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Abstract

The integration of optical devices and electronic devices on the sanplatform is
currently a gateway into many research and practical applicationsBecause silicon
and silicon compatible materials have dominated electronic developnbteaptical de-
vices must also conform to the silicon platform. One of the greateshallenges in
building such an integrated opto-electronic system is the developneof an e cient
Si-compatible light emitter.

In this thesis, we develop several Si-based nano-photonic devit@sthe control of
light at the nano-scales. However, several Si-compatible materiasd light emitters
have low index of refraction (), and high degrees of con nement using only index
contrast and total internal re ection is di cult. We design high quality ( Q-) factor
photonic crystal nanobeam cavities for a variety of materials with 1@ index, such
as SiQ (n = 1:46), silicon rich oxide 6 = 1:7), and silicon nitride (n = 2:0), all
with Q > 5;000 and mode volume¥,, < 2:0(=n)3. We employ these cavity designs
to a variety of active materials, including Si-nanocrystal doped silico oxide, Er-
doped amorphous silicon nitride (Er:Sily), and InAs quantum quantum dots (QDs)
in GaAs. By placing emitters in these ultrasmall, highQ cavities, we demonstrate
that the cavity enhances emission processes. We show that thedrcarrier absorp-
tion processes are greatly enhanced in the Si-nanocrystal naealn cavities at both
room and cryogenic temperatures, up to an order of magnitude ropared to bulk.
In addition, we demonstrate that nanobeam cavities made of Er:SjNhave enhanced
absorption and gain characteristics compared to earlier designsathincluded silicon
in the cavity. Because of the reduced losses stemming from abgump, we observe



linewidth narrowing and material transparency at both room tempeature and cryo-
genic temperatures. Finally, we demonstrate low threshold contious-wave lasing
from InAs QDs embedded in 1D nanobeam PC cavities, with pump powd#nresh-

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 proximiy to the

cavity.

We also design plasmonic cavity and grating structures, which havealer Q com-
pared to photonic crystal cavities due to metal ohmic losses, butate low mode
volumes that break the di raction limit. We propose and study a plana distributed
Bragg re ector plasmonic cavity analogous to the nanobeam phat@ cavity. We
show that a plasmonic bandgap arising from a metallic grating can cone a plasmonic
mode to a defect region, and enables ultrasmall volume that can emite lumines-
cence from emitters embedded in the cavity. We also demonstrateetenhancement of
emission from silicon nanocrystals coupled to wide area plasmonic gngtmodes and
Er:SiN, coupled to metal-insulator-metal modes con ned between two medtlayers.
We demonstrate the control of emission wavelength by changingetdevice dimen-
sions in both cases, and in the case of the Er material, observe aderof magnitude
increase in collected emission compared to a sample with only one sidetacting the
metal. In addition, we identify both local and coupled plasmonic modesupported
by metallic gratings and nano-particle arrays.

Finally, we demonstrate resonant actuation of a mechanical modeitkv optical
gradient forces in a Si nanobeam cavity. The optical cavity enhaes the optome-
chanical coupling between the optical mode and the mechanical vébion, and en-
ables detectable mechanical motions with hundreds of nanowattsivdng an optical
cavity mode.



Acknowledgements

Working toward a Ph. D. for over ve years is a great challenge, andertainly not
a solo e ort. | have met a variety of people in academic and non-acawhic settings
that have contributed to this thesis and the overall graduate stilent experience. |
value all of the help that I've received, and | would like to acknowledgthe various
sources of support below.

First, | thank Prof. Jelena Vickovc for all of her patience and guidance. She
has given me an unparalleled amount academic freedom and allowed raegptirsue
a variety of ideas. Her help through the ups and downs of my gradigastudent
career has been invaluable, and | appreciate everything that shashdone. It does
not surprise me that | continue to learn from her as time goes on, dn hope to count
on her as a mentor in the future.

| also thank the members of my reading and oral committee Prof. Dal Miller,
Prof. Shanhui Fan and Prof. Mark Brongersma, for their commes and thoughts on
this thesis. They have all demonstrated an outstanding passionrftheir work, which
translates into great understanding of their respective elds thiaeasily comes across
during my conversations with them.

| thank the various members of the Vickovt group that | had the pleasure to
interact with over the years. The graduated members: Hatice Aly, Dirk Englund,
Andrei Faraon, llya Fushman, Maria Makarova, Vanessa Sih, andd® Waks have set
the bar very high for the future graduates of the group. The visihg scholars: Hideo
lwase, Takuya Konno, and Mitsuru Toishi, have provided fresh pspectives on many
subjects. The present members: Michal Bajcsy, Sonia Buckleyryan Ellis, Erik
Kim, Carter Lin, Jesse Lu, Arka Majumdar, Alexander Papageorgelan Petykiewitz,

Vi



Kelley Rivoire, Armand Rundquist, and Gary Shambat all have brightditures ahead,
and | am eager to see their work in the future. | especially thank Mar (with whom
| worked closely on the Er project), Jesse, Bryan, Gary, Armandand Arka, with
whom | have worked on various projects.

| thank our various collaborators on the di erent projects. The gowers of the
silicon nanocrystal material, Szu-Lin Cheng and Satoshi Ishikawd the Yoshio Nishi
group, provided material with very little turnaround. It was a pleasire to collaborate
with them and discuss the future applications of silicon photonics. Bek Yerci, and
Rui Li in Prof. Luca Dal Negro's group has provided an immense ampouof support
for the Er-doped nitride material, and their material expertise wasnstrumental in
characterizing the observed linewidth-narrowing e ect. Similarly, or collaborators at
NIST, Sae Woo Nam, Martin Stevens, and Burm Baek deserve ouragitude, as their
experimental expertise on time-resolved measurements for lowwer sources allowed
the characterization of Purcell enhancement. Finally, | thank Toras Sarmiento of
the Jim Harris group for growing the quantum dots used in the laseravk. His help
on the materials side of things was greatly appreciated.

| thank the various SNF sta who | have received training from: Janes Conway,
Nancy Latta, Jim McVitte, Ed Myers, Jeannie Perez, Paul RissmanMary tang, and
Uli Thumser. | also thank the sta for maintaining equipment, espelly James
Conway (e-beam), Elmer Enriquez and Cesar Baxter (etchers)ind Haydon (metal
evaporator), and Mahnaz Mansourpour, Gary Sosa, and Mario Vitava (lithogra-
phy). | greatly appreciate the vast e ort that keeps the SNF eqipment functional,
and how it has enabled the research of this thesis.

| thank the various people that | have had the time to talk about sciece and non-
science while at Stanford: Krishna Balram, Linyou Cao, Kristiaan Defgve, Dany
Ly-Gagnon, J. R. Heberle, Peter McMahon, Min-Kyo Seo, and Just White. It was
always fun having conversations about our individual and collectiveifures, which as
the occasion necessitated, served as inspirations or diversions.

Finally, | thank my parents. Their support has been unwavering ovethe years,
and | cherish all of their kind thoughts. | dedicate this thesis to the.

Vii



Contents

Abstract \Y
Acknowledgements Vi
1 Introduction 2
1.1 Optical Sources for Photonic Networks . . . . . . ... ... ..... 2
1.2 Photonic Crystal Cavities . . . .. ... ... ... ... ....... 5
1.3 Plasmonic structures . . . . . . . .. L 7
1.3.1 Silicon Nanocrystals . . . .. .. ... ... .......... 10
1.3.2 Erbium doped Silicon Nitride . . . . ... ... ........ 11
1.33 InAsQuantumDots . ... ... ... .. ... ... ..... 12
1.4 ThesisOutline. . . . .. .. ... . .. .. .. .. . 12
2 Design of Photonic Crystal Cavity and Plasmonic Cavity Str uctures 15
2.1 One dimensional Nanobeam Photonic Crystal Cavity . . .. ... .. 51
2.1.1 Nanobeam Cavity in Silicon Dioxide . ... .......... 16
2.1.2 Nanobeam Cavity in Silicon Rich Oxide . ... .. ... ... 20
2.1.3 Nanobeam Cavity in Silicon Nitride . . . . . .. ... .. ... 22
2.1.4 High-index Nanobeam Cavities . . . .. ... ... ... ... 24
2.2 Plasmonic Cavity . . . . . . . . . . . .. 26
2.2.1 Metallic Distributed Bragg Re ection Cavity . . . . . .. ... 26
2.2.2 Metallic Grating Modes with Silicon Oxide . . . . .. .. ... 33
2.2.3 Metallic Grating Modes in Metal-Insulator-Metal Con guration
with Silicon Nitride . . . . . . . ... .. ... .. ... ... 35



Enhancement of Photoluminescence and Lasing in One-dimen
Photonic Crystal Cavities
3.1 Silicon Nanocrystals in Oxide

3.2 Erbium-doped Amorphous Silicon Nitride . . . . . ... ...

3.3 InAs Quantum Dots in GaAs nanobeam laser

Plasmonic Enhancement of Emission from Si-compatible Mat

4.1 Plasmonic Enhancement of Silicon Nanocrystals . . . . . .

4.2 Enhancement of Er Photoluminescence via

Metal-Insulator-Metal modes . . . . . . . . . .. .. ... ...

Passive Nanobeam Cauvities

5.1 Silicon dioxide nanobeam cavities . . . . . . ... ... ...

5.2 Silicon nanobeam cavities
Optomechanics in One-dimensional Photonic Crystal Cavit
Conclusion and Future Directions

Fabrication
A.1 Silicon Dioxide beam cavities

A.2 Silicon dioxide beam cavities with embedded Si nanocrystals
A.3 Er-doped Silicon Nitride Beam Cavities . . . . .. ... ...

A.4 GaAs Beam Cauvities
A.5 Si Beam Cavities
A.6 Metallic Gratings on Si-NC layer
A.7 Metallic Gratings in MIM Con guration

Finite Di erence Time Domain Simulations
Optical Setup

Theory of Resonant Excitation of a Mechanical Mode through
Optical Cavity Mode

sional

ies 89

an
115



D.1 Example 1: Cosine input

Bibliography



List of Tables

C.1 List of optical components

Xi



List of Figures

11

1.2

(@) The 2D PC cavity system in a suspended membrane, with the
cavity defect and the periodic air holes that form the triangular latice
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 #n
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 refractionn = 3:5. The solid line is the light-
line, which separates the states con ned by the total internal rection
(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 frequenciem= =0:25and033. . ... ... ..
(a) Depiction of the SPP mode. (b) The dispersion relationship fohe
SPP modes on a gold-air interface. The light-line! (= cksp) and ! g,
(where! ; is the bulk plasma frequency) asymptote are also shown.
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(a) The fabricated 1D nanobeam cavity in silica (SiQ n = 1:46)
imaged in an SEM. (b) The electric eld intensity (Ej?) of the funda-
mental mode supported by the cavity. (c) Band diagram for a beam
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and another beam with the same parameters except for lattice cgiant
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Design of the cavity. The plot shows the periodd) along the length of

the beam as a function of N, the layer number counted from the den
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(a) The direction speci c Q-factors of the silica nanobeam cavity as a
function of the number of photonic crystal mirror layers surrouding
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leaked in thez direction, Q; corresponds to radiation leaked in the
direction, and Qpc corresponds to radiation leaked in thex direction.

Qo is the parallel sum ofQ-, Q;, and Qpc. (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 sizesedor
Q=2:.0 10*andV, =2:0(=n)%in (b) and (c), respectively. . . .. 19
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the (b) rst- (c) second- and (d) third-order TE-like modes supprted
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N=1:7. e 21
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(c)-(d) The color of each marker illustrates theQ and V,, of nanobeam
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xed. The reference markers represer = 30; 000 andV,, = 0:95(=n)3.
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2.11 (a) Dependence of Purcell enhancement on the loss factar,n the
Drude model ( is inversely proportional to the damping frequency).
The Purcell enhancements are calculated for emitters 20 nm frorhe
metal-dielectric interface for three dierent cavity lengths. (b) De-
pendence of the Purcell enhancement on the temperature, whigh
obtained by translating the factor into temperatures for a residual
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2.13 (a) The wavelengths of the rst and second order eld-symnigc MIM
SPP modes for di erent grating periods, with a 52 nm thick layer of
SiN, between the metal layers. The analytical solution for a MIM
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(a) PL spectra from unpatterned oxide Im with Si-NCsat 10 K and290

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 spectm

of a representative fundamental cavity mode at 290 K, and the to

a Lorentzian with Q = 9;000. (d) The polarization angle dependence

of the cavity mode at 290 K, along with the angle dependence of PL
from an unpatterned region. O corresponds to they-direction of Fig.

2.3(d). .. e 40
The Qs of nanobeam oxide cavities wiht Si-NCs at di erent wave-
lengths as a function of temperature. . . . . . .. ... ... ... .. 41
(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 tem-
perature are attributed to the increase in Si-NC absorption, re#ing

from narrowing of the Si-NC linewidth. . . . .. ... ... ...... 43
The pump power dependence of the integrated intensity for dirent
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 respéx

the low pump power wavelength, ) 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 pump power is
measured in front of the objective. . . . . . . .. ... ... ...... 45
The linewidths of representative cavities as the pump power is ciged

at (a) 290 K and (b) 10 K. Both a CW diode laser and a frequency
doubled mode-locked Ti:Sapph laser are used as the pump sourcee Th
pump power is measured in front of the objective. . . . . . .. .. .. a7
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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 () 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 inteitg
for290 Kand 10K.. . . . . . . . . 49
3.7 (a) The change in cavity linewidth as a function free carrier dengifor
a representative cavity around 720 nm at 290 K and 10 K. Linear t$o
the data are also shown. (b) The free carrier absorption crossesion
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of wavelength, for di erent cavities throughout the PL spectrumof the
Si-NCs. The inset shows the same data renormalized in a sm¥lj}
setting. The dashed lines represent ts to a® model, whereb = 1:3
and 18 for the 290 K and 10 K data, respectively. . . . .. ... ... 51
3.8 (a) Photoluminescence from the cavity at room temperature dnthe
unpatterned Im at room temperature and 5.5 K. The whole membraa
is composed of Er:SiNin this case (type I, shown in inset). (b) Spec-
trum of a cavity fabricated in SiN, with only the middle third doped
with Er (type Il, shown in inset). Dots correspond to the spectrm
obtained by a laser scan in cross-polarization re ectivity, and circteto
PL measured by the spectrometer. Fits to a Lorentzian lineshapévgs
a Q =52;000 from the re ectivity scan and a spectrometer resolution
limited Q =25;000.. . . . . . . .. . .. . e 54
3.9 The pump power dependence of the (a) integrated PC cavity inisity
and PL spectrally decoupled from the cavity, (b) the cavity resonace
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3.10 (a) The Qs of the cavities at 5.5K and 290K, both with low pump
power (less than 10W ). The dashed lines connect the data for the
same cavity at the two di erent temperatures. The shift in wavelegth
between the two temperatures is most likely due to a shift of the sate
position in the cryostat as temperature is varied. (b) The change in
the linewidth (full-width at half-max, FWHM) for individual cavities
as pump power is switched from less than 18V to 40 mW, at 5.5 K
and room temperature. The scaled and shifted Er spectrum is show
ingray asareference.. . . . .. ... ... .. L

3.11 (a) Time-resolved PL measurements of the cavity resonanoe ¥arious
pump powers at 3 K, as well as unpatterned Im (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
part (a), as well as for an unpatterned Im lifetimes for various purp
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3.12 (a) The dierence 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 absorptioate
achieved at room temperature under high pump power (circles) and
low pump power (squares) calculated by use of the caviQgs measured
in experiment, with error bounds assuming that the Er homogenesu
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 bousd
as part (b). Regions with positive , correspond to gain achieved with
the system. . . . . . . ..

3.13 (a) The change in linewidth between 5.5 K and room temperature,
both measured at low pump powers (below 10W). The color of the
points represents the intrinsic cavityQ-factor (Q.ay). The scaled and
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3.14 Normalized PL spectra from representative GaAs nanobeanwvites
with embedded InAs QDs above lasing threshold (colored points). €h
PL spectrum from QDs in bulk (unpatterned Im) is also shown (gray
circles). The inset shows a zoomed-in cavity spectrum (pumped a4 1

W, below the lasing threshold) and its t to a Lorentzian lineshape,

corresponding toQ =9;700. . . . . .. ... . oo

3.15 The light-in light-out curves of a representative cavity, using @ 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 cavity wavelength with 780 nm and 980 nm
pump. The red-shift at high pump powers indicates structure heatg,
and it kicks o sooner if the above-GaAs bandgap laser (780nm) is
employed, as expected. The inset shows the cavity intensity for &gr
pump powers, where the beginning of saturation is observed towahe
end of both traces. (d) The power dependence of the cavity linevid
with 780 nm and 980 nm pump. The pump power (horizontal axis) is
measured before the objective inallcases. . . ... ..........

3.16 The thresholds of various nanobeam lasers obtained by linear td
the above threshold behavior, using both the 780 nm and the 980 nm
pump. Threshold pump powers are measured before the objectleas
in all cases. TheQs of various cavities (all below threshold) are also

3.17 The light-in light-out curve for the same cavity as in Fig 3.15(a)H),
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.
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3.18 (a) Spectra from a nanobeam cavity as it is tuned by the moventeof

4.1

4.2

4.3

a ber taper in close proximity to the cavity. The free space spectim
without the ber taper is shown as a reference, and taper movemiein
the y- 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 cavity pumped from free space (horima
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
also shown as the data point with the shortest wavelength. The inse
shows the geometry simulated by FDTD, as well as thigEj?> eld of
the cavity mode in the presence of the bertaper. . . . .. ... ... a

(a) PL from the bulk Si-NC wafer (unprocessed, i.e., without meliec
grating). (b) Experimental setup. (c) Fabricated gold grating, vith p1

and p2 denoting the two polarizations selected in the experiments... 73
PL from Si-NCs near the grating for the (a) pl and (b) p2 polariza
tions, from Fig. 4.1(a). (c) The ratio of PL spectra for the pl and B
polarizations. The second (diamond) and third (square) order med
wavelengths from FDTD are plotted again from Fig. 2.12(a). (d)
PL,1=P Ly, 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(8). . . . . . . . . . 75
(a) Biharmonic grating design, where is the grating period that cou-

ples 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 pl polarization

by the biharmonic gratings. The rst order mode wavelengths from
FDTD are plotted again from Fig. 2.12(a). (c) Enhancement for one
particular grating periodicity, with the red line being a Lorentzian t

of to data, representing quality factorQ =16. . . . ... ... .. .. 76
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4.4 (a) Top gold grating fabricated on the Er:SiN/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:Sikhickness grown on
guartz. The same excitation power was used in all three cases. The
region o the grating is a region with Er:SiN, on top of Au without
thetopmetal layer. . . . . . .. ... ... 78
4.5 (a) The enhancement of integrated emission from grating struces
relative to o grating areas, as a function of grating period. The thee
curves correspond to two di erent duty cyclesd), and to a biharmonic
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enhancement of emission from the shown nano-particle array sttures
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4.8 (a) Asymmetric particle arrays used to examine the role of intgrarticle
distance in the directions parallel and perpendicular to the plasmonic
mode polarization. The vertical periodv and horizontal perioda are
changed independently of each other. The polarization of the plas-
monic resonances observed is shown by the double arrows. (b) The
enhancement of emission from asymmetric particle arrays as a func
tion of horizontal period a, while v is changed. Vertical periodv is
increased in increments of 200 nm. The particle has a width wf=0:8
a, and height ofh = 0:4 v for all measurements. The horizontal period
a that produces maximum enhancement remains the same for all (c)
The enhancement of emission from arrays wheveis xed at 600 nm,

h is xed at 360 nm, and the horizontal width and period are varied
independently. . . . . . .. ... 83

5.1 (a) The cavities spectra measured in re ectivity from structues with
di erent lattice constants are normalized and shown together, wit ts
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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 betwe& computation
centers has greatly increased. In addition to the growth of the ér-optic communi-
cation bandwidth for long distance data transfer, the growth offte local data centers,
computer clusters, and multi-core processors has motivated tlidevelopment of op-
tical communications for the short distances. Here, and especialigr chip to chip
communications, the optical interconnect has distinct advantageover conventional
electrical interconnects as device sizes are decreased to in&ahe information den-
sity [1]. In particular, the resistance and time constant of wires tnasporting the
electrical data increase as device dimensions are scaled down, leadiinhigh energy
costs for transporting information. On the other hand, the engy cost for optical
interconnects is determined by the size of the transmitter and rewer, and could be
decreased with the device design.

In addition to energy considerations, the establishment of electnic computation
devices on a silicon complementary metal-oxide-semiconductor (SY4OS) platform
requires that optical interconnects be silicon-compatible as well. Bause silicon is an
indirect bandgap material and not an e cient light emitter, there have been signi cant
e orts to incorporate direct gap I1I/V materials with CMOS processing [2, 3]. An
alternative to such fabrication is to develop devices that enhanché emission of novel
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silicon-compatible materials. It would be feasible to combine such opaicsystems
with electronics in a cost e ective way, as drastic changes in existinglectronics
fabrication processes could be avoided. In addition to optical conumications, silicon-
compatible optical emitters can have a large impact in sensor, light,nd display
technologies.

The emission and control of light on such nanoscales could then bendoby a
variety of optical cavities [4]. The two key gures of merit for an opical cavity at
frequency! (and wavelength =2 c=! , wherecis the speed of light) are the quality
(Q-) factor and the mode volume ¥.,). The Q-factor of the cavity is de ned in
terms of the energy decay of the cavity, which goes as exp{=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 hig) cavity could also be used to spectrally
Iter signals and de ne operating wavelengths from a broad emissiagource. In total,
the Q factor is a measure of the temporal con nement of the photon€n the other
hand, the mode volume of the cavity is a measure of the volume thatbe photonic
eld occupies when con ned to the cavity. It is de ned as:

R WIEM®RAV

"= ax{ (EM (1)

where E (¥) is the spatial distribution of the electrical eld of the cavity mode, (¥)
is the dielectric structure of the cavity. In short, it measures thespatial con nement
of photons in the cavity.

In particular, increasing Q and decreasingv,, increases the light-matter interac-
tion inside of a photonic cavity. In the weak-coupling, or Purcell, ragne of cavity
guantum electrodynamics (CQED), the spontaneous emission (SEe of an emitter
coupled to a cavity is enhanced by the Purcell factor, de ned as [5]:

'3

_ 3 Q———.
F = F W ("F! )l (12)

n
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where (;¥, ) includes the decrease of enhancement for spatially and spectrally
detuned emitters from the cavity mode. De ned for a dipole emittewith frequency

(spectrally detuned from the cavity frequency,! ) at a position + that forms an
angle with the cavity E- eld at the same position, (;¥; ) takes the form:

E(H ° (=(2Q))?

Erm ( 1)2+( =) () (1.3)

(;+ )=

where E o« is the E- eld amplitude at the location of the maximum E- eld energy
density, jEj?. Intuitively, enhancing Q increases the photon storage time, while
decreasingV,, increases the local photon energy density, both increasing theenac-
tion (emission and absorption) between the emitter and photons irhe 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 sta$ for the cavity can

be found as: L - 20)
S()= = - ; 1.4
O T =@y &9
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 derivagi@uch as
Fermi's Golden Rule, the spontaneous emission of emitters into thevitg mode can
be increased [6].

In experiments, under a continuous-wave (CW) pump source, thecreased spon-
taneous emission rate allows more photons to be emitted per unit afmie, and thus
increases the emission e ciency of the emitters inside of a cavity. laddition, the
increasedQ and reducedV,, reduce the lasing threshold for active materials, as the
increased photon storage time enhances stimulated emission psses, while the re-
duced mode volume allows inversion with reduced pump power. Finallyawties of
small V,, enable fast direct modulation speeds exceeding 100 GHz [7, 8], whielveh
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 V,,, could be
employed to enhance the spontaneous emission rate via Purcell @mtement and
reduce the threshold to lasing. First proposed by Yablonovitch [9]na John [10],
the photonic crystal is a structure with a periodic variation in dieleatic constant.
Much like how periodic arrangements of atoms and electron wavefitions in solids
lead to a bandgap in allowed energies for electronics, period arramgts of the
dielectric constant lead to a photonic bandgap in the allowed energiés photons.
This photonic bandgap can be used to direct light, as photons with ergies inside of
the bandgap will be re ected by the photonic crystal structure.

In particular, the energy eigenstates of the electromagnetic elthside of a pho-
tonic crystal can be found by solving the Maxwell eigenvalue equatiq11]:

1 | 12
Wr H(¥) = < H(+); (1.5)

where H (+) is the spatial distribution of the magnetic eld for a mode supportd
by a dielectric structure (+). For photonic crystals, (+) is periodically varying in
one (1D), two (2D), or three dimensions (3D). The periodicity of te material sys-
tem creates coupling between forward and backward propagatimgaves with certain
wavevectorsk and frequencied , and for certain ranges of thd -k relationship, can
enable fully coherent re ection in a process known as distributed Bgg re ection
(DBR). Although 3D PCs can con ne light in all directions and their fakrication has
been recently improved (including highQ cavities) [12, 13, 14, 15, 16], the fabrica-
tion process for these multi-layered structures is extremely dicli. Similarly, 1D
PCs have been used in vertical cavity surface-emitting lasers (VEB) design [17],
but require very well controlled growth of multilayer structures. h this thesis, we
focus on 1D or 2D cavities that are fabricated in a one step lithograp and etching
process to form suspended membranes. Because 1D and 2D PQg 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 surrowing 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), whe a three
hole defect is formed in a periodic triangular lattice of air holes in a dielgic slab.
By solving Egn. 1.5 in this system for the possible directions of propatjpn in
the plane of the membrane in the PC region, we obtain the energy kdmiagram
of the photonic system shown in Fig. 1.1(b), for the transversdeetric (TE-) like
polarization, which has non-zero components in onlyE(; E,; H,) on the midplane
of the z-direction, whereE, and E, are in the plane of the membrane, andi, eld
perpendicular to the plane of the membrane. The high symmetry dicgons of the
triangular lattice, which forms the boundary of the irreducible Brilloun zone in the
reciprocal lattice space (Fig. 1.1(a), inset) is plotted along the xx@. The solid lines
in this plot correspond to the light line. The gray region of the band digram (known
as \above the light-line") denotes the region where TIR does not ame photons in
the direction normal to the plane of the membrane. Below the light-lia, we see a
range of energies where no photonic modes exist, and thus a rangenergies where
the PC would con ne light through DBR. Because the photonic bandap exists for
all directions below the light-line, photons con ned to the cavity regpn would not
be able to escape through photonic crystal in direction parallel tohe plane of the
membrane. Thus, the con nement of a PC cavity is limited by the radigon lost
in the directions not con ned by the DBR, i.e., the cavity eld componets located
above the light-line. However, designs to manipulate the spatial pte of the cavity
mode and minimize radiation in above light-line directions have been impleamted to
improve Q-factors [18, 19].

From the picture in Fig. 1.1(b), we also observe that the lattice comant that
creates a band gap is generally on the order@f =n, wheren is the refractive index
of the PC slab material. Such a relationship should not be surprisingsd arises from
the di raction limit of electromagnetic waves in a dielectric medium. With proper
design, theV,, of PC cavities is expected to be below of£n)3. Compared to other
cavities, such as the micropillar Q = 2,000, V,, > 5(=n)3), microdisk (Q > 10%
Vi > 6(=n)3), microtoroid (Q > 10%, V,, 10?( =n)?3), and microsphere Q > 1C,
Vi > 10°( =n)3), the photonic crystal cavity o ers a di erent regime of moderat Q



CHAPTER 1. INTRODUCTION 7

a/A

Figure 1.1: (a) The 2D PC cavity system in a suspended membrane, Wwithe cavity
defect and the periodic air holes that form the triangular lattice phtonic crystal.
TIR con nes the light in the out-of-plane directions of the membrae, while DBR
con nes the light in the directions in the plane of the membrane. The Bet shows
the irreducible Brillouin zone in the reciprocal space for the triangutdattice, along
with the labeled high symmetry points. (b) A representative band digram for the
TE-like polarization along the high-symmetry directions, for a slab wit 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 beloketlight line and
between normalized frequencies= = 0:25 and 033.

and low Vy,, 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 sfirface plasmon-
polariton (SPP) modes. As stated above, the mode volume of phoio 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 theadtion limit. The

SPP is a mode that stores its energy in electromagnetic elds and diemic charge
oscillation [20]. It is an evanescent mode bound to metal-dielectric imtace and
supported by a surface charge at the interface. It has TM polaation, where a
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scalarH- 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 orem higher SE
rate enhancement compared to photonic designs (as a result ofadler V), but with
simpli ed fabrication. However, due to ohmic losses in the metal, SPP ades often
have broad spectra and lowQs, which is advantageous for some applications, such
as when \bad emitters" with broad homogeneous linewidths are empted. In that
case, Purcell enhancement is limited by the quality factor of the entér (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 temperagjrfor ex-
ample, is several nanometers [22], and thus limits the e ective Pultenhancement
despite coupling to highQ 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 emitternear the spatial
maximum of the cavity mode and spectrally coupled to the narrow céty bandwidth,
where the € (¥)=Enax)? and Lorentzian spectral terms in Egn. 1.3 are respectively
signi cant. Hence, large area and broadband enhancement are diult to achieve.
On the other hand, SPP modes can be designed for large surfa@g] again due to
the broadband enhancement, can produce higher enhancemehtsn photonic modes.

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

dm(!) .

I
E dat m(!)'

<

Ksp = (1.6)
whereksg, is the wave-vector of the plasmon mode, is the mode frequency,q = n?is
the dielectric constant of the dielectric material, n(! ) =1 (! p=!)? is the dielectric
constant of the metal described by the Drude model, ant, is the bulk plasma
frequency of the metal. The dispersion relation plotted for SPP med on a at gold
metal surface facing air i = 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, = ks,c=n,
while at high k-vectors, the dispersion relation asymptotically approachds= ! ¢, =

! p=p 1+ 4, which is known as the surface plasmon frequency. The inverse aec
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length of the SPP mode in the dielectric material is:

| 2
t d .
et w0 -7

<

which is in general comparable tm= at small k-vectors, but drastically increases as
frequency approaches .
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Figure 1.2: (a) Depiction of the SPP mode. (b) The dispersion relatiship for the
SPP modes on a gold-air interface. The light-line! (= cks,) and ! s, (where!  is the
bulk plasma frequency) asymptote are also shown.

Because the dispersion relationship of the SPP mode on a at metaietectric
interface attens near the frequency! s,, modes at highk-vector represent modes
that travel at slow group velocity. In addition, because these mas$ are grouped
closely in frequency, the density of states altts, is high. In recent years, various
materials have been coupled to this region of high density of opticahtes, including
InGaN based quantum wells [23, 24] and CdSe colloidal quantum dotsb]2with
observations of increases in the spontaneous emission rate. Ehegperiments were
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done by matching the surface plasmon frequency to the emittersmission frequency,
often by manipulating the index of refraction of the material in coract 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 investigatedtigg type structures
combined with quantum wells or organic materials [26, 27, 28, 29]. Finallgther
groups have proposed and demonstrated coupling emitters to rakic nanowires and
nanotips, where the tight con nement of the mode (the reductiorf V,,) enables high
Purcell enhancements [30, 31, 32, 33].

We introduce various types of light emitting materials that have beeremployed
in the experiments of this thesis.

1.3.1 Silicon Nanocrystals

The system of silicon nanocrystals (Si-NCs) embedded in a silicon dicidSiO,, or
silica) host has been proposed as a silicon-compatible light emitter. Asch, this
material is a viable option for building an inexpensive Si-CMOS compatiblight
source for optical communications, interconnects, or solid-st&tlighting purposes.
These crystalline particles can be fabricated by a variety of methsdincluding laser
ablation [34], Si implantation [35, 36], or plasma enhanced chemical \apleposition
(PECVD) [37]. Regardless of the method, the general principle is th&i above
the stoichiometric ratio is inserted into the oxide matrix, and a high tenperature
annealing step phase segregates the silicon from the silicon dioxidevieg silicon
nanocrystals in the oxide matrix. Because of the excess silicon, tinigterial is often
referred to as silicon-rich oxide (SRO). The excess silicon conterittbe material can
be tuned by varying deposition conditions, and the index of the matial can vary
between 1.6 to 2.0. Although bulk silicon is an indirect bandgap materiand is a
poor emitter of light, nanocrystalline particles of silicon relax some ostraints for
radiative recombination, as the quantum con nement of the electmic wavefunction
broadens the electron wavefunction itk-space and enhances radiative transitions at
the zone center.

The Si-NCs demonstrate photoluminescence (PL) in a wide range ohwelengths,
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depending on the pump wavelength and fabrication procedures. Byning the size of
the nanocrystals, the emission of the Si-NCs can be tuned from th#raviolet to the
near infrared (300 - 1000 nm) [38, 39]. In addition, there have besaveral reports of
ampli ed spontaneous emission (ASE) and gain in this material [36, 37Although
the origin of the PL and stimulated emission has been attributed to b quantum
con ned states and surface states, the demonstrations of ASHakes the material
promising for optical devices. However, free carrier absorptioras also been closely
studied in this material [37], and its e ect on the available optical gain &s not been
fully determined. Finally, electroluminescence has also been demaattd with this
material [40], and making integration with Si-electronics even more @mising.

1.3.2 Erbium doped Silicon Nitride

Erbium (Er)-doped materials also have potential as light sources inptoelectronics
due to emission at the telecommunication wavelength of 1.54n. 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 telecommunicatiavavelengths (in
fact, the C-band from 1530 nm to 1570 nm is also known as the \Erbiuwindow").
In addition, Er doped (sub-stoichiometric) silicon oxide (SiQ) and nitride (SiNy)
can be integrated with silicon complementary metal-oxide-semiconctor (CMOS)
electronics, potentially serving as light sources for on-chip or o hip communications.
Because the 4f transition has a small oscillator strength and cosmondingly slow
radiative lifetimes, there have been many attempts to improve its eigsion intensity.
Recently, there has been signi cant work on the material propeks of Er-doped
materials. The material systems of Er sensitized by silicon nanocless in SiQ
[41, 42], Er doped amorphous silicon nitride (Er:SiN [43, 44, 45, 46, 47], and Er
doped SiN-Si superlattices [48] have all demonstrated an increase in emissand a
reduction of non-radiative decay under optical pumping. For exapbe, Er emission
from Er doped in an amorphous nitride matrix (Er:SiN) can be sensitized by the host
through a nanosecond-fast energy transfer mechanism, whicoyides an absorption
cross-section four orders of magnitude larger than that of Er inliga (SiO;) [43, 44].
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Low eld electrical injection in this material is also possible, as demoftrated by
electroluminescence of silicon nanocrystals in silicon-silicon nitride ®rfattices [49,
50].

1.3.3 InAs Quantum Dots

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

[51]. One growth method for these dots is the self-assembly methadhere a thin
layer of InAs is grown on GaAs (which has a di erent lattice constanthan InAs)

and the QDs are subsequently formed to relieve the strain from tHattice mismatch.
Being formed from I1I-V materials, InAs QDs have a direct bandgapare 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 (bof-plane)
direction. By controlling the strain, the QD size, and the Ga contenbf the QDs, QD
emission can be tuned from 900 nm [52, 53] to 1300 nm [54, 55]. The afsguantum
dot active material inside PC cavity lasers to further lower the lasinghreshold (by
minimizing non-radiative surface recombination e ects and enhanajnthe emission
rate through Purcell enhancement) has been studied [52, 53, %%, 56]. Due to its
low non-radiative decay rates, the InAs QD can also be used for ariy 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 thetical design
of various photonic crystal and plasmonic structures used to eahce emission from
silicon compatible materials. Chapter 3 describes the experimentabupling of 1D
PC cavities to various silicon compatible emitters and quantum dots. @&pter 4
describes the experimental coupling of plasmonic grating struces to silicon com-
patible emitters. Chapter 5 describes the implementation of the nabeam cavity
design for passive structures with various indices of refraction.h@pter 6 describes
the measurement and actuation of mechanical modes in photonig/stal cavities by
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optical forces. Finally, Chapter 7 o ers conclusions and outlooksif the various works
in this thesis.

The topics in these chapters can be broken down into design and implentation
of photonic crystal cavities or plasmonic structures. The relevampublications for
photonic crystal experiments (Sections 2.1.1-2.1.4, Chapter 3, &ter 5, Chapter 6)
are:

(1-2 equal contribution) Y. Gong, M. Makarova, S. Yerci, Rui Li, MJ. Stevens,
B. Baek, S. W. Nam, R.H. Had eld, S.N. Dorenbos, V. Zwiller, J. Vuckaic, and
L. Dal Negro. Linewidth narrowing and Purcell enhancement in phanic crystal
cavities on an Er-doped silicon nitride platform. Optics Express, 18]:2601-12,
JAN 2010.

Y. Gong and J. Vuckovic. Photonic crystal cavities in silicon dioxide. pplied
Physics Letters, 96(3):031107, 18 JAN 2010.

Y. Gong, B. Ellis, G. Shambat, T. Sarmiento, J. S. Harris, and J. VUc
ovic, Nanobeam photonic crystal cavity quantum dot laser. OpticExpress,
18(9):8781-8789, APR 2010.

Y. Gong, S. Ishikawa, S.-L. Cheng, M. Guniji, Y. Nishi, and J. Vuckade. Pho-
toluminescence from silicon dioxide photonic crystal cavities with emaldded
silicon nanocrystals. Physical Review B , 81(23):235317, MAY 2010.

Y. Gong, M. Makarova, S. Yerci, R. Li, M. J. Stevens, B. Baek, S. b6 Nam,
L. Del Negro, and J. Vuckovic. Observation of transparency ofriag of plas-
monic grating structures to silicon compatible emittebium-doped siliconitride

in photonic crystal nanobeam cavities. Optics Express, 18(13)8&3-13873,
MAY 2010.

The relevant publications for the design of plasmonic structures drexperimental
coupling of active materials to plasmonic modes (Sections 2.2.1 - 2.2.3after 4)
are:
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Y. Gong and J. Vuckovic. Design of plasmon cavities for solid-stateavity
guantum electrodynamics applications. Applied Physics Letters, €8):33113-
1-3, 15 JAN 2007.

Y. Gong, J. Lu, S.-L. Cheng, Y. Nishi, and J. Vuckovic. Plasmonic e@mcement
of emission from Si-nanocrystals. Applied Physics Letters, 94(1)8106, 5 JAN
20009.

Y. Gong, S. Yerci, R. Li, L. Dal Negro, and J. Vuckovic. Enhanced Iig emission
from erbium doped silicon nitride in plasmonic metal-insulator-metal stictures.
Optics Express, 17(23):20642-20650, 26 OCT 2009.

(1-2 equal contribution) M. Makarova, Y. Gong, S.-L. Cheng, Y. éhi, S. Yerci,
R. Li, L. Dal Negro, and J. Vuckovic. Photonic Crystal and Plasmoit Silicon-
Based Light Sources. IEEE Journal of Selected topics in Quantumidgtronics,
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 ediabed in photonics
research, as they can be fabricated by standard microfabricatitechniques, and their
2D photonic bandgap proivdes strong DBR con nement in all in-plandirections. By
proper design of the spatial pro le of the photonic modes, extreaty high Q-factors
have been achieved [18]. These designs modulate the index of réfvacin a waveg-
uide system, andQs > 10° 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 £ 2:4) [61, 62] and
silicon nitride (SigN4, 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 ptrat 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 pependicular to
the beam length [65]. Recent developments in 1D nanobeam cavitieshwpotential

15
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well" designs have achieved the sam@-factors in silicon as in 2D photonic crystal
cavities with comparable mode volumes [66], while also opening the door high-Q
cavities in SgN4 for applications of optomechanics [67] and coupling to active materi-
als [68]. In particular, the experimentally demonstrated)s exceed 10for Si [66] and
10* for SizN,4 (n = 2:0) [67], while maintainingV,, < 2:0(=n)3. We develop designs
for low-index materials f = 1:46 to n = 2:0) [69], which are hosts to a variety of
active materials (e.g. Si nanoparticles in Si§), and whose emission can be enhanced
in the Purcell regime of highQ, low V,, cavities. Such silicon-compatible cavities
also present an interesting platform for applications such as sensoas due to their
poor index contrast with surrounding air, the cavity modes have higoverlap with
the environment.

2.1.1 Nanobeam Cavity in Silicon Dioxide

First, we design 1D nanobeam cavities in silicon dioxide (SjQor 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 applicats in visible
lighting. Silica is also a heavily used material in electronics, has low cosind has
established fabrication techniques. We follow the cavity design use@d Si and SgN4
[67, 70], but consider a silica slab suspended in free space, with lattcmstant a,
width w, slab thicknessd, hole width hy, and hole heighthy, as shown in Fig. 2.1(b).
We rst obtain the band diagram of a periodic (or unperturbed) nambeam waveguide
using the three dimensional (3D) nite di erence time domain (FDTD) method with
Bloch boundary conditions. The FDTD method is described in AppendiB. A
sample band diagram is shown in Fig. 2.1(c) for a beam with parameterkattice
constanta, w = 3a, d = 0:9a, hy = 0:5a, and hy = 0:7w, and also for a beam with
the same parameters, except with lattice constard® = 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 zonek = =a [Fig. 2.1(c)]. As expected, the
structure with the smaller lattice constant has slightly higher band requencies, as
this structure supports modes that have higher overlap with air. Bcause the lowest
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band of the structure with lattice constant a° (mode at the =a? 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, corresmding to modes
of small group velocity, much like the analogous slow electron grouplecity at the
edge of an electronic band diagram. This slow group velocity e ect al$ielps con ne
the defected mode in the cavity region.
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Figure 2.1: (a) The fabricated 1D nanobeam cavity in silica (Si) n = 1:46) imaged
in an SEM. (b) The electric eld intensity (jEj?) of the fundamental mode supported
by the cavity. (c) Band diagram for a beam with lattice constanta, w = 3a, d = 0:9a,

hy = 0:5a, and hy = 0:7w, and another beam with the same parameters except for
lattice constant a®= 0:9a. The dashed line indicates the light line in free space. (d)
Design of the cavity. The plot shows the periodd) along the length of the beam as
a function of N, the layer number counted from the center of theawity.
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Next, we use the perturbation design suggested by previous mefeces and intro-
duce a parabolic relationship between the lattice constant and thecoordinate, thus
forming an optical potential well [71]. In particular, we choose a miniom e ective
lattice constant of 0.9@ at the center of the potential well, and the remainder of the
lattice constants as shown in Fig. 2.1(d). The perturbations of laite constants span
7 periods away from the center of the cavity. We simulate the full @&ty structure
again using the FDTD method, witha = 20 program units and perfectly matched
layer (PML) absorbing boundary conditions, and obtain the fundamntal TE-like
mode with frequencya= =0:454,Q =1:6 10% V,, =2:0(=n)3, and electric eld
intensity (jEj?) 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, witim = 1:8 [72]) cavity
with the same silica thickness, again obtained in FDTD simulations. Whileilga
micro-disks with Q = 10° 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 mirrotayers on the
cavity Q. In particular, we de ne the quality factor in the direction 1 asQ; = 'U=P;,
where! is the frequency of the modelJ is the total energy of the mode, andP;
is the power radiated in the? direction, computed by taking the integral of the
time averaged Poynting vector across a plane (details in Appendix BWe separate
Quot = 15(1=Q, +1=Q;+1=Qpc), WwhereQp¢ corresponds to radiation leaked through
the ends of the silica beam [in thex direction of Fig. 2.1(b)], Q; corresponds to
radiation leaked out of the beam transverse to the long axis of theeam within
the z = d=2 plane (in they direction), and Q, corresponds to the remaining
radiation leaked transverse to the beam long axis (in the direction) [71]. We plot
the dependence of the variou®s as a function of the number of layers of photonic
crystal mirrors in Fig. 2.2(a). We see that the gentle con nement mthod enables
high re ectivity mirrors even in silica, asQp¢ continuously increases with the addition
of more PC mirror layers. In the case of a 1D nanobear® is limited by loss in the
directions where the mode is con ned by total internal re ection,namely Q, and
Qj- As seen in Fig. 2.2(a), the limiting factor inQy is Q- in this case. Thus,
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Qut could be increased by improving the design of the periods that cospond to
the photonic crystal cavity, possibly by parameter search, getie algorithms [74], or
inverse designs [19, 75].
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Figure 2.2: (a) The direction specic Q-factors of the silica nanobeam cavity as
a function of the number of photonic crystal mirror layers surronding the cavity.
With respect to Fig. 2.1(b), Q» corresponds to radiation leaked in the direction, Q;;
corresponds to radiation leaked in the direction, and Qpc corresponds to radiation
leaked in the x direction. Qy is the parallel sum ofQ-,, Q;, and Qpc. (b) The
Q-factors and (c) the mode volumes of cavities with the same air holesign, but
di erent beam widths and thicknesses. The reference dot sizesedorQ =2:0 10
and Vi, =2:0(=n)2in (b) and (c), respectively.

Furthermore, we simulate the cavity with the same pattern of holesn the x-
direction, while changing the beam widthw and thicknessd, keepingh, = 0:5a and
hy = 0:7w. The resulting limiting Q (the parallel sum of Q, and Q;) and V,, are
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shown in Fig. 2.2(b) and (c), respectively. We see that both th@-factor and V,,

increase with the slab width and thickness, which is expected as largavities have
higher con nement but higher mode volumes. In fact, we observénhdt for small
widths and thickness [lower left of Fig. 2.2(b) and (c)], the cavity moel is not as
well con ned to the center of the beam. Such a trade-o betwee and V,, 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 thQ=\},

ratio. Such a maximum is achieved wittw = 2:6a and d = 1:1a, with Q =2:0 10*
and V,, =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 cefraction
n =1:7. The cavity extends 6 air holes on either side of the center of thauity, where
the distance between air holes is Ga%t 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 sizeh, = 0:5a and vertical sizehy = 0:7w [Fig. 2.3(a)]. We
again simulate the cavity using the 3D-FDTD method, with a discretizton of 20
units per lattice constant and apply perfectly matched layer absbing 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 aff = 1:7, we nd that the
cavity supports at least three TE-like modes, which have dominar, eld pro les
shown in Fig 2.3(b)-(d), and are referred to as the rst (Tk, or fundamental), second
(TE 1), and third order (TE ;) modes, respectively [71]. The T§ TE,, and TE, modes
have normalized mode frequencies af = 0:417, 0398, and 0385, respectively, with
the electric eld energy of higher order modes occupying regions timle beam with
increasing lattice constants (and thus lower frequency waveguideodes). We again
compute theQ of the cavity from the radiated power of the cavity, and we nd tha
the TE,, TE4, and TE, modes have radiation limitedQs of 20 10%, 1:3 10% and
2.9 10, and mode volumes of 1.6¢n)3, 2.5(=n)3, and 4.4(=n)3, respectively, for
a reference index oh = 1:7.
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Figure 2.3: (a) SEM image of the fabricated beam structure. Th&, component
of the (b) rst- (c) second- and (d) third-order TE-like modes sypported by the
nanobeam with parametersv = 3:2a, h, = 0:5a, hy = 0:7w, and thicknessd = 0:7a
are also shown. The beam material has index=1:7.

We also vary the width (W) and thickness €l) of the beam with the same xed air
hole design, and ndQ andV,, for di erent beam parameters, shown in Fig 2.4(a) and
(b), respectively. Much like the simulations for the lower index silica,of 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 th&/,, correspondingly increases. In
addition, we observe that for all beam widths, such a trade-o is niatained as the
thickness of the beam is increased. However, we see that fQeof the cavity mode
saturates as the width of the beam is increased beyond > 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 thicknessesl) of the beams are far smaller than the width at
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w = 2:4a, and increasingd further increases con nement. Likewise, th&-space pro le
could remain largely unchanged by the increase of the beam width,uth limiting the
Q achieved by this air hole design. In order to maximize the Purcell enheement
for this cavity, we would maximize theQ=\}, ratio, which (in this parameter space),
is achieved atw = 1:6a and d = 1:1a, corresponding to radiation limitedQ = 25; 000
and Vi, = 1:1(=n)3. This represents an order of magnitude increase @ and 7
times reduction in mode volume compared to-disks with a similar thickness and a
diameter of 5 m [72].
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Figure 2.4: (a)Q and (b) V,, for the TE, mode for di erent beam widths () and
thicknesses @) for nanobeam cavities imn = 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:SiNmaterial, which has an index of
refraction approximately the same as that of SiN(n = 2:05). The hole spacing at the
center of the cavity is 0.88, and the beam has thicknesd = 0:8a and width w = 1:5a.
The width of the rectangular holes in the direction along the beam is, = 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 frequgne= = 0:36,
quality factor Q = 30;000, with mode volumeV,, = 0:95(=n)3. In addition, the

mode overlap, de ned as the fraction of the electric eld energy inhe beam material,
is 52%.
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Figure 2.5: (a) SEM image of the fabricated Er:SiNnanobeam cavity. (b) ThejEj?
pro le of the fundamental cavity mode from FDTD simulations. (c){d) The color
of each marker illustrates theQ and V,, of nanobeam cavities imn = 2:1 material
as the width and height of the beam is changed, while, = 0:5a, hy = 0:7w, and
the design of the holes are xed. The reference markers repnes€ = 30; 000 and
Vi = 0:95(=n)3.

We also vary the beam width (v) between 1.@ and 3.2a and the beam thickness
(d) between 0.@& and 1.0n, xing hy = 0:5a, hy = 0:7w, and the same design of holes
for the cavity, and nd Q and V,, for the cavities. We observe that theQ of the
cavity has little dependence on the width of the beam, but does inase with the
beam thickness [Fig. 2.5(c)]. Because SiNhas a fairly high index of refraction, and
beam widths in the studied range can still support waveguide modeke beam width
no longer impacts theQ factor. In addition, we nd that V,, 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 infrar¢d  3:5).
We employ circular holes that are patterned along the beam with pendoa and radii

r =0:3a (Fig. 2.6(a)). We note that as the index of the beam material is incesed,
con nement by TIR is enhanced and narrower beam widths can be e 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. @& This
cavity comprises of holes spaced af = 0:84a at the center of the cavity, and holes size
of r°=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 parabolicallpm the center
of the cavity outwards, extending 6 holes on either side of the cayit The cavity is
designed withd = 0:7aandw = 1:3a, and is simulated by the 3D-FDTD method with
20 units per lattice constant and perfectly matched layer (PML) akorbing boundary
conditions. We compute theQ of the cavity using time-averaged energy radiated
from the cavity. Using the FDTD simulation, we nd the jEj? eld prole of the
fundamental TE-like cavity mode shown in Fig 2.6(b), which is dominat by the
Ey component. We also nd that further increase in the number of phonic crystal
mirror layers beyond 15 did not increase the overa® of the cavity. Finally, from the
simulations with optimized designs, we obtairQ = 1:2 1, V,, = 0:8(=n)?3, and
normalized frequency ob= = 0:25.

An alternative design for high index nanobeam cavities has been segted by
Quan et. al. [76], where the lattice constant of the air holes is xed t@nhance
k-vector matching between segments with di erent hole sizes. Tharaholes have
maximum radii at the center of the cavity, and the radius is reduceds the distance
from the center of the cavity increases. Such a taper-out desidgollows the same
concept of the band diagram in Fig. 2.1(c), where the defect bandrfning the cavity
mode is pushed to higher frequency by the larger air holes at the t&nof the cavity.
Such a design in principle adiabatically joins waveguide mode at the oudge of the
beam to the cavity mode in the center of the beam, enabling high cdiqy e ciencies
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Figure 2.6: (a) The fabricated 1D nanobeam cavity in GaAs, with inder = 3:5. (b)
The electric eld intensity (jEj?) of the fundamental mode supported by the cavity.

when inputting light from the side through the waveguide.
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Figure 2.7: (a) TheE, 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 tapen type
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designs for the low-index material, we observe the rst two ordersf cavity modes
[Fig. 2.7(a)-(b)], although the second order mode is more delocalizedthis design.
Again, because of the high-index contrast between the beam anlet surrounding
air, very high Q is achievable in simulation. In this caseQpc = 9:0 1 and
Q> =1:0 10 for the fundamental mode, withQ; =5:8 1 [resulting in Qi =
(Qpt + Q; '+ Q1) =44 10°]. Thus, we can approximate that the coupling
e ciency via the waveguide direction asQ,: =Qpc  0:48. The second order mode has
Q = 2,500, and the mode volumes of the rst and second order modes &rg7(=n)3
and 1:0( =n)3, respectively. This cavity is used as the example to describe the FDT
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 centralavity defect
mostly in one direction, we also attempt to design cavities with DBRs fdSPP modes
by inserting periodic metallic scatters along a at metal-dielectric inteface. 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 transsios by using periodic
structures to manipulate SPPs [77, 78]. These experiments con rthe existence of
backscattering and a plasmonic band gap in metallic gratings. In addin, other
groups have demonstrated that surface plasmons interfere agrmal waves and set
up standing waves under certain conditions [79]. Using designs suchthe 1D PC
cavities for photonic modes, we attempt to design a SPP cavity whesentral defect
is anked by DBRs. While some plasmonic DBR cavities have been propeakin
previous work [80], the designs are often impractical to fabricate.

The proposed structure is shown in Fig. 2.8 and is composed of graswith thin
slices of metals on either side of an uninterrupted surface, whichrrizs the cavity.
Such a grating will open a plasmonic band gap at a frequency to be denined by
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the grating period (@). 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: s

|
K, = —= — —4m 21
2=3C T - (2.1)

In this section, we assume that the dielectric is GaAs, with permittivjf 4 = gaas =
1296, and the metal is silver, with permittivity estimated from the Drude model as
m= 1 (!!—9)2, with ; = 1 and the plasmon energy of silver as! , = 8:8 eV
( p =140 nm) [29]. Setting an operation energy df! = 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 interfag€ have a negligible
impact on the dispersion relation.

Figure 2.8: (a) The proposed structure. (b)-(d) Mode pro lesjEj?) with total cavity
lengths 216 nm, 328 nm, and 440 nm, respectively. These corragpto 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 condcted
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with 5 periods of the DBR gratings on either side of a cavity and usinghe Drude
model for the metal [29]. The depth of grooves in GaAs ( lled with metl) and the
metal slab layer thickness were both set at 30 nm while the groove whdvas set at
20 nm. Here, losses were also included in the Drude model with the dang energy
ofh =2:5 10 ° eV to simulate low temperature conditions relevant for solid-state
cavity QED experiments [81] (see Appendix B). This damping factor isquivalent
to decreasing the non-radiative losses by approximately a factof 8000 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 éetnined by the
metal deposition conditions and metal Im quality. The cavity length was then varied
over multiple grating periods to determine its e ect on the modes. Tiee prospective
modes with their electric eld intensities are shown in Fig. 2.8 and the iruence of
cavity length on the Q-factor and frequency is shown in Fig. 2.9. Th@-factors were
calculated using the average power radiated from the cavity or logta absorption in
the metal. First, we see that indeed the modes display standing wapatterns inside
the cavities. Moreover, the peak quality factors of the modes aseparated by grating
periods, again supporting the idea that a standing wave is formed lifie re ectors
on either side of the cavity. The peak quality factor is approximatelf)t000, and losses
are dominated by radiation through the dielectric. The peaks of thequality factor
all occur around! = 0:153 ,, suggesting a band gap around that frequency. It is
also noteworthy that the radiation parallel to the metal-dielectric irterface is not the
dominant pathway for losses, suggesting that increasing the nuetbof DBRs would
not enhance the overalQ of the modes. Finally, we see that the plasmonic modes of
the DBR cavity exhibits a donor tendency, as the modes decreasefiaquency as the
cavity length increases.

Shown in Fig. 2.10(a) is the calculated Purcell enhancement of a quam emitter
(such as an InAs/GaAs quantum dot - QD) per cavity widthY (in  m) in the y
direction normal to the plane of the 2D simulation (see Fig. 2.8). The wrcell
enhancement, assuming negligible spectral detuning and non-radia emitter decay
( nr), and alignment of the emitter dipole with the cavity eld polarization (mainly
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in the z direction) is:

FE = ot ot pl 1+_p|
ot nr 0
3 2
4. 30 E 2.2)

where  is the emitter spontaneous emission rate in bulk, is the emission rate of
the QD coupled to the plasmon cavity modeQ is the quality factor, and V,, is the
mode volume de ned for 2D simulations as:

RR
(X 2)JE(x; 2)j2dxdz
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Here, Y is the width of the cavity and the e ective dielectric constant is [82]:
8
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Figure 2.9: Dependence of (a) frequency and (b) quality factof)) of the localized
plasmon mode on the cavity length. In (a), the dots sizes are progional to the
mode Q-factor.
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Figure 2.10: (a) Dependence of Purcell enhancement (normalized Wwidth of the
cavity in the y direction of Fig. 2.8) on cavity length for various emitter positions
relative to the metal-dielectric interface ¢ direction). (b) Exponential decay of the
electric eld in the dielectric (JEj?) away from the metal-dielectric interface, plotted
for 3 di erent cavity lengths corresponding to maximum Purcell enancements. The
decay constant of 36 nm is consistent with the plasmon modes in thard gap at the
ksp = =a point. (c) Normalized Purcell enhancement as a function of emittgrosition
(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 thgEj? (/ 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 couldateto the high
Purcell factors. Shown in part (b) of the gure, the electric eld amplitude decays
exponentially away from the metal-dielectric interface, as expeaefor SP modes.
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Moreover, the decay pro le of all three modes is very similar, and éhdecay constants
of JEj? of 36nm is consistent with the plasmon mode at th&s, = =a point. This
again shows that a plasmon frequency is selectively contained by thend gap created
from the gratings. Such a decay also creates a mode area of agpnately (50 nm)?
for 2D simulations, much smaller than the €n)? 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 dnAs/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:

S
! E
9= s B ©2 170GH: (2.5)

Note that becauseE .« is not located in the middle of the cavity, but at corners of
the cavities, the coupling factor is degraded from maximum values.oFcomparison,
(the emitter decay rate without a cavity, dominated by radiative deay, ) and
= 1= (2Q) (the cavity eld decayrate)are2 1GHzand?2 160 GHz, respectively.
For such a set of parametersy > ; , and the onset of the strong coupling regime
is reached. While degradation of) 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 fo 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 E, eld dominates for this mode, the contribution of the E,
eld increases as we approach the surface, making the electric e&nplitude near
the surface signi cant throughout the cavity. Although the E, eld is the main
component of the SPP mode far away from the metal-dielectric intrce, 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 optifrequencies.



CHAPTER 2. DESIGN OF CAVITY STRUCTURES

140

F* Cavity Width (ym)

no
(=]

@) |

(=]

1000 1500 2000

g

140

(pm)

F * Cavity Width

20
0

32

—216nm
328nm ||
—440nm ||

Figure 2.11: (a) Dependence of Purcell enhancement on the losstda, , in the
Drude model ( is inversely proportional to the damping frequency). The Purcell
enhancements are calculated for emitters 20 nm from the metal-thetric interface
for three di erent cavity lengths. (b) Dependence of the Purcelenhancement 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 increase losses

by a factor of 80 and still preserve enhancement, as shown in Figl2. Only at those

lowest gains in conductivity do the radiative quality factor Q;aq) and mode volume

change (by 1% at = 25). In the same manner, the Purcell enhancement change
is dominated by the linear decrease in the absorptiv® factor (Qaps) 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 Qg and Qaps:

1 1

- = +
Q Qrad

1
Qabs

(2.6)

For loss factors greater that 100Q,ys is far greater thanQ,,q, and thus is negligible,
and the mode is not signi cantly perturbed. However for loss facts less than 25,

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

This suggests that the sample temperature should be reduced tol@ast 40 K (where
25 [85]) in order for the radiative losses to be dominant. Such opeiaial
temperatures are already being used for solid-state cavity QED mariments [57].
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2.2.2 Metallic Grating Modes with Silicon Oxide

In this subsection, we study the interaction of plasmonic modes soprted by a metal-
lic grating to enhance extraction and emission from silicon-based eteits, such as
SRO and SiN. Unlike the cavity design of the previous section, we use wide area
gratings to enhance emission for a large set of emitters, therebytaining large aver-
age enhancement of emission instead of enhancing emission from diqdar cavity
region. Much like the photonic modes at the band edge, we would expehat the
SPP dispersion relation attens at the irreducible zone edge, leadirtg slow group
velocity modes that enhance emission.

We rst study the enhancement of Si-NCs using a metallic grating onop of an
SRO layer. We analyze the plasmonic modes of a structure with a 70 ayer of SRO
(n =1:7) on top of a quartz substrate, with 30 nm thick gold gratings on tp of the
SRO layer [Fig 2.12(b)]. We simulate the structure in 2D-FDTD simulatios as in the
previous section [29, 86], with the plasma frequency of gold as=2 c=(160 10 °
m). We calculate the band edge frequencies of the modes at thek & 0) and X
(k = =a) points of the band diagram, xing a duty cycle [the ratio between tle
gold bar width and the grating period, as in Fig. 2.13(b)] of 0.7 and vging the
grating period from 200-1000 nm. We plot the free space mode waveths ( o)
for rst three relevant modes in the wavelength range of emissiomoim Si-NCs in
Fig. 2.12(a), with the rst order mode tting one half SPP wavelengh 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 the rst three
order modes for a duty cycle of 0.8, xing the free-space waveléhg o 800 nm,
and plotting the results in Fig. 2.12(b)-(d). The grating period &,) for the p™
order mode with a given mode frequency can be roughly determined from the SPP
dispersion relationship at the Si-NCs-gold interface without a gratm[20]:

dm(!)

!
E d+t m(!)

o<

= Ky = 2.7)

P
ap
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where 4 = n%. is the dielectric constant of the Si-NC layer, the dielectric constant
ofgoldis m(!)=1 (! ,=!)2
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Figure 2.12: (a) The FDTD calculated band edge frequencies for tssecond, and
third order modes of the SPP band diagram. The rst and third orde 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 jEj? and jBj? elds
for the rst (b), second (c), and third (d) order modes are ploted.

We calculate the Purcell enhancement by discretizing the dispersioalation by
following the procedure from reference [87]. The Purcell enhancemh for eachk-
vector is given by:

¢ max{e(2iE(2)] E ;

0 " c@IE@P0Z By S0 QW (2.8)

F(;k)=§

where the normalized density of stateS( ) is from Eqn. 1.4, Qg 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, andg(x;z) = d(! (x;z))=d! is the

e ective dielectric constant. We then sum over alk-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, andhitd order modes as
3.8, 3.3, and 3.1, respectively.

Another way to calculate the Purcell enhancement is as follows. Weake 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 t® modes have
the same frequency . We then calculate radiative quality factor Q;a¢) and the mode

volume, de ned as: R
Ve = e (X; 2)]E(x; z)jdxdz,, .
YT max [ e (x; 2)]E(x; 2)j2]

(2.9)

the integral is taken over the unit cell of the SPP wave [88], and is the length of the
grating bars. Using the above gures, and noting that the quality dctor is limited
by the absorption factor Qs 50 (since Qraqg 500 Qaps), We can calculate
the average Purcell enhancement by using Eqn. 1.2, where tke eld intensity is
again averaged over the region occupied by the Si-NCs. With =10 m as in the
fabricated devices, we estimate the average Purcell enhancetsdo be 2.7, 2.7, and
2.4 for respectively, the rst, second, and third order modes, vith 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, whee the active ma-
terial is sandwiched between two metallic layers, and grating modeseaformed by
patterning the metal on one side. In order to increase the emitteeld coupling from
the case where the SPP mode is on only one side of the active matene, propose
to employ a MIM device. MIM devices with active materials have been neidered
using l11-V materials sandwiched by metal layers, using lifto proceses to preserve
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the crystalline material [29]. Passive MIM waveguides with sputteredxide as a
passive insulator have been previously demonstrated, with extrensub-wavelength
dimensions [89], and coupling of emitters to MIM modes have also bedreoreti-
cally considered [90]. It is possible that silicon compatible materials care lairectly
deposited on metal while maintaining their luminescence, thus avoidirgpmplicated
fabrication processes. In this section, we analyze an active {iMyer sandwiched
between a metal substrate and a metallic grating, as nitrides arebost and can be
directly deposited on metal. In addition, nitrides can be hosts to Er s with emit
at 1.5 m, where metallic losses are reduced compared to operation in theilis
wavelengths.

The dispersion relation of the MIM mode with semi-in nite metal thickresses,
insulator thicknesst, and eld symmetric along the direction perpendicular to the
insulator layer, is given by the transcendental equation [91]:

Km _ m(!)
Kq d

tanh(kqt=2); (2.10)

where k,, = ! k2 (!)('=c)? and kg = ! k2  4(!=c)? are de ned in terms of
the SPP propagationk-vector, andt is the thickness of the insulator layer. Because
the two metal surfaces con ne the SPP mode from both sides ofdhactive material,
the mode volume of the MIM mode is decreased relative to that of th®PP mode
supported by metal on only one side of the insulator. In addition, # symmetric eld
mode of a MIM structure has higher overlap with the active materialhan the mode
of a single sided design.

We analyze the MIM grating structure using the 2D-FDTD method wih param-
eters in our previous work [86, 92]. The structure has a 100 nm golgbstrate, with
plasma frequency! , = 2 ¢c=(160 10 ° m), a 52 nm Er:SiN, 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 gratingipé, as plotted
in Fig. 2.13(a). We focus on the SPP MIM mode that has symmetric eldand
anti-symmetric charge) along the growth direction [up-down in Fig. 23(b)-(c)], as
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Figure 2.13: (a) The wavelengths of the rst and second order eldymmetric MIM
SPP modes for di erent grating periods, with a 52 nm thick layer of SiNbetween the
metal layers. The analytical solution for a MIM structure with semiin nite metal
thickness and the same SiNthickness is also shown. (b) The magnetic eldg)
and (c) the electric eld intensity (JEj?) of the rst (top) and second (bottom) order
modes near free spacey 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 throgh a vertical slice
of the structure, as well as the analytical solution of a MIM systerwith semi-in nite
metal thicknesses and a 52 nm SiNspacer layer.

it will have high overlap with the active material. In addition, we focus aly on the
band edge modes in the plasmonic band diagram that support integaultiples of the
SPP half-wavelengths within the grating period and exhibit the strogest emission
enhancement, as in Eqn. 2.7 [92]. Because the Er emission wavelengtinuch longer
than the plasma wavelength of gold, the structures operate in thénear" regime of
the SPP dispersion relation, where the band edge modes' waveldrggtare approxi-
mately linear with respect to the grating period. We examine the magmic eld (B)
and electrical eld intensity (jEj?) 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
Eqgn. 2.10 for the MIM mode with semi-in nite metal thicknesses andie same Sil\
parameters is also plotted in Fig. 2.13(a) for the same periodicitiesné the analyti-
cal magnetic eld pro le of such a MIM mode is shown in the inset of Fig2.13(b).
The dispersion relation of the grating is blue shifted from the analytad model of
Egn. 2.10, as the MIM modes for the grating are no longer fully coned and slightly
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overlaps with air. By comparing the simulations with a similar one-sidedP® mode
with a fully SiN 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 ineased by
approximately 0.5, and the mode volume is approximately halved for ¢hMIM 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 nitr&l host was
previously coupled to a photonic crystal (PC) cavity [64], and PL frmm Si-NCs in
an oxide host was coupled to a microdisk cavity [72, 93]. In the microllisase, the
loss mechanisms of the material were analyzed, and it was noted tthieee carrier
absorption may play a signi cant role in loss processes and may ultinely inhibit
gain in this material [93]. In addition, loss mechanisms were also studi@d ultra-
high quality (Q) factor bottle resonators, which have largé/, [94]. By coupling the
Si-NCs to an oxide 1D PC (nanobeam) cavity, we examine the emissioroperties of
the material, along with the lossy mechanism, in a small mode volum¥() setting,
(instead of the larger whispering gallery mode type resonators).

The Si-NC beams with embedded Si-NCs are made by fully CMOS compad¢ib
fabrication techniques, following the fabrication procedures in Amndix A.2. Cavities

39
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are fabricated with the design parameters from Sec. 2.1.2, and thweal 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 @f = 3:2a (due to fabrication
constraints). A transmission electron microscope (TEM) image okpresentative Si-
NCs is shown in Fig. 3.1(b).
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Figure 3.1: (a) PL spectra from unpatterned oxide Im with Si-NCsat10 K and
290 K, as well as a cavity spectrum at 290 K with the rst two TE mods visible.
(b) TEM image of representative Si-NCs. (c) The PL spectrum of aepresentative
fundamental cavity mode at 290 K, and the t to a Lorentzian withQ = 9;000. (d)
The polarization angle dependence of the cavity mode at 290 K, alongth the angle
dependence of PL from an unpatterned region. @orresponds 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 idence g in
Fig. 2.3(b)] with either a CW 405 nm laser diode or a frequency doubl&d:Sapphire
(Ti:Sapph) laser at 390 nm with 3 ps pulses and repetition rate 80 MHzZl'he pho-
toluminescence is also collected from normal incidence through thenee objective
and directed to a Si CCD array in a spectrometer, with resolution dd.01 nm. The
cryogenic temperature experiments are conducted in a helium owyostat, with
temperatures as low as 5 K. Room temperature data was taken side of vacuum.
We observe the PL from an unpatterned region of the sample at dofl0 K and 290 K,
using the CW laser as the pump [Fig. 3.1(a)]. The PL spectrum is centat at around
670 nm, and is the same at both temperatures, which suggests tiiae change in the
homogeneous linewidth for the Si-NCs is small with temperature. Fitlg we observe
that the PL of the sample pumped with the pulsed Ti:Sapph laser (noth®wn) was
the same as the PL in Fig. 3.1(a) at both temperatures, similar to pwous work
[95].
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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 showm Fig. 3.1(a),
where at least the rst two orders of transverse electric- (TE-)ike modes (Tk and
TE,) are visible. We also plot the spectrum of the fundamental mode of lagh-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 ttevity mode by
placing a polarizer and a half waveplate in the PL collection path, plotte in Fig.
3.1(d). The cavity mode is dominated by theE, 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 nitéeli erent time-
domain (FDTD) simulations, the TE; mode has the highes@ and lowestV,,. Thus,
we choose to work with the fundamental mode to maximize the Purte ect.

We measure the&Q-factors of various cavities throughout the Si-NC PL spectrum at
temperatures between room temperature and 5 K, as shown in Fig23 The cavities
are all pumped with the CW diode laser and very low pump powers (2004,
which is necessary to reduce the cavity losses stemming from fregrier absorption
(FCA). The dierent 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 cavitf) can be attributed to the di erence
in the homogeneous linewidth of the Si-NCs at the two temperaturesAs seen in
previous work on coupling Er emission to PC cavities, the Purcell enheement of
absorption is degraded when the homogeneous linewidth of the eraittfar exceeds
that of the cavity linewidth [96]. Single Si-NCs have measured linewidthesf over 100
nm at room temperature, but have far narrower linewidths down tdl nm at 35 K
[97]. Thus, the narrower linewidth at low temperature increases thebsorption of the
Si-NCs coupled to the cavity mode, and lowers th® of the cavities. The temperature
dependence of suggests that the homogeneous linewidth of the Si-NCs continubus
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 wasasured 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 alwn for
reference. (b) The change in the cavity linewidth as the temperate is increased
from 10 K to 290 K. Lower Qs at low temperature are attributed to he 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, tlte=a ratio decreases with
increasing cavity wavelength. We note in Fig. 3.2 and Fig. 3.3(a) thathe cavities
have increasingQ at longer wavelengths, which disagrees with the simulated trend of
higher Qs for thicker beams (higheid=g). While this discrepancy could be caused by
higher sensitivity to surface roughness for cavities operating aharter wavelengths,
we do not observe this e ect in similar cavities made in pure SK[69]. Thus, we
attribute the decreasingQ with decreasing lattice constant to the material absorption
of the Si-NCs, which increases with decreasing wavelength (as mdl€s contribute
to absorption). We also measure the change in the cavity linewidth fdhe same
set of cavities between 290 K and 10 K, shown in Fig. 3.3(b). We notitkat the
decrease in the linewidth with increasing temperature is approximdyeuniform and
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equal to 0.10-0.15 nm for the entire wavelength range of the Si-NQ@.PThe losses in
the cavity can be related to the cavityQ by:

| |

o~ 0 + (T;P) (3.2)
where! is the cavity frequency,Qo is the intrinsic cavity Q, and (T;P) is the pump
power and temperature dependent loss rate. The intrinsi@ change with temperature
is negligible, as a result of the small change in refractive index (theastge in cavity
wavelength with temperature is negligible). In this case, the measd 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 s@dng the
power dependence of the cavities. We employ both the CW diode lasand the
pulsed doubled Ti:Sapph laser in the power dependence studies, adpump various
representative cavities throughout the PL wavelength range. Byting the obtained
spectra to Lorentzian lineshapes, we obtain the integrated emissjocavity 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, respectivdy, as a function
of pump power. We observe that the cavity output is approximatelyflinear in the
pump power, with some slight sub-linear characteristics, mostly likelgue 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 itensities of the
cavities have slightly lower slope for the pulsed pump than for the CWuymp. On the
other hand, the slopes of the light-in light-out curves are approxiately the same for
the di erent types of pump at 10 K. Such sub-linear behavior at smbpump 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 pumpower for
pulsed pumping suggest that lossy mechanisms are more readily fdumith pulses
and high instantaneous pump intensities.

We also nd the pump dependence of the change in the cavity wavelgth from
the ts to a Lorentzian lineshape, and plot the results for the cavies around 720
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Figure 3.4: The pump power dependence of the integrated intensifpr di erent
cavities at (a) 290 K and (b) 10 K. The amplitude traces of each cayitare o set by
factors of 10 to allow clear viewing. The pump power dependence betchange in
cavity wavelength (with respect to the low pump power wavelength, ) for di erent
cavities at (c) 290 K and (d) 10 K. Power dependences were takentlwboth the
CW diode laser and the pulsed frequency-doubled Ti:Sapph. The pungower is
measured in front of the objective.

nm in Fig. 3.4(c)-(d), obtained at 290 K and 10 K, respectively. We aerve that in
both cases, the cavity continuously red-shifts with increasing pympower, implying
the thermal-optic e ect as the cause [93]. At room temperature,hie pulsed pump
generates far less heating than the CW pump, while at 10 K, the wdeagth shifts
are approximately the same between the two pump methods. In aitidn, at high

pump powers for both CW and pulsed pumping, we observe melting did cavities,
where the wavelength of the cavities abruptly blueshifts [e. g. in Fig3.4(c) for the
pulsed pumping]. In order to avoid this regime, pump powers are kepelow 500 W

for all experiments. We also note that the wavelength shift for theavities can be
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related to the index of refraction change caused by the thermaptic e ect by (using
the perturbation method of Ref. [98]):

E—; (3.2)

where is the fraction of the mode overlapping with the Si-NC doped xide, 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 TEy cavity mode at 720 nm, we obtain = 0:52 from FDTD simulations,
and nd that the index of refraction shiftis n = 2:2 10 # which corresponds
to a temperature change of 20 K, using the bulk thermal-optic coecient of oxide,
dn=dT =1 10 °=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 nadm@am cavities,
as noted from previous work with thermal-optical bistability in 1D nambeam cavities
fabricated in silicon [99]. The changes in index with temperature are dbled when
pumping the cavities at 10 K, possibly due to reduced air convectionside a vacuum.
Finally, we measure the cavity linewidth for representative cavitiedwroughout the
Si-NC PL spectrum, at both 290 K and 10 K in Fig. 3.5(a) and (b), resgctively. We
note that the cavity linewidth continuously increases with increasingump power, re-
gardless of cavity wavelength or cavit@). The linewidth data resembles the linewidth
data for -disk modes in Ref. [93], though the low pump poweDs for the nanobeam
cavities are approximately 4-8 times higher. Such broadening of tleavity linewidth
can be attributed to FCA. Taking the pump beam spot area to be 4 m?, we nd
that the power necessary to observe FCA is more than an order wfagnitude less
than in -disks, corresponding to a pump ux of 3 W/cn? [93]. Following the slope
of the curves in Fig. 3.5, smaller powers could also generate lossesffree carrier
absorption. As described previously [93], the onset of FCA only oagsuwhen the
FCA dominates other processes such as Mie scattering and bamdiand absorption
in nanocrystals. On the other hand, in highQ, low V,, systems, we observe that
free-carrier absorption dominates the other processes, andthinewidth broadening
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e ect from FCA occurs at even small powers. In addition, the linewith 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 froRCA in -disks
were saturated when the carrier density is su ciently high to promt¢e Auger recom-
bination [93]. However, we do not reach that regime, as the pump imsities required
are higher than that to destroy the cavities. We further note thathe cavity linewidth
for each cavity is narrower with the CW pump than with the pulsed purp at room
temperature. Such evidence corroborates the conclusion thatlped pumping induces
more losses in the cavities than CW pumping.
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Figure 3.5: The linewidths of representative cavities as the pump pewis changed at
(a) 290 K and (b) 10 K. Both a CW diode laser and a frequency doubledode-locked
Ti:Sapph laser are used as the pump source. The pump power is meadun front
of the objective.

We attempt to characterize the FCA mechanism following the procendle 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]:

373

h' = Eg;Si + W’

(3.3)
whereEgsi = 1:12 eV is the bandgap energy of bulk Sh! 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, r&d the proportion-
ality constant is found by nding the volume ratio of Si in the entire Im, assuming
complete phase segregation. By nding the mass fractions of Sig( = 0:42) and O
(Xo = 0:47) obtained from x-ray photoelectron spectroscopy (XPS), wed 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 &. [93], as the
NC emission has been pushed to shorter wavelengths. By integrafithe distribution
for all radii, we nd a total nanocrystal density of Nye =7 10 cm 2, which is
comparable to the densities obtained in other works [36, 93].

We also nd the pump power dependent rise ¢) and fall ( ;) times of the Si-NCs,
by chopping the CW diode pump with an acousto-optic modulator with & ns rise
and fall times. Representative time traces from unpatterned rémns of the sample
can be found in Fig. 3.6(b), for the sample at 290 K and 10 K. Stretell-exponential
functions are tted to the datato nd , and ; [101]. The ¢ 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 afrpus silicon
also demonstrate a dramatic increase in lifetime with decreasing teemature, which
was attributed to longer radiative lifetimes and higher fraction of tle emission coming
from the di usion of carriers [101]. Itis also possible that non-radiage recombination
centers and recombination at dangling bonds are reduced with tem@ture. The
excitation cross section of the Si-NCs at a particular wavelength ( ¢( )) can be
related to ,, ¢, and the pump ux by [93]:

1 1

- =0y (3-4)
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By conducting time-resolved measurements at various wavelengttusing 10 nm band-
pass lters to spectrally Iter the emission, we nd 4 by a linear t of the pump
ux dependent di erence of 1=, 1= to , with the results shown in Fig. 3.6(c).
Finally, the occupation (the number of electron-hole pairs) of individal Si-NCs at a
particular size and pump ux (f (R; )) is found by the relation [93]:

. 3 .
) TRE) TR ) (35)
h! i() A()
where! , is the pump laser frequency, and, is the Auger recombination time. The
Auger time constant can be found by o = 1=Cy (V=2)?, whereC, =4 10 %
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Figure 3.6: (a) The Si-NC density distribution of this sample as a funain of Si-NC
radius. (b) Time resolved measurements of the Si-NC rise and fall tan Fits to
extended exponential distributions yield a rise time of 17s and a fall time of 20 s
for the sample at 290 K, and a rise time of 78s and a fall time of 79 s for the
sample at 10 K. (c) The excitation cross section and the lifetimes;() of the Si-NCs
as a function of emission wavelength, for both 290 K and 10 K. (d) Ehcalculated
free carrier concentration as a function of pump intensity for 29K and 10 K.
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cm®/s is the Auger recombination coe cient for bulk Si, andV is the volume of the
Si-NC assuming a spherical particle shape [102, 93]. Although the bulit Auger
coe cient is used, the Auger recombination time of Si-NCs with similar igzes as the
ones in this work has been observed to match well with the bulk Augéme constant
[102]. Finally, the density of free carriers at a pump ux (ngc( )) can be found by
integrating the occupation for NCs of all sizes [93]:

z
Nec( )= TR ) (R)dR: (3.6)

We plot the results in Fig. 3.6(d), and observe that due to the smalleexcitation
cross-section at 10 K, the free carrier concentration at 10 K ang particular pump
ux is approximately one half that of the free carrier concentratio at 290 K.

Finally, this free carrier concentration can be related to the chamgin linewidth
of the cavity modes, assuming the FCA is the dominant absorption pcess:

2

FWHM =
2N gff

Fca( )Nec; (3.7)

where FWHM is the change in the cavity linewidth, nes Is the e ective index of the
cavity mode, and gca( ) is the free carrier absorption cross-section. We calculate
Nes and from the FDTD simulations with various beam dimensions. We plot
the change in linewidth (obtained from the power dependence cusjeagainstngc,
and nd gca 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, & plot all
of the tted rca for dierent cavities throughout the Si-NC PL spectrum at both
temperatures, as a function of the cavity wavelength, in Fig. 3.7fb We rst note
that the mean free carrier absorption obtained in the nanobeam ées is a factor
of 4 increased from that obtained in Ref. [93] at room temperaturdn addition, as
seen in Fig. 3.7(a), the change in the cavity linewidth with increasing pop power
is larger at 10 K than at 290 K for the same cavity. Even more, becae the free
carrier density at the same pump power is lower at 10 K than at 290 Kye calculate
that the fgca IS approximately 6 times higher at 10 K than at 290 K [Fig. 3.7(b)].
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While FCA in bulk crystalline materials decreases with temperature [103the FCA

mechanism in Si-NCs of scattering at the Si-NC boundary [93] could tess sensitive
to temperature. However, we do not observe the? dependence of ¢4 generally
associated with FCA [93], especially at room temperature, whergca is seen to

decrease with wavelength.
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Figure 3.7: (a) The change in cavity linewidth as a function free carmalensity for a
representative cavity around 720 nm at 290 K and 10 K. Linear tsd the data are also
shown. (b) The free carrier absorption cross-section{c ) obtained from linear ts

such as those in part (a), as a function of wavelength, for di erércavities throughout
the PL spectrum of the Si-NCs. The inset shows the same data renalized in a
small V,, setting. The dashed lines represent ts to a ® 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 ges ob-
tained in Ref. [93], they assume that the optical mode of the cavity isaveling in
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an e ective medium with some e ective index and group velocity. While @wch an

assumption is valid for large cavities such as-disks, they are oversimpli ed for the
case of highQ, low V,, cavities. In the cavity setting, the Purcell enhanced strength
of absorption is given by [104]:

z z
[ jgel® (1)dt 7 ()= (3.8)

wherejgj? /' 1=V4, is the emitter- eld interaction term, and (! ) is the joint density
of states associated with the electronic transition for FCA and theptical density of
states of the cavity. However, since the transition for FCA is a bax continuum, the
normalized narrow bandwidth optical density of states from the caty is integrated
out, resulting in no enhancement of the absorption rate in higk) cavities. Thus, in
this case, the Purcell enhanced absorption should only be propiortal to and the
inverse ofV,,. We renormalize the calculated ¢ of Fig. 3.7(b) with those consider-
ations and plot the results in the inset of the same gure, along withheir respective
tstoa rca / P model. We obtainedb = 1:3 and 18 for the 290 K and 10 K
cases, respectively, which is more consistent with FCA being the cauof the power
dependent absorption. This evidence suggests that cavity enltd absorption may
be applicable to processes such as FCA, and are not limited to just ission of single
guantum dots [57], ensembles of atoms with large homogeneous dieyang [96], and
even Mie scattering [105]. Even more, the large e ective absorptiaoe cients of
Si-NCs in microcavities could hamper development of a lasing sourcehether the
Si-NCs serve as the emitters or as the sensitizer as in Si-NCs mediagenission from
Er doped SiQ,. Finally, it is likely that cooling down systems involving Si-NCs would
present additional challenges. Although many non-radiative phonanediated recom-
bination processes decrease with decreasing temperature, weehdemonstrated that
FCA increases dramatically with decreasing temperature as well, gisly o setting
some of the gains.
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3.2 Erbium-doped Amorphous Silicon Nitride

In previous work, we have already demonstrated enhancementkf PL in Er doped
amorphous silicon nitride (Er:SiN,) coupled to a two-dimensional (2D) hybrid Er:SiN-
Si PC membrane cavity, including linewidth narrowing of the PC cavity mde and
Purcell enhancement of the Er emission rate [96, 106]. Although silicbased PC
cavities have highQ and small V,, the overlap of the cavity mode with the active
material is small, as most of the cavity mode is con ned in the higher irek Si portion
of the membrane. In addition, absorptive losses, stemming mostipi the Si portion
of the membrane absorbing the pump light and creating free carrigralso limit the
gain. As seen in the previous section, nanobeam cavity design endtith-Q cavities
made with low index materials. Here we report on a nanobeam PC cavitjesign
made entirely of the Er:SiN. material, which have 12 times mode overlap relative
to previous cavity designs [96] and reduced absorptive losses, hsré is no longer
Si present in the cavity. We demonstrate enhanced linewidth namong for these
nanobeam cavities, and observe of material transparency.

We use the fabrication procedures of Appendix A.3, to fabricate écavity designs
of Sec. 2.1.3. The cavities are fabricated with a Type | membrane [ihsd Fig. 3.8(a)]
where the Er:SiN layer is 500 nm thick with an Er concentration of © 10?° cm 3.
We also fabricate cavities in Type Il samples, shown in the inset of Fi@.8(b), with
have only the middle third of the membrane doped with Er. The scanngnelectron
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 Ef 15, ! 1135 transition at 980 nm in order
to reduce the total material losses [96, 107]. Micro-photolumineswe is performed
from normal incidence for both the pump and the collection beams wata 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 bdt room and
5.5 K temperatures. In the cavity PL we observe the two TE-like mosek, and we
choose to work with the rst order (fundamental) mode, as it hashe lowest mode
volume. A sample cavity PL spectrum is shown in Fig. 3.8(a), and typitaavities
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Figure 3.8: (a) Photoluminescence from the cavity at room temperae and the
unpatterned Im at room temperature and 5.5 K. The whole membraa is composed
of Er:SiNy in this case (type I, shown in inset). (b) Spectrum of a cavity fabrated
in SiNy with only the middle third doped with Er (type Il, shown in inset). Dots
correspond to the spectrum obtained by a laser scan in cross-p@ation re ectivity,
and circles to PL measured by the spectrometer. Fits to a Lorenén 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 paneters,
except with w = 2:5a and only the middle one-third of the slab doped with Er [type
Il 'in the inset of Fig. 3.8(b)]. In such a cavity, we measure & of 25,000 from PL
taken with the spectrometer [Fig. 3.8(b)]. However, since the casponding linewidth
of 0.06 nm is limited by spectrometer resolution, a scan of the cavity jgerformed in
cross-polarization re ectivity [58, 108] in steps of 0.002 nm with a table laser. The
re ectivity scan data are also shown in Fig. 3.8(b), and yields & of 52,000.

We perform power series measurements on one cavity (type |) abth room and
cryogenic temperatures, with pump powers varying from 0.030 m\Wbt40 mW. We
plot the integrated intensity from the cavity, and the integrated irtensity 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 roortemperature



CHAPTER 3. ENHANCEMENT OF EMISSION IN 1D PC CAVITIES 55

and 5.5K [Fig. 3.9(a)]. The amplitudes of the cavity and spectrally decopled PL
both increase sublinearly at both temperatures. However, it is intesting to note that
the PL from the spectrally decoupled regions have approximately ¢hsame saturation
characteristics at both temperatures, while the PL from the cawtresonance rise with
a higher slope on the log-log plot than that of their uncoupled courtgarts at both
temperatures. Such behavior suggests a faster spontaneomsssion rate at the cavity
resonance, due to Purcell enhancement of radiative emission rabe addition, at both
temperatures, the cavities redshift at high pump power, suggésy 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, atoo temperature,
the Q only increases from 14,000 to 16,000. In our previous work with an:&iN
layer coupled to a Si 2D PC cavity, we observed a smaller increaseQrat cryogenic
temperatures and negligible increase iQ 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 transiiavith increasing
temperature, which degrades Purcell enhancements of emissiomd 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 witthe active material
and the reduction of free carrier absorption, as the 980 nm pump &sorbed more
by Si than by SiN,. Because of the redshift in the cavity resonance wavelength with
increasing pump power, we conclude that heating mechanisms dueftee carriers
or Er-Er interactions may still lead to increased absorption at high gmp powers.
Nevertheless, the reduced cavity losses of the new cavity desigavdn enabled the
observation of linewidth narrowing at room temperature.

By changing the PC lattice constant, and while maintaining the same véy de-
sign, we fabricate cavities with a variety of wavelengths that sparhe Er emission
spectrum. At room temperature, we observe that all cavities haQs at or above
10,000, at high or low pump power [Fig. 3.10(a)]. However at low tempure, all
the cavities that overlap with the main Er emission lobe demonstrate \wer 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 @ [Fig 3.10(b)], much like
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Figure 3.9: The pump power dependence of the (a) integrated PCwvilgt intensity
and PL spectrally decoupled from the cavity, (b) the cavity reson@ce 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 observeid this work
is more than double that of our prior work, as expected, becausétbe higher mode
overlap and reduced free carrier absorption. The maximum obserV linewidth nar-
rowing is by 0.23 nm at 5.5 K. In addition, the change in linewidth decreas with
increasing cavity wavelength to almost negligible amounts. The speat dependence
of the linewidth narrowing is expected, as the wavelength range fr01525 nm to
1540 nm corresponds to the peak of Er absorption, and the abgton decreases with
increasing wavelength. As opposed to our prior work [96], here wesebve linewidth
narrowing for all cavities at room temperature as well [Fig 3.10(b)]. l&hough the
linewidth changes at room temperature are much smaller than the ahges for the
same cavities at 5.5 K, they are still signi cant. At room temperatue, the linewidth
change is nearly the same for all cavity wavelengths. This can be é&diped by the
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large homogeneous linewidth of the Er at room temperature (up to0Olnm in glass
hosts), such that a signi cant portion of the Er population couplesto the cavity

resonance. We have previously found that th@s of the cavities, and thus the Er
homogeneous linewidth, vary smoothly between 5.5 K and room temrpture [96]. In

addition, as the system is in the bad emitter limit, the absorption and mission rate
enhancements depend only on the mode volume and not the cavijyfactor. Thus,

we have explored the two extremes of the temperature (5.5 K an®@@K) in order to

display the largest variation in linewidth (at low pump power).
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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 twoémperatures is most
likely due to a shift of the sample position in the cryostat as temperate is varied. (b)
The change in the linewidth (full-width at half-max, FWHM) for individual cavities
as pump power is switched from less than 10V to 40 mW, at 5.5 K and room
temperature. The scaled and shifted Er spectrum is shown in grag a reference.

Time-resolved PL measurements are performed using the sameupetis in our
previous work [96]. In summary, a 980 nm pump laser is chopped at 5@ Hy a
mechanical chopper, and the decay of the PL is sent to a superdosting nanowire
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single-photon detector (SNSPD), which is held at a temperature of3 K in a closed-
cycle helium cryocooler [109]. The chopper provides start pulses teettime-sampling
electronics, while the SNSPD provides a stop pulse each time it deteet photon. The
electronics record a histogram of the number of stop counts arg 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 cavitgesign with
w = 2:5a and the type Il Er:SiNy, 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 aadible exponential
with the decay time constants shown in Fig. 3.11(b). We observe thaoth the long
and short decay lifetimes vary with pump power, which is consistentithh the concept
of stimulated emission. We note that the initial decay time constant ig.0 ms for
unpatterned Im and 0.73 ms for cavity resonant emission. The meaed total PL
emission decay time constant () from the unpatterned Im is the parallel sum of the
radiative ( ;) and the non-radiative ( ;) decay time constants. On the other hand
for a cavity, the radiative decay time constant is shortened by Peell factor F,, 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 S§N4 is 7 ms, asitis the longest
total (combined radiative and non-radiative) lifetime observed fosuch a system [110].
Using this gure, we conservatively estimatd-, = 6 at 3 K at the lowest pump power.
We also observe that theQs of the cavities with the type | membrane at 5.5 K
and at high pump powers can sometimes exceed ts of the same cavities at high
pump powers at room temperature. We nd the di erence betweerthe linewidths
of the cavity resonances at the two di erent temperatures at ta same high pump
power and plot them in Fig. 3.12(a). We observe that a cluster of cidies between
1535 nm and 1539 nm exhibit narrower linewidth at low temperature #m at room
temperature. Understandably, this range lies on the longer-wdeagth side of the Er
emission peak, where absorption from Er is lower compared to theoster-wavelength
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Figure 3.11: (a) Time-resolved PL measurements of the cavity remmce for various
pump powers at 3 K, as well as unpatterned Im (integrated for all wavelengths).
Solid lines for the cavity time traces are ts to a bi-exponential mode (b) The fast
and slow components from the ts in part (a), as well as for an ungterned Im
lifetimes for various pump powers.

side of the Er emission peak. The observation of narrower linewidth &5 K indicates
that larger gain is achievable at low temperatures than at room tengrature.

In addition, we expect the pump power and temperature dependeabsorption
rate ( o(P;T)) to be related to the observedQ-factor of the cavity (Qqps) by:

'o 'o
= a(P;T); 3.10
Qobs Qcav ( ) ( )

where! ( is the cavity frequency, andQ.,, is the intrinsic (no gain or loss) cavityQ.
Because the light-in light-out (LL) curve does not indicate clear treshold behavior,
the system operates well under any lasing conditions, and Eq. 3.1Wadid. However,
as discussed in our previous work [96]4(T) is dependent on the Er homogeneous
linewidth, and thus has a strong dependence on temperature. Bying the time-
resolved data above, we have estimated that the average enhament 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 homogeneslinewidth of
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Figure 3.12: (a) The di erence in between the cavity linewidth at 5.5 K ad 290 K,
under high pump power (greater than 40 mW). The scaled and shifteEr spectrum
is shown as a reference. (b) The absorption rate achieved at rodemperature
under high pump power (circles) and low pump power (squares) calated 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 powe(circles) and
low pump power (squares), with the same error bounds as part (b)Regions with
positive , correspond to gain achieved with the system.

Er in SiNy 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 [11], and the
spontaneous emission rate enhancement at room temperaturd=i€T) / Qgr =Vinoge,
where Qg = o= !g, and!g and !g, are the Er transition frequency and Er
homogeneous linewidth, respectively. On the other hand, at cryegic temperatures,
if !g were to be comparable to or smaller than the cavity linewidth (bad city
limit), we would expectF (T) / Qcav=Vinode, Which in this case would be over 50 times
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larger than at room temperature. Since we observe a change in Peilt enhancement of
only 5to 7, we con rm that the Er homogeneous linewidth limits Purcelenhancement
at cryogenic temperatures as well.

Next, we use the time-resolved data to estimate the Er inversionaittion. We
may write for a single cavity that ,(290 K) = ,, where , is the cavity dependent
absorption rate, and that ,(5:5 K) = 5, where is the factor by which the Er
homogeneous linewidth decreases between room temperature &% K. By using

= 6 as observed from time-resolved spectroscopy, along wi@g,s (deconvolved
from the spectrometer response) at low pump powers (Er all in thground state)
at 290 K and 5.5 K, we can nd , and Q. for each cavity using Eq. 3.10. We
plot 4 in Fig. 3.12(b) and (c) for room temperature and 5.5 K, respectivelyand
the data match well with the expected absorption spectrum of Erln addition, we
nd the e ective gain (or absorption) rate, namely, ! =Qops ! 0=Qcav, achieved at
the cavity resonance wavelength for each cavity under di erentymp powers. We
plot the results for room temperature and 5.5 K in Fig. 3.12(b) and {¢ 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 abevtransparency,
i.e., a equal to or greater than zero (otherwise, < 0 denotes absorption loss), for
the cavities coupled to the longer wavelength side of the main Er emiss peak at
both room temperature and 5.5 K. Once again, such an e ect mates well with the
pump power dependent gain curves of Er in glass [22]. The absorptioae cient
( ) can be calculated from the absorption rate by = a=(2 )=(c =ng ), where
for this cavity mode the e ective index isnes = 1:6 and mode overlap with the
active material is = 0:52. At the Er emission peak, we obtain an absorption rate
of =2 6 GHz, which corresponds to an absorption coe cient of 0.6 cnt and
is consistent with absorption rate of Er doped materials in silicon namoystal doped
oxide and phosphate glass waveguide systems [112, 113]. Similarlg thaximum
gain ( > 0) obtained at 5.5 Kand 290 K is 5, =2 2 GHz, which corresponds to

= 0:22 0:05cm . 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 temgure, both
measured at low pump powers (below 10W). The color of the points represents the
intrinsic cavity Q-factor (Qcay). The scaled and shifted Er spectrum is shown as a
reference.

Finally, we con rm that the Purcell enhancement is degraded by théarge homo-
geneous linewidth of the Er transition at both 5.5 K and room tempetare. We plot
the change in the cavity linewidth at low pump power between 5.5 K ancoom tem-
perature for various cavities, which is representative of the alrgdion of the cavities
at cryogenic temperatures, and simultaneously pld®.,, on a color scale in Fig. 3.13.
We observe that the change in the linewidth (i.e., the change in absdipn) between
the two temperatures is not strongly correlated with the intrinsic avity Q-factor.
Therefore, minimizing the cavity mode volume while keeping the cavity lewidth
comparable to the homogeneous Er linewidth would achieve the maximuPurcell
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 lowkreshold
lasers [114, 115], as higQ, low V,, cavities reduce the lasing threshold by increasing
the spontaneous emission rate and channeling the enhanced emissito the cavity
mode. The 1D nanobeam cavity design of previous sections can awpbsh same
e ect, and very recently, lasing in such cavities incorporating quaaom well material
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has been demonstrated [116, 117]. In this section, we couple emisdiom InAs
guatum dots (QDs) to nanobeam PC cavities, as the QDs have lessna@diative
decay channels than quantum wells, and thus could enable very lowitagsthresholds.
Because the 1D PC lasers have small footprint, the cavities also kavanomechanical
properties that could theoretically enable tunable lasers [118]. Finallihe nanobeam
laser are also suitable for coupling to ber taper, which is demonstied in this section.
We employ this coupling to tune the lasing wavelength by up to 7 nm by otrolling
the overlap between the cavity and the taper.

We study the lasing properties of GaAs nanobeam cavities with InAsugntum
QDs at room temperature. We employ the same cavity design as in Se2.1.4,
fabricating cavities on a GaAs membrane of 240 nm (Appendix A.4). Aaxample
of a fabricated structure is shown in Fig. 2.6(a). We work with the fadamental
TE-like mode (E-eld in the xy-plane in the middle of the nanobeam) as it has
the highestQ and lowestV,, 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 roughnefsem the dry etch
and lithographic tolerances to the hole position), or from absorptiolosses in the QDs
and the wetting layer. In fact, by simulating this structure directly [119] without
absorption losses, we observe a reduction@to Q 20; 000.

We pump the cavities at both 780 nm (above the GaAs band gap positied at

g = 870nm) and at 980nm (longer wavelength than 4, but shorter wavelength than
the emission wavelength of the QDs, and slightly above the emissionwekength of
the quantum well wetting layer at 1000 nm), both at room temperaitre. Suspended
bridge nanobeam cavities have been shown to have very small heahduction [99].
However, the 980 nm pumping avoids heating of the cavity at high pympowers, and
allows high power continuous wave (CW) pumping. The CW pump laser i®d¢used
onto the beam from normal incidence with a 100 objective lens with numerical
aperture NA = 0.5. The photoluminescence (PL) from the sample is alscollected
from the direction perpendicular to the plane of the chip and sent ta spectrometer
with an InGaAs CCD array. The PL from QDs in a unpatterned region bthe sample
is shown in Fig. 3.14. The PL spectra of various cavities with slightly di eent lattice
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constants and radii are also shown in Fig. 3.14, with pump powers aleothreshold
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.
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Figure 3.14: Normalized PL spectra from representative GaAs ndmegam cavities
with embedded InAs QDs above lasing threshold (colored points). €L spectrum
from QDs in bulk (unpatterned Im) is also shown (gray circles). The iset 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 themp power
of an unchopped CW 980 nm laser from as little as 0.1W to as much as 10mW.
The output power of the nanobeam laser as a function of the pumpower is shown
in Fig. 3.15(a). The experiment is repeated with the same cavity, buvith the 780
nm pump [Fig. 3.15(b)]. We t the data to the standard rate equatiors [120]:

dN Lin F 1
G - hiv. - + — VygP (3.11)
P VggP + N E; (3.12)

whereN (P) represents the carrier (photon) densityF is the Purcell factor, repre-
sents the fraction of incident pump power I(;,) absorbed in the active regionyV, is
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the active volume of the laser,, ( ) is the radiative (non-radiative) recombination
lifetime, vy =1 10* cm/s is the group velocity of light in the active medium, , 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 theomogeneous
linewidth of such QDs at room temperature is approximately 10 meV [hdwhich far
exceeds the cavity linewidth, the Purcell enhancement is negligiblé ( 1) [21]. A
logarithmic gain modelg = goln(N=Ny ) is used whereg, is the gain coe cient in
units of cm * and N, is the transparency carrier density in units of cm?® [54]. The
photon lifetime , = Q=! is estimated from the linewidth of the cavity resonance
around threshold to be 7.1 ps. The QD radiative lifetime in bulk, ., is estimated
from the literature to be about 3 ns [54], and the non-radiative lifetira, ,,, 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 lowethan in quantum
well lasers, as a result of the spatial con nement of the QD excitorThis small non-
radiative recombination rate, in addition to low threshold, causes ao# 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 , gy, Ny, and as
variable parameters. We simultaneously t the data from the 780 nnpump and the
980 nm pump to the model with the same, gy, and Ny, but dierent . The best t
to the data is obtained withgy = 6:2 10* cn? andN, = 7:9 10 cm 3, comparable
to previous studies with similar quantum dots [54]. For our lasers we adh = 0:88,

=1:3 10 ° for the 980 nm pump, and =6:3 10 # 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 weaklysabbed (only
by QDs and the wetting layer). Despite low Purcell enhancement, aigh factor
is achieved, resulting from redirection of spontaneous emission ireosingle mode,
similar to vertical nanowire antennas [121, 122]. To nd the thresHd 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 highligtg the improved
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Figure 3.15: The light-in light-out curves of a representative cavityusing CW pump-
ing at (a) 980 nm and (b) 780 nm. Fits from the rate equations, and lear ts to

the above threshold behavior are also shown. (c) The power depence of the cav-
ity wavelength with 780 nm and 980 nm pump. The red-shift at high pum powers
indicates structure heating, and it kicks o sooner if the above-Gas bandgap laser
(780nm) is employed, as expected. The inset shows the cavity inséiy for larger

pump powers, where the beginning of saturation is observed towlathe end of both
traces. (d) The power dependence of the cavity linewidth with 780mm and 980 nm
pump. The pump power (horizontal axis) is measured before the g@ative 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 couldme from the
reduced number of QDs layers in our structure, or from the high-factor of this
cavity design.
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Figure 3.16: The thresholds of various nanobeam lasers obtainedlimear t to the
above threshold behavior, using both the 780 nm and the 980 nm ppmThreshold
pump powers are measured before the objective lens in all casebe Qs of various
cavities (all below threshold) are also shown.

In addition, we notice that two pump wavelengths create dierent lehavior in
the cavity heating. For both pump wavelengths, the cavity wavelegth is unchanged
at low pump powers, but begins to red shift at high pump powers [Fig. .B5(c)].
Moreover, the wavelength shift for the 780 nm pump begins at lowpowers than the
one for the 980 nm pump, which is expected, as the 780 nm pump is merciently
absorbed in the material. We also study the cavity linewidth as a funmin of pump
power, but observe only a small narrowing [Fig. 3.15(d)], as the cayitinewidth is
near the resolution of our spectrometer and small linewidth narrang 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 occurringpser
with the 780 nm pump. Finally, in the inset of Fig. 3.15(c), we show theigh
pump power dependence of the cavity output intensity, and the enof each trace
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represents the pump power where the cavity output starts to @eease. While the two
pump wavelengths show approximately the same power output, theavity linewidth

is irreversibly broadened with the 780 nm before the saturation batior (as in Fig.
3.15(d)), suggesting heating damage to the cavity. On the othemhd, damage to the
cavity is not observed with the 980 nm pump.
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Figure 3.17: The light-in light-out curve for the same cavity as in Fig 33(a)-(b),
pumped with a pulsed 830 nm laser, and by a CW 830 nm laser. The emissfoom
a portion of the PL spectrum not coupled to the cavity is also shownPump powers
are measured in front of the objective.

We also investigate multiple cavities throughout the PL spectrum ofhe 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 increasby nearly an
order of magnitude as we move toward the blue side of the PL spaatn, for both
the 780 nm and the 980 nm pump. This results from the degradatiorf the cavity
Q-factor with decreasing wavelength (Fig. 3.16). As more quantumots 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 thé80 nm pump
always results in lower thresholds than the 980 nm, by approximatelywo orders of
magnitude. Again, this corroborates the fact that the pumping abve the GaAs band
gap e ciently delivers carriers to the QDs.

In order to check the loss mechanisms due to heating, we also puniye tcavity
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with a pulsed 830 nm laser (35 ns pulse, 150 ns repetition period). hauld be noted
that this corresponds to a quasi-CW regime, as the pulse duration much longer
than any recombination time scales of the system, but the modulatiohelps reduce
heating losses. The cavity emission as a function of the peak CW povie plotted
in Fig. 3.17 for the various cases of CW and pulsed pumping. Lasing issebved in
both cases, but the pulsed pump generated a higher slope of the tiirve. Moreover,
the saturation at higher pump powers is delayed in the case of the lpad 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 cavitieby 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 tapeithva 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 toicrent positions
around the cavity, thereby changing the coupling between the heand the cavity.
Because the ber has a higher index of refraction than air, the eaive index of
the cavity is increased as the ber overlaps more with the cavity mag] leading to a
red-shift of the cavity mode [124]. In particular, we move the ber ng they and
z directions of Fig. 2.6(b), and plot the resulting spectra in Fig. 3.18ja With the
movements in the two directions, we demonstrate tuning of the cey 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 measur€lis 5; 500, while the measured
Q in the spectra in Fig. 3.18(a) range from 3,800 to 5,400. We simulateeHull
structure of the cavity with the ber represented by a 1 m diameter silica f = 1:5)
cylinder lying horizontally along the nanobeam long axis [inset, Fig. 3.18)(]. 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 wavelengthlensupporting the
same cavity mode withQ = 15,000 (compared toQ=35,000 of an unoptimized design
without the presence of the ber). These theoretical results mieh 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 topf the cavity.
If we were to use thinner membranes, the tuning range of the cayitnode could be
even larger, as the design of the nanobeam cavity with=a= 0:7 con nes the mode
well in the z direction.
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Figure 3.18: (a) Spectra from a nanobeam cavity as it is tuned by thmovement of
a ber taper in close proximity to the cavity. The free space spectim without the
ber taper is shown as a reference, and taper movement in the and z-directions
(shown in Fig. 2.6) tunes the cavity mode by over 7 nm. The spectraif the tuned
cavity are scaled for clarity. (b) The lasing thresholds of one cavitpumped from
free space (normal incidence) and through the ber taper, withallection 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 sttoas the data point
with the shortest wavelength. The inset shows the geometry simigal by FDTD, as
well as thejEj? eld of the cavity mode in the presence of the ber taper.

We also pump another cavity through the ber taper and through fee space (from
normal incidence) with the 980 nm laser, and with the ber taper in vaous positions
near the cavity (in both cases, emission is collected via the ber tape We observe
lasing in both cases, with thresholds obtained from a linear t to the laove threshold
behavior, as before [Fig. 3.18(b)]. The data point with the shortestvavelength
represents the experiment without any ber tapers, and we againbserve that the
cavity is red-shifted with the presence of the ber taper. We alsoote that the ber
taper e ciently pumps the cavity, as we observe lower thresholds ith the ber taper
pumping than with free space pumping. This e cient pumping is due to he 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 thredt 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 #n a factor of two
over a small wavelength range as the cavity wavelength is tuned bge movement of
the ber taper. Such a large change is due to the change in pump eency, instead
of the change in material absorption with wavelength. The taper is aved farther
away from the center of the cavity as the cavity wavelength blue #ts, 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 [asmonic struc-
tures. Because surface plasmon-polariton (SPP) modes have dddandwidth, and
can be excited in larger areas, they are a good t for coupling to enetrs such as
silicon nanocrystals (Si-NCs) and Er. While Si-NCs have been previdyigoupled to
isolated metallic disks [126], coupling to gratings allows enhanced outupling and
easier con gurations for electrical injection. We explore in greatedetail the rela-
tionship between the size of plasmonic structures and the plasmomohancement of
emission.

4.1 Plasmonic Enhancement of Silicon Nanocrys-

tals

We rst study the enhancement of Si-NC photoluminescence (PLYdm a one-sided
metallic grating fabricated on top of an active layer. We use the falwation procedures
described in Appendix A.6, which results in a 30 nm thick gold grating layen top of

72
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a 70 nm layer of Si-NCs, all on top of a quartz substrate (see sttuce in Sec. 2.2.2).
The fabricated gratings have duty cyles of 0.6 to 0.8, but the ovdtdrends of the PL
data do not change over this range of duty cycles. Because theFSRode of interest
is con ned to the Si-NCs-gold layer interface, we would expect thargssion from the
SPP mode to be redirected toward the Si-NCs and subsequently @ the quartz
substrate. Hence, we pump Si-NCs with a green laser at 532 nm, acallect the
emission from the back side of the sample with an objective lens with ¢gr numerical
aperture NA=0.5, maximizing the collection [Fig. 4.1(b)].
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Figure 4.1: (a) PL from the bulk Si-NC wafer (unprocessed, i.e., withub metal-
lic grating). (b) Experimental setup. (c) Fabricated gold grating,with pl and p2
denoting the two polarizations selected in the experiments.

The experimentally observed enhancement in emission rate is:

+ +
_ tot _ 0 nr pl
I:meas - - (4-1)
0 + nr 0 + nr

where g is the Si-NC spontaneous emission rate in bulk,y is the emission rate of
the Si-NCs coupled to the plasmon mode, and,, is the non-radiative recombination
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rate. While the measured enhancement of collected PL intensity dire from the
SE rate enhancementt = ;= ( from above, in the limit that the non-radiative
decay rate is negligible (, o, r), the two gures are equal (asuuming collection
e ciencies for o and , are equal in the optical setup). On the same chip, we
create gratings with a range of periodicities and analyze the PL formeh grating
period. The SPP grating modes in Fig. 2.12(b)-(d) are predominantlpolarized in
the direction perpendicular to the grating bars [pl in Fig. 4.1(c)]. Inaer to separate
the enhancement due to SPP modes from other e ects, we isolai®a polarizations
(p1 and p2) in experiment by collecting with di erent polarizer setting. The results
are shown in Fig. 4.2(a)-(b). We observe that the PL polarized in thel direction
(which coincides with the SPP polarization) has a shift in the peak walength with
respect to the grating period, while the PL polarized in the p2 directio is fairly
constant for all grating periods. The ratio of the two spectraP L,;=P L, is then
calculated and plotted in Fig. 4.2(c). There is a noticeable shift in thegak of the PL
enhancement, and this enhancement can be strictly attributed tthe enhancement
of coupling to the grating SPP modes. The band edge mode frequescfor the
second order mode at the point kK = 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. HAe
theoretical and experimental data are a good match, as we sedhancement for the
second order mode, which is in the collection cone of our objectivadasuppression
for the third order mode, which is outside of the collection cone. Fdhe mode at the

point, we obtain an experimental maximum Purcell enhancement o&pproximately
2. While such enhancements are comparable to previous referenage also note that
the obtained Purcell enhancement is averaged over the exporniahtdecay tail of the
SPP mode. Peak enhancements for some nanocrystals are thusnelarger, much
like in the case where quantum wells of smaller thicknesses are placedraoptimal
distance away from the metal-dielectric interface [24].

To reach the range of the rst order mode, we repeat the expergnt for smaller
grating periods (200 - 320 nm) as well, and plot the sanfeL ;=P L, ratio in Fig.
4.2(d). We nd that the PL emission is suppressed for grating pericdbelow 350 nm
by as much as a factor of 2, and the theoretically predicted rst ater mode wavelength
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Figure 4.2: PL from Si-NCs near the grating for the (a) p1 and (b) ppolarizations,
from Fig. 4.1(a). (c) The ratio of PL spectra for the pl1 and p2 polazations. The
second (diamond) and third (square) order mode wavelengths ind=DTD are plotted
again from Fig. 2.12(a). (d)P Lp1=P Ly, from Si-NCs coupled to the rst order SPP
grating mode. The FDTD calculated rst order mode wavelengths a& plotted again
from Fig. 2.12(a).

matches the suppressed PL region in the middle and lower right the uge. Because
the rst order grating modes fall below the light line, they will not be ®llected into
the objective, leading to the suppression of emission.

In order to extract the rst order mode emission, we employ biharmnic gratings as
discussed in previous works [127, 128]. In all the examples above, $ingle periodicity
of the gold bars,a, establishes the edge of the rst Brillouin zone at theX point. By
introducing a secondary periodicity (2) twice as large as the primary periodicity §)
into the gratings, we can scatter modes at thX point back to the point, i.e., into
the collection cone of the objective lens. In particular, the apprea that was taken
in this work was to create a skewed grating with a unit cell of two golddrs 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 andl = 0:3 are fabricated with the above
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Figure 4.3: (a) Biharmonic grating design, whera 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 pl polarization by the biharmonigratings.
The rst order mode wavelengths from FDTD are plotted again fronFig. 2.12(a).
(c) Enhancement for one particular grating periodicity, with the rel line being a
Lorentzian t of to data, representing quality factor Q = 16.

procedures and we plot the ratid® Lp;=P L, once more for these structures in Fig.
4.3(b). We observe the same red-shift in the PL as the grating pedancreases, but
also observe a much narrower linewidth of the enhancement than ine enhancement
from the second order grating. We show a t to a Lorentzian linestge 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 aboveand the peak
enhancement follows the band edge ata well, implying that the rst order mode
is successfully extracted via such biharmonic gratings.
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4.2 Enhancement of Er Photoluminescence via
Metal-Insulator-Metal modes

We can also employ SPP modes to enhance broad homogeneous lindwahitters
such as Er, using devices like those detailed for enhancing Si-NC emissn the last
section. Because Er emits at 1.5m, we expect reduced ohmic losses for devices in-
volving Er compared to Si-NCs. In addition, we employ metal-insulatemetal (MIM)
modes to obtain high con nement of the SPP mode, using metallic conement on
two sides of an active material. The MIM con nement becomes moreeetive for
longer emission wavelengths, as the e ective mode volum¥,{() of the plasmonic
mode is reduced for the same active material thickness. Active MiMevices have
been previously considered in only I11-V semiconductors [29] and inganic thin Ims
[129]. On the other hand, single-sided modes have been used to @ckaEr emission,
where silver nanoparticles deposited on an Er doped silicon-oxide gdenenhanced
the collected emission from an ensemble of Er ions by a factor of 2 [[L30

The material properties of the Er doped nitride layer are also suitdé for incor-
porations in MIM devices, as Er-doped amorphous silicon nitride (EnfS,) is a very
robust material and can be deposited on a gold substrate at roomrperature. Thus,
the MIM structure with Er:SiN , as the insulator can be fabricated with a bottom-
up procedure, without the need for complicated epitaxial lift-0 pocesses as in the
case of crystalline semiconductors [29]. We use the fabrication pedare described
in Appendix A.7, to fabricate MIM grating devices with various gratingperiods [30
nm gold grating - 52 nm Er:SiN - 100 nm gold substrate - silicon dioxide substrate,
shown in Fig. 2.13(b)] such as the device shown in Fig. 4.4(a), imagedan SEM.

In the experiment, we pump the MIM structure through the top-sde plasmonic
grating with a 400 nm wavelength laser diode, focused by a 10Mbjective lens
with numerical aperture NA = 0.5. The beam is focused down to appxanately a
3 m radius, smaller than the size of the structures (10m 10 m). The output
is collected through the same objective, and is directed to a spemtneter with the
pump laser Itered out. The output PL for Er-doped amporphous gicon nitride
(Er:SiNy) deposited on gold, as well as for a sample grown and annealed on artju
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Figure 4.4: (a) Top gold grating fabricated on the Er:SijWAu substrate imaged by
SEM. The the double arrows indicate the approximate alignment of thpolarizer (0)

(b) PL from on and o the grating structure, as well as from a refeence sample with
the same Er:SiN thickness grown on quartz. The same excitation power was used
in all three cases. The region o the grating is a region with Er:SiNon top of Au
without the top metal layer.

substrate under the same conditions, is shown in Fig. 4.4(b). The P&pectrum
from the Er:SiN, layer on gold is similar to the spectrum of Er:SiN deposited on
guartz, while the total integrated intensity from the sample on thegold substrate
is reduced by approximately a factor of 2. We perform lifetime measments using
the demodulation technique [131], and nd that the Er:SiN 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:SiN layer, and observe
lifetimes of 100 - 130 s. On the other hand, for samples of Er:SiNof the same
thickness grown on quartz annealed at 1100, we observe lifetimes of 1.0 ms and
1.5 ms with and without a thick gold layer on top, respectively. In addibn, the
integrated PL for such samples was approximately 3 times higher thaany of the
samples annealed at lower temperatures. Based on these measergs, we conclude
that the large decrease in Er emission e ciency when grown on meta due to non-
optimal annealing conditions. However, we also attribute some loss® the imperfect
Im 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 enhancemt 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 gragjrstructures rela-
tive to 0 grating areas, as a function of grating period. The threeurves 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 rsind second or-
der grating modes, as well as for the resonant biharmonic gratingThe emission
polarization angle dependence of the Er:SjNon Au o grating is also shown.

trace from an example grating structure in Fig. 4.4(b), the outputs enhanced relative
to the case without the grating. Because the observed plasmonicode linewidth
is broader than the erbium emission, we plot the integrated PL inteitg over the
emission spectrum for di erent periods of the grating, normalizedybPL 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 igher duty
cycle of d=0.8 was fabricated for higher grating periods. We nd several remant
grating periods with maximum enhancement of approximately 4 and 3espectively,
for the periods of 250 nm and 800 nm. These correspond well to #88TD calculated
grating periods of 300 nm and 740 nm for the rst and second ordenodes with
resonances aroundoy = 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 rollsas the
grating becomes non-resonant, with the enhancement of emissi@turning 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 didse modes
to be broadened by collecting more than one point of the dispersioelation, as we
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Iter for one emission direction in the Fourier plane of the collection pi without
observing any changes in the spectral shape of the emission.

In addition, we perform polarization measurements on the periodiaray by plac-
ing a half waveplate followed by a polarizer in the collection path. In allubsequent
measurements, the horizontal direction (Q corresponds to the polarizer set perpen-
dicular to the grating bars (i.e., aligned with the wave-vectok), as shown in Fig.
4.4(a). In Fig. 4.5(b), we plot the angle dependence of the integet emission inten-
sity from structures at the two maxima of enhancement in Fig. 4.5faas well as from
aregion 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 pertudtion coming
from the angle dependent de ection from the optics. For the rsiorder mode with the
highest intensity enhancement, we nd that the O polarization is greatly enhanced
compared to the o grating emission, by factor of 7. As the polarizeon dependent
enhancement rejects one half of the unpolarized o grating emissiathe peak angular
enhancement corresponds well to the peak enhancements of 3 tmeasured without
the polarizer. The maximum enhancement at Ois 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. Thaeppression indi-
cates that the PL in the orthogonal direction does not couple to # grating mode.
In such a manner, the one-dimensional grating is an e cient polarizeon selective
enhancement device.

We also attempt to enhance the output by employing biharmonic gratgs as in
previous reports [92]. Again, due to limitations in fabrication, the dut cycle was
kept low for proper lifto. The maximum duty cycle fabricated has aerage metal
coverage of 56%. The enhancement with respect to the fundartergrating period is
plotted in Fig. 4.5(a) and the angle dependence of the emission frohretgrating with
maximum enhancement plotted in Fig. 4.5(b). As expected, the resant grating
period matches well with the resonance of single period grating, aatso maintains
the broad resonance of the rst order grating modes. Howevethe maximum angle
dependent enhancement increased to only 9.

In order to enhance the output for both polarizations, we fabride nano-particle
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Figure 4.6: (a) The design of the square array of square metal pales. (b) The
enhancement of emission from the shown nano-particle array sttures relative to
o -array areas, as a function of array period 4). (c) The angle dependence of the
emission from a near-resonant nano-particle array with lattice cstant of a = 290 nm.

arrays using the same procedure. In particular, we design a sqedattice of square
metal particles, with similar lattice constant as the one-dimensiongratings and duty

cycled=0.7 as de ned in Fig. 4.6(a). We pump these structures in the sameanner
and observe the intensity of the output, plotted in Fig. 4.6(b). We ote a maxi-

mum enhancement of approximately 12 for some structures, anket resonant lattice
constant is similar to the resonant grating period of the one-dimemal grating. In

addition, by measuring the angular dependence of the enhancermtar 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 ortlgmnal plasmonic
modes in the square lattice. We do not observe the diagonal travedirmodes with
grating period 250 nm)O 2, most likely due to the lack of symmetry of the individual
square patrticles.

As shown in Figs. 4.5 and 4.6, we managed to collect emission from thest r
order modes of both the grating and the nano-particle array althgh they should
be positioned below the light line. This suggests that scattering fromough metal
surfaces or plasmonic resonances localized to individual metal pelgs, as opposed
to coupled grating modes, may be the dominant e ect in the obserdeenhancement.
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(aBy plotting the
enhancement versus the particle widthw = d a) in Fig. 4.7(b), we notice that the
resonances correspond to similar particle widths, especially for lowtd cycle. This
indicates that modes localized to individual particles are the main combutors to
emission enhancement and extraction. Furthermore, as the dutycle increases, the
particle width corresponding to maximum enhancement decreaseghis is explained
by the formation of coupled modes between the particles. For cded modes, as
shown by the eld proles in Fig. 2.13(b)-(c), the MIM mode is more co ned to
the Er:SiNy layer, thus increasing the e ective index. Such an e ect in turn sligthy
reduces the frequency of the MIM mode for the same particle widtland requires
a smaller particle to achieve the same resonant wavelength. We alsatenthat the
arrays of smaller period maintain relatively high enhancement despiteeing away
from the plasmonic resonance. However, the modes of these dlopacked particles
resemble traveling waves of an unpatterned MIM slab (instead of inddual particle
resonances) and thus have wide bandwidth. Finally, the maximum eahcement
increases with duty cycle. Because the e ective pump reaching tik& decreases with
increasing duty cycle (due to the presence of more metal), this indies that the
actual enhancements in the high duty cycle arrays are even highttan 12 and higher
than in the low duty cycle case.
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Figure 4.7: (a) The enhancement of emission from a square arraysopjuare metallic
particles (Fig. 4.6(a)), as the duty cycle ¢) and lattice constant (a) are varied. (b)
The same set of data is replotted against the particle widthw = d a.

Finally, we attempt to quantify the coupling between the particles as function
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of particle separation and polarization. To do this, we fabricate régngular arrays,
where in the horizontal direction, gratings have widthw = 0:8a, and we vary the
period a. In the other direction, we vary period {) 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, aml plot the results in
Fig. 4.8(b). Here, we observe that the resonant horizontal peds of 210 nm and 550
nm are the same for all three vertical periods, while the overall eahcement is reduced
for higher vertical period. This suggests that the plasmonic oscillans that enhance
emission at the resonant grating periods are primarily in the horizoat direction, and
that the oscillation frequency does not change with inter-particleeparation in the
vertical direction. The reduction in enhancement for larger vertal separation is due
to the reduced overlap between the SPP mode and the active magdrfor large v.

B . . :
(a) (b) ¢ ——y=200nm|| 6} (C) —~—a=1.1w||
SPP polarization =5 FoA v=400nm| a=1.3w
- S —y=600nm|| §° ——a=1.6w|
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Figure 4.8: (a) Asymmetric particle arrays used to examine the rold oter-particle
distance in the directions parallel and perpendicular to the plasmonimode polar-
ization. The vertical periodv and horizontal perioda are changed independently of
each other. The polarization of the plasmonic resonances obsere shown by the
double arrows. (b) The enhancement of emission from asymmetriarficle 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 ok = 0:8 a, and height ofh = 0:4 v
for all measurements. The horizontal period that produces maximum enhancement
remains the same for allv. (c) The enhancement of emission from arrays wherveis
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 direadn of the
plasmonic mode polarization, we fabricate gratings with the same xev = 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 icerent
horizontal separations in Fig. 4.8(c). As with the square lattice aays, we observe a
distinct shift in the resonant horizontal particle width as the horizatal inter-particle
spacing is varied. The resonant particle width increases as the pales are pulled
away from each other, again suggesting a decrease in the couplirgween SPP
modes on separate particles and a decrease in the overlap with tretivle material.
This con rms that the particle arrays have resonant elds con nal to the individual
particles for large inter-particle separation, while supporting coupd modes for small
inter-particle separation. We also note that the peak enhancemedecreases with
increasing particle separation abova  1:3w, suggesting that coupled modes, with
higher overlap with the active material, increase the overall enhaement. While
the a = 1:1w case has lower peak enhancement, pumping e ciency and outcougin
e ciency are reduced because of large metal coverage, and theative enhancement
may be larger.



Chapter 5
Passive Nanobeam Cavities

In this section, we experimentally demonstrate higlkQ passive cavities in silicon diox-
ide and silicon, which have relatively low and high index of refraction fasemicon-
ductor materials, respectively. We develop higlQ cavities in these systems also
using the nanobeam photonic crystal cavity design. The possible@igations 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-medikt appli-
cations because of the easy fabrication, low toxicity, and low abgdion at visible
wavelengths. However, designing a higQ; small mode volume cavity in this mate-
rial is a challenge, because of its low refractive index (= 1:5) and the associated
small size of the 2D PC bandgap. We use the low dimensional 1D PC (rmdoeam)
cavities that enables highQ.

We fabricated the device from Sec. 2.1.1 using the procedure in Appléx A.1, on
a 270 nm thick SiQ 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 ectivityjneasurement
technique [58, 108]. In summary, white light linearly polarized 45rom the cavity

85
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Figure 5.1: (a) The cavities spectra measured in re ectivity from stictures with
di erent lattice constants are normalized and shown together, wit ts to Lorentzian

lineshapes plotted on top of the data points. The cavity spectra arshown 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 dependermfethe re ectivity

amplitude. The horizontal axis corresponds to the half-waveplatangle, which is
placed in front of the objective lens that is in front of the chip (and hus 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 fronabove ¢ direc-
tion), and emission in the polarization orthogonal to the excitation135) is collected
also from above and detected by a spectrometer. The fundamahiode of the cavity
is linearly polarized in the direction perpendicular to the beam lengttyfpolarized in
Fig. 1(b)], much like the fundamental TE mode of a rectangular slab aveguide. We
observe cavities of di erent resonant wavelengths that span 606 nm in the visible
wavelength range for di erent lattice constants, as shown in Fig..5(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 measure® = 5; 000 is lower
than the simulated value of 20,000, and the reduced value can berditited to fab-
rication tolerances of the hole positions and edge roughness of #tehed structure.
Nevertheless, the experimentally achieve@ 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, @vcon rm that
the observed cavity mode is linearly polarized, as the angle depentiea 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 foa variety
of applications, as Si is transparent in the telecommunication wavelgths around 1.5
m, where cavities in Si can serve as Iter banks and other functiondn addition,

the Si cavities can be used for studies in optomechanics, as disedss Chapter 6.

An alternative cavity design to the designs used in Chapter 3 (whetbe holes
size shrinks toward the center of the cavity) is the design in Sec. 21 where the
holes radii are tapered down away from the central cavity. We faigate the single
beam cavities (length of 13 m, single beam widths of 550 nm¢ = 0:28a, and the
total cavity length is 34 holes), again with the procedures descriden Appendix A.5,
on a 160 nm thick SOI sample. The fabricated cavity is shown in Fig. 5&)( and
also has waveguides attached con gured for cross-polarizatioreasurements [such as
the ones shown in Fig. 6.1(a)]. The optical transmission spectrum ie@vn in Fig.
5.2(b), and again we observe the multiple orders of modes. The ingdtFig. 5.2(b)
shows a laser scan of the fundamental mode, with a t to a Lorertm lineshape with
Q =1:3 1C°. Thus, we are able to measure the cavity transmission of a high-
cavity in this con guration.
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Figure 5.2: (a) SEM image of the fabricated structure with the alterative hole taper-
out design. (b) The transmission spectrum of this cavity found witla broadband LED
bank. The inset shows a laser scan of the fundamental cavity peaktransmission,
along with a t to a Lorentzian lineshape withQ =1:3 1(.



Chapter 6

Optomechanics in One-dimensional
Photonic Crystal Cavities

Optomechanics, the study of the interaction between light and mkeanical motion, has
recently captured the imagination of photonics researchers [13P33]. For example,
researchers have probed radio frequency (RF) mechanical matiof nanometer sized
objects [67, 134]. In addition, proposals for using the optical gremht force to induce
mechanical motion [135, 136, 137] with [134, 138, 139, 140, 1414 anthout [142,
143, 144] the use of an optical cavity have been experimentally demstrated. In fact,
at very high optical and mechanical con nement [134, 145, 146], egramplitude of a
mechanical mode can be greatly increased. In such a manner, dagtwith passive
light emitting materials can serve as active emission sources of phogso

The experiments above have been done with continuous-wave (C\@citation of
an optical cavity or modulated excitation of a waveguide. Howevethe CW excitation
mechanism requires the mechanical motion to induce an out-of-ggmodulation of
the laser input, as only those forces in quadrature with the mechesal motion perform
mechanical work on the structure. Such e ects are generally sthaas the thermal
motion of the structure only weakly perturbs the optical transmision properties of
a waveguide or cavity. In the CW case, the amount of work done oihé 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 tigal power and me-
chanical motion is to use modulated pumping [142, 143]. Such a scheraa do work
that is proportional to !, and greatly reduce the amount of power needed to excite
the mechanical mode (see Appendix D). In this section, we demoreae 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 ¢ipdical con nement
and recirculation of photons, we hope to obtain large mechanicalailfations without
regenerative feedback.

In particular, we choose to work with the double beam one-dimensianphotonic
crystal (PC) cavity con guration in silicon, such as the cavities in Se. 5.2. Due to its
high optical quality factor (Q > 10%), 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 gradiet force. The
optomechanical coupling rate is de ned as:

d!
dom = d_X; (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 rdeanical motion
and the optomechanical coupling can both be tailored.

We fabricate devices on a silicon-on-insulator (SOI) wafer with a 15@m 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 13m, single beam widths of 550 nm,
and a middle slot width of 100 nm. We use the design of Ref. [76], and did in
Sec. 2.1.4 with the hole lattice constana = 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 silicoan insulator
(SOI) layer with a1 m oxide sacri cial layer. In addition to the beam cavity, we also
attach coupling waveguides on both sides of the cavity, and one dfet waveguides is
bent 90 to con gure the device to be probed in a cross-polarization geonngt[Fig.
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Figure 6.1: (a) Scanning electron microscope image of the fabricéteavity. The E,
eld of the (b) TE ;.. and (c) TE,.. optical modes. (d) The rst order common in-
plane mechanical mode, and (e) the rst order di erential in-plananechanical modes
are plotted with the color map assigned to the in-planey) motion.

6.1(a)] [58, 108].

We rst simulate the beam cavities in the optical regime using the thre 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. Iparticular, the E,

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 thest (TE ;..) and

second (TE:. ) order bonded modes [see Fig. 6.1(b)-(c)] have theoretical ratica-

limited Qs of 30,000 and 1,500, respectively. We observe an enhanced eteald in
the air slot region for the bonded modes because of the continuitgraitions for the
dominant E, eld at the slot boundaries (i.e. continuity of the displacement vecto
E). Thus, we expect that the bonded optical modes have the highegptomechanical
coupling to the in-plane mechanical modes, as the high electric eld rmoentration

in the middle of the cavity enhances the change in the optical cavitydquency with
mechanical deformations. For this reason, we work with the rstad second order
bonded optical modes in our experiments.

We experimentally analyze the optical properties of the cavity usinthe setup in
Fig. 6.2(a). We pump the cavities with a broadband LED bank, which isaupled
into a waveguide using a dielectric grating coupler. We align the cavityush that the
input grating polarization is alongjHi, while the output polarization is alongjVi,
to obtain the maximum signal to noise ratio. The transmission charaeristics of the
cavity are shown in Fig. 6.2(b), where we are able to observe the trévo orders
of the bonded and the anti-bonded modes. We are able to di erenta the bonded
modes from the anti-bonded modes by moving the input beam on theaging 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 put powers (1
nW) shows a Lorentzian spectrum withQ 15,000 for the bonded rst order mode
(TE1.+) [inset, Fig. 6.2(b)]. In addition, we observe that the higher order dnded
mode (TEz.) hasQ 2;000. BothQ values are comparable to the FDTD simulated
values.

We next use the COMSOL nite element solver to nd the frequencie®f the
mechanical modes, using library parameters for silicon: Young's mdds of 131 GPa,
Poisson's ratio of 0.27, and a density of 2.33 g/cm As described above and in
previous work [67], mechanical modes with in-plane (in this case, nefeg to the xy
plane) motion will have signi cant optomechanical coupling to the boded 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 pleaand 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 obsergein the SEM image,
we nd that these two mechanical modes have mechanical frequeées of 25.72 MHz
and 26.74 MHz. We nd the optomechanical coupling strength similarlyo previous
work [134], with the optomechanical coupling length de ned as:

R

dA @ A2 ( DiDa?

RV IET (6.2)

NI =

Lom

Here, q is the mechanical displacement, is the parameterized displacement of the
mechanical mode,n”is the surface normal vector,Ej is the electric eld parallel
to the surface,D-, is displacement eld normal to the surface, = ; -, and

( )= ;1 L with ;being the dielectric constant of silicon, and, the dielectric
constant of the surrounding medium. Because of the high- eld enhancement in the
slot and the di erential mechanical resonance having opposite garto the E, eld,
we observe very strong optomechanical coupling lengthslof,, = 1.3 m and 1.8

m for the coupling between the di erential mechanical mode and th&E;.. and
TE,.. optical modes, respectively. On the other hand, the coupling beden the
TE 1.+ and TE,. optical modes and the common mechanical mode was calculated to
be far weaker Lo > 40 m), because this mechanical mode has the same parity
as the optical eld.

In order to rst characterize the mechanical modes of the syste we pump the
second order bonded mode with a red detuned probe laser, at thevity 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 photodi® detector with
a transimpedance gain of 3 10* V/A and a bandwidth of 125 MHz, and the electri-
cal signal is then read by an RF spectrum analyzer. We estimate qaing e ciencies
of 2% to the TE,. mode and 0.5% to the Tk, mode, assuming symmetric losses
at the input and output gratings, and accounting for the transmision losses of the
coupling waveguides using FDTD simulations. We observe the two mexctfical modes
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in the RF spectrum, shown in Fig. 6.3(a), which correspond well to thsimulated
in-plane mechanical mode frequencies, and slight discrepancies banattributed to
minor di erences in the clamping conditions of the fabricated deviceBecause of the
low optical Q of the TE,. mode and the low optical power buildup, we do not ob-
serve the giant optical spring e ect seen in previous works [67, J4&s the mechanical
modes do not change frequency with increasing pump power. We atkonot observe
signi cant changes in the optical cavity wavelength with pump powersuggesting min-
imal heating. Because of the mechanical damping of the ambient atsphere, the
mechanicalQ-factors of these modes are limited to 50-100. When we test thersa
cavity in vacuum, we observe the two modes more clearly, as shownFig. 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 frequey mode (the
di erential mode), as it is the in-plane mechanical mode with higher dpmechanical
coupling to the second order optical mode.

Next, we pump the TE;., mode with a second (pump) laser tuned to the optical
cavity resonance wavelength and sinusoidally modulated near the Rfequency of
the mechanical mode, while keeping the rst CW laser tuned to the tlamaximum of
TE,... We observe the e ect of the second, modulated laser on the RF thdation of
the rstlaser. We scan through the rst-order optical mode withvarious unmodulated
powers, and observe that the rst order cavity resonance is naigni cantly changed,
suggesting that the injected power on the rst order optical mod does not change the
temperature of the beam, and thus does not modulate the beamatismission via the
thermo-optic e ect. Although both lasers pass through the cawit and are extracted
with the same output grating coupler, the laser on TE. is blocked by a band-pass
Iter centered at 1550 nm with a full-width at half-max of 12 nm. The pwer of
the laser on TE.. is modulated by a Mach-Zender interferometer modulator with
a bandwidth of 2.5 GHz and full modulation depth [Fig. 6.2(a)]. First, wex 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 tR€& input frequency
near the mechanical resonance frequency, we observe a narregponse in the RF
spectrum (of the laser on Tk.. ) [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 optomechanicaavity. (b)
Spectrum of the cavity observed in transmission using a broadbandED. The rst
and second order bonded (+) and anti-bonded () modes are labeled. The inset
shows a laser scan of the T cavity mode for excitation, with a t to a Lorentzian
lineshape havingQ 15;000.

is tuned around the mechanical resonance frequency, we obsetivat the integrated
power within the narrow bandwidth response matches exactly thaif the mechanical
cavity resonance [Fig. 6.3(d)], suggesting that the optical power ithe rst order
mode is modulating the transmission properties of the second ordeode through
the mechanical resonance. In addition, we observe the Lorentzienechanical mode
with far better signal to noise, and can observe the tails of the me&nical mode even
when detuned by more than three mechanical cavity linewidths.

We also measure the RF response of the probe laser on,lEas we change the
power of the modulated pump laser on TE.. We rst do so with the probe power
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Figure 6.3: The RF spectrum of the mechanical modes under study (a) ambient
atmosphere, and in (b) vacuum. (c) The time averaged spectrunf the di erential
mechanical mode from part (b) is shown (green points), observed RF sidebands
of the laser tuned to TE... The non-averaged RF spectrum showing the sharp RF
response when a modulated laser is pumped on jEis also plotted (blue line). The
inset shows the same data zoomed in, to observe the thermal dnwamechanical mode
in the background. (d) The integrated power within the sharp RF reponse of the
laser on TE.. [from (c)] with di erent RF modulation frequencies of the laser on
TE1+. The two dotted curves correspond to two di erent average inpgupowers on
the rst order mode and xed input power on the second order mogl A closer zoom
of the mode shown in part (b) of the gure is shown as a reference the bottom
(blue).

for TE,, xed at 2 W coupled into the cavity, and observe the RF response with
varying average power on Tk, 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. &®, we
observe the RF response is decreased as the modulation freqyescdetuned from
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the mechanical resonance. We observe that the relationship beswn the integrated
power in the RF response and the input laser power on TE is quadratic for all
detunings. This is expected, as the RF spectrum analyzer meassitee power of the
voltage signal from the transimpedance ampli er of our detectomnd 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 elationship
between displacement and input pump power on the rst order mode

We also measure the RF power spectrum from TE when we x the average laser
power on TE.., 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 respse of the driven
mechanical mode is quadratic with the input power, which is expectex$ the sideband
amplitude is linearly related to the probe power. We also obtain the RFesponse as
a function of the input power on TE.. for various probe powers on TE., shown
in Fig 6.4(c). The RF response is reduced for lower input powers, dsetsideband
powers are proportional to the input probe power. However, waeaable to observe
an RF response with only 100 nW coupled to the TE mode to drive the mechanical
oscillations, and only 200 nW coupled to the TE. mode to sense the mechanical
motion.

Finally, we compare the e ciency of exciting the mechanical mode in vaum and
in ambient atmosphere. We x the input power for the probe laser orthe TE,..
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 sameavity under
both conditions, which is shown in Fig. 6.4(d). As expected, the amplitle of the
mechanical oscillation is signi cantly higher in vacuum than in ambient anosphere,
due to the higher mechanicalQ. In fact, the experimentally measured factor of 20
between the power needed to generate the same RF response inaamd vacuum
matches well with the ratio of mechanical)s for the two conditions (31).
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Figure 6.4: (a) The integrated intensity in the RF response collecteilom TE,.. as a
function of average input power on Tk for di erent detunings of the RF modulation
frequency from the mechanical resonance at a xed probe pow@& W) on TE,. .
(b) The integrated intensity in the RF response as a function of di eent probe powers
on TE,.., at two di erent xed average pump powers on TE.,. (c) The RF response
as a function of input power on Tk.. with di erent probe pump powers on TE;...
(d) The integrated RF response as a function of average pump pemon TE;.. . The
two curves correspond to the response at ambient atmosphenedain vacuum, both
with the same probe intensity on the Tk.. (2 W).



Chapter 7
Conclusion and Future Directions

Because of the low light emission e ciency of silicon compatible materiglsigni cant
research must be done to promote the integration of electronicadhoptics. We have
demonstrated a variety of hanophotonic structures to enhandbe emission of silicon
compatible materials, and demonstrated that these devices can @lbe applied to
novel studies such as optomechanics.

First, we have theoretically and experimentally implemented higlQ 1D PC cav-
ities for low index materials such as silicon oxide and silicon nitride. Due tile
reduced dimensionality, 1D PCs have bandgaps that are more comdre to making
con ned cavities modes. We have designed cavities witQ > 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 experiment&) > 5 10°, while maintaining
low mode volumes in Si@, while obtainingQ > 1 in a high indexn = 3:5 Si system.

We have also applied these cavities to a variety of active materials, lnding Si-NC
doped silicon oxide, Er-doped silicon nitride (Er:SilN), and InAs quantum quantum
dots (QDs) in GaAs. First, we fabricated the nanobeam cavities in 8 Si-NC mate-
rial, operating in the visible wavelengths. We were able to measure tfiee carrier
absorption processes in such cavities, indicating that the absorph cross-section of
the Si-NCs is further increased when the NCs are placed in a high low V,, cavity,
and we observed a di erence in behavior between room temperaguand cryogenic
temperatures. We also applied the nanobeam design to the Er:§iNystem. We
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have observed enhanced absorption and gain characteristics i thr:SiN, compared
to our previous work with a hybrid Er:SiN,-Si PC cavity [96], due to the increased
overlap of the cavity mode with the active Er material and the reduton of mate-
rial losses. Because of the reduced loss mechanisms, we were aldbserve material
transparency at both room temperature and cryogenic tempetaes. Finally, we have
demonstrated low threshold CW lasing from InAs QDs embedded in 1Danobeam
PC cavities. We have investigated the wavelength dependence oétlasing threshold,
and we have demonstrated that the nanobeam cavity laser can bened by a ber
taper in close proximity to the cavity.

In the future, the development of highelQ photonic cavities and the improvement
of emission properties of the employed materials should occur simuiéously. The
increase of photon con nement and the reduction of loss processsuch as free carrier
absorption will enable devices to reach the lasing threshold at loweampp power, and
spawn devices with a variety of applications. The nanobeam cavities particular
are interesting for sensor applications, as their cavity modes halgh overlap with
the environment. In addition, the narrow linewidths of nanobeam aaties and the
compatibility of the design with a variety of materials could be an enablm technol-
ogy for displays, as accurate control of colors can be de ned ifinca broad emission
background. Nevertheless, cavity design for low index materialsnnains an inter-
esting challenge, as ultrahighQ (> 10°) cavities have yet to be fabricated. Finally,
the mechanical properties of the nanobeam cavity should be exmdr 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 diraction limit. First, we have proposed and studied a planar DBRplasmonic
cavity that could enable high radiative quality factor. We have demostrated that
such a cavity indeed arises from the bandgap e ect of plasmonic ¢grags, and that
small V,, cavites can enable high Purcell enhancements. We have also denraiesd
enhancement of emission from Si-NCs coupled to wide area SPP grgtmodes and
Er:SiN, coupled to metal-insulator-metal (MIM) SPP modes. Because of ¢hhigher



CHAPTER 7. CONCLUSION AND FUTURE DIRECTIONS 101

con nement of the MIM mode, we were able to demonstrate an ordef magnitude
increase in collected emission intensity from a MIM structure with Eri8l, as the
active material. The device has been fabricated with simple bottompyrocedure and
does not require complicated ip-chip bonding [29]. In addition, we havidenti ed

both local and coupled SPP modes supported by metallic gratings andno-particle
arrays.

For all of the plasmonic structure designs, future work should fas on con ning
the electromagnetic eld in the third dimension (besides the SPP evascent eld
direction and the DBR direction), so as to fully realize the small modeolumes of the
SPP modes. In addition to improving the material properties of silicowompatible
emitters, work should also focus on improving the fabrication prosses 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 té potential to
be electrically pumped since the metal layers could serve as the eledes, and proper
band engineering must be investigated to inject carriers into the fige material in
this con guration.

Finally, we have demonstrated resonant actuation of a mechanicalode with op-
tical gradient forces in a Si nanobeam cavity. The input power need to observe
driven motion of the mechanical cavity is greatly decreased in the ggence of an
optical cavity, and hundreds of nanowatts can drive the mecharat motion via a
modulated laser coupled to a second cavity mode. The research ptical forces
coupled to mechanical structures is nascent, and there are a iedy of opportunities
available. First, the mechanical motion itself can be thought of as aactive mate-
rial, generating phonons. Thus, the control, emission, and tranept of the phonon
guantum can be greatly explored. In addition, the mechanical defmations can be
coupled to a wide variety of active materials, such as InAs quantumots, and the
rich area of electron-phonon interactions can be explored. Finallhe actuation of
mechanical motion can also be used for a variety of applications, bugs mechanical
motors that do work on nanometer-sized objects, nally enabling iRhard Feynman's
dream of machines building machines on the nanoscale.

Because of the new capabilities and gures of merit achieved by opiccavities,
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new applications using the control of light at the nanoscale will contire to become
available, from telecommunications to lighting, from quantum opticsd mechanical
motion. As always, there will need to be foresight to t nanoscale dees into the
niche demands and appropriate usage. The future of nano-optiasll certainly be

bright as the eld nds and meets the desirable applications.



Appendix A

Fabrication

The speci ¢ fabrication processes for the various photonic crydt and plasmonic
structures are described below. The electron beam resist (polyim@gmethacrylate
- PMMA, or ZEP-520A) was spun by the Headway spinner. ZEP-520fequires a
30 minute warm up time at room temperature. Both PMMA and ZEP-5RA were
baked at 200C for 2 minutes. After etching or evaporation, PMMA was removed b
acetone, while ZEP-520A was removed by remover PG, with or withbsonication. If
additional cleaning was required, an oxygen plasma was used at 26nsc150 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 SiJon top of silicon.
Next, e-beam lithography is performed with a 250 nm layer of ZEP-BA as the resist
(8.0 krpm spin). After development of the resist, the pattern is t@nsferred to the
oxide layer with a CHF;:0, (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 w®ercut with
a 1.0 Torr XeF, 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 E&D at
350 C in a N, atmosphere with a gas ow of SilJ:N,0=1400:300 sccm. The growth
rate is approximately 46 nm/min, and the nal oxide thickness is 200m. The sample
is then annealed in a N atmosphere at 900C for 1 hr, followed by a forming gas (95%
N,, 5% H,) anneal at 500C for 1 hr. The refractive index of the layer is measured
asn =1:7 at 700 nm by ellipsometry. Next, e-beam lithography is performedith a
250 nm layer of ZEP-520A as the resist. After development of thegist, the pattern
is transferred to the oxide layer with a CHR:O, (100 sccm/2 sccm ratio) chemistry
dry etch, at 100 mTorr and 150 W forward power (Drytek 4) for 3@ s. [69]. Finally,
the beam is undercut with a 1.0 Torr Xek dry etch for 30 s, removing approximately
3 m of silicon under the oxide layer.

A.3 Er-doped Silicon Nitride Beam Cauvities

Er:SiN, is grown on top of an oxidized silicon wafer by Nreactive magnetron co-
sputtering from Si and Er targets in a Denton Discovery 18 confattarget sputtering
system, as discussed elsewhere [43, 44], on top of an oxidized silicaferw The
sacri cial oxide layer is 700 nm thick. The growth is followed by a postnnealing
process in a rapid thermal annealing furnace at 118C for 480 s under forming gas
(5% H,, 95% N,) atmosphere. The fabrication of the resonators employs eleatro
beam lithography with 400 nm of ZEP-520A as the resist (3.5 krpm). fle written
pattern is then etched into the Er:SiN, or SiNy slab with a CHF3:0, (100 sccm/5
sccm ratio) chemistry dry etch, at 100 mTorr and 150 W forward peer (Drytek 4)
for 330 s. Finally, suspended PC membranes can be formed by uragting the oxide
layer with a 6:1 bu ered oxide etch (20 minutes), and further underutting of 3 m
of the silicon substrate with a Xek, 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 epiy (MBE) and
consists of a 1 m AlggGag.2As sacri cial layer and a 240 nm GaAs membrane that
contains three layers of InAs quantum dots separated by 50 nm @a spacers. To
achieve emission at 1.3m, the dots were capped with a 6 nm lgsGag.gsAs strain-
reducing layer. The quantum dots were formed by depositing 2.8 malayer (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 10'° cm ?, as estimated from atomic force microscopy (AFM)
measurements of uncapped quantum dot samples. Fabrication dietPC cavities is
done by spinning a 300 nm layer of the electron beam resist ZEP-520A top of the
wafer (5.0 krpm spin), and performing e-beam lithography. The witién pattern is
then transferred to the GaAs membrane using a €BCl3:Ar (3.0:10.0:15.0 sccm, RF
40 W, forward power 200 W) dry etch. Finally, the nanobeam is undeut 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 lithogragtwith a 300 nm
layer of ZEP-520A (5.0 krpm) as the resist, and the pattern is trasferred into the
silicon layer by a Ch:HBr (20 sccm/15 sccm) plasma dry etch, at 200 mTorr, 200 W
forward power, and 30 Gauss magnetic eld (Applied Materials P500&tcher). The
oxide sacri cial layer is then etched away by dipping in 6:1 bu ered oxid 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 proceduréd 70nm thick layer
of Silicon Dioxide (SiQ, n = 1:5) is grown on polycrystalline quartz by plasma-
enhanced chemical vapor deposition (PECVD) with a 14:1 mixture ofit$, (diluted
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to 2% with N,) and N,O at 350 C. The wafer is subsequently annealed in nitrogen at
1100C to form the Si-NCs. The Si-NC enriched Si@layer has an e ective refractive
index ofnye = 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 thgrating pattern.
Finally, a 30nm layer of gold (Au) is evaporated on top of the PMMA layewith 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 oxidizedlison wafer.
The 1 m oxidized silicon serves as a di usion blocking layer beneath the goldhén,
a 52 nm erbium doped amorphous silicon nitride (Er:SiN layer is deposited on top
of the gold substrate by N reactive magnetron co-sputtering from Si and Er targets
in a Denton Discovery 18 confocal-target sputtering system [4344 The growth is
followed by a post annealing process in a rapid thermal annealing faice at 600C for
600s under forming gas (5% ¥ 95% N,) atmosphere. While the optimal annealing
temperature to maximize erbium emission e ciency is 115€, degradation of the
gold substrate at high temperatures restricts the annealing tenapature to be below
600 C. The top side grating pattern is then formed by electron beam lithgraphy
with a 100 nm layer of PMMA as the resist. Finally, the grating is fabriceed by
depositing a 3 nm Cr sticking layer followed by a 30 nm layer of Au on topf dthe
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 Maxell's equa-
tion. The basic concept is to discretize Maxwell's curl equations on patial grid,
and numerically integrate the time evolution using Euler's method. Thapatial dis-
cretization is shown in Fig. B.1, where each unit cell includes a set &, E,; E;) and
(Hx;Hy;H;). 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 Is®en that
eachE or H is surrounded by 4 components from thél and E elds, respectively,
and these surrounding components forms the curl around the @yopriate component.
In more detail, assuming non-magnetic media and lossless dielectrics £ 1,
= 0) the Maxwell curl equations can be written as:

%t =t E (8.1)
@& _ 1 |
ot W SEN (B.2)

where E and H are the electric and magnetic elds, (¥) 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 be obtained
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T

Figure B.1: The FDTD grid from Yee's algorithm. The (;j;k ) label the spatial
coordinates of the grid, while the components of the and H elds are labeled in
color arrows.

using a cyclic permutation of &;y; z). In particular:

|
@t @y @z (B3)
@ 1 @H @H 54

et (» @ @z

We then obtain the appropriate components from Fig. B.1, discretizthe elds in
time and space [i. e. the eldF in the R direction is enumerated as(i; j; k; t )], and
evolve in a leapfrog fashion:

E.(i;j +1;kt) E(ijkt)

Ho(iiji kit +1=2) = H,(i;j: kit 1=2)

#
E (i k +1;t)  Ey(i;jik;t)

(B.5)
L ik A Lk
Ex(iikit +1) = Ex(ijikit)+ (:5: )
HyGijikit)  HyGiik Ly F (B.6)

(i;; k) (i;; k)
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where we have assumed that the grid is discretized in the same unitdlie x, y and z
directions ( x = y =z = ). Note that by using the normalized units of =1,
o=1, =1, and thus c =1, we obtain very simple evolution equations. In order
to meet the Courant condition, which ensures that the FDTD simulabn converges,
we use a time step of t = O:99=p 3 for our simulations.
We may excite modes of the dielectric structure through the cumé term J. By
inserting a time dependent current inside the structure at a partidar point:

#
Lt} — (t to)? .
JG; ) k;t) =exp 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 spported modes,
and then selectively excite modes by using excitation with narrow bdwidth. One
example of this process is shown in Fig. B.2, when simulating the struce in Fig.
2.7. First, we excite with a broad band pulse, with the time response ig. B.2(a),
and the frequency response in Fig. B.2(b), which is the Fourier traform of the
time response. We note that we are able to initiate a brief pulse [ rst gak on the
left of Fig. B.2(a) for broadband excitation], and have the systemvelve afterwards.
We nd multiple peaks in the frequency response in Fig. B.2(b) that ris above
the background, representing the higtfQ modes of the system, and that there is a
broad envelope representing the broadband excitation. We runpsgate simulations
with narrow band excitation to isolate those modes, and the rst ad second order
TE-like modes shown in Fig. 2.7 are found in this manner. The higQ mode (at
higher frequency) has extremely slow temporal decay of the eldrlitude, and the
moderate Q mode (at lower frequency) has visible decay of the eld amplitude. We
nd that the frequency response at the various cavity resonaes match the cavity
responses from the broadband excitation, but isolated to one égvfrequency. At
the end of the narrow band excitation, we obtain the two modes stva 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 radiatethrough a surface
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Figure B.2: (a) The time dependentH, 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 tbrexcitations

shown in part (a), obtained from a Fourier transform relation.

is computed from the spatial integral of the Poynting vector on awsface:

|
WPi,= E HdAX ; (B.8)

T
where dA is in the surface normal direction, and the averaging takes placeesvan
optical cycle of the cavity mode,T = 2 =! . We use the discretizecE and H to
calculate the cross product and the Poynting vector. We then caltate 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 nanaipe cavity,
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we de ne three integrating surfaces to measure radiation in di erg directions (Fig.
B.3). Here, we can see that th&€p suface captures radiation propagating through
the ends of the beams, th€); 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 fromQu = (Qpg + Q; ' + Q,%) 1.
With proper placement of the various surfaces, we obtain good nat (within 5%)
between theQ,; calculated from the radiation method and theQ calculated from the
eld-decay in the time series when exciting at the cavity resonancehig right hand
side of Fig. B.2(a)].

Figure B.3: The nanobeam cavity structure is shown, along with the fegrating

surfaces forQpc, Qj, and Q- . For clarity, the bottom half of surfaces forQ- are
omitted.

In addition, plasmonic structures can be simulated by including the ntarial con-
ductivity and a frequency dependent current response into EqQnB.2. Under the
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Drude model, which assumes that free electrons collide with ion coresa memo-
ryless process with a time constant,, the frequency response of the conductivity
( (1)) is de ned with a rst order pole as [149]:

J= U)E———!L—E (B.9)

1+,
where Cis the amplitude of the dielectric constant associated with the Drudpole.
The time constant , 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 airrent can be
calculated from the di erence equation:
1 t=2,. ..
— () kit +1
T t:pr(J ) |
L Pt Exiikit +1)  Ediiikit)

1+ t=2, t

Ju(isji kit +1) =

(B.10)



Appendix C

Optical Setup

The basic optical setup is approximate the same for all of the phdtoninescence
setups, shown in Fig. C.1.

 mc
[\

O
100 D
® 0@ o

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 Iter 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 =25 109

New Focus 1647 APD

(1 GHz bandwidth, Gain = 1:.0 10%)

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 theverage input
power of a modulated laser. We follow the derivation given in Ref. [13dhd start
with the cavity eld equation:

r

| o(t) + Ees(t)e i (D.1)

(0! o
LOM

)= S+ilo o)+

where s(t) is the time-varying pump eld, ! ¢ is the cavity frequency, is the cavity
eld decay rate, . isthe external coupling rate Loy 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 detured from the
mechanical mode center frequencyy.

We assume sinusoidal mechanical motion, such that the beam alsove® with
modulation frequency :

(t)= osin( t) (D.2)

Note that could be dierent from , but since we're driving the motion, we can
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assume the mechanical mode responds with the same frequenclier the equation
becomes:

il o osin( t) "

oft) = 5* il o oft)+ ot) + Ees(t)e it (D.3)
The homogeneous solution is:
; X \n in t
Gh(t) = Coexp (5 + i ot ( )" )€ (D.4)
n
with =14 ¢=Lom , and the inhomogeneous solution is:

Z r— . z X = .

ot)= u Ees(t)e o= ggtitat jng (et Ees(t)e it (D.5)
n

Since our pump is modulated with frequency , we express the inputsaa Fourier
. . P .
Series withs(t) = = ae* U
k

z X o —x . .
Cp(t) — e(§+|! o)t ian( )eln t € ake|k te it dt
n 2 k
r—z
= i"Jn( )ay _&  gztilto )+i(n+k)) tyt
n;k 2
_ X 1"In( ek oz i+ in+k)) t (D.6)
wk 3 1 i(n+ k) '
q
where we have performed the integration with =! 14, and neglected the =2

term as normalization.

Note that the full particular solution is then:

Go(t) = X 1"Jn( )k gl i+ i(n+k) o)t i cos( 1)

s T * ik (D.7)

Because the homogeneous solution levels out with rateand this is fast, the



APPENDIX D. RESONANT MECHANICAL EXCITATION 117

particular solution is the steady state solution. The optical force is

joo(t)j2 _ X i" MJh( ) m( aka =Lom glin+k) (el t (D g)
Lov iy (2 1+ 1N+ K o+1  i(m+1) |
If we assume that 1 so thatJy( ) , we can take only the zeroth order in
Jo( )
Lowm Lom  (z 1+ ik)(5+1 il)

D.1 Example 1: Cosine input
Let's input s(t) = so(1 + cos( t))=2:

s(t)y=sp =+ € '+ e (D.10)
Thus we haveag =1=2,a; = a 1 = 1=4.

The normalization for the time dependent portion of the input isA2 st(t)j2 =
A? R(1 +cos( t))?=4 = A%(3 )=(4). We want to keep the average power the same,
SOA2(3 )=(4) =T=1= A23 )=(4) =(2=),0or A= "o

The optical force, normalized to the average input power is then:

F JE( )X aa, -
— = : : : gk Dt D.11
js0j2 eAZ  Lom (3 i+ k) z+i i) (D-11)

We will only consider the elements with frequency , as they will contibute to
work getting done on the mechanical mode:
2 . 3
_ _F _ J&( )24(7+ ( 2 ))COZS( t)+ 5 sin( t),
jSoi® A 8Lom , (7+ A5 +( ) %)
, J5( )24(72+(42r))cos(2 t)+ 5 sin( 1),
8L owm (z+ Ag+(+) 2

(D.12)

Since only the force in quadrature with the motion of beam does woidn the
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beam, we isolate the cosine term:

F _Jé0) " 1 1
A aow U TS T ey 2
2 2 2 2 D13
T+ Z+( )7 (Er Le(+) 7 OB

Note that this force is maximized near = 0 (as all four terms are nea Lorentzian
functions in terms of ), and we consider the force amplitude (droping the harmonic
variation):

F J2() " 1 F 1 " 1 #
)
— = D.14
JSQ]2 eA2 2Lo|\/| TZ + 2 2I—OM 72 + 2 ( )
or with the normalization (such that power input is proportional to jsj?):
F 8 1 1
—— = D.15
jS0j? e 32Lowm 72+ 2 ( )

We note that in the case pumping with a CW laser, the equivalent forcis [134]:
" #
F_ 4 2
jso? e 2lom (5+ (7 *( ) Az +(+) 2

(D.16)

Thus, comparing some sort of AC pump scheme (assuming = 0, to mamize
force) to the DC pumping (assuming = =2, where the force is approximately
maximized), we see that the transferred power should be approxamely 2=( ?2)
more e cient. In addition, if we assume that our in-coupling e ciency is su ciently
high, then we would have . Using the above two equations, our optical force is
/ 2 forthe CW case, and ! for the modulated laser case.

Note that our thermal amplitude ishx® = kyT=m, 2, andjhxij 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 ofngs =2 10® kg, =2 22 10° Hz,
Qnm =70, ¢= =2,Lom =2 m, and optical wavelength = 1500 nm, and optical
Q=2 10" 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 tap 100. Thus,
we are able to use sinusoidal pump to increase the force amplitude.

Figure D.1: The theoretical average force on the mechanical mofde a xed average
input power of the modulated input, as a function of .
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