i (! 0 � ! )+ i (n+ k)
) t dt

=
X

n;k

inJn (� )ak
�
2 � i � + i (n + k)


e( �
2 � i �+ i (n+ k)
) t (D.6)

where we have performed the integration with � = ! � ! 0, and neglected the
q

� e=2

term as normalization.

Note that the full particular solution is then:

cp(t) =
X

n;k

inJn (� )ak
�
2 � i � + i (n + k)


e(� i �+ i (n+ k)
 � i! 0 )t � i� cos(
 t )) (D.7)

Because the homogeneous solution levels out with rate� and this is fast, the
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particular solution is the steady state solution. The optical force is:

jcp(t)j2

LOM
=

X

n;k;m;l

in� m Jn(� )Jm (� )aka�
l =LOM

( �
2 � i � + i (n + k)
)( �

2 + i � � i (m + l)
)
ei [(n+ k)� (m+ l)]
 t (D.8)

If we assume that� � 1 so that J1(� ) � � , we can take only the zeroth order in

J0(� ):

jcp(t)j2

LOM
=

1
LOM

X

k;l

J 2
0 (� )aka�

l

( �
2 � i � + ik 
)( �

2 + i � � il 
)
ei (k� l )
 t (D.9)

D.1 Example 1: Cosine input

Let's input s(t) = s0(1 + cos(
 t))=2:

s(t) = s0

� 1
2

+
1
4

ei 
 t +
1
4

e� i 
 t
�

(D.10)

Thus we havea0 = 1=2, a1 = a� 1 = 1=4.

The normalization for the time dependent portion of the input isA2 R
js(t)j2 =

A2 R
(1 + cos(
 t))2=4 = A2(3� )=(4
). We want to keep the average power the same,

so A2(3� )=(4
) =T = 1 = A2(3� )=(4
) =(2�= 
), or A =
q

8=3.

The optical force, normalized to the average input power is then:

F
js0j2� eA2

=
J 2

0 (� )
LOM

X

k;l

aka�
l

( �
2 � i � + ik 
)( �

2 + i � � il 
)
ei (k� l )
 t (D.11)

We will only consider the elements with frequency 
, as they will contribute to

work getting done on the mechanical mode:

F
js0j2� eA2

=
J 2

0 (� )
8LOM

2

2

4
( � 2

4 + �(� � 
)) cos(
 t) + �

2 sin(
 t)

( � 2

4 + � 2)( � 2

4 + (� � 
) 2)

3

5 (D.12)

+
J 2

0 (� )
8LOM

2

2

4
( � 2

4 + �(� + 
)) cos(
 t) + �

2 sin(
 t)

( � 2

4 + � 2)( � 2

4 + (� + 
) 2)

3

5

Since only the force in quadrature with the motion of beam does workon the
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beam, we isolate the cosine term:

F
js0j2� eA2

=
J 2

0 (� )
4LOM

cos(
 t)

"
1

� 2

4 + (� � 
) 2
+

1
� 2

4 + (� + 
) 2

�
�


( � 2

4 + � 2)( � 2

4 + (� � 
) 2)
+

�


( � 2

4 + � 2)( � 2

4 + (� + 
) 2)

#

(D.13)

Note that this force is maximized near � = 0 (as all four terms are near Lorentzian

functions in terms of �), and we consider the force amplitude (dropping the harmonic

variation):
F

js0j2� eA2
=

J 2
0 (� )

2LOM

"
1

� 2

4 + 
 2

#

�
1

2LOM

"
1

� 2

4 + 
 2

#

(D.14)

or with the normalization (such that power input is proportional to jsj2):

F
js0j2� e

=
8
3

1
2LOM

1
� 2

4 + 
 2
(D.15)

We note that in the case pumping with a CW laser, the equivalent forceis [134]:

F
js0j2� e

=
�

2LOM

"
4� �
 2

( � 2

4 + � 2)( � 2

4 + (� � 
) 2)( � 2

4 + (� + 
) 2)

#

(D.16)

Thus, comparing some sort of AC pump scheme (assuming � = 0, to maximize

force) to the DC pumping (assuming � = �= 2, where the force is approximately

maximized), we see that the transferred power should be approximately � 2=(� 
 2)

more e�cient. In addition, if we assume that our in-coupling e�ciency is su�ciently

high, then we would have� e � � . Using the above two equations, our optical force is

/ � � 2 for the CW case, and/ � � 1 for the modulated laser case.

Note that our thermal amplitude is hx2i = kbT=me� 
 2, and jhxij � 10 pm in this

case, which places us in the high� regime (despite the sidebands being unresolved,

we have� = 45). We can calculate the force as a function of� as well, plotted in

Fig. D.1, using real parameters ofmef f = 2 � 10� 15 kg, 
 0 = 2� � 22 � 106 Hz,

Qm = 70, � e = �= 2, LOM =2 � m, and optical wavelength� = 1500 nm, and optical

Q = 2 � 104. We plot the kernel of the force term using Eqn. D.8 for di�erent� , but
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�xing all other parameters, and plot the results in Fig. D.1. We noticethat for our

parameters, the force on the beam is relatively unchanged even upto � � 100. Thus,

we are able to use sinusoidal pump to increase the force amplitude.

Figure D.1: The theoretical average force on the mechanical modefor a �xed average
input power of the modulated input, as a function of� .
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