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ABSTRACT

Chip-scale Photonic Devicesfor Light-matter
| nteractions and Quantum I nfor mation

Processing

Jie Gao

Chip-scale photonic devices such as microdisksigoho crystal cavities and slow-
light photonic crystal waveguides possess stroght llocalization and long photon
lifetime, which will significantly enhance the liginatter interactions and can be used
to implement new functionalities for both classicahd quantum information
processing, optical computation and optical commafion in integrated
nanophotonic circuits. This thesis will focus orret topics about light-matter
interactions and quantum information processind vaiip-scale photonic devices,
including 1) Design and characterization of asymimeesonate cavity with radiation
directionality and air-slot photonic crystal cavityith ultrasmall effective mode
volume, 2) Exciton-photon interactions between dquandots and photonic crystal

devices and non-classical photon source from desipgantum dot, and 3) Quantum



controlled phase gate and phase switching basediamum dots and photonic crystal
waveguide.

The first topic is engineered control of radiatidimectionality and effective
mode volume for optical mode in chip-scale silienitro-/nano-cavities. High quality
factor @), subwavelength mode volum¥)(and controllable radiation directionality
are the major properties for optical cavities desidn Chapter 2, asymmetric resonant
cavities with rational caustics are proposed anerior whispering gallery modes in
monolithic silicon mesoscopic microcavities are exmentally demonstrated. These
microcavities possess unique robustness of cawslity factor against roughness
Rayleigh scattering. In Chapter 3, air-slot modp-géotonic crystal cavities with
quality factor of 16 and effective mode volume ~ 0.02 cubic wavelengihs
experimentally demonstrated. The origin of the highair-slot cavity mode is the
mode-gap effect from the slotted photonic crystalveguide mode with negative
dispersion.

The second topic is exciton-photon coupling betwgeantum dots and two-
dimensional photonic crystal nanocavities and waidsglocalized modes, including
Purcell effect in weak coupling regime and vacuuabiRsplitting in strong coupling
regime. In Chapter 4, micro-photoluminescence nreasents of PbS quantum dots
coupled to air-slot mode-gap photonic crystal easitwith potentially high qualify
factor and small effective mode volume are preskereircell factor due to ultrahigh
Q/V ratios are critical for applications in non-classiphoton sources, cavity QED,

nonlinear optics and sensing. In Chapter 5, thesmlsion of subpoisson photon



statistics from a single InAs quantum dot emissgopresented from both continuous
wave and pulsed Hanbury Brown and Twiss measurenfamthermore, strong
coupling between single quantum dot exciton lind @hotonic crystal waveguide
localized mode is demonstrated experimentally &edretically analyzed with master
equations, which can be used as a great implen@mtaliatform for realizing future
solid-state quantum computation.

The third topic is quantum controlled phase gatel ghase switching
operations based on quantum dots and photonicatrgiiw-light waveguide. In
Chapter 6, we propose a scheme to realize cordrpli@ase gate between two single
photons through a single quantum dot embedded phadonic crystal waveguide.

Enhanced Purcell factor and largefactor lead to high gate fidelity over broadband

frequencies compared to cavity-assisted system.eXbellent physical integration of

this photonic crystal waveguide system providemédous potential for large-scale
guantum information processing. In Chapter 7, @éipolduced transparency can be
achieved in a system which consists of two quantiats properly located in silicon

photonic crystal waveguide. Furthermore, we deschbw this effect can be useful
for designing fullxr phase switching in a hetero-photonic crystal wangsgy structure

just by a small amount of photons.
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Chapter 1

| ntr oduction



1.1 Chip-scale photonic devicesfor light-matter

inter actions and quantum infor mation processing

Long photon lifetime and strong photon confinemanthip-scale optical cavities and
waveguide [1-3] are critical for a vast span ofdamental studies and applications,
ranging from ultra-low threshold microcavity lasem®nlinear frequency generation
[4-5]; dynamic filters and memory for communicasoio interactions of atoms with
cavity modes in both strong and weak coupling reginmn cavity quantum
electrodynamics (QED) [6-7]. Many optical cavitiggh high quality factor and small
mode volume ) have been developed and fabricated, includingy=Bbrot cavities
[8], microspheres [9], silicon and silica whisperigallery type resonators [10-11] and
photonic crystal nanocavities [12-13]. Among thetwp-dimensional whispering
gallery type resonant structures have achieved riebke Q up to ~ 16 with vV ~
450(\/n) ¥[2]. A desirable characteristic of these planar spkiing gallery mode
resonators is that of directional emission, withsighificantQ-spoiling from the loss
of rotational symmetry [14-17]. These asymmetricsorent cavities also have
potential applications in the study of disorder #&mzhlization in mesoscopic systems
as well as quantum chaos [18] in the diffusive tirkior devices with much smaller
mode volume, two-dimensional silicon photonic caystavities have achieved
remarkableQ up to ~ 16 experimentally with mode volume traditionally dretorder

of the wavelength of lightFurtherreducing effective mode volumé,, in cavities

enables one to control the degree of light-mattéeraction for processes such as



nonlinear optics [19] and cavity quantum electrapics (QED) [20]. The Purcell

factor for an emitter in a resonant cavity is irsedy proportional to/, [21], and the
Rabi frequency is inversely proportional to theaguroot ofV,, [22]. By introducing

a non-terminated air slot into photonic crystalistures as dielectric discontinuities
[23], both highQ and ultrasmall mode volume can be achieved wheheft the
study of light matter interactions. For silicon phwic crystal devices working in
1.5um [24-26], colloidal quantum dots (QDs) forntbdough synthesis in solution
such as PbS nanocrystals have emerged as a prgrossididate to integrate on those
photonic devices. Coupling QDs to photonic strueswesult in a faster recombination
rate for the excitons which helps to overcome derarfce issues in the application of
single photon source and cavity QED. In the caseeadk coupling, the spontaneous
emission rates of the excitons are enhanced byeRfactor [27].

The study of exciton-photon coupling in chip-scaleotonic devices is of
central interest in the field of solid-state cawjtyantum electrodynamics [28-31]. The
coupled system has been examined as a critical @oemp for quantum information
processing, including demonstrations of the sipdleton source [32], strong coupling
[33, 34], two-qubit quantum gate operation [35] amtanglement generation [36].
Generally the prototypical system involves a highalgy factor and small mode
volume optical cavity, providing a platform to aete strong coherent interactions
between the quantum dot and photon. Using a cawityodify the local density of
states, however, it is typically limited to a navrband spectral region, in addition to

photon extraction, scalability and integration &suthat need to be carefully



considered. Alternatively, one-dimensional slowktigphotonic crystal waveguides
and surface plasmons waveguides can also be usedrease the local density of
states for enhanced light-matter interactions suwah spontaneous emission
enhancement [37], and furthermore to achieve sippl@on transistors [38], single
photon sources [39] and controlled phase gate R@markable observations such as
spontaneous emission enhancement with ensemble iQDa photonic crystal
waveguide have recently been observed [41]. It wmakse of the tight optical
confinement and low group velocity of waveguide e®tb influence the emission of
a QD localized inside the standard photonic crys@eguide. Moreover, excitation
of waveguide mode and extraction of quantum dossioin are extremely efficient in
this system, and chip-scale integration is possitdege optical nonlinearities can be
created by dipole induced transparency phenome#®hdnd dispersive properties
without highQ cavity assistance. Photonic crystal waveguidegttogy with quantum
dot, has great potential for the applications fréoptical transmission line” to
“information processing”. Also due to the interfiece of the coherently scattered light
in waveguide devices with unavoidable structurabdier from fabrication, localized
modes with high quality factoQ)) have been observed near the slow-light band edge
[43, 44]. Recently spontaneous emission contral sihgle quantum dot (QD) through
localization mode@ up to ~ 10,000) in photonic crystal waveguide vétigineered
disorder has been shown [45]. This photonic crystateguide localized mode with a

single quantum dot possesses remarkable posgbitibwards efficient single photon



sources on-demand and controls light-matter intena€ in the strong coupling

regime for quantum information science.

1.2 Thesisorganization

Chip-scale photonic devices such as microdisksigoho crystal cavities and slow-
light photonic crystal waveguides possess stroght llocalization and long photon
lifetime, which will significantly enhance the liginatter interactions and can be used
to implement new functionalities for both classicahd quantum information
processing, optical computation and optical commafion in integrated
nanophotonic circuits. This thesis will focus orret topics about light-matter
interactions and quantum information processinghvahip-scale photonic devices,
including design and characterization of asymmetegonate cavity with radiation
directionality and air-slot photonic crystal cavityith ultrasmall effective mode
volume (Chapter 2 and 3), exciton-photon interaxtidbetween quantum dots and
photonic crystal devices and non-classical photmrce from a single quantum dot
(Chapter 4 and 5), and quantum controlled phase gyad phase switching based on
guantum dots and photonic crystal waveguide (Ch&pénd 7).

In Chapter 2, numerical methods to design remaekalBlymmetric resonant
cavities with highQ interior whispering gallery modes are proposedtibct resonant
families and directional radiation from interior ispering gallery modes are observed
experimentally using angle-resolved tapered fibeasnrements and near-field images.

Theses monolithic silicon mesoscopic microcavifEssess unique robustness of



cavity quality factor against roughness Rayleigltteting, and can be used for
microcavity laser and cavity quantum electrodynanaigplications.

In Chapter 3, air-slot mode-gap photonic crystaitess with quality factor of
10" and effective mode volume ~ 0.02 cubic wavelengtihe experimentally
demonstrated. The origin of the highair-slot cavity mode is the mode-gap effect
from the slotted photonic crystal waveguide mod#hwiegative dispersion. The high
Q cavities with ultrasmall mode volume are importtotapplications such as cavity
guantum electrodynamics, nonlinear optics, andcapgensing.

In Chapter 4, we experimentally present weak eretboton coupling of PbS
guantum dots in air-slot mode-gap cavities whichehlaeen demonstrated with high
and ultra-small mode volume in Chapter 3. Purcaitdr due to ultrahiglQ/V ratios
are examined through photoluminescence enhanceraedt the delayed onset
saturation power for QDs coupled to cavity modeictlare critical for applications in
non-classical photon sources, cavity QED, nonlirogeaics and sensing.

In Chapter 5, single photon emission from an InAiargqum dot is measured
from single quantum dot spectroscopy and seconderofqghoton correlation
measurement. Two-dimensional photonic crystal aesvaoupled with single quantum
dot are great candidates for realizing efficiemigk photon sources and future solid
state quantum computation. Strong coupling betvgaegle quantum dot exciton line
and localized mode in photonic crystal waveguideesionstrated, which can be used

as a great implementation platform to study quantptics phenomena such as



photon blockade and tunneling, nonlinearity in &y@ummings ladder and coherent
control of quantum polaritons.

In Chapter 6, implementation scheme is proposedrealize quantum
controlled phase gate between two single photormigih a single quantum dot in a

slow-light photonic crystal waveguide. EnhancedcBlirfactor and larges factor

lead to high gate fidelity over broadband frequesctompared to cavity-assisted
system. Single qubit rotation operation and twoitgubate operation are building
blocks to quantum computation and quantum inforomafirocessing. Implementation
system based on quantum dots and photonic crystaguide is very promising to be
a critical component in quantum information proaegs The excellent physical

integration of this photonic crystal waveguide systprovides tremendous potential
for large-scale quantum information processing.

In Chapter 7, dipole induced transparency can besaed in a system which
consists of two quantum dots properly located lic@i photonic crystal waveguide.
Furthermore, fullt phase switching can be performed in a hetero-piotorystal
waveguide structure just by a small amount of phsto

In Chapter 8, we summary all the work in this teesid propose future look to

the field of solid-state cavity electrodynamics @uéntum information processing.
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Interior whispering gallery modesin
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directional emission
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2.1 Introduction to asymmetric resonant cavities

Photon confinement and processes in microcavified] fare critical for a vast span of
fundamental studies and applications, ranging frdira-low threshold microcavity
lasers; nonlinear frequency generation [4-5]; dyicarfiters and memory for
communications; to interactions of atoms with cawtodes in both strong and weak
coupling regimes in cavity quantum electrodynan{iQED) [6-7]. Characterized by
the cavity quality factor@; photon lifetime) and modal volum¥/;(field intensity per
photon), 2-dimensional (2D) disk-like resonant stimwes have achieved remarkaQQe
up to ~ 18 with V ~ 450¢/n) ° [2]. A desirable characteristic of these planar
whispering gallery mode resonators is that of dioe@l emission, without significant
Q-spoiling from the loss of rotational symmetry [8}1Different approaches have
been explored to show directional lasing from derspecial cavity modes in far field
distribution by deforming semiconductor or polymeircular microcavities into
quadrupole shape[8], stadium [12], spiral shapelaeddefect [13] with a critical and
optimized deformation parameter. These asymmeg&sonmant cavities (ARC) also
have potential applications in the study of disorded localization in mesoscopic
systems as well as, quantum chaos [14] in thegiiféulimit. In this Chapter, we show
our unique approach to design ARC with interior spleiring gallery modes and
characterize their directional radiation in morfottsilicon microcavities using angle-

resolved tapered fiber coupling techniques and-iméaared images.
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2.2 Design of ARCswith interior whispering gallery modes

The ARC we construct here possess whispering gatherdes spatially located deep
inside the resonator [15]. These cavities havesgeeial property that one can inscribe
into the boundary a one-parametric family @periodic orbits of the associated
billiard-map. The shapes of such resonators arstamted numerically as a solution
of a nonholonomic dynamical system [15]. Here wendestrate a class of resonators
with a family of 4-periodic orbits. The involute afi these 4-periodic orbits forms the
rational caustic of the shape. In the surface ofi@e (SOS) plot which represents the
classical ray motion in phase space [16], a raticaastic corresponds to an invariant
curve consisting of periodic orbits. Under sliglettorbation this curve breaks up and
a near integrable region appears with the usuabgberorbits surrounded in phase
space by elliptic islands, invariant curves andoticaregions. This region can be seen
in the SOS of Figure 2.1(a) which is called thesiiimr whispering gallery (IWG)

region. One would expect a family of quasimodeseszonances localized near the
original rational caustic. Light will mainly escap the location where the near
integrable region resulting from the rational caus$ closest to the line of total

internal reflection. Emission is expected to haversg) directionality where half of the

total radiation comes from positions accordingdto= 90°,6 ~ 45° or 135° in SOS

map with lateral divergence angle of ~11° in thenathal direction.
Analogous to whispering gallery modes (WGM) whiale ahown in Figure

2.1(c) and ha®) = 3.0 x 1(°, one can also find a family of IWG modes which are
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supported near the rational caustic and @as 1.8 x 10* as shown in Figure 2.1(b).
We calculate TM modes an@ factors by reducing the three-dimensional Maxwell
equations to a 2D resonance problem and solveniittisa boundary integral method
[17]. The size and geometry of the ARC in the setiohs are the same with the
fabricated ARC. Our analysis also shows that tHé#é& modes have linear modal
volumes ~ 10 A/n) ® and nonlinear modal volumes ~ 501f) 3[5]. In order to study
the intrinsic loss mechanisms in the ARC, slighttysdations to the cavity shape are
introduced to investigate numerically the effedtsidewall disorder roughness (in the
actual fabrication) orQs for both the fundamental WGMs and IWG modes. The
intrinsic loss mechanisms in microcavities includaliation loss, scattering loss,
material absorption and surface absorption [18]. iA@rodisks with current modal
volumes, surface and material absorption-limi@siare typically on the order of 40
[18]. Because experiments of the fabricated ARGastiat totalQs are on the order
of 10°, surface and material absorption losses are riklglidiere. For WGMs, the
radiation Q is theoretically ~1® so that surface scattering will predominantly
dominate the total loss. However, for IWG modes, rddiationQ is around 1bdue to
the intentionally constructed asymmetric shape doectional emission so that
radiation is the major loss mechanism for ARC vgithall edge roughness. When the
roughness is large enough, scattering loss will turt to be comparable to radiation
loss. Figure 2.1(d) shows an exponential dro@ ébr the WGM with increased edge
roughness, whered3 for the IWG is only slightly affected by a pertatlon larger

than 15 nm. Even when the roughness is larger #@mm, we still get a less
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significant spoiling ofQ by boundary imperfection for IWG modes than for W&
because IWG modes are mostly concentrated alongtio@al caustic and away from

the boundary.

2.3 Nanofabrication of silicon ARCs

Having designed this special class of ARC, we tattd the resonators from silicon-
on-insulator (SOI) wafers consisting of a 200 nicKklSi layer on top of a 3 um SjO
cladding layer. The fabrication process starts wpm-coating of 200 nm thick 495K
A6 PMMA (polymethylmethacrylate) on top of the S@dfer. The designed pattern is
written on the PMMA by electron-beam lithographyhel exposed PMMA is
developed in a solution of MIBK: IPA=1:3 for 55 secls. A 30 nm chrome mask is
deposited on the top of SOI wafer by thermal evafian. Then an inductively
coupled-plasma (ICP) reactive-ion etch withg®kFs gas chemistry transfers the
mask into the top Si layer. After the chrome maskiamoved, the SiOlayer is
selective etched in buffered hydrofluoric acid teate the suspended microdisk-like
structures [19]. An example scanning electron ngaph (SEM) of a microfabricated
resonator is illustrated in Figure 2.2(b), with estimated line-edge roughness of 17

nm.

2.4 Experimental demonstration of IWG modeswith

directional emission
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2.4.1 Angled-resolved tapered fiber transmission measur ement

To characterize the silicon ARC, a tapered opfib&lr setup such as described in Ref.
[20-21] is used. By keeping an adiabatic taperilgoh SMF-28 fiber is pulled into a
tapered fiber with ~ 1.1um waist diameter and negligible loss. The tapereeér fis
then curved to provide coupling and contact with ¢dge of the ARC [20]. The radius
of curvature of the curved tapered fiber is ~150doght from an amplified
spontaneous emissions (ASE) source, passing thrawgh-line fiber polarizer and a
polarization controller, is evanescently coupletb icavity through tapered fiber. The
imaging system consists of a 50x long working diséaobjective lens and an 8X
telescope as shown in Figure ZRure 2.3(a) shows the taper transmission spattra
different coupling position [(1)-(4)] [as defined Figure 2.3(b)] for TM-like modes.
Different coupling depths at each position refldoe asymmetric property of this
resonator. Positions (3) and (4) show better cagpéfficiency due to the strongest
mode overlap in the evanescent field with the cdiriapered fiber. At positions (1)
and (2), the coupling to the resonant modes doéshmwv strongly and asymmetric
Fano lineshapes [22] also appear which we suspecaiwee to an interference pathway
between a direct background (weak tapered fibeityyaand indirect resonant (ARC)
pathway. Figure 2.3(c) shows transmission for GdtHike and TM-likepolarizations
at position (3). TM-like mode is selected in measuent due to its stronger coupling
and significantly reduced sensitivity to cavity edgughness [19].

We perform our tapered fiber couplingasiwrements along different coupling

angles to study the radiation directionality. Thensmission spectra in Figure 2.4(a)
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show that two distinct mode families with free dpaicrange ~ 11 nm are strongly
supported in this ARC. To identify these famili@ge examined the coupling depth
versusb [the coupling angle between the resonator andillee as defined in Figure

2.3(b)] at position (3). In Figure 2.4(b), thereistx a critical angl® ~ 30° for the

IWG modes where best coupling occurs. For the WGMspeaks appear and the
coupling depth decreases continuously, which shinatthe mode overlap between
the WGMs and fiber mode decreases when the tagdyedis far away from the

tangent position. This gives a clear indicatiort thia can distinguish IWG modes and
WGMs from different coupling-angle dependences. $tiengest coupling strength
tells us the cavity mode radiation is strongestthis direction, which matches
consistently with our numerical predictions of ditenal emission. We also perform
control measurements of WGMs in circular microdiska comparison. The coupling
depth decreases exponentially as we expect, andlitite discrepancy between the
WGMs in our ARC and WGMs in circular microdisk iselto the asymmetric shape
of our resonator. Inset of Figure 2.4(b) shows Wated mode overlaps, which are
proportional to the coupling depths, between cawmitydes and the fiber mode. We
observe consistently the strongest mode overlapdezt the IWG modes and the fiber
mode atf ~ 45° which matches our experimental result. \Wiebate the off-set

between the measured and calculated peak pospiiamsirily to the small deviation

between our design and the actual shape, and amt&$ in the exact angular

determination.
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To characterize the quality factor of IWG modesgedieack-controlled
piezoelectric stages are used to control the lataper-cavity separatiog, which is
illustrated in the inset of Figure 2.5(b). The samssion spectrum in Figure 2.5(a)
shows a loade@ of 2800 for IWG mode at 1543.44 nm whgr= 0. Note that the
WGM typically shows a largefQ of 8000 than IWG mode due to the increased
leakage of IWG modes from directional emissionFigure 2.5(b), the loading effect
diminishes ag increases and the estimated intrinsic ca@ifg ~ 6000 for IWG mode.
The measured) deviates from the numerical predictions due tadased surface

scattering in the vertical direction (not captumredimulations).

2.4.2 Near-infrared imaging of modesradiation

To investigate individual mode distribution in AREigure 2.4(c) shows the near-
infrared images using a tunable laser and a Them@Aerlin near-infrared camera.

When the wavelength is tuned on-resonance witHWHe mode, as shown in Figure
2.4(c2), only three bright scattering regions whiepresent the directional emission
of the ARC are observed. This corresponds dirdctithree regions of high intensity
in the IWG mode shown in Figure 2.1(b), and alseeag with three peaks within the
IWG region in the SOS map in Figure 2.1(a). For parson figure 2.4(cl) shows
WGM mode when tuned on-resonance, and scatteromg fine entire boundary can be
observed. This confirms our simulation result thedttering loss of WGM modes due
to edge roughness is dominated while IWG modesois sensitive as WGM to

Rayleigh scattering from edge roughness. As aerter, a near-infrared image with
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off-resonance condition is also illustrated in Feg2.4(c3) where only the fiber mode

is observable.

2.5 Conclusion

In summary, we have constructed numerical methaalsdésign remarkable
asymmetric resonant cavities with high interior whispering gallery modes and
observed experimentally the radiation directioyatit these modes wit value of ~
6000 through angle-resolved tapered fiber coupintpniques. Th€ values of these
modes are not spoiled by slight edge boundary ifapgon, which is an advantage for
application and proves the usefulness of resonatibinsrational caustics together with
the directionality. Our design and characterizatmhinterior whispering gallery
modes in silicon asymmetric resonant cavities ople®m door to engineer the
asymmetric cavity shape and achieve its applicatiomicrocavity-based QED and

lasing with directional emission in the future.
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Figure 2.1 (a) Poincarésurface of section plot. Horizontal axis represents the
intercept point of the ray and the cavity boundanyd vertical axi® represents the
incident angle between the ray and the tangentliriee boundary. The red solid line
corresponds to the total internal reflecti@m). IWG mode supported near the rational
caustic andc) the fundamental WGM mod€d) Numerical simulations o€s for
WGMs (squares) and IWG modes (circles) versus gadte roughness.
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Figure 2.2 Experimental setup of tapered fiber characteoratneasurement. Light
from ASE source, passing through an in-line fibelagzer and a polarization
controller, is evanescently coupled into -cavity otigh tapered fiber. Fiber
transmissions are monitored on optical spectrunlyaeato observe cavity resonances,
and vertical radiations from the top of ARCs arptaeed by near-infrared camera.
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Chapter 3

Air-slot mode-gap confined photonic crystal
slab cavities with ultrasmall effective mode

volume
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3.1 Introduction

Many optical cavities withQ and smallV have been developed and fabricated,
including Fabry-Perot cavities [1], microsphere$, [@licon and silica whispering
gallery type resonators [3-4] and photonic crys@hocavities [5-6]. In particular, the
2D photonic crystal cavity with a single emitterspesses remarkable possibilities
towards efficient single photon sources or stromgipting regime for quantum
communications and computing. Silicon photonic talysavities have achieved
remarkableQ up to ~ 16 experimentally but with mode volume traditionalifpited

to sizes that are on the order of the wavelengthgbf. From the definition of the

[eO)IE)F d*r 2W0a));
() MaxEMF] A

normalized dimensionless effective mode voluxe=

(wherer,, is the location of the maximum squared electradd, we know that

X

mode volume can be reduced by increasing the maakdnmam electric filed and
localizing the mode maximum in the low index regideducingV,, in cavities
enables one to control the degree of light-mattéeraction for processes such as
nonlinear optics [7] and cavity QED [8]. The Pufdattor for an emitter in a resonant

cavity is inversely proportional t&, [9], and the Rabi frequency is inversely
proportional to the square rootgf, [10]. Towards this objective, Robinsenal. [11]

have proposed one-dimensional microcavities withasinall mode volume by using
dielectric discontinuities to enhance local field.this Chapter, we introduce an air

slot to the point-defect nanocavity (L3 cavity witiree holes missing in the triangle



29

lattice) in a 2D photonic crystal slab and chanazgeit through tapered fiber coupling.
However quality factors of air-slot L3 or 1D photorrystal cavities are typically not
very high because the structures suffer large cadrtiadiation loss at the abrupt
termination of the air-slot. We further examine reaghp confined nanocavities in a
2D photonic crystal slab with a non-terminatedsdat; which have both higp and

ultrasmall mode volume for the study of light maitgeractions.

3.2 Design and characterization of air-slot L 3 cavity

Silicon L3 cavity supports a localized mode as sihawFigure 3.1 (a), witl® factor

of 10° and mode volum& of 0.74/n) * [12]. The mode has the maximum squared
electric field located in the center of the silicdafect region, an¢lE (r)|*along x-

direction is shown as the black curve in Figure(®.1When we introduce an

infinitesimal air slot, the normal component of #lectric displacement is continuous

across the boundary of the air slot walls, thyks,, =&4E; . Compared with L3
cavities, in slot cavitymax|E(F)[ can be theoretically increased &y/ &, =n,”.

Together withn(F,. ) =1, a total decrease is,°~510 times for the dimensionless
effective mode volume.

The air slot plays an important role for the reatian of strong field
localization, however the decrease fold\Wf is usually smaller compared to the

theoretical value for the infinitesimal air slotdagise of the minimum slot width we

can practically get in the fabrication. We perfottmee-dimensional finite-difference
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time-domain (FDTD) simulations to numerically evatiel the properties of the
proposed cavity. For the ab initio calculations, se¢ a lattice constaat=420nm, an

air-hole radiusr=122nm, a slab thicknegs250nm, a slab refractive index=3.48

and hole shifts s1=0a2 s2=0.025%, s3=0.2. For slot widths=40nm (grid spacing is
set to bel3nm), Figure 3.1(b) shows the mid-sla&otet field of the fundamental
mode, and red curve in Figure 3.1(c) explicitly whothe enhanced electric field
because of the slot confinement. The calculaeés ~2000 and mode volume is
0.0054/n)® which is much smaller than other reported cavitgigns [13].

An example SEM of the fabricated silicon suspengbldtonic crystal slot
cavity is illustrated in Figure 3.2(a). The fabt®a devices with s1 tuning have hole
radius 10% larger than the designed parameterslahavidth s=100nm. We do post-
simulations according to the fabricated dimensi@m] the resonant mode and band
structure are shown in Figure 3.2(b) (c). The lizeal mode ha®~10® at normalized
frequency f =0.34(a) with mode volume of 0.q2/n)3. Mode volume is larger than
the designed valugecause of the 100nm slot wid8imilar tapered fiber in Chapter 2
is used to characterize the fabricated cavity. tRosiand direction are precisely
controlled to bring the tapered fiber to contacthwihe cavity surface (see Figure
3.3(a)), and resonance features appear in thentiasion spectra in Figure 3.3(b). For
different devices, we do see the cavity resonamstéf$ to shorter wavelength for
devices with larger air hole radius. These resoesuace sensitive to the fiber position
and the polarization of the input light. Figure (8)3clearly shows the distinguishable

transmission spectra under TE-polarized and TMspmdd input light. In the
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experiment piezoelectric stages are used to cotimlvertical tapered fiber-cavity
separatiodz. Figure 3.4(left) shows the transmission spectra dunction of fiber-
cavity gap. The loading effects diminish as theetap positioned further and further
above the cavity, until a regime is reached whieeerésonant frequency and linewidth
do not change. For the particular device showirigure 3.2(a) wheniz = 0, the
resonance wavelength is around 1268nm and anliQtiastimate of 26. This is a
higher bound for resonance wavelength and lowentdor cavity Q due to the
taper’'s loading effects. Whettez gets larger to be several hundred nanometers away
from the surface, the resonance wavelength is apgpmg 1256nm (which matches
the resonant frequency in the simulation) and lidéwis getting narrower as shown

in Figure 3.4(right). From coupled mode theory, thieinsic Q can be expressed as
follows [12]: Q. insc :ere/ﬁ. The transmittance T is defined as the ratio ef th

transmitting energy in the presence of the cavégrrthe coupling fiber to the energy
in the absence of the cavity. From the large cehtvhthe red curve in Figure 3.4(left),
the intrinsic Q is estimated to be around 100. A deviation frore tiumerical

predictions is mainly due to roughness scattenamfimperfect fabrication currently.

3.3 Design of air-dot PhC cavitieswith high Q and

ultrasmall V,,

Furthermore, we experimentally study air-slot mgdg- photonic crystal cavities

based on the original proposal in Ref. [14]. A neminated air-slot is added to
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width-modulated line-defect photonic crystal caasti(shifting air holes away from
waveguide [15]) to create ultrasmall mode volumeitass. However, other work on
high Q heterostructure air-slot cavities [16] emphasike positive dispersion of
slotted photonic crystal waveguide (PhCWG) mode famoh the cavities by locally
compressing the lattice to pull the eigenstate mpthie band gap, opposite to
conventional mode-gap cavities [15,17]. To bettadarstand the modes, we first
investigate the modes and dispersion in slotted IRBC We perform three-
dimensional band structure calculation for slott®d waveguide in Figure 3.5(a).
Three modes are shown in Figure 3.5(b-1, II, IBpmpared with the field distribution
of standard W1 PhCWG, Mode | and Il can be respelstitraced back to W1
waveguide fundamental even mode and high ordemumalde inside the band gap [18,
19]. The electric field of mode I inside the aotstegion is the Ey component and the
existence of air slot enhances this component Isecthe electric displacement in y
direction needs to be continuous across the slohdery. However the electric field
of mode Il inside the air slot region is the Ex gmment and is not affected since its
polarization is parallel to the slot. This als@kns why mode | appears closer to the
air band, and even has higher frequency than miodiéote that we have mode Il in
the band gap, which shows a positive slope initiseBrillouin zone. While the mode
is similar to the mode discussed in Ref. [20], tr@in of this mode is not well
explained earlier. By comparing the Hz field of radd with the index-guided modes
in W1 waveguide, we note mode Il actually origesfrom the second index-guided

mode shown in Ref. [18] below the projected bulkdem This mode has Ey
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component in the slot, and so the frequency isegulip to be within the photonic band
gap.

When we generate cavities by locally shifting the heoles away from the
center of waveguide, a mode-gap region is formetiaavity modes are created just
below the slotted PhCWG transmission band. Thezdraee possible modes (Figure
3.6). Confirmed from the mode frequency and symyetiode in Figure 3.6(a) is due
to the mode gap of slotted waveguide mode | in f@dgdi5(b-1) and is expected to

have both highQ and ultrasmalV, . This is also the only accessible hi@ghmode in

the experiment through even mode excitation (franp swaveguide). The mode
maximum squared electric field is in the air-sl@nter region [Figure 3.6(a)].
Compared with mode-gap confined cavities withoot,ghe dimensionless effective
mode volume theoretically shows a total decreaséGff times. Figure 3.6(b)
represents the mode with the same odd symmetryds ihhin slotted waveguide, and
Figure 3.6(c) represents the Idgvmode which couples to PhCWG mode 11l without

mode-gap confinement.

3.4 Experimental setup and characterization for air-slot

mode-gap PhC cavities

An example SEM of the electron-beam nanofabricatedty is illustrated in Figure
3.7(a), with 220 nm thick Si and suspended withaificial wet-etch [21]. 3D FDTD

simulations evaluate the fabricated cavity modeerties witha = 490nm, r = 0.34,
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t = 0.44%, n;=3.48, da=0.028§ db=0.019 and dc=0.009& For slot width s=80nm
(grid spacing at 28nm), the cavity supports a lgglocalized even mode (see Figure

3.7(b)) with Q factor of 1.&10° and mode volum¥, of 0.02 W/nain). The Q/V 4

ratio of 8&10°(\/ni)® is much higher than previous reported ultrasmaltlewvolume

cavity designs [11, 13] and the work of air-slot ¢&sity in Section 3.3. Furthermore,
the electric field 2D Fourier transform [Figure &) shows small leaky components
inside the light cone supporting the higGhcharacter. An in-line PhCWG coupling

configuration was utilized to the cavity, with cgwivaveguide distanced=4.5a for
tunneling [SEM in Figure 3.8(a)]. The base widthisidine defect for a cavity is 3

and the input/output waveguides are ¥.0%a. Polarization controllers, lensed fibers,
and tunable lasers are used for the transverswaiel€CE) polarization launched.
Vertical cavity radiation is collected [red regionFigure 3.8(a)] by a 40objective
lens with lock-in amplification to analyze the dgviresonances an® from the
radiation linewidth. Figure 3.8(b-d) illustrate thmeasured cavity linewidth for
different slot widths (80nm and 120nm) and holausadr=0.30@ and 0.288).

For the 80nm slot width devices, Figure 3.8(b) shavd.13nm linewidth from
Lorentzian fit for aQ of ~ 12,000. The measurements are one order of itadgn
smaller than the 3D FDTD simulation due to variasioof the slot width and
roughness of slot edge during fabrication, whichrdde the cavit@. For cavity with
smaller hole radius, the band gap and cavity resmnashifts towards longer
wavelength [Figure 3.8(b) to 3.8(c)]. When the sladth increases to 120nm, cavity

mode shifts close to the air band and becomes lessy. It is expected that cavity
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resonance moves to shorter wavelength@riidctor drops significantly. However, we
increase the width of the base waveguide in thé® ¢a be 1.2+/3. This maintains
the cavity mode in the middle of the band gap, Iteguwith measured of ~15,000
[Figure 3.8(d)]. More air-slot cavities with vans parameters are examined and
guality factors are observed within the range qb@Q ~ 25,000.

This experimental demonstration of air-slot modp-gavity with both highQ
and ultrasmall mode volume provides us a platfavradvance cavity QED based on
colloidal nanocrystals and silicon nanocavities.mpared to InAs quantum dots,
colloidal nanocrystals can be spun on silicon nauies as a post-CMOS hybrid
integration process. Moreover lead salt nanocrystah operate at the longer near- to
mid-infrared wavelengths. Purcell factor of up ®0Q is possible for air-slot mode-
gap confined cavity (witlV,, - 0.02) with quantum dots on the surface of the estiofe
(assuming the exciton dipole decay rate is muchllemaompared ta@,« under
cryogenic temperature), while previous work [8, BBy show the possibility of 7 to

30 for single-defect photonic crystal nanocavitiegch as L3 cavity witV - 0.7

[12]) in the presence of quantum dots induc€gdiegradation. These illustrate the
strong potential of the slot cavity colloidal nangstal system to achieve high
efficiency single photon source on-demand and etmng exciton-photon coupling

in the fiber network communication frequencies.

3.5 Conclusion
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In summary, 2D mode-gap air-slot photonic crystavites from the negative
dispersion waveguide mode have been fabricatedeapdrimentally characterized
with Q up to ~ 10 and mode volume as small as 02084;,)°. Furthermore we discuss
the modes existing in the slotted PhCWGs and exphadetail the origins of the air-
slot mode-gap confined cavities modes. The air<wity reported here can strongly
enhance light-matter interactions, such as theeaswd Purcell factor and Rabi

frequency in fundamental cavity QED studies.
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Figure 3.7 (a) SEM of the air-slot mode-gap confined cavif-c) 3D FDTD
simulation and Fourier transform of the electredifor cavity mode due to mode-gap
effect of waveguide mode I.
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Chapter 4

Weak exciton-photon coupling between
ensemble PbS Quantum dots and silicon
photonic crystal cavities and waveguide

modes

a7
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4.1 Introduction

The study of exciton-photon coupling in chip-scalgtical devices is of central
interest in the field of cavity QED study in sokthte implementation [1-4]. Colloidal
quantum dots (QDs) formed through synthesis intsmiusuch as PbS nanocrystals
have emerged as a promising candidate to integratedilicon photonic crystal
devices working in 1.5um [5-7]. Coupling QDs to pdroc structures result in a faster
recombination rate for the excitons which helpswercome decoherence issues in the
application of single photon source and cavity QEDthe case of weak coupling (the
coupling strength between QD and cavity mode ishmsmaller than their individual

decay), the spontaneous emission rates of the omscitare enhanced

2
E i AA? 3 Q . .
byE=F - ! < +F.,., whereF, =———= is the ideal
d ”E{\Emm] A +4(A-A) ™ AV,

Purcell factor under perfect spectral and spatignments andF, . describes the

inhibition induced by the photonic band gap [1].this Chapter, we experimentally
study the weak exciton-photon coupling of PbS quantots in air-slot mode-gap
cavities which have been demonstrated with Igghnd ultra-small mode volume in
Chapter 3, and examine the Purcell factor througbtgduminescence enhancement

and the delayed onset saturation power for QDs coupledvity mode.
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4.2 Device preparation and micro-photoluminescence

measur ement

Air-slot mode-gap cavities discussed in Chapter 8 fabricated without coupling
waveguide for free space micro-photoluminescence) (Rieasurement where
excitation and collection are in the vertical direc to the sample surface. Before PbS
QDs deposition, the device surface is treated wittamethyl disilazane (HMDS) to
make the surface more hydrophobic and improve thi®umity and adhesion of the
QDs [8]. By controlling the PbS:chroloform dilutioncspin-coat process parameters,
approximately 10pL of the diluted solution yields @ea density of £0QDs per prh

on the surface of photonic crystal cavities. A senglyer of PbS QDs is formed on top
of the silicon material and even single QD is obdalevavhich is highlighted by red
circles in the SEM picture shown in Figure 4.1(a)@80nm laser diode is used as an
excitation source with power ~0.5mW before 100X olbjectens and emission is
collected from a 2 pum spot near the nanocavityeatid into a grating spectrometer
and detected by a liquid N2 cooled InGaAs array deteEnsemble PbS QDs we use
have a center emission wavelength of 1480nm with @ahwofl 100nm (shown as the
inset of Figure 4.1(c) for a high density of QDs)edio a combination of size
inhomogeneities and a large homogeneous linewidthroatn temperature. PL
enhancement is observed at the cavity, comparea gpot slightly away from the
cavity where relatively weak background PL signabiserved at the current QD

density level. Figure 4.1(b) illustrates the meadulPL spectra from air-slot cavities
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with different slot widths and air hole radius. Figur.1(c) shows the Lorentzian fit of
the PL spectrum for the device shown as blue cur\fggure 4.1(b) and the linewidth
is 0.39nm with aQ of ~ 3700. The bes factor we observed is ~5400, which
decreases 3-5 times from the passive cavity tressom measurement in Chapter 3.
The cavityQ degradation is mainly due to the roughness andrpben of PbS QDs
on the cavity surface and slot edge walls, whichmminimized by lowering the QD

density down to < 0QDs per prh[9].

4.3 Polarization and power dependent analysis

To examine the polarization property of the PL tbawodes, a polarizer in collection
path selects TEx and TEy components out and tHeotetl cavity modes are seen to
exhibit strong polarization in TEy direction. A paolation extinction ratio of 5 is
inferred from the red and grey curves in Figurg&).2Two PL peaks (separated by
10nm) appear for some devices, and we attribute tteeroavity mode Il (lower
frequency and symmetric shape) and waveguide miadeal slow-light edge (higher
frequency and asymmetric shape) which have beemssied already in Chapter 3.
When we excite the device from vertical directiorfree space, we are more likely to
excite waveguide mode Il and cavity mode Il duenmgpatial overlap of these modes
with quantum dots, as seen in Figure 4.2(b-c) wheagnetic field and electric field

energy distributions for cavity mode cavity modeaid waveguide mode Il are
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presented. Here waveguide mode near slow-light etigevss similar potential as
cavity mode for light-matter interaction [10-11].

In order to further demonstrate the spontaneoussom enhancement due to
QD-cavity coupling, a delayed onset of saturatiowgrofor QDs coupled to the cavity
mode can be used to demonstrate the Purcell ¢ff2EtA QD coupled well with the
cavity mode exhibits a faster radiative recomboratiate through the Purcell effect
and it should therefore take more photons to sttuhe QD (ground state) emission.
This approach was chosen instead of a direct QDrlieetheasurement due to the low
photon counts and higher dark counts in the ndeaaried. Figure 4.3 shows excitation
power dependences for PL intensities of the cavitgen waveguide mode near slow-
light edge and uncoupled QDs. The ratio between daiorapower of
cavity/waveguide mode emission and uncoupled QDs %5 which indicates that
those QDs coupled to cavity mode have enhanced spmmia emission rates and
delayed saturation power. The enhancement factegrobd here is an average result
from ensemble PbS QDs with imperfect spectral, spatdlpolarization alignment to
the cavity mode, which is much smaller than the lidRacell factor ~130 predicted
from the measured qualify factor of cavity modelfilvorking with fewer numbers of
QDs on the surface of the slot edge, ideal Purcetbfaof up to 3000 is possible with
PbS QDs coupled to cavity mode | wih~10" which will help to demonstrate the

contribution from ultra-small effective mode voluntdere we estimate the emitter-
cavity field coupling strengty = p/7.,/hwl/2eVy, ~20GHZ [13], and strong coupling

is achievable if the air-slot mode-gap photonicsta/cavities posse€3>10* and QD
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decay can be smaller than the slot cavity decayodanic temperature environment
will help to decrease the nonradiative decay chanokEPbS QDs [14]. Slot cavity-
colloidal nanocrystal system has great potentiakt¢bieve high efficiency single
photon source on-demand and even strong excitotephooupling in the fiber

network communication frequencies.

4.4 Conclusion

In summary, we study the weak exciton-photon cogptih PbS nanocrystals in air-
slot mode-gap cavities experimentally. We obsergagtity emissionQ~5000 in
photoluminescence measurement with polarizationndistn ~ 5. Average 2 times
delayed saturation power for coupled QDs show thamtspeous emission rates are
enhanced by cavity mode in air-slot mode-gap photorystal cavities. The strongly
enhanced light-matter interactions can be usedn®mapplication of nonlinear optics,
chemical sensor, light emitting device, optical stwts and modulators and cavity

QED.
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Figure 4.1 (a) SEM picture of the air-slot mode-gap confined tawith PbS QDs on
the surface. The red highlighted region shows theurmform QD distribution, and
even single PbS QD can be seen cledhy. PL spectra of three devices: (blue)
Wo=1.2%/zm, s=120nm and r=0.296a; (red)o¥W=, s=80nm and r=0.31a; (black)
Wo=1.2%/z:, s=100nm and r=0.324&) Zoom in and Lorentzian fit of the blue PL
spectrum in (b). The inset shows the inhomogenebawspBctrum from ensemble PbS

QDs.
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5.1 Introduction

The solid-state cavity quantum electrodynamics (Q&Btem has been examined as a
critical component for quantum information procagsiincluding demonstrations of
the single photon source [1], strong coupling [ t®o-qubit quantum gate operation
[4] and entanglement generation [5]. Generallygiwotypical system involves a high
guality factor and small mode volume optical cavyoviding a platform to achieve
strong coherent interactions between the quantutmadd photon. However, one-
dimensional slow-light photonic crystal (PhC) wawnilgs and surface plasmons
waveguides can also be used to increase the laoaditg of states (LDOS) for
enhanced light-matter interactions such as spoatenemission enhancement [6], and
furthermore to achieve single photon transistods $ihgle photon sources [8] and
controlled phase gate [9]. Due to the interfereocéhe coherently scattered light in
waveguide devices with unavoidable structural disorfrom fabrication, localized
modes with high quality factoQ) have been observed near the slow-light band edge
[10, 11]. Recently spontaneous emission contral sihgle quantum dot (QD) through
localization mode@ up to ~ 10,000) in PhC waveguide with engineersdrdier has
been shown [12]. This PhC waveguide localized meitle a single emitter possesses
remarkable possibilities towards efficient singlleofpn sources and controls light-
matter interactions in the strong coupling regimeduantum information science. In
this Letter, we experimentally study exciton-photioeraction in strong coupling
regime with a solid-state device combining the dezg of a single InAs quantum dot

with the attractive properties of GaAs PhC waveguidcalized mode. Localized
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mode with quality factor ~15000 is found near theoffuof a photonic crystal
waveguide mode, and vacuum Rabi splitting is olskewhen we tune single exciton
resonance to be very close to the localized moslenance. By analyzing the spectra
with a complete model [13], we can obtain the expental parameters for pure
dephasing and incoherent pumps. The demonstratisimgle quantum dot strongly
coupled to PhC waveguide localized mode illustrétiesstrong potential of the system
to be used as high efficiency single photon sowwedemand or exciton-photon

polariton state for quantum computation.

5.2 Optical characterization for a single quantum dot (QD)

5.2.1 Single QD imaging and spectr oscopy

Single QD imaging and spectroscopy is the firstrabizrization step before studying
the interactions between single QD and chip-scalgmic structures. The samples
we use are GaAs wafers with a center layer of I@&s grown by molecular beam

epitaxy with ultralow density ~ several dots in 2®%area. Photoluminescence (PL)
measurement in a He-flow cryostat is performed vath above band-gap He-Ne
continuous wave laser focused to the sample surisieg a 100x microscope

objective (NA of 0.75), and the emission light waslected by the same objective,
dispersed through a 1m spectrometer and detectdd avcooled charged coupled
device camera. Figure 5.1 shows the experimenpsatd the measured losses for

each important optical component. The spectronatdrCCD can be used for either
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imaging or spectrum collection by setting the posg of the grating inside the
spectrometer. Figure 5.2(a) shows PL from ~ 10 un2®ym region on the sample
surface when excitation is very high. One bright @DR@he center and two weak QDs
on the side can be found. By reducing the width hedjht of the spectrometer
entrance slit, a single quantum dot can be selemi¢énd the PL image is shown in
Figure 5.2(b). When single QD position is preciskdgated, we then measure the
single exciton line spectrum at 5K with very lowcaation power ~ nW level before
objective lens, which shows 0.1nm linewidth as smomw Figure 5.2(c). Please note
that for samples with large QD density, single QRynmot be observable through
imaging if QDs spatial separations are closer thffraction limit but single exciton
lines can be measured under low pump power by peeter (40pm resolution for
our setup). For the particular sample we use fatedevice fabrication, QDs density
is ~ 1G/unf and they are randomly distributed all over the glanwith ensemble
emission covering 900-1000 nm randgegure 5.3(a) and (c) show the narrow single
exciton line spectra from two quantum dots on gasple with average excitation
power ~ 1 pW before the objective lens. They amted by He-Ne continuous wave
laser and 800nm 80MHz Ti:S 150 fs pulse laserkata®d 7 K respectively, and show
spectrum linewidth around 0.27 nm and 0.09 nm. il excitation lasers we use
have frequencies above the bandgap of the GaAgialatnd the generated electrons
and holes will make charges and phonon sidebandgarby QDs contribute to the
spectrum. The effects are more obvious for contisusave He-Ne laser with current

pump power.
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5.2.2 Hanbury Brown-Twiss (HBT) measurement

In order to demonstrate the observed narrow speclines are truly emissions from
exciton transition in a single quantum dot, HanbByown and Twiss (HBT)
measurement is performed to measure the second amterence functiog® which
describes photon statistics of the emitted photditss experiment is used to
differentiate between states of light and non-dta$ssingle emitter source has
suppressed coincidence counts at zero time intenvidh dg2(0) << d®(z). We further
filter the single exciton line by a high qualityrin filter to reduce any undesired
background or scattered signals going into the ARIDd then couple the light into a
multimode fiber beam splitter which links to two B® (with time jitter 450ps) and a
coincident counter with start and stop channelsyshin Figure 5.1). By measuring
probability distribution of the time intervals beten photons in a photon stream, we
get d%(0)~0.5 in Figure 5.3(b) and?(0)~0.28 in Figure 5.3(d) which reveal the sub-
Poissonian distribution property of the single Qbiitted photons and are the
signatures of a single photon source. We are wgrkiith excitation power ~ 1uW to
get enough photon counts from the QD and each HBasamrement takes 40-60mins
integration time. As discussed in Ref. [14], theaband excitation we use here
contributes to the remaining value ifP@) in the following ways: (i) excessive
electrons and holes are created which can be rgeapby the QD resulting in multi-
photon emission; (ii) broad emission surrounding itiain emission line (as in Figure

5.3(a)) contaminates the signal, and a narrowedpss filter will help to reduce
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g®(0); (iii) background floor in Figure 5.3(d) sugtesa long time scale carrier
capture process. All these side effects can baladdiy a resonant excitation in future

experiment.

5.3 GaAsphotonic crystal waveguide localized mode

For photonic crystal waveguide fabrication on arfBdhick GaAs sample (under the
device level is a 650nm AlGaAs sacrificial layerogn on an undoped GaAs
substrate ) with a center layer of InAs QDs, a cach@nd efficient 100 kV e-beam
writer nB3 is used to define the patterns in the tesist layer. Inductively coupled
reactive ion-etching [15] is used to perform Gaastical etching. 40s HF wet etching
is performed afterwards to create the suspendedbnagm®. Surface roughness, non-
uniform air-hole sizes and shape, and pores araimlole edges are present in our
imperfect fabrication processes as shown in Figufga). Localized modes could
exist in the waveguide near the slow light bandeedige to random multiple scattering.
Figure 5.4(b) and (c) show the band structure aft@hc crystal waveguide and
electric/magnetic field distribution of the highder waveguide mode from plane-
wave-expansion method calculation. Two slow ligd/gions associated with photonic
crystal fundamental mode and high order mode ateated by the grey boxes and
localized mode is observed around the cutoff edghigh order waveguide mode

(900-920 nm) in our particular device used for Hatgeasurement. 3D simulation
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parameters (extracted from SEM measurement) herdadtice period a=256nm, hole
size r=0.244a, slab thickness h=130 nm and PhC guédle width W=0.983a.

To characterize localized mode on the waveguide spdctrum is collected
from the vertical radiation at 40 K with He-Ne cowtous wave pump power of 20
uW for two orthogonal polarizations as in Figuré(g), and at 20K with increasing
pump power as in Figure 5.5(b). Because of thdivels high power, the spectrum
consists of single exciton lines, biexciton linkegalized modes and background QDs
emission as indicated in the inset of Figure 5.5(mcalized mode is highly y-
polarized and its peak intensity linearly increaséh pump power as shown in Figure
5.5(b), while exciton lines have saturation behaabhigh pump power. The single
exciton and localized mode examined here have Iotew~0.06nm at 20 K with

pumping power <10uW, which corresponds to quabistérQ~15,000.

5.4 Experiment and theoretical analysis of strong exciton-
photon coupling

The coupling strength (Rabi frequency) for a quantlot positioned in a cavity mode

how
26V,

maximum is given by =

>R

where p is the QD dipole moment avig is

the effective cavity mode volume. Generally if tb@upling strength is larger than

cavity field decay ratdé’,and emitter decay ra the system is said to be in the

X 1

strong coupling regime and the system eigenstates arengbwe the QD-cavity
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polariton states, with a distinct splitting speksignature [16]. However for practical
measurement and real device in our case, we hagenider the effect from above
band-gap incoherent pumping, QD dephasing, QD inlg)kexcess carries recaptured
by QD or spectral diffusion when temperature anchpypower are not low enough.

We use the model from Ref. [17] to solve masteraign with the following

o 1 . N
Hamiltonian H :Eha)xaz +hwa'a+hg(a’c. +ao,) whereg, ,o_ando, are the

pseudospin operators for two level QD with emifrequencyw,, a* anda are the
creation and annihilation operators of photons witwity frequencyw, . The

incoherent loss and pump terms are included inmibster equation of the Lindblad

form:

do/dt=-i/A[H,p]+L(p), and

L(p) = % (20_po, —0,0.p-po,o.)+ % (20,p0.-0.0,p- po_o,)
+ % (2apa” —a‘ap—pa‘a) + % (2a’ pa-aa’p - paa’)

Y
+%(0’sz2 ~p)

HereP, is the rate in which excitons are created by th&inuous wave pump laser,
P, is the incoherent pumping of the cavity mode [&B8 y,,, is the pure dephasing
rate of the  exciton. Effective  decay rates can  beefindd

asl,'=l +2)4, +PB, , [['=.—P. and strong coupling can be achieved if

g>T,'/4,T, /4 [13]. We assume the collected light is mostly froavity at steady
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state —J': e'i(r"“’)r<a+ (Da(t + r)>drwhere [ is our system spectral resolution ~ 7GHZ.

Please note that effects such as QD blinking [¢&Yjty decay [20, 21], background
excitons or spectral diffusion are not includedha master equation above but indeed
contribute to experimental spectra when temperatime above-band pump are not
low enough, so we have included these effects enciculated spectra (solid curves
in Figure 5.6(a)) to explain the extra peak or asytric spectrum when we compare
with experimental spectra at different temperatwith pump power level ~7 pW
before the objective lens (open circles in Figu&@®). Frequency detuning between
the exciton line and localized mode is -0.04nmegibning T = 26 K. When device
temperature is scanned from 26 K to 29.5 K, QD siois wavelengths strongly
redshift (~0.23nm) as the temperature increasestallm®nd gap shrinkage and the
cavity wavelength shift rate is 10 times slower.this case, the frequency detuning
between QD and localized mode can be continuoustgd across zero point and
further into positive side when temperature incesa®acuum Rabi splitting ~ 0.216
nm is observed when QD is on resonant with theliload mode ~ 915.255 nm at 27
K. Figure 5.6(b) shows the resonances of two pwlarpeaks (red and black dots)
extracted from experimental spectra and theoretfittadg (red and black curve for a
larger temperature range) as a function of temperatBlue dash lines represent
uncoupled cavity and QD resonances as guidelineesufrom which we can see that
the on resonant case happens at 27 K and the tkrmahti-crossing behavior in
polariton resonances is shown as expected butelihby our temperature scanning

range. From the theoretical fittings, we can extthe coupling strength g ~39 GHz,
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pure dephasing rajg,, ~10-20 GHz, incoherent cavity pump rales5-15 GHz and

incoherent exciton pump rates~15 GHz.I", ~ sub GHz is used for InAs QDs with

ns radiation lifetime. The coupling strength g hexéarger than previous values got
from QD in photonic crystal defect type cavitie$ yzhich might be caused by better
spatial overlap between QD and waveguide localizedie with smaller effective

mode volume, but it is still smaller than the basvtice reported so far is in Ref. [20].
Compared with the decay rates in our device, strmogpling condition is satisfied.

We have also experienced dephasing rate and inmaheavity pump rate increases
with temperature which is evidence for decoheranediated by coupling to acoustic
phonons [22-23] and cavity feeding mediated byteb@cacoustic phonon scattering

[24].

5.5 Conclusion

In conclusion, we experimentally showed that strergiton-photon coupling can be
achieved between single InAs quantum dot and Ipedlimode in photonic crystal

waveguide. By comparing with theoretical model ihieth pure dephasing, cavity

pumping and exciton pumping are considered, weyagathe contributions coming

from the above-band pump laser and non-zero teryseran our experiment. The

results confirm that strong coupling does not akvappear as a symmetric mode
splitting spectrum [25] but highly depends on thgpeximental parameters.

Furthermore to prove the quantum nature of thengtrooupling system, photon

correlation or photon blockade measurements [26]n@eded. The localized mode in
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photonic crystal waveguide we observed is neaslinve-light region and could be due
to Anderson localization, and multiple localized dae have been observed for long
waveguides with length ~80um [12]. Large scaleyarraf localized modes with the
inherently efficient input-output coupling can beheeved, and their strong coupling to
single QDs opens the doors to an interesting aachiging cavity QED system which
favors the scalability requirement for on-chip $engphoton source, entanglement

generation and quantum information processing.
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Figure 5.1 Experiment setup for single quantum dot spectqogcand HBT
measurement. Collection efficiency is 0.8% (-21d&) spectrum and 0.2% (-27dB)
for correlation measurement. Losses due to eaclpceoant are list as below:

Obj. lens NA 0.7 ~ 7%

Beam splitter ~50%

HP filter ~ 90%

Grating ~ 55% and CCD ~50%

Bandpass filter Lnm ~50%

Fiber coupling ~ 60%

APD coupling ~ 90% and APD efficiency at 920nm 925

Nook~hwhE
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continuous wave laser excitation at 9khe normalized coincidence counts at time
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Figure 5.4 (a) A scanning electron microscope (SEM) image of lari€ated PhC
waveguide(b) Band structure for PhC waveguide used in experinfeéed and blue
lines indicate the high order and fundamental waidg modes, and the red box
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6.1 Introduction

The atom-cavity system has been examined as a&atritomponent for quantum
information processing, including demonstrationshef single photon source [1], two-
qubit quantum gate operation [2-3], and entangléngeneration [4]. Generally the
prototypical system involves a high quality faceord small mode volume optical
cavity, providing a platform to achieve strong camé interactions between the atom
and photon. Using a cavity to modify the local dgnsf states (LDOS), however, the
qubit operation is typically limited to a narrowsshspectral region, in addition to
photon extraction, scalability and integrabilitysues that need to be carefully
considered. Alternatively, other possible mesoscspiuctures to increase the LDOS
include one-dimensional slow-light photonic crygahC) waveguides [5] and surface
plasmons waveguides. Such systems have been ftoatlyeproposed recently to
achieve single photon transistors and single phatoarces [6, 7]. Remarkable
observations such as enhanced spontaneous emi8kiamd strong coupling seen in
mesoscopic microcavities can also be ported ineo RhC waveguide or nanowire
system. For instance, signatures of spontaneoussemienhancement with ensemble
QDs in a PhC waveguide have recently been obs¢®ebh this Chapter, we propose
a system which consists of photonic crystal wawesi and low dimensional
semiconductor QD for implementing the controlle@ggdflip (CPF) gate between two
flying qubits. This two-qubit phase gate, togetiweh single-bit rotations, is sufficient
for universal quantum computation. Our proposedesysmakes use of the tight

optical confinement and low group velocity of waugbe modes to influence the
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emission of a QD localized inside the standard RlaE®@eguide. By controlling the
QD’s quantum state, we demonstrate the correlatexsep control of the transport
property of the system and implement quantum in&iom processing for qubits
coded as superposition states of single photonarigations. We further show that
enhanced quantum dots emission into photonic drysteeguide mode provides high
gate fidelity over broadband frequencies. Moreowsgitation of waveguide mode
and extraction of quantum dot emission are extrgrefficient in this system, and

chip-scale integration is possible.

6.2 Transport property for PhC waveguide embedded with
asingleQD

For a PhC W1 (with one missing line of holes) waudg, the dispersion diagram of
the fundamental TE-like propagation mode is shawRigure 6.1(a). A divergent-like
LDOS and slow group velocity for the fundamentabgagating waveguide mode is
seen for wavelengths near the PhC waveguide motieffcedge (at 0.266c(a),
wherec is the vacuum speed of light aads the lattice constant of photonic crystal).
Emission of an emitter embedded in a PhC waveguatiéhe field maximum of the
localized waveguide mode, exhibits a large spomiasieemission enhancement

proportional td/(v,Vy ), wherey, is the group velocity and, the effective mode

volume per unit cell for a PhC waveguide fundamlentade. Furthermore, a large

propagation mode factor — probability of a photon being emittedoira desired
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waveguide mode regardless of non-radiative decayhef emitter — is obtained
throughout the entire propagation spectrum [7].uf@ég6.1(b) shows a schematic

diagram of the system, with a three-level emittdhe ground and excited

states|,g) and e) respectively, are coupled viepolarization photons (corresponding to
the waveguide TE mode) with frequengy,. A metastable state) is decoupled
from waveguide modes but is resonantly couple}d)tda a classical, optical control

field with Rabi frequeanZ(t). Dynamics of the emitter operatoris described by

Heisenberg operator equation

do

1 .
T:_z_ro'ﬂéewo'ﬂ(ai” ip.

where a;, (b;,) is the field operator for the flux of the wavedeiinput port. The
waveguide output fields,, ando,are related to the input fields lay, =&, + Ko_
andb,, =b,, + kKo_. 1/t =1/15 +1/1» +1/T' is the total decay rate of the emitter,
in which 1/t = PF/ 1, is the emitter's spontaneous emission rate in th€ P
waveguide (wher®F is the Purcell factor antl 1, is the emitter decay rate in bulk
material),1/ T\g is the nonradiative decay rate abd' is related to the spontaneous
emission into a continuum of radiation and/or leakydes.d,,, and kK are respectively
the frequency detuning and coupling coefficienilssn emitter and waveguide mode,

and Kk =1/,/2tgc . We use the calculateg factors in Ref. [7] (defined as

b= Utge

=———==__and examined to be greater than 0.9 for ideal zaldon match) and
Utge+1/T
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consider the QDro to be 1 ns, and the nonradiative decay to be ddb-& low

temperature [10]. Figure 6.1(c) shows the reflea:ﬂadﬁ(=|f|2 = |bout /ain|2) as a function

of detuned quantum dots transition to the normdlizequency of waveguide mode.
The waveguide frequenciésare normalized ta@/a and are examined fdr= 0.2662,

0.2668, 0.2682 and 0.2827. Figure 6.1(c) showstkieateflectance curve is spectrally
broadened with maximum reflectance close to unityenvthe waveguide mode
approaches slower group velocities. Nonradiatigemgination of the quantum dot as

a loss mechanism is also shown here for the casg;0f 1,, where the maximum

reflectance peak is decreased for increased noatirga recombination rates. The
inset of Figure 6.1(c) shows numerically calculatetlection coefficient (both real
and imaginary parts) and phase when0.2662. It indicates that= -1 when the QD

iIs on resonance with the waveguide mode with a gjowp velocity of ~ ¢/154. An
input photon is nearly perfectly reflected by thwgte QD, and simultaneously gets a
n-phase shift. Similar reflection properties haveoatuggested in surface plasmons
nanowires [6], and Ref. [11] describes the ideavegaide case. Existing losses
during the photon-emitter interaction come from @gpects: quantum dot dephasing
processes and non-unifyfactors. We also emphasize the analogy of thectthce
character to that of an unloaded cavity-waveguidstesn [12], where detuning away
from the slow-light mode cutoff edge unloads thepted QD-PhC waveguide system

towards only the intrinsic QD linewidth.
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6.3 Construction scheme for quantum controlled phase

gate

Based on the QD-PhC waveguide system describedeabo® can adopt Duan’s
protocol (see Ref. [3]) in which a CPF gate is iempénted by sequential injection of
two single photons, together with single qubit tiotas. However, here we consider a
more compact schematic setup as shown in Figur@)6i® realize a CPF gate

between input photon A (target qubit) and inputtphoB (control qubit). Generally

the input photon state A or B can be describe(ﬂ h’;\3|v>)/\/§ and, after the

polarization beam splitter (PBS), odlbr}A mode or| h)B mode enters at the 50:50

beam splitter (BS) and couples into the PhC wawgufrom both sides
simultaneously. In PhC waveguide, the single phatate is a superposition of the
left- and right- propagation waveguide mode. Aftaveling through the Sagnac loop,

the photon recombines at the BS and exits the ryft@m the same port it entered.

Moreover, using the 50:50 BS transformation matfi3], the |h>A mode

and| h>B mode will gain an-phase difference with respect to each other whewy t

Sagnac

S
leave the Sagnac loop and we denote this efchtt)/gsainaTmA g = =|h)g-

We note that the optical paths and propagation Mh) anq v> components can be

stably tuned experimentally to be identical. Akkse free space light paths can also be
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integrated onto a single chip. When the emittesrigground statd,h}A coming from

port A will get an-phase shift after reflection by QD and leavessystem as ) , .

The implementation of the CPF gate between phot@md\B thereby consists
of three steps in the protocol. We first show,daal case, the initial and final states of
the QD-photon system to illustrate the states eiguafter each step of the CPF
protocol:

() First we initialize the emitter in ground staéed apply a control field)(t)

simultaneous with the arrival of single photon BieTcontrol field (properly chosen to

be impedance matched [14]) will result in captuiréhe incoming single photon while
inducing QD state flips frong)to|s) :

[h)gl9)gp ~ Ivac)g|S)ap Vgl 9)ap ~ Vgl 9)ap - (6.2)
where we usedivag . to describe the-polarized B photon after storage.
(I Next we send photon A into the system. Onlyewtemitter is on ground st@

will the QD-waveguide system reflect photkh)A and introduce a-phase shift on

this photon simultaneously. The whole system wekuit in four possible states as

below:
|h>A|VaC>B|S>QD - |h>A|VaC>B|S>QD’|V>A|VaC>B|S>QD - |V>A|VaC>B|S>QD’

|h>A|V>B|g>QD - _|h>A|V>B|g>QD'|V>A|V>B|g>QD - |V>A|V>B|g>QD (6.3)
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(I Finally we can choose the salﬁé— t)to drive the emitter frorIm} back t¢g>,
and retrieve single phot{)lm)B as a time reversal process of (I). The retrievat@ss
can be expressed|ara%|s>QD - |h>B|g>QD. The retrieval photon generated in PhC

waveguide is exactly the same as the input phato()j but it will get an-phase

change when it leaves the BS.

|h>A|VaC>B|S>QD - _|h>A|h> | > | > |VaC>B|S> | > |h>B|g>QD
_|h>A|V>B|g>QD - _| h>A|V> | > | > | > |g>QD | > | >B|g>QD (6.4)

After these three steps, the state of input photansthus be described by:
1) =1 ) # [V, #[10), [V)g V)]
= [O)igea = TalMg ~V)alN)g =[M)a[V)g + V)4 |V)e (6.5)
This ideal photon states evolution demonstrates cthapleted implementation of
controlled phase flip gate operation, which pressrthe final phase of A and B
photons relative to input only when they are baotk polarization, otherwise the final
phase will get ai-phase change. The emitter is not entangled wihptioton states

and returns to the original ground state aftergiduwe operation.

6.4 Gatefidelity and photon loss analysis

We emphasize the importance of the Sagnac loopinsoheme. Because the PhC

waveguide is a two-side coupling system (QD emisgiouples into both left- and

right- propagation waveguide modes), if we havédiant|h>A mode only from one
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side of the waveguide in step (1l) (the QD statthatend of step (I) can hg) or|s)),

we will get both transmitted and reflected modeerathe interaction. We cannot
combine these two modes later into a single outpthout loss because they are
entangled with the QD. The advantage of using Sadmap here is to remove the

entanglement between the waveguide left- and pghpagating modes and the QD,

by havingh), mode incident from both sides of the waveguide. sThe can get
single output-|h)  (when QD state |g)) or |h), (when QD state s)).
Furthermore we discuss the storage and retrievadegs in step (1) and (ll1).

We need coherent storage and retrieval of a siplgtheod h)B and the store/retrieval

efficiency degrades the quality of the control ghamte. In our case, the optimal
storage strategy in (l) is splitting the incomingge and having it incident from both
sides of the emitter simultaneously, which is theet reversal process of a single
photon generation. There is a one-to-one correspawalbetween the incoming pulse

shape and the optimal fidll(t). The retrieval process in (lll) is time reversabqess

of the storage process in (I) and both efficieneies theoretically determined by the
calculated reflection/transmission coefficient I&]. Reversible transfer of coherent
light to and from the internal state of a singlapfved atom in a cavity has already
been demonstrated in experiment [16] and the efiy could improve up to 90%.
Next we consider non-ideal cases which includeueagy mismatch between
emitter and waveguide mode, nonradiative decayhef ¢émitter, experimentally

achievable values of low group velocities, as vesl photon storage and retrieval



85

efficiency. We include in Figure 6.2(b) all the &boloss mechanisms and
experimental limitations into the photon loss dgrithe gate operation. Not
surprisingly the gate loss decreases to very lowelleshen we operate at the slow-
light PhC waveguide frequencies and the gate loseases when the non-radiative

decay of the quantum dot is comparable to the tiadialecay. Fidelity of the CPF
gate, described Wideaj | factual |)| , measures the difference between the actual output

photon state and the ideal [Egn. (5)] state. Wee ribat the PhC waveguide mode
propagation loss and the insertion loss (when ligltioupled into and extracted from
PhC waveguide) doot decrease the gate fidelity. Figure 6.2(c) shows tee QD-
waveguide CPF gate fidelity changes with normalizGéquency detuning

Oew I/ 15) and waveguide mode frequenwy,. In addition, in Figure 6.2(c), the

decrease of the gate fidelity with increasing fesgey mismatch indicates the
requirement of the input photon frequency (waveguimode frequency) to be on-
resonant with the quantum dot transition. Howetlez,frequency matching here is not
as stringent as the cavity cases because of tlael lsqmectral range of the propagating
PhC waveguide mode. Figure 6.2(d) shows the QD-gizde CPF gate fidelity as a
function of PhC waveguide mode frequencies (on nasce with QD).
Whenf =0.2662, v, = c/154have been measured experimentally [17]. Spontaneous
emission rate is enhanced by PF = 30 and leadisféxtor nearly 0.998 for a QD

located at the field antinodes with the same dipoilentation as the mode polarization

[7]. The reflectance peak is as high as 0.988 aadd to a gate fidelity up to 0.9999
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with Tyg =10ty used in the simulations. Whérr 0.2827, the PF tends towards 1

with normal waveguide group velocity yet gate fitlefemains above 0.96. Although
the Purcell factor is very low in this case, thas@n of the high fidelity is that the QD
emissions into free space or other leaky modeshaykly suppressed inside the
photonic crystal band gap and the one-dimensiormaleguide, and thus we have a
large B factor (> 0.9) maintained throughout the waveguidede spectral range
(~10THz from Figure 6.1(a)). Compared with cavigsisted schemes in which
Lorentzian shape resonance features are involvedgate operation bandwidth in
waveguide-assisted system is much larger. For ebegarap long as the QD transition
is within ~ 2THz (15nm) above the waveguide cutfodguency, our scheme always
gets fidelity greater than 0.99 as well as gats Emaller than 0.18. Moreover even

with a quantum dot with 50% quantum yield& = 1,), the gate fidelity still remains

higher than 0.9 within ~2THBaandwidth. This is because of the Purcell-enhaiqgied
spontaneous emission rate into the waveguide mbde.QDs with even lower
guantum efficiency, the gate fidelity stays abo®@8c9only when we operate close to
the slow-light edge, and obviously decreases quicki this case, schemes with
ultrahigh Q cavities will benefit from the larger Purcell facs, reducing the effect of
QD’s nonradiative decay, but at the expense oftgdwnited bandwidth. Combining
the contribution both from Purcell factor and lafyéactor, our QD-PhC waveguide
system has a distinctive advantage compared tdyeassisted schemes by relaxing
the frequency matching condition (frequency matebhMeen quantum dot transition

and cavity resonance) by ~ two orders of magnitadenore. We can also take
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advantage of this broad bandwidth to offset theuactexperimental slow-light
propagation and coupling losses by operating slighivay from the slowest group

velocity regions for acceptable gate fidelity aradegloss.

6.5 Conclusion

In summary we have proposed a scheme to realizetwmacontrol phase-flip gate
between two photons through photon-QD interactioa photonic crystal waveguide.
Strong optical confinement and low group velocity photonic crystal waveguide
contributes to the high gate fidelity (~0.99) owertremendous broadband region
(~2THz). In our scheme, excitation and extractian be extremely efficient and chip-
scale integration is possible. All these advantagesw QD-photonic crystal
waveguide system is very promising to be a criticaimponent in quantum

information processing.
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fundamental (red) and a higher order mode (blueshown. Structure parametears:
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photon interacts with a near resonant @Qf).Reflectance as a function of normalized
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Chapter 7

Phase switching through two quantum dots

In a slow-light photonic crystal waveguide
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7.1 Introduction

Cavity-dipole system has been well discussed innmuma optics and quantum
information processing and lots of theory work axg@eriments have been done in the
past 10 years covering topics from enhanced speatenemission in weak coupling
region to Rabi splitting in strong coupling regioinpm single photon source to
quantum logic gateA cavity coupled to a dipole can exhibit dipole ucdd
transparency (DIT) [1], which has similar propesti® electromagnetically induced
transparency in atomic gases system [2]. UsingQbewaveguide system discussed
in Chapter 6 which serves as a good broadbandratta) platform for light-matter
interactions, in this Chapter we present a siliEt\© waveguide system with two low
dimensional semiconductor QDs, which can also sHoW phenomenon and
dispersive properties without higp cavity assistance. It makes use of tight
confinement and low group velocity of waveguide ®e®do influence the emission
rates of localized QDs. Large optical nonlineasittan be created by a small number
of photons, or even a single photon in this syséeh can be useful for full phase
switching with proper design of a hetero-photomigstal structure. Photonic crystal
waveguide, together with quantum dot, has greatriatl for the applications from

“optical transmission line” to “information proceésg”.

7.2 Transport property for photonic crystal waveguide

embedded with two quantum dots



94

For standard silicon PhC W1 waveguide (lattice tmmsa = 420nm), dispersion
diagram of fundamental TE-like propagation modesh®wn in Figure 7.1(a). A
divergent-like LDOS for frequencies lying near #ieC waveguide cut-off is expected
with a fundamental propagating waveguide mode. Antter embedded in a PhC
waveguide (at the field maximum of the localizedveguide mode) exhibits a large
spontaneous emission enhancement which is propafttol/(v,Vy ) . Furthermore,
large propagation modefactor (probability of a photon being emitted irdalesired
waveguide mode) is obtained throughout a broadggation spectrum, arfi+0.99 if
normalized frequency of waveguide mofig =alc/2mw,, is within 1.5 THz near
the cut-off frequency [3]. Figure 7.1(b) shows #espatic diagram of a photonic

crystal waveguide with two localized emitters. Fivge simply consider two-level

configuration for the emitters and the stél}aand|2> of emitter A (B) have transition
frequencyw, (wg ) which can couple to PhC waveguide mode Rdpolarization

photons (corresponds to waveguide TE mode). Wenassransitionc, (wg ) Is very

close to the band edge of the fundamental wavegumtte, andw,, — W, 5 = AW, g

are very small compared to the slow light bandwiklfh= kg =k =1/,/21 is the

coupling coefficient between the emitter transitiand the waveguide mode. We
denoteo,” (o) as the lowering operator for the emitter A (B)dathe Heisenberg

operator equations are given by
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12
dos. ___1 ol +iAw, 0% +Ka,, + Kb,
214 (7.1)
dog_ 1 o . 12
=- On. +iAwr0x_ +Ka;, +Kb.
dt 2TB B B~ B in in

wherea,, (b,,) anda,, (b,,) are the field operators for the flux of the wawiele

input and output port. Both emitters have the decay

ratel/ T, =1/ 15 +1/T\g + 1/t'in which1/1g = PF/1,is the emitter's modified

spontaneous emission rate in PhC waveguifig, is the nonradiative decay rate and

1/1'is related to the spontaneous emission into a ot of radiation and/or leaky

modes. We define the amplitude T and pheseof the transmission coefficient

byt=a,, /a, =J/Te™. We consider QDr, = Id] and nonradiative decay could

be sub GHz at low temperature [4]. Figure 7.1(gvshthe transmittance and phase

(normalized byr) as a function ofAw=w,, — (W, +wWg)/2 when the transition
differencew, — w;|¥, =30. We usePF = 28.5,4 = 0.997 [3] in the calculation

becausd ,, and emitter frequencies are very close to thectfplow group velocity

region. Different from the case in which photonc@mpletely reflected by a single
emitter in surface-plasmons nanowire [5] or phatowrystal waveguide [6-7]
discussed in Chapter 6, dipole induced transpareanybe observed if the two QDs
are properly located in the photonic crystal waveguwith distance. = 4a or its
multiples. The appearance of the peak is analogmtise atomic vapor system [2] and
cavity-dipole system [1]. Similar concept can berfd in [8], and it turns out photonic

crystal waveguide is a promising platform for oneensional circuit quantum
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electrodynamics system. The transparency peak wsdildjustable via tuning the QD
frequencies or QD decay rates. Although the propagaoss of the slow-light
waveguide mode is relatively large as ~500dB/cm if9s still neglectable between
two QDs because L = 4a is a very short distancd, eren true for the whole

waveguide which be compacted within 486 length.

7.3 Construction schemesfor full &= phase switching

We now explore the dispersive and nonlinear proggedf a system shown in Figure
7.2, which consisting of an in-plane hetero-phatoerystal structure and two three-
level emitters, to realize a futl phase switching. The individual regionsRd PG
have different lattice constants @nd a respectively). We design the lattice constants
to realize that photons with wavelengths lying nis& PG waveguide cut-off cannot
propagate along the waveguide in,B%]. The hetero-interface becomes a perfect

mirror and only introduces a phase change on the reflection so

thatb;, = a,, [&'®“? . The stated), |2) and|3)in emitter A (B) have transition

out
frequencyw, (wg;) andv, (vg) as shown in Figure 7.2, and all the transitioas c

couple to PhC waveguide mode Wgoolarization photons (corresponds to waveguide

TE mode). We define the amplitude and phase of nbiéection coefficient
by r=b,,/a, = JRE” and design the geometry so ti2kt(d+¢ =2n. Similar
treatments and parameters as the above calcutgitierus Figure 7.3 (a) which shows

the reflectanc® and phasep, (hormalized byr). Near 90% of the input is reflected by
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the system with zero phase change at central freevhich is opposite to the case
in which on-resonant photon is reflected by a beagity or a single emitter in
waveguide withm phase change. Phase of the reflection is highpeaisive

nearAw =0 , and quickly changes from 0 #oat a detuning oA« = 0014THZ. The

slope of@, gives the group delay a pulse experiences frontesyseflection in Figure

7.3(a) (bottom curve), and the second derivativepafear zero detuning vanishes
ensuring that the reflected pulse preserve itseshiaigure 7.3(b) and (c) discuss about
the effect of QD properties on the reflection arnspdrsion. When the nonradiative

rate is even two times larger tHd,, only the reflection drops from 0.9 to 0.4 but

the phase dispersion keeps unchanged. When theefiey difference between two

QDs increases t60t,, the reflection becomes higher but the phase oigpe

becomes more linear and it requires more frequedfying to change phase from
zero ton. If the design parameters in the actual deviag wiaam the idea values,
Figure 7.3(d) and (e) show the reflectance andeldeen the separation distarices
12nm larger than 4a and wh@k [d + ¢ is 10% larger than 2 respectively. At zero
detuning, the phase change is no longer zero areyarat the whole curves shift to the
left and right respectively.

The sharp dispersion feature of the reflection phalfows the possibility to
achieve fulltr phase switching by shifting the dispersion curyalvery small amount

photons. Assume the input field has two frequenesnmonents, one a,, which

drives O}f(B)_ and the other a¢ , + A which off-resonantly drives> to create a Stark
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shift on the first quantum dot A. In the case of Q& can use the single exciton and

biexciton transition fof1) -|2) and|2) - |3)transitions. It is reasonable to assume that
v, +Ais also within the slow group velocity region arg, = k for quantum dot A.

Detuning of |1) -|2) transition in the presence of the Stark field+A can be

i2"232 (ain(v+A))2 Ih(v+4) i2K232N/T

expressed a®, = _ .
IA+1/14 iA+1/14

[11], where N is the

number of photons absorbed and T is the pulse idaraf the Stark field. The real
component ofé gives the optical Stark shift to the first quantwuot, while the
imaginary component represents the loss. Figuresfiodvs the reflectance and phase

when A = 04 THZ (larger thad/ t3), T = 40ps (shorter than the modified spontaneous

emission lifetime) and <N> = 5. Compared to theecaghout any Stark field, near
phase shift can be achieved by inputting the syst&im several photons at the Stark
field frequency and reflecting the other pulse esonance with the QD. This is
already orders of magnitude smaller than conveatiorethods. If one can control the
frequency detuning between the two QDs to be ewmaller to get sharper dispersion,
only one photon on average from the waveguide irpahough to achieve this phase
shift. Compared to the dipole-cavity system, therealways a trade-off between
coupling efficiency and loade@ so that we need a lot of photons as input to Iba@
photons of Stark field into the high cavity [11]. Large optical confinement and slow
light waveguide mode in photonic crystal waveguipevide large interaction

between QDs and the propagation mode, which gesseraéry strong optical
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nonlinearities to cause Stark shift. Also it shothiat we can drive the system on
resonance but without suffering from large lossrirthe absorption of the quantum

dots, and the reflection is always 80% or more.

7.4 Conclusion

In summary, we propose a system which consistingvofQDs located in a photonic
crystal waveguide to be useful in quantum opticsl guantum computation. It
possesses large dispersion and nonlinearities,candbe designed to realize full
phase switching with only several Stark field pmstoneeded. Strong optical
confinement and low group velocity in photonic ¢aysvaveguide contributes to the
high reflectance and sharp dispersion. Differerthwather cavity-assisted schemes,
excitation and extraction can be extremely effitiamd chip-scale integration is
possible. Also it is much easier to realize thej@iency match condition between the
central frequency of two QDs and waveguide modeabse photonic crystal
waveguide slow-light mode has relatively broad @rexacy region than higQ cavities.
All these advantages show QD-photonic crystal weidegsystem is very promising

to be a critical component in quantum informatioagessing.
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Figure 7.1 (a) PhC waveguide band structure within the TE-likexdbaap. Both
fundamental and higher order modes are shown. tBteigarameters: r=0.275a,
h=0.5a,e=12 and a=420nm(b) Schematic diagram of incident beam interacts with
two near resonant QDgc) Transmittance (red in upper (c)), Reflectance €bil
upper (c)) and phase of the transmitted beam (mottc)) as a function of input

frequencies|oaA —ooB| (1, =30, 1, = Insand distance between two QDs L = 4a.
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Figure 7.2 Schematic diagram for full phase switching based on an in-plane hetero-
photonic crystal structure and two three-level QDattice constants in different
photonic crystal region is al and a2. The distdmeteveen the hetero-interface and
guantum dot B is L/2+d and the phase introducedelflgction at the interface ¢s,

which satisfy2k [d+ ¢ = 2n.
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Figure 7.3 (a) Reflectance, phase and group delay fgr= 5, =101, ,
|w, —wy| [, =30, 2kld+d=2n and L = 4a. Reflectance and phase wifen
Tyr = 05T, (€) |wy —wg| [T, =50 (d) 2k[d+¢ = 227 (e) L = 4.02a. All the other
parameters keep the same as (a) for each case.
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Figure 7.4 Reflection and phase when there is Stark field @gerve) and no Stark
field (blue curve)|w, - wg|E, =20,A = 04THZ, T = 40ps and N=5.
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Chapter 8

Summary and future outlook
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8.1 Summary: chip-scale photonic devices for light-matter

Inter actions and quantum infor mation processing

In this thesis, chip-scale photonic devices such wdgspering gallery mode
microcavities, photonic crystal nanocavities amslight photonic crystal waveguide
are designed, fabricated and characterized. Thangstlight localization and long
photon lifetimes in these devices can enhancedhéiinatter interaction significantly,
presenting many opportunities to realize new fuamdlities in integrated
nanophotonic circuits. Particularly with semiconucquantum dots, exciton-photon
coupling and quantum logic gate are studied as pbemrior the applications of chip-
scale photonic devices in cavity electrodynamias guantum information processing.
They are the building blocks for the future higmsigy “quantum photonic circuits”.
High quality factor QQ), subwavelength mode volum&)(and controllable
radiation directionality are the major propertiesr foptical cavities designs.
Engineered control of radiation directionality isyenmetric resonant cavities is
discussed in Chapter 2. High quality factor of a6d small effective mode volume ~
0.02 cubic wavelengths for air-slot mode-gap phiatorystal cavities is demonstrated
in Chapter 3. Furthermore in Chapter 4, excitontphaoupling between ensemble
PbS quantum dots and these air-slot mode-gap pleatoystal cavities are examined
in weak coupling regime with photoluminescence ecbkaent and modified
spontaneous emission rate. In order to move inidies at single quantum dot level,

in Chapter 5 subpoisson photon statistics frormglsilnAs quantum dot emission is
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presented and strong coupling between single qoadtt exciton line and photonic
crystal waveguide localized mode is demonstratgueementally and theoretically
analyzed with master equations. Besides I@gbhotonic crystal cavities, slow-light
waveguide with the excellent physical integratieraigreat implementation platform
for realizing future large-scale solid-state quamtcomputation. In Chapter 6 and 7,
implementation schemes to realize quantum conttqglease gate and phase switching

through quantum dots embedded in a photonic crystaeguide are proposed.

8.2 Futureoutlook: nanoscale plasmonic devices for light-

matter interactions

High Q optical cavities and slow-light waveguides studiedhis thesis are photonic
devices with light confined in dielectric materiasch as silicon or GaAs. When we
further explore from chip-scale devices with sizéew to tens of um to nanoscale,
surface plasmon polaritons (SPPs), which confilestr®magnetic waves propagating
along a metal-dielectric interface by the colleetigptical excitations of the free
electrons, brings new capabilities in confiningicgit field to deep subwavelength
scale and eliminating the restriction on the sit@mtical nanocavities [1, 2]. Since
SPPs supports high wave vectors and thereforeshtira wavelengths, plasmonic
nanocavities having subwavelength mode volumedeatesigned to realize highVv

ratio although theQ factor is limited by the metal loss. For examgkasmonic

microdisks resonators [3], metallic Fabry-Pérobredors [4], metallic-coated cavities
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[5, 6], and hybrid plasmonic crystal nanocavitiés have been proposed and studied
recently. The strongly localized optical energy these resonant plasmonic
nanostructures provides many opportunities forizew active functionalities at
nanoscale, such as label-free biosensors [8], eekahght-matter interactions [9],
plasmonic nanolasers [10] and high efficiency soédls [11].

The concentrated optical near fields in resonagrponic nanostructures can
increase the photon density of states and the apeatis emission rate of emitters,
and lead to the enhancement of light emission bitensurface plasmon coupling,
which provides an effective way for developing @ént solid-state light sources such
as LEDs and nanolasers. In quantum regime, thesemi¢rom a single nanoemitter,
such as semiconductor quantum dot, diamond nitregeancy (NV) center or
photoluminescence molecule, can couple to quantizethce plasmons directly for
realizing quantum plasmonic devices, for examplagle photon source, single-

photon switching and transistor, with consumed gyeat single photon level.



109

Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

W. L. Barnes, A. Dereux, and T. W. Ebbesen, Surfdasmon subwavelength
optics,Nature 424, 824 - 830 (2003).

J. A. Schuller, E. S. Barnard, W. Cai, Y. C. JunSJ White, and M. L.
Brongersma, Plasmonics for extreme light concepntrtaand manipulation,
Nature Materials 9, 193 (2010).

B. Min, E. Ostby, V. Sorger, E. Ulin-Avila, L. Yan¥. Zhang, and K. Vahala,
High-Q surface-plasmon-polariton whispering-gallericrocavity,Nature 457,
455-458 (2009).

V. J. Sorger, R. F. Oulton, J. Yao, G. Bartal, ¥nd&hang, Plasmonic Fabry-
Pérot nanocavityano Letters 9, 3489 (2009).

M. T. Hill, et al., Lasing in metallic-coated nanocavitidégt. Photon. 1, 589-
594 (2007).

Nezhad, M.P. et al. Room-temperature subwavelemgtiallo-dielectric lasers.
Nat. Photon. 4, 395-399 (2010).

X. Yang, A. Ishikawa, X. Yin, and X. Zhang, Hybrighotonic-plasmonic
crystal nanocavitieACS Nano, 5, 2831-2838 (2011).

C. Wu, et al., Fano-resonant asymmetric metamaterials for sdtraitive
spectroscopy and identification of molecular mogeta,Nature Materials 11,
69-75 (2012).

J. T. Choy,et al., Enhanced single-photon emission from a diamahak¢s
apertureNature Photonics 5, 738—743 (2011).

R. F. Oultonet al., Plasmon lasers at deep subwavelength sbaieyre 461,
629-632 (2009).

H. A. Atwater and A. Polman, Plasmonics for imprdy#otovoltaic devices,
Nature Materials 9, 205-213 (2010).



	pre-chap
	1Cover_Abstract_Jie
	1All

	chaps
	Chap1_Introduction_Jie
	Chap2_IWG_Jie
	Chap3_slot_Jie
	Chap4_PbS_Jie
	Chap5_InAs_Jie
	Chap6_CPF_Jie
	Chap7_switch_Jie
	Chap8_Summary_Jie


