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ABSTRACT

The capability to confine and manipulate photons at nanometer scales peainprecedented
opportunities in classical and quantum information processing technologieslsmdn life
sciences. There have been various demonstrations of sub-microndigimement, but yet the
most critical issue ahead is the development of new device ceramegttechnologies that will
reliably operate at such length scales. In this thesis, we present our efforthelaligction.

The large aggregated bandwidths of the optical interconnects requirerynand delay
components to launch, buffer, and collect optical signals at the nodes. To realize theospaged
two-dimensional coupled nanocavity array structures, which havel@etromagnetic bands i.e.,
whose frequency variation with wavevector is minimized in cajistal directions. We then
experimentally demonstrate group velocity reduction below @.08& also show that such
structures with reduced rotational symmetries can be used to gtommgfol polarization of light.
The performance of lasers such as their speed and efficieacigsearamatically enhanced with
the use of nanocavities due to the spontaneous emission rate enhandgantenmodification of
vacuum field density in a cavity. Here, we present ultraléastrs with turn on and turn-off times
as short as 1-2 ps. We demonstrate direct signal modulation speedess of 100 GHz, which is
more than an order of magnitude above semiconductor laser speeds. ®dcansmcements are
enabled by up to 75-fold spontaneous emission enhancement. To achieve ihatessre with
higher output powers and efficiencies, we invented a new device caingbseherently coupled
nanocavity laser array. Our unique design combined with strong cpatytum effects enabled
high differential quantum efficiencies, and orders of magnitude langgout powers while
preserving low lasing threshold and high operation speeds. For deslizatiens, we also present
nanofabrication procedures developed for Indium Phosphide and Silicon mateeiaissyst

Finally, nanocavities can also dramatically increase semgitofi bio and chemical
sensors. Furthermore, a network of such nanocavity detection cemtelse categrated with
microfluidic circuits for high throughput and compact lab-on-a-chigesys As an initial step
along this direction, we present our results on detection of refeaotiiex changes in nanocavities

with high sensitivity levels.
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CHAPTER 1: Introduction

During the last thirty years, we have witnessed the outcomeoofeés law as the
reduction in feature sizes of electronic devices continued to lead ter @ertsfaster electronic
circuits. However, many challenges emerge as we continghriok device dimensions
further. In particular, due to the high power consumption and Elecyruaetia Interference
(EMI), metal interconnects pose a fundamental problem for thegegdration of electronic
circuits. In recent years, photonics has become an attradtemadive to electronics
technology due to the advantages of information processing irebgtmain. On-chip and
chip-to-chip optical interconnects offer a solution to this probkemd promise a higher
bandwidth to keep pace with transistors while lowering power utopgon and being
immune to EMI. On the other hand, the realization of opticalrdotenects requires the
development of high-speed modulation and low power light sources, opgti¢adhes,
waveguides and their compact integration. Fortunately, the adwvanceemiconductor
fabrication and crystal growth due to the ever-growing need td Meere’'s law have now
made it possible to produce nanophotonic devices that can manipulatenaiod the flow of

light at the nanometer scales.

1.1 Photonic crystals

Photonic crystdl® is one of the most promising platform for optical informatiomcgssing as

it can enable compact and efficient photonic devices andtegolarge scale integration on-
chip. These are structures with periodic dielectric modulatiothe order of the wavelength
of light. Because of this periodicity, their study is analogousdathdy of semiconductors in
solid-state physics. The periodicity of the electronic potkimiaemiconductors, which is due
to the regular arrangement of atoms in a lattice, givedaisee electronic bandgaps, which
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are forbidden energy bands for electrons. Similarly, the gieifg of the refractive index (i.e.,

dielectric constant) gives rise phiotonic bandgapgorbidden energy bands for photons.

Depending on the dimensionality of such periodicity, differentselasof photonic
crystals can be defined. One-dimensional (1D) photonic crystalshwane also known as the
Distributed Bragg reflectors (DBR), have been known for a lamg &and have been used
mostly as mirrors particularly in vertical cavity surfaemitting lasers (VCSELS). The
periodicity of dielectric constant in more than one dimensia leen recently suggested
simultaneously by Yablonovitéhand Johh Photonic crystal fibers are currently the most
practical use of 2D photonic crystal#lthough, 3D photonic crystals can have a complete
photonic bandgap and can control the light propagation in all dirsgtiheir fabrication is

still significantly challenging® .

1.2 Photonic crystal slabs

Figure 1.1 Photonic crystal slab structure patterned with a triandaitice, and the definition

of its parameters.

In recent years, the structure that has received sigmifiestention is a thin

semiconductor slab (thickness on the order/ /§2n) (one half of the optical wavelength)
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perforated with a 2D photonic crystal lattice, as shown in Fig.hekd structures are known
as photonic crystal slahsand retain most of the important features of full 3D photonic
crystals. Their appreciated advantage comes from an ebsgatioon procedure, which is
compatible with standard planar technology used to make electtonigts. In photonic
crystal slabs, the localization of light in the vertical directiocoistrolled by the Total Internal
Reflection (TIR) resulting from the high index contrast betwenenhigh-index slab and the
low-index environment. On the other hand, the confinement in the ladesdtion is

controlled by the DBR resulting from the 2D photonic crystal lattice.

Normalized Frequency (a/L)

Figure 1.2 Band diagram of eigenmodes of a Silicon slab perforated wigd esquare
photonic crystal lattice. The x-axis represents diffeirgctions in the reciprocak) space,
and the y-axis represents normalized frequency in the urat¢ ¢ivhere, the wavelength is in
free space). The solid red line represents the light Il figure on the right shows a
scanning electron microscope image of the fabricated squtice-lphotonic crystal, and the

directions of its first Brillouin zone in the reciprocal space.
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The optical properties of photonic crystal slabs are destntith their dispersion
diagram, m(k). The dispersion diagram gives the frequencies of the Bloch numfdédse
periodic structure as a function of the in-plane wavevettoe.dispersion is controlled by the
following structure parameters: the refractive index of tab €), the type of the photonic
crystal lattice (square, triangular, etc), the thicknegteflab §), the lattice periodicityd),
and the hole radius)( Fig. 1.2 shows the dispersion diagram for the transverseielgd)-
like modes in a square lattice obtained by using 3D Finitei2ice Time Domain (FDTD)
method. TE-like modes, which are also referred as the even modesgbmieantE,, E, and
B, components in the middle of the slab. The unit cell of the lda#tiseown in the inset, and

the naming of the high symmetry points follows the terminology of semicondulgysics.

In the photonic crystal (PhC) slab, since the structure thergderiodic nor infinite in
the third dimensionzj, photons incident to the interface between the semiconductoarstab
air under angles smaller than the critical TIR angle can esaapelie structure and couple to
the continuum radiation modes. To take into account these radieg®es in the analysis of
planar PhC slabs we use the notion oflidpiet line (light cone). This is indicated by the solid
red line in Fig. 1.2. The region above the light line correspontteetieaky modesyhich are
not confined by TIR, and is generally shaded in the literature.rmodes below the light line
can be guided in the slab and are catjaitied modesThe photonic bandgap exists between
the bottom of the second band at the X point and the top of thédinst at the M point, as
shown in Fig. 1.2. In this band gap, no guided modes exist for any propagatictiodi As
the electric field of the guided modes below the bandgap is mostigentrated in the
dielectric region, these modes are called diedectric bandmodes (or valence band, by
analogy with solid-state physics). Similarly, the guided mates/e the bandgap are called

the air band modes (or conduction band), as the electric field is mositgentrated in the
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photonic crystal holes. The electric field localizationdw Irefractive index region is also the

reason why the air band has higher energy than the dielectric band.

The width and the position of the photonic bandgap strongly depend on the parameters
of the slab (listed above). Therefore, one can control the bandgapeathe mirror properties
of photonic crystal slabs lithographically by simply changing ¢sflze and the periodicity of
holes. This significantly reduces both the fabrication complexity @ost compared to the
fabrication of DBR stacks (1D PhCs) where the mirror propegie controlled by epitaxial

growth.

1.3 Photonic crystal nanocavities

A very promising application of photonic crystals is to realizecaptnanocavities that can
trap the light in very small mode volumes,(4) and for a long period of time (proportional to
the cavity quality facto@). The strong light localization in photonic crystal nanodasitan
dramatically increase the light-matter interaction and thegphRgihoton interaction, which are
important for a wide range of applications, ranging from basiense to engineering. In
addition, by combining photonic crystal lattice defects (fomgpda in a linear configuration),
one can also construct very compact waveguides that can shargywith very low losses.
These waveguides and cavities (either passive forifigieor active for lasing) can be
efficiently coupled on chip, which is important for the real@matof compact and high
bandwidth optical integrated circuits. Furthermore, since thizeke can be made in standard
electronic materials and in a planar geometry, they can bgrated with electronics for a

higher level of functionality.
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Photonic crystal nanocavities can be formed by modifying oneooe ioles (i.e., by
changing the hole size or the refractive index) in an otherwise perfedtigipdattice. Such a
break in the periodicity of the lattice introduces new eneegglé within the photonic band
gap. This is analogous to the creation of energy levels withisetiiéiconductor energy band
gap by the addition of dopant atoms in semiconductor crystals. Agasein the hole sizes
increases the energy of the modes supported in the slab and pdi$eap states from the
dielectric band into the bandgap. Such bound states exist close teeldarid band and
shows similarity to the acceptor levels in semiconductorsaiscof that, the modes created
in this way are called thecceptor modesSimilarly, the reduction of the hole sizes decreases
the energy of the mode and pulls down defect states from thendliiriia the bandgap. Such

types of defect modes are called referred to addher modes

Depending on the application one can engineer the mode volume and titg qual

factor of nanocavities. The mode voluMg,e is defined as follows:

d3re(r) Emode(r)2
Vmode: . 2} (11)

max{e(r) Emode(r)

where e(r)is the refractive index variation in space, arﬂmode(r) is the electric field

profile of the mode.

As we have mentioned above, the vertical confinement in thasskchieved by TIR.
Therefore, the defect modes in the bandgap will suffer fromatiadi losses due to their
coupling to the continuum of radiation modes that exist within i@ lkcone. This vertical

(out-of-plane) loss can be decribed ®y,. In addition, the light can leak laterally due to the
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finite number of photonic crystal layers surrounding the defédds lateral (in-plane) loss can
be described b®,. The totalQ factor of the cavity can then be written as the superposition

of these two factors as follows:

1 1,1
Qtotal Qver Qlat

(1.2)

The lateral loss can be significantly suppressed @pdan become very large) by increasing
the number of photonic crystal layers around the cavity operatitige drequency inside the

bandgap. Therefore, the vertical [085¢f) mostly determines the tot@l of the cauvity.

In this thesis, we have mainly worked with a single defacity formed by missing a
hole in a square lattice (shown in Fig. 2.1); such a cavity stgppuee types of defects
modes: quadrupole, dipole and monopole. The quadrupole mode has the highesfagtadit
among them with & ~10,000 (with 5 photonic crystal periods around the defect), while
the dipole mode has@q,~ 1,500 limited by the vertical loss. Since the photon decagstim
are on the order of a picosecond, both modes are suitablétridfast laser applicatiotfs
However, for certain applications such as the observatiotmafgscoupling between a single
photon and a single emitter (such as a quantum dot or an atongegirable to have cavities
with ultrahigh Q. The optimization of cavity quality factor is currently aniactresearch
subject, and there are reports both by*oand othef research groups on the design or

experimental demonstration of photonic crystal nanocavities@vtittors greater than 10
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CHAPTER 2: Two dimensional coupled photonic crystahanocavity

arrays

2.1 Introduction

Small group velocity is crucial in a variety of applicatiora)ging from on-chip optical delay
components to the observation of non-linear phenomena at very low paveds. IGroup
velocity reduction also implies a larger density of photon state$ can be used to reduce the
lasing threshol. Due to the periodic spatial modulation of the dielectric &@omisn photonic
crystals, their dispersion behavior is quite differemirfrthat of uniform materials’. In
addition to the formation of bands and band gaps, it is also possiblatain a large group
velocity anomaly and a high density of optical states (DOS) at the bandaddiggls photonic
crystals and of photonic crystal waveguides. However, this andmalyly limited to a very
narrow range of wavevectors and occurs in one particulartidimeof propagation. This
implies that the coupling to such structures is a critsslie. Moreover, a large variation of
the group velocity with wavevector (group velocity dispersiorplies a significant distortion
in the shape of an optical pulse propagating through the strifct&ecently, coupled
resonator optical waveguides (CROW'’s) in photonic crystale also proposed for reducing
the group velocityf. A coupled-resonator optical waveguide consists of a chaiesohators
in which light propagates by tunneling from one resonator to it&adf resonators. In such a
structure, the group velocity is controlled by changing distance (or coupling factor)
between the resonators. Although CROW enables slow group velocitywide range of
wavevectors, the light still needs to propagate in a veryowaregion, basically in the
direction in which the cavities are coupled. Therefore, as inc#se of photonic crystal

waveguides, the coupling into such structures is difficult. Tipatibeam needs to be aligned
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in one particular direction and coupled efficiently into a ceegional area that is typically

much smaller thanrim?.

Recently, we proposed two-dimensional arrays of coupled photonistaktry
nanocavities that exhibit flat band (small group velocity ordargtical density of states) over
the entire range of wavevectors and in all crystal direcfiombis decreases the sensitivity of
coupling and minimizes distortion of an optical pulse propagating threuch a structure. In
addition to the construction of optical delay components, ourtstaucs also of importance
for building low threshold photonic crystal lasers with insexhoutput powers. Demonstrated
distributed feedback photonic crystal lasewan provide larger output powers than photonic
crystal micro-cavity lasers, as they rely on the high dgns$ioptical states near the band edge
and lasing appears from a large volume of bulk photonic cryldtalever, it has been
predicted theoretically that the reduction in the group vselooiter a wide range of
wavevectors (so called group velocity anomaly) would lead tovan krger decrease in the
lasing thresholf, and this has been in part employed in lasing from 1D CROW wstegtt
As a result of a large group velocity anomaly in any photonystal direction, our proposal
can enable even higher output powers while preserving low ldkmegholds. Likewise,
electrical pumping of these structures is not as formidalde & in presently pursued
photonic crystal microcavity lasers. Finally, in combination witmlinear optical materials,
the proposed 2D coupled photonic crystal resonator arrays (CPGRIAJ also be used for

exploration of 2D discrete solitolis® or construction of optical switching arrays.

In this chapter, we describe the design of coupled cavity atragture. We then
explain their fabrication method in Indium Phosphide, Gallium ArseandkSilicon material

systems. The fabricated structures have been used for difegplications, such as efficient
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and high-speed lasers, optical delay lines and bio-chemicarsemngich we will describe in

the remaining thesis chapters.

2.2 Theory of two-dimensional coupled cavity arrays

Patterned, free standing M
membrane

Figure 2.1 (a) Schematic configuration of the studied CPCR#). Unit cell and location of

high symmetry pointgc) SEM picture of the two-layer CPCRA fabricated in Silicon.

2D CPCRA studied in this thesis are constructed by peatidimodifying holes of a
square lattice photonic crystal slab; for example, everd thole of a photonic crystal lattice
in bothx andy directions can be removed, as shown in Fig. 2.1. While our analygsefon
nanocavities constructed in planar photonic crystals, itrésgbtforward to extend it to any

type of optical cavities, and even to three-dimensional awéy®upled cavities. Fig. 2.1b
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shows the unit cell of the CPCRA from Fig. 2.1c and the directtbiégh-symmetry points,
G X and M. This structure can be viewed as a 2D arrasirafle-defect photonic crystal
cavities formed by removing a single air hole. An isolatadtg of this type supports three
types of modes: doubly degenerate dipole, non-degenerate quadrogoi®radegenerate
monopole. As the lattice perturbation increases (i.e., the deflectddius decreases) modes
are pulled from the air band and localized in the band gap. i@tarfode to be localized in
this process is the dipole, and the last is the monopole. The cawig with the highest

quality factor Q-factor) is the quadrupdie

2.2.1 Dispersion diagram of coupled cavity arrays
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Figure 2.2 lllustration of 1D CROW structure

It is important to obtain the dispersion relation of the strectas it gives the
bandwidth of the coupled defect mode and also the available grouptyetmtuction. We
first discuss a simple analytical solution for 1D cashijctv is depicted in Fig. 2.2. The
structure is also known as 1D CROW and has been first bedcby Yarivet. al **. The
theory is simply based on the classical wave analog of theligding (TB) formalism in

solid-state physi¢s? In the analysis, it is assumed that the separation betweerditigal
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resonators is large enough so that the resonators areywaakbled. Consequently, the
eigenmode of the electromagnetic field in the coupled-resonatotige remains essentially
the same as the hig mode of a single resonator. The coupling between individual
resonators, which is responsible for the propagation of dutreiagnetic mode, is due to the

evanescent Bloch waves. Under these conditions, the dispersibarrean be simplified to

Eq. (2.1):
w, =W 1 -D—2a+klcos( KR) (2.1)
where,

k= d°r g(r-Re) - Re) E,(r)E.[f Rg 2.2)
va = ¢t ) afr) Eul)ef) =

Here,eis the dielectric constant of the CROW systeyris the dielectric constant of the
isolated cavityE,y is the field of the higlQ modesof the individual resonators with

resonance frequency B andk; is the coupling factor between the individual cavities

The group velocity can be obtained by taking the first derivative of Eq. (2.4):

n,(K)= Z—ng = -Wksin( KR) (2.4)

As shown in Eq. (2.4), the group velocity is directly proportionah® coupling factork;.
Therefore, by changing the separation between resonators, we oge tha coupling factor

and consequently the bandwidth of the coupled defect mode and its group velocity.
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The tight binding analysis helps to explain intuitively the fation of the defect
bands with the use of coupled cavities and also the relationdipdiethe slope of the band
(or the group velocity of light) and the cavity coupling constant. éi@y due to the
assumptions listed above, analytical solution is rather an dpmatian. Therefore, in this
thesis we have used 3D FDTD methedthout any assumptions to numerically obtain the
dispersion diagram of all the eigenmodes. The spatial resolirtiatiscretization of the
structure is 20 grid points per interhole spacn@ he thickness of the slab ds0.55, the
hole radius i$=0.4a, and the refractive index is assumed tab8.5, corresponding to silicon
(Si) at optical wavelengths. The application of Bloch boundary tondito four edges of the
unit cell in thex- andy-directions allows the analysis of only one unit cell of the strucaue
the use of the mirror BC at the lower boundary inztarection (in the middle of the slab)
reduces the computation time and enables the excitation of Tregdslectric(even) modes

only. The frequency resolution of our calculations is122in normalized units of/l , where

| corresponds to the mode wavelength in air.

When the cavities are tiled together in a CPCRA, coupleitychands form within
the bandgap. The band diagram of the structure from Fig. 2.1c is shdwig 2.3. Since its
unit cell (shown in Fig. 2.1b) is three times bigger than the agiitof the original square
lattice, we need to fold the square lattice band diaghae®ttimes in order to plot it together
with the band diagram of the CPCRA. Moreover, we only keptapdranches (modes with
the highest frequency) in each direction, and shaded all the gtatesthem in gray. For the
GX direction, the modes outside the edge of the first Brilliomezof the square lattice §3a
< k« < pla, andk, = 2p/3a) have been used as they have the highest frequency (therefore,

determine the top branch). In Fig. 2.3, we assume that the positidnhe shapes of the
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guided bands of the original square lattice photonic crystahiremnchanged inside the
CPCRA. This is only an approximation, as their frequencies may decreatsetdeencreased
overlap with the high-index material, and new minigaps may opeheahigh symmetry
points of the CPCRA. Dielectric and air bands are shaded in gsaye are primarily
interested in the coupled defect modes located in the bandhgap; tn turn, are the portions

of the band diagram that are easily accessible experimentally.
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Figure 2.3 Band diagram for the TE-like modes in a 2D coupled nanocavity atructure
with two PhC layers separating the cavities in bathr(dy) directions. The parameters are
r/a=0.4,d/a=0.55 andn=3.5. In order to present the dispersion diagram of the square lattic
(which is the underlying lattice of the analyzed structuregttogy with CPCRA, the dielectric
and air bands of the square lattice are folded three tiepegately in thesX, XM and GM
directions. Only the top branches (modes with the highest frequan@gch direction are
kept and all the states under them are shaded in gray. FeKX ttieection, the modes outside
the edge of the first Brillion zone of the square lattigg32 < k< pla, andk, = 20/3a) have

been used as they have the highest frequency (therefore, determine taatbp. b
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Figure 2.4 Magnetic field patterns (z-components) at the center oPt slab for coupled
guadrupole, x-dipole, y-dipole, diagonal dipole and monopole mode. Coupled quandrupole
and monopole are shown at tBgoint, and the other modes are shown at the X-point of the

band diagram.

Although we have studied theoretically and experimentally onlgolpled photonic
crystal cavity arrays in square lattice; the analys®s the conclusions can be extended to
photonic crystal with triangular lattice. Since the siz¢hef band gap of the triangular lattice
PhC is larger, the total quality factors of the defect medikde higher. In such a lattice, the
coupled defect bands will be different, with hexapole mode asribevih the flattest band

diagram due to its six-fold rotational symmetry.

2.2.2 Coupled dipole bands

The dipole mode is doubly degenerate in an isolated PhC Tafityut it splits into two
bands corresponding to tlxe andy-dipoles in the CPCRA structure, as shown in Fig. 2.3.
Although the coupled dipole bands are located below the top air bandiredige XM
direction, they are included in the diagram to clarify the expiamaf the coupled mode
characteristics. The (y) dipole has electric field polarized in tRey) direction at the center

of the defect and radiates mostly in théx) direction. Fig. 2.4 shows thecomponent, the
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only non-zero component of magnetic field in the middle of the &althe x-dipole band at
the X point of the band diagram. Due to the previously describgidtion pattern, the-
dipole is coupled more in the XM direction than in @édirection, and its band is thus flatter
in the GX than in the XM direction. The situation is opposite forykdipole. The preferential
coupling of the dipole mode in one lattice direction implies that its coupledavapdrties are
similar to a 1D CROW case. In tk@ direction,x- andy- dipoles combine and form diagonal
dipole, and its field pattern at the M-point is shown in Fig. 2.4. A&ee also observed a
coupled monopole band in this CPCRA structure, whose magnetic fielchpatttdeG point

is shown in Fig. 2.4. Due to its poor confinement @afhctor, there is a significant slope in

its band diagram.

2.2.3 Coupled quadrupole band

Fig. 2.4 shows magnetic field pattern of the coupled quadrupole miate X point. The
guadrupole radiates equally in the f@@M directions and its radiation pattern thus has a four-
fold-symmetry; this also implies that the mode couples equali of its four neighbors in a
particular lattice direction (e.g@M or GX). The lack of preferential coupling directions and a
good lateral confinement (high-factor) lead to a flat coupled-quadrupole band. In addition,
this mode is non-degenerate and does not split into several sdb-ba does the coupled-

dipole band.

2.2.4 Tuning the frequency and the bandwidth of the coupled defect bands

As described in the analytical analysis of 1D CROW, the bandveidd the group
velocity can be controlled by changing the coupling strength batmeévidual cavities. We

demonstrate this by inserting a larger number of photonic cpsitids between the defects.
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As a result, the coupled quadrupole band becomes even mokegl&.5 shows the coupled-
guadrupole band for 2D CPCRA structure with three and four rows dbmibocrystal

between cavities, while all other photonic crystal parametgra, andr) are the same as
previously. As the number of photonic crystal rows between cawt@sases from two to
four, the band becomes flatter, and the frequency differencee®etits maximum and
minimum is reduced from 68° to 2.210° (the frequency resolution of our FDTD

simulation).
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Figure 2.5Band diagram for the coupled quadrupole band in the CPCRA with tvee, thir
four photonic crystal rowshetween cavities, and with resonators consisting of either
completely removed single holes/é = 0) or with reduced radius holes/é = 0.3). Insets
show unit cells of three and four rastructures in real space, and locations of high symmetry
points in the reciprocal space. Regions below the top edge of thetidéeband and above the

bottom edge of the air band of the original square lattice are shaded in gray.

Moreover, it is possible to control the position of this band withenldand gap (i.e.,

its frequency) by employing defects consisting of holes with reducedsrddiis increases the
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overlap of the field with the air region inside a cavity, andlde® an increase in the mode
frequency. As an illustration of this effect, Fig. 2.5 shows ¢bapled quadrupole band
diagram of the same three-row CPCRA, but with reduced railibsla defect 1(;=0.3a). The

band frequency is significantly higher relative to the thoe-CPCRA with completely
removed defect-holesy£0). Coupled-quadrupole bands for even and odd number of photonic
crystal rows between cavities are convex and concave, regbeciThis results from the
difference in refractive index at the midpoints between @syitie., the different overlap of

the coupled mode field with low and high-index regions.

2.3 Fabrication of photonic crystal slabs

In order to demonstrate the proposed devices, we have developedtfabrprocedures for
silicon and indium phosphide material systems. All the falioicahas been done at the
Stanford Nanofabrication Facility. The wafers used in fabooathave been grown by
companies (OEPIC for GaAs and InP, and SOITEC for silicon onaitwsyl Below, we

describe the process steps in detail.

2.3.1 Fabrication of photonic crystals in the indin phosphide

material system:

To demonstrate lasing, we have used either indium phosphide (InP)liamgarsenide
(GaAs) material systems with multiple quantum wells asg#ia media. The design of the
grown InP wafer is shown in Table 2.1. The active layer contaurscompressively strained
9-nm thick InGa.,As,P.y quantum wells separated by 20-nmQGa.As,P,., barriers. Fig.
2.6 shows the exposed quantum well/barriers on the sidewalls efdiwed structures. The

peak emission wavelength mapped over the ertivgaZer is shown at Fig. 2.7. The emission
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wavelength of the chip that was used in the experiment is 4t ifs6 as shown in Fig 2.6b.
Fig. 2.8 shows the normalized frequency at@moint of the air and dielectric bands. For the
optimized design valuesd£0.55a and r=0.4a), the required membrane thickness for the
guadrupole band emitting at 1550 nm is equal to 280 nm. Under the ment@iiduman thick
InP is grown as a sacrificial layer. A 50-nm thick InP ¢agpayer is grown on top of the
wafer to protect the surface of the membrane from dry-etchitmgwhole fabrication process

is summarized in Fig. 2.9.

Table 2.1: Layers of the grown InP wafer

Layer | Material Purpose Thickness [nm]
13 InP Capping layer 50
12 1Ny, 78652 214AS0 4490 555 | TOp cladding layer 92
11 INg.76G@y 22AS0 7370263 | Quantum Well (0.85% strain) 9
10 Iy 786G & 214AS 4280 555 | Barrier 20

9 INg 76Gan 2AS0.73P0263 | Quantum Well (0.85% strain) 9
8 INo. 786G @ 214AS0.449 0 555 | Barrier 20

7 INg 768G 22AS0 730,263 | Quantum Well (0.85% strain) 9
6 INo.786G@.21AS0.4480.555 | Barrier 20

5 Ny 76G @ 22AS0 7370263 | Quantum Well (0.85% strain) 9
4 Ny 786G @ 214AS0 4490 555 | Bottom Cladding layer 92
3 InP Sacrificial Layer 664
2 INg 555 @ 46AS Etch Stop layer 20
1 InP Buffer for epi-grow 100
0 InP Semi-insulating (SI) Substrate? 2-
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Figure 2.6 (a) SEM picture of the exposed multiple quantum wells on the sidewflise

fabricated PhCgb) PL spectrum at room temperature.
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Figure 2.7 PL peak map over the entiré @i-grown wafer.
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Figure 2.8 Position and size of the bandgap as a functiow@fndr/a in the square lattice

with n=3.6. The dotted box indicates the parameters of the theoretmadllyzed and also

fabricated structures.
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Figure 2.9 Fabrication procedure for PhC laser made in InGaAsP/InP lasystem(l)
Double layer mask deposition by PECVD and spinni2gPhC pattern generation by e-beam
lithography and developme(®) Mask transfer from e-beam resist (PMMA) to the Si@rd
mask(4) O, descum to remove left-over e-beam red3$iCl,-based ECR-RIE etch to transfer
pattern from Si@ hard mask to InGaAsP and InP layé) Undercutting of sacrificial InP

layer to form a membrane.

2.3.1.a Mask Transfer

The use of Chlorine chemistry in the dry-etching of InP resultslow volatility by-product
(InCl) at room temperature, and heating of the sample (aboVE)L80ring the dry-etching is
necessary to remove it. Since this temperature range ig de\glass transition temperature
of many e-beam resists, direct etching with an e-beam reflisiause the mask to overflow
and consequently washes away the desired pattern. Thereforeh taRetwith Cj-chemistry
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at high temperatures, it is necessary to transfer th&. ras this purpose, we first deposited
100 nm of either silicon-dioxide (S¥por silicon-nitride (SN,) layer with a PECVD tool to
use as a hard mask. Then, the sample is spin coated with 4@ty methyl methacrylate
(PMMA) using the headway spinner at 1.25 Krpm for 40 seconds ([@exYesist is heated at

18C C for 2 sec on a hotplate to remove any residual solvents.

Figure 2.10 SEM image of the patterned Si@ask(a) before andb) after cleaning the left

over e-beam resist. The sample was tilted to acquire the images.

The PhC patterns are defined with Raith electro-beam (@déhography System at
10 kV, with 10am aperture size and 185-pA current. The required dose to bkeaedist is
around 130vC. Patterns with different hole sizes and periodicity aredatedl to coarse tune
the resonance of the cavity. To fine tune it, we varied the fdoseabout 1051C to 140nC.
The exposed PMMA is developed in 3:1 isopropanol: methylisobutylketiéi?e MIBK)
mixture for 55 seconds and rinsed in IPA for 30 sec. To etch the (8iC5kN,) mask, a
reactive ion etcher (RIE) with CHEhemistry is used. Small amount of i® added to remove
the formation of the polymer on the sidewalls. As this pdercRIE is quite old, and also

available to etch any materials systems (cleanlinessigonation is not controlled like other
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RIE tools), the etch selectivity ranged from 1 to 2 depending on thbgirevious user has
etched. The leftover e-beam resist is removed byl&ma. We have observed thaf\gietch
rate (and therefore selectivity) was higher than,S®EM images of the etched SiGhask

layer are shown in Fig. 2.10.

2.3.1.b Dry-etching InGaAsP/InP membrane

Figure 2.11 SEM images of the patterned transferred from,3ifask to InGaAsP and InP

layer. The sample was tilted to acquire the images.

Dry etching of the InGaAsP membrane and InP capping layerrierped in an
Electron Cyclotron Resonance (ECR) RIE with,/BCls/Ar chemistry. To remove the
nonvolatile etching by-product, indium chloride (InCl), the cooling systé the tool is
turned-off, and the wafer chuck is heated with an electricétoesup to 165-18T. The
requirements of the process were to have vertical and smooth etchedlsidevaadition, the
requirement of the ECR/RIE etch is influenced by the folhgwundercut process, as the
necessity to undercut the membrane placed a lower limit ontehedepth of InP sacrificial
layer. The selectivity of the oxide and nitride mask to kheasured to be greater than 10
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and 20, respectively. As the masks are resistant to dry-eteténgave been able to etch deep
enough (deeper thammh) into the InGaAsP/InP membrane. Fig. 2.11 shows SEM images of

the sidewalls.

2.3.1.c Formation of free-standing InP membrane viandercutting

To remove the sacrificial InP layer and form a membrane, éyditochloric acid: water
(HCI:H,0) solution is used. The solution etches the InP layer much thstethe InGaAsP
active layer (with lower phosphorus content), and enables thessagedegree of etch
selectivity. The sidewall uniformity and membrane surfamgghness were improved when

the solution is cooled in an ice-water bathat4

Figure 2.12The illustration of the V-grooves formed in InP with HCI wet-etch.

The HCI acid etches InP with a crystallographic dependence,ocamd fV-grooves
under the holes with an angle of 54ff®m (100) crystallographic plane by exposing the high
content indium {111} plané&®>*® As shown in Fig. 2.12, in order to complete the

undercutting the step, the sacrificial layer has to be dry-etctiddker than

h> a- 2r

tan(54.8) so that the V-grooves under the neighboring holes can merge. In

our case, nearlymm deep InGaAsP/InP etch was sufficient to undercut the iszrifayer
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completely. To further facilitate the undercutting processalse added trenches on the two

sides of the structure. The fabricated structures that are fully undeecsitown in Fig. 2.13.

500 nm

Figure 2.13SEM images of the fabricated photonic crystal slab lasensge on(a) shows

the formation of the V-grooves. The sample is tilted to acquire thesges at an angle.

2.3.2 Fabrication in the silicon material system

The fabrication techniques to define microstructures in@illtave been advanced due to the
driving force of electronics industry. Therefore, it is possitd obtain large areas of high
quality nanophotonic devicE€®, and further monolithically integrate them with the
electronics chips. In addition, silicon is transparent within tdlecommunication window
(2.3-1.7 mm wavelength ranges), and has a very low loss when the ligipagates or
transmits through a silicon device (such as a waveguide)hsorelason, we used silicon on
insulator (SOI) wafers for the demonstration of the slow gralpcity of light and for bio-
chemical sensors. The advantage of the procedure that we halepeevat the Stanford

Nanofabrication Facility is that no mask transfer is reglias the etching can be done at the
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room temperature and the etching rate selectivity of PMMAr asilicon is high. The
fabrication procedure is similar to InP dry etching proceduréh(different gas and wet-

chemistry) except for the mask transfer step.

Figure 2.14SEM image of the completed Si-based photonic crystal de&eEhe isotropic
undercutting of Si@in HF based wet-etchin¢p) The uniformity of structures fabricated over

large aredc-d) The structure sidewalls are smooth and vertical.

The desired thickness of the Si membrane is achieved by thexidedation followed
by the HF wet-etching of the formed oxide layer. Fabrication gsostarts with spinning of

the PMMA layer with molecular weight of 495K on the sampldama, followed by baking
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on a hot plate at 17@ for 30 minutes; this results in the measured PMMA thickn€820
nm. Electron-beam lithography is then performed in a Raith 150 sya#tdih keV, and the
exposed PMMA is developed in 3:1 IPA:MIBK mixture for 50 secoald rinsed in IPA for
30 sec. Patterns are subsequently transferred to Si using foaliyhébduced reactive ion
etch with HBr/C} gas combination. After dry etching, the remaining PMMA is removed,by O
plasma process. The refractive index of the buried oxide layeuch smaller then the top
Silicon device layer: 1.45 versus near 3.5 respectively at-aBbQvavelength range.
Therefore, the low-index SiOlayer underneath the structure can be used for vertical
confinement, and the undercutting step of the oxide layer can ppeskiTo increase the
confinement further (for cavity design with ultra-high Q-valuéss desirable to remove the
oxide layer. For relatively large structures, with 168 by 100mm size, we have observed
that when the structures are directly immersed in HF or tmdf@xide enchant (BOE)
solution, the formed membrane sticks to the bottom. This has notritieed when small
size PhC structures are fabricated, e.g., a single micrgcdvie sticking is a well-known
problem in MEMS fabrication, and can be solved by undercutting trde dayer with HF
vapor or critical point drying method. Fig. 2.14 shows SEM pictafake fabricated silicon

devices, and they are very uniform over large areas.

2.3.3 Fabrication in the gallium arsenide materiabystem

We also fabricated gallium-arsenide-based photonic crystadetevi he design of the grown
wafer is shown in Table 2.2. All the layers are undoped. Therwahtains an active layer of
four 8-nm InGagAs quantum wells separated by 8-nm GaAs barriers. Thesiemis
wavelength of the piece that was used in the experiment is at 980 nm at roomaterapand

at 940 nm at a temperature of 4 K. The membrane thickness2isnh7 Like Silicon
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processing, the advantage of the procedure described here tisetleithing can be done at
room temperature and the etching selectivity of PMMA ovecailiis high, so no mask

transfer step is required.

Table 2.2: Layers of the epi-grown GaAs based wafer.

Layer Material Purpose Thickness [nm]
12 (top)| GaAs Top cladding 51.5
11 GaAs Barrier 8

10 I sGapgAs | Quantum Well 8

9 GaAs Barrier 8

8 Ing.GaygAs | Quantum Well 8

7 GaAs Barrier 8

6 Ing.GaygAs | Quantum Well 8

5 GaAs Barrier 8

4 Ing.GaygAs | Quantum Well 8

3 GaAs Bottom cladding 51.5
2 Alp Ga& ;As | Sacrificial layer 800
1 GaAs Buffer for Epi-grow 50

0 GaAs S| Substrate,z3 -

The fabrication process starts with the spinning of the PMBA#&r with molecular
weight of 495K on the sample surface, followed by baking on a hiat atdl80C for 2 min.
This results 200-nm thick PMMA. Electron-beam lithographthen performed in the Raith
150 system at 20 keV, and the exposed PMMA is developed in 3:1 IPK:iBture for 40
seconds and rinsed in IPA for 30 sec. Dry etching of the GaAdmem is performed in an
ECR RIE tool using GIBCly/Ar chemistry. After dry etching, the remaining PMMA is
removed either by an plasma process or by dipping the structure into citric acid. To remove

the sacrificial AysGa As layer, the membrane is undercut in a 2% H®E:ldolution. Fig.
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2.15 shows SEM pictures of the fabricated GaAs-based deviceBaVdeobserved that when
the fabricated structures are stored at room conditions, thiededsr membranes are either
cracked or popped out over time. The reason for this problenatshe exposed sacrificial
layer with high Aluminum content continues to get oxidized. Sincesxipansion coefficient
of the oxide layer is higher than that in the membrane, it segula high stress of the
membrane and finally destroys it. When the structures aredstorder vacuum or in a

Nitrogen box, we have not observed any damage.

Figure 2.15SEM images of the fabricated GaAs-based photonic crystal slab lasers.
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CHAPTER 3: Slowing light on-chip

3.1 Introduction

The ability to slow down the propagation speed of light has stgmifiimplications for optical
communication® and quantum information processthif* In optical communications, for
example, a key function that is currently lacking is optim&fering. With the ability to slow
and store light, far more flexible optical network architecweuld be realized. On the other
hand, in quantum information processing, photons have been a vemtiatt carrier for
guantum information, due to the fact that they can be easilypterd to long distances,
thereby enabling quantum networks and quantum communication. However, thpheéan-
photon interaction introduces a very fundamental problem in quantum atformprocessing,
and prevents the realization of a photonic quantum gate ordalirpewer switches. For this
reason, slowing light pulses, which can dramatically enhance ppbtion interactions

without losing their coherence, is quite significant.

In this chapter, we experimentally demonstrate the observattitre group velocity
reduction. To achieve slow light, we employ optical resonantestpled photonic crystal
cavity array structures. We describe our experimental uneaent of the dispersion diagram
of the structure, which we then use it to estimate of the gvelgeity reduction. Moreover,
we show that doubly degenerate coupled resonator states, whidhtspditiditional branches
under the influence of the structure asymmetry, can be use@ke compact and on-chip
polarization components. We also show that non-degenerate modesnmargeirfrom such

type of splitting.
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3.2 Slowing light using optical resonances

One method for slowing light is to transfer it to a cohereamat state by using atomic
resonances, and this has been recently demonstrated by sesemich groups 3" *
However, because light is transferred to an atomic stateyskens needs to be cooled down
to liquid helium temperature and kept under vacuum in order to overdepiesing due to
the temperature. Thus, this method is very bulky, expensive andmqireetical. Moreover,

because the system employs atomic resonances, light can be slowe only for specific

wavelengths.

Recently, photonic crystals have attracted significant adterftr their potential in
trapping and slowing down the light, resulting from the abilityrigieeer dispersion relation
and group velocity of light in such structuresThese structures can thus enable completely
engineerable optical delay components that can be integratechtivér optical components
on chip and can be operated at room temperature. One approacisesb@nd edges of bulk
photonic crystals and of photonic crystal waveguitiéd However, this approach suffers
from problems such as a small group velocity for only a viemitdd range of wavevectors
and also in one particular direction of propagation. This &spthat the coupling to such
structures is a critical issue, as the slow light phenorappaar for only a carefully selected
wave being launched in a precise direction. Moreover, a lagation of the group velocity
with wavevector (large group velocity dispersion) implidarge distortion in the shape of an
optical pulse propagating through such structdreghich is undesirable for optical delay line
applications. An alternative approach is to employ coupled resooptmal waveguides

(CROWS) in photonic crystdfs Although CROW'’s can lead to slow group velocity in a wide
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range of wavevectors, this phenomenon is still limited to onécpkat direction (along the
waveguide axis), implying that coupling to a structure is still a critisaid.

To overcome these problems, we proposed, designed and fabricatdom@nsional
arrays of coupled photonic crystal cavities, as describetidpter 2 (which we also refer as
CPCRAs — coupled photonic crystal cavity arrdys}: While our analysis focuses on
nanocavities constructed in planar photonic crystals, itrésgbtforward to extend it to any
type of optical cavities, and even to three-dimensional away®upled cavities. The main
advantage of our proposal is the existence of a flat band ¢glowp velocity) over a wide
range of wavevectors; the coupling is thus not critical angmand the pulse could be
delayed in any crystal direction. Furthermore, the distortion obgmtical pulse shape is

reduced, as determined by a small wavevector dependence of the group.velocity

3.3 Experimental results

Figure 3.1 SEM picture of the fabricated coupled photonic crystals nartycaviay in

Silicon.

To measure the group velocity reduction, we fabricated 2D coupleacavity arrays

in silicon on an insulator (SOI) wafer by using the process itbescin section 2.4. SEM
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picture of the fabricated structure is shown in Fig. 3.1. Foetiperiments presented in this
chapter, we kept the low-index Siyer underneath the structure. As confirmed by the 3D
FDTD simulations, the presence of oxide (instead of air) underlit@nsinembrane red shifts
the resonance frequencies and mixes the TE-like and TM-likgizailans, but does not
affect the slope of the bands significantly. The paramefetse fabricated PhC structures are:
the periodicitya=490 nm, the hole radius= 190 nm and the slab thickne$s275 nm; the
coupled arrays have two PhC layers between microcavitiestlfieeynit cell of this 2-layer
CPCRA has dimensionsaa3 3a; in the text, we also denote the unit cell linear dimension by
A, whereA=3a in this case). For this set of parameters, the FDThodepredicts that the
modes of interest (dipole and quadrupole) are in the scanning range tahable laser (fiber

coupled output telecommunication type, Agilent 86140B).

3.3.1 Experimental setup

The experimental setup used in the measurement of the digspdiagram is shown in Fig.
3.2. The structure is excited by a tunable laser source, witinisgarange 1460 nm-1580 nm
in which silicon is transparent. The beam is slightly focusedhensample by a very low
numerical aperture (NA) objective lens, so that the etaitacan be approximated by a plane
wave; this is important for control of the in-plane wave-wedt-vector). The incident beam
has a diameter of around 1@t at the sample surface and a power o380 TE-like (even)
modes of the structure are preferentially excited by emplogwoigrizing optics. We have
tested both the transmission and reflection spectra of théwstuand both in the same or
opposite polarization relative to the pump laser (this has beenbjopkcing a polarizing

beam splitter in front of the detector). The in-pldaeector is controlled by rotating the
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structure around thgaxis and the choice of the PhC symmetry direct®* ¢r GM) is made

by rotating the structure around thaxis.

Figure 3.2 Experimental setup used in the measurement of the CPCRA bandndidigie
explanation of symbols is as followk/2 - half-wave plate, BS - beam splitter, PBS -
polarizing beam splitter, OL - objective lens, IR-cam -ardéd camera, and D - detector.

Rotations of the structure around theandz- axes are controlled by two rotation stages.

In order to position the pump beam relative to the deviceagitsction is imaged;
therefore, the maximum tilt angles that can be tested @é&ising the image) are determined
by the employed collection optics and are limited tb Hdwever, this is sufficient to probe a
relevant portion of the studied CPCRA dispersion diagrantesthe tilt angle required to

reach the X point of the two-layer CPCRA is around 31
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and/é » 0.3 givesg, » 3:

Therefore, the 13tilt corresponds to almost one half of t@X direction for this CPCRA
structure. When the sample is rotated around/#es, the reflected signal power is reduced
due to the poor collection of the employed low NA objective ldas;this reason, the

transmission spectrum is more convenient for measuring the band diagram.

3.3.2 Transmission spectrum of coupled dipole bands

Figure 3.3 The transmission spectrum &t tilt, i.e., at theG point of the couple-dipole

mode.

The electromagnetic fields of the two dipole modes are telatedd rotation in the
x-y plane. As described in Chapter 2, the dominant electric fielgpaoemts of thex- andy-
dipole modes ark, andE,, respectively B, field components of these modes are shown in the
insets of Fig. 2.4). Therefore, one can employ the input field pdi@nzéo preferentially

excite a particular mode. The transmission spectrum ofxflipole band at thé&s point
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(corresponding to the’@ilt) is shown in Fig. 3.3. A strong resonance dip near 1564 nm can be
observed, indicating the spectral position of the mode. It should be dpguhdkat the
linewidth of the spectrum is very small (7 nm), even thougtsidpeal is transmitted through

an array containing 3600 coupled cavities, indicating a high unifprafitthe fabricated
structures. The 7-nm linewidth corresponds to a qualitpfg€) of 220 while for the dipole
mode in a single-defect nanocavity embedded in a square Ph€ taticalculated tot&®) is

~300.

(a) (b)

Figure 3.4 Measured band diagram (from the transmission spectrum) of thdedoup
nanocavity array structure from Fig. 3.1 for the cougédk-dipole and(b) y-dipole mode in
the GX direction. The dark blue stripe is the location of the coupled brel horizontal axis

is the tilt angle around theaxis, which corresponds to differdgtvalues; the vertical axis is

the wavelength. The insets show the magnetic fe)dpattern of the coupled dipole modes.

The full band diagram is extracted by measuring the tranemispectra at different

tilt angles in theGX direction with pump polarized in the andy-directions, which is shown

in figures 3.4a and 3.4b, respectively. The dark blue stripes tbbateveen 1545-1565 nm in
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these figures correspond to the positions of the coupled dipole bandsxpAsted from

theory, we observed a flatdipole band and a non-flgtdipole band.

Once we obtained the band diagram, we calculated the group veleditgtion by
taking its first derivative. As it can be seen from the snead band diagrams, the location of
the x-dipole mode does not change at differieipioints (tilt angles), which indicates that the

group velocity should be very small. However, our experimentapgeuts an upper limit on

= DW:R/% £8° 10°cwhere Dg=p/180 is the tilt

Vg in all directions as followsV |, k7

step in radiansD/=0.2 nm is wavelength resolutioh+=1564 nm is the resonance wavelength
andc is the speed of light in vacuum. For optical delay applicatiomsupled quadrupole
band would be even more suitable, since it exhibits a small gredopity over allk-vectors

and in all directions

3.3.3 Lifting the degeneracy of the two coupled dgde bands

In the transmission spectrum of the coupled dipole mode, one tidiffecence from theory
is that thex- andy-dipole bands do not have the same frequencies & ploint (Fig. 3.6a and
Fig. 3.6b). The other difference is that after rotating thecstre around the-axis by 96 and
performing the same set of transmission measurements, geuiféet of thex- andy-dipole
bands are observed (Fig. 3.5). These two observations indicat@lthaated structures are
not symmetric under 90otation. SEM pictures of the fabricated structures inditaat they
are astigmatic and that the hole radius intdéection is larger than that in tlyedirection by
roughly 20 nm (5%), while the structure periodicity is approxitgatqual in both directions.
As a result of the structure astigmation (resulting frdecteon beam lithography), the

degeneracy of the- andy- dipole modes is lifted at thH@point. The same splitting also occurs
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for the dipole mode in th&M direction: a diagonal dipole mode splits inddike andy-like

dipole bands.

(a) (b)

Figure 3.5 Comparison of the experiment with the FDTD simulations includtngctiral

astigmation and underlying oxide layer. Solid lines with filledrikers are experimental
results and dashed lines with empty markers are simula¢isults. The horizontal axis
corresponds to the probed fraction of the indicated crystal dineatid the vertical axis is the
wavelength(a) Dipole bands in th€&X direction. Triangles and squares denote one set of
andy- dipole bands, while inverted triangles and circles denote the sttheobtained after
rotating the structure by 9@round thez-axis; (b) x-like andy-like dipole bands in th&M

direction.

The astigmatic structures have been studied numerically byogimplthe FDTD
method; because of the discretization employed (20 grid poimtpegyed), the smallest
astigmation that can be studied numerically is 12.5%, whidarger than the one in the
experiment; for this reason, the numerical analysis preditésgar splitting between the

coupled bands than the one experimentally observed. The resultpdte blands in th&X
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and GM directions are shown in Fig. 3.5a and Fig. 3.5b, respectivelyd $ods with filled
markers correspond to the experimental results and dashed littesempty markers
correspond to the FDTD simulations. A very good match betweenimgrdrand theory can
be observed. In this figure, the location of the experimentally wbddrand (at one particular
k-vector) was determined by fitting an inverted Lorentizan todipein the transmission
spectrum. In addition to an overestimated astigmation, a modesetiiation used in FDTD
implies that the simulated structure parametera,(d) are not exactly the same as in the real
structure. Moreover, the frequency resolution in the simulatianlig 1.1x10° (in units of
a/l'), corresponding to approximately 11 nm resolution in wavelengthigtimslicated by an
error bar for simulation results shown in Fig. 3.5). The errofdyagxperimental data varied
between 0.2 nm and 1 nm, as determined by the step size used irthenivayelength of the

excitation laser.

We also repeated the measurement aGpeint with a linearly polarized broadband
source, which is shown in Fig. 3.6b. In addition to the dipole modes, we al&r able to
determine the location of air and dielectric bands. We comparedregpéal results with the

FDTD simulation of transmission spectra and observed very good agreé&igeBt§c).
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(a) (b)

Figure 3.6 (a) Transmission spectra of the coupled nanocavity array steufdr the coupled

x- (red, /=0°) andy- (blue, /=9¢) dipole modes at th& point taken with a broadband light
source (1200 nm-1700 nr{) Comparison of the experiment for the broad band source (red
curve, x-dipole band) with the Finite Difference Time Domain simolat(black dashed

curve) at thes point.

3.3.4 Controlling the polarization of light

The reduction of rotational symmetry induces strong polarizatfestefand can be employed
to construct polarization-sensitive optics. In order to testpolarization dependence of the
structure, and thus its potential use in polarizing componestsneasured both transmitted
and reflected signal while rotating the structure around-thés. After the structure is rotated
by an anglef around thez-axis, the excitation beam (along tkaxis) is thus polarized in the
direction 7 of the structure, and the reflected signal of opposite polanzédong the/-axis)
then corresponds to a linearly polarized signal in the dimed#9C of the structure. The
input polarizationsf=0°, 9¢°, and 48 hence correspond to two differe@X and the GV
direction, respectively; the-dipole is expected to be primarily excited #6+0°, and the y-

dipole for /=9C.
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As can be seen both in Fig. 3.6a and Fig. 3.6b, for an input beaenveaklength of
thex-dipole mode (1564 nm) vertically incident to the structureytbemponent of the beam
will be transmitted, while th&-component will be strongly reflected. Similarly, if the input
beam has the wavelength of theipole mode (1555 nm), then the transmitted and reflected
components will be interchanged. This implies that such structcaes be used as
miniaturized polarizing mirrors. Because of the employed flat hathdy can behave as
polarizing mirrors even for the input beam that is not vdlyicacident, which is also useful
for making polarizing beamsplitters. In addition, this effent be used to control the output

polarization of a CPCRA laser that we discuss in Chapter 4

(@) f =45 (b)

0° oo

Figure 3.7 (a) Reflection spectra of the coupled nanocavity array abpipesite polarization
relative to the excitation, fof=0°, 45’ and 90 respectively.(b) The reflected signal with
opposite polarization relative to the excitation (normalized soniaximum value) as a
function of the input polarization angfe(circles). The solid line is a sine square function fit
to the experimental data. The fit to measured reflection datarimalized to the maximum

value of 1.
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Fig. 3.7a shows the measured reflected signal at the oppositzzataar relative to
the vertically incident excitation for three different inpalarizations/=0°, 9¢°, and 45. The
reflected signal is normalized to its maximum value. Andeot beam polarized at an angle
=0° (9¢°) and at the wavelength of thxe(y-) dipole preferentially excites the(y-) dipole
mode; since the reflected signal is polarized same astitece mode, the reflected signal at
the opposite polarization is minimized at 1564 nm (1555 nm), i.e., theleveyth of thex-(y-)
dipole. However, the reflected signal with opposite polarization steowsall peak at the
wavelength of the orthogonal mode, i.e., a peak at 1555 nm (1564 nm),aehiebponds to
the spectral position of-(x-) dipole, appears in Fig. 3 fd=0° (9¢°). This weak signal results
from the fact that the dipole modes are not purely linepdiarized, so an input beam
polarized in thex-(y-) direction can also weakly excite thdy-) dipole mode, which primarily
reradiates in thg-(x-) polarization, opposite to the excitation (Fig. 3.7a). On the othed,h
for the input polarization in th&M direction (f=45"), both x- andy-dipole modes can be
excited (since both of them have non-zero field components inirghetion /=135’), which
leads to a strong reflected signal at the opposite polarizagican be seen in Fig. 3.7a. In this
particular structure the-dipole peak is more pronounced as a result of its high&ctor
(also clear from the narrower width of transmission in Biga), which is also confirmed by
the 3D FDTD simulation. We have repeated the reflectivitpsueements for varying input
polarization anglesf, and recorded the peak power in the reflected signal of opposite
polarization as a function of; the result is shown in Fig. 3.7b and the measured curve
matches the fit given by $i{2/p/180) very well indicating that the structure obeys the

Malus’s law that describes linear polariZérs
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3.3.5 Transmission spectrum of coupled quadrupolednd

@ (b)

Quadrupol
Dipole

(©)

Figure 3.8(a) The transmission spectrum shows that a tightly focusatihigident at 20tilt
can excite both quadrupole and dipole mode as labeled on the {lguleg.component of the
guadruple in the middle of the PhC slab and aiGpeint. The electric field pattern in tlye
direction can be obtained by rotating the figur€. %8s the field patterns have an odd-
symmetry, at thé& point the overlap of the mode with a linearly polarizedtekon beam is
zero. (¢) Comparison of the measured band diagram for the quadrupole bahd GX
direction with the FDTD simulations including structural @sitation and underlying oxide
layer. Solid lines with filled markers are experimental tssahd dashed lines with empty
markers are simulation results. The horizontal axis corresgontie probed fraction of the

indicated crystal direction and the vertical axis is the wavelength.
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Although the theory predicts that the coupled quadrupole band shouid the
scanned wavelength range, when we probe the structure wite-le waves as described
above, the band has not been observed. The reason is that as skayyr8i8b, the electric
field components of the quadrupole mode have an odd symmetry, and éh@myhagonal to
the plane-wave excitation. For a larger incidence angle agthttytiocused pump beam, this
effect is predicted to be smaller, since the excitatielu fvaries in the plane of the structure
and is no longer orthogonal to the mode. Hence, in order to approxirualg the position
of the quadrupole mode, the structure is tilted by approxima@lground they-axis and the

beam is tightly focused.

Fig. 3.8a shows the transmission measurement under such excitatioatimgdthe
guadrupole mode. Although this approach cannot be used to map the quadrapdle
accurately, as thievector information is lost due to the tight focus, it enalbeation of the
wavelength of the quadrupole band approximately, as shown in Fig. 3.8aeViaion
between experimental and simulation results is smaller tleanetiolution of the simulation.
We should also note that since the quadrupole mode is non-degenedateit does not split

into subbands like the coupled dipole mode, as a result of such strugterésictions.
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CHAPTER 4: Coupled photonic crystal nanocavity array laser

4.1 Introduction

A single mode laser that can be turned on at low pump powers, ylineatlulated at high
speeds and that can produce sufficiently high output powers isidorcapplications ranging
from optical telecommunications and optical interconnects, to speeficssensing and
optical image processing. Vertical cavity surface emiti@sgrs (VCSELS), first demonstrated
in 1989, have been investigated extensively as promising candidatebese purposes;
however they suffer from limitations such as relativelghhthreshold powers, multi-mode
operation, problems with direct modulation above 20 Hmd difficulty in growing their

distributed bragg reflectors for long-haul telecommunications wagtis.

In recent years, high quality factor, small-mode volume @vitiased on photonic
crystals® have attracted significant attention, because of theityabilimodify the density of
optical states (DOS) strongly. An increase in DOS of tlsindgamode causes significant
enhancement of the spontaneous emission rate (Purcell &ff@ttls consequently enables
larger fractions of photons to be emitted into the lasing matterespect to all other modes
(denoted as the spontaneous emission-coupling faptamd reduces the lasing thresHol¢”

*1 The b-factor in VCSELSs is typically less than3,ut it can be increased by two orders of
magnitude in photonic crystal nanocavities. Unfortunately, output ptavels of such PhC
nanocavity lasers are extremely low (a few nW), below thddeweeded for many practical
applications. In an attempt to increase output powers of PhC lasetsetige lasers have
been investigated receritty*® However, they do not offer the aforementioned benefits of

nanocavity lasers, and can also suffer from multimode [4sing
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To overcome these problems, we recently proposed lasers based-dimemsional
coupled PhC nanocavity arrays described in chapter 2. In thisechapt describe the
experimental demonstration of such a laser, which operates igla shode and produces
output powers that are two orders of magnitude higher than tiiegegte nanocavity lasers.
We also show that the laser efficiency increases falter the lasing threshold with an
increase in the number of coupled cavities. We note that the cogplamgmall number of
VCSELs has been previously investigdtetf *” *®. However, it is very hard to control the
uniformity of such arrays as well as the coupling betweenviohahl lasers, which are
necessary to achieve the phase-locked lasing from a largeenwh cavities. Moreover, a
rather complicated fabrication procedure has been used to agiase-locked lasing even
from small number of coupled VCSELS in an arfaysVith photonic crystal nanocavity
arrays, we can control both the uniformity and the coupling peegisely (e.g., we have
demonstrated arrays consisting of 3600-coupled PhC nanocavitiecdm,sdis described in
Chapter 9. In our coupled photonic crystal cavity array laser, eactiycaugtupies an area
of only 1.5mm? (much smaller than a typical VCSEL), implying that ultra-depaeking is
achievable with such lasers, which can also enable highertqayers. Finally, we study the
behavior of our laser theoretically and show that the full hisnefsulting from the coupling
of cavities are achievable only if strong cavity effeats present (i.e., for largé factor),
implying that the coupling of PhC nanocavities is preferertigdr coupling of larger

resonators (e.g., VCSELS).

In this chapter, we theoretically analyze the nanocavitydemed obtain their lasing
threshold and differential quantum efficiency. We then presentriexgetal results: the

experimental setup, lasing spectrum, emission profile of the lasidg and output light from
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both from single and coupled array nanocavity laser as a furaftippmp light. Finally, we

estimate thé-factor of such lasers and compare experimental results with thabestadysis.

4.2 Theoretical analysis of the nanocavity array lser

Let us now show that the full benefits of the cavitysalesers are achievable only when the
cavity effects are strong (i.e., whéris large), as it is in our PhC nanocavity arrays. Two
important parameters of a laser are its threshold pump pawe) &nd differential quantum
efficiency (DQE). The threshold pump power is the input pump powehih the photon
number inside the optical mode volume is equal to 1 (so that isnietei the stimulated
emission)’. On the other hand, the differential quantum efficiency is tbpesbf the laser
output-input power curve (LL-curve) above thresfbl@hese two parameters can be derived
by starting with the following rate equations, which basically desctiteedynamics of carrier

densityN and photon densitly:

dN_, L, N, N

by - S N go(N)P 4.1
dt l/l/pVa [r+[nr ( ) 4.1
dP N P

= NP+H— -— 4.2
dt ( ) ’ t (4.2)

r p
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Table 4.1 Typical parameters for InGaAsP-InP MQWs that are usedolwing the rate

equations.

Surface recombination velocity) = 10fcm/s
Bimolecular recombination coefficierB) = 1.6x10"%n/s
Auger nonradiative recombination ra@) € 5x10*°cm’/s
Transparency carrier density) = 1.5x16%m?

Gain coefficient Go) = 1500 crit

Absorption ratio of pump in QW regiow{ = 0.26
Confinement factor@ = 0.159

Pumped active volume/{) = 2.2x10" cn?’

Optical mode volume for single cavityy{.q) = 6x10* cn?
Lasing wavelength/() = 1.53x10" cm

Pump laser wavelengtiif) = 0.83x10' cm

The definitions of parameters used in the rate equatiowk their values for
INnGaAsP/InP multiple quantum wells (MQWSs) that we employeaur lasers are listed in
Table 4.1. The other terms arg; the pump laser frequency, the fraction of the pump
absorbed in the active regio@,the quality factor of the optical modgs the laser emission

frequency and,= Q/wy is the cavity photon lifetime.

Equation (4.1) implies that the carrier density increasesthvtipump rate ¢iterm),
but decreases by the radiative recombinatidf t&2m), the non-radiative recombinatiori®(3
term) and the stimulated emissior!’ ¢rm). In this analysis, the radiative recombination rate
is expressed as #1#BN, whereB is the bimolecular recombination coefficient given in Table
4.1. It should be noted that this expression is correct for bulkrialst but is not exact for

nanocavities since it does not include modification of radidife®me in the cavity. The only
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non-radiative processes included in our analysis are the sugiesmbination (*/~vJ/d,) and

the Auger recombination (B£CN). Here, d, is the thickness of the active region. The
coefficientsvs andC are given in Table 4.1. In Eq. (4.2), the photon density increatieshw
stimulated emission {1term) and with the spontaneous emission that is coupled to the
particular lasing mode {2term), but decreases with the cavity radiation logs (B term).
Following referencés™, we have assumed in our analysis that the gain is logarithmic,
G(N)=Goc/ned0og(N/Ny) with effective index.~2.65 for our structurec(is the speed of light).
The carrier and photon densities are calculated in the sstaigyby using Eq. (4.1) and (%.2
The carrier and photon numbers are then giveNWyandPV,,.4e respectively, wher¥, the
pumped active volume and,.qethe optical mode volume. The output power is calculated as
Lou= WPVinodd tmirror, Where 1o the photon output rate towards the detection system. In

the analysis we also assume the ideal situation fthat=1¢,, i.e., all emitted photons are

collected.

By solving the rate equations in steady state, we obtain the following erpseks

lasing threshold and differential quantum efficiency:

L= WpVa 1 b Nm_,_ N,, (4.3)
i h [pvmode t r t r
DQE=h M Vrose 1 1 (4.4)
p Va [mirror GG( Nth)

In these derivations, in contrast to the usual assumption adatiegj theb ternt”, we keep it
since it is significant in nanocavities studied here. For £8)(the threshold is defined when

the photon number in the cavity is one, and the nonradiativey deteais assumed to be much
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slower than the radiative rate. In Eq. (4.4)N@(is the gain at the threshold. The other terms

are defined above. From the rate equations, the gain at the threshold carebseeixas:

1 N,V
%(Nth):t_ -b tht mode (45)
p

r

For the derivation of DQE, we additionally assumed that theecatensity and the
gain above threshold are clamped to their values at the threshaitd. an assumption is
commonly used in conventional laser analysis. As shown in Fig. 4.1aather density for
different values ob-values indicates that the assumption of carrier clampingpaimately
valid for our cavities (with moderatvalues). The gain also shows a very similar behavior.
On the other hand, for the cavities with very latgealues the assumption about the clamping
of carrier density and the gain is not correct (Fig. 4.1a). In fact, for the pumpspaae the
lasing threshold, the carrier density and the gain (consequenidii@en number) are higher
than their values at the threshold. Therefore, the expressiog.4dmMEather under estimates
the DQE value for the cavities with very higkactors. Fig. 4.1b shows the photon number in
the laser cavity as function of input pump power. As expectedf=arthere is no clear
threshold since the lasing starts right after having aesiplgbton in the cavity. On the other
hand, whenb decreases, the knee in the LL-curve starts to appear anddiieed photon
number for lasing increases. However, the photon number needed te itaisatg in our

cavities is still low.
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(@)

(b)

Figure 4.1 (a) Carrier density an¢b) photon number in the laser cavity as a function of the
input pump power, obtained by solving the laser rate equations at steady statentéfienes

correspond to different cavity effects (red, blue and blackes are fow equal to 1, 0.12 and

0.012, respectively).
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When n. individual lasers are coupled in an array, b¥ths.and V, increase by a
factor roughly equal to (relative to a single laser). In addition, the photon storage #j
(and consequentlyiiror) can increase (by, times for ideal 3-D coupled nanocavity arrays).
Hence, for a non-negligiblg, ¢, ,GG(Nyn) decreases in a coupled laser array which leads to
an increase in DQE. In an ideal cael(), according to Eq. (4.3)-(4.5), coupled cavity lasers
would have the same threshold as single cavity lasers (siac®’tand ¥ term in Eq. (4.3)
cancel each other arg, , becomes independent j), but with a much higher DQE. On the
other hand, if6 is negligible andVmqeis large (as it is in VCSELS),iny, Of the laser array
increases roughly citimes relative to an individual laser (as thd ®rm in Eq. (4.3)
dominates), while DQE does not change (as the thresholdsgaiimiarily determined by 1/
in Eg. (4.5)). As we have indicated above PhC nanocavity arraysarhathown here are
somewhere in between these two extreme cases adbtiseimon-negligible. Moreover their
mode volume Vo9 IS also small, implying that different terms in the expi@s forL;, , and
G(Ny) become comparable. Therefore, DQE of the PhC cavity arsayslancreases relative
to that of a single PhC cavity laser, while the increase in the lasing tlirésistdwer than the

increase in the number of cavities.

It should also be pointed out that in PhC nanocavity arrayslageincreases slower
than Vy0geWith an increase in the number of cavities. Hence, the Yaiig/V, is larger for
nanocavity array laser than for a single PhC cavity Jdsading to an additional increase in
DQE, which we observe in our experiment below. This effeatrissult of a more efficient
pumping and a better overlap between the pumped area and tlyenoaedié. In a single PhC
cavity laser, it is extremely difficult to pump only the ceht@vity region, and the pump also

generates carriers inside the mirrors, which do not couple tasiveg mode. On the other

74



hand, in a coupled array laser one can pack larger number of fasegsefficiently by
reducing the space used as mirrors, and the overlap between thedpagipe and the cavity

mode is better.

4.3 Experimental results

4.3.1 Design and fabrication of the laser structure

(@) (b)

2mm 2mm

Figure 4.2 (a) SEM pictures of a fabricated single PhC cavity laser @coupled PhC cavity
array laser(b) Simulated electric field amplitude of the coupled cavity array quadrupmie m

at theG point in the middle of the slab.

The structures that we present are arrays of nanocaviteesquare lattice PhC, and
we choose non-degenerate higHactor (~2000) quadrupole mode. The electric field pattern
is shown in Fig. 4.2(b). We fabricated such nanocavity arrays innthematerial system
(material and fabrication details are described in Section 2.3).0uUmpded array consists of 81
cavities (9x9) with two layers of photonic crystal in beén. PhC parameters are the free-
standing membrane thicknes§ ¢f 280 nm, periodicityd) of 500 nm, and the hole radius (
tuned from 160 nm to 230 nm to change the resonance frequencyit@scadingle cavity

lasers are also fabricated on the same chip, with the saraengiar range. With these
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parameters, the quadrupole mode frequency calculated by the FDthDdniells within the

gain linewidth.

4.3.2 Experimental setup

Figure 4.3 Micro-photoluminescence setup for laser characterization. OLetolgdens, BS-
beam splitter, LD-laser diode, MM fiber-multimode fiber,c#n-Infrared camera, OSA-

optical spectrum analyzer.

Figure 4.3 shows the micro-photoluminescence setup that we fowiltaser
characterization. The coupled PhC nanocavity array laserssigits ~15mm are optically
pulse-pumped normal to the structure at room temperature. A diateate®08 nm (Thorlabs
LD808P200) is focused on the sample with a spot size ofmiSy a 40x microscope
objective lens (Nikon PlanFluor DIC-M) with a numerical @pe= of 0.6. The pump pulses

are 20 ns long with 1% duty cycle, chosen to reduce the heatingsifubture. Emitted light
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is collected from the top of the sample (in @direction, perpendicular to the sample surface)
using the same optics and coupled to an optical spectrum analgilen{/84140B 600-1700
nm Multimode input). To compare the performance of the coupled cavity Esers to that
of single nanocavity lasers (with size r#h), a similar setup with a beam spot size ofmb

is used.

4.3.3 Spectrum of coupled photonic crystal nanocayi array laser

Figure 4.4 Spectrum of the coupled cavity array laser with a pedbad nm. The PhC
hole radius in this structure is about 192 nm. The inset on thehefvs the zoomed-in
portion of the spectrum fitted with a Lorentzian (green dasheve) of 0.23 nm linewidth.
The inset on the right shows the QW photoluminescence from unproceatsd(QWs

shown on the SEM image).

Single mode lasing is observed from coupled nanocavity arrayslgspectrum is

shown in Fig. 4.4). The lasing wavelength matches that of theeqgloapled quadrupole
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mode at thes point calculated by FDTD. The collection angle of the objedews is wide
enough to collect the emission from any other possible modes. ldowes observe only a
single mode in the spectrum, even at low powers. A slight lotewnarrowing was
observed above threshold, while the spectrum below the thresholtbwhto measure due

to the poor sensitivity of spectrum analyzer.

4.3.4 Lasing mode imaged on the IR-camera

Figure 4.5(a) The IR-camera image (left) and the simulated time-averBggdting vector in
the vertical direction (right) of the lasing mode for a singieity laser. The size of the

structure is indicated by the dashed squ@meThe same for a coupled cavity array laser.

The profiles of the lasing modes both from a single cavity atmlipled cavity array
laser taken with an infrared-camera (Indigo Alpha NIR) amws in Fig. 4.5. The setup used

for probing a single cavity has a higher magnification and shdearly the four-fold
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symmetry of the mode, which is expected for the quadrupole. At the center of the Hugere

is a strong field localization, corresponding to the location ofsihgle defect. A strong
radiation leak outside the square is also visible, which is dubet fact that the cavity is
surrounded by only four PhC layers. The setup used for probing couplgdareay laser has
a lower magnification, and therefore individual cavities are haresolve, but emission from
most of the array is visible. The radiation profiles for tfuadrupole mode are simulated by
the FDTD method, by calculating the time averaged Poynting vactbe vertical direction.
The radiation patterns corresponding to the plane positionedran-@bove the structure are
very similar to the experimentally measured field pattemasshown in Fig. 4.5. The match is
especially good for a single cavity, where both localized arkinigdield components are

nicely reproduced in the simulation.

4.3.5 LL-curves

Coupled nanocavity array lasers with differefat ratios have been tested and Fig. 4.6 shows
the measured light-out/light-in (LL) curve of one of them (bl have observed single-
mode lasing at 1534 nm with a threshold peak pump power of ~2.4 etabsingle cavity
structures with different’a have also been tested. The LL-curve of one of them (Yat.4)

is shown in Fig. 4.6 (red). The parameters of this cavity and thereforsis&an wavelength

at 1543 nm are quite similar to the coupled cavity array,lgbéng an additional indication
that the quadrupole mode and the phase-coupled quadrupole banc abtheare the lasing
modes for a single cavity laser and a couple nanocavity array lagectresly. The threshold
peak pump power for a single cavity laser is around #320The b values are obtained from
the experimental curves using laser rate equations and tymscameters of InGaAsP

guantum wells. Within the acceptable range of material paeasyete obtained a range bf
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values given in Table 4.2, and Fig. 4.7 shows the fitted LL cunres #-value that is in this
range.b of the coupled cavity array laser is estimated to be Blightaller thanb of a single

cavity, but it is still large enough to observe strong cavity effeetstioned above.

Figure 4.6 LL-curves of the single PhC cavity and the coupled PhC cawityy laser. The

inset shows a magnified curve for the single PhC cavity.

We have measured the peak pump power at the lasing threshdiiQ&nodf the LL-
curve for several different coupled cavity array and singleocavity lasers; the averaged
results are given in Table 4.2. The measured lasing thresholdupfed photonic crystal
nanocavity arrays is about 10 times larger than for a singlétyc According to the
parameters that we use in tlaefit, the third term in Eq. (4.3) dominates the threshold
expression, so we expect that the threshold pump power scales with the pumpehuctiee
V.. In the experiment, the pump beam size for coupled cavity lasgmbst 10 times larger
than for a single cavity laser, which explains the observadase in threshold. On the other
hand, the measured 20-fold increase in DQE of the cavity arayger than the increase in

threshold, implying that a higher output power can be extracted pecawiyoin a coupled
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cavity array laser in comparison to a single nanocavity,lasafirming the coherent coupling
of individual nanocavities. In fact, the maximum power achievechfour coupled cavity

array laser with only ~10 nanocavities (>#%/) is about 100 times larger than a single cavity

laser (Fig. 4.6).

Figure 4.7 Measured LL-curves of the single PhC cavity (red trianglesl the coupled PhC
cavity array laser (blue circles) together with simedial L curves (solid lines) For simulation

material parameters in Table 4.1 is used anfctor (given in Table 4.2) is taken a fitting

parameter.

Table 4.2 Averaged values of the measured thresholds and DQEs of Issuagta cavity and
coupled cavity lasers and their ratios. Also shown arebifaetor ranges obtained by fitting

laser rate equations to the measured LL-curves

Threshold [mW] DQE b factol
Single Cavity 0.26 051  [0.09-0.15]
Coupled Cavity Array 2.68 10.37 [0.03-0.09]
RATIO ~10 ~20
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4.4 Comparison with theory

Figure 4.8 Output power as a function of the input pump power and the number of
coupled cavities in the array, analyzed using the rate equationsaurdexperimental
conditions (parameters given in Table 4.1). Single cavity teeaué shown in red and
coupled cavity array laser results in blue. Coupled cavigrlhas 10 times largéf,

than single cavity laser, while the mode volumgqe increases relative to that of a
single cavity laser by a factor of 10 (diamond), 40 (circle) @Ad(square). By
comparing theoretical analysis shown here with our experimestatseshown in Fig.

4.6, we conclude that majority of 81 PhC cavities in the am@yaaing together in our

laser.

In our optically pumped lasers, the improvement of DQE can resutt tivo effects:
more effective pumping scheme (i.e., an increase/ndVa), and cavity effects (i.e.,
reduction of7io:GG(Ny)), as explained in Section 4.2. In our experiment, we know that the

pumped active regiol, is approximately ~9-10 times larger with respect to sirggvity
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laser, but we do not know the exact increasé,ife since some of the 81 cavities in the area
may be uncoupled from the lasing mode. Fig. 4.8 shows the output powethe coupled
PhC array laser and a single cavity laser, theoretiaalyyzed by solving rate equations with
parameters corresponding to our experimental conditions (TableCfe2yly, DQE increases
with the number of coupled cavities( that are lasing togethe¥ode arrayNcVimode singip- ON

the other hand, the threshold does not change myiths it is primarily determined by the
pumped active volum¥, as explained above. By comparing theoretical analysis shown in
Fig. 4.8 with our experimental results shown in Fig. 4.6, we concludi¢héhanajority of the
81 cavities in the array are lasing together in our lasé@h $vch a large number of coupled
cavities, the coupled cavity band forms, the lasing occurs fromhitite symmetry point
(G),and the individual cavity resonances are not visible as icadbe of a small number of

coupled resonatots®*>
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CHAPTER 5: Ultrafast photonic crystal nanocavity lasers

5.1 Introduction

Spontaneous emission (SE) is not inherent to an emitter, but rd#pnds on its
electromagnetic environméfit In a microcavity, the spontaneous emission rate can be greatly
enhanced compared to free space as a result of cavity electnodg (QED). This
spontaneous emission rate enhancement in a microcavity, whichcribddsby the Purcell
factor (), is proportional to the ratio of the cavity quality factQ) and mode volumeév,qqd.

Until recently, the advantages of large SE rate enhancdmgatnot been fully explored in
lasers because of their large mode volumes. Their SE properties haveethdscteted by the

intrinsic radiative lifetime of the bulk material.

In recent years, with the advances in semiconductor falomcatid crystal growth, it
has become possible to produce high-quality photonic crystals whield@runprecedented
control over the electromagnetic environment. Cavities introdirdedthe photonic crystal
can have extremely high/V . ratios and therefore enable both SE rate enhanc&niént
into the cavity mode and simultaneous SE rate suppréssitmall other modes. So far, such
nanocavities have been used for cavity QED experifferifs ** " such as SE rate
enhancemefitand suppressidf) and also for single photon soureand lower threshold
laser§®**? It has also been suggested that the spontaneous emissionhateeznent can
dramatically increase laser modulation sp&edsough to date no time-domain measurements
have demonstrated this. In this chapter, we will describe ountrecek'® on demostration of
ultrafast photonic crystal nanocavity lasers with respomsestias short as few picoseconds
resulting from an up to 75-fold spontaneous emission rate enhamicentiee cavity. We will
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first give a theoretical background on the modulation of lasers. Mmemwill present our
experimental results: measurement of spontaneous emission @oolifi@nd picosecond
response times, as well as direct modulation of lasers witbds far exceeding 100 GHz
(limited by the detector response time) which is already rtiae an order of magnitude
above the fastest semiconductor lasers. Such ultra-fastgeffiand compact lasers show
great promise for applications in high-speed communciatioregniattion processing, and on-

chip optical interconnects.

5.2 Theoretical background

There are two important laser modulation regimes: small- a1 signal modulation. We
analyze the laser dynamics by solving the laser rate equatimmsphoton and carrier
densities. Communication systems employ both small and largd sigdalatiori” ** ®* In
the small signal regime, the laser is driven with an elbveshold DC pump power, , and
modulated with a small time-varying (AC) signdl;,. The carrier and photon densities follow
the pump with DC and AC componenis+/ZN and Py+LP, respectively. As defined in
Chapter 4, the parameters are defined as folldvisthe fraction of the pump absorbed in the
active region\V, the pumped active volumey, the pump laser frequency,the total carrier
lifetime, ¢, the carrier radiative lifetimeGthe confinement factor (defined in section 4@),
the gain, and, = Q/w is the photon lifetimeQ@ is the quality factor of the optical mode amd
the laser emission frequency). In order to derive modulation respeassart with the laser

rate equations:
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d(Ny+DN) _, (Lyo*DL) N, +DN

G G(N,+DN)(R+D 5.1

" . ; (N;+DN)(R+DP (5.1)

—d(%d*tDP) =@G(N, +IN)(R +DP 4 NO;’DN %;+ DP (5.2)
r p

We assume that the DC input power, is much greater than threshold poweg)(so that
carrier densityN is clamped to its threshold valusd»Ny»Ny,. In addition, we linearize the

logarithmic gain at the carrier denshy, which is the density when the laser is driven above

threshold:

G(N) = Gy1,log( N/ N,)

1G

»G(N*)+ﬂ_N (N- N) (5.3)

*

N=N

>>Gonglog(N*/Nm)+Gli|/Zg(N- N)= A § N N

where,A = Gvglog(N'/Ny) andB = Gvy/N'.

If we separate the DC and AC terms in Eq. (5.1) we get the followingoredatiespectively:

Lo N *
h—"- 9 G(A B(N,- N)E O 5.4
T (A+ B(N- N) R (5.4)
dDN DL DN
=h - GBPDN-G A+ - N)D F 5.5
a T CBP B N- N) (55)

Similarly, if we separate the DC and AC terms in Eq. (5.2) we gebtloeving relations,

respectively:

No . Ro g (5.6)

G A+B(N, - N') Fg+bT .
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dbP
Tdt

=GBRIN +GA +B N, -N) DM{;w IE (5.7)

Z, p
Here, we neglected second order terms coming from multiplicatié® ahd ZN. By using

Eq. (5.6), the AC terms can be simplified further as follows:

—dDP_DN @R L 6N DP (5.8)
dt t, P,

dDN _, Bb pn geR+: +pp 2N 1 (5.9)
dt w,V, t t Rt

If we assume a sinusoidal modulation for AC termsfBs= [P.€", [N = [N, and

O = 0" then Eq. (5.8) and Eq. (5.9) will take following form:

DN iw+ @B+ = Pm i SN 1 (5.10)
t WV, tR ot
o iw+MNe —on  @n 41;9 (5.11)

r'o r

If we insert Eq. (5.11) into Eq. (5.10), we can obtain the followingtioslabetween the

driving power and photon density modulation:

S GBP, N
WV, t,
DP =0, b 1 N, 1 b 1 (5.12)
- ) ~-— +iw —+GBR
L, LR t

The modulation response is given &,/ [, and the bandwidth of the laser is limited by the

following relaxation oscillation frequency:
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(5.13)

Here, we have neglected the imaginary term in the denominakx.6.12) in order to find
the singularity. We take into account that the radiative lifetin@nges ag, = ¢, o/F due to the
spontaneous emission modification in the cavity compared tanttiesic carrier radiative
lifetime, 7, (as defined previously; is the Purcell factor). In Eqg. (5.133B is replaced with
avy, wherea representghe differential gain and/g is the group velocity of light. The
differential gain &) is also given a$8G,/N and its value can be found in literature for a

particular material system.

In conventional semiconductor lasers, the fraction of spontaneougtgdadmphotons
that is coupled into a single cavity mode (denoted by the spanisremission-coupling
factor #) is small due to the small factor’. Therefore, only the first term in Eq. (5.13) is
considered. The standard way of improving the modulation bandwidth is by isitrgahe
photon density F,) with stronger pumping, which increases the first term in Eq. (5.13)
However, this causes significant thermal problems and pa#igtitmits the modulation
speeds to below 20 GE{zOn the other hand, in nanocavity lasers with large Puwetfeltt, b
can approach unity while the intrinsic radiative lifetinsereduced dramatically (i.ef is
large). This makes the additional terms in (5.13) sigmificdhese cavity-QED effects thus

open a fundamentally new pathway for improving laser modulation bandWidth

In the strong-pumping regime, the modulation bandwidth is determindtkelgavity
ring-down timet,. Though one could increase cavity effects with higbethe longer photon

lifetime would still limit modulation speeds significantly. Fexample, forQ = 16 (¢, ~ 500
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ps), the modulation speed is only 2 GHz. Thus, ultra-i@gbavitie§? (such as three hole
defect photonic crystal cavities, microdisks or microtorpid®ne cannot achieve higher
modulation speeds. In contrast, photonic crystal nanocavitieseerely large Purcell effects
even with moderat® values because of their ultra-small cavity mode volumédswbg /n)°.

In our lasers with large Purcell factor, tevalues can be as small as several thousands,

allowing fast cavity ring-down timeg{< 1 ps).

In large-signal modulation, where the laser is turned on antbofpletely, our QED-
enhanced lasers offer particularly striking advantages. Fer rtflodulation scheme, an
important parameter is the turn-on delay fim& ® which is the time delay between the
pump and laser peak responses. Turn-on delay times severgljaigar speeds. The delay
time can be significantly decreased if the stimulated éomigsrocess is faster, which can be
achieved in a cavity with largé-value and large spontaneous emission rate enhancement.
Increasing pump power can also reduce the delay tiateéhe expense of thermal problems,
reduced laser reliability and significant chirp. This deliayetis limited to a few tens of
picoseconds in fast semiconductor la%er¥ but it is reduced more than an order of
magnitude in our QED-enhanced nanocavity lasers even at powks ih@ar lasing threshold.
We have measured delay times as small as 1.5 ps for pump powers only 1.3 timéasaigpve

threshold, as we describe below.

89



5. 3 Experimental results

5. 3. 1 Design and fabrication of the laser structes

Figure 5.1 Scanning electron microscope images of fabricated struci@eSingle-defect

photonic crystal cavity lasefty) Coupled cavity array laser.

Our nanocavity laser is based on a 2D photonic crystal sladrmedt with a square
lattice. Lattice defects in the form of missing holes act as cavdieonfine light. Both single-
defect cavity and coupled nanocavity array structures ared#dd in GaAs wafer with the
procedure described in Section 2.5. The slab contains a gain mediusticgres four 8-nm
IngGay gAs multiple quantum wells (MQW) separated by 8-nm GaAgsidrar In single-
defect cavitys, six layers of photonic crystal are used asitmer in the lateral direction. The
coupled array structure contains 81 coupled cavities (9x9) twid photonic crystal layers
between the cavities. Figure 5.1 shows SEM picture of the &bdcstructures. PhC
parameters are the free-standing membrane thickdest172 nm; periodicityd) of 315 nm,
and the hole radiug’)(is tuned from 105 nm to 130 nm in order to change the resonance

frequency of cavities.
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5.3.2 Experimental setup

Figure 5.2 Schematic of the experimental setup.

The lasers are optically pulse-pumped normal to the structtineTwSapphire laser (Spectra
Physics Tsunami pumped with Spectra Physics Millennia Xs) tun@&Gonm. The pump
pulse duration is 170 fs with 80-MHz repetition rate. The beafodused on the sample by a
60x microscope objective lens (Zeiss, LD Plan-Neofluor) witiifaof 0.7. Emitted light is
collected from the top of the sample using the same opticssighal is imaged to a pinhole
for spatial filtering and then further imaged into the entaslit of the spectrum analyzer
(Acton Research SpectraPro2750 0.75 m triple grating monochrometeReper Scientific
Si CCD detector of size 512 by 512). The detector is cooled down © Wih liquid
Nitrogen. Time responses of the lasers are measured gtitbek camera (Hamamatsu C5680
camera unit connected to Bruker Spectrometer and Hamamatsal @iginera-C4742-95).
The time resolution of the streak camera is measurdedgss (linewidth) from its response to
a 170 fs laser pulse. Because the spectral response of #ie cdreera drops exponentially

below 950 nm, we chose the GaAs-based laser material system.vétpwigaAs has
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significantly larger surface recombination rates (a ramhative process) with respect to other
semiconductor laser material systems (such as InP). In@dditie free-standing membrane
geometry of the structures results in poor thermal conductBégause of these problems, in
order to observe lasing from single-defect cavity laser, we cooleshthgle in a cryostat to 7-
150 K. Moreover, by reducing the repetition rate of the pump laseran EO modulator-
Pockel Cell (and therefore the thermal effects), we wéte 8 observe lasing at room

temperature from coupled a cavity array structure.

5.3.3 Lasing spectrum

Single-mode lasing is observed from both single-cavity and cowpldtls array structures.
CCD images of the mode and structures are shown in Fig. 5.3. &pédthre single-cavity
below and above threshold are shown in Fig. 5.4. The below-threshold spectrumsralizate
value of 1200 from a Lorentzian fit (inset of Fig. 5.4a). Thentasnode showed dipole
symmetry (180rotation). Its mode volume is calculated from FDTD simulation as @/65'(
The same set of measurements on coupled cavity arrayusésigielded values near 900.
In our earlier work on InP photonic crystal cavity array lageresented in Chapter 4), we
have derived the relation between the lasing threshold and thg wede volume. According
to this analysis, we can estimate the mode volume of a cougplds taser by comparing its
threshold with respect to a single cavity laser. Our expet@heesults indicate the mode
volume of a coupled cavity array laser to be about 10 timgsrlénan that of a single cavity.
This also shows that not all the available cavities in tihayaare coupled and operating
together because of fabrication imperfections. In fact, fioenceamera image (shown in Fig.

5.3b.) it is clear that lasing happened only from a small portion of they ety structure.
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Figure 5.3 (a) The CCD image of the three single cavity structuresh Blo¢ cavities and
trenches are observab(b) The image of the PL and the mo@®. CCD camera image of the
mode for coupled cavity array. The approximate location of thetate and trenches are

indicated with dashed lines.

Figure 5.4 Spectra of the single-defect photonic crystal laé&y.Spectrum below lasing
threshold. The dashed box indicates the cavity mode and the inset 8teWworentzian fit
(red) for itsQ-factor estimation(b) Spectrum above threshold. The inset shows the lasing

curve, i.e. the output power versus input pump power.
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5.3.4 Purcell factor of nanocavities

Figure 5.5 Time resolved photoluminescence decay curves measured by ctireara.(a)

For of In,Gay gAs multiple quantum well structure in bulk (unpatterned MQW regidtt) an
exponential fit (red)(b) For the photonic crystal coupled cavity array laser below lasing
threshold. The lobes at the longer (943 nm) and shorter (925 nm) waksleogrespond to
decay of coupled and un-coupled carriers to the cavity mode, reghec{c) The decay

curves of carriers shown with dashed rectangl€b)itogether with exponential fits.

Spontaneous emission modification by the cavity is experimentallyinedteby
dividing the radiative decay time in the unpatterned GaAs regiataining InGaAs MQWs
by the radiative decay time inside the cavity. The decaydinige excited quantum well state
is measured by exciting the structure with a short pulse of &7@nél recording the
spontaneous emission as a function of time with streak camigra5.ba shows the data
obtained from an unpatterned region of the wafer (without photogsataty. By fitting a

single exponential to the decaying part of the time resolvelpiminescence data, the total

94



decay time is estimated to be 640 ps. In the unpatterned regiocartiers decay due to

combination of nonradiative and radiative processes:

t 1,1 (5.14)
640ps ¢, ¢

nr
In this case, the main nonradiative process is the photon dephabivgg lifetime is much
longer compared to radiative process. Therefore we can dathéhmtrinsic radiative decay

time (¢,0) of quantum wells should be at least 640 ps.

Streak camera image obtained from coupled cavity array tdosesing threshold is
shown in Fig. 5.5b. In this 2D image, the two distinct bright lobesateicentered around
920 nm and 940 nm correspond to the carriers that are coupled and uncoupledavity
mode respectively. It is clearly shown here that the carriers thabapéed to the cavity mode
experience a large spontaneous emission modification as thegigaieantly shorter decay
time. Fig. 5.5c also shows the decay curve for the uncoupled cafierslata has been fitted
to a single exponential with a decay time of 31 ps. As in Eq. (5.BiLan write the decay

time of these uncoupled carriers as a sum of nonradiative and radiativespsoce

R (5.15)

The radiative lifetime of these carriers is not changed coedpto the ones located in the
unpatterned region. However, their nonradiative lifetime is sggmfly reduced due to the
increase in the surface recombination rate introduced by ettiirioggh quantum wells. This

causes the observed total decay time reduction.
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In addition, Fig. 5.5¢c shows the decay curve for the coupled carAesingle
exponential with decay time of 17 ps was fitted to data. 8l Eq. (5.14), we also express
the total decay time as a sum of nonradiative and radiative processes:

1 k.1 (5.16)
1/ps ¢, ¢,

nr
In this case, the radiative lifetime is modified by a factioFf (Purcell factor) due to coupling
to cavity mode. On the other hand, the non-radiative lifetinteeissame as in Eq. (5.15), as

the carriers experience similar surface recombination rate.

By solving Eg. (5.13)-(5.16), we estimated the in-plane-averaged spontan
emission rate enhancemeri) (for the cavity array structure to be 17. The inclusion of
spontaneous emission rate suppress$iohuncoupled carriers in the photonic crystal (which is
neglected here) will further increase estimate®uch high Purcell factors in coupled cavity
array lasers enable both fast laser response, as waljla®utput powers with single mode
operatioﬁS. Repeating these measurements for the single-defect,caeitgbtained',upied ~
6.7 PS,tuncouplea~ 33 PS, and in-plane-averagedas 76. The high Purcell Factor for single
cavities” is not surprising as they are expected to have a maximom165 for the cavity

with this set 0fQ andViede

5.3.5 Time response of the ultra-fast nanocavity er

Above lasing threshold, the decay time is reduced by another ofdaagnitude due to
stimulated emission. Figs. 5.6a and 5.6b show the time data fomtile-defect cavity and
coupled cavity array lasers, respectively. The decaysbdth lasers are fitted by single

exponentials with a decay constant of 2 ps.
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Figure 5.6 Time-resolved response of a photonic crystal laser abowg ltgeshold.(a-b)
Time response (blue) of a single-defect cavity and coupletycavay laser at 7 K together
with an exponential fit (red)c) Delay-time measurement of a single-cavity laser (biit)
respect to pump laser (red). For this measurement, the dri@sizerature was raised from 7
K to 100 K to increase the relaxation rate of carriers fupper MQW levels to the lowest
level by increasing phonon population. At 7 K, the delay time was 3wk at 100 K, the
delay time decreased to 1.5 fi$). Simulated photon number as a function of time for a single-
defect cavity laser (red). The simulation result is conwbhuith a Gaussian of 4 ps width

(blue) to take into account streak-camera response.
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To understand the dynamics, we used the laser rate equatiab)s aifd. (5.2) in
Section 5.2) to simulate the photon and carrier densities asolumof time. Initially, the
photon and carrier densities are taken as zero and above tspatency condition,
respectively. The simulated photon density is also convolvdavGaussian of 4-ps width to
take into account streak camera response. The simulatiorsrasilshown in Fig. 5.6d. The
bare photon response (unconvolved data) shows that when the lasampsdpabove
threshold, the photon density decays with the cavity decay (fish For both the single and
coupled cavity array lasers, this is 0.5 ps @oof 1000), which is below the resolution limit
of our streak camera. The photon response convolved with the streak capenagehows a

decay time of 2 ps, which agrees very well with our experimental sesult

As we indicated above, an important parameter in this type sef lmodulation
scheme is the delay time, which decreases in high Purcall-featities. We measured this
delay time at 100 K (with 890 nm pump wavelength) as 1.5 ps (shokig.i®.6¢), which is
close to the streak camera resolution limit. The delay tsmearly two orders of magnitude

shorter than in previous measurements on conventional semiconductd? &sers

5.3.6 Ultra-fast direct modulation of photonic crysal nanocavity

lasers

To further demonstrate ultra-fast laser behavior, we djrenbdulate single-defect cavity
lasers at very high speeds by pumping them with a series obdeoond pulses that are
generated using a Fabry-Perot etalon. The spacing of the pirsis tantrolled by the etalon
mirror separation. Only the first three pump pulses have miifipower to turn on the

nanocavity laser.
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Figure 5.7 Direct modulation of a single-defect photonic crystal nanogdager. The direct
modulation was performed with the pump repetition period&@p®d+0.5 ps andb) 15 ps,
corresponding to direct modulation rates of 100 GHz and 66 GHz, tieghecThe bottom
figure shows a series of femtosecond pump pulses separatedOby 85, used as the
excitation for &), obtained by a Fabry-Perot etalon. The transmitted power of @diee
pulses from the etalon drops geometrically with the ratig, ®f the mirror reflectivities.
Only the first three pump pulses had sufficient power to turraser! Both the femto-second
pump pulses and the laser output pulses are broader, as afé¢kalsslow response time (4

ps) of the streak camera, as described above.
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Fig. 5.7 shows the results for such a direct modulation of a nanocavity laser above 100
GHz. The response of the laser nicely follows the pump, whoses @eakseparated by ~
9+0.5 ps (a slight non-periodicity in the time separation betweewdnsecutive pump pulses
results from slight angular deviations of consecutive putess the etalon). This modulation
speed is already an order of magnitude higher than the festeisbaductor lasers reported to
date. The figure also shows the laser response to a 15-pisioeggump, where the streak-

camera-resolution more clearly separates the pulses.

5.4. Surface mode laser

Figure 5.8 CCD camera image of the surface mode laser. The aproxpoatgon of the

structure and trenches are indicated with dashed lines.

In addition to these two lasers, we have also observed lasthg aiterface of the
photonic crystal and the unpatterned region (Fig. 5.8). Surfacesved\the interface between
a semi-infinite periodic dielectric medium and a homogeneous mediare been

investigated; because of the periodicity of the dielectitstant at the interface, these waves
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are represented by electromagnetic Bloch nfBdés general, such surface modes exist as
localized electromagnetic fields at any terminations of a two-dimeakor three-dimensional
photonic crystaf ¢’ ®. They have also been explored for various phenomena such as enhanced
transmission through slits in PhC sl&bseaky surface modes assisted transmissions in the

forbidden ban® and construction of surface state cavifies

Figure 5.9 Spectrum of the surface mode lag@rbelow lasing threshold with a Lorentzian fit

(red) used for it§-factor estimation(b) above lasing threshold.

In our experiments, the profile of the surface mode laser capwith the camera
indicated a very large mode volume. The quality factor of thiaceimode is measured to be
very high,Q~14,000 (Fig. 5.9a). Fig. 5.9b shows its spectrum above the lasing thrégkold.
have observed that this laser also required higher lasinghtiidcepower compared to single

and coupled cavity array laser, as expected as a result of its mwahntergde volume.
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A similar time-domain measurement is repeated for this meige.5.10 shows the
decay rates of the carriers above lasing threshold. The expmrférgives about 9-ps decay
time in the stimulated emission regime. As expected, dus togh quality factor and a very
large mode volume, this surface mode shows much slower modulationses@m the other
hand, the single cavity laser, which has the lar@égt,.q.ratio, exhibits a much larger Purcell

Factor and consequently a much faster laser response (Fig. 5.6).

Figure 5.10 Measured time-resolved response of the photonic crysticsumode laser
above lasing threshold (blue), together with an exponential i}. (fdne experimental setup is

the same as in Section 5.3.2.
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CHAPTER 6: Conclusion and future work

6. 1 Photonic crystal devices for communications

In this thesis we demonstrated photonic crystal devices sudltra-fast, efficient and high
power nanocavity lasers, optical buffer and storage components. Tosteate such devices,
we used small mode volume and high quality factor photonic crygstabcavities, which
confine and manipulate photons on the nanometer scales, thereby enablignctionalities
(e.g., optical buffering) or improving the functionality of existuhgyices (e.g., increasing the
laser speed). Such devices are important for the realizafimompact optical integrated
circuits, high-speed communications, information processing, and oreadigchip-to-chip

optical interconnects.

6.1.1 Ultra-fast nanocavity lasers and their on-clp integration

The strong localization of photons in nanocavities drasticallyeases the spontaneous
emission rate and consequently increases the spontaneouenagiling factor, thereby
enabling low threshold and high-speed lasers. In our photonic cngtatavities we have
measured average spontaneous emission rate enhancemeni&stipWith the use of such
QED effects in nanocavities, we have demonstrated ultrdéfssts (with direct modulation
rate > 100 GHz) for the first time by performing time-domaieasurements. The detector-
limited turn-on and turn-off times of the nanocavity lasers haea beeasured to be as short
as 1.5 and 2.1 ps, respectively. We have also demonstrated dodatation speeds far
exceeding 100 GHz (limited by the detector response timegdgireore than an order of
magnitude above the fastest semiconductor lasers. While ouunaeents were limited by
detector response time, the extremely short pulses and dakgyitidicate operational speeds
in the THz regime.
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For practical applications, electrical pumping will be import&ecently electrical pumping
of nanocavity lasers has been demonstfat€wr high-speed electrical modulation, tRE
time constants of the lasers have to be small, wbenedR are the capacitance and resistance
of the laser. We believe that very fast electrical pumpinggoicavity lasers is possible, as a
recent experiment achieved time constants below 10 ps usingnrsicale contacts with sub-
fF capacitanc®. In addition, photonic crystal nanocavity lasers do not requirdyhighistive
Bragg mirror layers, which also limit electrical modulatispeeds in fast vertical cavity

surface emitting lasers.

The nanocavity lasers can be efficient and operate at uitraaeds, but their small
volumes (necessary for achieving high cavity quantum effetss) r@sult in low output
powers. Although their output powers can be sufficient for many apphsatfor some such
as chip-to chip interconnects or spectroscopy, high output power levelsimesl d€o achieve
this, we have recently invented a new type of laser composedupied photonic crystal
nanocavity arrays. When the individual nano-cavity lasers with large spontaneoissiem
coupling factorb are coherently coupled and phase locked to each other, we obtained
dramatically larger differential quantum efficiencies B®)Qvithout sacrifying the low lasing
thresholds of single PhC nanocavity lasers. This could not haare dshieved by coupling
lasers with smalb (such as VCSELSs). We have experimentally demonstrated cougdliag
large number of PhC nanocavities (with measured.l1) in a controlled manner, and have
also shown that with an increase in the number of coupled catfisncrease in DQE is
significantly larger than the increase in the lasingstoéd (with respect to single cavity
lasers). We measured single mode operation and peak output pow2nms\fthat are more
than two orders of magnitude higher than in single PhC cavityslaBarthermore, output

powers comparable to conventional single mode VCSELSs, but at muchttoeshold pump
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powers, can be achieved by coupling even larger numbers of PhGgaVite have also
shown that such lasers can be operated at high ‘Spasd result of a strong localization of
light, implying that coupled nanocavity arrays can be an éffegtay to achieve high power

and high-speed single mode laser sources.

As we have described in Chapter 5, InP is a very attraptaterial system due its
operation in the telecom wavelength window. Furthermore it has almost an ondegrtude
lower surface recombination rate compared to GaAs, and therefdueed nonradiative
losses. However, detectors operating in this wavelength ramgge(out of InGaAs) are quite
insensitive compared to the silicon detectors for the neavdiRelength range (around 900
nm). In particular, there is no efficient streak cameraegystvailable to perform time-domain
photoluminescence measurement like those at 900-950 nm, with Gadd tevice8. We
are currently working on using superconducting single photon des@ctwhich can detect
1.5+mm-wavelength radiation, to perform time-domain-photoluminescemeasurements of
our InP-based lasers. Direct measurements of carrienéstand the spontaneous emission
rate modification of cavities in InP/InGaAsP material egstwill be quite useful for

applications in telecommunication.

Both in GaAs- and InP-based lasers, we have used multiple quantisvasvéie gain
media. However, their exposed surface after dry-etching gignify increases non-radiative
surface recombination rate. When these nonradiative lifetimesmnize comparable to the
radiative lifetimes lasing threshold increase significanflp effective method to suppress
nonradiative surface recombination is to use quantuni‘dagsthe gain medium instead of
guantum wells. Although quantum dots can suppress the losses ofséms, Ithe long

relaxation times of electrons (on the order of 10 ps) can fivair speeds. On the other hand,
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the relaxation times in the quantum wells are almost an ofdeagnitude faster. For lasers
with InGaAs quantum wells as their gain media, the non-iadia¢écombination of electrons
at the sidewalls of quantum wells can be suppressed by gfafgivation. Of the various
sulfur compounds, passivation with ammonium sulfide (& with x > 1) has been found
to be the most effectiV® The (NH).S; treatment first removes the native oxide and
contaminants on the surface and subsequently covers the fregbed GaAs surface with
sulfur atoms. Therefore, sulfur-terminated surfaces had no dgnigtinds at the interface,
which are the main sources of electron trapping. Similarly, thee afsthioacetamide
(CH;CSNH,) has also been shown to be effective for reducing the sustate®’. We are
currently looking the changes in the lifetime of the carrigrd the time responses and
threshold of nanocavity lasers after the treatment with @mum sulfide. Furthermore, we
are also working on the integration of several high-speed namwpdasers operating at
different wavelengths with waveguides, which is importantréalization of on-chip optical

processing.

6.1.2 On-chip photonic storage and delay components

Obtaining small group velocities is very important both indefemunication as well as
guantum information processing for construction of delay lines sswl fal realization of
buffer and optical storage components. In this thesis, we presbptddgign and fabrication
of photonic crystal coupled nanocavity arrays exhibiting electrogtag bands that are
flattened in all crystal directions, i.e., whose frequency tanawith wavevector is
minimized®. We have further experimentally demonstrated reduction of gvelqrity of
light on a silicon chip below 0.088for a wide range of wavevectors and propagation

directiond®. Therefore, our structure overcomes the significant couptiag and the pulse
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distortion problem that is experienced by other suggested method®IRROW structurésd

and photonic crystal waveguid&sFor the next research step, we plan to dynamically tune the
group velocity of light and realize optical devices that daibre and release optical pulses.
This can be achieved by modulating the refractive index of ouctstes either optically or

electrically.

We have also experimentally studied polarization properties afwtbalimensional
coupled photonic crystal nanocavity arrdysVhen the unit cell of the structure has reduced
rotational symmetry, which is achieved by using elliptical holes, okserved a strong
polarization dependence of the transmission and reflection offtigit the structures. This
effect can be employed in building miniaturized polarizing optcehponents like mirrors.
Due to the use of flat bands, the coupled nanocavity array sesctan also behave as
polarizing mirrors even for an input beam that is not vallficincident. This is useful for
making polarizing beamsplitters. Moreover, such polarization sffeant also be employed to

control the output polarization of a nanocavity array laser.

6. 2 Photonic crystal devices for on-chip bio-cheroal sensing

In addition to optical information processing, the use of nanocaufes also have a
significant impact in bio-sensing. The strong photon-matemieraction in nanocavities can
dramatically increase sensitivity and enable detectioheasingle molecule level. Moreover,
such devices can be integrated with microfluidic circuitdeliver precise amounts of target

molecules to many nanocavities, and thus to enable nano-scale sensoksietw

There are several techniques that we can employ for bitgef$e first one is the

detection of refractive index changes. For example, the refeacidex on the surface of a
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cavity can be modified by molecular binding to the antibody, whicfisstiie resonance
frequency of the cavity. Such a shift then can be detected uaimdasd spectroscopy tools.
To demonstrate this, we have recently used a coupled nanocasigystnucture in a set-up

that is same as the one that we used to test polarization effettapteC3.

(@ air (b) IPA

y-dip x-dip

Figure 6.1 (a) The reflection spectrum with opposite polarization with respgecthe
excitation for the structure in air. Arrows indicate the poss of thex- andy- dipole bands

(b) The same spectrum when the structure is immersed in IPA.

We used thg- andx-dipole modes of a coupled array fabricated on a SOI wafer and
at wavelengths of 1525 nm and 1536 nm, respectively (PhC structaraqtars were=467
nm, r=195 nm, andl=255 nmj°. The dipole modes are split in frequency due to the ellipticity
of holes. The strong reflected light at the opposite polarizatiosad to track the resonance
frequency shift when a small amount of isopropanol (IPA, refradtdexn=1.377) and
methanol (=1.328) is dropped separately on the same structure. The edflsiggnal of
opposite polarization for the structure covered with IPA is shown in Fig 6.1lxpksted, the
spectrum is clearly shifted to longer wavelengths comparétktstructure in air (Fig. 6.1a).
The reflection spectrum from the same structure for methanadry similar to IPA, again

with two peaks, but at shorter wavelengths relative to IPXorBeusing methanol, the
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structure was cleaned and the reference signal repeateslid®eof the method employed in
this measurement, the liquid drop forms a lens like shapeeosttircture. This lens refracts
the incident light and leads to non-zde@omponents and a spread fincausing a larger
splitting for thex andy dipole and the strong excitation of both peaks. This problem would not
be present if the liquid covered the structure uniformly, which waeldossible by e.g.,

integrating microfluidic channels with PhC.

Figure 6.2 The resonance wavelength as a function of the surroundiragtieé index. The
three data points correspond to the structure in ra#d)( methanol r=1.328) and IPA
(n=1.377). Triangles and stars correspond to the experimental wgtrekhifts of they- and
x-dipoles respectively, and circles show the wavelength shittlaied by FDTD for the same

structure without any asymmetry. Lines are fitted to experimeatal points.

We have estimated the wavelength shift theoretically byFD&D method for the
structure without any asymmetry. Since the size of the drdglemeter ~5 mm) is large
compared to the structure, we have assumed in the simulatiothéhdiuid completely

surrounds CPCRA and penetrates holes. Fig. 6.2 shows the resonartengthvshift as a
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function of the surrounding refractive index, and good agreement detteory and
experiment can be observed (the two experimental lines correspdmeixtoaindy-dipoles).
By immersing the structure into IPA instead of methanol, the refraciiiexichanges bih =
0.049, and the dipole band position shifts/®y= 7nm. 3D FDTD simulation predicts 0.521
nm shift in wavelength for an index change Of = 0.002, a sensitivity similar to that

observed recently in a single PhC cavity sensor in the passive catiigur

The CPCRA approach simplifies the positioning of the analyzedrialatsince the
cavities are distributed over a larger area, and it esahl high sensitivity at different
incidence angles due to flat-coupled bands (alignment tolerance).sdimsitivity can be
improved by changing the type of cavities inside CPCRASs, usinghahgingle nanocavity,
or by embedding an active quantum well layer inside the struahdeusing it above lasing
threshold, where the linewidth narrows. We can further functiamdhze surface of the
nanocavities with the complementary molecules. Molecular bindaféects and
conformational changes of molecules will result in minute refractivexictianges that can be
detected as spectral shifts of hanocavity resonances. Weardtomsuch changes to extract
kinetic properties of biological processes. With their integratdo microfluidic channels, we
can deliver biological samples to nanocavities precisely, resluogle volumes and increase

analysis speed through parallel measurements.
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