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ABSTRACT: The ability to detect light with high efficiency is an important device metric for single-photon detectors and cameras,
essential for applications ranging from quantum communication to biomedical imaging. However, these photodetectors have limited
detection efficiency in the 850—1100 nm wavelength range, known as the ‘valley of death’. Here, we demonstrate a near-perfect
absorber in the ‘valley of death’ using a semiconductor metasurface with spectral and spatial selectivity on a high refractive index
substrate. Our design leverages higher order optical modes of InGaAs resonators to generate Kerker interference at the target
wavelength of 920 nm, which leads to a measured peak absorption efficiency of ~94%. In addition, numerical calculations show that
our design enables spatial control of the absorption profile within the resonators, which is promising for improving response time.
Our approach offers tunability over a desired spectral range and paves the way for development of high-performance photodetectors.
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ptical metasurfaces, comprising of dielectric and semi- have limited efficiency below 10%. This limited efficiency arises
conductor resonators, have recently emerged to control due to the need for fast response time in these photodetection
the light-matter interaction in nanophotonic devices.' ™ and imaging applications, which necessitates a thin absorption
Controlling the magnetic and electric modes of guided light layer. In Si, the absorption depth increases exponentially above
have created exciting opportunities for designing a new class of 800 nm reducing absorption efficiency, while in III-V
nanophotonic devices that can impact different areas of science materials such as InGaAs the shorter wavelengths are absorbed

and technologies ranging from biomedical imaging to quantum
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communication. The remarkable functionality of all- collected efficiently due to nonradiative recombination. This
dielectric metasurfaces in controlling the light-matter inter-

i b e have led to b : 4 : spectral region is of importance for cameras used in near-
action at t.e nanoscale have 1e to t ¢ (‘treatlon of flat ozl)ficlsz, infrared imaging applications such as optical coherence
near-zero index waveguides and directional scatterers.” ™ . L.

: . ) tomography due to the necessary penetration depth of incident
Enhanced absorption has been demonstrated with semi- light in skin and fat tissues. Thus, there is an opportunity to
conductor metasurfaces,”'>"*' which has improved the & ) ’ PP

efficiency of solar cells”* and photodetectors."”'*'” Mean-
while, a known shortcoming of current commercial semi- Received: March 19, 2025
conductor single-photon detectors and cameras is the Revised:  May 9, 2025
detection efficiency in the wavelength band from 850 nm — Accepted: May 13, 2025
1100 nm, known as the ‘valley of death’, since this is where the Published: June 2, 2025
detection efficiency of silicon (Si) and indium-—gallium-
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Figure 1. Near-unity absorption efficiency of a metasurface comprised of multimode InGaAs resonators on a high-index substrate. (a) 3D
schematic view of multimode InGaAs resonators on a high-index InGaAs-InP substrate. (b) Calculated absorptance (A), reflectance (R) and
transmittance (T) of the designed metasurface with 98% peak absorption efficiency at the target wavelength of A = 920 nm. (c) Overlap of the
magnetic (left) and electric (right) field within the multimode resonators. The electric and magnetic fields have been normalized and have been
offset from the center for clarity. (d) Localized absorption profile in the x—y plane (left) and x—z plane (right) of the optimized multimode
resonators (h = 960 nm, r = 230 nm and P = 900 nm) in a periodic lattice is shown for the target wavelength of 920 nm.

improve the device efficiency by incorporation of metasurface
absorbers for next generation single-photon detectors and
cameras.”* ™’

One of the most promising meta-optic approaches to realize
a perfect absorber is by utilizing Huygens’ metasurfaces that
are constructed from semiconductor resonators.>>®'%>$731
Single disk-shaped resonators placed in a two-dimensional
periodic array are among the most common geometrical
designs that are used in semiconductor metasurface
absorbers.'”'*'” By controlling the diameter of the disk-
shaped resonators, the first-order HE; and EH,; hybrid modes
can be spectrally overlapped.'*'*'*?** This spectral overlap of
the electric- and magnetic-dipoles in the semiconductor
resonators leads to Kerker interference, in which backscattering
is suppressed, and forward scattering is promoted.”** Another
approach to achieve Kerker interference is through the lattice
resonances.””*® In these works, the magnetic (MLR) and
electric (ELR) lattice resonant modes are tuned to spectrally
overlap with the supported electric and magnetic dipoles of the
resonators, respectively, to satisfy the Kerker condition.'”**
Thus far, metasurface absorbers have been investigated
through the design and fabrication of resonators embedded
in low refractive index materials.*'® In this work, we
demonstrate a near-unity metasurface absorber comprised of
multimode InGaAs resonators fabricated on a high refractive
index InGaAs-InP (indium-phosphide) substrate utilizing
Kerker interference. We measure a peak absorption efficiency
of 94% at the target design wavelength of 920 nm. Our
simulations show that the Kerker interference in these
multimode resonators leads to spatial localization of the
absorption profile (~ 200 nm in diameter and ~ 300 nm along
the height). Such localized absorption control can be leveraged
to improve the timing resolution of single-photon detectors
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through minimizing spatial variation in the avalanche process
of the photogenerated carriers.'” Additionally, reduced volume
of the absorption region can be utilized to minimize dark
current.”’

Up to now, narrowband semiconductor metasurfaces that
demonstrated near-unity absorptance through Kerker interfer-
ence were demonstrated in nanodisk resonators on a low
refractive index substrate.”'”*° Supporting Information Notes
1 and 2 describe our analysis on such semiconductor
metasurfaces. However, these narrowband metasurface absorb-
ers cannot be easily incorporated in photodiode structures
where the material layer stack requires high quality III-V
semiconductors, commonly grown by molecular-beam epitaxy
(MBE) and metal—organic chemical vapor deposition
(MOCVD) (e.g., InGaAs). By placing these nanodisk
resonators on a high refractive index substrate, the Kerker
interference vanishes, leading to a loss of spectral selectivity
and dramatic decline of the absorption efficiency. Our analysis
on this effect of the nanodisk resonators on a high refractive
index substrate is shown in Supporting Information Note 3. In
these structures, the Kerker interference disappears since the
fundamental modes (HE;; and EH};) are no longer supported
(see Supplementary Figure S2).

To restore Kerker interference in such resonators on a high-
index substrate, larger multimode structures are required.
Figure la depicts a 3D schematic view of our devices, which is
an array of multimode InGaAs resonators on a high-index
InGaAs-InP substrate. In Figure 1b, the calculated absorptance
(A), reflectance (R) and transmittance (T) of our optimized
multimode semiconductor metasurface is presented. The plot
shows the suppression of backscattering (R < 0.3%) at the
target wavelength of 920 nm, which is characteristic of Kerker
interference. The transmittance has also been minimized
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Figure 2. Kerker interference. (a)-(c) Illustrates the absorption contribution of optical modes (identified by dashed lines) in the multimode
metasurface as a function of radius, height and periodicity, respectively. In (a), the presence of TEy and TM,; modes are noticeable due to
excitation by the electric and magnetic lattice resonances in the resonators with height of 960 nm and lattice periodicity of 900 nm. The overlap of
TM,, with EH,, is noticeable for a radius of 230 nm, indicating maximum absorption resulting from Kerker interference. In (b), we observe that
the increase in height of the resonator for a fixed radius of 230 nm and periodicity of 900 nm only shifts the HE,, and EH;; modes, while the TM,
remains constant. (c) Demonstrates the appearance of magnetic lattice resonance (MLR) and electric lattice resonance (ELR) for a metasurface
comprised of resonators with height of 960 nm and radius of 230 nm. The color bar represents the normalized absorption efficiency. The Rayleigh
anomaly (RA) is represented by the solid white line.
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Figure 3. Fabrication of the InGaAs multimode Kerker metasurface absorber. (a) SEM image (tilt angle 30°) of the fabricated multimode
resonators (h &~ 960 nm) with 900 nm periodicity. The inset shows a single multimode resonator in which the diameter is measured to be 460 nm.
(b) Fabrication process steps of the Kerker metasurface. The InGaAs film used to make the InGaAs resonators is 2000 nm thick.

indicating enhanced absorption. A peak absorptance of 98% is overlap for Kerker interference we place the InGaAs resonators
achieved at the target wavelength. Figure lc illustrates the in a periodic array with a lattice constant (periodicity) of 900
overlap of the electric and magnetic components of the excited nm for the optimized metasurface. The lattice constant of this
modes in the resonator at 920 nm, which show that the electric metasurface was selected to be 900 nm to maintain the ratio of
and magnetic fields are in phase satisfying the conditions of 0.51 between the resonator diameter (d) and the periodicity
Kerker interference. Moreover, this interference leads to the (P). We found that by adhering to this ratio, enhanced
localization of the absorption profile as shown in Figure 1d. absorption in these InGaAs resonator metasurfaces can be
Here, the absorption profile shows that the maximum achieved. Details of arriving to the d/P ratio of 0.51 to enhance
absorption occurs in a small region inside and on the axis of absorption is described in Supporting Information Note 2. We
the resonators (<SO nm in diameter). We attribute this also note that the initial estimate of the resonator diameter was
absorption characteristic of the resonator to the interference of obtained from the modal analysis (Figure S3a) where the
the TM,, mode, excited by the magnetic lattice resonance, cylinder diameter supports both the EH;; and TM,, modes
with the transverse electric component of the guided EHj, with an effective refractive index >2.
hybrid mode. Figure 2a and 2b illustrate the absorptance that arises from
To identify the supported modes at 920 nm where near- the coupling of light to different optical modes as the radius
unity absorption efficiency is achieved in Figure 1b, we (Figure 2a) and height (Figure 2b) of the resonators are
perform eigenvalue modal analysis®® of an infinitely long varied. The two transverse modes, TEj; and TM,, appear as a
cylindrical resonator as a function of radius. See Supporting consequence of being excited by the lattice resonance modes
Information Note 4 for details of the modal analysis. Increasing (ELR and MLR). Among the two transverse modes, TM,, is of
the radius of the cylindrical resonator results in higher order particular importance since it overlaps with the EH;; mode at a
modes to be supported, including transverse electric (TE) and radius of 230 nm and height of 960 nm leading to the highest
magnetic (TM) modes. absorption efficiency of 98% at A = 920 nm. At this
To understand how Kerker interference is achieved in such intersection of the TM,; and EH;; modes, it is the transverse
multimode InGaAs resonators on a high-index substrate, we component of the electric field in the EH;; mode that overlaps
studied the effect of the resonator geometry (radius and with the TM,, mode for Kerker interference. We find that
height) and periodicity on the absorption efficiency using changing the height only impacts the HE,; and EH,;; modes,
finite-difference time-domain (FDTD) numerical calculations while the TM,, mode remains constant. In contrast, changing
(Figure 2). Details of the FDTD model and the effect of the the radius can tune both hybrid and transverse modes.
optical modes on the absorptance of a single resonator are To better understand how the periodicity impacts the lattice
described in Supporting Information Note 5. To achieve modal resonant modes, we studied the absorptance as a function of
9364 https://doi.org/10.1021/acs.nanolett.5c01777
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Figure 4. Experimental results of perfect metasurface absorber. (a) Measured absorptance of the three fabricated metasurfaces with different

periodicities and resonator diameters. Metasurface A: P = 900 nm d,,,

~ 420 nm and dygem & 450 nm; Metasurface B: P = 960 nm and d,,, ~ 425

nm and dyeyem & 470 nm; Metasurface C: P = 1030 nm and dy,, # 475 nm and dpogom & 525 nm. (b) Measured (solid red line) and modeled
(dashed red line) reflectance of Metasurface A. (c) Experimental (solid black line) and numerically calculated (dashed black line) absorptance of
Metasurface A is compared with the measured absorptance of the planar InGaAs with no metasurface (solid green line).

the resonators’ separation for a fixed height of 960 nm and
radius of 230 nm. The results of our numerical calculations are
plotted in Figure 2c. In this case, the increase in periodicity
leads to shifting both the MLR and ELR to longer wavelengths
simultaneously. As the periodicity becomes larger, the
absorption efficiency gradually drops as the MLR is no longer
effectively exciting the TM,, mode. In Supplementary Figure
S4 we show how the changes of the resonator’s radius, height
and periodicity, impacts the reflectance of the metasurface
absorber.

Using the optimized resonator dimensions from the previous
section, we fabricated the metasurface absorber in a 2000 nm
InGaAs film that was grown on an InP wafer using MBE. The
fabricated metasurface absorber is depicted in the scanning
electron microscope (SEM) image of Figure 3a, consisting of a
100 ym X 100 pum array of InGaAs resonators with a measured
height of 960 nm, periodicity of 900 nm and diameter of 460
nm.
Figure 3b depicts the fabrication steps for realizing the
InGaAs metasurface absorber. In our process, we first deposit a
500 nm thick silicon nitride (SiN,) film to be used as the hard
mask. To make resonators with smooth sidewalls, we use e-
beam lithography and a lift-off process to make an Al/Cr mask
that transfers the desired pattern onto the SiN, hard mask. An
Oxford inductive coupled plasma-reactive ion etching (ICP-
RIE) tool is then used to fabricate the InGaAs resonators using
the SiN, hard mask (see Supporting Information Note 7 for
further details). The smooth sidewalls achieved during our
fabrication process for the InGaAs resonators is evident in the
SEM image of Figure 3a. We concluded the fabrication process
by removing the remaining SiN, mask through a buffered oxide
etch.

To assess the absorption efficiency of the fabricated
metasurface absorber, we performed Fourier Transform
Infrared (FTIR) spectroscopy to measure the reflectance (R)
and transmittance (T) in the wavelength range from 800 to
1600 nm. Details of the FTIR measurements can be found in
Supporting Information Note 8. We then calculated the
absorptance (A) from the relation, A = 1 — R — T. Figure 4a
shows the measured absorptance of three fabricated metasur-
face absorbers with increasing diameter and periodicity for a
designed peak absorptance at 920 nm (metasurface A), 980
nm (metasurface B) and 1060 nm (metasurface C). The
fabricated nanostructure dimensions for these target wave-
lengths are given in the figure caption. We focus our attention
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on metasurface A as the resonators have minimal tapering and
closely resemble our target design dimensions from Figure 1.

The observed peaks are broader than expected (see Figure
1b for expected metasurface A absorptance spectrum for light
at normal incidence). To account for the broader measured
absorptance peak around 920 nm for metasurface A, we
included the effect of the objective used in the measurements,
which has a numerical aperture (NA) of 0.5. This NA focuses
light with an incident angle ranging from —30° to +30° on the
resonators. We thus calculated the average reflectance
(absorptance) in the simulations by varying the incident
angle from —30° to +30°. The calculated average reflectance
and absorptance spectra using this updated model are shown in
Figure 4b and Figure 4c, respectively. The observed broad-
ening in the reflectance and absorptance spectrum is due to
excitation of higher order azimuthal modes in the cylindrical
resonators. The simulations now show better quantitative
agreement with the measurements at the target wavelength of
920 nm. The details of these simulations are included in
Supplementary Note 9. Nonetheless, the observed absorptance
for all three metasurfaces in Figure 4a are >90% from 800 to
1000 nm, with peak absorptance of ~95%. This peak
absorptance is also evident in the reflectance minima of 5%
for metasurface A as shown in Figure 4b. For comparison, we
also measured the absorptance of an unpatterned InGaAs film
with comparable thickness (2000 nm) to the resonators. The
measurement is plotted in Figure 4c, demonstrating an average
absorptance of 62% from 800 to 1600 nm, which is
significantly less than the fabricated metasurface absorbers at
920 nm.

For metasurface B and C, the peak of maximum absorptance
is further broadened as compared to metasurface A, likely due
to excessive tapering of the larger diameter resonators (see
Supplementary Note 10 for SEM images and additional
details). Regardless, compared to metasurface A we observe
additional absorptance around 960 and 1030 nm indicating the
redshift of the Kerker interference as expected. We also note
that the deviation of the model from experiment at longer
wavelengths beyond 1100 nm (Figure 4b and Figure 4C)
could be due to the fabrication imperfections such as surface
roughness of the substrate and the resonators, and unwanted
tapering that was introduced during the RIE process (see
Supplementary Figure S8). The effects of surface roughness
and unwanted tapering can be mitigated in future devices by

https://doi.org/10.1021/acs.nanolett.5c01777
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additional fabrication steps such as digital cycle etching and
optimized RIE recipes.

We designed a perfect semiconductor metasurface absorber
on a high-index substrate and experimentally demonstrated
near-unity absorption efliciency on devices with varying
diameter and periodicity. The fabricated metasurface that
closely matched our target dimensions showed spectral
selectivity at 920 nm with a peak absorption efliciency of
94%. This was achieved through Kerker interference by
overlapping of the EH;, and TM,, higher order optical
modes. Previous work with resonators on a low-index substrate
achieved the Kerker condition with an impressive peak
absorptance of 60% at 1550 nm'” and >90% peak absorptance
in the near-infrared around 800 nm.® Our work realizes Kerker
interference in a high-index metasurface for the first time,
compatible for developing high-performance photodetectors.

The presented metasurface absorber with near-unity
efficiency is a promising platform to be used as the active
region of a photodetector based on III-V semiconductors.
Enhancing photodetector performance through near-unity
absorption in the valley of death region can aid in biomedical
imaging. In addition, we showed that devices can be tailored to
control the spatial location of absorption in the metasurface
absorber. One main advantage that arises from localized
absorption is that the thickness of the absorption region in
avalanche photodiodes, typically made out of small bandgap
semiconductors, such as InGaAs, can be reduced without
sacrificing the absorption efficiency.”” The reduced device
thickness will aid in faster response time in single-photon
detectors, while the in-plane localization can help in improving
the timing resolution of single-photon detectors.'” Impor-
tantly, this improved timing resolution will be achieved
simultaneously with increased absorption efliciency compared
to planar single-photon detectors. Such enhanced single-
photon detector performance is essential for photonic
quantum computing, communication, sensing, and imaging.
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