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ABSTRACT: Miniaturized photodetectors are becoming increas-
ingly sought-after components for next-generation technologies,
such as autonomous vehicles, integrated wearable devices, or
gadgets embedded on the Internet of Things. A major challenge, potarizer LD -
however, lies in shrinking the device footprint while maintaining carzer W
high efficiency. This conundrum can be solved by realizing a Filter:

nontrivial relation between the energy and momentum of photons, AN
such as dispersion-free devices, known as flat bands. Here, we @ h
leverage flat-band meta-optics to simultaneously achieve critical Dispersion-free cavity
absorption over a wide range of incidence angles. For a monolithic (ex. Flat band)
silicon meta-optical photodiode, we achieved an ~10-fold enhance-

ment in the photon-to-electron conversion efficiency. Such enhancement over a large angular range of ~36° allows incoming light to
be collected via a large-aperture lens and focused on a compact photodiode, potentially enabling high-speed and low-light operation.
Our research unveils new possibilities for creating compact and efficient optoelectronic devices with far-reaching impact on various

Incident light

— > Lens

applications, including augmented reality and light detection and ranging.
KEYWORDS: meta-optics, photodetector, flat band, nonlocal, guided mode resonance

bsorption of light and the conversion of photons into

other forms of energy, such as excitons and phonons,
have been widely utilized for optical sensing,"” imaging,” and
energy harvesting.” Recently, rapid developments in wearable
devices and emergence of the Internet of Things have further
increased the demand for smaller photodetectors (PDs) with
high absorption efficiency.”® Compact integrated PDs could
potentially provide several advantages for these applications,
includin§ high-resolution imaging thanks to the large pixel
count,”® reduced energy consumption,” and high-speed
operation.'” However, two major limitations impede their
functionalities: a small device footprint limits the total light
collection, and a small device thickness limits the total amount
of absorbed light (Figure 1a). The first issue can be alleviated
using a lens with large aperture to collect light from a wider
area, ' while an optical cavity can circumvent the latter
problem.'” Resonant cavity-enhanced absorption occurs as the
optical cavity traps light for a longer time period, which
increases the absorption efliciency. Various dielectric and
plasmonic resonators have been used to enhance the Ehoton-
to-electron conversion efficiency of PDs in silicon”'* and
other materials."”>™'® However, these results all focus on
normal incident light and thus are incompatible with lens-
based concentrators (Figure 1b), as focused light contains a
wide range of incidence angles. Therefore, an angle-
independent resonant cavity can both enhance the light
absorption and be compatible with a light concentrator to
enhance the photoresponsivity (Figure Ic).
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Figure 1. Schematics of light absorption in a weak absorber. (a)
Absorption from a weak absorber itself. (b) Conventional cavity-
enhanced absorption matching with a certain angle of incoming light.
(c) Flat-band-enhanced absorption matching with a wide range of
incident angle of incoming light, making it possible to use a
concentrator to capture a large amount of light.

The flat-band concept was first conceived in condensed
matter physics' ' and has only recently been applied to
. . . 22-27 . .
photonics in various forms. However, to this point,
photonic flat bands have remained merely an interesting
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physical phenomenon without clear applications. Their unique
property, an angle-independent resonance frequency, allows
cavity-enhanced absorption of light consisting of many
incident angles. We adapt a guided-mode resonance design
in a silicon meta-optic and, by fine-tuning the geometrical
parameter, implement a photonic flat band.”*~>" By exploiting
the inherent absorption of silicon in the near-infrared, we reach
critically coupled absorption with an absorption ratio (a) of
about 70% by adjusting the quality (Q) factor while
maintaining the flat band. This ensures that light over a wide
angular range (+18°) undergoes cavity-enhanced absorption.

To harness the advantage of the enhanced absorption, we
designed and fabricated a monolithic lateral p-i-n PD within
flat-band meta-optics. This enables the collection of a large
amount of light by using a lens while keeping the active volume
small. Thus, we achieved both a light concentration using a
larger aperture and cavity enhancement over a large angular
range. For incident light focused with a numerical aperture
(NA) of 0.13, the flat-band-based PD shows a 10.3-fold
enhanced responsivity compared to the unpatterned Si-PD at
the resonance wavelength of ~785 nm. In addition, the
responsivity of this single-junction meta-optical PD depends
on the wavelength and polarization of light, which can be
further exploited to create a spectrally selective and polar-
ization-sensitive miniaturized PD. Such multifunctionality can
reduce the fabrication costs and optical crosstalk between
pixels’ and have far-reaching impact on wearable sensors,
including miniature spectrometers and Li-Fi transducers.”” >

Cavity-enhanced absorption in conventional resonators
retains a strong chromatic dependence due to the optical
path length dependence on the incidence angle. Specifically,
the resonance conditions arise from constructive/destructive
interference, and thus a variation in the effective optical path
length drastically alters it. On the contrary, photonic flat bands
have no such chromatic dispersion over a certain angular
range. By fine-tuning the coupling between different modes,
various photonic bands including flat-band, Dirac-cone, and
multivalley structures have been realized in nonlocal meta-
optics.”® By breaking the vertical symmetry through sub-
wavelength patterning, such a meta-optic can also couple
efficiently to the free space.”*™*' Guided by these design
insights, we created a flat-band one-dimensional (1D) meta-
optic in a partially etched silicon slab on sapphire (Figure 2a).
The unit cell is composed of two symmetry broken meta-
atoms. While the thickness of the silicon film is fixed at 230
nm, other parameters, including the fill factor, partial etch
ratio, asymmetry (A) between the adjacent meta-atoms, and
period, constitute the design space (Figure 2b). Both the fill
factor and partial etching ratio introduce a vertical symmetry
breaking, while A and period control the Q factor and the
resonance frequency, respectively. We designed the flat-band
meta-optics using rigorous coupled-wave analysis (RCWA)
and fabricated the structure via single-step electron beam
lithography, followed by reactive ion etching (Figure S1 in the
Supporting Information). Scanning electron microscopy
images of the fabricated structure are shown in Figure 2c.
Using a high-NA objective lens and high-resolution spec-
trometer, we set up energy-momentum spectroscopy and
measured the photonic band structures (Figure S3 in the
Supporting Information). By adjusting the fill factor of the
structure, we realized various photonic band structures
including a dispersive band and a dispersion-free photonic
flat band near the gamma-point (k, = k, = 0), as shown in
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Figure 2. Implementation of photonic flat band as an angle-
independent resonator. (a) Schematic of a flat band meta-optic
which has a wide range of angle, 6, independent response. (b) Top
view of the meta-optics consisting of four different parts due to the
partial etching and definitions of fill factor and asymmetry factor, A.
(c) Scanning electron microscope image of the flat band meta-optic.
Scale bar: 1.0 ym. (d) Reflective energy-momentum spectra of the
meta-optics: dispersive band and dispersion-free flat band near the
gamma-point, respectively. A yellow dashed box indicates the flat

band.

Figure 2d and Figure S4 in the Supporting Information.
Noticeably, the flat band emerges with an isofrequency
resonance in the near-infrared region (~780 nm) and is
maintained over a wide angular range of +18°. In comparison,
other resonators show a strong dependence of the resonance
frequency on the angle of incidence.

To understand how the photonic flat band can be leveraged
to maximize the absorption efficiency, we consider a
configuration of two partially reflecting mirrors and a weak
thin-film absorber in between (Figure 3a). In this analogy, the
flat-band meta-optic is equivalent to a curved cavity, which
facilitates cavity-enhanced absorption simultaneously for a
wide angular range of incident light (Figure 3b). The boundary
conditions, however, to maximize the absorption inside the
cavity are not trivial, and simply maximizing the Q factor or
increasing the absorption coeflicient of the device would not
directly maximize the absorption. Therefore, to predict
whether the flat-band meta-optic exhibits critically coupled
absorption, we modeled the system behavior using the finite-
difference time-domain (FDTD) method (see details in the
Supporting Information). We studied both the reflective and
transmissive response of the meta-optics using a model
complex refractive index, 3.7 + ik, for the crystalline silicon.
For a zero-absorption coeflicient, i.e., k = 0, we clearly observe
a Fano-like resonance from both reflection and transmission
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Figure 3. Flat-band meta-optic and critically coupled absorption. (a) Conventional optical resonator with a weak absorber inside. (b)
Interpretation of the flat-band meta-optics as a cavity and a weak absorber. (c, d) Simulated reflection, R, and transmission, T, spectra of the flat-
band meta-optics without and with absorption, respectively. (e, f) Simulated absorption spectra with respect to k and A, respectively. (g)
Experimentally measured absorption spectra with respect to A. Here, we used the fill factor, partial etching ratio, and period values of 0.78, 0.84,
and 384 nm, respectively, for the meta-optics parameters, while varying the A value.

spectra, and no absorption occurs at any wavelength (Figure
3c). On the other hand, if there is a finite value of k, the Fano-
like resonance becomes weaker, and clear cavity-assisted
absorption occurs (Figure 3d). As we gradually increase ,
from 0 to 0.1, the meta-optic meets the critically coupled
absorption point at k & 0.00S with an @ value of about 70%,
which is much higher than that of a GMR structure with a
higher k value of 0.1, where a is about 25% (Figure 3e and
Figure S6a in the Supporting Information).

In practice, k is an intrinsic property and has a fixed value;
thus, other factors have to be adjusted to reach the critical
absorption condition. Fortunately, we can fine-tune the cavity
Q factor by adjusting the asymmetry, A, of the structure—as
the value of A decreases, the resonance becomes narrower, as a
bound-state-in-continuum resonance.””*° From FDTD simu-
lations with the measured refractive index, we can obtain a Q
factor of about 174 at A = 0, while the Q factor decreases
gradually as A increases and reaches ~50 for A = 0.26 (Figure
S6b in the Supporting Information). By gradually changing the
A value of the structure from 0 to 0.35 in simulation, we can
find the critically coupled absorption point near A = 0.20,
where a is about 70%, consistent with the simulated result of
varying k (Figure 3f). The measured results are consistent with
the simulation, as we can see the change in the cavity
resonance and line width as A increases from 0.05 to 0.20
(Figure S6f in the Supporting Information). We measured
both reflection (R) and transmission (T) spectra of the meta-
optics with varying A, and the sum of normalized reflection
and transmission is shown in Figure 3g. We measure o = 68%
at the critical coupling condition, which is similar to the
simulated value of ~70%. Theoretical explanations are shown
in Section 3 in the Supporting Information.

We note that ~60 pm thick silicon and antireflection coating
are needed to achieve 70% absorption without cavity
enhancement at ~750 nm wavelength, where silicon has an
absorption coefficient of around 0.014. Such a thick medium
hinders fabrication availability and also reduces the operation
speed of the device due to the long distance carriers have to
travel. But with the cavity enhancement, only a 230 nm thick
silicon can achieve the same amount of absorption. On the
other hand, we can tune the resonant wavelength of the flat-
band meta-optic by adjusting the structural parameters. In
detail, silicon generally has a lower absorption coeflicient at
longer wavelengths; then the Q factor of the structure needs to
be enhanced which corresponds to a decrease in A (Section 3
in the Supporting Information).

We demonstrate a compact, high-responsivity PD using the
optimized silicon flat-band meta-optic, exploiting the critically
coupled absorption over a wide angular range of incident light.
This enables us to significantly increase the total light
collection as compared to other cavity-enhanced PDs.”"*~'*
As shown in Figure 4a, a lens on top of a compact, single-
junction PD can be used to increase the amount of light
collected and absorbed into a single PD.

Using an additional lithography step, we selectively doped
the silicon meta-optic and created a lateral p-i-n PD with a 10
pum wide intrinsic region. Figure 4b shows images of multiple
PDs connected to metal pads and wires (Figure S7 in the
Supporting Information). To rule out variations and to clarify
the effect of flat-band meta-optics compared to others, i.e.
unpatterned silicon films and “non-flat-band” meta-optics, we
fabricated multiple devices in a row and put a pair of large
metal pads to connect the p- and n-doped regions of all
devices. In a single chip, 14 devices were connected with large
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Figure 4. Lateral p-i-n PD with flat-band meta-optics. (a) Schematics of the lateral p-i-n PD using flat-band meta-optics. Large amounts of light are
collected and focused onto a compact flat-band-based PD by a lens. A tunable laser allows wavelength-selective response measurement of devices.
(b) Optical microscope image of the device. The inset image shows the actual device after the wires are soldered to the metal pads. The length of
the scale bar is 200 ym. (c) I-V curve of the PD without incident light. The inset graph shows the current as a function of the incident light power.
The slope of the linear fit indicates the responsivity, 7, of the device. d-f) Wavelength- and polarization (pol.)-dependent 7 values of the PDs made
of (d) 230 nm thick unpatterned silicon film, (&) meta-optic with “non-flat-band” photonic structure, and (f) meta-optic with photonic flat-band
structure. The photonic band structure of “non-flat-band” is represented in Figure 2d.

metal pads at the same time. Figure 4c shows an I-V
characteristic of the entire chip from —4 to 4 V, with less than
10 nA of leakage current at reverse bias voltage and a clear
rectification behavior of the diode. Considering the number of
devices on the chip, we can estimate that each single device has
a leakage current of less than 1 nA at a reverse bias voltage of
—4 V or less. We note that the low dark current originated
from small photosensitive volume, ie., 0.2 X 0.01 X 0.00023
mm, based on a thin, lateral p-i-n junction. But even with a
small photosensitive volume, we can collect a large amount of
light using a concentrator and focus onto the active area.
Additionally, we can increase the photosensitive volume if we
create a vertical p-i-n junction out of the thin silicon film.

We focused light with an NA of 0.13 to an intrinsic region of
the device and measured the photocurrent, which is linearly
proportional to the optical power of the incident light, at a
reverse bias voltage of —2 V (Figure 4c). Here, the slope of the
linearly fitted line gives us the responsivity () of the PD,
which represents the conversion efficiency from photon energy
to electrical current. We note that this monolithic silicon PD
could generate photocurrent from a few tens of nanowatt light.
An experimental setup for the photocurrent measurement is
shown in Figure S8 in the Supporting Information.

We then measured a series of power-dependent photo-
currents to extract 7 while adjusting the polarization and laser
wavelength from 765 to 799 nm in 2 nm steps. The
photocurrent measurement was repeated five times to obtain
an average value. As shown in Figure 4d, the average values of

n for a 230 nm thick unpatterned silicon film are 3.2 & 0.2 and
34 + 0.1 mA/W for x- and y-polarized light along the
wavelength from 765 to 799 nm, respectively. There was no
clear trend in the wavelength or polarization direction. On the
contrary, we can observe the wavelength and polarization
dependence in # for a meta-optic with “non-flat-band”
photonic structure (Figure 4e). The average values of 7 are
5.7 + 04 and 0.5 + 0.1 mA/W for x- and y-polarized light
along the 765 to 799 nm wavelength, respectively. It shows an
enhanced 7 value for x-polarized light at a wide range of
wavelengths from 773 to 795 nm and had a maximum value of
n =10 = 2 mA/W at the 789 nm wavelength. However, this
enhancement occurred only for x-polarized light, while even a
reduction occurred for y-polarized light compared to the
unpatterned silicon film because the meta-optic has less
absorptive material after the patterned etching.

As shown in Figure 4f, for the flat-band meta-optic, we
observed a much stronger and sharper enhancement of 7, as
the resonance wavelength remains the same over a wide range
of incident angles. The average values of 5 for the HCG
structure with a flat band are 15 + 0.7 and 3.1 + 0.1 mA/W for
x- and y-polarized light along the 765 to 799 nm wavelength,
respectively. It shows a strongly enhanced # for x-polarized
light at wavelengths near 785 nm, with a maximum value of # =
35 = 1 mA/W at 785 nm wavelength. All the measured data
for flat-band-based PD are shown in Figure S9 in the
Supporting Information. The resonance wavelength of ~785
nm is well-matched with the measured photonic band structure
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Figure S. NA-dependent absorption in the 1D flat band. (a) Regions of incident light with high (red)- and low-NA (blue) focusing lens and areas
of 1D and 2D flat band in lateral k-space. (b) Simulated absorption power enhancement of 1D flat band compared to the 230 nm thick silicon film
depends on NA of the focused input light. A star symbol indicates the measured value at NA - 0.13. (c) Schematics of the flat-band-based PD with

different NA of the concentrators and fixed aperture size.

of the flat band (Figure S10 in the Supporting Information).
We note that the higher # values compared to the non-flat-
band meta-optic occur due to the lower fill factor of the flat-
band structure and therefore more absorptive material.

Overall, we achieve an enhancement in # for the flat-band-
based PD; given as nﬂat/r[ﬁlm =10.3 =+ 1.6 and nﬂat/nnonﬂat =3.5
+ 0.7 in comparison to the unpatterned silicon film and the
non-flat-band meta-optic, respectively. The flat-band-based PD
has a highly dependent 5 with respect to both wavelength and
polarization, where the full-width half-maximum of the
wavelength-enhancement region is ~10 nm and the extinction
ratio of orthogonal, linear polarization is 0.86 + 0.09. From
FDTD simulations, the Q factor of the meta-optic is around 76
at A = 0.20 (Figure S6b in the Supporting Information), which
matches well with the enhanced response bandwidth of the
PD. In this regards, the flat-band-based PD can be considered
an integrated PD with a wavelength-selective filter and linear
polarization sensitivity, essentially combining three function-
alities into a single meta-optic, free of complex fabrication and
optical crosstalk between optics.

Moreover, we simulated the NA-dependent absorption from
the 230 nm thick unpatterned silicon film as a reference to
extract the absorption enhancement factor (Z) of the flat-band
meta-optic. In general, we can achieve higher Z for lower NA
of the focused light because our 1D flat band only covers 1D k-
vectors, while the focused light has two-dimensional (2D) k-
vectors (Figure Sa). In section 4 in the Supporting
Information, we discuss creating a rotationally symmetric
meta-optics to extend the flat band from 1D to 2D. However,
there are a few drawbacks for the 2D flat band. First, a precise
alignment becomes necessary unlike the case for the 1D flat
band, because the light needs to be focused exactly on the
rotational center. Second, only 50% of the incoming light can
match with the flat-band resonance due to the polarization
selection (details in Section S in the Supporting Information).
Our 1D flat band has strong linear polarization selectivity and
wavelength sensitivity at the same time, which a 2D flat band
cannot have.

Then, we compared the simulated enhancement factor, Z,
and measured enhancement factor, 7q,/fgm, at the resonance

wavelength of the 1D flat band. Here, Z is a term that describes
only the light absorption but can be compared to the PD
efficiency enhancement factor, #g,/Hgm This is because the
amount of light absorption is proportional to the generated
free carrier density which corresponds to the photocurrent
amplitude under a reverse bias voltage. Since all the PDs,
including the unpatterned silicon film, non-flat-band meta-
optic, and flat-band meta-optic, share the same electrical
components (i.e, contact pads and voltage source), we can
assume that the conversion efficiency from free carriers to
photocurrents is the same for all PDs. At an NA of 0.13, the
simulated Z and experimentally measured #q,./#g,, are in good
agreement, Z = 10.4 and #g,/Nam = 10.3 + 1.6 (Figure Sb).
For an NA value lower than 0.13, we can achieve even higher
enhancement, but the volume of the total system will be larger
when the aperture size, which corresponds to the light
concentration amount, remains the same (Figure 5¢).

The measured responsivity, #, of the flat-band meta-optical
PD is about 0.04 A/W at its resonance wavelength of 785 nm,
corresponding to a quantum efficiency (QE) of about 6%.
Although this value is smaller than those of current state-of-
the-art commercial silicon PDs,*® which have QE values of
~95%, and a widely used commercial CMOS camera, i.e.
Thorlabs CS165MU, which has a QE of ~35% in the near-
infrared region, our flat-band-based PD has an order of
magnitude smaller thickness. This could potentially provide
advantages in terms of supply voltage (<2 V), dark current (<1
nA), and response speed (<100 ps) with a small active area.
We envision that this value could be further boosted by further
optimization of the p-i-n junction parameters (e.g, active layer
width, doping concentration, and annealing temperature)®”**
or by adding a photoconductive gain with a CMOS-compatible
process.”” Nevertheless, our approach demonstrates how a
photonic flat band can be exploited to enhance the light
absorption for focused, incident light, as we achieve a 10.3-fold
enhancement from the flat-band-based PD for focused light of
NA 0.13 compared to an unpatterned silicon-film-based PD.

In addition, our flat-band meta-optical PD provides
wavelength-selective and polarization-selective responses,
both of which are adjustable through the specific design
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parameters. The linear polarization selectivity of the device can
be modulated by the device orientation, and the wavelength
selectivity can be adjusted by the period of the structure or
changing the effective refractive index of the structure (e.g,, by
integrating phase-change materials with the meta-optics).*>*!
By tuning the resonance frequency of the flat band, meta-optic
spectral information on the incident light can be collected by a
single PD, which is equivalent to a compact spectrometer. In
the case of conventional photonic band structures rather than a
photonic flat band, the resonance frequency varies greatly
depending on the incident angle of light; therefore, it is
difficult to confirm the wavelength of measured light unless the
incoming light has a certain incident angle, e.g, normal
incidence. In comparison, the photonic flat band maintains its
resonance frequency, irrespective of the incident angle.

We realized cavity-enhanced absorption using a single flat-
band meta-optic with absorption power of 68% for a wide
angular range of NA 0.35, which is about 25 times more than
the previous angular resolution of angle-independent cavities
using bulk optics.”” We utilized this silicon flat-band meta-
optic as an efficient and compact PD. This flat-band-based PD
can provide improved absorption over a wide range of angles
of incidence, allowing light collection with a large aperture in
small footprint PD. Due to the 1D characteristics of the flat
band, it has a particular k-vector and linear polarization
dependence, which results in NA-dependent absorption
enhancement. Hence, we can consider this flat-band-based
PD as a miniaturized PD which has wavelength and
polarization filter insertions. This work, which is not limited
to silicon materials, showcases the first practical application of
the photonic flat band as a degenerate resonant cavity-
enhanced absorber, with potential impacts in fields requiring
wavelength-selective compact detectors or angle-insensitive
detectors.
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