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ABSTRACT

Here we discuss the experimental characterization of the spatial far-field profiles for the confined modes in a
photonic crystal cavity of the L3 type, finding a good agreement with FDTD simulations. We then link the
far-field profiles to relevant features of the cavity mode near-fields, using a simple Fabry-Perot resonator model.
Finally, we describe a technique for independent all-electrical control of the wavelength of quantum dots in
separated L3 cavities, coupled by a waveguide, by electrical isolation via proton implantation
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1. INTRODUCTION

Two-dimensional photonic crystal (PhC) nanocavities in a planar waveguide have found applications in different
fields such as nanolasers, nonlinear optics and quantum information processing.1, 2 Like other resonators, they
are essentially characterized by two figures of merit: the cavity quality factor, Q, and the effective confinement
volume of each mode, Vmode.

3 The quality factor is proportional to the photon lifetime in the cavity which
depends on the cavity losses to the external world. The mode volume is a quantitative measure of the spatial
confinement of the electromagnetic mode. In most applications, it is crucial to maximize the Q/Vmode ratio. For
example, the Purcell factor, which measures the enhancement of the spontaneous emission rates for atoms reso-
nant with a cavity is directly proportional to this latter figure of merit. In PhC nanocavities the mode is strongly
confined to a very small volume, on the order of (λ/n)3, where λ is the mode wavelength. In a planar membrane
nanocavity, in-plane confinement is provided by spatial localization on a structural defect in a perfectly periodic
PhC with photonic band-gap, while out-of-plane confinement is given by total internal reflection between the
slab and the air cladding (assuming a suspended membrane as a planar waveguide). Very high quality factors,
in the range 104-106 have been demonstrated.4–6 In particular, the L3-type, consisting of three missing holes in
a triangular lattice, was the first PhC cavity to show quality factors larger than 104.4

Here we discuss two topics related to L3 PhC cavities. In Section II, we address the experimental charac-
terization of the far-field of the two modes of L3 cavities, linking properties of the far-field profiles to device
parameters via a simplified Fabry-Perot model. In Section III, we focus on a system of two L3 cavities coupled
by a waveguide, demonstrating that it is possible to voltage-tune the quantum dots in each cavity independently
from one another by electrically isolating the two sample areas via proton implantation.
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2. FAR-FIELD OF PHOTONIC CRYSTAL CAVITY MODES

Most experiments coupling single quantum dot emitters to a nanocavity exploit the lowest-energy mode.7, 8 How-
ever, higher order modes can still be important for efficient pumping in nanocavity lasers,9 selective excitation
of quantum dots embedded within the cavity,10, 11 or mutually coupling quantum dots in different spatial posi-
tions.12 The spectral mode structure for L3 cavities has been investigated by Chalcraft and coworkers13 who
compared the calculated resonant energies, quality factors and emission polarizations for the lowest-order modes
with experimental data.

Here we report an experimental and theoretical investigation of the spatial far-field profile of the out-of-plane
emission for the two lowest-order modes of L3-type PhC nanocavities. The characterization of the out-of-
plane far-field emission for PhCs is extremely important for single-photon source applications, since the emitted
radiation must be efficiently collected into a fiber. Moreover, in cavity-QED applications, like the ones based
on dipole-induced reflection in the one-dimensional atom approximation, mode-matching to an external optical
field is crucial.14, 15 Therefore, quite some research has been recently devoted to get a beam-like vertical emission
from PhC nanocavities16–19 for the fundamental mode. Here we extend previous works by analyzing the far-field
emission properties of both the fundamental and the second-order mode, introducing a simple model to estimate
the essential far-field characteristics of a given near-field mode profile.

We investigated a sample consisting of a 180 nm GaAs membrane grown by molecular beam epitaxy on top
of a 0.92 μm Al0.7Ga0.3As sacrificial layer on a GaAs substrate. An In0.4Ga0.6As quantum dot layer is grown at
the center of the GaAs membrane by depositing 10 periods of 0.55 Å-thick InAs and 1.2 Å-thick In0.13Ga0.87As.
The L3 PhC cavities were fabricated on the sample using standard electron beam lithography and reactive ion
etching techniques.20, 21 The lattice constant of the triangular hole lattice is a = 240 nm. The L3 cavity design
was modified for Q optimization (see modified holes in Fig. ??).22, 23 According to theoretical predictions based
on a guided-mode expansion method,24 the cavity supports two confined modes, with resonances respectively

at λ
(th)
1 = 987 nm (theoretical Q-factor Qth ∼ 180000) and λ

(th)
2 = 957 nm (Qth ∼ 15000). Experimentally,

we measured the first-order mode with a Lorentzian profile centered around λ1 = 982.5 nm and full-width at
half-maximum (FWHM) 0.195± 0.002 nm, hence an experimental Q-factor Q ∼ 5000. On the other hand, the
second-order mode has a less perfect Lorentzian lineshape centered around λ2 = 956.4 nm with FWHM 0.63±0.03
nm, and an experimental Q-factor Q ∼ 1500. Experimental quality factors are lower then the predicted ones due
to scattering from fabrication imperfections25 and possible absorption from sub-bandgap trap levels and surface
states.26

The sample was placed in a He-flow cryostat at about 5 K and illuminated above the GaAs bandgap with a
few mW laser beam (wavelength 780 nm) on a few μm2 spot. The photoluminescence from the quantum dot layer
embedded in the membrane was collected in the direction normal to the membrane using a microscope objective
with numerical aperture NA = 0.8 and spectrally analyzed with a spectrometer (resolution 5.5 GHz/pixel). To
perform a direct measurement of the far-field emitted intensity at each resonant mode frequency, the filtered
photoluminescence at the back focal plane of the microscope objective is imaged. Given a characteristic size of
the near-field emission, a ∼ 500 nm, at a wavelength λ ∼ 1 μm the Fresnel number is F = a2/(Lλ) ∼ 0.01, well
in the far-field regime (L ∼ 2 mm). The far-field was imaged on an intensified CCD camera by a lens with focal
length 40 cm in a 2f − 2f configuration. To make sure that we were looking at the microscope objective back
focal plane, we adjusted the lens to see the sharp image of the objective edge on the CCD. This sharp edge was
used to calibrate the numerical aperture scale of the far-field images, assuming that the sharp edges correspond
to the NA = 0.8 of the objective employed. An interference filter (bandwidth 1 nm) was used to spectrally select
the mode of interest. Images were collected after integrating for 30 s and the background noise was removed by
subtracting an image taken with a slightly tilted interference filter.
The experimental far-field spatial emission profiles for the first-order and second-order modes are shown in the
two larger plots on the bottom side of Fig. 1, together with the far-field projections obtained from FDTD sim-
ulations (smaller insets) using the procedure introduced by Vuckovic et al.27 The first-order mode exhibits a
centrally illuminated area extending to about NA ∼ 0.5, with a ring-like structure inside (NA ∼ 0.2), matching
the low-NA portion of the simulated far-field. The simulated far-field suggests that most of the light from the
first-order mode is emitted in two high-NA lobes, which are not collected at all by our set-up. The far-field
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Figure 1. Top: sketch of the L3 photonic crystal cavity used in the experiments. Given a design radius R for the holes,
the two holes closest to and in-line with the cavity have reduced design radii R′ = 0.75R.22 The small holes are shifted
from their lattice positions out from the center of the cavity by a fixed quantity (55 nm). Finally, the third holes (i.e.
two holes away from the small holes) are shifted from their lattice positions out from the center of the cavity by 45 nm,23

to further increase the theoretical Q. Bottom: experimentally measured far-field profiles for the two cavity modes and
comparison with the corresponding FDTD simulations.

profile for the second-order mode consists of two lobes, whose center is at a minimal NA ∼ 0.3.

3D FDTD simulations can predict the far-field emission properties of PhC cavity modes with quite high
accuracy. However, they give little physical insight on how the detected features of such far-field profiles can be
related to specific device parameters. Here we will show that the essential features of the experimental data can
be reproduced by a simple model, elaborated from the proposal of Sauvan and coworkers.28 For a line of N ≥ 3
missing holes, the PhC nanocavity can be described quite accurately by a Fabry-Perot resonator, in which the
fundamental Bloch mode of a single-line-defect PhC waveguide is trapped between two PhC mirrors of modal
reflectivity r(λ). The properties of such a cavity are shown to depend only on three parameters, namely the
group index ng of the Bloch mode, the reflection coefficient r(λ) of the mirrors and the effective cavity length L.

Let us consider a one-dimensional Fabry-Perot resonator, with the field intensity profile varying sinusoidally
in the cavity region and exponentially decaying in the mirror regions, with characteristic penetration depth
δ. The far-field profile can be obtained from the near-field using the procedure introduced by Vuckovic and
coworkers.27 According to the surface equivalence theorem, all the information about the far-field profile can be
obtained from equivalent electric and magnetic currents, Js = n ×H and Ms = −n× E, which depend on the
in-plane near field components:

Nx = −FT2(Hy) Ny = FT2(Hx)
Lx = FT2(Ey) Ly = −FT2(Ex)

(1)

where FT2 denoted the two-dimensional Fourier transform. These equivalent currents are used to calculate the
retarded vector potential of the electromagnetic field, which in the far-field can be related to Fourier transforms
of the near-fields. The radiation intensity per unit solid angle can be calculated as:

K(θ, ϕ) =
η

8λ2

(∣∣∣∣Nθ +
Lϕ

η

∣∣∣∣
2

+

∣∣∣∣Nϕ − Lθ

η

∣∣∣∣
2
)

(2)

where η =
√
μ0/ε0 is the impedance of free-space and λ is the mode wavelength. The radiation vectors in
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Figure 2. Far-field results for the one-dimensional Fabry-Perot model (first and second-order modes). On the left side,
expected near-field profile considering a Fabry-Perot cavity with DBR mirrors with varying penetration depth δ. On the
right side, corresponding far-field profiles calculated from Eq. 4. For the first-order mode, in the region |kx|/k0 < 0.5,
there is a single peak centered at kx/k0 = 0 for small penetration depth. This peak flattens and broadens on increasing
penetration depth. For large enough penetration depth, the central peak splits into two smaller peaks. The second-order
mode, in the region |kx|/k0 < 0.5, consists of two peaks that split further and further out for increasing penetration depth
δ.

spherical coordinates can be expressed from their cartesian components as:

Nθ = (Nx cosϕ+Ny sinϕ) cos θ
Nϕ = −Nx sinϕ+Ny cosϕ ,

(3)

and similarly for L. For simplicity, here we consider just the electric field components, so that only Lx is
relevant in Eq. 2. Let’s consider a separable electric field distribution Ey(x, y) = α(x)β(y). The component Lx

is separable as well: Lx = α̃(kx)β̃(ky), where α̃ and β̃ are the one-dimensional Fourier transforms of α(x)and
β(y), making:

K(θ, ϕ) ∝ |α̃(k0 sin θ cosϕ)|2|β̃(k0 sin θ sinϕ)|2×
× (

cos2 ϕ cos2 θ + sin2 ϕ
) (4)

In a simplified one-dimensional model, β(y) is narrow in real-space, so its Fourier transform is wide and can be
neglected (|β̃(ky)|2 ∼ 1). If we look at the far-field distribution along the x-axis we select ϕ = 0, so that the
resulting one-dimensional far-field profile is:

K(θ) ∼ |α̃(k0 sin θ)|2 cos2 θ (5)

or, in terms of transverse wavevectors: K(kx) ∼ |α̃(kx)|2(k20 − k2x).

The resonance frequency for the modes can be found setting the condition that the total phase acquired by
the Bloch mode traveling back and forth is a multiple of π (2kmL = mπ), which results in:

km =
mπ

2L
(6)

Let us start with a perfectly confined mode, with no penetration into the mirrors (δ = 0). In this case the field
is given by:

αδ=0(x) = Π
( x

L

)
ei(kmx+φm) + c. c. (7)

Proc. of SPIE Vol. 8425  84250C-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/25/2013 Terms of Use: http://spiedl.org/terms



where Π(x) is the rectangular function, Π(x) = 1 for |x| < 1/2 and zero elsewhere. The phase φm is set by the
boundary conditions: φm = 0 for m even (cosine-like solutions) and φm = π/2 for m odd (sine-like solutions).
From Eq. 4:

K1(θ) ∼ ∣∣eiφmSinc
[
mπ
2 (sin θ − 1)

]
+

+e−iφm Sinc
[
mπ
2 (sin θ + 1)

]∣∣2 cos2 θ (8)

Including the penetration depth δ into the model, a simple near-field profile can be taken as a superposition
of Π

(
x
L

)
and two exponentially-decaying wings, as follows:

α(x) =
[
Π
(
x
L

)
+H

(
x− L

2

)
e−(x−L/2)/δ +

+H
(−x− L

2

)
e−(−x−L/2)/δ

]
ei(kmx+φm) + c. c.

(9)

where H(x) is the Heaviside function (H(x) = 1 for x > 0, H(x) = 0 for x < 0). The part around x = 0 (Π
(
x
L

)
)

gives the same Fourier-transform as in Eq. 8 (which we label α̃1(sin θ))), while the left and right-side exponential
decay regions give the following:

α̃2(sin θ) ∼ eiφm eim(π/2)(sin θ+1)

δ/L−imπ(sin θ+1) + e−iφm eim(π/2)(sin θ−1)

δ/L−imπ(sin θ−1)

α̃3(sin θ) ∼ eiφm e−im(π/2)(sin θ±1)

δ/L+imπ(sin θ±1) + e−iφm e−im(π/2)(sin θ−1)

δ/L+imπ(sin θ−1)

(10)

All the quantities depend on the ratio δ/L between the penetration depth and the cavity length. The far-field
profile can be calculated to be:

K1(θ) =

∣∣∣∣∣∣
3∑

j=1

α̃j(sin θ)

∣∣∣∣∣∣
2

cos2 θ (11)

Fig. 2 shows the expected far-field profiles for the first and second-order modes for different values of the
penetration depth, δ. The first-order mode exhibits a central peak (centered at k = 0) and two outer lobes as
predicted by the FDTD simulations. We see that, for increasing penetration depth, the two main outer lobes
become narrower in k-space and more outward, while the central peak broadens and flattens. A similar behavior
can be observed in the second-order mode. Here, the far-field profile is given by two central peaks and two
outer lobes, and again, for increasing penetration depth δ the two outer lobes move outwards and become more
localized.

3. COUPLED PHOTONIC CRYSTAL CAVITIES

A long-term goal for solid-state cavity-QED would be to combine on a single chip multiple cavities, each one
embedding a single emitter, and connect them through waveguides. This would be a basic building block for
a scalable quantum information processing architecture, allowing the implementation of multi-atom entangled
states via photon manipulation.29–31 Furthermore, coupled cavity arrays have been proposed as a quantum
simulation tool to investigate the dynamics of quantum many-body systems, originally encountered in condensed-
matter physics (like the Bose-Hubbard or Heisenberg models).32, 33 Interesting physics has also been predicted
for driven dissipative arrays of few coupled photonic crystal cavities with single-photon nonlinearities34–37

Photonic crystals are an ideal platform to implement these kind of experiments because defect cavities can
easily be integrated with waveguides in the same planar photonic lattice structure.38, 39 Because of the large
quantum dot ensemble frequency spread of self-assembled InGaAs quantum dots during the growth process,
independent frequency control of spatially separated quantum dots in each cavity is a prerequisite for the im-
plementation of any experiment. Currently existing methods designed to independently tune different quantum
dots have significant limitations. Temperature tuning via local heating40 works only for high enough distances
between the QDs and, below about 50K dephasing is increased. Lateral electric field tuning of quantum dots in
Schottky diode devices has also been studied,41 but it provides limited QD emission wavelength tuning ranges
and does not allow for deterministic charge control of the QD.
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Here, we demonstrate an all-electrical mechanism, by implanting protons in a localized area which electrically
isolates regions of quantum dots embedded in a diode structure.42 Ion or proton implantation is used in semicon-
ductor processing as an isolating technique, since it causes free carrier compensation in a doped semiconductor
layer through either irradiation-induced damage or chemically-related deep levels.43 We show that quantum dots
in two spatially-separated waveguide-coupled cavities can be tuned independently, and we also demonstrate that
the cavities are optically coupled by pumping one and detecting emission in the other. Our tuning mechanism
is robust and scalable, and could be used to independently tune quantum dots laterally separated by as little as
3 μm.

The sample consists of a 180 nm GaAs membrane grown by molecular beam epitaxy on top of a 0.92 μm
Al0.7Ga0.3As sacrificial layer on a GaAs substrate. The In0.4Ga0.6As quantum dot layer is grown in the center
of the GaAs membrane by depositing 10 periods of 0.55 Å of InAs and 1.2 Å of In0.13Ga0.87As. We used a p-i-n
diode design by growing doped layers within the membrane: 30 nm thick p-doped (2 × 1019/cm3) and n-doped
(2× 1018/cm3) GaAs layers are grown as the top and bottom layers of the GaAs membrane, respectively.

Figure 3. On the top figure, SEM image of the two waveguide-coupled L3 cavities. The darker area perpendicular to the
waveguide corresponds to the proton-implanted region. On the bottom row, photoluminescence from the left (b) and right
(c) cavities when applying voltage to the right area. No voltage dependence of the photoluminescence can be detected on
the left cavity when applying a voltage on the right cavity, due to electrical isolation provided by proton implantation.

Two sets of electrical contacts were fabricated in order to test the proton implant isolation barrier and
independent tuning scheme. Because the doped layers are very thin, the sample must be etched to nanometer
accuracy to make good electrical contacts to the buried n-doped layer. We use a citric acid/H2O2 etch to expose
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the n-doped layer. The n-contact metal consists of Ni/AuGe/Ni/Au which is evaporated and annealed. The p-
contact metal is evaporated Ti/Pt/Au. After the contacts are defined, we deposit 200 nm of Si3N4 on the sample
to protect the surface during the proton implant procedure and to maximize the number of protons delivered
to the p-doped layer at the specific calculated implant energy. We then perform a final photolithography step
to expose the areas in which the proton implant isolating barriers will be created. We defined strips of 1 and 2
μm width in between the two sets of electrical contacts, while the rest of the sample area remained protected
by photoresist. To effectively remove the carriers in the p-doped layer, the proton implant dose and energy are
calculated using the TRIM (Transport of Ions in Matter) simulator.44 We performed a proton implantation using
a dose of 5× 1014 cm−2 and implant energy of 35 keV in order to electrically isolate the two sets of contacts.

After proton implantation, we fabricated columns of photonic crystal devices across the proton implantation
region, using electron beam lithography, followed by reactive ion etching to define the pattern in the membrane
and a HF undercut etch to remove the sacrificial layer. The sample layout is shown in Fig. 3a. The photonic
crystal devices consist of two L3-type defect cavities separated by approximately 7.5 μm and coupled by a
photonic crystal waveguide. The proton implant region cuts through the approximate center of the waveguide
in order to electrically isolate the two cavities.

The sample was tested by pumping it with a 780 nm in a flow cryostat and collecting photoluminescence from
each of the cavities with a single-mode fiber for spatial selectivity. The output of the single mode fiber was sent
through a spectrometer and detected on a CCD. The tuning mechanism was tested by keeping one side of the
device at a constant voltage and scanning the voltage across the other side of the device. The results are shown
on the bottom of Fig. 3. When the voltage was scanned across the detected cavity, clear Stark shift tuning of
the quantum dot emission lines was observed over 2 nm range (right-end side); when the voltage was scanned
across the opposite side of the device, the spectrum showed no voltage dependence (left-end side). The same
was true for all measured devices, proving that the proton implantation completely isolates electrically the two
contact regions.
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