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Measurement of bound states in the continuum by
a detector embedded in a photonic crystal
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We directly measure optical bound states in the continuum (BICs) by embedding a photodetector into a photonic crystal slab.
The BICs observed in our experiment are the result of accidental phase matching between incident, reflected and in-plane waves
at seemingly random wave vectors in the photonic band structure. Our measurements were confirmed through a rigorously
coupled-wave analysis simulation in conjunction with temporal coupled mode theory. Polarization mixing between photonic crys-
tal slab modes was observed and described using a plane wave expansion simulation. The ability to probe the field intensity
inside the photonic crystal and thereby to directly measure BICs represents a milestone in the development of integrated

opto-electronic devices based on BICs.
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INTRODUCTION

A two-dimensional periodic lattice of holes in a slab of material with a
high refractive index, i.e., a photonic crystal slab (PCS), can exhibit a
great number of fascinating optical phenomena'™. Some of these
effects, which are intimately related to the in-plane periodicity of the
photonic crystal, have been judiciously exploited to develop integrated
photonic circuits®, enhance light-matter interactions®, create lasers
with a lower threshold” or superior far-fields®, design optical detectors
with higher performance®~!! and even efficiently convert the frequency
of light'2. In the past, PCSs were often approximated as 2D photonic
crystals in an effective index material, which is a useful model to
describe the optical properties originating from the in-plane periodi-
city of a photonic crystal'>, The problem with this model is that it
completely ignores interference effects between the out-of-plane
interfaces. Finite difference time domain (FDTD) simulations are able
and frequently used to calculate the exact field distribution in PCSs
but are time consuming and provide little insight. For these reasons,
the existence of bound states in the radiation continuum (BICs) has
been reported only recently, even though photonic crystal slabs have
been subject to research for more than a decade. BICs have been
demonstrated in photonic crystals first at the I'-point, where the BIC
originates from geometric symmetry'#. Analogous phenomena, where
a photonic bound state is decoupled from the continuum by
symmetry, were reported earlier in other photonic structures,
e.g., distributed feedback lasers and waveguide arrays'>®. More
recently, another type of BIC has been reported in PCSs, where the
BICs are the result of accidental phase matching between in-plane and

surface coupling waves at special points in the photonic band

17719 These off-I' BICs exist at seemingly random wave

structure
vectors. Hence, the analysis of off-I" BICs requires a model that
includes not only geometric symmetry and in-plane coupling but also
coupling via the continuum.

In this paper, we demonstrate direct measurements of BICs using a
photodetector embedded into a PCS. We propose a 3D rigorous
coupled wave analysis (RCWA)?® to analyze BICs and compare the
theoretical results with the measured photonic band structure. This
measurement technique allows us to directly measure the field
intensity inside the PCS without an elaborate external optical setup.
For the first time, this paper demonstrates an opto-electronic device
that can directly measure optical bound states in the continuum. We
discuss the fabrication of our PCS detector in the second section of
this paper and explain the experimental setup. We compare the
experimental measurements of the PCS band structures to those
obtained using the 3D RCWA.

The photonic band structure of PCSs is far more complex than a
2D photonic crystal band structure. PCSs support higher order slab
modes, which can couple to each other if they have some component
of the same symmetry. To provide an intuitive understanding of the
photonic band structure, we implemented a 2D plane wave model
specifically designed for PCSs?*"?2, which allows the analysis of mode
symmetry and polarization mixing. In the third section of this paper,
we describe polarization mixing in the photonic band structure.
Finally, we report on the first direct measurement of a BIC using an
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embedded photodetector and provide a model for the detector
response at the BIC based on temporal coupled mode theory.

MATERIALS AND METHODS
Our PCS detectors are processed from an active photodetector
material, consisting of a series of GaAs quantum wells separated by
AlGaAs barriers. This type of photodetector is called a Quantum Well
Infrared Photodetector (QWIP)?**%, Band structure engineering
allows precise control of the peak absorption wavelength and
absorption magnitude. The GaAs/AlGaAs heterostructure of the
QWIP is grown by molecular beam epitaxy on a semi-insulating
GaAs substrate. First, a 2-pm-thick AljgsGagsAs sacrificial layer is
grown. Later, this layer is selectively etched to obtain a free standing
slab that confines the modes vertically. The QWIP consists of 26
periods of 4.5-nm-thick GaAs quantum wells separated by 45-nm-
thick Aly3Gag;As barriers. The quantum wells are doped (6 =4 x 10!
cm~2) to supply carriers for the absorption process. Electrical contacts
are formed by a 350-nm-bottom and 100-nm-top doped contact layer.
The total thickness of the slab consisting of the quantum well
heterostructure and both contact layers is 2 pm. This thickness is
required to provide sufficient mechanical strength of the membrane.
The design wavelength for the peak absorption of the QWIP is 8 pm.
Fabrication of the device starts with reactive ion etching of the
photonic crystal holes through the slab into the sacrificial layer. The
mesa for the device is chemically etched in a solution of H;PO,:H,0,:
H,0 =3:2:40. Top and bottom contact layers are electrically insulated
with a 400-nm-thick Si3Ny layer deposited by plasma-enhanced
chemical vapor deposition. To provide electrical contacts, windows
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Figure 1 (a) SEM image of a cleaved PCS (left) and a schematic sketch
of the device (right). The photonic crystal is processed into the active
photodetector material. The photocurrent is collected via doped contact
layers on the top and bottom of the suspended PCS membrane.
(b) Measurement setup consisting of (left to right) the FTIR, an aperture,
a polarizer, a lens and the measured PCS photodetector, mounted inside
a liquid He cryostat.
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are opened into the Si3Nj isolation by reactive ion etching and Ge/Au/
Ni/Au metal contacts are deposited by electron beam evaporation. The
sample is annealed at 430°C to form ohmic contacts. The last
processing step is selective under-etching of the slab with HCI
(32%) to remove the sacrificial layer below the photonic crystal.
Figure 1la shows a scanning electron microscope (SEM) image of a
finished device (left) compared with a schematic sketch (right).
Mechanical stress accumulated during the epitaxial growth limits the
size of the photonic crystal to approximately 100X 100 pm. Larger
membranes tend to collapse during fabrication.

Figure 1b shows the measurement setup for the PCS photodetector.
Spectral characterization of the device is performed using Fourier
transform infrared spectroscopy (FTIR). Inside the FTIR, a Globar
source emits broadband radiation in the mid-infrared. The light is
focused onto the sample using a ZnSe lens with a 2” focal length. To
narrow the incidence angle of illumination onto the sample, an 8§ mm
aperture is placed in front of the lens. The resulting opening angle is
approximately 4°. The sample is mounted inside a liquid He cryostat
to operate the photodetector at 30 K, which minimizes electrical noise
through thermal carrier excitation®®. After pre-amplification, the
photocurrent from the sample is fed back into the FTIR to calculate
the spectral response of the device.

The design of the device is similar to that of resonant photo-
detectors, but with a significantly higher doping concentration.
A QWIP fabricated as a photonic crystal resonant photodetector
would typically be doped two orders of magnitude lower!®. In
resonant photodetectors, the absorption coefficient is kept sufficiently
low to achieve large resonant absorption enhancement and high
performance gain®>. In contrast, to accurately measure BICs, the
doping concentration is tailored to be high enough that quantum well
absorption is the dominating loss mechanism in the system. This point
will be discussed in detail below. Because BICs arise from symmetry
and phase matching, their existence is less dependent on in-plane
losses.

The existence of BICs requires a structure with time-reversal
symmetry &(r)=e*(r) and inversion symmetry e(r)=e(-r)'’. We
choose a photonic crystal slab with a hexagonal lattice, which fulfills
these requirements?®. The lattice constant a of the photonic crystal is
chosen to be 3.2 um, with the hole radius r being 0.2a.

The photonic band structure is measured by means of a band
structure mapping?’~2%. Starting with the I'-K direction, the device is
rotated around the y-axis from 0° up to 70° in steps of 5°. At each step,
a spectrum for s- and p-polarized light is measured. To also obtain the
photonic band structure for I'-M, the sample is then rotated by 90°
around the z-axis. Figure 2 shows examples of measured spectra. For
reference, a spectrum of a standard mesa QWIP device without a
photonic crystal is included (Figure 2, 1st spectrum). In the spectra of
the PCS device, several sharp peaks appear at the photonic crystal
resonances (Figure 2, 2nd spectrum). For surface normal incidence at
the T"-point, the s- and p-polarized spectra are degenerate. For any
other angle, the resonance peaks for s- and p-polarized light are non-
degenerate (Figure 2, 3rd and 4th spectrum).

The measured spectra obtained from sample rotation are combined
into a two-dimensional color plot, immediately showing the photonic
band structure of the PCS (Figure 3a). For comparison, the band
structure has been simulated via rigorous coupled wave analysis
(RCWA) using the freely available S4 software?®. The quantum well
heterostructure is approximated as a homogenous and frequency
independent medium, with a real part of the refractive index of
n=3.12. Due to inter-sub-band selection rules, QWIPs absorb only
photons polarized perpendicular to the quantum wells®. Therefore,
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the absorption was modeled with an anisotropic imaginary permittiv-
ity. To simplify the simulation, it was set as constant over frequency to
£;=0.05 in the z-direction, which corresponds to an average value for
the bound-to-continuum transition at higher frequencies. The RCWA
simulation results in a transmission and a reflection spectrum.
The absorptivity of the PCS is calculated as 1-R-T. The simulated
absorption spectra are combined into the photonic band structure in
the same fashion as the measured spectra (Figure 3b). A comparison
between the measured and simulated band structure shows excellent
agreement between the fabricated device and the simulated structure.

In an ideal PCS, the quality factor of the resonance peaks can
theoretically go to infinity. However, in real devices, the resonance
width is limited by various losses. The total Q-factor of the resonator
can be written as

L SR S )

thal QV QH QM
where Qy is a measure of the coupling efficiency to incident light. In
an ideal PCS without material absorption and an infinite lateral size,
Qy is equal to Q- Qp is the Q-factor derived from the horizontal
in-plane losses due to the finite lateral extension of the PCS.
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Figure 2 Normalized photocurrent spectra of a standard QWIP (top) and a
PCS fabricated from QWIP material at surface normal incidence (2nd from
top). PCS illuminated at 20° incidence along I'-K for s-polarized (3rd from
top) and p-polarized (4th from top) light.
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Qu represents the material losses, which in our case are dominated
by the inter-sub-band absorption of the photodetector. The vertical
Q-factor ranges from approximately 200 for resonances that couple
efficiently to external fields and goes to infinity for resonances that do
not couple at all. The horizontal Q-factor is limited by the finite size of
the PCS. For the lateral device with dimensions of 100 X 100 pm, our
PCS has 31 periods. From two-dimensional FDTD simulations, we
determined that Qy was well above 2000 for all resonances.

For light with constant intensity (i.e., no standing waves) in a
homogenous material, the material quality factor is given by Qy =Re
{n}/(2Im{n})>'. The complex refractive index is related to the
absorption by a=4znlm{n}/A. At the photocurrent maximum of
the QWIP, the peak absorption is approximately 1350 cm~! for the
provided doping®®. At the absorption maximum at A=8 pm, the
material Q-factor is Qy =20. The photonic crystal resonances are
measured at higher frequencies, where the QWIP absorption is
significantly lower. However, in the photonic crystal resonator, the
electromagnetic field forms standing waves and the material is not
homogenous. Furthermore, the absorption is non-zero only for an
electric field in the growth direction. As a result, the effective
absorption is given by

Syt (e E(T)[Fav
[yer(P)|E(7) [}V

where Vs is the volume of the absorbing material and V is the total
volume?8,

The in-plane photonic crystal mode profile and the vertical slab
mode profile have great impact on the effective absorption. Modes
that are localized mainly inside the holes have less overlap with the
absorbing material. Modes, which are close to their respective cut-off
frequency of the slab waveguide, exhibit large field components along
the non-pure transverse-electric/transverse-magnetic (TE/TM) direc-
tions. For TM-like modes, the effective absorption is reduced by
50-70%. For TE-like modes, which only have a small electric field
component in the z-direction, the effective absorption is reduced to
less than 1%. Owing to the small effective absorption for TE-like
modes, the measured photonic band structure shows mainly TM-like
modes. This effect helps greatly to identify the measured resonances
when comparing to simulations.

Near the absorption maximum of the photodetector, the measured
Q-factor is dominated by the material Q-factor. At higher frequencies,
the material absorption is smaller and all Q-factors are in the same
order of magnitude. Therefore, the measured Q-factor near the
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Figure 3 Photonic band structure of a PCS, measured as photocurrent from a PCS device (a) and simulated with RCWA (b). The yellow area indicates the
light cone. Dimensions of the device: lattice constant a=3.2 um, hole radius r7a=0.2 and slab thickness d=2 pm.
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absorption maximum is approximately 100 and goes up to 500 at
higher frequencies.

RESULTS AND DISCUSSION

The photonic band structure of PCSs is complex compared with a
purely 2D photonic crystal. Accidental phase matching between out-
of-plane and in-plane waves gives rise to BICs. PCSs support higher
order slab modes, which can couple to each other. This leads to
polarization mixing and causes distortions of the photonic bands.
Especially at frequencies at which modes from multiple slab orders
overlap, the band structure is strongly distorted by polarization mixing
and difficult to understand. To provide an intuitive understanding of
the photonic band structure, we have computed the PCS photonic
band structure using the revised plane wave expansion method
(RPWEM)?122, This method accounts for the slab wave guiding by
using an effective refractive index!3. However, it does not include 3D
effects such as BICs and polarization mixing. Comparison of the
RCWA and RPWEM simulated band structures allows the identifica-
tion of BICs and polarization mixing throughout the entire photonic
band structure.

The photonic band structure depends on the vertical mode profile
in the slab. A separate photonic band structure exists for each slab
mode. The confinement in the z-direction induces a blue-shift of the
photonic crystal modes. Compared with the fundamental mode, the
confinement of higher order modes is weaker and the blue-shift is
stronger32. In our structure, only the fundamental Oth order modes
and the 1st order modes overlap in frequency with our photodetector
absorption. Figure 4 compares the TE- and TM-like bands for the Oth
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Figure 4 Simulated photonic band structure for the Oth order (a) and 1st
order (b) slab mode. The photonic bands of the 1st order slab mode are
blue-shifted to higher frequencies with respect to the Oth order band
structure.
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order and 1st order slab mode. The photonic bands of the 1st order
slab mode are blue-shifted to higher frequencies with respect to the
0Oth order band structure.

Interactions between bands from different slab modes result in the
formation of anti-crossings?’. Owing to the large number of additional
bands originating from higher order slab modes and subsequent
polarization mixing, the real photonic band structure is strongly
distorted when compared with a 2D photonic crystal band structure
without vertical confinement. The out-of-plane symmetry (along the
z-axis) of the electromagnetic field in the PCS determines if polariza-
tion mixing occurs. Modes with even symmetry do not interact with
odd symmetry modes*. Therefore, the symmetric TM-like slab modes
do not interact with the anti-symmetric TM modes. The same
argument applies for the TE-like modes. However, symmetric
TM-like modes have the same vertical symmetry as anti-symmetric
TE-like modes, and polarization mixing between these modes is
possible.

In Figure 5a, an anti-crossing in the p-polarized measured band
structure is indicated by a shaded box. Figure 5b shows a close-up
view of the shaded area. The gray lines are the results of the RCWA
simulation and the green squares indicate the position of the measured
resonance peaks. Comparison with the RPWEM  simulation
(Figure 5¢) identifies the anti-crossing as an interaction between a
0th order TM-like mode (solid blue line) and a Ist order TE-like
mode (solid orange line).

BICs were first observed in electronic superlattices™ and recently
also in photonic crystals!”~1%35, BICs in photonic crystals are the result
of destructive interference between photonic crystal modes. The PCS
modes can be coupled through in-plane wave propagation (non-
radiative modes) or via the continuum within near fields (radiative
modes). The BIC is formed when the radiation from all possible
channels interferes destructively, causing the overall radiation to
vanish.

BICs can be modeled using coupled wave theory, as described by
Yang et al.’. To understand the formation of BICs, we need to
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Figure 5 (a) Photonic band structure between K and I" for p-polarized light.
The shaded area indicates polarization mixing between two photonic bands.
(b) The resonance peaks (green squares) of the measured photonic band
structure are in good agreement with the RCWA simulation (gray).
(c) Comparison with the RPWEM simulated photonic band structure allows
for identification of the anti-crossing (arrow) as an interaction between a Oth
order TM-like band (solid blue line) and a 1st order TE-like band (solid
orange line). The dashed lines indicate modes that do not appear in the
measured photonic band structure because they couple only weakly to
external fields.
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Figure 6 Formation of BICs in photonic crystals. (a) PCS modes can be
decomposed into basic waves. The basic waves are coupled to each other
through in-plane wave propagation or via the continuum within near fields.
The BIC is formed when all possible channels interfere destructively.
(b) Basic waves in k-space. In the I'-K direction, all radiative contributions
cancel out because of symmetry. In the I'-M direction, the symmetry is
broken. These components can cancel as a result of accidental phase
matching at special points in the photonic band structure, leading to the
formation of BICs. The gray hexagon in the center indicates the Brillouin
zone of the hexagonal lattice.

identify the dominant radiation channels. From Bloch’s theorem, we
know that all PCS modes are Bloch wave states. We can express the
Bloch wave state as a Fourier series of plane waves, which are referred
to as basic waves®®. Figure 6a illustrates the propagation of basic
waves in the PCS and the coupling to the incident light via
radiative modes.

We can develop an intuitive picture of BIC formation by consider-
ing only the basic waves close to the second-order I' point, as shown
in Figure 6b. We assume that the radiation from these I", waves is the
dominant contribution to the total radiation®”. This approximation
works best for structures with low index contrast. In the I'-K direction,
all radiative contributions cancel out because of symmetry. This is not
the case for the I'-M direction. These components cancel out through
destructive interference of basic waves via coupling to radiative modes,
which happens as a result of accidental phase matching'®. These
conditions can be fulfilled at many points in the photonic band
structure.

Previous measurements of BICs were dependent on reflection
measurements. In our device, we can directly measure the intensity
inside the photonic crystal using the embedded photodetector.
Because Qy becomes very large at these points we cannot simply
extract it from the measured resonance width. When the wavelength
of the incident light is close to that of BICs, Q. is always dominated
by Qs i.e., the absorption of the photodetector. Instead, we measure
the change in photocurrent, which is directly related to Qy because of
the decrease in in-coupling efficiency.

The relation between absorption and the vertical Q-factor
can be deduced using temporal coupled mode theory (TCMT)3,
Figure 7 shows a simplified model, in which the PCS is modeled as a
resonance A with lifetimes 7; and 7, for coupling from top and
bottom. Together, these two lifetimes compose the vertical lifetime
71 =1, =21y. The Q-factor is related to 7 by Q=wz/2.

The material absorption and in-plane loss channels are added to the
resonance through the lifetimes )y and 7y, respectively. The substrate
at the distance h, is represented by a reflection coefficient r,3. Light in
the air gap between the PCS and substrate propagates with the
propagation constant /3. 7, and ., are the complex reflection and
transmission coefficients of the slab, respectively. The absorption is
modeled as the transmission from the incoming light channel S, to
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Figure 7 TCMT model of the PCS photodetector. A is the resonance of the
PCS. The substrate is represented by the reflection coefficient r»3. Backward
and forward running waves are coupled to the resonance by the respective
lifetimes z. Material absorption and in-plane loss are included through the
loss channels Sy and Sy.

the material loss channel Sy;. For the photodetector, this corresponds
to the absorption quantum efficiency #:
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To study changes in the vertical Q-factor in the presence of an
absorber at the BIC, we consider the case Qy>>Qy, which is
equivalent to 7,,>>7). In this limit, the dominating term in the
denominator of Equation (3) is 2/7y. For constant absorption, the
photocurrent amplitude is then determined by the terms 2/7; and 2/z,
in the numerator. With the photoconductive gain g, the measured
photocurrent is related to the incident photon flux ¢ by?*

2
= ‘TSH»_’SM |

=
|

Iph = engpy, (4)
and from this, we obtain
Lo — 5)
"Ry

Hence, the photocurrent is inversely proportional to the vertical Q-
factor.

The measured photonic band structure shows several occurrences
of BICs where the photocurrent goes to zero when moving along the
band. Figure 8a shows the measured photonic band structure in the I'-
K direction for s-polarized light. The shaded area denotes a photonic
band with a BIC. This photonic band is relatively flat, which means
that the absorption of the photodetector and therefore the material Q-
factor Q) remains constant over the entire range of k-vectors.

The peaks of the measured photonic band overlap well with the
simulated photonic band structure (Figure 8b). At the center of the
photonic band, the photocurrent vanishes, indicating a BIC. The
inverse of the measured photocurrent 1/I, is in excellent agreement
with the vertical Q-factor Qy predicted by the TCMT (Figure 8c).
Because the substrate in our device breaks the vertical symmetry of the
structure, the vertical Q-factor remains finite (solid line), as opposed
to a perfectly symmetric structure (dashed line)*. However, Qy still
exceeds 10%, which is sufficiently high to observe a vanishing
photocurrent at the BIC. The deviation of the measured photocurrent
from the simulation at high measurement angles near the light cone is
caused by the cryostat window, which cuts off a fraction of the
incident light.

)
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Figure 8 (a) Measured photonic band structure between K and I' for s-
polarized light. The gray area indicates a BIC. The photocurrent vanishes
when moving along the photonic band from K to I" and reappears after
passing the BIC. (b) Magnified view of the gray area in panel a. The
resonance peaks (pink squares) of the measured photonic band structure are
in excellent agreement with the RCWA simulation (gray). (c) At the BIC, the
photocurrent vanishes. Without substrate (dashed gray line), the vertical Q-
factor becomes infinite at this point. With substrate (solid line), the vertical
symmetry is broken and the vertical Q-factor remains finite.

CONCLUSIONS

We designed and fabricated a photonic crystal slab with an embedded
QWIP photodetector. This technique allows us to directly measure the
light intensity inside the structure and calculate the photonic band
structure from measured photocurrent spectra. Comparison of the
RCWA and RPWEM provided us with an intuitive understanding of
the photonic band structure. Our RCWA simulation accurately
describes BICs and polarization mixing. We reported the first direct
measurement of a BIC in an opto-electronic device and provided a
model for the detector response at the BIC based on temporal coupled
mode theory.

In addition to the fundamental aspect of the effects described in this
paper, the ability to directly measure the field intensity inside a PCS
represents an important milestone in the development of integrated
opto-electronic devices using BICs, particularly for compact resonant
sensing devices, in which a resonator is used to enhance the sensitivity.
Such systems are found, e.g., in laser spectroscopy and environmental
monitoring®. These systems depend on low intrinsic absorption
losses, which makes it unfeasible to embed the detector directly into
the resonator. Sensors based on BIC photodetectors could open up a
new class of compact sensing devices. Such devices would benefit from
the extremely high Q-factor at the BIC, which is a result of phase
matching and symmetry. Anything breaking the symmetry would be
registered as a huge signal increase by the photodetector. Such a device
could be used as a highly sensitive integrated particle detector for
environmental sensing.

Future experiments could explore the effects of BICs coupled
with photonic crystal defects such as waveguides and cavities. With
the ability to measure the field intensity in a photonic crystal slab,
our device is well suited to study these systems. Future research
could also focus on lasers, nonlinear optics and optics-mechanics
based on BICs.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

Light: Science & Applications

ACKNOWLEDGEMENTS

The authors are grateful to N Engheta and YI Sohn for inspiring discussions.
This research was supported by the Austrian Science Funds (FWF): F 4909-N23
(Next Lite), the PLATON project 35N within the Austrian NANO Initiative and
the ‘Gesellschaft fiir Mikro- und Nanoelektronik’® GMe. PG gratefully
acknowledges partial financial support from the European Research Council
under the European Union’s Horizon 2020 research and innovation program
(Grant Agreement No. 639109).

1 Yablonovitch E. Inhibited spontaneous emission in solid-state physics and electronics.
Phys Rev Lett 1987; 58: 2059-2062.

2 Joannopoulos JD, Villeneuve PR, Fan SH. Photonic crystals: putting a new twist
on light. Nature 1997; 386: 143-149.

3 Johnson SG, Fan SH, Villeneuve PR, Joannopoulos JD, Kolodziejski LA. Guided modes
in photonic crystal slabs. Phys Rev B 1999; 60: 5751-5758.

4 Fan SH, Joannopoulos JD. Analysis of guided resonances in photonic crystal slabs. Phys
Rev B 2002; 65: 235112.

5 Mekis A, Chen JC, Kurland |, Fan SH, Villeneuve PR et al. High transmission
through sharp bends in photonic crystal waveguides. Phys Rev Lett 1996; 77:
3787-3790.

6 Manceau JM, Zanotto S, Ongarello T, Sorba L, Tredicucci A et al. Mid-infrared
intersubband polaritons in dispersive metal-insulator-metal resonators. App! Phys Lett
2014; 105: 081105.

7 Lonéar M, Yoshie T, Scherer A, Gogna P, Qiu YM. Low-threshold photonic crystal laser.
Appl Phys Lett 2002; 81: 2680-2682.

8 Chassagneux Y, Colombelli R, Maineult W, Barbieri S, Beere HE et al. Electrically
pumped photonic-crystal terahertz lasers controlled by boundary conditions. Nature
2009; 457: 174-178.

9 Kalchmair S, Detz H, Cole GD, Andrews AM, Klang P et al. Photonic crystal slab
quantum well infrared photodetector. App/ Phys Lett 2011; 98: 011105.

10 Kalchmair S, Gansch R, Ahn SI, Andrews AM, Detz H et al. Detectivity enhancement in
quantum well infrared photodetectors utilizing a photonic crystal slab resonator.
Opt Express 2012; 20: 5622-5628.

11 Shiue RJ, Gan XT, Gao YD, Li LZ, Yao XW et al. Enhanced photodetection in graphene-
integrated photonic crystal cavity. App/ Phys Lett 2013; 103: 241109.

12 Corcoran B, Monat C, Grillet C, Moss DJ, Eggleton BJ et al. Green light emission in
silicon through slow-light enhanced third-harmonic generation in photonic-crystal
waveguides. Nat Photonics 2009; 3: 206-210.

13 Qiu M. Effective index method for heterostructure-slab-waveguide-based two-dimensional
photonic crystals. Appl Phys Lett 2002; 81: 1163-1165.

14 Lee J, Zhen B, Chua SL, Qiu WJ, Joannopoulos JD et al. Observation and differentiation
of unique high-Q optical resonances near zero wave vector in macroscopic photonic
crystal slabs. Phys Rev Lett 2012; 109: 067401.

15 Henry CH, Kazarinov RF, Logan RA, Yen R. Observation of destructive interference in
the radiation loss of 2nd-order distributed feedback lasers. /EEE J Quantum Electr
1985; 21: 151-154.

16 Plotnik Y, Peleg O, Dreisow F, Heinrich M, Nolte S et al. Experimental observation of
optical bound states in the continuum. Phys Rev Lett 2011; 107: 183901.

17 Hsu CW, Zhen B, Lee J, Chua SL, Johnson SG et al. Observation of trapped light within
the radiation continuum. Nature 2013; 499: 188-191.

18 Hsu CW, Zhen B, Chua SL, Johnson SG, Joannopoulos JD et al. Bloch
surface eigenstates within the radiation continuum. Light Sci App! 2013; 2:
e84, doi:10.1038/I1sa.2013.40.

19 Yang Y, Peng C, Liang Y, Li ZB, Noda S. Analytical perspective for bound states in the
continuum in photonic crystal slabs. Phys Rev Lett 2014; 113: 037401.

20 Liu V, Fan SH. S*: A free electromagnetic solver for layered periodic structures. Comput
Phys Commun 2012; 183: 2233-2244.

21 Shi SY, Chen CH, Prather DW. Revised plane wave method for dispersive material and
its application to band structure calculations of photonic crystal slabs. App/ Phys Lett
2005; 86: 043104.

22 Zabelin V. Numerical investigations of two-dimensional photonic crystal optical
properties, design and analysis of photonic crystal based structures. PhD thesis, Ecole
polytechnique fédérale de Lausanne EPFL, Lausanne, 2009.

23 Levine BF. Quantum-well infrared photodetectors. J App/ Phys 1993; 74: R1-R81.

24 Schneider H, Liu HC. Quantum Well Infrared Photodetectors: Physics and Applications.
Berlin: Springer-Verlag; 2007.

25 Kishino K, Unlii MS, Chyi JI, Reed J, Arsenault L et al. Resonant cavity-enhanced (RCE)
photodetectors. /EEE J Quant Electr 1991; 27: 2025-2034.

26 Ochiai T, Sakoda K. Dispersion relation and optical transmittance of a hexagonal
photonic crystal slab. Phys Rev B 2001; 63: 125107.

27 Astratov VN, Whittaker DM, Culshaw IS, Stevenson RM, Skolnick MS et al. Photonic
band-structure effects in the reflectivity of periodically patterned waveguides. Phys Rev
B 1999; 60: R16255-R16258.

28 Lousse V, Suh W, Kilic O, Kim S, Solgaard O et al. Angular and polarization properties
of a photonic crystal slab mirror. Opt Express 2004; 12: 1575-1582.

29 Schartner S, Golka S, Pfluegl C, Schrenk W, Andrews AM et al. Band structure
mapping of photonic crystal intersubband detectors. App/ Phys Lett 2006; 89:
151107.

doi:10.1038/1sa.2016.147


http://dx.doi.org/10.1038/lsa.2013.40
http://dx.doi.org/10.1038/lsa.2016.147

30 Yang RQ, Xu JM, Sweeny M. Selection-rules of intersubband transitions in conduction-
band quantum-wells. Phys Rev B 1994; 50: 7474-7482.

31 Xu T, Wheeler MS, Ruda HE, Mojahedi M, Aitchison JS. The influence of material
absorption on the quality factor of photonic crystal cavities. Opt Express 2009; 17:
8343-8348.

32 Gansch R, Kalchmair S, Detz H, Andrews AM, Klang P et al. Higher order modes in
photonic crystal slabs. Opt Express 2011; 19: 15990-15995.

33 Whittaker DM, Culshaw IS, Astratov VN, Skolnick MS. Photonic band structure of
patterned waveguides with dielectric and metallic cladding. Phys Rev B 2002; 65:
073102.

34 Capasso F, Sirtori C, Faist J, Sivco DL, Chu SNG et al. Observation of an electronic
bound-state above a potential well. Nature 1992; 358: 565-567.

35 Marinica DC, Borisov AG, Shabanov SV. Bound states in the continuum in photonics.
Phys Rev Lett 2008; 100: 183902.

36 Liang Y, Peng C, Sakai K, lwahashi S, Noda S. Three-dimensional coupled-wave model
for square-lattice photonic crystal lasers with transverse electric polarization: a general
approach. Phys Rev B 2011; 84: 195119.

doi:10.1038/1sa.2016.147

Measurement of bound states by embedded detector
R Gansch et al

37 Liang Y, Peng C, Ishizaki K, Iwahashi S, Sakai K et al. Three-dimensional coupled-wave
analysis for triangular-lattice photonic-crystal surface-emitting lasers with transverse-
electric polarization. Opt Express 2013; 21: 565-580.

38 Fan SH, Suh W, Joannopoulos JD. Temporal coupled-mode theory for the Fano
resonance in optical resonators. J Opt Soc Am A 2003; 20: 569-572.

39 Demtroder W. Laser Spectroscopy Vol. 2: Experimental Techniques, 5th (ed).

Berlin: Springer-Verlag; 2015.
This work is licensed under a Creative Commons Attribution 4.0
5 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license, users
will need to obtain permission from the license holder to reproduce the material. To view a
copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

o)

Light: Science & Applications


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1038/lsa.2016.147

	Measurement of bound states in the continuum by a detector embedded in a photonic crystal
	Introduction
	Materials and Methods
	Figure 1 (a) SEM image of a cleaved PCS (left) and a schematic sketch of the device (right).
	Figure 3 Photonic band structure of a PCS, measured as photocurrent from a PCS device (a) and simulated with RCWA (b).
	Figure 2 Normalized photocurrent spectra of a standard QWIP (top) and a PCS fabricated from QWIP material at surface normal incidence (2nd from top).
	Results and Discussion
	Figure 4 Simulated photonic band structure for the 0th order (a) and 1st order (b) slab mode.
	Figure 5 (a) Photonic band structure between K and &#x00393; for p-polarized light.
	Figure 6 Formation of BICs in photonic crystals.
	Figure 7 TCMT model of the PCS photodetector.
	Conclusions
	A5
	ACKNOWLEDGEMENTS
	Figure 8 (a) Measured photonic band structure between K and &#x00393; for s-polarized light.



 
    
       
          application/pdf
          
             
                Measurement of bound states in the continuum by a detector embedded in a photonic crystal
            
         
          
             
                Light: Science & Applications ,  (2016). doi:10.1038/lsa.2016.147
            
         
          
             
                Roman Gansch
                Stefan Kalchmair
                Patrice Genevet
                Tobias Zederbauer
                Hermann Detz
                Aaron M Andrews
                Werner Schrenk
                Federico Capasso
                Marko Lončar
                Gottfried Strasser
            
         
          doi:10.1038/lsa.2016.147
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 CIOMP
          10.1038/lsa.2016.147
          2047-7538
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/lsa.2016.147
            
         
      
       
          
          
          
             
                doi:10.1038/lsa.2016.147
            
         
          
             
                lsa ,  (2016). doi:10.1038/lsa.2016.147
            
         
          
          
      
       
       
          True
      
   




