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Abstract: Metasurface is a kind of sub-wavelength artificial electromagnetic structure, which
can resonate with the electric field and magnetic field of the incident light, promote the interaction
between light and matter, and has great application value and potential in the fields of sensing,
imaging, and photoelectric detection. Most of the metasurface-enhanced ultraviolet detectors
reported so far are metal metasurfaces, which have serious ohmic losses, and studies on the use of
all-dielectric metasurface-enhanced ultraviolet detectors are rare. The multilayer structure of the
diamond metasurface-gallium oxide active layer-silica insulating layer-aluminum reflective layer
was theoretically designed and numerically simulated. In the case of gallium oxide thickness
of 20 nm, the absorption rate of more than 95% at the working wavelength of 200-220 nm is
realized, and the working wavelength can be adjusted by changing the structural parameters.
The proposed structure has the characteristics of polarization insensitivity and incidence angle
insensitivity. This work has great potential in the fields of ultraviolet detection, imaging, and
communications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultraviolet detectors are widely used in important fields such as space communications, missile
guidance, discharge detection, ozone detection, and medical applications [1-4]. Ultraviolet
detectors are gradually developing towards high integration, high performance, multi-dimensional
detection, and miniaturization [5—7]. The development of modern science and technology puts
forward higher requirements for the performance of ultraviolet detectors. However, high-quality
semiconductor films are difficult to grow [8], and the light capture ability of traditional ultraviolet
detectors is weak. For photon detectors, their detection performance is limited by the absorption
law exp(—ad), where a is the absorption coefficient and d is the thickness of the absorbing layer.
Therefore, to improve the performance of the detector, on the one hand, it is necessary to optimize
the structural parameters to obtain a high absorption coefficient, on the other hand, to obtain a
high absorption rate, sufficient semiconductor thickness is usually required to improve quantum
efficiency. Nevertheless, the larger d increases the carrier crossing time and response time, the
material growth process is stressful, and the product cost is high, which is not conducive to
the integration and miniaturization of photonic detectors development. Therefore, seeking new
ways to improve the absorption rate of semiconductors, reduce the reflectivity, and reduce the
thickness of the absorption layer while maintaining a high absorption rate is of great significance
to improve the responsiveness and ease of integration of ultraviolet detectors.
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Many metasurface-based enhanced photodetectors have been reported, and studies have shown
that metasurface is an effective way to enhance photodetectors [9]. Metasurface is a kind of
sub-wavelength artificial electromagnetic structure, which can resonate with the electric field
and magnetic field of the incident light and can break through the limitations of certain apparent
natural laws and produce electromagnetic responses that do not exist in nature, to obtain functions
that are not available in natural materials, such as negative refractive index, perfect absorber and
metalenses [10].

Metasurfaces have great application value and potential in the fields of sensing, imaging, and
photoelectric detection. Many applications of metasurfaces operating in the ultraviolet range
have been reported. Cheng et al. demonstrate high-performance metasurface optical components
formed of hafnium oxide that operate at ultraviolet wavelengths [11], enabling diverse applications
including lithography, imaging, spectroscopy, and quantum information processing. Lei Chen et
al. propose an Ultraviolet sensing metasurface for programmable electromagnetic scattering field
manipulation [12], the spatial distribution of sensing light by sensors can be used to determine
the electromagnetic field and connect sensing optical information with the microwave field. Not
only that, ultraviolet metasurfaces are also widely used in many fields such as circular dichroism
spectroscopy [13,14], high-resolution imaging [15,16], structured light generation [17,18], and
hologram projection [19,20].

Metal surface plasmon nanoparticles or metasurfaces have been widely used to enhance the
performance of photonic detectors [21-28]. For example, Ruifan Tang et al. [29]. proposed
improved Ga, O3 solar-blind photodetectors decorated by Rh metal nanoparticles. Dark current
was greatly reduced and the detective was highly improved. Metal discrete particles or polymer
arrays excited local surface plasmon resonance enhances the electric field and promotes the
interaction between light and optoelectronic materials, but it also introduces severe ohmic
losses, especially in the ultraviolet band. Moreover, rare metals are too expensive, which is
not conducive to cost saving and promotion. In addition, all-dielectric metasurface resonators
supporting Mie resonance have also been used to generate near-field enhancement and facilitate
light collection [30-37]. However, at present, the working wavelengths of photon detectors
based on all-dielectric metasurface are mainly concentrated in the visible and infrared bands,
while research on all-dielectric metasurface-enhanced ultraviolet detectors is rarely reported.
Therefore, to obtain a low-loss, efficient metasurface that works in the ultraviolet band, it is
necessary to select the appropriate dielectric material. In addition, the gallium oxide-based
ultraviolet detectors currently reported still have the characteristics of low responsivity and slow
response speed [38], and it is difficult to deposit high-quality thin films [39]. A larger thickness is
required to obtain better performance [40,41]. Under the trend of miniaturization and integration
of photonic devices, the contradiction between a high absorption rate and small thickness needs
to be solved urgently.

Given the need for a high absorption rate and small absorption layer thickness of ultraviolet
detector, this paper proposes a multilayer structure of diamond resonator-gallium oxide active
layer-silicon oxide insulating layer-aluminum reflective layer. The proposed metasurface structure
is a two-dimensional periodic diamond nanopillar array, which greatly improved the absorption
supported by Mie resonance in the ultraviolet band. For gallium oxide films at 20 nm, the
absorption rate at the wavelength of 205 nm is increased from 30% to above 90%. The ideal
responsivity under 0.5 mW incident optical power irradiation increased from 0.08 A/W to 0.15
A/W, and the carrier generation rate on the surface of the gallium oxide film after the introduction
of metasurface increased to 6 times that of the monolayer gallium oxide film. At the same time,
the low loss characteristics of diamond avoid the ohmic loss caused by metal plasmon resonators.
The introduced aluminum metal film has high reflectivity in the ultraviolet band, which reduces
the transmittance of incident light and increases the optical path so that the required thickness
of the gallium oxide layer to obtain a large absorption rate is greatly reduced. In addition, the
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influence of geometric parameters on the absorption characteristics is studied, and the designed
metasurface has the characteristics of polarization insensitivity and incidence angle insensitivity.

2. Structural design

The structure of the metasurface-based ultraviolet detector is shown in Fig. 1. The metasurface
consists of periodically arranged nanocylinders. Diamond is selected as the metasurface material
because it has a high refractive index (n~2.6), supports Mie resonance, and is lossless below the
wavelength of 240 nm. In addition, there are mature technologies for fabricating high-quality
nanoscale diamond structures [42,43]. The active layer of the detector adopts gallium oxide,
which is a wide bandgap semiconductor material commonly used in ultraviolet detection. Silica
is an insulating layer and metallic aluminum is a reflector. The diamond resonator in the upper
layer has a radius of R =50 nm, a height of H=35nm, and a period of P =120 nm. The thickness
of the gallium oxide film is 20 nm, and the thickness of the silica film is 20 nm.

(a) (b)

e

o o
) =3

Absorption
o
~

o
i

I Diamond N Ga:0:

0
Silica B Aluminum 180 200 220 240 260 280 300
Wavelength (nm)

Fig. 1. (a) Schematic diagram of gallium oxide ultraviolet detector based on diamond
metasurface and (b) its absorption spectrum.

The time-domain finite difference method is used to simulate and calculate the optical response
and performance of metasurface ultraviolet detectors. The simulation was performed using
the Lumerical FDTD solution. The incident light is set to linearly polarized light occurring
in the negative direction of the Z axis with a wavelength range of 180-300 nm. The boundary
conditions in the X and Y-axis directions are set as periodic boundary conditions, and the Z-axis
direction uses perfectly matched layer boundary conditions. Two frequency-domain field profile
monitors are placed above the diamond array and below the Al film to detect the reflectance
and transmittance of the system, respectively. The absorption spectrum is defined as A = 1-R-T,
where R and T are simulated results of structural reflectance and transmittance, respectively. An
optical generation rate analysis object was placed covering the volume of the gallium oxide film.
The optical generation can be calculated by this analysis object by assuming that each absorbed
photon generates one electron-hole pair.

optical constants of materials used in the calculation were extracted from the data reported
[44-47]. The optical constants of the materials are depicted in Fig. 2, where the solid line
represents the refractive index n of the material and the dashed line represents the extinction
coefficient k of the material.

Gallium oxide films can be grown using various techniques, such as chemical vapor deposition
(CVD) [48], molecular beam epitaxy (MBE) [49], pulsed laser deposition (PLD) [50], and atomic
layer deposition (ALD) [51]. Currently, synthetic diamonds are prepared by either a high-pressure
high-temperature (HPHT) or a CVD process [52]. To obtain high-pure, low-cost and reproducible
diamond, the CVD process is a better choice. Diamond can be bonded with Ga;O3 by van der
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Fig. 2. Refractive index n and the extinction coefficient k as a function of wavelength for
Diamond, Ga203, Silica, and Al.

Waals interaction. GapO3 can be deposited onto single-crystal diamond substrates by ALD. Many
studies on gallium oxide bonded to diamond have been reported [52-56]. We believe that our
design is practical.

3. Results discussion

3.1. Optical response and physical mechanisms

The optical response of metasurface-based detectors under different conditions was studied,
as shown in Fig. 3(a). The absorption, reflectance, and transmission spectra under different
conditions are shown in Fig. 3(b)-(d).
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Fig. 3. (a)Absorption enhancement mechanisms in different situations; (b)-(d) Absorption,
reflection, and transmission spectra under different conditions.

First, we consider the gallium oxide semiconductor film (Fig. 3(a) case 1), when the light
incident on the gallium oxide film, the incident light is reflected vertically at the interface between
air and gallium oxide, part of the light is absorbed by the gallium oxide film, and the unabsorbed
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light passes through the sample. This results in a decrease in the efficiency of gallium oxide
films. The effect of gallium oxide film thickness on the absorption rate was studied, and it can be
seen from Fig. 4 that the absorption rate gradually decreases as the thickness of gallium oxide
film decreases. Therefore, to increase the absorption rate, a sufficiently thick gallium oxide
film is required, but at the same time, it also increases the volume of the device, which is not
easy to miniaturize and integrate the detector and increases the carrier crossing time, decreasing
sensitivity. Therefore, for detectors with a gallium oxide thickness of 20 nm, to improve the
absorption rate of the detector, we introduced metasurfaces and mirrors.
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Fig. 4. Absorption rate vs. thickness of gallium oxide film.

With the introduction of diamond metasurfaces (case 2), we simulate the reflection and
transmission spectra of the structure, as shown in Fig. 3(c) and (d). Compared with the simple
gallium oxide film, the reflectivity, and transmittance of the structure are reduced at the wavelength
of 200 nm-220 nm, resulting in a significant increase in the absorption rate. There are two
resonance reflection dips around 197 and 260 nm in the reflection spectra of the metasurface, as
shown in the blue curve of Fig. 3(c). To explore the cause of the reflection dips, we calculated the
electromagnetic field distribution of the metasurface at the wavelength of 197 nm and 260 nm, as
shown in Fig. 5, the electric field distribution has the distribution characteristics of dipoles.

The magnetic field is mainly concentrated in the diamond resonator and the active layer of
gallium oxide, and the local enhancement of the electromagnetic field promotes the interaction
between incident light and gallium oxide. The resonance mode appearing at the wavelength of
197 nm is derived from an electric dipole mode (ED), while the mode around 260 nm is caused by
a magnetic dipole mode (MD). Owing to reflection inhibition, the absorption increased. When
the resonance wavelength of MD and ED approaches each other, Huygens’ metasurfaces [57]
will appear. The backward scattering would be suppressed, which means the reflection of the
metasurface would be reduced. This phenomenon is also known as the Kerker condition.

In addition, a considerable portion of the transmitted light in case 1 is not absorbed, which
can be further enhanced by introducing a metal mirror (case 3). A 50 nm-thick aluminum film
is deposited under the silica substrate, which drastically reduces the transmittance, to almost
0. However, the reflectivity of the structure has increased compared to case 1, and the overall
absorption rate has increased slightly, which is due to the reflection of the aluminum film. The
distance ultraviolet light interacts with gallium oxide films increase, and during reflection, a part
of the energy of light is absorbed and converted into photogenerated carriers.

In summary, for a layer of gallium oxide film, when only the diamond metasurface is introduced,
the reflectivity and transmittance are suppressed at a specific wavelength, and the absorption
rate is greatly increased according to the formula A = 1-R-T. However, because the transmittance
cannot be completely suppressed to 0, the absorption rate cannot approach 1 indefinitely. When
only a mirror is introduced, the transmittance of the structure is almost 0, but the reflectivity
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Fig. 5. (a) xOy plane electric field distribution and (b) xOz plane magnetic field distribution

at the wavelength of 197 nm; (c) xOy plane electric field distribution and (d) xOz plane
magnetic field distribution at the wavelength of 260 nm.

increases. Therefore, consider case 4, i.e. the simultaneous introduction of diamond metasurfaces
and aluminum-metal mirrors to gallium oxide films.

The absorption curve of the detector in case 4 can be seen as the result of a combination of
metasurface and mirror, as shown in Fig. 3(b). The proposed structure has an absorption rate of
more than 90% in the wavelength range of 200-220 nm, and the absorption rate at 205 nm tends
to be close to 1. As shown in Fig. 3(d), the thin aluminum thin film still makes the transmittance
of the structure almost 0, but in the wavelength range of 200-220 nm, the reflectivity introduced
by the mirror is suppressed by the diamond metasurface. The reflectivity also tends to be 0, as
shown in Fig. 3(c).

Mie resonator combined with reflector achieving perfect absorber has been realized [36,31].
When the MD mode and ED mode of the Mie resonance approach to coincide, the backscattering
of the metasurface is suppressed. However, due to the existence of the metal mirror, the light
cannot pass through the structure. According to the formula A = 1-R-T, almost all of the energy
of the incident light is absorbed by the device.

Figure 6 shows the absorptance of the proposed structure and a 200 nm gallium oxide film
under the same conditions. It can be seen that the proposed structure has higher absorptance than
200 nm pure gallium oxide film at a wavelength of 180-240 nm. This shows that the proposed
structure can greatly improve the absorption rate of the gallium oxide ultraviolet detector, and
at the same time reduce the required semiconductor film thickness, which is beneficial to the
miniaturization and integration of ultraviolet detectors.

The carrier generation rate is a parameter that characterizes the efficiency of incident light
interacting with the active layer to produce photogenerated carriers. The rate of generation of
electron-hole pairs through photon absorption is known as the “optical generation rate”. The
optical generation rate is usually denoted by G(x). The actual number of electron-hole pairs
generated by the absorbed photons is described by the quantum efficiency, 7, of the process. Now,
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Fig. 6. Absorption curve of the proposed structure and 200 nm gallium oxide film under the
same conditions.

the optical generation rate is given by:
G(x) = nal(x) = naly exp(-ax) (1)

where « is the absorption coefficient, I(x) is the Light intensity (photons/cm?’s) absorbed at the
distance x. @ and n7 depend on the wavelength. So to calculate the generation rate in a device, we
must integrate

A2
6w = [ nal expl-a(xlds @
1

We simulated carrier generation at a wavelength of 205 nm with a source intensity of 0.5 mW,
as shown in Fig. 7. After the introduction of the diamond metasurface, the distribution map
of carrier generation rate in the plane of xOy on the surface of gallium oxide is similar to the
distribution of the electric field. The maximum carrier generation of the proposed device is up to
9.6 x 10% charge pairs/m?/s, while the maximum carrier generation without the metasurface is
only 1.53 x 10?3 charge pairs/m?/s. The maximum carrier generation rate is about 6 times that of
no metasurface.

Figure 8 shows the ideal responsivity curve of a gallium oxide detector under 0.5 mW incident
optical power irradiation. The ideal responsiveness can be calculated by the formula below:

Rzl%l;Iph:JscXS 3)

where I, is the photocurrent, J. is the ideal photocurrent normalized to the surface area, obtained
by the simulation results, P is the incident optical power, and S is the illumination area. It can be
seen from the responsivity curve that the enhancement trend is similar to the absorption curve,
and the maximum responsivity is significantly enhanced from 0.08 A/W to 0.15A/W. The above
electrical indicators further verify the effect of diamond metasurface on enhancing ultraviolet
detectors.

3.2. Influence of geometric parameters

We examined the influence of metasurface geometry parameters on detector absorption. Figure 9
shows the absorption at different radii, altitudes, and periods. With the increase of the radius of
the diamond nanopillar, the absorption peak is slightly redshifted, and the change in the aspect
ratio of the diamond nanopillar makes the resonance wavelength of Mie’s resonance redshift.
The change in height has a great influence on absorption. It is necessary to select the appropriate
period to obtain the required absorption rate. Based on the above results and analysis, the
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absorption can be adjusted by changing the geometric parameters of the diamond metasurface to
meet different practical application needs.

To characterize the effect of the polarization angle and incidence angle of incident light on
the absorption of the detector. We examined the absorption rate of the detector with an incident
polarization angle from 0 to 90 degrees, and the results are shown in Fig. 10(a). The absorption
rate hardly changes with the angle of incidence polarization because the periodic structure of
the metasurface is centrally symmetrical. In many applications, it is crucial to have a material
or device that can absorb radiation over a wide range of angles. For example, in solar energy
systems, large-angle absorbers can capture more sunlight throughout the day, leading to higher
energy efficiency. In thermal management, large-angle absorbers can efficiently dissipate heat
from electronic devices, leading to better performance and longer lifetimes. It’s necessary to
study the incident angle’s effect on the absorption properties of our design. In the case of linear
polarized light incidence, the incidence angle was simulated by a sweep, and the results are
shown in Fig. 10(b). As the angle of incidence only changes from O to 60 degrees, the absorption
bandwidth and the position of the absorption peak remain nearly unchanged. It means that the
structure is still able to work stably. In summary, the proposed metasurface-enhanced detector
has the characteristics of polarization insensitivity and incidence angle insensitivity.
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Fig. 10. Effect of polarization angle on absorption; (b) The effect of the angle of incidence
on absorption

4. Conclusion

In this paper, an enhanced gallium oxide detector based on a diamond metasurface is proposed.
Through the combination of Mie’s resonance on the diamond metasurface, intrinsic absorption
of gallium oxide, and metal mirror, the absorption rate of more than 90% in the solar blind
ultraviolet band of 200-220 nm is achieved. The thickness of the required gallium oxide film is
reduced to 20 nm. The carrier generation rate is 6 times the initial structure, improving detector
responsiveness. The proposed metasurface structure can change its working wavelength by
adjusting the geometric parameters and is polarization angle insensitive and incidence angle
insensitive. Our results demonstrate the great potential of all-dielectric diamond metasurfaces
for enhanced ultraviolet photoelectric conversion applications, which are expected to provide
new economic relief solutions for applications such as ultraviolet detection, imaging, and
communications.
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