LIGHT-MATTER INTERACTIONS
at subwavelength-designed nanostruc-
tures have been the subject of intensive
study in recent years. The realization
of an ideal “blackbody” absorber is an
emerging topic in nanophotonics and
nanoplasmonics. An ideal black absorb-
er is an object that harvests incoming
light with near-unity efficiency. Based on
their absorption spectral coverage, they
are classified as narrow-band or broad-
band absorbers. This requirement can
be achieved in bulky designs that have
a thickness much larger than its light
penetration depth as well as antireflective
surface texturing.

For optoelectronic applications,
however, it is essential to acquire this
strong absorption in dimensions much
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smaller than the light wavelength, which
are comparable to the carrier’s diffusion
length. In this manner, the collection
probability of photo-generated carriers
will be enhanced. Therefore, the main
goal in nanophotonics-based absorbers is
to design an optically thick, but electri-
cally thin, device. The most frequently
employed solution for this contradiction
is through the use of nanostructures with
specific absorption properties. Properly
designed metal and semiconductor nano-
structures can confine the incoming light
in subwavelength geometries and fully
harvest it. These periodic nanounits cou-
ple light into the ultrathin active layer.
Although these design configurations
have promising optical properties, their
upscaling is mainly restricted by their
complex fabrication route.

Subwavelength nanoresonant units
generally require electron beam lithog-
raphy (EBL), which is not a large-scale,
compatible-synthesis approach. As a
result, in recent years, researchers have
focused on developing planar, multi-
layer designs for light-perfect absorp-
tion. Strong interference effects in these
ultrathin multilayers provide an efficient
light-matter interaction in lithography-
free architectures. These lithography-free
planar absorbers are achieved in a variety
of material types, including metals and
semiconductors.

LITHOGRAPHY-FREE, MULTILAYER
PERFECT ABSORBERS

Near-unity absorption is achieved in
all parts of the electromagnetic (EM)
spectrum [1] when proper materials and
design configurations are used. The
materials utilized most frequently are
metals, which are classified into two
main categories: noble metals, e.g., gold
(Au), silver (Ag), and platinum (Pt), and
lossy metals such as titanium (Ti), chro-
mium (Cr), and tungsten (W). Inher-
ently, surface plasmon resonance (SPR)
in plasmonic noble metals has narrow
spectral coverage. To extend the absorp-
tion bandwidth (BW), various strategies
such as the use of multidimensional/
multishaped units and elongated shapes
[2]-[10], replacement with a lossy com-
ponent, and elongated, double-resonant
units have been proposed [11]-[16].

Subwavelength nanoresonant units generally
require electron beam lithography, which is not
a large-scale, compatible-synthesis approach.

However, as stated previously, all of these
designs have nanostructured, ultrasmall
shapes that are fabricated by using the
EBL process.

In recent work, we theoretically dem-
onstrated that noble metals can offer
strong absorption in ultraviolet and visible
(Vis) parts of the EM spectrum, while
lossy metals can extend the upper-absorp-
tion edge up to the near-infrared (NIR)
region [1]. Experimentally, these findings
have been demonstrated in many recent
research studies [17]-[44]. In one pio-
neering study, Mattiucci et al. showed that
impedance matched with thin metama-
terials make metals absorbent [26]. They
proved that the periodic arrangement of
metal-insulator (MI) pairs provides light-
perfect absorption in an ultrabroadband
wavelength regime and indicated that
increasing the number of MI pairs could
extend the absorption BW.

As a common example of MI pair-
based designs, Li et al. proposed a Cr-
silicon dioxide (Si02)-Cr MI-metal
(MIM)-based absorber that provides a
greater than 0.9 absorption rate in the
450-850-nm wavelength range [24]; this
BW is a limitation for most metals [1].
According to our theoretical findings,
ideal absorption characteristics can be
broadened if the effective permittivity of
the metal layer is reduced. A solution for
this is to make a composition that has a
low-permittivity medium, such as air. To
keep the overall process EBL-free, we
adopted an approach based on dewetting
to tune the filling fraction of nanoholes
[45]. As a result of this modification,
near-unity absorption was achieved from
400 to 1,150 nm. To further enhance the
absorption BW, the MIM cavity design
can be replaced by a symmetric MIM-
insulator (MIMI) design. In this type of
design configuration, the top insulation
layer acts as a broadband antireflective

coating that couples the incident light
into the underneath MIM cavity.

Recently, different combinations of
metal and insulator layers were used to
substantiate the absorption BW. Deng
et al. showed that the highest absorp-
tion response can be achieved in an
Au-SiO2-Cr-SiO2 design where the ab-
sorption says above 0.9 in an ultrabroad-
band range of 400-1,400 nm [28]. To
further boost the absorption BW of
these MIMI designs, different strate-
gies were employed, e.g., surface textur-
ing [35], disordered plasmonic nanohole
patterns [36], and optimization of the
reflector material [37]. However, these
modifications do not adequately improve
the absorption upper edge. Even using
a larger number of [MI|n pairs (e.g.,
16 pairs) cannot significantly substanti-
ate the BW [32]. In a recent article, our
group revealed an extraordinary optical
response of bismuth (Bi) metal in light-
perfect absorption [46]. We experimen-
tally demonstrated a near-unity average
absorption from 500 to 2,500 nm, which
is the largest reported BW for a planar
MI pair-based design to date. Other
chemical-based synthesis methods have
also been employed to obtain ultrabroad-
band perfect absorbers, but our main
focus for this article is the planar-trap-
ping schemes.

Similar to metals, this strong, inter-
ference-based light harvesting can also
be acquired in ultrathin, semiconductor
layers, the main difference of which is its
operation spectral coverage. Metals have
an extinction coefficient in the whole
EM spectrum, while semiconductors
can only absorb photons with energies
above their optical band gap. In fact,
perfect semiconductor, multilayer-based
absorbers have a longer history. In 2012,
researchers from Capasso’s group dem-
onstrated a strong absorption property
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in an Au-germanium (Ge)-based metal—-
semiconductor (MS) design [47]. By
changing the Ge-layer thickness, the
absorption peak position can be tuned.
This strong, light-matter interaction can
lead to exceeding the Yablonovitch limit
[48]. Later studies demonstrated many
different MS configurations that achieve
stronger and broader light absorption
[49]-[51]. This is of great interest in pho-
toelectronic applications, which confine
light in dimensions much smaller than
the carrier’s diffusion length.

In addition to MS designs, anoth-
er promising configuration is based on
metal-oxide—semiconductor (MOS) cav-
ities. In these cavities, higher degrees
of freedom are provided because of the
spacer layers. Based on theoretical cal-
culations [1], this configuration provides
impedance matching in thinner semi-
conductor layers compared to that of MS
designs. Several studies demonstrated
strong absorption in ultrathin, semicon-
ductor-based, MOS configurations [52],
[53]. Another advantage of MOS design
over MS structure is the electrical prop-
erty of the oxide layer, which acts as an
electron- or hole-transport layer to pro-
vide electron-hole pair separation at the
semiconductor—oxide interface. This is
an important factor in energy conversion
applications, where the spatial separation
of photogenerated carriers prolongs their
lifetime. Moreover, the MOS cavity can
be designed to provide spectrally selec-
tive light absorption.

Ultragp,

Metal-Based Cavities

Although MS and MOS design archi-
tectures lead to light harvesting in ultrathin,
nanometer-scale semiconductor layers,
they cannot support strong light-mat-
ter interactions in atomic-scale dimen-
sions such as 2D semiconductors [1].
The recent emergence of 2D transition
metal dichalcogenides (TMDs) such as
molybdenum disulfide (MoS.), offers
promise for future atomic-scale optoelec-
tronics. However, their ultrathin thick-
ness causes poor optical performance in
these types of TMDs. It is, therefore,
essential to couple these 2D planes with
light-trapping schemes that obtain broad
and strong light absorption. As stated
previously, strong, near-field coupling
using plasmonic nanounits is one of these
solutions [54], [55]; however, this article
aims to summarize the planar multilayer
trapping strategies. The proper archi-
tecture for light absorption in these 2D
semiconductors is to couple them into
1D photonic crystals (PCs). PC-induced,
strong-light intensities can significantly
enhance light absorption in the mono-
layer of MoS: in both narrow and broad
frequency ranges [56], [57].

The most common cavity designs
for metal and semiconductor materials
are summarized in Figure 1. Aside from
metals and semiconductors, other types
of materials such as alternative plasmon-
ics and polar materials may also be used
to obtain light-perfect absorption in the
midinfrared and far-infrared regimes
[58]-[64]; however, this article mainly

focuses on Vis- and NIR-based perfect
absorbers and addresses their poten-
tial applications.

PHOTOVOLTAICS AND
PHOTODETECTION

Two of the most promising applications
of light-perfect absorbers are photovol-
taics (PVs) and photodetection. In PV
solar cells, the incoming photon gener-
ates electron-hole pairs. After these pairs
separate, they are transferred toward
the contacts and create electricity in the
output. As discussed previously, strong
interference in MS and MOS cavities is
an efficient approach for acquiring near-
unity absorption in ultrathin semicon-
ductor layers. In one significant study,
Steenhoft et al. designed and fabricated
an ultrathin, resonant-cavity-enhanced
solar cell with a 13-nm-thick Ge active
layer [65]. Their experimental character-
izations showed a conversion efficiency
as high as 3.6% in such a thin, absorbent
layer. Considering the amorphous nature
of the layer, which is made using simple,
low-cost evaporation tools, this is a very
promising design for upscaling. Gener-
ally, semiconductor layers with such thin
thicknesses have an amorphous nature,
and typically, an amorphous layer has a
short diffusion length (i.e., 1-10 nm),
which is why an efficient trapping scheme
that harvests light in dimensions below
the diffusion length is necessary. Clearly,
a crystalline layer will be more efficient
from an electrical perspective.

Semiconductor-Based Cavities

[Mi]y

One Pair &»__3'

PC Based
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FIGURE 1 The most commonly used cavity designs for metal and semiconductor-based ultrathin absorbers.
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One alternative for synthesizing crys-
talline layers in such thin dimensions is
the chemical synthesis of organic semi-
conductors. Recently, an innovative de-
sign proposed by Liu and colleagues
obtained a record efficiency of 11.1% in
organic-based solar cells [66]. The pro-
posed design and its current-voltage char-
acteristics are shown in Figure 2. As
mentioned previously, the overall perfor-
mance of a photo-conversion device can
be boosted upon enhancing the absorp-
tion BW and strength of the active layer.
For this purpose, a series connection of
cavities with double-resonance behavior
was utilized. Moreover, a recent study
presents a fabrication route that synthe-
sizes nanometer-scale-thick, single-crys-
talline Ge coatings for spectrally selective
photodetection [67]. Incorporating an
ultrathin Ge layer on top of a prede-
signed MI cavity leads to the formation
of a spectrally selective metal-insula-
tor—semiconductor (MIS)-based photo-
detector, as depicted in Figure 3(a)—(c).
By tuning the oxide- and semiconduc-
tor-layer thickness, the spectral position
of the absorption peak can be tuned.
Ultrathin thickness, strong absorption
of the cavity, and the high crystalline
quality of Ge leads to a highly eftfi-
cient Vis light photodetector with high
responsively, as shown in Figure 3(d).

A further enhancement of these
designs’ performance can be achieved
by using ultrathin surface engineering,
where the electrical response is improved
significantly while the optical response
stays intact [68]—-[70]. Another innovative
method to design a spectrally selective
photodetector is using a planar cavity to
transmit a portion of the EM spectrum.
Butun et al. demonstrated amorphous, Si-
based color photodetectors by monolithi-
cally integrating the Ag-SiO»-Ag MIM
cavity top contact [71]. By changing the
middle spacer-layer thickness, the trans-
mission profile of the MIM cavity can be
tuned over the whole Vis spectrum.

Another area for the potential use
of optical interference in PV cells is the
design of semitransparent solar cells with
vivid colors for outdoor decorative appli-
cations. As its name implies, the structure
should be resonant in a specific wave-
length and should pass the rest of the
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FIGURE 2 (a) A cascaded, cavity-based, organic solar cell and (b) its current-voltage character-
istics under solar irradiation. (Used with permission from [66].) MoOs: molybdenum trioxide;
SG-Zn0: sol-gel zinc oxide; MGF,: magnesium fluoride; PTB7-Th: PC7 BM:polymer blend;
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FIGURE 3 (a) The proposed Ge-based, MOS, cavity-perfect absorber design and (b) its utiliza-
tion as a spectrally selective Vis light photodetector. (c) The absorption response of this cav-
ity is a function of Ge layer thickness, while the bottom MI design geometry is fixed. (d) The
responsivity of the fabricated MOS-based photodetector with three different Ge-layer thick-
nesses of 12, 17, and 26 nm, respectively. (Used with permission from [67].) Al20s: aluminum
oxide; A/W: ampere per watt.
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spectrum. Therefore, the thickness of the
active layer should be kept thin enough to
provide light transmission. This resonant
behavior can be easily acquired in an MS
or MS metal (MSM)-cavity architecture.
According to earlier studies, an
amorphous, Si-based color filter repre-
sents resonance in the Vis range in thick-
nesses below 25 nm [72]; however, in
an amorphous, Si-based solar cell, the
dopant layers alone already have a thick-
ness of between 40 and 50 nm [73]. It
is, therefore, very challenging to realize
both characteristics at the same time,
and for a colored, amorphous, Si-based
solar cell, one should employ an ultrathin
non-Si hole as well as electron transport
layers. Lee et al. demonstrated a colorful,
ultrathin PV cell made of a 10-27-nm-
thick, amorphous, Si-based active layer
embedded between a 10-nm indene-Coeo
bisadduct, and 8-nm V,Os layers that
act as electron- and hole-transport layers,
respectively [74]. This multilayer struc-
ture is capped with an optically thick
(120 nm) Ag bottom contact and a semi-
transparent 23-nm top contact. As such,
the overall cavity acts as a narrow-band,
reflective, Vis-light color filter where the
thickness of an amorphous, Si-based layer
tunes the spectral position of the reflec-
tion dip. To achieve yellow, magenta, and
cyan colors, the amorphous, Si-based
layer thicknesses of 10, 18, and 27 nm,
respectively, were chosen. The bottom-
layer thickness can be thinned down in
a way that the overall solar cell becomes

TiO,

CHgNHgPblg Cl,

Energy (V)

Spiro-OMeTAD

(@)

transparent. Doing so provides an oppor-
tunity to use these solar cells as a window
in outdoor and indoor designs.

Because of their narrow spectral cov-
erage, the overall power conversion effi-
ciency in these solar cells was below 3%;
however, the absorption BW of the design
and the poor crystallinity of the amor-
phous, Si-based layer is responsible for this
low solar cell efficiency. As mentioned pre-
viously, the solution for this deficiency is
the synthesis of highly absorbing organic
semiconductors. Liu et al. designed and
fabricated a magenta-colored PV cell
using 30-nm-thick perovskite (PVSK),
i.e., CH3NH;PbI;-(Cls, which shows
remarkable efficiency as high as 11.5%
[75]. The obtained efficiency for this col-
orful solar cell design is 75% of that of the
black, thick cell (with a thickness of an
order of magnitude larger), which high-
lights the potential of metasurface designs
for colorful and efficient organic-based
solar cells. The proposed design, its band
alignment, and current-voltage character-
istics are shown in Figure 4(a)—(c). There
is a tradeoff between transparency level
and solar cell efficiency, and as we increase
the transmission amount, the efficiency
drops [76].

A recent study on PVSK-based planar
designs demonstrated an indium-doped
tin oxide (ITO)-free design with a record
efficiency of 14%. In this design, W triox-
ide (WO3)/Ag/tin O2(SnO3) acts as
a transparent contact with strong inter-
ference effects [77]. High-performance,

25

see-through, PVSK solar cells producing
angle-insensitive transmissive colors with
high efficiency and high color purity,
have been proved by employing optical
microcavities incorporated with a phase-
compensating, dielectric functional over-
lay [78]. Most of the light in this design
is trapped within the solar cell cavity and
in the specific color wavelength of red-
green-blue (RGB), resulting in a relative-
ly high transmittance. The color of the
solar cell multilayer design is controlled
using cavity thickness. The power con-
version efticiency for the proposed RGB-
colored solar cells were 10.47, 10.66, and
11.18%, respectively.

In addition, the bottom metal-based
reflector can be changed using a multi-
layer PC-based mirror made of high- and
low-index oxide layers. In this design, the
incoming light is mostly reflected back
onto the photoactive layer within a broad
spectral range, and only a narrow portion
passes through the design. This leads
to the simultaneous realization of high-
power conversion efficiency of 10.12%,
and the generation of semitransparent
colors. The portion of reflected /trans-
mitted Vis light can easily be controlled
by scanning the angle of light incidence;
this, in turn, arises from the angle sensi-
tivity of the PC-based mirror [79].

Considering all of the aforementioned
discussions, optical interference could be
vitally important to the design of future
PV cells, where bringing the active-layer
thickness to a level as thin as the carrier’s
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FIGURE 4 (a) The proposed colored, perovskite-based solar cell design with its corresponding (b) band alignments and (c) J-V characteristics.
(Used with permission from [75].) FTO: fluorine-doped tin oxide; CHsNH3Pbls-xClx: perovskite active layer; Spiro-OMeTAD: hole transport layer.
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diffusion length, enables us to fabricate
moderate-to-high efficiency solar cells
with common and low-cost fabrication
routes. Consequently, this makes further
upscaling possible for practical and large-
scale applications. These ideas may also
be employed for emission applications. As
previously indicated, strong interference
in the semiconductor layers is generally
achieved in nanometer-scale dimensions.
On the other side, shrinking the semicon-
ductor nanoparticles’ dimension down
to their exitonic Bohr radius can signifi-
cantly enhance their emission capabilities
[80]-[82]. As a result, transferring an
ultrathin layer made of luminescent col-
loidal particles into a predesigned opti-
cal cavity can significantly enhance their
photoluminescence.

PHOTOELECTROCHEMICAL

WATER SPLITTING

Another field that has attracted recent
attention is photoelectrochemical water
splitting (PEC-WS). During this pro-
cess, a basic cell is made of at least one
semiconductor as a photoanode or pho-
tocathode and a metal (which is com-
monly platinum) as a counter electrode.
Upon shining the photoelectrode design,
clectron-hole pairs are generated. These
pairs are spatially separated in semicon-
ductor-electrolyte and semiconductor-
semiconductor interfaces. Afterward,
electrons travel toward the external circuit
through electron transport layers and
generate hydrogen (Hz) in the counter
clectrode. On the other side, holes move
toward the semiconductor-electrolyte
interface to contribute to water oxida-
tion. Therefore, similar to PV cells, mini-
mizing the carrier’s diffusion length by
reducing the active-layer thickness is an
efficient way to increase the photoactivity
of the photoelectrode.

Unlike PV cells, which generally
need three layers of electron transport,
layer-absorbing, layer-hole transport lay-
ers, PEC-WS cells operate using a single
semiconductor layer in which the charge
separation in the semiconductor-electrolyte
interface is achieved by an external bias.
As a result, using MS or MOS simple-
resonant designs for high-activity PEC-WS
cells seems promising. It was proven that
using proper configuration and material

By tuning the oxide- and semiconductor-
layer thickness, the spectral position of the
absorption peak can be tuned.

thickness leads to broadband light absorp-
tion in different semiconductors.

For example, in high-index semi-
conductors such as Ge or MoS,, this
broadband absorption is achieved in thin-
layer thicknesses (below 10 nm) using
MOS cavity designs [1]. For semiconduc-
tors with a lower refractive index and an
extinction coefficient, e.g., metal oxides
or organic semiconductors, these match-
ing conditions are satisfied in coatings
greater than 20-nm-thick by an MS cav-
ity structure. One of the most common-
ly utilized metal oxides for PEC-WS is
hematite (a-Fe2O3), which is due to its
narrow band gap that extends its absorp-
tion toward the Vis range. However, its
PEC-WS performance is mainly limited by
its poor electrical properties, i.c., having a
hole-diffusion length fewer than 16 nm
[83]. Therefore, the photogenerated car-
riers within the bulk (more than 16 nm
away from the surface) cannot be effective-
ly collected. An efficient design should be
able to harvest light in thicknesses close to
this hole-diffusion length. A 22-nm-thick
Fe203 on Ag-reflecting thickness has
been demonstrated to show a near-unity
absorption at A < 450 nm [51].

In one of the earliest uses of resonant
planar designs for PEC-WS, Dotan et al.
proposed a cavity design that enhances
light absorption in a thin a-Fe,Oslayer.
Introducing this design strategy, an aver-
age above band gap absorption of 71%
was accomplished in an active-layer thick-
ness of 50 nm [84]. In another study, a
25-nm-thick a-Fe2O; was synthesized
using atomic layer deposition (ALD)
on a Pt mirror capped with a thin TiO»
protection layer, representing both high
chemical stability and PEC-WS activity
[85]. This design strategy was employed
for other similar configurations, such
as an Au-Fe2O3 heterostructure [86].
With this MS design, the formation of

Fabry—Perot (FP) resonance between the
layers causes light absorption within both
layers. Thus, the existence of parasitic
absorption within the bottom metal layer
limits the amount of absorption inside
the photoactive semiconductor layer. To
mitigate this deficiency, a lossless dielec-
tric-based PC mirror was employed to
maximize light absorption in the semi-
conductor layer [87].

In this article, to further boost device
performance, two cells were fabricated and
placed face to face to increase the optical
path of the light within the cavity and to
harvest all the incoming light. To sub-
stantiate the activity of the design, electri-
cal properties of the cell have also been
improved through the use of a cocatalyst,
which expedites the carrier dynamics in a
semiconductor-electrolyte interface.

Another promising low-band MOS is
Bi vanadate (BiVOs4). For this semicon-
ductor, the use of a MOS cavity design
proved to be an efficient approach that
significantly enhances the activity of the
design compared to that of a bare layer.
This MOS cavity design was subse-
quently transferred to the top of a pre-
patterned polydimethylsiloxane (PDMS)
scaffold. The combination of FP cavity
modes and diffraction-assisted light trap-
ping further increased the efficiency of
the WS cell [88]; [see Figure 5(a) and (b)].
Figure 5(c) and (d) includes a textured
BiVOy4 photoelectrode improves the pho-
tocurrent value from 0.34 mA cm™
1.23 Vieversible hydrogen electrode (VRHE) (for a
SnO; /BiVOu4thin film), to 0.86 (for
Au/Sn0O, /BiVOy4 on a flat substrate)
and 1.37 mA cm™ (for Au/SnO,/
BiVO4 on a patterned PDMS) and fur-
ther, to 2 mA cm™ at 1.23 Vrae when
an iron oxyhydroxide oxygen-evolution
catalyst was added (for Au/SnOz/
BiVOy4 + goethite (FeOOH) on a pat-
terned PDMS).

at
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Although the aforementioned discus-
sions prove the functionality of MOS
and MS designs for ultrathin PEC-WS,
there remains a synthetic challenge
that must be addressed. Most chemi-
cally synthesized metal oxides require a
post-annealing process that refines their
crystallinity and increases their electron
mobility via a reduction in trap-state
densities and grain boundaries. For
instance, the common annealing tem-
perature for an a-Fe2 O3 layer is roughly
800 °C, which is close to the melting
point of most reflecting noble metals.
Considering that the fabrication steps of
a cavity starts with the deposition of a
bottom metal mirror, the annealing step
is applied for both metals; this, in turn,

Incident Light

/

/

hampers the specular reflectivity of the
design. Thus, the overall optical perfor-
mance of the cavity is disturbed.

It is essential to develop a transfer
technique that isolates the bottom lay-
ers from the annealing process. Recently,
Kay et al. developed a film flip and trans-
fer process to make the coating of the
metal layer after the annealing step [89],
as shown in Figure 6(a). In addition to
improving the electrical properties of the
layer, the layer is homogenecously doped
using Ti. Although theoretical results esti-
mated the highest absorption in a 20-nm-
thick semiconductor layer, the highest
photocurrent values were obtained for an
8-nm-thick layer, as demonstrated in Fig-
ure 6(b). It was assumed that this was

Resonant-Light
r Trapping

Sn0, Film
Au

nUs
Au

because the short diffusion length of
holes where the generated carriers within
the bulk of the layer were recombined
before they reached the surface. The activ-
ity was gradually enhanced by adding a
cocatalyst into the system. Finally, the
author employed a heterogeneous doping
with the 1 catalyst percentage (cat%) zinc
(Zn)—undoped—1 cat% Ti to maximize
the response. As shown in Figure 6(c),
this modification led to a 1.01-mA cm 2
photocurrent in the reversible water oxida-
tion potential (1.23 V versus RHE) for a
14-nm-thick active layer.

The spalling process is another synthe-
sis approach that creates metal-backed,
single-crystalline, ultrathin semiconduc-
tor layers. Using Si and gallium arsenide
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FIGURE 5 The proposed MIS cavity on (a) a flat and (b) a textured design. (c) The linear sweep voltammetry of different configurations and (d)
their responses upon adding a catalyst on top of the active BiVO4 layer. (Used with permission from [88].) PDMS: polydimethylsiloxane; FeOOH:

goethite; RHE: reversible hydrogen electrode.
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FIGURE 6 (a) The fabrication route used to synthesize an aFe»0s-based MOS cavity, (b) the photocurrent values of the photoanode for different
semiconductor-layer thicknesses, and (c) the doping conditions. (Used with permission from [89].) Fe1-xNIxOOH: co-catalyst; Zn-u-Ti: Zn-doped—

undoped-Ti-doped.

as single-crystalline, high-mobility semi-
conductors in MS configurations offers a
high-efficiency photocathode [90].

In addition to semiconductor-based
WS cells, utilizing hot, electron-based
designs has garnered much attention
for obtaining highly stable, metal-based
photoanodes [91]. Shi et al. proposed an
MIM cavity made of Au mirror/TiOz /
Au nanoparticles as photoanodes for
water oxidation [92]. This design con-
figuration shows strong modal cou-
pling between the FP cavity modes of
the Au mirror/TiO2 and localized
surface plasmon resonance of the Au
nanoparticles. Figure 7(a) and (b) illus-
trates the proper choice of spacer and
top-layer thickness leads to a black light
absorber. The existence of strong inter-
ference—as a result of inserting the Au
mirror—leads to an 11-fold enhancement
in the incidence of photon-to-current con-
version efficiency compared to designs
without the cavity.

FIGURE 7 (a) A schematic of the proposed MSM cavity with partially inlaid Au nanoparticles.
(b) Photos of Au nanoparticle/TiO2/Au film structures with inlaid depths of 0, 7, and 14nm,
respectively. Photos of the 2-nm TiO2/Au film structure without Au nanoparticles and the Au

NP/28-nm TiO structure without
from [92].) NP: nanoparticle.

Au film are shown for comparison. (Used with permission
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The spalling process is another synthesis
approach that creates metal-backed, single-
crystalline, ultrathin semiconductor layers.

Similar studies were also performed
in which the top nanounit surface was
achieved using the dewetting process
[93], [94]. During the dewetting process,
a thin metal layer is annealed at a tem-
perature close to its melting point, which
transforms it into a nanoisland layer. In
the MIM designs mentioned previously,
incoming light is coupled into the nano-
structured top layer and generates hot
electrons. These hot electrons are separat-
ed using a TiO» transport layer and are
transferred toward the rear metal contact.
The left hot holes undergo a water-oxida-
tion reaction to split water to oxygen. As
discussed previously, the spacer layer is a
lossless medium with no absorption char-
acteristics in the Vis range.

Recently, the concept of gap plasmon
resonances was introduced in an MSM
architecture. In this design, the bottom
mirror was Au or Pt, the middle semicon-
ductor was a 50-nm-thick Vis-absorbing
WOs3, and the top layer was dewetted Au
nanoparticles [95]. This design obtained
its response simultaneously from the top

plasmonic layer and middle semiconduc-
tor spacer. The formation of gap plasmon
polaritons confine light within the semi-
conductor bulk underneath the top Au
nanoislands. This confined field is harvest-
ed in both metal and semiconductor layers.
Moreover, the strong interference between
the bottom mirror and lossy semiconductor
layer leads to strong absorption in both the
top metal and spacer. All of the previously
discussed studies demonstrate tremendous
potential for lithography-free semiconduc-
tors and plasmonic, metal-based, perfect
absorbers for PEC-WS application.

FILTERING

Another application that can be imple-
mented using these strong-interference,
multilayer absorbers is filtering. The
selective absorption of a portion of the
EM spectrum in the Vis range leads to
the formation of color filters. As previ-
ously indicated, cavity designs composed
of MI pairs with a noble metal such as Au
or Ag, have narrow spectral absorption.
The most common type of these cavi-

(a)

(b)

ties is MIM. In an MIM configuration,
the formation of FP resonances leads to
light-perfect absorption in a narrow spec-
tral range. Based on the thickness of the
bottom metal layer, MIM cavities can
act as both transmittive and reflective
color filters. If the bottom metal layer is
thick, the structure operates as a reflective
color filter that absorbs a narrow range
and reflects the rest of the spectrum. By
adopting the insulator-layer thicknesses,
three distinctive colors of cyan, magenta,
and yellow can be generated from the
incidences of white light. However, if the
bottom metal is thin, the structure acts as
a transmittive color filter with RGB colors
in the output, as shown in Figure 8(a)—(c).
The planar nature of these FP-based color
filters makes them excellent choices for
large-scale applications [96].

Several different MI pair combina-
tions have been employed to obtain
high-efficiency color filters [19], [20],
[22], [43], [97]. One of the main chal-
lenges of these MIM color filters is their
angle-sensitive response. Considering
that these designs work based on the
interference between reflected and trans-
mitted waves, as we increase the angle of
incidence, the optical path of the light
increases, which subsequently leads to
a red shift in the spectrum. This can be
decrease by using high-index, dielectric
insulator spacers, e.g., Si nitride [98],
Zn sulfide [42], WO3; [39], and TiO»
[19], [29], [41]. Based on Snell’s law, as
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FIGURE 8 (a) The proposed MIM-based color filter composed of AgSiO2-Ag, (b) the optical image of fabricated color filters, and (c) the transmis-

sion response of these filters with different spacer thicknesses. (Used with permission from [96].)
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we increase the insulator layer’s refractive
index, the refracted wave approaches nor-
mal incident, and consequently, the opti-
cal path difference for different incident
angles decreases [99].

Another solution for this problem is
to place an overlay on top of the cavity
[17]. This sensitivity can be significantly
suppressed in high-index, semiconductor-
based cavity designs. It has been proven
that MS junctions with the proper mate-
rials and dimensions are an efficient way
to fabricate angle-insensitive color filters
[38], [40], [100]. The main issue with
these MS color filters is their poor color
purity; generally, these type of color fil-
ters have a broader resonance response,
which increases the crosstalk and reduces
the generated color’s pureness.

Another drawback with these color
filters is their inefficiency, which is more
pronounced in the transmissive color fil-
ters that generate RGB colors. In these
designs, light passes through multiple
metal and insulator layers and due to the

(a)

inherent loss of these layers, RGB color-
generation efficiency is limited to values
as small as ~0.6. RGB colors with high
efficiency can be created using plasmon-
ic and guided-mode, resonance-based
designs [101]-[113]. However, these
designs have complex, large-scale, incom-
patible fabrication routes. Moreover,
because of the geometrical asymmetry of
resonant nanounits such as gratings, they
can efficiently operate in specific polar-
ization, and their response is completely
gone in other polarizations. Taking the
unpolarized nature of sun irradiation
into account as well as the large-scale
incompatibility of the EBL process, these
plasmonic-based color filters are improper
designs for practical use. Thus, an innova-
tive architecture should be developed to
achieve high-efficiency RGB colors using
FP-based designs.

Yang et al. proposed the use of lossy-
absorbing, nickel-based MIM cavities to
obtain additive colors in the reflection
mode [114], as included in Figure 9(a)—(c).
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<
c 60
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°
2 40t
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o
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In this case, the MIM structure absorbs
most of the Vis light and reflects a nar-
row range in the reflection output. Using a
multithickness oxide layer, a spatially variant
color filter can be achieved [Figure 9(d)].
Moreover, the proposed design shows a
small, ultimate resolution for color print-
ing [Figure 9(¢)]. Although the proposed
design demonstrated high reflection effi-
ciency, it suffered from poor color purity.
Recently, we proposed an elegant
design made of MIMI-semiconduc-
tor (MIMIS) configurations [115]. This
cavity design is a series combination of
MIM MIS cavities. The bottom MIM
cavity absorbs the large wavelength values,
while the top MIS structure is active in
the shorter wavelengths; therefore, only
the middle spectral portion is reflected in
the output. Utilizing this MIMIS archi-
tecture, RGB colors were generated with
high color purity and high efficiency (i.e.,
as high as 0.7). Aluminum (Al) and Ge
were used as the metal and semiconductor
layers, respectively. To reduce the angle

120nm 170nm 220 nm 270 nm

(c)

FIGURE 9 (a) The lossy, nickel (Ni)-based, MIM color filter, (b) the measurement results of its reflection for four different insulator-layer thick-
nesses, (c) the optical image of the fabricated color filters (the bottom samples are Ml pairs without an Ni top layer), (d) the fabrication of spatially
variant color filters with tuning of the SiO2-layer thickness, and (e) colorful checkerboard patterns with different sizes, which show the ultimate
resolution of FP cavity, color-based filters for color printing. (Used with permission from [114].) B: blue; G: green; R: red.
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sensitivity of the absorption response,
ZnO with a refractive index of 1.9 was
applied as an insulator layer. We further
improved RGB color-generation efficiency
by employing a Bi-based MIMI filter [46].
It was theoretically and experimentally
shown that the structure composed of Al-
LiF-Bi-LiF layers can create additive RGB
colors with an amplitude as large as 0.9.

SENSING

Sensing is another potential application of
these planar-perfect absorbers. As men-
tioned previously, a multilayer structure
exhibits resonant behavior at a specific fre-
quency. This can be seen as a dip in reflec-
tion or a peak in the absorption spectra.
The resonance spectrally shifts when it
interacts with external stimuli. The
amount of resonance peak shift depends
on the refractive index of the surrounding
medium, and this, in turn, can be used to
understand the type of stimuli. A planar
multilayer sensor has a polarization-insen-
sitive response, which makes it a suitable
option for practical use.
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One of the most common design
architectures for biosensing is prism-cou-
pled surface plasmon resonance. Although
this structure is a planar multilayer design,
to excite surface plasmon polaritons, we
must couple a 3D prism with this design.
In this article, we therefore omit these
sensing schemes because our main goal
is to propose sensing schemes in simple
planar designs.

Sreekanth et al. experimentally real-
ized the point of darkness and singular
phase by employing an asymmetrical,
MI pair-based stack [116]. At a specific
wavelength and angle of incidence, the
incoming p-polarized light experiences a
near-zero reflection (i.e., point of dark-
ness). Here, the stack undergoes an abrupt
phase change because of the existence of
a highly absorbent ultrathin film, which
in this case is Ge. To verify its biosens-
ing behavior, the top surface is function-
alized with a thin, thiolated biotin that
captures streptavidin. The design shows
enhanced phase sensitivity for streptavidin
concentrations as low as 1 picomolar. The

0.1

Reflectance

(d)

FIGURE 10 (a) A schematic representation of the monolayer and bilayer bovine serum albumin
(BSA) synthesis on top of the MS design. (b) A measured reflectance response of the design
with and without monolayer and bilayer protein molecules. (c) An optical image of the samples.
(d) A photo of the samples under ambient light. (Used with permission from [117].)
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calculated figure of merit for this multilay-
er stack was 445. If the operational wave-
length of the sensor is located within the
Vis regime, then a colorimetric-detection
scheme can be realized. In this case, the
change in color can be used to predict the
object. A simple MS junction composed
of Al and 20-nm-thick Si as the metal and
top layers, respectively, was demonstrated
as a colorimetric biosensor. The deposition
of an ultrathin dielectric layer on top of its
surface causes a red shift in the resonance
frequency. The biosensing functionality of
this MS resonator is examined by bovine
serum albumin molecules, as shown in
Figure 10(a)—(d). With its planar nature
and operational frequency (which is locat-
ed inside the Vis spectrum), this biosensor
offers a robust way to determine the bioag-
ent type using only the naked eye [117].

Serhatlioglu et al. demonstrated an
H> sensor based on a quarter-wavelength
MIM cavity design. In this design, 7-nm-
thick palladium (Pd) was chosen as the
top layer. Pd has dual functionality: 1) as
a lossy metal that provides light-perfect
absorption in the resonance frequency
of the cavity and 2) as an H» catalyst
that transforms into palladium hydride
(PdHy) when exposed to Hz gas. The
proposed MIM resonator has a reflection
dip in the Vis range. As PdH, is formed,
the effective permittivity of the top layer
changes, imposing a red shift in its dip-
spectral position [118]. This colorimetric
diagnostic can be achieved by using SPR-
based structures.

A three-layered Ag nanoparticles-
based sheet deposited on top of an Au
substrate was synthesized via the Lang-
muir—Schaefer route [119]. The bind-
ing of an avidin-biotin bioagent caused
a drastic change in the sample’s color,
thus making biosensing possible using
only the naked eye. A single layer of Au
nanoparticles can be also utilized to pro-
duce a label-free biosensor on a chip. The
sensitivity of the design was shown to
be in direct correlation with the particle
size. Au nanoparticles with different sizes
of 12-48 nm were chemisorbed on top
of amine-functionalized glass. Sensors
with a 39-nm-diameter Au nanoparticles
revealed maximum sensitivity [120].

To excite SPR using a lithography-free
fabrication route, several nonchemical



synthesis approaches, such as dewetting,
can be followed. Depending on the layer
thickness, annealing temperature, and
metal type, the particle’s size and distribu-
tion can be tuned in a practical way. It is
in this way that we can realize resonant
designs in the Vis range. Morphology con-
trol of the dewetted film can be enhanced
by double-step growth of nanoislands [121].
The dewetted films can be also utilized as a
nanomasking layer to create nanostructures
via a lithography-free route. It was shown
that Si and Si-SiO2 nanostructures capped
with an Au particle can provide a colorimet-
ric-detection scheme with a sensitivity of
70.8 nm refractive index unit ™! which
was roughly two-times larger than that of
periodically patterned designs using the
lithography technique [122]. As a result,
these random nanoparticles are not only
easy to obtain, they also achieve a better
sensing performance.

Other innovative, lithography-free
design architectures have been proposed
for sensing applications [123], [124].
Recently, an ultrathin TiO2 on top of an
MI cavity was proved to photo catalyti-
cally reduce carbon dioxide. The proposed
cavity provides strong light absorption in
ultrathin, TiOz-layer thicknesses of 2 nm.
As depicted in Figure 11(a)—(e), the as-
obtained structures significantly improve
TiO: -photocatalytic activity and selectiv-
ity of oxygenated hydrocarbons more so
than does the benchmark photocatalyst
(Aeroxide P25). Remarkably, the MIS cav-
ity results in hydrocarbon formation rates
of 0.967 mmol g 'h™, corresponding to
1,145-times higher activity than Aeroxide
P25 [125].

CONCLUSION AND FUTURE
DIRECTIONS

In this article, we showed how strong-
ly interacting, lithography-free, photo-
electronic devices can be realized with
high-operational performance in the Vis
and NIR regimes. These planar-perfect
absorbers can be made of metals or semi-
conductors. In the case of metal-based
perfect absorbers, the absorption BW
could cover narrow or broad spectral
ranges. The narrow response of these
metal-based cavities has direct applica-
tion in the design of Vis light filters.
Moreover, their integration into solar cell
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FIGURE 11 (a) The proposed three-layered, MIS perfect absorber, (b) measured absorption, and
(c) the modeled absorption spectra of Al/Al203/2-nm TiO2 as a function of Al20s thickness.

(d) Modeled exclusive absorption in the TiO- layer as a function of TiO. thickness. (e) Modeled
exclusive absorption in the 2-nm-thick TiO2 layer on the 15-nm Al,03/Al cavity, (f) the output
product, and (g) the corresponding selectivity. (Used with permission from [125].) UV: ultravio-
let; Al203: aluminum oxide.
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To excite SPR using a lithography-free
fabrication route, several nonchemical synthesis
approaches, such as dewetting, can be followed.

designs provides an opportunity to create
colorful and decorative solar cells with a
moderately high performance.

Narrow-band absorbers may also be
used for gas sensing, e.g., with Ha gas. In
this case, exposing the cavity to Hz gas
changes the dielectric function of metal,
and consequently, a shift is recorded in
the resonance wavelength. In the other
side, the broadband absorbers are of par-
ticular interest for photo-conversion appli-
cations such as PVs and PEC-WS. The
excitation of plasmonics and generation of
hot electrons in the broad spectral regime
can be used to acquire highly efficient and
stable, photo electronic devices. Note that
another common application of metal-
based perfect absorbers is thermal PVs.

In this article, however, we mainly
focused on the Vis and NIR regimes,
and the operation of perfect absorbers in
this range was investigated. Semiconduc-
tors can also support strong interference
effects in ultrathin dimensions; however,
the difference is their operational spec-
trum range. Semiconductors can only
absorb photons with energies above their
optical band gap; therefore, their perfect
absorption BW is limited to Vis and short,
NIR ranges. For semiconductor-based
optical devices, narrow-band absorption
responses can be used to realize color
filters or spectrally selective photodetec-
tors. Additionally, strong interference in
ultrathin cavity designs can be modulated
with an external biosensing agent; thus, a
biosensor can be made using these semi-
conductor-based cavities.

On the other hand, the use of proper
configurations and geometries can lead
to light absorption in a broad frequency
range. This will be beneficiary for PVs
and PEC-WS applications, where a high-
er-absorption BW causes larger photocar-
rier density, resulting in enhanced design
photoconversion efficiency.
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All of these design architectures have
simple, large-scale, compatible fabrication
routes that make them excellent choices
for future upscaling. With respect to pho-
toconversion devices, a further perfor-
mance enhancement of the design can be
accomplished by introducing high-crystal-
line, high-mobility, ultrathin semiconduc-
tors. For filtering applications, in addition
to searching for new low-loss materials,
innovative design architectures such as
multicavity designs can further enhance
color purity and efficiency. These strong
interferences, together with polarization
insensitivity characteristics, could also
enable sensing in the visible range using
the naked eye. The proposed designs can
provide a robust method for obtaining
practical diagnostic systems.
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