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Abstract Recent progress in the field of re-locatable photonic
crystal resonators is discussed with a particular emphasis on
the flexible scheme that employs highly-curved microfiber. In this
scheme a spectrally-tunable high-quality-factor resonator can
be defined repeatedly by physically moving a curved microfiber
to a new position. When a curved microfiber is placed on top of
a photonic crystal waveguide (or photonic crystal), a photonic
well is newly created in the vicinity of the contact point. Inside
of this photonic well, high-quality-factor resonant modes are
generated at frequencies below the cutoff edge of the guided
mode. The tapered microfiber is an integral part of a single
mode optical fiber and efficient out-coupling is naturally obtained.
The sub-nanometer spectral tuning capability that is available
by changing the curvature of the microfiber is also an impor-
tant characteristic and discussed. This spectrally- and spatially-
reconfigurable photonic crystal resonator is expected to be
a potential platform for photonic crystal based single photon

sources, which enables accurate spatial overlap and spectral
overlap with a single quantum dot, together with straightforward
photon out-coupling to the fiber with high efficiency.
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1. Ex-situ trimming of resonant cavity

In recent years, the field of photonic crystal research has
been moving forward at a pace exceeding our expectation
and is reaching (or already in) the stage of maturity and
engineering. Now, in midst of this development and interest,
various applications based on photonic crystals (PhCs) have
been proposed. Functional photonic waveguides [1-5], high-
quality-factor photonic crystal resonators and lasers [6—15],
photonic crystal LEDs [16-20], and photonic integrated cir-
cuits [21-24] are a few examples of these efforts. Among
these devices, the photonic crystal resonator has been draw-
ing attentions of researchers working in various fields of
different disciplines. The wavelength-scale photonic crystal
resonator can function as a discrete single device or as an
essential component of a certain photonic integrated circuit.

In practice, the spectral position of a resonance in the
fabricated high-Q resonator usually deviates, on the order of
a nanometer, from the intended target value. Sometimes an
extremely large number of cavities are fabricated at once, in
the hope that one can find more than one useful devices. Post
trimming of the cavity, therefore, has been in great demand
and so multitudes of special post-tuning methods have been
proposed and tested. However, the accurate control of the
wavelength-scale cavity is nontrivial in both spectral and
spatial domains. Most of the spectral cavity tuning methods
can be classified into two categories according to the physics
of perturbation. The first category relies on the control of the
material property (refractive index) [25-29], and the other is

the geometric or physical perturbation of resonators [30-33].
Several methods based on the control of the refractive index
have been demonstrated. Note that the upper bound of the
available index change is on the order of 10~* ~ 1073 and
one can expect the relative spectral shift of similar magni-
tude. M. W. Lee et al. reported photosensitive post-tuning
techniques using chalcogenide glass in order to tune the
dispersion of a PhC waveguide [25]. The same group used
the photosensitive property of the chalcogenide to write
a high Q cavity and tune the resonant wavelength of this
cavity [29]. They observed large index change (An) of 0.03
in the exposed region.The index tuning method utilizing
thermo-optic effects has also been reported [26-28]. By in-
tegrating thin film heater with a microcavity, resonance shift
of ~ 5nm was achieved with 1.2-mA current injection [26].

Various geometric deformation/perturbation techniques
have also been investigated. In 2005 A. Badolato et al.
demonstrated deterministic approaches applicable to solid-
state cavity quantum electrodynamics (QEDs). Their digital
etching techniques enabled both spectral overlap and spa-
tial overlap between a single quantum-dot and a photonic
crystal resonator [30]. Here the monolayer-thick oxide layer
on GaAs surface was chemically peeled off during each wet
etching step [31]. They were able to fabricate high-Q cavi-
ties (Q > 5,000) that red-shifted by 13 nm with respect to
the quantum dot resonance. Physical deformation methods
have also been suggested. W. Park et al. studied photonic
crystal structures under mechanical stresses by employing
a microelectromechanical system (MEMS) [32]. This tech-
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nique is meaningful in the sense that it provides real-time
and dynamic control of photonic crystal band structures. In
addition, the infiltration of high-index liquid to air-holes of
photonic crystals has been proposed and tested. In 1999,
liquid crystals were suggested as means to tune static prop-
erties of photonic crystal structures [34]. And, in 2003 and
2004, the large index change (An ~ 0.05) of the liquid crys-
tal enabled the wide spectral tuning, through electrical [35]
and thermal [36] effects. Recently, the integration with mi-
crofluidics and the perturbation with a tapered fiber and
a fiber tip on photonic crystal structures have also been
reported [29,33,37-42]. Comparison with various post trim-
ming techniques for the fabricated cavity was summarized
extensively in the previous LPR article by Grillet et al. [40].

In comparison, for spatial tuning (relocation), there have
been limited trials until the recent report utilizing fluid in-
filtration [38,43]. The main idea in these references is the
formation of photonic crystal double-heterostructure cavi-
ties [7] by selective microfluidic infiltration. Here, the po-
sition and length of a microfluidic cavity were defined by
adjusting the region of infiltration in steps of several mi-
crons. Reconfigurability was obtained by immersing the
device in toluene. However, repeated cavity relocation was
rather slow and awkward. In fact, if one wishes to posi-
tion a high-Q cavity at an arbitrary point, finding means
to re-construct a cavity in an endlessly repeatable fashion
becomes important. However, the photonic crystal cavity
that is both spectrally- and spatially-tunable is nontrivial
to design and yet to be demonstrated. If a truly reconfig-
urable resonant cavity can be formed at any position on
demand, one can envision multitudes of new applications,
especially in the field of cavity quantum electrodynamics
where high-Q cavity plays a critical role [31].

In this review, recent progress [44,45] in the spatially-
and spectrally-reconfigurable photonic crystal resonator is
reviewed with a particular emphasis on the scheme that
employs a highly-curved microfiber. In Sect. 2, dispersion
characteristics of a photonic crystal waveguide (or a bare
photonic crystal) in the presence of a straight microfiber are
discussed. Variation of the cutoff frequency of the induced
photonic crystal waveguide mode is explained in detail. In
Sect. 3, the generic configuration in which a highly-curved
microfiber is coupled with a photonic crystal waveguide
(or a bare photonic crystal) is explained. The formation of
a photonic well and the resultant photon confinement are
discussed. The Gaussian-shaped photonic well is formed at
a spectral position slightly below the cutoff of the photonic
crystal waveguide mode. The position of this resonant cav-
ity can be defined repeatedly by simply relocating a curved
microfiber along the photonic crystal waveguide (or the pho-
tonic crystal). In Sect. 4, the creation and annihilation of the
spatially-reconfigurable photonic crystal resonator is con-
firmed by the experimental observation of new laser modes.
Characteristics of the reconfigurable photonic crystal modes
are discussed using the photoluminescence spectra and trans-
mission spectra. In Sect. 5, the direct and efficient photon
transfer into external optics through a single-mode fiber is
discussed. The out-coupling strength can be controlled by
changing the curvature of the microfiber or the fine structural

modification of the photonic crystal parameters. In Sect. 6,
the spectral tuning capability of the reconfigurable photonic
crystal cavity is discussed. In Sect. 7, the prospect of the
spatially- and spectrally-reconfigurable resonator is summa-
rized.

2. Microfiber-induced photonic
crystal waveguide

2.1. Triangular photonic crystal waveguide and
straight microfiber

Consider a two-dimensional triangular-lattice photonic crys-
tal slab W1-waveguide as a host structure. In general one
of the most straightforward tools of understanding the pho-
tonic crystal waveguide is the dispersion curve. In the two-
dimensional (2-D) slab photonic crystal structure, the slab
thickness is chosen to be less than a half of operating wave-
length such that it allows only one guided mode in the slab.
This simple A/2 slab configuration simplifies subsequent
theoretical analyses and, therefore, is widely employed.

Now let’s place a straight microfiber on top of the wave-
guide as shown in Fig. 1a and look for the resultant pertur-
bation by inspecting the modified dispersion curve. Usually
the effective index of a guided mode is determined by the di-
electric media interacting with the slab through evanescent
coupling. When the straight silica microfiber (instead of air)
is placed on top of the 2-D slab photonic crystal waveguide
(Fig. 1a), the dispersion curve shifts slightly downward in
frequency as shown in Fig. 1c. For better understanding of
underlying physics, the intensity profile of the guided mode
with fiber is plotted in Fig. 1b. One can see the asymmet-
ric photon distribution originating from the presence of the
fiber. Note that evanescent fields penetrate more deeply into
the fiber (SiO;) region than the air side. The photonic crystal
waveguide mode feels the existence of the upper microfiber
through the evanescent field. The net effect shows up as the
increase of effective index of the guided mode [46]. One
can easily see this effect by changing the air gap between
the waveguide and the microfiber as shown in Fig. 1c. The
cutoff frequency (wavelength) of the guided mode decreases
(increases) with the air gap size. Through the 3-dimensional
finite difference time domain (FDTD) computation, we find
that the shift of the cutoff frequency 6 @.yofr has an expo-
nential dependence on the air-gap, as shown in Fig. 1d and
can be represented by the simple functional form.

6a)cutoff o< 76£eff < 7670’/0‘ . (D

Here, oquofr and & represent the cutoff frequency and
the effective dielectric constant, respectively. d and o de-
note an air-gap and the decay length, respectively. In the
model shown in Fig. 1, the decay length « is calculated to
be 62.5 nm where the slab thickness and the radius of period
air-holes are fixed at 200 nm and 0.30q, respectively. Here
a is the lattice constant. The diameter of the microfiber is
chosen to be 1.0 um such that only single fiber-mode, LPy,
mode [47], is allowed.
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Variation of the cutoff frequency as a function of the
gap is summarized in Fig. 1d where the dotted line is an
exponential function that fits best to the FDTD results. These
two curves seem to agree well when the air-gap is less than
150 nm. However, for the air gap >150 nm, the agreement is
worse because the evanescent field does not cover the region
of the microfiber faithfully, as shown in Fig. 1b.

2.2. Square-lattice photonic crystal with
straight microfiber

Now consider a straight microfiber placed on top of a bare
square-lattice photonic crystal slab (with no waveguide)
and find out whether new microfiber-induced waveguide
modes can be generated again as in Sect. 2.1. New effects
introduced by the presence of a straight fiber on top of the
square-lattice photonic crystal slab are studied by FDTD
analyses as shown in Fig. 2. Square lattice of air holes are
drawn on a 200-nm-thick slab (n=3.4) with a periodicity
(a) of 500 nm. The radius (r) of the air hole is 0.35a. The
diameter of the microfiber is 1.0 um.

Here it is important to align the straight microfiber along
the I'-X direction of the square lattice photonic crystal. The
I'-X direction is the nearest-neighbor direction of the square
lattice. Formation of guided modes along the other direc-
tion is unlikely because the light cone folding deteriorates
the photonic band gap characteristics [48]. The case of the
triangular photonic crystal is also tested and found to be not
suitable for the generation of the resonant cavity. TE-like
resonant cavity modes are found to be excessively lossy
because of the coupling with TM-like guided modes. This
TE-TM coupling stems from the broken symmetry in the

presence of silica fiber on one side of the slab. In compar-
ison, in the case of the square-lattice photonic crystal, the
fiber-induced resonant modes along the I'-X direction ex-
periences much smaller TE-TM coupling losses and could
have high-Q factors.

Figure 2a shows the dispersion of the microfiber-induced
waveguide modes of different contact alignments (s = 0.0 ~
0.5a). The shift parameter (s) is defined such that s equals
0.0a when the fiber is placed right above the centers of the
air holes and s equals 0.5a when the fiber is placed between
the air holes. Note that new waveguide modes are created
inside the photonic bandgap. The electric field (E)) profile
of a waveguide-mode at the dispersion edge (k, = 0.5) is
plotted in the inset of Fig. 2a for the case of s = 0.5a. Various
contact situations are investigated in order to confirm the
formation of the new waveguide, as shown in Fig. 2b and
(c). In the induced-waveguide mode, the photon energy is
concentrated mainly in the photonic crystal slab beneath
the straight-microfiber. The six dispersion curves in Fig. 2a
look almost like one under current experimental conditions
where the fiber size is larger than the lattice constant and
almost the same amount of photon energy resides in the
photonic crystal slab, independent of the shift (s).

Note that the newly-generated induced-waveguide mode
has a cutoff frequency below which no propagating mode
is allowed. Figure 2d shows the cutoff frequency varia-
tion as a function of air gap size. The cutoff frequency
decreases as the microfiber comes closer to the slab due to
the increased effective index. The cutoff frequency of the
microfiber-induced waveguide falls off from @, = 0.3348
(the band edge frequency of the photonic crystal slab) and
decreases down to the minimum, @, = 0.3293, when the
microfiber is in contact with the slab. The spectral separa-
tion (Aw) between the cut-off frequencies with and without
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fiber is 0.0055, equivalent to AA = 24.9 nm at a wavelength
of 1.5um. It is worth pointing out that this spectral shift
of the induced-waveguide is almost an order of magnitude
larger than that of the previous fiber-coupled photonic crys-
tal waveguide. This is understandable by comparing the
relative sizes of the perturbations introduced by the pres-
ence of the microfiber: the effective index of the photonic
crystal waveguide mode is larger than that of the bare pho-
tonic crystal slab mode.

3. Curved microfiber in contact with
photonic crystal: ‘photonic’ well

3.1. Photonic well formed in photonic
crystal waveguide

The situation becomes interesting when a highly-curved mi-
crofiber is placed on top of the waveguide. In this situation,
the air gap d has a quadratic dependence on the x coordi-
nate along the triangular photonic crystal waveguide and the
cutoff frequency shift  W.yofr can be expressed as follows.

—x2 /2R
d/a:_e x°/2R-a

@)
Here R is the radius of curvature of the microfiber, and x
is the coordinate of the direction of the photonic crystal
waveguide. Here the contour of the cutoff frequency shift
O Ocuiofr generates a Gaussian profile as a function of the
coordinate x, as shown in Fig. 3. The Gaussian dependence
of 8 Weyroft stems from the exponentially-decaying evanes-
cent field, having an exponent proportional to d/c. The
dotted-line in Fig. 3 represents the Gaussian fit curve of the
cutoff frequencies computed by the FDTD method.
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Figure 3 (online color at: www.lpr-journal.org) Gaussian-shaped
photonic well following the cutoff frequency profile. The radius of
curvature of the microfiber is 70 um. Dashed line represents a
Gaussian fit.

In fact, the situation becomes interesting in the spectral
vicinity of the band edge. For example, the cutoff frequency
of the TE1-even guided mode moves downwards upon the
contact of the curved microfiber [46]. A modified cutoff fre-
quency profile is newly formed inside the photonic band gap
where no propagating mode exists. This spectrally-localized
cutoff frequency contour inside the photonic band gap can
be viewed as a ‘photonic’ well that can confine photons
inside a wavelength-scale volume. This photonic well is
reminiscent of the textbook 1-D quantum mechanical har-
monic potential well. In a sense, the underlying physics of
the cavity formation is identical to that employed for the
double-heterostructure photonic crystal cavity where the
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cutoff frequency is controlled through a fine change of lat-
tice constant [7], a deposition of high-index material [49],
or a local index modulation using the photosensitivity of
chalcogenide [33] and fluidic infiltration [43].

The next step is the search of new resonant modes that
could possibly be contained in the photonic well. The identi-
fication of new resonant modes can be one way of claiming
the creation of a new photonic crystal cavity. In this novel
configuration, the position of the reconfigurable photonic
crystal cavity (RPC) can be defined and re-defined, by sim-
ple moving the physical position of the curved microfiber.
In the computational analyses shown in Fig. 4, the curved
microfiber has a radius of curvature of 70 um. And the slab
thickness and the radius of air-holes are fixed at 200 nm and
0.30a, respectively. In order to witness the birth of the new
resonant mode in the photonic well, the intensity profile of
the highest Q-factor mode along the waveguide is plotted
in Fig. 4b, as one moves the curved microfiber toward the
surface of the photonic crystal waveguide. Observe that pho-
tons become more tightly localized in case of the smaller
air gap.
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Figure 4 (a) Cross-sectional views of intensity profiles, cut along
y-z (top) and x-y (bottom) plains. (b) Variation of intensity profiles
of the highest Q-factor mode for different air gaps.

When the fiber is in complete contact, the deepest pho-
tonic well is formed and the Q-factor of the fundamental
RPC mode is found to be the largest. The maximum Q-factor
of 1,300,000 is found at a normalized frequency of 0.2839
with a coupling efficiency (1) of 26%. In comparison, when
the fiber is not in complete contact (air-gap=100 nm), the Q-
factor of the corresponding shallow RPC mode decreases to
170,000 with coupling efficiency <1%. The frequency sepa-
ration between this RPC resonance and the waveguide cutoff
is 0.0011, equivalent to AA = 5.8 nm. The mode volume is
2.6(A/n)3. In fact, a total of three resonant modes exist in
the Gaussian photonic potential well (Fig. 5). Q-factors of
the second and the third mode are 3.2 x 10° and 1.8 x 10°,
respectively, smaller than that of the fundamental mode.
The mode-volumes are 3.2(A /n) and 3.9(A /n)? with reso-
nant frequencies of 0.2842 and 0.2845, respectively. Note
that the fundamental RPC mode is located at the bottom
region in the photonic well with R = 70 um, @ = 62.5 nm
and 8 Wpax = 0.0011.

In general, the shapes of Gaussian and parabolic func-
tion are almost indistinguishable near the bottom. With this

r}":2 profile (harmonic potential)

ﬁ Profile of cutoff frequency

Figure 5 (online color at:
www.lpr-journal.org) New modes
found in Gaussian photonic po-
tential well by 3D FDTD compu-
tations. Right figures show the in-
tensity profiles of the correspond-
ing modes.
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Figure 6 (online color at: www.lpr-journal.org) (a) Electric field amplitude of the lowest-order 1-D RPC mode. (b) Fourier transform of
the RPC mode shown in (a). Thick vertical line represents the magnitude of k vector propagating in silica microfiber of 1 micron in

diameter (effective index = 1.2).

in mind, the cutoff frequency as a function of the position x
along the waveguide axis due to the presence of the curved
taper can be approximated as follow,

2
—x“/2R-o
5wcutoff = 76(0max'e ¥/

1
- _ 1= 24 ...
O Wmax ( TR + >

I

2R ) '
And it is not unreasonable to expect that the lowest mode
of the Gaussian photonic well, similar to that of the Har-
monic potential well, is the Gaussian envelopment function
with Hermit polynomials [50]. Accordingly, the fundamen-
tal mode of the reconfigurable photonic crystal resonator
is expected to assume the Gaussian shape. The smoothly-
varying Gaussian mode profile is known to be advantageous
in minimizing scattering losses by suppressing the radiating
k-components inside the light-cone [6]. This fact partly ex-
plains the high Q-factor of the fundamental mode exceeding
~ 10%. Figure 6a shows the electric-field amplitude profile
of the fundamental mode following a Gaussian curve closely.
One can also confirm that the radiating component inside

=~ _Sa)max' (1 (3)

the light-cone is sufficiently separated from the FT RPC
mode (to be explained in more detail in Sect. 5) in Fig. 6b.

3.2. Photonic well on photonic crystal slab with
no waveguide

Now let’s place a highly-curved microfiber on a square-
lattice photonic crystal slab, as shown in Fig. 7a. The for-
mation of a photonic well is easily predicted. The cutoff
frequency varies spatially along the microfiber as a function
of the air gap distance between the slab and the curved mi-
crofiber. As explained in Sect. 3.1, the spatial profile of the
cutoff frequency follows the Gaussian functional form again,
from the quadratic dependence of the air-gap distance and
the exponential nature of the evanescent field (dark yellow
line in Fig. 7¢). This fiber-induced photonic well is much
deeper than that formed in the existing photonic crystal
waveguide. However, remember that the 2-D photonic well
is induced without the assistance of the existing waveguide
and photon confinement along y direction (perpendicular to
microfiber) is much weaker than that along the waveguide
of 1-D counterpart. Relatively speaking, the area of equi-
cuttoff-frequency contour of the 2-D photonic well varies
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Figure 7 (online color at: www.lpr-journal.org) (a) Schematic of 2-D RPC resonator. (b) Electric field intensity of fundamental RPC
mode. (c) Cutoff frequency profile (left) and E, patterns of 2-D RPC modes at the slab center (s = 0) (right).
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much more sharply than that of 1-D photonic well and is
disadvantageous in supporting many modes. In our analy-
ses, only three resonant modes are identified in this deeper
2-D RPC.

Three RPC resonant modes are identified in the photonic
well through FDTD computations. Here the radius of the
curvature (R) of the microfiber is set to be R = 70 um. The
E, field profiles of the fundamental RPC mode (1st) and
higher-order RPC modes (2nd and 3rd) are shown in the
right side of the Fig. 7c. The line graphs of the E, profiles at
the center (y = 0) are overlapped with the spatial profile of
the cut-off frequency according to their resonant frequencies
in order to visualize photon confinement inside the Gaussian
photonic well. Red, orange, and blue lines correspond to
the 1st, 2nd, and 3rd RPC modes, respectively. The spectral
distance between resonant modes are predicted as large as
AA;(gap between 1st and 2nd RPC modes) = 11.3 nm and
A2, (gap between 2nd and 3rd RPC) = 6.5 nm. The funda-
mental (1st) RPC mode has a Q-factor of 25,900 and a high
collection efficiency into the microfiber of 80% (r = 0.35a).
Photons are confined in the proximity of the contact point
and evanescently coupled to the microfiber (Fig. 7b). The
mode-volume is calculated to be 2.4(A /n)3. The Q-factor
of the fundamental RPC mode can be further increased
up to 2.5 x 10° at the expense of the collection efficiency,
by destroying the phase matching conditions between the
fiber propagating mode and the fiber-induced resonant mode.
For example, the phase matching is adjustable by changing
the radius of air-holes. The higher-order RPC modes have
smaller Q factors and larger mode volumes than those of
the fundamental RPC mode. When r = 0.35a, Q-factors of
the 2nd and 3rd RPC modes are 3,880 and 1,480 and their
mode volumes are 6.0(A /n)? and 9.9(A /n)?3, respectively.

4. Microfiber-coupled re-locatable photonic
crystal cavity

4.1. One-dimensional relocation of
resonant cavity

Quaternary semiconductor photonic crystal slab W1-wave-
guides and highly-curved tapered microfibers (Fig. 8) [47,
51,52] are fabricated for the experiment. The 200-nm-thick

Figure 8
(b) Highly-curved microfiber.

(a) Fabricated photonic crystal slab waveguide.

InGaAsP slab contains the InGaAsP four quantum wells in
the middle as an active medium emitting near communica-
tion wavelength of 1,550 nm. The fabricated PhC InGaAsP
slab linear waveguide is 33-um-long with air-hole radius
of 0.30a. The radius of curvature and the diameter of the
microfiber are ~ 100 um and 1.0 um, respectively. A 980-
nm InGaAs laser diode is used as an optical pump source
and fed into one end of the tapered single mode fiber and
the photoluminescence spectrum of the reconfigurable res-
onator is collected from the other end using a wavelength
division multiplexing coupler [52] as shown in Fig. 9a.

pumping
(a)
—
P (. @0 ﬁ%ﬂr output
output 4
PhC resonator
(b)

Y
4 J
—
X WVisible CCD camera
Rotational Stage
{0=-3807)

Figure 9 (a) Schematic of experimental setup. (b) Coupling of
curved microfiber and photonic crystal resonator.

Measured lasing spectra of samples of different lattice
constants under the pumping condition which a peak power,
a pulse width and a duty cycle are 6.5 mW, 10ns and 1%,
respectively are overlaid in the dispersion diagram obtained
by 3-dimensional FDTD methods [53], as shown in Fig. 10.
The three lattice constants (418, 460, 512 nm) are chosen
to probe three waveguide modes, TE1-like (even), TE1-like
(odd) and TE2-like (odd) modes, available for the formation
of the RPC resonance. The respective mode profile at the
corresponding band edge is plotted in the inset of Fig. 10.
Note that all the measured normalized RPC lasing frequen-
cies (0.2913, 0.3119 and 0.3563) are found slightly below
the three photonic crystal guided modes, respectively. The
peaks other than the RPC modes can also be understood.
In fact, the other lasing modes are excited near the band
edge where the group velocity is very slow. The Fabry-Perot
fringe of the TE1-odd mode (¢ = 460 nm) in Fig. 10 comes
from the reflection at the two ends of the finite-length pho-
tonic crystal waveguide. The estimated length of the pho-
tonic crystal waveguide obtained from the measured fringe
spacing (AA = 8.3 nm) is 35 um, in reasonable agreement
with the length (~ 33 pm) of the fabricated photonic crystal
waveguide. The broad photoluminescence from 0.3130 to
0.3240 is attributed to the flat hill near the center of the
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For comparison purposes, the reference photolumines-
cence spectrum that closely represents the bare photonic
crystal waveguide is taken while the microfiber is kept
~ 100 nm above the slab, plotted as black lines in Fig. 11.
When the air gap size between the microfiber and the pho-
tonic crystal waveguide becomes larger than 100 nm, no
observable resonant mode is formed. However, the 980-
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Figure 11
nescence spectra for sample of different lattice constants: (a) 512 nm,
(b) 460 nm and (c) 418 nm. The red curve represents the spectrum with
microfiber in complete contact. Black curves are taken when microfiber
is placed ~ 100 nm above the slab. Dashed vertical lines indicate the

nm pump laser is still able to generate photoluminescent
electron-hole pairs in the quantum wells through evanescent
pumping. With the microfiber in contact, several reconfig-
urable photonic crystal modes are newly observed. The
red lines of Fig. 1 1a—c represent photoluminescence spectra
when the microfiber is in complete contact with the wave-
guide.

The 540-nm sample shows a clear single mode lasing at
1604.6 nm (Fig. 11a). In case of the 460-nm sample operat-

1560

1460 1480 1500 1520 1540

Wavelength(nm)

(online color at: www.lpr-journal.org) Measured photolumi-

photonic band edge. Inset of (b) shows expanded interference patterns.

of () is taken at low pump power of 2.5 mW.
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Figure 12 (online color at: www.Ipr-journal.org) (a) Transmission and photoluminescence spectra with fiber in contact. (b) Magnified
transmission spectrum showing two sharp RPC peaks. (c) Confirmation of the 3rd RPC mode using off-centered microfiber.

ing at 1589.3 nm (Fig. 11b), interference patterns reminis-
cent of Fabry-Perot resonances are observed in the spectral
windows of 1605.5-1680.1 nm and 1525.7-1582.0 nm. In-
terestingly from the 418-nm sample (Fig. 11c¢), rich lasing
behaviors are observed over a wide spectral range of 1534.4—
1542.2 nm even without the microfiber. Among many peaks,
the rightmost peak at 1547.6 nm in the red curve is asso-
ciated with the RPC mode. When the peak pump power
is decreased to 2.5 mW, only two rightmost lasing modes
at 1542.2nm and 1547.6 nm survive as shown in the in-
set of Fig. 11c. The lasing mode at 1542.2 nm is identified
as the first guided Fabry-Perot (FP) mode of the bare pho-
tonic crystal waveguide. Note that the wavelength difference
(AA = 5.4 nm) between the RPC mode and the first guided
FP mode agrees well with that (AA = 5.8 nm) obtained
previously by FDTD computation. All the other modes at
shorter wavelengths are attributed to the Fabry-Perot reso-
nance of the bare photonic crystal waveguide. Another way
of obtaining the reference photoluminescence spectrum is to
place the curved microfiber at the end of the photonic crystal
waveguide using the same experimental setup. No photonic
well can be formed in this case. This photoluminescence
spectrum represents the bare photonic crystal waveguide,
in contrast to the standard case of RPC modes as shown
in Fig. 11.

A straightforward method to identify the resonant mode
is traditional transmission measurement. In the current fiber-
coupled setup, this can be done easily by inputting a tun-
able diode laser and sweeping a wavelength around 1.5 pm
through one end of the single mode fiber and collecting the
transmitted output versus a wavelength on the other end.
This transmission experiment is performed for additional
confirmation of the RPC mode. To minimize optical ab-
sorption effects at the band tail of semiconductor quantum

wells, photonic crystal waveguides having TE1-even mode
cutoff frequencies smaller than the quantum well transi-
tion frequency are fabricated and tested. Even with these
samples (smaller material gain) made for the transmission
experiment multitudes of laser modes are easily excited
with sufficient optical pumping, as shown in the photolumi-
nescence spectrum (black curve) of Fig. 12a. For example,
two distinct RPC modes are noticeable below the cutoff fre-
quency.

The transmission data (blue curve) of this reconfigurable
resonator are shown in Fig. 12a—c. Observe two rightmost
RPC peaks (A > 1590 nm) that can be identified in both
transmission and photoluminescence spectra, at the same
respective spectral positions. In the enlarged transmission
spectrum of Fig. 12b, two distinctive resonant modes are
clearly identified in the spectral region below the cutoff
frequency. The spectral separations between the 1st and
2nd RPCL modes and the 1st RPCL mode and the guided
mode are 1.66 nm and 5.86 nm, respectively. These values
are in good agreement with FDTD predictions. The third
mode is not clearly shown in this Fig. 12b because of the
extremely small coupling strength. However, when the fiber
is finely displaced in the direction perpendicular to the linear
waveguide, the third RPC mode is faintly observable by
slightly improving mode-matching conditions, as shown
in Fig. 12¢c. Q-factors of the Ist, 2nd RPC modes and the
first waveguide FP mode are measured to be 5800, 4200,
and 3900 with the coupling efficiencies of 2.15%, 2.58%,
and 4.00%, respectively. Here, all the Q-factors seem to be
limited by the remaining absorption tail of quantum wells.

In the transmission spectrum of Fig. 12a, one can see
rich traces of photonic crystal guided FP modes in the spec-
tral region of 1560-1583 nm. The pronounced FP dip at
1578.0nm indicates strong optical coupling between the
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microfiber and the finite-size photonic crystal waveguide.
In fact, from the transmission spectrum of Fig. 12a, one
can construct a dispersion curve of the photonic crystal
waveguide mode. Remember that the minimum wave vector
interval (Ak, = a/2L) of 0.008 in the momentum space is in-
versely related to the finite length (L = 61a) of the photonic
crystal waveguide of interest. Then the dispersion curve
can be drawn as a simple collection of all the FP resonance
points in the transmission spectrum, placed at integer mul-
tiples of Ak, [51, 54, 55]. This Fig. 13 shows that all the
FP resonances in the transmission spectrum find their po-
sition smoothly on the calculated dispersion curve of the

== calculated dispersion wio fiber
0.255-: calculated dispersion with fiber
W @ guided FP modes
- e —— reconfigurable modes
2 e
& N
-] .oe
E N .
g 0.2864 - e @
o R
T
\g b T
e
—al
0.284 4 —
0.35 0.40 0.45 0.50

wavevector (ka/2r)

Figure 13 Construction of dispersion curve for photonic crys-
tal waveguide. Dots are constructed from guided FP peaks of
measured transmission data, imported from Fig. 12a. Each res-
onant frequency is equally space by the discrete wave vector
interval (Ak,) of 0.008. Note that three peaks corresponding to
the RPC modes are in a class characteristically different from the
waveguide mode.

TE1-even photonic crystal waveguide mode above the cutoff
frequency. From these analyses, the effective group index
(velocity) of the guided mode can also be deduced. The
effective group index up to 15 is estimated. In contrast to
this observation, the three RPC resonances do not fit to this
dispersion curve and find themselves at frequencies well be-
low the cutoff. Therefore, the physics associated with these
three new modes should be of different origin than that of
the guided mode. These are the reconfigurable photonic
crystal resonances created by the contact of the microfiber
with the photonic crystal waveguide.

4.2. Two-dimensional relocation of
resonant cavity

Square-lattice photonic crystals are fabricated on a 200-nm-
thick InGaAsP slab in which four quantum wells exist as an
active medium. The size of the pattern is 50 x 20 um?, which
is large enough to provide a room for two dimensional move-
ment. The Fig. 14a shows a scanning electron microscopy
(SEM) image of a fabricated square lattice photonic crys-
tal. The lattice constant («) and the air hole radius (r) were
530 nm and 0.35a, respectively. A curved microfiber is fab-
ricated by tapering a single mode fiber down to 1.0 um and
bent such that R is ~ 90 um. The sample is loaded on a
rotating stage and adjusted until the boundary of the pat-
tern is aligned with the microfiber by looking at the CCD
image. The boundary of the square pattern is in the I'-X
direction. Experimentally the microfiber can be aligned bet-
ter than 2 degrees along the I'-X direction, in which case
the O-factor degrades less than17%. A 980-nm diode laser
is pulse-pumped through one end of the curved microfiber
and the photoluminescence from the resonator is collected
evanescently using the same microfiber. The width of the
pump pulse is 20 ns at a frequency of 1.0 MHz.

Figure 14 (a) InGaAsP square-lattice photonic crystal
slab. (b) Highly-curved microfiber. (c) Infrared CCD im-
ages of RPC lasing spots. In-situ relocation of resonant
cavity is demonstrated by moving the microfiber using
a piezoelectric translator in real time. Dotted rectangle
indicates the boundary of photonic crystal pattern.

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. 5, No.4 (2011)

REVIEW
ARTICLE

489

(@)  Contact Position 1 (b} Contact Position 2

14=1509.8 nm 15=1515.T nm
50 =50
5
s 5
S =
g~ g =
C o 50

1480 1490 1500 1510 1520 1530
wavelength (nm)

1480 1490 1500 1510 1520 1530
wavelength (nm)

()  Contact Position 3 (d)  Contact Position 4

a0 25=1521.0 nm 50 ro=1537.8 nn
2 T
@ 60
=2 ,% -0
5 -0 5
% 80 8 80
=] 5]
-0 50

1480 1490 1500 1510 1520 1530 1540
wavelength (nm)

1500 1510 1520 1530 1540 1550
wavelength (nm)

Figure 15 Lasing spectra of 2-D RPC modes when the curved-
microfiber contacts on the various points of square lattice
PhC slab.

Laser oscillation is observed when the curved microfiber
is in contact with the photonic crystal slab and aligned along
the I'-X direction of the square lattice. In contrast, no las-
ing is observed along the I'-M direction. Repeated lasing
is achieved over the patterned area. The lasing wavelength
varies (1510-1540 nm) from position to position because
of the nonuniformity of the fabricated sample, as showin in
Fig. 15. The common feature of these photoluminescence
spectra in this figure is that two or three weak resonant peaks
appear at wavelength (frequency) shorter (higher) than the
strongest peak. The measured AA; (the gap between st and
2nd modes) are 8.3~ 12.0nm and AL, (the gap between
2nd and 3rd modes) are 7.8~ 9.4 nm. FDTD computations
predict 11.3 nm for AA; and 6.5 nm for AA,. Measured AL,
is slightly larger than the prediction and the discrepancy is
ascribed to the experimental variation of the contact con-
dition of the microfiber. The peak lasing threshold pump
power is about 650 uW. The large spectral separation be-
tween the lasing modes excludes the possibility of band
edge lasing and support lasing from microfiber-induced
RPC modes [1, 44,56-58]. In the case of the band edge
lasing, the spectral interval between the successive modes
is be <0.2nm estimated by the Fabry-Perot condition of
Ak = /L, where L (50 um) is the length of the photonic
crystal pattern.

The position of the lasing cavity is monitored from the
top using an IR CCD camera with a 20x objective lens
(N.A. = 0.42) by collecting the scattered laser light. The
repeatable re-location of the RPC is tested by detaching and
moving the curved microfiber to an arbitrary point on the
50 x 20-um?-wide two-dimensional photonic crystal plane
as shown in Fig. 14c. The dotted rectangle in this figure
indicates the boundary of the square-lattice photonic crystal
pattern. The black curve passing though the pattern is the
curved microfiber. The lasing wavelengths also show some

spread owing to the variation of the air hole size and the
curvature R.

5. Light extraction through microfiber

The tapered optical fiber used for the experiment is fab-
ricated by heating a single-mode fiber with a torch flame
and slowly pulling the fiber apart until a micron-size waist
region is created [59,60]. The effective index of microfiber
is about 1.2 when the fiber diameter is 1.0 um [47] and the
light coupling with the photonic crystal waveguide mode
occurs only for the propagating waves having wave vector
components near k, = 0.36 (= ky vacuum X Afiber ~ 0.3 X 1.2).
For the fundamental RPC mode where the radiation com-
ponents are smoothly suppressed as previously shown in
Fig 6b, the total optical loss is dominated mainly by the
coupling loss (transmission) into the microfiber. A quite
respectable coupling efficiency of ~ 26% is obtained the-
oretically for the non-modified W1-waveguide structure.
For further enhancement of the out-coupling efficiency, one
needs to get ideas in the wave vector space (k space) where
the real-space RPC mode is transformed into its conjugate
Fourier-transformed (FT) RPC mode. For efficient photon
coupling, the FT RPC mode should have a good overlap
with the wave vector components of the microfiber mode.
For example, one can increase the width of the FT RPC
mode in the k space or push the fiber-coupling line closer
to the FT RPC mode profile as shown in Fig. 6b.

To widen the extent of the FT RPC mode in the k space,
one needs to squeeze the size of the RPC mode in the real
space. In other words, a narrow photonic well is needed
for better photon transfer into the microfiber. The width of
photonic well is expressed as v2R - o in Eq. (2) and can
be controlled by modifying R and/or . The decay length
o that describes the extent of the evanescent field is de-
termined mainly by the refractive indices of the photonic
crystal waveguide and the surrounding dielectric. Therefore,
it is nearly independent on the detailed waveguide struc-
ture and the diameter of the microfiber. On the other hand,
the curvature of the microfiber can be changed rather eas-
ily. So, mechanical control of the curvature is a realistic
option for in-situ tuning of the photonic well. Figure 16
shows cutoff frequency profiles and energy distributions
for two situations with different radii of curvature, 70 um
and 20 ym, respectively. Observe that the resonant mode
is laterally confined inside the wavelength-scale Gaussian
photonic well.

The coupling efficiency, which is proportional to the
ratio of photon density in the microfiber to that in the cav-
ity, increases with the decrease of the radius of curvature.
When R = 20 um, the coupling efficiency can be made as
large as 80%, with Q-factor and mode volume of 70,000
and 1.9(A /n)3, respectively. Figure 17 summarizes the cou-
pling efficiency and Q-factor as a function of the radius of
curvature R. Note that the total Q-factor decreases when
the coupling efficiency increases. The reduction of the to-
tal Q-factor is naturally attributed to the transmission into
a microfiber. The near-field intensity profiles at the center
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vature variation on the Q-factor and coupling efficiency of the
fundamental 1-D RPC mode.

of the slab for different curvatures are also plotted in the
right hand side of Fig. 18. The width of the Gaussian profile
directly follows that of the photonic well. In practice, the
lower bound of the radius of curvature is limited by the
fiber’s tension and the bending loss. Actually, the smallest
radius of curvature experimentally fabricated is 70 pm.

The coupling efficiency can also be controlled, without
modifying the fiber shape, by moving the fiber-coupling line
closer to the FT RPC resonance in the Fourier-transformed
k space, as indicated in Fig. 6b. The position of the fiber-
coupling line is determined by the two parameters, the ef-
fective index of the microfiber and the resonance frequency.
Therefore, if one is able to manipulate the resonant fre-
quency, the k-space fiber-coupling line can also be moved
closer to the FT RPC resonance. The coupling efficiency
tends to increase with the normalized frequency. Two meth-

a moderately large Q-factor can be realized.

In the case of the 2-D RPC modes, the wave vector is
smaller than that of the 1-D RPC mode. Therefore, the phase
matching with the low-index silica fiber mode is better satis-
fied and the higher coupling into the microfiber is expected.
A theoretical collection efficiency of 80% (r = 0.35a) is ob-
tained from the fundamental RPC mode that has a Q-factor
of 25,900.

Table 1 Quality factors (Q), modal volumes (Vq), coupling ef-
ficiencies (1) and resonance-gaps (AA) for 1-D and 2-D RPC
modes. Al(a_b) represents the spectral gap between ath and bth
modes. The values in parentheses show the measured data.

Vet M Mg Mg
RPC mode 0 (A /n)3 (%) (nm) ()
I-DRPC  13x10° 26 26 18(.7) 1.7(12)
2-D RPC 2.6 x 10* 2.4 80 11.3(10.2) 6.5(8.6)
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6. Spectral tuning of resonances

The spectral tunability is another interesting feature of the
microfiber-coupled RPC resonator, in addition to the spatial
reconfigurability explained so far. The basic physics is the
control of the dimension of the photonic well. One can
expect the shift of the resonant frequency under the physical
perturbation of the photonic well. Remember that the width
of photonic well increases with the product of the radius of
curvature of the microfiber (R) and the decay length (o). In
the experiment, one can adjust the curvature of microfiber
slightly by pushing down or pulling up the microfiber, in a
repeatable fashion, as depicted in Fig. 20. As one moves the

microfiber toward the slab, the microfiber sticks suddenly to
the photonic crystal, once the distance between the two hits
a certain lower bound. This static attractive force is believed
to be the van der Waals force. As soon as the contact is
made, the radius of curvature jumps discretely to a smaller
value of 109 pym from 116 pm as shown in Fig. 20b. Once
contacted, the microfiber tends to stay there until sufficient
vertical pulling force is applied. Therefore, if one applies a
not-too-large upward force, the shape and curvature of the
microfiber are deformed without being detached, as shown
in this figure (¢) and (d). The radius of curvature can be
adjusted from 109 um to 105 pm. On the other hand, if one
pushes down the microfiber after the contact, the radius of
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Figure 20 (online color at: www.lpr-journal.org) Images showing
deformation of microfiber. Setup of Fig. 9b is used for these pic-
tures.

curvature increases. In this case, however, the microfiber
tends to slip away from the initial position when applying
the downward force. Pushing down the curved microfiber is
not a dependable way of the spectral tuning.

Effect of curvature variation is summarized in Figs. 21
and 22. The radius of curvature is directly related to the size
of the reconfigurable cavity and the resonance wavelength
is found to increase with the radius of curvature. The tuning
range is measured to be 0.57 nm (Fig 22), about 0.03% of
the resonance wavelength. In fact, sub-nanometer spectral
tuning is easily achieved experimentally. The tuning range
is related to the depth of the Gaussian photonic well. Exper-
imental curvature dependence of the resonant wavelength
and Q factor is shown in Fig.21a. The 1st RPC mode at
the bottom of the Gaussian photonic potential well experi-
ences the smallest spectral shift. Computationally, when the
radius of curvature is varied between 104 um and 109 um,
the relative spectral shifts of the 1st and 2nd RPC modes
are estimated to be 0.01%, 0.03%, respectively (Fig. 21b).
In general, for resonant modes originating from the TE1-
even photonic crystal waveguide mode, the lower-frequency
resonant mode (where the group index is larger) should un-
dergo the smaller spectral shift upon external perturbation.
Unlike this expectation, the spectral shift (~0.57 nm) of
the smaller-frequency RPC mode is measured to be larger
than that (~ 0.42 nm) of the higher-frequency FP mode, as
shown in Fig. 22. This is one of the unambiguous evidences
that those RPC modes near 1594 nm are characteristically
different from the band edge mode.

In the 2-D RPC configuration, the broader spectral tun-
ing is easily achieved. The spectral tuning is measured by
adjusting the curvature of the microfiber at a fixed pump
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Figure 21 (online color at: www.lpr-journal.org) (a) Effects of

curvature variation on resonance wavelengths and Q-factors of
measured 1-D RPC modes. (b) Calculated resonant frequencies
of 1-D RPC modes.
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Figure 22 (online color at: www.lpr-journal.org) Spectral tuning
of 1-D RPC resonator. Four transmission spectra are taken from
one sample by varying the curvature of microfiber.

power of 5 mW as shown in Fig. 23. Actually, lasing spectra
are taken by gradually pulling the curved microfiber up, de-
creasing R. The wavelength of the 1st RPC mode redshifts
by 8.4 nm, from 1497.1 to 1505.5 nm. Note that this tuning
range is larger than that of the 1-D RPC configuration, by
more than an order of magnitude.
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Figure 23 (online color at: www.lpr-journal.org) Spectral tuning
of 2-D RPC modes. The lasing wavelength redshifts 8.4 nm, from
1497.1 nm to 1505.5 nm.

7. Summary

Researchers working in nanophotonics have been search-
ing for various means to utilize the strong Purcell effect
inherent to wavelength-scale resonators having high Q/V
values. Encouraged by the availability of the high-Q semi-
conductor photonic crystal resonator, the incorporation of
a single quantum dot into a high-Q/V cavity has become a
realistic experimental option for the solid-state single pho-
ton source [61-63]. The challenging task has been the good
overlap of two resonances, the quantum dot and the pho-
tonic crystal resonance, of different nature. The precise
and simultaneous spatial-overlap and spectral-overlap be-
tween the cavity resonance and the quantum dot have been
dearly sought after [64]. Thanks to the advancement of
nanofabrication and coupling techniques, placing a ‘right’
(resonant frequency) quantum dot at a ‘right’ place (anti-
node) have become a realistic experimental task that can
be challenged [33, 65]. The on-demand reconfigurable pho-
tonic crystal resonator reviewed here is one option that
can answer these questions experimentally. The microfiber-
coupled RPC resonator is advantageous because it can be
defined repeatedly, simply by moving a curved microfiber.
The efficient out-coupling into a single mode fiber can also
be achieved at the moderate expense of the Q-factor. More-
over, nanometer spectral tuning capability that is available
by changing the curvature of the microfiber is a handy op-
tion available in the RPC resonator. The reconfigurable pho-
tonic crystal resonator enables all three critical requirements
(the spatial overlap, the spectral overlap, the efficient out-
coupling) at the same time and could be a viable candidate
platform for the single photon source. If an artificial atom
(quantum dot) can be inserted in a wavelength-scale pho-
tonic crystal cavity with authority, one is able to perform
cavity quantum electrodynamics experiment using a semi-

conductor micro-chip. And a new era of semiconductor
cavity quantum electrodynamics can be envisioned.
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