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ABSTRACT

Heterogeneous photocatalysis is an important research problem relevant to a variety of sustainable energy technologies. However, obtaining
high photocatalytic efficiency from visible light absorbing semiconductors is challenging due to a combination of weak absorption, transport
losses, and low activity. Aspects of this problem have been addressed by multilayer approaches, which provide a general scheme for engi-
neering surface reactivity and stability independent of electronic considerations. However, an analogous broad framework for optimizing
light-matter interactions has not yet been demonstrated. Here, we establish a photonic approach using semiconductor metasurfaces that
is highly effective in enhancing the photocatalytic activity of GaAs, a high-performance semiconductor with a near-infrared bandgap. Our
engineered pillar arrays with heights of ~150 nm exhibit Mie resonances near 700 nm that result in near-unity absorption and exhibit a
field profile that maximizes charge carrier generation near the solid-liquid interface, enabling short transport distances. Our hybrid meta-
surface photoanodes facilitate oxygen evolution and exhibit enhanced incident photon-to-current efficiencies that are ~22x larger than a
corresponding thin film for resonant excitation and 3x larger for white light illumination. Key to these improvements is the preferential gen-
eration of photogenerated carriers near the semiconductor interface that results from the field enhancement profile of magnetic dipolar-type

modes.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0199589
INTRODUCTION carrier mobility, corrosion resistance, and surface reactivity of the

semiconductor.'” "* As a result of these factors, as well as concerns
related to cost and ease of fabrication, several other potential can-
didate materials with appropriate bandgaps have been less widely

Heterogeneous photocatalysis driven by visible light absorbing
semiconductors represents an important fundamental science prob-
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lem with implications for a broad range of applications in pollution
remediation, solar fuels, and high value chemical synthesis." First
introduced in 1972 by Honda and Fujishima using ultraviolet illu-
mination of TiO; to split water,” its extension to semiconductors
with strong light visible absorption remains a major challenge. A
wide variety of materials have been explored in this context, includ-
ing II-VI semiconductors such as CdTe, III-V semiconductors
such as GaP, higher-order compounds such as bismuth vanadate
and oxynitride solid solutions, as well as two-dimensional materi-
als including transition metal dichalcogenides.” ” A key limitation is
that there exists a large parameter space for optimization that must
satisfy strict constraints on the bandgap energy, band alignments,

explored."”'*"” Simultaneously optimizing all the key processes has
proved challenging as deficiencies in light absorption, charge trans-
port, and chemical activity will all limit the overall photochemical
efficiency. Furthermore, in a monolithic material, these factors are
interrelated, which frequently makes it difficult to identify major loss
pathways.

One particularly successful approach to address this opti-
mization challenge has been to use multilayer schemes to decou-
ple critical functionality. For example, ultrathin (~1 nm) surface
layers have been employed to render the surface activity inde-
pendent of the electronic properties of the semiconductor. Since
its first demonstration,'® a wide variety of semiconductor/surface
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layer combinations have been shown to exhibit enhanced sur-
face catalytic activity and/or stability. Importantly, this approach
has enabled the use of semiconductors that would otherwise be
unfeasible because of poor activity and/or stability.”” " An impor-
tant remaining challenge concerns the development of analogous
schemes to engineer the absorbing properties of the semiconduc-
tor independent of its electronic structure and surface properties.
Compared to UV photons, absorption of visible light tends to be
weaker with a longer characteristic absorption length. This results
in either less photons absorbed overall or absorbed further from
the solid-liquid interface, imposing additional requirements for
high purity of the semiconductor material to minimize transport
losses. Various nanoscale approaches have been introduced to engi-
neer the semiconductor’s absorption, but a general effective strategy
is still lacking.””*" For example, quantum-confined semiconduc-
tor nanocrystals have enhanced absorption cross sections near the
band edge but their large surface-to-volume ratios exacerbate the
parasitic effects of lossy surface states.”””’ Alternatively, the use of
antenna-like effects of plasmonic metal nanoparticles (MNPs) has
been proposed to tailor electric fields in the vicinity of the semi-
conductor surface.”* However, controlling the size and coverage of
MNPs on the surface of the semiconductor is an additional mate-
rials science challenge. More critically, absorption losses in MNPs
are high”** and schemes to directly capture the resulting hot elec-
trons are highly controversial. As a result, a suitable material has
not yet been identified that has the necessary properties for efficient
heterogeneous photocatalysis driven by low energy photons.

We posit that a different approach to nanostructuring mate-
rials may be effective in enabling independent tuning of critical
absorption length scales for visible light absorbing semiconductor
photocatalysts. Our approach is based on dielectric metasurfaces
composed of two-dimensional arrays of patterned semiconductors
that are engineered to tailor and enhance light-matter interac-
tions via geometric resonances.”’ " In dielectric metasurfaces, the
electric field profile supports a dominant contribution from Mie-
type resonances distinct from the electric dipole (ED) resonance
that dominates in plasmonic MNPs."””"""" Importantly, these
additional modes, which include magnetic dipolar (MD)-type res-
onances, result in electric field localization within the nanostructure.
Furthermore, they experience much reduced losses and enhanced
efficiencies compared to MNPs. Importantly, the strength of the
Mie resonances can be further enhanced in multilayered struc-
tures that achieve hybridization between a metal and dielectric
response.”” For example, the alignment of ED and MD resonances
has been associated with the concept of “perfect” absorption, in
which reflection is nearly completely suppressed. This concept has
been demonstrated in the context of optoelectronic applications™
including terahertz antennas.””’ More recently, perfect absorbers
based on non-radiating anapole modes have been explored in the
context of photocatalysis.‘%‘\'"“ However, little attention has been
paid to optimizing both the strength and spatial profile of absorption
in photocatalytic metasurfaces, with the explicit goal of concen-
trating charge carrier generation near the point of utilization to
minimize recombination losses and enhance the overall conversion
efficiencies.”!

Here, we propose a strategy to optimize near-infrared (NIR)-
driven photocatalytic processes in dielectric metasurface electrodes
with strong Mie resonances. In particular, we focus on photonic
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structures that enable strong light interactions due to large contri-
butions from magnetic dipole terms [Fig. 1(2)].”>** In contrast to
other resonant modes that result in large absorption dominated by
the fields in the interior of the nanostructure,” *’ MD-type modes
maximize the absorbed power near the solid-liquid interface, a key
aspect for achieving the highest conversion efficiencies. We have
validated this concept using gallium arsenide (GaAs), a technolog-
ically relevant III-V semiconductor with a NIR direct band gap of

(a) Resonant Optical Modes

ED

MD

(b)
—
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FIG. 1. Our photoelectrochemical device takes advantage of (a) resonant geomet-
ric modes to enhance the absorption of light in a semiconductor nanostructure. Top
down view of a pillar showing the electric dipole (ED) modes excited by the electric
field vector dominate in the absence of a geometrical resonance and result in the
concentration of electromagnetic energy (|E/Ey|?) in the near field of the cylinder
(shaded region). Magnetic dipole (MD) modes excited by the magnetic field vector
can also be resonantly enhanced in semiconductor metasurfaces resulting in circu-

lating displacement currents ( J p) that enhance the electric field within the cylinder.
(b) We have designed semiconductor metasurfaces with strong MD resonances
that function as working electrodes in an electrochemical device. Minority carri-
ers reduce chemical species at the solid-liquid interface and a counter electrode
completes the electrochemical circuit.
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~1.42 eV.* In this work, we show that a hybrid optical metasur-
face containing 150 nm pillars of n-type GaAs generates a strong
absorption resonance near 700 nm that minimizes the optical reflec-
tivity and maximizes absorption (>80%). When incorporated into an
aqueous photoelectrochemical cell [Fig. 1(b)], the metasurface func-
tions as a stable photoanode for oxygen evolution. Critically, our
metasurface electrodes exhibit large photocurrent enhancements of
more than 22x compared to the corresponding unpatterned thin
film. Our analysis shows that this improvement results from the
dual benefit of (1) enhancing the overall absorption in a thin layer
of materials (relative to an unpatterned thin film) and (2) con-
centrating the spatial distribution of light near the surface of the
semiconductor, reducing necessary diffusion lengths. These studies
establish that photocatalytic applications will benefit from dielectric
photonic structures generating tailored electric field patterns with
low inherent losses.

RESULTS AND DISCUSSION

To achieve a high incident photon-to-current efficiency (IPCE)
in heterogeneous catalytic applications, optimization of both the
transport of carriers to a solid-liquid interface and their photo-
chemical activity is required.”**” As in other optoelectronic devices,
charge carrier migration is facilitated by a strong depletion field,
which also helps suppress the recombination of photogenerated
minority carriers. Photogenerated carriers outside of the depletion
region will instead experience diffusive transport and be subject to
typical bulk recombination processes. The consequence of losses
during diffusive transport on the activity of different semiconductor
photocatalysts is an important outstanding question. For example,
it has been previously shown that significant losses occur during
transport due to the presence of defects and dopants, which also
reduce the width of the depletion region.”’ As such, a key metric for
estimating transport efficiency can be obtained by comparing two
characteristic length scales: the absorption length corresponding to
the evanescent decay of incident plane waves within the semicon-
ductor (a7!) and its depletion width (W). The ratio (ocW‘,,)f1 will
generally become larger for longer wavelengths and higher back-
ground carrier densities, and significant transport losses are likely
to occur. For small (aW,)™", e.g., less than one, most light absorp-
tion will occur within the depletion region and transport efficiencies
will be high. We have calculated these ratios for crystalline GaAs
using the measured refractive indices (Fig. S1) and calculated deple-
tion widths (supplementary material) assuming a planar interface
(Fig. 2). We find that (aW,)™" is greater than one, i.e., significant
transport losses will occur, for red-NIR absorption near the band
edge in materials in which the background carrier density exceeds
10" ¢cm™. For example, at a doping level of 10'® ¢cm™ that is typ-
ical for commercially available GaAs wafers, a small (aW,)™" ratio
is obtained only for wavelengths shorter than 500 nm [Fig. 2(b)]. At
longer wavelengths (e.g., 700 nm), the absorption length is ~ 34x
the depletion width [Fig. 2(c)] such that carriers will be inefficiently
harvested. This simple model captures the essence of the problem
we aim to address: that in the absence of an alternative strategy
for changing the distribution of photogenerated carriers, there are
very stringent requirements on the quality of materials needed for
photoelectrochemical (PEC) applications. We note that the width
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FIG. 2. The transport efficiency in a photoelectrochemical device can be approx-
imated by the relative magnitude of the absorption length («~") to the depletion
width (Wy). (a) This ratio is plotted for a semiconductor-water interface as a func-
tion of the majority carrier density of the semiconductor. Ratios of (W)~ less
than or equal to one (red shading) correspond to efficient minority charge car-
rier fransport. The transport efficiency will drop significantly for ratios greater than
one (white shaded region). (b) A plot of (aW;)~" as a function of the incident
wavelength of light for a semiconductor with n ~ 3 x 10'8. At 700 nm (W)~ is
~ 34x. (c) A plot of (aWy)~" as a function of the carrier concentration for illu-
mination at 700 nm. In all plots, the black dot indicates the material used in this
study, which has a carrier density of n ~ 3 x 10'® cm™ and a resonant mode near
700 nm.

of the depletion region in a cylinder is always longer than a film
as long as W; < R where R is radius of cylinder, corresponding to
Np > 1x 107 cm™.° However, at the experimental doping level
using in this study (Np = 3 x 1018 cm™?), the value of the cylindri-
cal depletion width (W, = 13 nm) is nearly equivalent to the planar
value (supplementary material Sect. B). As a result, only approxi-
mately 27% of the cross-sectional area of our cylindrical meta-atoms
is depleted. As such, an approach based on tailoring the electric
field profile within the semiconductor using photonic resonances
has the potential to materially impact the photocatalytic efficiency
of common semiconductor materials.

Our photocatalytic metasurfaces were designed to exhibit
strong absorption resulting from the combination of electric and
magnetic Mie resonances tuned to photon energies larger than
the bulk GaAs bandgap (>1.4 ¢V).””"* In addition to supporting
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a bandgap that is optimally matched to the solar spectrum, GaAs
exhibits a high electron mobility and can support a wide dop-
ing range for optoelectronic applications. Still, its relatively weak
absorption near the band edge and the relatively large cost to grow
thick layers with high purity have limited its application to a few
specialized technologies. In an individual subwavelength dielectric
nanoparticle, resonance with a magnetic dipole mode occurs for the
condition A/n = 2R where A is the wavelength of light, n is index
of refraction, and R is radius of nanoparticle.”® We chose to opti-
mize our system for a wavelength near 700 nm, which corresponds
to a radius of ~90 nm. This wavelength is centered far enough
above the bandgap so that optical absorption will occur over a broad
optical resonance while still minimizing thermalization losses. To
extend this concept to photocatalytic metasurfaces, we implemented
a design consisting of square lattice of right cylinders capable of
generating both electric and magnetic resonances.”” Constant spac-
ings in the in-plane (x,y) directions are used so that the optical
response is polarization independent. To identify the contribution
of resonant modes to the pillars array, we used finite-difference
time-domain methods (Ansys Lumerical FDTD) to calculate the
absorption, reflection, and electric field profiles.

To validate our designs, we fabricated both GaAs and Au/GaAs
metasurfaces over a 300 ym square array following the proce-
dure outlined in the supplementary material with structural para-
meters that match the optimized structures determined using FDTD
calculations. Briefly, metasurfaces were fabricated using electron
beam lithography from silicon doped bulk GaAs wafers (University
Wafer) with a (100) orientation [Fig. 4(a)]. An 80 nm silicon diox-
ide (SiO) mask is deposited using plasma enhanced chemical vapor
deposition (PECVD) on clean substrates followed by a thick layer
(~450 nm) of PMMA [Fig. 3(b)]. Following exposure and develop-
ment of the PMMA [Figs. 3(c) and 3(d)], two different dry etching
process are carried to transfer the pattern from photoresist to the

(a)
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SiO; mask [Fig. 3(e)] and to etch GaAs [Fig. 3(f)]. This etchant is
optimized to obtain both anisotropic sidewall and high selectivity. At
this stage, GaAs metasurfaces are either cleaned to remove residual
resist or further processed to fabricate hybrid Au/GaAs metasur-
faces. For the latter, a 50 nm layer of Au is deposited using electron
beam methods [Fig. 3(g)] followed by etching to remove the resid-
ual oxide layer from the top of the pillar [Fig. 3(h)]. This step ensures
that metal only remains in the interstitials of the pillars, though we
note that it results in a slightly tapered pillar. Scanning electron
microscopy is used to verify our structures during each step of the
process [Figs. 3(e)-3(h)]. Following previous reports, an ultrathin
oxide layer (1 nm of Al,O3) is used to protect GaAs from corrosion
during PEC operation and promote efficient water oxidation. LA
The optimal geometry for each structure was determined by
sweeping the radius and pitch of the unit cell while monitoring the
total absorption within the portion of the pillar that extends from the
substrate [Figs. 4(a) and 4(e)]. This criterion is based on our expec-
tation that carriers generated elsewhere in the structure will have
negligible impact on the photocatalytic activity. Optimized struc-
tures have a radius of 90 nm and a pitch of 320 nm. An analysis
of the optical response of these structures indicates significant con-
tributions from Mie resonance enhanced surface absorption. The
calculated absorption spectra of our optimized metasurfaces show
strong absorption peaks near the design wavelength of 700 nm. For
a design consisting of a pure GaAs metasurface, a single broad peak
is observed, with the maximum absorption approaching 40% near
690 nm with tails stretching to the band edge at 880 nm [Fig. 4(c)].
In an alternative hybrid structure consisting of GaAs pillars with thin
metal interstitial layer (Au/GaAs), the increase in magnitude of the
maximum absorption to ~80% is accompanied by a narrowing of the
resonance and slight blue shift to 675 nm [Fig. 4(f)]. The enhance-
ment from the strong dielectric contrast between the metal substrate
and dielectric nanostructure is consistent with previous studies.”” In

(d)

FIG. 3. Metasurface fabrication procedure. (a) GaAs film or wafer on which we deposit (b) 50 nm of silicon oxide and PMMA photoresist. (c) Electron beam lithography is
used in a positive tone to expose the area outside of our circular pillar region followed by (d) development. (e) The resulting pattern is transferred to the silicon oxide hard
mask using a reactive ion etching process. An SEM image of the resulting structure shows the silicon oxide disks plus some residual resist. (f) The pillar pattern is transferred
to the GaAs film using inductive coupled plasma chlorine etching. SEM images show residual silicon oxide on top of the pillars. (g) For Au/GaAs metasurfaces, 50 nm of gold
is deposited using electron beam evaporation, which can be seen in the accompanying SEM. (h) Wet etching is used to remove the residual layer of silicon oxide (GaAs
metasurfaces) or silicon and gold (Au/GaAs metasurfaces) from the top of the pillars. The SEM image shows the final Au/GaAs metasurface. To protect the GaAs surface
from corrosion, atomic layer deposition is used to conformally coat our structure with ~1 nm of aluminum oxide.
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FIG. 4. (a) Parameter sweeps of the pitch and radius of the unit cell for a GaAs metasurface allow us to identify the parameters that maximize the absorptance at the target
wavelength of 700 nm. The white circle indicates the parameters corresponding to our experimental geometry. (b) The calculated absorptance within our GaAs pillars at the
optimized geometry shows a broad resonance peaked near 700 nm (solid green curve). The resonant enhancement of the absorption can be visualized by comparison to an
equivalent thin film of the material with the same cross-sectional area (solid gray line). (c) The position of our resonances is verified by comparing the measured reflectivity
(sold green line, left axis) to the calculated reflectivity (dashed green line, right axis). Good agreement of the reflection minimum is observed. (d) Cross-sectional image of the
field enhancement within the xz plane of a GaAs pillar. Here, the x axis corresponds to the surface of the substrate and the white dashed lines indicate the air/GaAs boundary
of the pillar. Panels [(e)-(h)] show the same data as [(a)-(d)] for the Au/GaAs metasurface. The major differences between the two are a stronger resonant absorption at
700 nm corresponding to a larger field enhancement within the walls of the pillar. Panels [(i}—(I)] for tapered Au/GaAs metasurface. Final isotropic wet etch shrinks shape of
cylinder and left it tapered with R1 = 90 nm and R2 = 70 nm. (i) Schematic diagram for final fabricated Au/GaAs as shown in Fig. 4(h). (j) Optical absorptance for tapered

cylinder and (k) and (1) are corresponding optical reflectivity and electric field enhancement.

addition, we observe a second resonant peak near 950 nm. Since this
peak occurs for photon energies below the bandgap of GaAs, it rep-
resents in-plane scattering losses (analogous to a Wood’s anomaly)
that do not impact its photochemical activity. We can estimate the
contributions of the increase in absorption in the metasurface by
comparing these calculated spectra to the absorption of an equiv-
alent volume of GaAs material whose light-matter interactions are
determined by its bulk optical constants. We find that peak absorp-
tion of the GaAs metasurface is enhanced by a factor of ~3 while
resonant absorption in the hybrid Au/GaAs metasurface is enhanced
by a factor of 6 [Figs. 4(b) and 4(f)]. We note that calculations of
tapered structures, with a structure geometry [Fig. 4(i)] designed to
match Fig. 3(h), indicate a slightly broadening resonance with lower
peak absorption [Fig. 4(j)].

In addition to an absorption increase, we expect that photo-
catalytic processes will be further impacted by the modified spa-
tial distribution of photogenerated charge carriers in the photonic
mode. As discussed above, carriers generated near the interface, par-
ticularly within the surface depletion region, will give the largest
contribution to interfacial processes while carriers generated far
from the interface will experience greater parasitic losses. To exam-
ine the resonant absorption modes, we calculated the magnitude of
the field enhancement |E|*/|Eo|* near the absorption maximum for

both GaAs and Au/GaAs metasurfaces. In Figs. 4(d) and 4(h), we
show plot a cross section of our unit cell in the x — z plane that
extends through the center of the pillar at x = y = 0 for light polar-
ized along the y direction. The boundaries of the pillar are denoted
by the dashed lines as well as the top and bottom of the graph.
For both metasurface designs, we observe a large field concentra-
tion near the external walls of pillar that is reminiscent of an electric
dipole mode. As the field is largely enhanced outside the semicon-
ductor, we expect its effect on the photocatalytic efficiency to be
minimal. However, we observe strong contributions from a mode
with the electric field distributed radially within the dielectric pil-
lar with its maximum near the interface and a minimum near the
pillar’s geometric center, as would be expected from a magnetic
dipole resonance. Though the spatial mode is similar in both meta-
surface designs, its relative intensity is much higher in ms-Au/GaAs
(|EP*/|Eo* > 4 within the pillar) than in ms-GaAs (|E|*/|Eo|* < 1.5
within the pillar). Importantly for our studies, the maximum of the
field intensity inside the pillar is unchanged near the sidewalls for
tapered structures [Fig. 4(1)]. As the degree of tapering varies within
and between samples, we carry out our subsequent analysis assum-
ing straight sidewalls. These results suggest that while both ED and
MD Mie resonant modes are excited near 700 nm, the MD mode is
expected to preferentially enhance the IPCE.
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To characterize the experimental optical resonances, we com-
pare the calculated and experimental reflectivity spectra [Figs. 4(c),
4(g), and 4(k)] since a direct determination of the pillar absorption
is difficult. An optical microscope was used to ensure that the exper-
imental reflectivity spectra were collected only from the patterned
region of our sample. The calculated reflectivity spectra show strong
dips corresponding to the absorption maximum that reflect the spec-
tral location of the resonant modes. The experimental resonances
are in good agreement with the calculations, showing a reflection
minimum near 680 nm for GaAs and near 640 nm for Au/GaAs.
Similarly, we find that both calculation and experiment show that
resonance near 700 nm is dispersionless. The lack of dependence
on the incident angle of light (supplementary material, Sec. F) dis-
tinguishes the observed Mie mode from a diffraction effect. As
in the calculation, a second strong sub-bandgap scattering mode
near 1030 nm is observed for Au/GaAs. While the sharp minima
of the reflectivity spectra show that reflection is nearly suppressed
on resonance (minimum near 14%) as shown in Fig. 4(g), the off-
resonance reflectivity is lower than the calculation. This discrepancy
is explained by the much larger range of incident angles in the
experimental spectra (numerical aperture of 0.5), as well as a finite
amount of inhomogeneity and deviations from the ideal calculated
structures.

In a photoelectrochemical cell, we find that photocatalytic
metasurfaces exhibit enhanced incident photon-to-current efficien-
cies (IPCEs) that significantly exceed the gain expected based on
considering only enhancements in the magnitude of absorption. To
quantify the IPCE, photoelectrochemical measurements were done
using a standard three-electrode arrangement with the semiconduc-
tor as the working electrode. A Teflon mask was fabricated to match
the active area of the metasurfaces (1.64 x 10™* cm?) to ensure that
only the patterned area contributes to the measured photocurrent. A
similar mask with an area of 4.91 x 10™% cm? is used with an unpat-
terned GaAs substrate for control experiments. We note that unlike
GaAs substrates are thick compared to the absorption length for all
wavelengths above the bandgap of the material. As such, the total
absorption is limited by Fresnel reflection losses only and exceeds
65% at the relevant wavelengths. As such, there are minor differences
in the total absorption between the flat film and the metasurfaces.
Similarly, the surface area of the semiconductor in our Au/GaAs
metasurface is nearly identical to that of the flat film. As a result, dif-
ferences in the measured photocurrent between the flat film and the
metasurfaces reflect differences in the spatial distributions of charge
carriers.

Linear sweep voltammetry in a 1 M KCIl aqueous electrolyte
solution was used to measure the current between the working
electrode and the silver/silver chloride reference electrode. Under
illumination, the n-type semiconductor acts as a photoanode, gen-
erating oxygen via the water splitting reaction that resulted in the
formation of bubbles. To distinguish resonant and nonresonant con-
tributions to the overall IPCE, we employ two different light sources.
A halogen lamp with visible and near-infrared emission was used
to measure the broadband response, including both resonant and
nonresonant contributions, of our PEC device. The overall spectral
irradiance of this source is qualitatively similar to the reference air
mass 1.5 spectra of sunlight [Fig. 5(a)] with an overall irradiance
of ~7 suns (7130 W/m?). To isolate the photocurrent signal gener-
ated from resonant contributions, we use a single frequency laser
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diode operating at 730 nm with a total irradiance of 5500 W/m?>.
This excitation wavelength is chosen to compensate for the esti-
mated solvent driven redshift of the dominant absorption peak of the
metasurface.

Our metasurface electrodes show strong resonant enhancement
of the magnitude of the IPCE. We find that metasurface fabrication
has minimal effect on the flat band potential of the semiconductor,
exhibiting a nearly identical Vo # =350 mV for both pillars and sub-
strates. This implies that the electrochemical properties are largely
determined by the electronic structure of the parent GaAs material.
However, we observe large differences in the photoelectrochemical
response between the metasurface electrode and the flat electrode
under illumination. Under resonant excitation at 730 nm and short
circuit conditions [Fig. 5(b)], the hybrid Au/GaAs metasurface elec-
trode exhibits Isc = 113 mA/cm® compared to 38 mA/cm? for the
GaAs metasurface and 5 mA/cm? for the flat substrate (Table I). In
all cases, the dark current is much less than the measured photocur-
rent (Fig. $3). Importantly, these measured resonant enhancement
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FIG. 5. (a) The spectral irradiance of the 730 nm light emitting diode (red) and
lamp (blue) sources used for photoelectrochemical testing compared to the solar
spectral irradiance (gray). The total irradiance for these sources is 5500, 7130,
and 1000 W m—2, respectively. (b) Under resonant illumination at 730 nm, sig-
nificant photocurrent enhancement is observed in the metasurfaces compared to
the thin film control sample. (c) For white light illumination consisting of primarily
nonresonant wavelengths, the photocurrent generated in the GaAs metasurface is
comparable to the thin film control. The Au/GaAs metasurface still exhibits a total
photocurrent enhancement at a 0.5 V bias of ~3.1x.
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TABLE I. Comparison of short circuit photocurrent (/s¢) values for GaAs films and metasurfaces.
Isc@730 nm Isc/Isc Isc@white light Isc/Isc
(mA/cm?®)  (GaAs film)@730 nm (mA/cm?) (GaAs film)@white light

GaAs film 5 1 0.7 1

ms-GaAs 38 < 0.07 <0.1

ms-Au/GaAs 11 22 2.2 3.1

effects of 22x for the Au/GaAs and 8x for the GaAs metasurface
electrodes are significantly larger than the magnitudes expected if
only the total absorption strength of the first 150 nm is considered
[~8x and 3x, respectively, as estimated from Figs. 4(f) and 4(j)]. As
the measured photocurrent reflects the convolution of the probabil-
ities for absorption and transport to the reactive interface, then our
data suggest that additional factors need to be considered, such as
the spatial mode of the field inside the electrode.

To test our hypothesis that the spatial profile of the electric field
is critical to our overall enhancement gains, we compare resonant
and broadband illumination under conditions that give the same
net absorbed carrier density. As expected, the overall photocurrent
generated in the metasurface under white light illumination is less
than for single frequency excitation at 730 nm since it contains both
resonant and nonresonant contributions. Under short circuit condi-
tions for white light illumination, we measure Isc = 2.2 mA/cm? for
the Au/GaAs metasurface compared to 0.7 mA/cm” for the unpat-
terned substrate under identical conditions (Table T). Importantly,
this measurement allows us to estimate the impact of the narrower
spatial distribution of photocarriers on resonance. As a simple test,
we can compare the IPCE for different illumination conditions
that yield the same photoexcited carrier density. Using the calcu-
lated absorption spectra [Fig. 4(f)] and correcting for differences
in the spectral irradiance [Fig. 5(a)] between the two light sources,
we find that the total rate of photogenerated carriers is approxi-
mately the same for 730 nm and white light excitation (Fig. S3).
However, the short circuit current differs by a factor of ~22x. We
conclude that the broadband illumination generates a large fraction
of carriers outside the depletion region [Fig. 2(b)] that recombine
before reaching the solid-liquid interface. A simplistic analysis of
the band-flattening due to carrier accumulation supports our asser-
tion that fundamentally different absorption profiles are obtained
on resonance compared to broadband illumination (supplementary
material).

CONCLUSION

Our results indicate that a properly designed metasurface
can be highly beneficial for photocatalysis by both enhancing the
total number of photogenerated carriers as well as tailoring their
spatial distribution. We conclude that transport losses are signif-
icant for moderately doped semiconductors, such as those used
in this study. As such, Mie resonances that concentrate absorp-
tion near a semiconductor interface, such as the one excited in our
metasurfaces near 730 nm, will have an outsized effect on the overall
IPCE enhancement factor. For example, the hybrid Au/GaAs meta-
surface shows an overall net IPCE enhancement under broadband

illumination across the visible and NIR, in part because resonant
IPCE enhancements are such a large contribution to the over-
all carrier generation (supplementary material). Notably, the GaAs
metasurface exhibits a weaker resonant effect. As such, it exhibits
a lower Isc than the unpatterned film for broadband illumination,
suggesting that resonant enhancement is not sufficient to overcome
additional losses imparted for off-resonant excitation. As with other
resonant nanostructures, it is possible to engineer and enhance the
bandwidth of operation, and this represents one future direction for
this research.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information and
figures: measurements of the refractive index of GaAs; calculation
of depletion widths; measurements of dark current; determination
of absorbed carrier densities; additional schematics of meta-atoms;
and alternative analysis of resonant contributions to the measured
photocurrent.
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