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Abstract: Perfect optical absorption occurs in a metasurface that supports two degenerate
and critically-coupled modes of opposite symmetry. The challenge in designing a perfectly
absorbing metasurface for a desired wavelength and material stems from the fact that satisfying
these conditions requires multi-dimensional optimization often with parameters affecting optical
resonances in non-trivial ways. This problem comes to the fore in semiconductor metasurfaces
operating near the bandgap wavelength, where intrinsic material absorption varies significantly.
Here we devise and demonstrate a systematic process by which one can achieve perfect absorption
in GaAs metasurfaces for a desired wavelength at different levels of intrinsic material absorption,
eliminating the need for trial and error in the design process. Using this method, we show that
perfect absorption can be achieved not only at wavelengths where GaAs exhibits high absorption,
but also at wavelengths near the bandgap edge. In this region, absorption is enhanced by over
one order of magnitude compared a layer of unstructured GaAs of the same thickness.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Metasurfaces have become an extremely active area in photonics research as they enable
optical properties that are often impossible to achieve using bulk materials [1,2]. Metasurfaces
are typically made using a collection of metallic or dielectric “meta-atoms”, which alter the
properties of the metasurface due to, for example, excitation of resonances. In the case of dielectric
metasurfaces, resonant Mie modes can be excited within the individual meta-atoms. Several
extraordinary effects have been demonstrated using this approach, ranging from unidirectional
scattering to high harmonic generation [3-6].

One particularly useful application of dielectric metamaterials is enhancement of optical
absorption [7-14]. In fact, perfect absorption can be achieved in subwavelength-thickness
metasurfaces by exciting two carefully tuned Mie modes [15,16]. This functionality has opened
doors to more efficient architectures for optoelectronic devices, where the metasurface can
eliminate reflection loss and enable complete absorption of incident photons in a relatively thin
layer. Perfectly absorbing metasurface designs have already been used to enhance efficiency of
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terahertz (THz) detectors [11] along with many other applications across the electromagnetic
spectrum [17-24].

Despite the far-reaching potential of perfect absorption and recent investigations of the physical
mechanisms [15,16,25,26], its application in optoelectronic devices has been somewhat limited.
This can be attributed to the fact that designing perfectly absorbing metasurfaces for a desired
wavelength or material is highly non-trivial [8]. In practice, a stringent set of conditions need
to be satisfied simultaneously: the resonant modes must be of opposite symmetries (one odd
mode and one even with respect to the metasurface plane), both must be centered at the desired
wavelength (mode degeneracy), and each mode must be critically coupled to the incident field
(i.e. the radiative losses of the mode must match the mode’s absorption loss at this wavelength).
Realizing these conditions is particularly challenging when working near the interband transition
edge of direct bandgap semiconductors, where intrinsic material absorption decreases rapidly
with photon energy. In this highly dispersive region, the change in intrinsic material absorption
inevitably leads to a breakdown of the critical coupling condition when scaling the geometry of
the metasurface.

Consequently, the process of designing perfectly absorbing metasurfaces often involves trial
and error, which can be time-consuming and unreliable at finding the optimum solution. Genetic
optimization [9] and deep learning [27] algorithms have recently been explored as alternative
approaches to this design problem, however these methods don’t necessarily reveal the underlying
physics and require pre-calculated training sets of data.

Here we provide a systematic and intuitive process for designing perfectly absorbing metasur-
faces for a desired wavelength of operation, even when the intrinsic material absorption varies
dramatically with wavelength. Our design is based on exciting two degenerate magnetic dipole
modes of opposite symmetries. To facilitate an intuitive understanding of the design and the
underlying physics, we describe the effects of all geometrical parameters of the metasurface on
the modes using numerical modeling and confirm the key effects experimentally. We then devise
a three-step process allowing us to engineer the metasurface for perfect absorption at a desired
wavelength of operation. As a practical demonstration, we show the effect of greatly enhanced
absorption for two exemplary metasurfaces made of low-temperature (LT) grown GaAs. One of
these is designed for the high intrinsic absorption region, at 790 nm, sufficiently high above the
GaAs bandgap; and the second at 875 nm, near the bandgap edge. At this wavelength, the intrinsic
absorption of LT GaAs approaches zero [28] and is poorly defined due to Arsenic inclusions
and crystal defects [29,30]. Such high absorption has not been previously demonstrated in a
sub-wavelength thickness GaAs structure at this wavelength.

This method for creating a perfectly absorbing metasurface can be used for improving efficiency
of optoelectronic devices. The particular designs discussed here can be used for fast LT GaAs
photoconductive switches for THz detectors, emitters and modulators. These devices are
commonly operated with ultrafast lasers in a wavelength range from 700 to 850 nm and are
built from low-temperature grown or ion-implanted materials [31]. However, the method is also
readily applicable to a wide range of semiconductor materials, and could improve performance
of devices such as sensors and solar cells across the electromagnetic spectrum.

2. Effects of geometrical parameters

The perfect absorption effect considered here relies on exciting two degenerate and critically-
coupled modes with opposite symmetry [15]. In theory, any two modes that satisfy these
conditions can be used for perfect absorption. Following the recent demonstration of perfect
absorption at 800 nm (in the highly absorbing region of GaAs) [11], we select two magnetic
dipole modes, one with the magnetic field vector oriented in the metasurface plane, and the other
one perpendicular to it. We refer to these modes as My (in-plane) and M, (out-of-plane) dipoles
hereafter (Fig. 1(a)).
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Fig. 1. a) [lustration of the perfectly absorbing metasurface, showing magnetic dipoles
in x-direction (green) and z-direction (red) in one unit cell. b) Schematic diagram of unit
cell. ¢) Simulated absorption for varying geometrical parameters. All other parameters
remain constant (w = 60 nm, a = 160 nm, » = 160 nm, /& = 200nm, periods =400 nm). Real
and imaginary permittivities are modelled as constants (n = 3.684 « =0.01). Lines show the
approximate tuning of each mode with the varying parameter.
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Both My and M, dipoles exist in a dielectric cube. The former can be excited by a linearly
polarized plane wave with the electric field vector oriented along the y-axis (Fig. 1(b)); whereas
the latter is a dark mode for normal incidence excitation. However, by breaking the cube symmetry
and introducing a bar on one side of the cube, both the Mx mode and the M, mode can be
excited by the plane wave at normal incidence [32]. We will show later that the bar also can
serve as key element for adjusting the wavelength of operation. Furthermore, the bar provides a
conducting channel between resonators, which could be used in optoelectronic devices [7,11].
The metasurface is constructed by repeating a unit cell consisting of the cube and bar in a square
lattice with lattice constant L as illustrated in Fig. 1(a).

To achieve perfect absorption at a desired wavelength, the modes must be degenerate, and
centered at the chosen wavelength. Figure 1(c) illustrates how the resonant wavelengths for the
My and M, modes depend on each geometrical parameter. Several points of enhanced absorption
can be seen where the two modes cross each other. Simply by selecting the parameters at one
of these points gives the required mode degeneracy (for practical applications, we show how to
achieve the condition of mode degeneracy experimentally in the supplementary information).
The obvious way to tune the modes to a desired wavelength is by scaling the metasurface in all
dimensions. However, this is not always practical because the thickness of the metasurface is set
during the wafer growth process. Scaling metasurface dimensions only in the xy-plane will, on
the other hand, leads to a loss of mode degeneracy.

To develop an alternative approach for achieving perfect absorption for a wide range of
wavelengths and intrinsic absorption of the constituent semiconductor material, we consider
tuning of the magnetic dipole mode wavelengths and radiative losses with individual geometrical
parameters of the metasurface. It can be seen in Fig. 1(c) that the two modes tune as functions of
most metasurface parameters at different rates, resulting in a breakdown of mode degeneracy
and the perfect absorption condition. However, the bar width affects both modes at similar rates
over a wide range of wavelengths. Using this unique bar width dependence, we can tune the two
modes without losing mode degeneracy.

Figure 1(c) also shows that varying the periodicity in either x or y-direction affects primarily
only one mode, M, or My respectively, while the wavelength of the other mode remains relatively
unchanged. Adjusting the two periodicities simultaneously therefore provides another method to
maintain mode degeneracy. At the same time, the metasurface periodicity affects the radiative
losses of the modes, and consequently their critical coupling conditions [8]. Therefore, we
may use the periodicity for achieving the critical coupling condition without losing the mode
degeneracy.

Using these trends, we develop a three-step process, which adjusts the metasurface geometry
for achieving perfect absorption at a desired wavelength. Starting with a design where modes are
degenerate, we first adjust the bar width in order to tune the mode resonant wavelength. In the
second step, we tune the radiative losses by adjusting the both periodicities of the square lattice,
and approach the critical coupling condition with only a small effect on the mode wavelength.
Step 2 results in close-to-perfect absorption. For the best performance, an additional numerical
optimization of the central block parameters can be done to regain full overlap of the modes and
reach the perfect absorption condition. In the following sections, the physical mechanism behind
this process is discussed in detail.

2.1. Bar width

In order to investigate the shift of the two modes with the width of the bar, w, we first design a
structure with the modes My and M, positioned at 790 nm, similarly to the structure in Ref. [11].
We then numerically simulate absorption for metasurfaces with the bar width varied from 0 nm
(corresponding to the case of symmetric rectangular dielectric resonator) to 160 nm. Figure 2(b)
shows the simulated absorption spectra for different bar widths as a color map. For illustration
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purposes, we first consider a non-dispersive material (i.e. fixed material parameters: n =3.684
and « =0.087, are constants independent of the wavelength, typical of GaAs at 800 nm). We also
simulate the metasurface surrounded above and below by a uniform dielectric material, with the
refractive index of n=1.57 - typical for transparent substrates (e.g. glass). A highly absorbing
band can be seen spanning from 700 to 950 nm where both modes shift together with bar width.
At a bar width of 40 nm maximum absorption of 99.88% is achieved. For the purpose of this
paper we define perfect absorption as > 98% due to the simulation accuracy which is limited by
the finite simulation mesh (see the supplemental document for more information). Individual
higher order modes can be seen to the left, at shorter wavelengths. However, those modes do not
cross each other and do not show perfect absorption, despite high material absorption in GaAs in
this region.

Figure 2(d),(e) illustrates the mode profiles of the My and M, modes for two different bar
widths: 40 nm and 100 nm. The circled peaks in the spectra correspond to the peaks shown by
arrows in Fig. 2(b), where the My and M, mode both sit at the same wavelength. The mode
profiles at peak absorption wavelength show the change in modes with increasing bar width,
and provide insight into the physical mechanism behind the shifting of the modal wavelengths
with bar width. When bar width increases, the area of the central block structure in the xy-plane
is expanded. This increases the mode volume and therefore the wavelength of the M, mode
resonance, as the circulating E-field corresponding to the M, mode sits in the xy-plane. Increasing
the bar width also shifts the My mode from the block toward the bar where mode volume also
increases. As a result, the wavelength of the My mode increases. Both modes therefore shift to
longer wavelengths.

The simulations show that the rate of this shift for both modes is similar, and therefore by
tuning the bar width we can adjust the frequency of the modes by roughly the same amount.
The same mode behavior occurs if we consider the index dispersion in GaAs [28]: the modes
still shift together and over a range of wavelengths across the bandgap, remaining approximately
degenerate (Fig. 2(c)). This allows us to choose the operation frequency of the metasurface
simply by adjusting one single parameter - the bar width.

The simulations with dispersive material parameters near the band-gap also highlights the
fact that the mode degeneracy is only a necessary and not sufficient condition. We observe a
large variation in the peak absorption as the bar width changes. At longer wavelengths intrinsic
absorption decreases and no longer matches the radiative loss of the mode. As a result, the modes
move away from the critical coupling condition and the effect of total absorption disappears.

2.2. Periodicity

In order to satisfy the critical coupling condition, we now tune the periodicity of the structure by
changing the size of the unit cell in both the x- and y-directions without adjusting the resonator
and bar sizes. It has been demonstrated in several other metasurface systems that periodicity
alters the collective behavior of the resonators including the radiative losses [8,33—35]. At the
same time, the effect on the Mie resonance wavelength in our metasurface is relatively small.
Specifically, the change in periodicity by 20% results in the mode wavelength shift of only 6-7%.
Figure 3 shows the tuning of periodicity from 340 nm to 440 nm for a 40 nm bar structure, using
the Palik model for GaAs. The maximum absorption of 99.9% is achieved at a periodicity of 395
nm.

To illustrate the impact of material absorption, Fig. 3(c) shows how absorption of the two
degenerate modes changes for varying intrinsic material absorption. For a set periodicity and
metasurface parameters, it can be seen that the peak absorption first rises sharply as the extinction
coefficient, ¥ is varied from 0.001 to 0.05. At a particular k value of 0.08 the metasurface
reaches perfect absorption. This value of material absorption corresponds to the critical coupling
condition, i.e. the absorption of the modes matches the radiative loss of the modes. If the material
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Fig. 2. Effect of the bar width: a) Schematic diagram of the unit cell illustrating the
increase in bar width. b) & c¢) Simulated total absorption for varying bar width. In b) real
and imaginary permittivities are modelled as constants (n = 3.684 « =0.087), whereas in c)
real and imaginary permittivities vary according to the GaAs Palik model. d) Simulated
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with magnetic field profiles at the peak absorption wavelength (892 nm) for the 80 nm
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h=200nm, periods =395 nm).
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Fig. 3. Effect of periodicity tuning: a) Diagram demonstrating periodicity increase in
both x- and y-directions. The bar and block size remain constant (w =40nm, a = 125 nm,
b=140nm, h=200 nm). b) Simulated total absorption for varying periodicity. Real and
imaginary permittivities vary according to the GaAs Palik model. c¢) Simulated maximum
absorption for varying extinction coefficient, k. Periodicity and structure parameters are
fixed.

absorption is increased beyond this value, the structure moves away from the critically coupled
condition and overall absorption of the metasurface decreases. A similar process happens when
the periodicity is modified in Fig. 3(b), except here the radiative losses are varied rather than the
material absorption.

2.3. Central block size

Whilst the bar width enables tuning of the My and M, dipole together and the periodicity allows
us to adjust radiative loss, the modes may drift apart during these steps for large parameter
changes. The impact of mode splitting on peak absorption varies with wavelength. In the region
where intrinsic absorption is high, the mode splitting does not largely affect peak absorption:
we find that >90% absorption can be achieved after adjusting the periodicity without further
changes. For wavelengths where the intrinsic loss is low, the splitting plays a more significant
role. For example, in Fig. 2(c), the modes visibly split into two separate absorption peaks in the
region of 950 nm. The difference is due to the linewidths of the modes.

If a mode splitting occurs, the modes can be re-matched and absorption maximized by a
process of local ‘particle swarm’ numerical optimization of the central block parameters, a and b.
We note that the block thickness, 5, also affects the mode frequencies, however this parameter is
fixed at the wafer growth stage and it is less practical to adjust during the fabrication process.

3. Experimental results

We now experimentally verify the effects of the bar width and periodicity. Metasurfaces with
different bar widths and periodicities were fabricated from a 200 nm epilayer of LT-GaAs using
electron-beam lithography and etching. Figures 4(a),(c) show scanning electron microscope
images of the metasurface pattern etched into the epilayer. The 200 nm thick metasurfaces
are then transferred onto sapphire substrates. As a result, the metasurfaces are submerged in
epoxy (n=1.57), which bonds the metasurface to the substrate, while the half-space above the
metasurface is air. Fabrication details are described in the supplemental document.

Firstly, we discuss the effect of the bar width. Figure 4 shows measured transmission spectra
for a set of metasurfaces with varied bar widths, along with simulated spectra for structures
with similar dimensions to the fabricated devices. For each structure, there is a deep dip in
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d) Transmission spectra simulated for several bar widths, including reflection spectra for
structure with 30 nm bar width. Other device parameters chosen to match fabricated
structures in b.

transmission. Although it appears as a single mode feature, two modes overlap at this wavelength.
This feature represents strongly enhanced absorption. As the bar width is varied the transmission
dip shifts in wavelength without splitting into two peaks, demonstrating the ability to tune the
two mode wavelengths simultaneously with the bar width.

We note that due to the proximity effect in electron beam lithography [36], the increase in
the nominal bar width from 40 nm to 70 nm results in superlinear increase of the fabricated bar
width, as well as in small increase of the central block size. These changes are too small (<10
nm) to be evaluated precisely from SEM images. Nevertheless, they result in apparent higher
rate of wavelength tuning in the fabricated structures in comparison to simulations. Therefore,
we simulate a wider range of bar widths and provide their transmission spectra in Fig. 4(d). We
find good agreement between these simulations and the experiment.

We also note that in the simulations, the metasurface is almost fully transparent at 890 nm. This
is the result of a standard GaAs model, which lacks accuracy to describe LT GaAs permittivity in
the long wavelength region. The experimental results on the other hand show lower transmission
in the long wavelength region, indicating that there is non-negligible absorption, likely due to As
islands and crystal defects in LT GaAs [29,30].
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For smaller bar thicknesses, the minimum transmission is ~0.1, suggesting that the structure is
close to the critical coupling condition, and therefore near perfect absorption. The simulated
measurements confirm this, as for the 30nm bar width, both reflection and transmission are near-
zero, meaning absorption is > 0.95. However, once the mode wavelengths are increased using the
bar width, the structure loses the condition of critical coupling and the peak absorption decreases
(see supplemental document). High absorption is now regained by varying the periodicity.
Figure 5 shows measured (a) and simulated (b) transmission spectra for several metasurfaces with
varied periodicities whilst other parameters are fixed. In Fig. 5(a), the minimum in transmission
decreases with increasing periodicity. This is a consequence of the changing radiative loss of the
metasurface with periodicity — as the period increases the structure moves closer to the critical
coupling condition where the radiative loss matches the absorption loss for each mode.
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Fig. 5. Effect of periodicity in experiment and simulations: a) Transmission spectra
measured in fabricated structures for varying periodicity. b) Transmission spectra simulated
for several periodicities. Other device parameters chosen to match fabricated structures in a.

We note that in the fabricated structures there is very little change in peak absorption wavelength
with periodicity, however for the simulated structures a notable change is observed. We believe
this is a consequence of the proximity effect in the electron beam lithography stage of fabrication.
For smaller periodicities (340 nm), neighboring resonators are much closer to each other and
the proximity effect results in an increased size of the central block and bar. Consequently, the
resonant wavelength increases in comparison to the simulated structures, where the geometry
remains constant for all periodicities.

The ability to tune the radiative losses with periodicity in the fabrication process is particularly
advantageous when fabricating structures close to the banggap edge. As previously mentioned,
in this spectral region published models for GaAs imaginary permittivity may not closely match
LT-GaAs due to the presence of defects, making it difficult to use simulations for refining optimum
metasurface geometry. However, varying the periodicity in the fabrication process allows us to
optimize the radiative loss and match it to the real absorption losses. This can lead to a slightly
different optimum periodicity in the simulation compared to the fabricated structures.
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4. Enhancing absorption near GaAs bandgap

We now use the perfectly absorbing structure designed in Section 2 for 790 nm, and apply the
three-step design method to enhance absorption near the bandgap wavelength, where the intrinsic
absorption of GaAs is significantly lower (less than half that at 790 nm). First, we increase the
bar width to 80 nm to position the peak absorption close to the bandgap wavelength (860 nm);
then by sweeping the periodicity numerically, we find a period for which the absorption level is
maximum. For the 80 nm bar, the required period is 380 nm, and it yields a peak absorption
of 88%. Finally, by optimizing the block size, the peak absorption can be increased to 98% if
the block size is increased by 15 nm in the x-direction and 25 nm in the y-direction (during the
optimization process the size of the block is varied in increments of 5 nm).

In Fig. 6(a),(b) we show simulated optical absorption, transmission and reflection spectra after
the optimization process, and compare it to the metasurface design for 790 nm. The new design
now shows the absorption peak at 860 nm. In both cases, the peak absorption reaches as high as
98%%, despite the significant difference in intrinsic material absorption at 790 nm and 860 nm.
The reduced intrinsic absorption at 860 nm affects the linewidth of the absorption peak, which is
significantly narrower in comparison to the 790 nm peak.
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Fig. 6. Enhanced absorption in metasurfaces in the regions of high and low intrinsic
absorption. Simulated optical properties of perfectly absorbing structure at (a) 790 nm and
(b) 860 nm. Measured optical properties of fabricated metasurfaces showing enhanced
absorption at 790 nm (c) and 875 nm (d). Absorption for a 200 nm unstructured layer
of LT-GaAs is shown for comparison (black lines), as well as absorption for the 790 nm
metasurface when illuminated by a Gaussian beam with numerical aperture of 0.2 (c — gray
dashed line).
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In Fig. 6(c),(d) the experimentally measured absorption spectra are shown for two fabricated
structures with similar dimensions as in Fig. 6(a),(b). As with the simulated designs, the first
fabricated structure shows a broad absorption peak centered around 790 nm, whereas the second
structure shows enhanced absorption at 875 nm. For comparison, we also show an experimentally
measured absorption spectrum for an unpatterned (uniform) 200 nm thick LT GaAs layer (black
line), where absorption gradually decreases with increasing wavelength, approaching zero around
875 nm. In contrast, the metasurface of the same thickness absorbs up to ~70% of incident light
at that wavelength, indicating a strong absorption enhancement effect. For both structures, we
see a significant dip in both transmission and reflection at the peak absorption wavelength.

The peak absorption levels in both fabricated metasurfaces are not as high as predicted in the
simulations. This is due to the fact that the experimental spectra were measured using a focused
optical beam with NA~0.16, rather than the plane wave used in simulations. For such a beam, the
peak broadens, and absorption decreases by ~10% according to our numerical simulations (gray
dashed line in Fig. 6(c)). In addition, for the structure in Fig. 6(d) the two modes are not perfectly
aligned, as is evident from the two separate peaks in the spectrum. In this region of the spectrum
the lack of strong material absorption causes the modes to become much narrower and therefore
more sensitive to mode misalignment. In principle, similarly to the step described in Section 2.3,
small adjustments of the central block size can be performed in order to align the two modes.

Despite these small discrepancies, the experimentally observed spectrum clearly shows a
resonant absorption enhancement of 3-fold for the 790 nm structure and over 15-fold for the 875
nm structure in comparison to the unpatterned LT-GaAs layer.

5. Conclusion

In conclusion, we demonstrate that using the scheme of perfect absorption based on two degenerate
magnetic dipole modes, we can experimentally achieve strong enhancement of optical absorption
in LT GaAs based metasurfaces within a wide range of intrinsic material absorption. We
identified two geometrical parameters of the structure which enable concurrent tuning of two
magnetic dipole modes with similar rates and maximizing of absorption through adjustment of
radiative losses. Tuning these parameters allows us to adapt the perfectly absorbing metasurface
design for operation across a range of wavelengths with significant variations of intrinsic material
absorption, using a straightforward prescriptive technique. Our method takes the guesswork out of
designing metasurfaces for a desired wavelength of operation, or adjusting the metasurface design
to achieve the condition of perfect absorption. We anticipate that this method will lead to wider
use of all-dielectric perfectly-absorbing metasurfaces for a variety of applications. Specifically,
such metasurfaces can be used as efficient photoconductive elements in optoelectronic devices
and with the adaptable design, they can be tailored to desired laser wavelengths and for other
materials.
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