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ABSTRACT. We review progress in the development of photonic platforms for detecting gases.
Unlike sensors based on conventional refractive and diffractive optics, photonic
sensors detect analytes using light–matter interactions of periodic nanostructures,
plasmonic interactions, or combinations of the two. This summary focuses on the
work done in the last two decades, and earlier reports are summarized in several
authoritative reviews. Specifically, we focus on the research of bio-inspired photonic
and plasmonic material fabrication, experimental studies, and theoretical studies
for gas detection applications. In areas where reports are scarce, challenges are
identified, and reports are included that may not directly relate to bio-inspired gas
detection applications but nonetheless offer findings that can facilitate progress
within underexplored areas of bioinspired gas sensing.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JOM.4.2.020902]

Keywords: biophotonics; gas sensors; nanofabrication; metaoptics; plasmonics;
photonic crystals

Paper 23029V received Sep. 12, 2023; revised Mar. 29, 2024; accepted May 1, 2024; published May
21, 2024.

1 Introduction
Intriguing photonic properties have been observed in a wide range of naturally occurring biological
systems, and their corresponding functional structures and coatings can be synthetically fabricated
and used to sense gases through optical response and measurement. Furthermore, adding metal
nanoparticles to bio-inspired structures introduces plasmonic effects that can augment the
light–matter interaction and improve sensing. This review discusses fabrication methods for engi-
neering photonic crystals (PhCs), three-dimensional (3D) nanostructures, photonic coatings, and
related devices for gas sensing. The concept is illustrated in Fig. 1. The review focuses on progress
over the last two decades. Earlier accounts are summarized in several authoritative works.1–6

Our discussion is divided into the following focus areas. Specific to photonic materials, a
review of experimental studies is provided to summarize recent reports of how morphology and
structural changes of bio-inspired photonic structures impact the resulting optical response
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measured, as well as how this impacts the gas detection capabilities of the material. This includes
a discussion of photonic nanoparticles, holes and porous materials, and tree-like structures and
pillars. The optical properties of many photonic structures found in nature can be understood
within the framework of PhCs, dielectric stacks, and closely related diffractive devices. Examples
of these are included throughout the work to motivate discussion of bio-photonic structures and
to help readers identify new paths toward all-artificial bio-inspired devices that are optimized for
specific applications. Furthermore, experimental work shows how defects and disorders can be
controllably introduced into photonic materials to improve performance. Theoretical studies are
also discussed for photonic materials and their applications. Specific to plasmonic materials,
experimental findings on the properties of bio-inspired plasmonic coatings, as well as theoretical
studies within the scope of this work, are also summarized. Methods for fabricating bio-inspired
photonic and plasmonic materials are represented, followed by how the structure and defects in
these materials impact their characterization and function in applications such as gas sensors.

1.1 Why Gases?
Chemical sensing provides a powerful means for detecting human, biological, and environmental
activity. Sensing gases is particularly attractive because they are generated as primary or sec-
ondary analytes from so many processes, including those where the primary target to detect is
another phase, such as liquid,9 solid,10 species in solution,11 or a macroscopic particulate.12

It is instructive to note a few examples of processes that generate gases because they provide
insight into the diverse ways gas sensors can be applied.

As one example, depending on the nuclide involved, radioactive decay can produce isotopes
of the noble gases helium,13 radon,14 xenon,15 and krypton,16 as well as halogens such as
bromine17 and iodine.18 Detecting these products can be useful for geological surveying,19 locat-
ing minerals,20 stewarding nuclear waste,21 ensuring nuclear security,22 and detecting nuclear
threats, such as “dirty bombs.”23

Explosives can also be detected directly if they are sufficiently volatile, or they can be
detected indirectly through the outgassing of species entrapped during their production or as
a result of slow decomposition.24–27 Gas sensors for detecting di- and trinitrotoluene (TNT) are
known,28–30 but because higher-energy explosives such as 1,3,5-trinitro-1,3,5-triazine are so
much less volatile, there is a pressing need for new, high-sensitivity detectors.31

Bacteria generate gases as part of their metabolism or decomposition, which can be
detectable by sensors.32,33 Bacterial contamination of fresh fruits and vegetables has become
a major problem with significant health and economic impacts. Major illness and death have
resulted from cross-contaminations in the food-production chain by Clostridium botulinum,
Escherichia coli O157: H7, Listeria monocytogenes, Salmonella, Shigella, Staphylococcus, and
Vibrio cholera.34 Studies in cultured samples showed that E. coli produces a range of volatile

Fig. 1 Concept of the bio-inspired photonic/plasmonic gas sensor. Figures modified from Refs. 7
and 8 and reprinted with permission through Copyright Clearance Center and Creative Commons
CC BY license.
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organic compounds (VOCs).35 Parallel detection and quantification of VOCs could provide a
signature for identifying bacterial contaminants. Anaerobic bacteria that break down organic
matter generate methane (CH4)-comprising swamp gas.36 Anaerobic bacteria that inhabit
the mouth generate malodorous polyamines and volatile sulfur-containing compounds, such as
hydrogen sulfide and methyl mercaptan that have a rotten egg smell. These compounds contrib-
ute to halitosis, but in high concentrations, they can indicate dental disease.37

From a historical perspective, it was known to the ancients that odor on breath can indicate
disease.38 A cloying sweet odor can indicate ketosis for diabetics. More recent work has shown
that biomarkers associated with Parkinson’s disease can be detected from breath,38 and it has also
been used to screen disease among children39 and to monitor wound repair and healing.40

Detecting VOCs such as isoprene and acetone on the breath can be used to assess the emotional
response of individuals and groups, which can be useful for security screening, forensic science,
and developing environments that lower stress.41

Monitoring volatile compounds has become increasingly important in agriculture. Ethylene,
ethylene oxide, and nitric oxide are all involved in the ripening of some fruits.42 Nitric oxide has
been used to delay ripening,43 whereas ethylene accelerates ripening.44 Ethylene is also produced
by fruits and vegetables, so ethylene concentrations must be controlled when they are stored to
prevent premature ripening and food waste.45 Gas monitoring has also been explored as a means
for assessing crop health, particularly algal cultivation,46 which may become important for
sustainable biofuels and alternative foods.

Another gas generation source comes from the production of CH4 from animals, which is a
potent greenhouse gas. Kidney problems lead to an accumulation of urea, which decomposes to
ammonia (NH3) that is detectable in urine and on an animal’s breath.47 In poultry farms with
inadequate ventilation, NH3 formed from the decomposition of waste can accumulate, harming
the animals.48 Furthermore, gas detection can be used to assess and ensure animal health, as well
as to quantify carbon footprint.

High-sensitivity gas sensors are particularly sought for forensic science and law
enforcement.49 Accelerants leave trace VOCs that can enable investigators to identify the source
and cause of fire. Remote sensors can be used for alcohol and drug detection and passenger
screening. Detection of polyamines such as putrescine, cadaverine, and mercaptans produced
by decomposition can be used to detect human remains. High-sensitivity remote optical sensors
would also be useful for detecting combustible liquids, gun powder, and explosives.

Some find the “new-car” smell attractive, but chronic exposure to VOCs that outgas from
adhesives, rubbers, and plastics can negatively impact health. Outgassing of noxious chemicals
from substandard building materials has been linked to health problems and pipe corrosion.50

Early-phase mold detection can also be useful for preventing health problems and minimizing
damage that originates from water leaks or accumulating moisture.

The examples above show how gas sensing can be used in a myriad of applications that
includes agriculture,51 environmental stewardship,52 health,53 security,54 defense,55 forensics,56

and psychology.57 These needs are driving research to develop new gas sensors with higher speci-
ficity, lower limits of detection (LOD), and higher sensitivity. At the same time, each of these
applications brings unique constraints that require new technologies for gas sensing—particu-
larly optical sensing—to meet needs related to cost, reliability, agility, deployability, and prox-
imity to measurement. These needs could be met by drawing inspiration from remarkable
examples of biological adaption that generate exquisite optical performance in simple, compact
forms that we are only just beginning to understand.

1.2 Opportunities and Challenges
Detecting a gaseous analyte presents both opportunities and challenges. Many natural and
anthropogenic processes generate gases that can be identified as either primary or secondary
products. Gases often accompany primary targets, which may be present as liquids, solids, or
complex matrices. Detection involving a solid or liquid analyte usually requires that the instru-
ment is brought to the source. That may not be possible if the analyte is obscured perhaps because
it is sealed in a shipping container, buried underground, or embedded within a tissue or organ.
By contrast, gases can diffuse and escape from the source. This can enable remote detection or
detection within the vicinity. In these instances, gases are often diluted, particularly if they have
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diffused, so gas sensing in these circumstances typically involves reading weaker signals and
requires higher sensitivity than sensors directly detecting solids and liquids at their point of
origin.

Optical methods can leverage many of the advantages of gas detection while surmounting
some of the challenges.58–62 Gases can be directly detected by their response at infrared (IR)
wavelengths due to rotational and vibrational modes. In multi-atom species, the vibrational
modes can be associated with functional groups comprising the molecule, and together, they
form a “fingerprint” that can be used to identify specific gases or classes of analytes. With proper
benchmarking, the magnitude of an IR signal can be correlated with the concentration of an
individual species. Light propagating in free space can be used for stand-off detection.63,64

Optical fibers and endoscopic tools can be used to bring light to a source with less loss, inter-
ference, and disruption, even along circuitous paths that would obstruct the free propagation of
light.65,66 While optical methods provide some advantages to electronic detection, several com-
plexities in integrating optical methods can present challenges. For example, electronic sensors
require power sources at the detection site and are subject to interference.67,68 Optical sensors also
introduce new possibilities for clandestine sensing (along with a myriad of potential ethical
issues).69,70 Additional challenges related to integrating optical methods into gas detection
sensors are discussed below.

1.3 Optical Transduction
Most gases cannot be directly detected using visible radiation, but it is possible for some species
such as nitrogen dioxide (NO2), which appears red-brown. Tremendous progress has been
achieved in the sensing and detection of gases with instruments based on conventional refractive
and diffractive spectrometers.71,72 However, these instruments are not well suited for a growing
range of applications that impose more stringent requirements. These include the need for small,
compact, light-weight systems; improved LOD and limits of quantification; and improved
specificity.73–75 Capabilities for the application of systems with remote detection and high speci-
ficity are currently limited, and the development of materials with such capabilities is of high
interest.76,77 One approach that can be used to improve detector capabilities is the exploitation of
optical responses from photonic and plasmonic materials that are integrated into the device.4,78,79

1.4 Optical Response
The presence of an analyte can introduce a measurable optical response from many factors,
including change in absorption, variation of refractive index, phase modification and modulation,
modification of interference patterns, and alteration of diffraction patterns.80–85 Analytes that
exhibit optical resonance at known frequencies can be observed by measuring optical
absorption.86 Given a known pathlength, the concentration of an analyte can be determined
as well using established mathematical constructs such as the Beer–Lambert law.87,88 Many
chemical species can be identified and quantified by measuring one or more absorptions in the
near IR regime, where optical absorption occurs due to characteristic molecular vibrations.89

Even when a gaseous analyte does not have an optical resonance at a frequency available for
measurement, there can still be a change in the optical response of a system in the presence of a
gas or vapor.90 For example, an analyte may have a large real component of its dielectric function
at a frequency of interest, which will result in the change of the optical pathlength in a system
even when the geometry of the system is unchanged. A change in the refractive index can be
observed using well-known techniques such as refractometry and interferometry.91,92 One such
technique is to measure the angle of refraction when light is incident on a region containing
an analyte, enabling the determination of a refractive index using Snell’s law.93 Interferometric
techniques such as Mach–Zehnder-type interferometers can be used to detect an analyte at low
concentration from its slight change in the medium’s refractive index, which produces detectable
shifts in the interference fringes.94,95

The optical response also depends on whether a medium is dielectric or metallic. In dielectric
media, light interacts with a material by polarizing locally bound valence electrons.96 Light inci-
dent on a molecule induces an oscillating polarization parallel to the allowed transition moments
of the system.93 The system can be modeled as a harmonic oscillator, where the driving force is
the oscillating electric field, and the response of the valence electrons to the field is the oscillator
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itself.97 Mathematically, this is often represented as a Lorentz oscillator.93 When the frequency of
the driving force is on-resonance with the dielectric material, light is absorbed. Near the resonance
peaks of a material, the phase velocity of light is affected. When the frequency is off-resonance but
just below a peak, the phase velocity of light is reduced. When the driving frequency is above
resonance, the phase velocity is increased.98 In isotropic media, the optical response is indepen-
dent of the polarization of incident light. Whereas in anisotropic media, the optical response
depends on the orientation of the material with respect to the polarization of incident light.99

Relative to dielectrics, metals respond to light quite differently because the valence electrons
of adjacent atoms overlap strongly, forming highly delocalized bands that are often described as
electron gas.100,101 In terms of the harmonic oscillator model, this represents an oscillator without
a resonance frequency.102 This can be represented with the Drude model, which is equivalent to
the Lorentz model with a resonance frequency of zero.102,103 When valence electrons are dis-
placed in a metal, the Coulomb force resulting from electron motion acts as the restoring
force.104 The frequency of the restoring force is represented by the plasma frequency of the
material, which is a material property dependent on electron density.105 For small spherical nano-
particles, this can be represented as surface charges, which build up on a particle as light couples
to the oscillation of the valence electrons of the metal.106 When surface charges build up on the
particle, the fields near the surface of the particle are greatly enhanced in magnitude. This phe-
nomenon is called surface plasmon resonance, and the frequency at which this resonance occurs
can be changed depending on material properties, particle shape, and surrounding media.106,107

The area of light–matter interaction concerned with surface plasmons is called plasmonics.108

Optical responses depend on the structure of the material on both the atomic and wavelength
scales. Dielectrics can be structured to interact with light in a way that alters and even enhances
the light–matter interaction.109–112 For example, dielectric waveguides confine light to propagate
in certain guided spatial modes.113–115 The frequency of these guided modes depends on the
structural orientation, as well as the material properties of the dielectric and the surrounding
medium. More complex structures such as metasurfaces and PhCs enable interference and
diffraction between light that can interact with nanoscale features.110,116,117 The structural ori-
entation provides identifiable optical responses that can be tuned, and the presence of an analyte
can alter this optical response in a measurable way.

Likewise, for plasmonic devices, the optical response of a metal nanoparticle is greatly
affected by the shape and size of the particle, as well as adjacent surfaces.106,118 Field enhance-
ment brought about by coupling to surface plasmon resonance is highly dependent on surface
geometry. This phenomenon is the basis for many analytical techniques, including surface-
enhanced Raman scattering (SERS), dark-field microscopy, and detection of analytes.119–123

In the case of analyte detection, the frequency and strength of surface plasmon resonances can
be greatly affected by the presence of analyte.124 This is because the frequency of a localized
surface plasmon resonance is dependent not only on the refractive index of a nanoparticle but
also on the refractive index of the surrounding material. When a gas or vapor is present, the
surrounding refractive index is changed and moves the frequency of the resonance peak.

Dielectric and plasmonic devices can be used in conjunction with gas-sensing applications
as well.125,126 For example, a dielectric prism coated with a metallic film can be used to couple
incident light to surface plasmon polaritons.127 These are surface waves that propagate along a
metal–dielectric interface when light is totally internally reflected within the prism. Evanescent
waves that have the same momentum as the surface plasmon polariton absorb all incident light
when the damping from losses and radiation is equivalent.128,129 This condition is called the
critical coupling condition. At a given incidence angle, the frequency of the surface plasmon
polariton is highly dependent on the refractive index of the surrounding medium, and thin layers
of particles on the order of several nanometers can be readily detected by the shift in the peak of
the surface plasmon polariton.130

2 Fabrication Methods of PhCs and 3D Nanostructures
The vivid structural coloration of some butterflies,6,131 peacocks,132–135 and other birds136,137 has
inspired an exciting new class of gas sensors.138,139 The wings and feathers of these creatures are
comprised of intricate nanostructures that often resemble rods, spheres, or a dense matrix of
the two. When the matrix of nanostructures is periodic and ordered, its optical response can

Musgrove et al.: Bio-inspired photonic and plasmonic systems for gas sensing. . .

Journal of Optical Microsystems 020902-5 Apr–Jun 2024 • Vol. 4(2)



be modeled as a PhC.135 The optical response of a PhC is very sensitive to its composition and
environment, which is a desirable quality for high-performance gas sensors.4,78 Sometimes,
natural nanostructures are topologically complex and even partly disordered, so they cannot
be modeled as a basic PhC.140 One example is the open-air tree-like structure of the Morpho
butterfly,141,142 which has been studied extensively both for its optical properties143,144 and related
sensing applications.8,145 In these cases, multiple models are needed to simulate the performance
of the complex 3D structure, particularly to account for variations in long-range order.146,147

Of course, using these biologically inspired structures as sensors necessitates their fabrica-
tion. The art of PhC fabrication has been addressed by many.148–153 PhC fabrication can be
separated into two main types: top-down and bottom-up. Top-down methods are used to create
structures by patterning or etching,152 whereas bottom-up methods employ molecular compo-
nents and the natural forces between them as building blocks for larger structures.128,151,153

Some popular top-down methods include particle- and electron-beam lithography,154–156 holo-
graphic/interference lithography (IL),157–160 and nanoimprint lithography,161,162 to name a few.
Self-assembly and thin film deposition are the key methods used in bottom-up approaches.163

Table 1 summarizes and compares the key fabrication methods for fabricating photonic sensors.
It is important to note that the goal of this section is not to teach how these methods work but to
review how they are applied to fabricate these materials.

2.1 Particle Beam Lithography
Electron beam lithography (EBL) has long been recognized as a well-suited method for fabricat-
ing sub-micron planar patterns due to its inherently high resolution.168,169 In EBL, a beam of
accelerated electrons is serially scanned over an electron-sensitive polymer layer in a predefined
pattern.170 The incident electrons have sufficient energy to induce ionization of the polymer. In
turn, secondary electrons are generated. These secondary electrons induce either crosslinking or
degradation, which changes the solubility of the polymer, allowing certain portions to be rinsed
away with solvent. With the remaining exposed polymer, thin film deposition methods or etching
processes can be applied to create a final structure. Scanning electron microscopy (SEM) images
of PhCs fabricated using EBL can be seen in Figs. 2(a) and 2(b).

A variety of PhCs have been fabricated by EBL, including two-dimensional (2D) and 3D
PhCs.155,156,171 EBL can also be used to introduce buried defects in PhCs, which is important
when attempting to mimic nature’s disorder.154 Because structures in nature are usually not per-
fectly flat, there is a need for patterning on non-planar substrates, which EBL accommodates.172

Traditionally, EBL was restricted to 2D patterns, but layering and stacking enabled the creation
of 3D patterns. Layering is time-consuming due to repetitive exposures, and stacking introduces
the potential for alignment inaccuracies.

Potyrailo et al.8 used a clever, single-exposure approach to create butterfly-inspired 3D struc-
tures, as seen in Fig. 2(c). The structures included a 2D pattern projected onto the substrate
interleaved with a periodic structure in a direction along the exposure beam and perpendicular
to the substrate. The sample was prepared by first depositing alternating thin layers of
poly(methyl methacrylate) and poly(methacrylic acid). The layer thickness was chosen to match
the targeted periodicity perpendicular to the substrate. The sample was then exposed using care-
fully controlled, spatially varied electron beam dose. A high dose was used in regions where the
material of both layers needed to clear all the way to the substrate, mimicking the 2D projected
pattern. A low dose was used in regions where periodicity along the exposure beam was desired.
In these low-dose regions, only the material comprising the high-sensitivity layers was activated.
During the development step, the exposed high-sensitivity material was etched away, which left
open voids between overhanging regions of the high-sensitivity material.

The approach and instrumentation used for focused ion beam (FIB) lithography are similar
to that involved with EBL, with a key exception being that accelerated ions interact with the
sample rather than electrons.173,174 FIB has more capabilities due to the wide selection of ion
sources. For example, a helium ion source enables traditional lithography through exposure,
development, and post-processing of a polymer layer. In what some call FIB chemical vapor
deposition (FIB-CVD),175,176 gallium and neon ions can be used to induce deposition from gas-
eous components onto a substrate. This enables mask-free, 3D writing of nanostructures through
deposition rather than through the removal of the material.

Musgrove et al.: Bio-inspired photonic and plasmonic systems for gas sensing. . .

Journal of Optical Microsystems 020902-6 Apr–Jun 2024 • Vol. 4(2)



T
ab

le
1

C
om

pa
ris

on
of

m
et
ho

ds
fo
r
fa
br
ic
at
in
g
ph

ot
on

ic
se

ns
or
s.

M
et
ho

d
R
es

ol
ut
io
n

M
ax

ar
ea

M
at
er
ia
lt
yp

e
C
om

m
en

ts

P
ho

to
lit
ho

gr
ap

hy
10

2
5
nm

,
1
μm

ty
pi
ca

la
10

0
cm

2
P
ho

to
po

ly
m
er
s

2D
an

d
3D

b,
c

E
-b
ea

m
lit
ho

gr
ap

hy
87

–
89

5
nm

1
cm

2
R
es

is
ts
,
pa

tte
rn
-t
ra
ns

fe
r
by

et
ch

in
g

M
os

tly
2D

b,
d

Io
n-
be

am
lit
ho

gr
ap

hy
10

1,
10

2
10

nm
1
cm

2
M
et
al
s,

ox
id
es

,
se

m
ic
on

du
ct
or
s

2D
b

H
ol
og

ra
ph

ic
lit
ho

gr
ap

hy
90

–
93

>
20

0
nm

1
cm

2
P
ho

to
po

ly
m
er
s

2D
an

d
3D

N
an

oi
m
pr
in
t
lit
ho

gr
ap

hy
94

,9
5

5
nm

10
cm

2
S
ili
co

ne
s

2D
an

d
2.
5D

e

P
V
D

16
4

10
nm

Li
m
ite

d
by

ch
am

be
r

M
et
al
,
ox

id
es

,
se

m
ic
on

du
ct
or
s,

or
ga

ni
cs

C
oa

tin
g
ex

is
tin

g
st
ru
ct
ur
es

C
V
D

16
5,
16

6
10

nm
Li
m
ite

d
by

ch
am

be
r

M
et
al
,
ox

id
es

,
se

m
ic
on

du
ct
or
s,

or
ga

ni
cs

C
oa

tin
g
ex

is
tin

g
st
ru
ct
ur
es

A
LD

16
7

10
nm

Li
m
ite

d
by

ch
am

be
r

M
et
al

ox
id
es

,
se

m
ic
on

du
ct
or

C
oa

tin
g
ex

is
tin

g
st
ru
ct
ur
es

E
tc
hi
ng

85
10

nm
>
10

0
cm

2
M
ul
tip

le
ty
pe

s
P
at
te
rn

tr
an

sf
er

an
d
re
sh

ap
in
gf

S
el
f-
as

se
m
bl
y9

6
C
an

be
<
50

nm
1
cm

2
C
ol
lo
id
s

Li
m
ite

d
co

nt
ro
lo

f
st
ru
ct
ur
e

a S
m
al
l-a

re
a
3D

st
ru
ct
ur
es

ca
n
be

cr
ea

te
d
by

m
ul
tip

ho
to
n
lit
ho

gr
ap

hy
(s
ee

S
.
M
.
K
ue

bl
er

an
d
M
.
R
um

i.
“N

on
lin
ea

r
op

tic
s—

ap
pl
ic
at
io
ns

:
th
re
e-
di
m
en

si
on

al
m
ic
ro
fa
br
ic
at
io
n,
”
in

E
nc

yc
lo
pe

di
a
of

M
od

er
n
O
pt
ic
s,

R
.
D
.
G
ue

nt
he

r,
D
.
G
.
S
te
el

an
d
L.

B
ay

ve
l,
E
ds

.
E
ls
ev

ie
r:
O
xf
or
d,

20
04

,
pp

.
18

9–
20

6)
.

b H
ig
h-
sy

m
m
et
ry

3D
st
ru
ct
ur
e
ac

hi
ev

ed
us

in
g
m
ul
ti-
la
ye

r
re
si
st

pa
tte

rn
in
g.

78

c R
es

ol
ut
io
n
de

pe
nd

s
on

th
e
pa

tte
rn
in
g
w
av

el
en

gt
h
an

d
co

m
pl
ex

ity
of

th
e
op

tic
al

pr
oj
ec

tio
n
sy

st
em

.
C
os

t
in
cr
ea

se
s
dr
am

at
ic
al
ly

as
fe
at
ur
e
si
ze

de
cr
ea

se
s.

d 3
D

po
ss

ib
le

by
co

m
pl
ex

m
ul
ti-
la
ye

r
ex

po
su

re
.

e U
se

fu
lf
or

re
pl
ic
at
in
g
2D

pa
tte

rn
s
an

d
3D

st
ru
ct
ur
es

w
ith

lim
ite

d
un

de
rc
ut

an
d
no

en
cl
os

ed
vo

id
s.

f E
tc
h-
ar
ea

is
pr
ac

tic
al
ly

lim
ite

d
by

th
e
co

m
pl
ex

ity
of

st
ru
ct
ur
e
an

d
ho

w
th
at

af
fe
ct
s
ch

em
ic
al

di
ffu

si
on

.

Musgrove et al.: Bio-inspired photonic and plasmonic systems for gas sensing. . .

Journal of Optical Microsystems 020902-7 Apr–Jun 2024 • Vol. 4(2)



2.2 Photolithography
Photolithography177 is used extensively in the semiconductor industry due to its high throughput
and comparably low lifetime cost.178 Whereas EBL is a serial, point-by-point writing process,
some forms of photolithography flash the entire writing area with a single exposure.179,180

In conventional photolithography, pattern generation is accomplished with area-selective projec-
tions using either one or multiple masks. The incident photon energies induce crosslinking or
chain-scission in the photopolymer. This enables the use of solvents to wash away exposed or
unexposed areas. Thin film deposition and etching techniques can be utilized to transfer the
pattern in the developed photopolymer to other materials, such as dielectrics or metals.

Using conventional photolithography and etching techniques, tree-like structures have been
fabricated. Using these techniques, Rasson et al.181 created a bio-inspired vapor sensor inspired
by the Papilio butterfly wing. Their device featured concave, sloped walls achieved by a mix of
isotropic and anisotropic electrochemical etching of silicon. Potyrailo et al.182 used conventional
photolithography with plasma-enhanced chemical vapor deposition (CVD) and etching to create
bio-inspired sensors for non-condensable gases. Motivated by the structural color of theMorpho
butterfly, the group fabricated sensors that successfully detected H2, CO, and CO2. To detect
different gases, the team enhanced the structure with additional elements. For example, to detect
CO and H2, the structure was covered in a layer of gold nanoparticles (AuNPs) 3 to 5 nm in
diameter. Furthermore, to detect CO2, the structure was covered with amorphous Teflon.182

2.3 Interference/Holographic Lithography
IL, also known as holographic lithography,157 uses multiple beams to create periodic interference
patterns in a 2D or 3D manner.183 A reflective layer can be included or left out. By interfering

Fig. 2 SEM images of PhCs fabricated by EBL. (a) Top-down view of 2D PhC. (b) Perspective
view of the same PhC. Figures adapted from Ref. 155 and reprinted with permission through
Copyright Clearance Center. (c) Fabricated structures using EBL, inspired by theMorpho butterfly
wing topology. Figure modified from Ref. 8 and reprinted under the terms of the Creative Commons
CC BY license.
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with four non-coplanar beams, with an appropriate choice angle of incidence and polarization,
each of the 14 Bravais lattices can be created, which makes IL well suited for fabricating PhCs.184

A notable use of reflection-based IL was demonstrated by Siddique et al.185 At a wavelength
of 266 nm, “Christmas tree” structures resembling those seen on theMorpho butterfly wing were
fabricated with lamella that were 40 nm thick with air gaps between the layers of lamellae. This
resulted in the expected blue reflected light. The key to the successful fabrication was a highly
reflective surface on the substrate, which is normally undesirable for traditional IL, as the
reflected light further interferes with the expected pattern. The reflective surface strengthened
the intensity of the vertical standing waves, which ultimately created the lamella.

3 Fabrication of Surface Coatings for Enhanced Sensing
Some optical effects can be improved by depositing thin metal films or nanoparticles onto active
surfaces to redirect or augment local electromagnetic fields via surface and localized surface
plasmons.3,186,187 The approach has been used in several optical applications, including solar
cells, spectroscopy, signal enhancement for imaging, sensors, and cancer treatment.188,189

This section focuses on metal- and nanoparticle-coated bio-inspired photonic structures.

3.1 Thin-Film Deposition Methods
Thin films can be deposited onto surfaces through physical vapor deposition (PVD) or CVD.
In PVD, a target containing the material to be deposited is vaporized by some form of energy
within a vacuum chamber. The surface being coated is placed inside the chamber and is subjected
to the vapor. Because PVD is a directional deposition method, the substrate is usually mounted
and rotated to achieve full-angle coverage. The different types of PVD are differentiated by
their energy source. Specifically, thermal PVD uses a resistively heated filament, sputter PVD
uses energetic particles from plasma, and ion beam-assisted deposition uses a beam of ions to
accelerate vaporized species toward the surface of the substrate.164

Seeking to enhance the response of a Morpho butterfly-inspired light sensor, Zhang et al.
used PVD to deposit 50 nm thick layers of gold onto the Christmas-tree structure.190 Due to
PVD’s directional nature, only the tips of the lamella layers were covered. This resulted in
increased local absorption of IR radiation, which curled the lamella upward, decreasing IR reflec-
tance and successfully detecting the presence of IR light.

In CVD, the materials to be deposited are volatile and in a different form than the final
deposit. Precursor gases are released into a chamber, which then become adsorbed onto the sur-
face of the substrate. Due to the isotropic diffusion of gases within the chamber, usually under
high pressure, CVD is naturally conformal. The different types of CVD are differentiated by
their chemical composition or pressure such as low-pressure CVD165 or metal-organic CVD.166

Atomic layer deposition (ALD) is a common form of CVD in nanofabrication where two
precursors are delivered into a chamber, one at a time. Once the first precursor is delivered, the
chamber is purged with inert gas, removing all but the adsorbed precursor. Then, the second
precursor is delivered. Due to the adsorption of the first precursor on the substrate, the second
precursor forms a complete monolayer upon successful reaction. This process repeats to form
a conformal thin film with excellent thickness control.167

Piszter et al. used ALD to coat a Polyommatus icarus wing in 5 nm of Al2O3.
191 While the

change in performance was not desirable for sensor applications, the researchers showed that the
desired sensor performance is dependent on more than two predicted variables. In particular,
the responsivity of the coated wing decreased by more than five times. The researchers deter-
mined that capillary condensation was the primary driving force behind the observed color
change of the butterfly wing.27

4 Characterization and Function of Photonic Materials
Photonic materials have recently gained interest in sensing applications because they can be used
to manipulate and control the propagation of visible light. In gas sensing, exposure to specific
analytes or volatile species can change the refractive index of materials, which shifts features in
the ultraviolet-visible (UV-vis) spectrum. Understanding how morphological changes in PhCs
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impact optical properties and interaction with analytes may aid in fabricating gas sensors with
lower LOD and a wider range of analyte specificity. The following sections are grouped to
discuss the function of photonic materials by morphology: photonic materials that are charac-
terized as nanoparticles, fibers, porous materials, and tree-like structures. The impact of defects
on function is also reviewed. We note that all the experimental studies of plasmonic and photonic
materials discussed below were concerned with performance in the visible wavelength range
(320 to 800 nm); however, some reported performance studies in the near-IR region (800 to
1700 nm) where the absorption line of CH4, hydrogen fluoride (HF), and NH3 is present.192

4.1 Nanoparticles
Spherical particles have been utilized to fabricate photonic materials for sensing applications, for
which the size of the particle plays a direct role in the optical properties observed. Spherical
colloidal particles have been shown to exhibit angle-dependent structural colors caused by
Bragg diffraction with optical properties affected by the size of the particles synthesized.
Appold and Gallei193 synthesized block copolymers with varying molecular weights in the form
of isotropic spherical micelles, which underwent colloidal crystallization. These materials were
inspired by the structures observed in butterfly wings and beetle carapaces. To mimic the
structural colors and artificial fabrication of photonic materials comparable to those inspired by
biological photonic materials, Appold and Gallei stated that periodic domains of 120 nm or
greater are required for the interaction and reflection of visible light. Dispersed in solution with
diameters ranging from 300 to 1143 nm, the spherical colloidal particles fabricated resulted in
reflectance spectra shifts from green to red, as seen in Figs. 3(a) and 3(b).

In addition, the block copolymers were fabricated into bulk films and exposed to acetone,
which resulted in a reflectance shift due to swelling and an increase in the diameter of pores and
a decrease in the refractive index contrast, as seen in Fig. 3(c). The size and disorder of the
bulk films are shown to influence the structural colors stemming from diffuse particle scattering
of the nanodomains as well. It is important to note that upon drying the film after exposure and
swelling, the spectrum is comparable to the original, which suggests reversibility of the stimuli-
responsive behavior.193

Also inspired by the multilayered scales on longhorn beetles, Bai et al.194 fabricated mes-
oporous silica nanoparticles (MSNs) with adjusted particle sizes and proportion of pores to nano-
particles in the overall mesoporous material. These materials are tunable similar to the scales on
the longhorn beetle such that changes in the thickness and average refractive index of their scales
result in color shifts caused by water adsorption in their elytra. Mesoporous colloidal PhCs
(MCPC), made of solid silica nanoparticles (SSNs), were inkjet-printed onto a substrate with
a designed pattern and were assembled into well-ordered mesoporous “domes.” The composition
of the particles played a vital role in the color changes observed. By adjusting the ordered
arrangement of nanoparticles and using either solid core particles or mesoporous shells, vapor
condensation in the pores from exposure to N2 and ethanol vapors resulted in variations in the

Fig. 3 (a) Dimensional analysis, including average diameter and standard deviation (nm), mea-
sured using microscopy imaging for BCP micelles. (b) Micellar PhCs were dispersed in methanol/
acetone solution and measured at an angle of view of 90 deg, and UV-vis spectra of spherical
colloidal particles comprised of polymers with varying sizes were collected. A green to red reflec-
tance spectra shift was seen as the size of the particles increased. (c) Block copolymers were
fabricated into films and exposed to acetone. UV-vis spectra collection revealed a reflective shift
due to swelling and increased pore diameter, with a comparison of the bulk film (dashed blue line),
swollen with acetone (cyan blue line), and the dried bulk film (blue line) measured at an angle view
of 45 deg. Figure adapted from Ref. 193. Copyright 2019 American Chemical Society.
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refraction index, which resulted in color changes, as seen in Fig. 4. The vapor-chromic features of
the MCPC patterns were also reversible and repeatable, and the detection of vapors using these
materials and fabrication method is easily visible by the naked eye, making this a practical and
facile option for analyte detection in gas sensors.194

4.2 Fibers
Fiber-based optical systems have been investigated for use in gas-sensing applications, particu-
larly through the implementation of PhC fibers.192,195–200 One example is the use of hollow-core
PhC fibers (HC-PCFs) due to their ability to permit guided light through media such as air or
gases rather than through a dielectric core.197,201 When an attenuating gas is used to fill the
hollow-core of the HC-PCF, the transmission of light through the fiber can be recorded as a
function of the concentration of analyte gas.202,203

The use of HC-PCFs for gas sensing has been examined by several groups,201,202,204 includ-
ing Cubillas et al.197 who showed that CH4 was capable of being detected at concentrations as
low as 10 ppmv. In this study and as seen in Fig. 5, CH4 filled the HC-PCF and was absorbed in
the 1670 nm band; this resulted in a measurable absorbance in accordance with the Beer–
Lambert law. Though CH4 does not have exceptionally high attenuation at 1670 nm, very long
HC-PCFs were used to get a strong signal with a low signal-to-noise ratio.

Hu et al.201 also worked on the use of HC-PCFs to detect gases, specifically acetylene.
Typically, the limitations in HC-PCFs for gas detection include the length of time required
to fill the fiber as well as coupling efficiency. To increase the rate at which the HC-PCF was
filled with gas, two vacuum chambers were used in conjunction with a gas mixing chamber.

Fig. 4 (a) and (b) Color changes observed of the printed pattern when in N2 versus saturated
ethanol atmosphere (scale bar: 0.5 cm). (c) and (d) Optical microscopy images of the printed
MCPC and SiO2 colloidal PhC (SCPC) microdots (scale bar: 200 μm). (e) and (f) Top-view
SEM images of MCPC microdots and SCPC microdots (scale bar: 1 μm). (g) and (h) TEM images
of MSNs and SSNs (scale bar: 200 nm). Figure reprinted with permission from Ref. 194. Copyright
2014 American Chemical Society.
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In addition, this system was created using precise fiber alignment devices to improve coupling
efficiency. These modifications of the gas sensor system enabled the detection of acetylene at
quantities as low as 0.084 ppm.

In addition to measuring the transmitted intensity of light through an HC-PCF to determine
gas concentration, work has been done to investigate the use of long-period grating (LPG)205,206

motifs in PCFs to monitor resonant wavelengths in the fiber to detect gas.10–12 It was determined
that periodic perturbations in PCFs allow for light to couple between the core and cladding
modes of the fiber. The pitch of perturbations in the fiber determined the wavelength, which
couples to these fiber modes. The variation in the refractive index within the fiber shifted the
resonant wavelength of light. Furthermore, the introduction of gas to the hollow core of LPG-
PCFs modified the refractive index, which caused changes in the resonant wavelength of the
fiber.207

PCFs are not limited only to the detection of gas particles; PCFs have been used to detect
biochemical markers as well.208,209 Rindorf et al.210 tested the sensing capabilities of LPG-PCFs
toward various biomolecules. This method of biomolecule detection did not rely on the labeling
of analyte species, providing a robust means of detection in a compact form factor. The change in
resonant wavelength was used to determine film thickness for double-stranded deoxyribonucleic
acid (dsDNA), poly-l-lysine (PLL), and phosphate buffer solution (PBS). Transmission spectra
for each analyte are shown in Fig. 6.

Fig. 5 (a) Normalized transmission spectrum of HC-PCF; inset shows the image of the sample.
(b) Transmission spectrum of HC-PCF filled with CH4 (18,750 ppmv). Adapted with permission
from Ref. 197 © The Optical Society.

Fig. 6 (a) Overlay of transmission spectra in the near-IR region for LPG-PCFs containing films of
either dsDNA, PLL, or PBS analyte. (b) Zoomed-in view of the minima for each analyte. Adapted
with permission from Ref. 210 © The Optical Society.
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4.3 Holey and Porous Materials
Modifications in photonic materials containing holes and pores have also been shown to impact
the resulting optical properties, thus modifying the potential detection limit of vapors. Holes have
also been incorporated in controllable ways for applications in optical device integration. By
inducing holes in this manner, photonic optical characteristics can be observed. Porous PhCs
with interesting optical properties have been observed in nature, specifically by the red-flanked
bluetail, Tarsiger cyanurus, studied by Ueta et al.136 The porous nature of the red-flanked blue-
tail’s barb fibers can be seen in Fig. 7. Ueta et al.136 modeled and studied porous PhCs, which
were bioinspired by these sponge-like, porous barbs in efforts to understand the optical properties
correlated to the structural colors observed.

Porous photonic structures have also been seen in the scales covering the elytra of male
Hoplia coerulea beetles, and interestingly, water-induced changes have been studied in which
the fluorescence emission peak wavelength blue-shifts when the elytra are water immersed while
the reflectance peak wavelength exhibits a red-shift.211 These findings support the idea that
optical properties can be studied based on the presence of adsorbed species.

Experimentally, porous materials have been successfully fabricated to study similar changes
in optical properties. Qi et al.212 were able to successfully fabricate PhCs with microcavities in
a controlled fashion using lithography such that the array of holes and layers of microcavities
were ordered, as depicted in Figs. 8(a)–8(d). Reflectance and transmittance data in the near-IR
region were collected, and at varying incident angles, the reflectance and transmittance spectra
are affected, as seen in Figs. 8(e) and 8(f), but more notably, the resonant signatures are around
telecommunication wavelengths.212

PhCs with defects in the form of subwavelength holes to increase the surface area of the
defect region have also been investigated. Multi-hole regions, defects in PhCs where several
holes are present and are smaller than the lattice holes in the crystal, were studied by Kang
et al.213 due to the significant increase in surface area. In the case where a multi-hole defect
(MHD) region was studied and compared with a single hole defect PhC structure, Kang et al.213

concluded that the MHD region permitted a three times larger change in resonance frequency and
two times larger quality factor.

Mesoporous film fabrication is another method that has been previously used in the develop-
ment of sensors and creates an abundance of holes through the material. Kelly et al.214 studied
photonic nanostructures that were stacked together to form multiple mesoporous layers. These
mesoporous structures have resulted in the adsorption of vapors, which can be tuned depending
on the concentration gradient between the layers. In addition, the size and concentration of pores
present in the layers can result in different rates of diffusion of analyte into the film, causing
changes in the adsorption limit. Belén et al.215 also showed enhanced optical properties using
porous thin film anatase TiO2 in which adding the additional nano-holed layer to titanium alloy
provided both higher stability against thermal oxidation and enhanced near-IR reflectivity.

Nanogaps have also been implemented into a gold palladium (AuPd) surface in the form
of cracks, as opposed to pores within the film, which had been layered into a polyimide/steel

Fig. 7 (a) Image of the red-flanked bluetail T. cyanurus. (b) SEM and TEM images showing the
cross-section of barb fibers found on T. cyanurus. Figures adapted with permission from Ref. 136.
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backing support by bending the fabricated sensor. When these nanogaps were present in the
sensor, H2 detection was possible at concentrations as low as 100 ppm.216

4.4 Tree Structures and Pillars
The Morpho sulkowskyi butterfly has scales on its wings that, under high magnification
[Figs. 9(a) and 9(b)], are seen to have a tree-like structure in which lamellae and microribs give
rise to interesting photonic optical properties.8 These properties enable high-selectivity vapor
sensing due to localized interactions with specific vapors and the chemical gradient of surface
polarity these tree-like structures contain.217,218 This has been shown in M. sulkowskyi wing
scales by Potyrailo et al.218 after realizing that the wings had a highly reproducible spectral reflec-
tance peak due to the uniformity of the periodic nanoscale structure. These interesting optical
properties are largely caused by the lamellae of the ridges acting as interferometric nanoreflec-
tors, whereas the ridges act as diffraction grating.219 These structures cause a multilayer inter-
ference from the array of reflectors, which gives rise to interesting properties due to diffraction
and interference effects, as previously mentioned in a number of studies.8,164,186,187 Potyrailo
et al.218 exposed M. sulkowskyi scales to multiple vapors at different concentrations and moni-
tored the change in reflectance spectra (ΔR), finding differences in response when exposed to
water, ethanol, and methanol. Specifically, significant changes in ΔR were observed between
325 and 500 nm and in magnitude between 500 and 600 nm, as seen in Figs. 9(c) and 9(d).218

Fig. 8 Scanning-electron micrographs of the fabricated 3D PhCs. (a) A low-magnification SEM top
view of fabricated PhCs. (b) Close-up showing the hexagonal array of holes (denoted by A, B, and
C) are the sets of holes underneath the top layer. A sequential shift can be seen in the horizontal
direction. (c) A tilted top view reveals the rod layer underneath the holes. (d) A cross-sectional
view, where the functional layers are marked by numbers and the etched air cylinders are outlined
with rectangles. (e) FTIR-microscopy characterization of the 3D PhC with point defects, where
reflection (blue) and transmission (red, purple, and green) are shown with varying sample tilts.
An inset is included showing a schematic diagram of the optical path of the FTIR microscope.
(f) A comparison of measurement (red) and simulation (blue) for reflection. Figures adapted from
Ref. 212. and reprinted with permission through Copyright Clearance Center.
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This prompted further studies to investigate how morphological changes in these photonic struc-
tures could further impact the optical responses recorded.

Using lithography, Potyrailo et al.8 were able to fabricate nanostructures with varying
dimensions and numbers of lamellae, in conjunction with performing computational analysis,
in efforts to study the spectral changes in reflectance. Their fabricated nanostructures are seen
in Fig. 10. Vapor-response stability and reproducibility were tested in addition to the differential
reflectance ΔR modes. Sensor stability and measurement precision were in good standing after
160 cycles, and spectral differences were observed dependent on the vapor in which the nano-
structures were exposed, as seen in Fig. 11.8 In addition to studying the effects on reflectance in
the presence of different vapors, individual nodes and confined regions of the lamellae could be
used to tune vapor sensing and distribute monitoring. This work showed that these nanostructures
can be used as colorimetric sensors and tuned for a wide range of applications.8

5 Inducing Defects in Photonic Materials
Breaks from a perfect infinite lattice can be categorized as defects or as disorder. A defect is a
targeted variation within a PhC, such as a point- or line-deletion, whereas disorder is the random
variation of the parameters of a PhC—such as feature size, pitch, or refractive index—across the
spatial domain of the lattice. The presence of defects may be used for sensing by creating local-
ized resonances within the PhC that couple to molecular vibrations in the targeted analyte.165,166

Fig. 9 (a) An image of M. sulkowskyi scales, where iridescent coloration is notable. (b) SEM
images of M. sulkowskyi scales found on the surface of the wings. Figure modified from Ref. 8
and reprinted under the terms of the Creative Commons CC BY license. (c) Analysis of the selec-
tivity in the spectral response of photonic structure of M. sulkowskyi scales to different vapors,
specifically water, ethanol, and methanol. (d) Discrimination of water, methanol, and ethanol
vapors using PCA of ΔR-spectra after mean-centering the spectra, showing both selectivity and
sensitivity of the scales. Figure adapted from Ref. 218 and reprinted with permission through
Copyright Clearance Center.
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5.1 Defects
Although defects may be unintentionally introduced into a PhC device, deviation from a
perfectly periodic PhC by purposefully including defects may be used to introduce sensing
capabilities.165,167,220,213,221,222 Extended random defects may be intentionally introduced to alter
the range of the bandgap.165,223 Numerous studies evaluating the introduction of extended defects
have been performed.188,189,223–226 The presence of an analyte can be modeled as a perturbation in
a PhC device, and characterization of perturbed PhCs can be used to evaluate the performance of
a PhC device in the presence of gas or biomolecules.166,196,227 While not all works discussed
below are bio-inspired, they may be relevant to those who are investigating bio-inspired systems
with naturally occurring defects and disorder and are included to facilitate understanding of
how defects impact characterization.

Generally speaking, extensive investigation has been done to induce point defects in PhCs as
this results in defect modes, which give rise to many useful devices such as PhC fibers,228–230

waveguides,231–234 and defect-mode lasers.235–237 Point defects have been investigated in several
structures aside from 2D PhC slabs.238,239 While literature concerning defects in PhCs is not
extensive in the explicit case of gas-sensing capabilities, the principles behind the existing work
extend to cases where defects were studied in more general applications.188,189,224,231,238–240

The effect of defects is often modeled in silico via finite-difference time-domain (FDTD) or
finite element analysis in conjunction with analytical computation techniques such as the plane
wave expansion method (PWEM).241,242 In experimental applications, properties such as Q-fac-
tor, transmission spectra, and reflectance spectra are used to characterize defects. Kang and
Weiss213 investigated the use of MHDs in 2D PhCs as a replacement for point deletions.
MHDs consisted of relatively small holes arranged in a hexagonal array, as depicted in Fig. 12.
The MHD was found to introduce a high-Q resonator functionality to the otherwise ideal 2D
PhC slab. The presence of biomolecules in the MHD cavity alters the Q-factor of the cavity,
which leads to its functionality as a biosensor. Compared with simple hole deletions, the MHD
enables greater surface area for interaction between a target analyte and the PhC device, leading
to better detection.

Fig. 10 (a)–(d) Schematics of nanostructures (left) and SEMs of nanostructures (right) with 2, 3, 4,
and 6 lamellae, respectively. (e) A schematic (left) and SEM image of a nanostructure (right) with
six lamellae and microribs. Figure modified from Ref. 8 and reprinted under the terms of the
Creative Commons CC BY license.
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Fig. 11 Example of spectral reflectance of a fabricated nanostructure post-exposure to a dry
carrier gas (blank) and individual vapors, specifically water and methanol. (a)–(c) Spectra over
different spectral ranges showing the responses to the blank, water vapors, and methanol vapors.
(d) Response stability of a fabricated sensing nanostructure upon exposure to 160 cycles of meth-
anol and water vapors over a time of 7.5 h. (e) Response reproducibility to 80 cycles of methanol
and water. (f) Calibration curves for methanol and water. Figure modified from Ref. 8 and reprinted
under the terms of the Creative Commons CC BY license.

Fig. 12 Illustration of MHDs present in a hexagonal array of small holes, where (a) the dielectric
constant plot of MHD simulation space is shown. Black indicates ε ¼ 12, while white indicates
ε ¼ 1. MHD regions with effect radius (b) 0.2a, (c) 0.3a, and (d) 0.4a are also provided. In (a)–(d),
the defect hole radius in all cases is 0.04a with a defect hole spacing of 0.12a. Reprinted with
permission from Ref. 213 © The Optical Society.
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Point defects in 3D PhCs have also been explored.212,238,243 Qi et al.212 created point-defect
microcavities, which resulted in defect mode localization around telecommunications wave-
lengths. Defects were introduced by occasionally over-etching the fabricated structure onto the
previous layer, as seen in Fig. 13. Characterization of the resultant PhC using multiple angles of
incidence showed a wide range of angles, which enabled the localization of resonant modes
within the bandgap. The presence of analytes such as gases or biomolecules could be examined
in this 3D system, possibly enabling the fast measurement of the Q-factor for resonant modes
with low sensitivity to both angle of incidence and coupling efficiency.

5.2 Impact of Disorder on Characterization of Photonic Materials
Random variation in the parameters of PhCs has been studied extensively in the past.223,244–246

Generally, literature examples of this type of randomness use 2D PhC slabs to show the
efficiency or characteristics of devices and optics, and then, the disorder is introduced.223,226

Disorder has been shown to increase the angular tolerance of devices,247,248 lower the intensity
of resonant modes,249 blueshift the resonant modes,222,250 and introduce Anderson localization of
light.188,246,251,252

In a study by Takeda et al.,246 the introduction of randomness via air hole location was
investigated for a 2D PhC slab with a triangular unit cell. The PhC slab had a single-hole deletion
to introduce a defect mode within a complete TM bandgap. When randomness was introduced
via a random number generator, the intensity of the defect mode was reduced, whereas high-
intensity modes near the band edge were introduced. These modes were attributed to Anderson
localization, which arises from coherent backscattering.

Topolancik et al.253 investigated the effects of random disorder on the performance of a PhC
waveguide by optically characterizing a sample fabricated with EB lithography. The waveguide
was a 2D PhC slab consisting of a hexagonal unit cell composed of pentagonal air holes.
Randomness was introduced by rotating the pentagonal air holes by 24 deg rather than by adjust-
ing size or position. The orientation of a particular pentagon was random, but the number of
pentagons oriented in the same direction was held constant. Anderson localization, which arises
from the introduction of the random disorder, leads to the waveguide acting as a “random res-
onator” as described by the authors. This is similar to a designed nanocavity, but the introduced
randomness enables an increase in Q-factor while limiting modal volume.

Other work has been done to show the tolerance of cavity resonators to disorder. A square
unit cell was used by Rico-Garcia et al.254 to make a rod-in-vacuum PhC slab consisting of
a rod-expansion point defect, wherein a single rod’s radius was expanded, as seen in Fig. 14.
Spatial dispersion of rods (including the point defect rod) was modulated randomly by adjusting
parametric values of each rod. Rods were defined geometrically as ellipses, and adjusted
parameters were x- and y-coordinates of rod centers, major and minor axes of the ellipses, and
orientation of ellipses relative to the reference frame. Randomness was introduced at 1%, 3%,

Fig. 13 Schematic diagram (top) and image (bottom) showing the distribution of defects within
the structure of the 3D PhC in the paper by Qi et al. Adapted from Ref. 212 and reprinted with
permission through Copyright Clearance Center.
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and 5% variation from a perfect PhC to simulate manufacturing error. The effects in the electro-
magnetic field for a microcavity were described as a function of the percent error of rod
distribution, and it was found that errors of 1% to 5% do not appreciably disfigure the electro-
magnetic field distribution for a microcavity.

O’Faolain et al.255 introduced pseudo-random air hole displacement into a W1 waveguide
composed of a hole-in-dielectric system with a hexagonal unit cell, depicted in Fig. 15. A line
deletion was performed for the PhC to function as a waveguide. FDTD (using RSOFT
FULLWAVE, which can sample features smaller than the resolution grid) was used to character-
ize transmission and reflectance for the PhC. Band diagrams were made using PWEM via MPB.
Reflectance and transmission losses were not greatly affected away from the band edge, but
reflection loss was greatly increased near the band edge where the waveguide mode cutoff was.
This was largely attributed to highly increased reflection near the band edge corresponding to a
shift in the cutoff for the waveguide mode. The authors stated that the work shows the ability to
use slow Bloch modes away from the cutoff point without having significant signal loss due to
the effects of random disorder.

Disorder in media often increases the angular tolerance of light coupling into a
structure.247,248,256 Vynck et al.256 showed that for thin film solar cells, the integration of a ran-
domly textured surface enables broadband and wide-angle properties of disordered systems in
conjunction with light trapping. Optimization of the wide-angle properties of disordered media
has been explored by other groups as well,257–259 giving a good database of random textures,
which provide an isotropic angular response. To an extent, increasing the amount of disorder
in a periodic structure increases coupling efficiency to an optical system, improving wave trans-
port properties of optical devices, as seen from Ferry et al.258 in Fig. 16.

Fig. 14 Geometry of a PhC microcavity. White outline surrounding the pillars corresponds with
the distribution of possible locations of rods. Reprinted with permission from Ref. 254 © The
Optical Society.

Fig. 15 Example of a disordered PhC waveguide used. White circles represent the locations of
air holes for the ideal PhC equivalent. Figure taken from Ref. 255 © The Optical Society.
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Disorders in tree-like structures and comparative analyses among long-, medium-, and short-
range order have been studied.226 Short-range disorder was determined to cause a peak in the
reflectance spectrum, causing coloration, whereas long-range disorder gave a shiny, metallic-like
appearance. This study can be directly compared with bio-inspired structures of similar degrees
of disorder: the dorsal scales of Cyanophrys remus butterflies have long-range order, the ventral
scales of C. remus butterflies have medium-range order, and scales from the Albulina metallica
butterfly have short-range order. From these studies and based on the reflectance spectra pre-
dicted and observed from these structures, the relation of nanostructure and optical properties of
different butterfly wing scales has been investigated and can be applied to other biological pho-
tonic systems, such as those observed in the structures of avian feather barbs and mammalian
skin.226

6 Theoretical Studies of Photonic Materials
As of the writing of this article, only a few theoretical studies could be found in the literature that
focused specifically on bio-inspired photonic structures for gas-sensing applications.7,8,218,260–263

Among these, bio-inspiration appears to come in the form of either (1) structural8,218,260–263 or
(2) functional7 mimicry. Sensors based on the Morpho butterfly, for example, are commonly
comprised of structures that resemble a simplified version of the natural wing’s “tree-like”
nanostructure.8,218,260–263 A humidity sensor inspired by the Dynastes hercules beetle,7 on the
other hand, takes on an inverse opal structure that is markedly different from the beetle’s actual
network of filamentary strings. In this case, the synthetic structure is made porous and hydro-
philic, taking inspiration from the humidity-sensing mechanism of the natural structure. In the
following sections, a brief review of theoretical studies is provided, which aided in characterizing
photonic materials with varying morphologies, specifically those with porous and tree-like struc-
tures. We note that all the theoretical studies of photonic materials discussed below were con-
cerned with performance in the visible wavelength range (320 to 800 nm). Nonlinear effects were
not considered in these theoretical analyses presumably because the fields interacting with the
analytes are expected to be of relatively low strength. Figure 17 summarizes the key methods of
the studies discussed in this section.

6.1 Morphology of Porous Structures
Kim et al.7 demonstrated a biomimetic humidity sensor inspired by theD. hercules tropical beetle
[seen in Fig. 18(a)] in which analytical tools were used to study changes in refractive index as a
function of humidity level. The beetle’s elytra shifted visibly from a khaki-green when dry to a
darker, nearly black color when exposed to high humidity [Figs. 18(b) and 18(c)]. The structural
coloration arises from a 3D periodic structure residing in a porous layer beneath the cuticle
surface.265,266 The periodic structure resembled a “network of filamentary strings, arranged in
layers parallel to the cuticle surface,”7 which can be seen in Fig. 18(d). The porous layer con-
tained nano-sized holes that are occupied by air when dry but filled with water as humidity

Fig. 16 (a) External quantum efficiency of a PhC as a function of wavelength and angle of inci-
dence for a periodic (b) and randomly nanotextured thin-film optical system. Figure adapted from
Ref. 258. Copyright 2011 American Chemical Society.
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increases. The refractive index of water (n ≈ 1.33), being different than that of air (n ≈ 1.0),
induces variation in the visible color.267

The synthetic mimic was fabricated as a hydrophilic inverse-opal structure. In this way,
similar to the natural structure, the nano-sized pores would be filled with air under dry conditions
and moisture under humid conditions. Experimental measurements of the reflection of the
humidity sensor showed a high sensitivity to the environment humidity: the peak reflection
shifted to longer wavelengths in the visible spectrum as the humidity increased [Fig. 18(e)].
Studied theoretically, Bragg’s equation268 for normal incidence, λ ¼ 2dneff , can be used to
approximate the peak reflection wavelength.7 Using this equation, d accounts for the interlayer
spacing of the structure and nano-hole diameter, and neff is the effective refractive index of the
structure, which accounts for the nano-hole fill-factor and the surrounding media. The peak
reflected wavelength shift when exposed to humidity is given by Δ ¼ 2dðn�eff − neffÞ, where
n�eff describes the effective refractive index under humid conditions.269

Fig. 17 Summary of theoretical methods used for studies on bio-inspired photonic gas sensors.
(a) Figure modified from Ref. 7 and reprinted with permission through Copyright Clearance Center.
(b) Figure modified from Ref. 8 and reprinted under the terms of the Creative Commons CC BY
license. (c) Figure adapted from Ref. 261 with permission from ACS Publications. The ACS article
can be found at Ref. 264. Further permissions related to the material excerpted should be directed
to the ACS.

Fig. 18 (a)–(d) D. hercules beetle and its humidity sensing properties. (e) The reflection spectrum
under a variety of humidity conditions. The inset shows the inverse opal structure of the fabricated
humidity sensor. Figure modified from Ref. 7 and reprinted with permission through Copyright
Clearance Center.
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6.2 Morphology of Tree-Like Structures
Potyrailo et al.8 used finite-element modeling to simulate light reflectance fromMorpho-inspired
photonic structures. The structures resembled a simplified version of the natural wing’s tree-like
nanostructure, depicted in Fig. 19(a), accounting for tapered and offset lamellae to realistically
approximate the features of the natural structures.270 With finite-element modeling, the group
found that the location of vapor adsorption along the height of the structure can have a detectable
impact on the resulting reflectance spectra. This selective adsorption mimicked the effect of a
chemical functionalization gradient found in the natural structures, where different vapors could
adsorb onto different locations along the structure.8,261 This finding allowed for, in theory, a
multivariable device in which appropriate chemical functionalization could be applied so that
a variety of target vapors adsorb onto different regions of the same structure. This work modeled
vapors as having refractive indices of n ¼ 1.3, 1.4, and 1.5 and thicknesses d ¼ 5, 10, and 15 nm
relating to their gas-phase concentration-dependent thickness.271–273 The current multivariable
sensor designs were limited to sensitivity on the order of part-per-million. The authors note that
this effort focused on selectivity, not sensitivity, enhancement. If enhancements to sensitivity are
desired, there exist well-established design criteria, including increasing the number of lamellae,
controlling the ridge-to-ridge spacing to introduce high-Q resonances in the reflectance spectra,
and others.

Kittle et al.261 used the rigorous coupled-wave analysis method274 to investigate Morpho-
inspired nanostructures and the impact of vapor concentration, refractive index, and adsorption
location on their resulting spectra. They found that all three parameters had a detectable impact
on the reflection spectra, shown in Fig. 20. The vapor concentration was modeled as an effective
thickness [Fig. 20(a)]. Distinct vapors were assigned an effective refractive index [Fig. 20(b)]
where differences in the spectra were evident even with vapors of similar refractive indices.
Finally, vapor location was varied by only applying a non-air conformal layer to select regions
of the structure [Fig. 20(c)]. Principal component analysis (PCA)275 [Fig. 20(d)] showed that the
responses due to distinct vapor locations could be isolated, potentially enabling multivariable
sensing characteristics.

This study was concerned with the sensing of chemical warfare agent simulants, including
dimethyl methylphosphonate, a nerve agent simulant, and dichloropentane, a mustard gas sim-
ulant. The LOD from tests with an actual butterfly wing were on the order of parts-per-million.
The authors note that synthetic mimics must improve on these sensitivities for practical use.

Fig. 19 Finite-element simulation results by Potyrailo et al. show that the location of vapor adsorp-
tion along the structure is important and can yield detectable differences in the reflection spectra.
Adsorption onto (a), (c) horizontal surfaces of the lamellae yields different reflection properties than
when adsorption occurs onto (b), (d) vertical surfaces. (e) PCA was used to distinguish between all
configurations. This property can be used to design multivariable sensors, where a single structure
can be used to detect multiple vapors. Figure modified from Ref. 8 and reprinted under the terms of
the Creative Commons CC BY license.
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The nerve agent VX, for example, can be lethal at concentrations of as little as 0.3 ppm. The
authors further provided design guidelines to help increase sensor sensitivity, including careful
selection of the refractive index, optimized periodicity, and targeted functionalization of certain
regions within the PhC.

In most Morpho-butterfly-inspired models, the refractive index is defined as having
n ¼ 1.56 and κ ¼ 0.068.276 The loss component, although relatively small, has been reported
as especially impactful in providing diversity in the spectral response. Potyrailo et al.,8 for exam-
ple, found that the “selectivity of the sensor was strongly dependent on the extinction coefficient
κ of the lamellae.”

7 Characterization and Function of Plasmonic Sensors
Plasmonic nanoparticles exhibit exciting properties such as scattering,277 absorbance,278 and cou-
pling (electrons oscillate at the same frequency as the light) based on their geometrical size and
shape, composition, relative positions, and local dielectric environment.279,280 It is possible to
increase the performance of an optical gas sensor through plasmonic effects.8,217,218,219

Morpho butterfly wings have been explored as photonic structures for gas, vapor, IR, and
temperature sensor applications.145,281 Pris et al.282 first demonstrated that the butterfly wings
were doped with single-walled nanotubes (SWNTs) to boost the absorption of IR photons.
The IR radiation was absorbed and converted into heat, and the temperature of the wing structure
increased. As a result, the nanostructures of the wings expanded and changed the reflectance in
the visible wavelength. Combining the low-thermal mass of the air-filled wing nanostructures

Fig. 20 Simulated reflection spectra ofMorpho-inspired nanostructures investigating the impact of
(a) vapor concentration, (b) vapor refractive index, and (c) vapor location along the structure,
in which (d) PCA can help isolate the responses from distinct locations. Figure adapted from
Ref. 261 with permission from ACS Publications. The ACS article can be found at Ref. 264.
Further permissions related to the material excerpted should be directed to the ACS.
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with the good IR absorption by the doped SWNTs enabled this system to perform as a high-speed
IR sensor with a temperature sensitivity of 62 mK and a heat-sink-free response speed of 35 to
40 Hz. The spacing change between ridges upon thermal expansion under IR radiation played
a significant role in the high sensitivity of the IR response. By contrast, the expansion of the
lamella and reduction in the refractive index only played minor roles in the IR response from
such sensor design.

Zhang et al.190 developed a butterfly wing-based IR sensing approach in which they selec-
tively modified the butterfly wing structure to achieve a pseudo-3D bimorph structure. The edge
of the lamella was coated with Au through PVD. Due to the difference in the coefficient of
thermal expansion between the chitin of the wings and the Au coated on top of the wings, the
absorption of the IR radiation would cause the temperature increase and subsequent bending of
the lamella. This bending effect resembles the photo-mechanic deformation of the artificial
bio-morph structures used for IR detection. The structural deformation on each lamella during
the IR absorption changed the optical property. This change from all the lamellae arranged in 3D
resulted in enhanced sensitivity for IR stimulation. The design achieved a temperature sensitivity
of 32 mK, a twofold increase over the butterfly wings doped with SWNTs.

Other temperature-sensitive results were previously reported on similar structures. For in-
stance, Lu et al.283 reported a bioinspired thermo-responsive photonic structure obtained by
attaching thermo-sensitive poly(N-isopropylacrylamide) (PNIPAM) to the surface of a Morpho
butterfly wing using glutaraldehyde. The PNIPAM-modified butterfly wing exhibited a revers-
ible reflection spectra shift as a function of temperature change. In addition, Xu et al.284 used
PNIPAM-based material and poly(N-isopropylacrylamide)-co-acrylic acid (PNIPAm-co-AAc)
to achieve sensitive thermal detection with optical readout. The Morpho butterfly–PNIPAM
hybrid material had a red shift in the wavelength when the temperature increased because
PNIPAM’s refractive index changed with temperature. The Morpho butterfly–(PNIPAM-co-
AAc) system showed a blue shift with the increase in the temperature due to the change in the
thickness of the PNIPAM-co-AAc coating.

Hybrid thermo-responsive structures can also be used for IR sensing applications due to their
sensitive response to temperature changes. Due to the IR absorbance of the PNIPAM-based
material and butterfly wing itself, the nanostructures on the wings will deform upon IR
illumination.285 As a result, it causes the blue or red shift of reflectance spectra for the optical
readout. It might be possible to further improve IR sensing abilities by optimizing the thickness
of the PNIPAM on the wing surface. This could be done by tuning the sensitivity range through
chemical modification.

Selective response to diverse vapors makes butterfly-wing structures potentially useful for
gas sensor applications.6 Potyrailo et al.218 found that a single photonic structure had various
differential reflectance spectra with different vapors and highly selective responses to individual
vapors. The critical analysis of the data suggested that the optical response is mainly due to a
combination of physical adsorption and capillary condensation of gas molecules in the gaps of
the lamellae. In 2014, Jiang et al.263 identified nitrogen, methanol, and ethanol vapors using
Morpho butterfly-wing structures. This detection was achieved by the PCA method based on
the masses of collected spectral data. In 2013, Potyrailo et al.217 discovered the presence of
a polarity gradient on theMorpho butterfly scales surface. Once theMorpho scales were exposed
to vapors and gas molecules, a scale with a high polarity gradient gave a strong reflection peak at
the visible wavelength. Furthermore, it was concluded that the spectral change was caused by the
change in lamella thickness and refractive index because there was a thin layer of vapors and
gas molecules present on the structure’s surface, depicted in Fig. 21.8

Subtractive modification using oxygen plasma etching has been shown to change the proper-
ties of butterfly wings.286,287 Shen et al.286 reported that butterfly wings could be controllably
modified using oxygen plasma etching. This caused observed changes gradually in the optical
properties, which allowed for a better understanding of the properties of the structure, which
evolved through natural evolution. The primary material of the butterfly wings is chitin, and
oxygen molecules (O3) were excited to generate active ions (O3þ, Oþ, O−). These highly active
ions would react with the organic molecules, primarily chitin, at the surface of the wings. The
reactions lead to the generation of H2O, CO, CO2, and hydrocarbons with lower molecular
weight. These volatile molecules could be subsequently removed via vacuum pumping during
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the etching process. The hierarchical nanostructures of the wings were controlled by varying
the reaction time in a subtractive manner. The thickness of lamella layers on each ridge of the
wings was reduced during the initial etching process. With a longer etching time, the number of
lamella layers was also reduced. Such subtractive modification not only shifted the wavelength
of the reflectance peak and reduced the reflectance of the wing scales but also helped understand
the view-angle independent property of the wings. Piszter et al.191 investigated the interaction
between the chitin nanoarchitecture and the volatile vapors. P. icarus was coated with 5 nm
Al2O3 and was used to detect seven volatiles. Reduced sensitivity and selectivity were observed
when the chitin was isolated from the vapors. A reversible chemical interaction caused swelling,
which occurred between the sample and the volatiles in the pristine wings. The capillary con-
densation of the vapors into the nanoarchitecture became dominant for acetone, ethanol, chloro-
form, toluene at higher concentrations, and isopropanol at low concentrations. Potyrailo et al.288

developed a multivariable electrical resonant sensor, built a wireless sensor node, and connected
the system to a cloud server for data upload and analytics. The sensor was tuned for the detection
of CH4 in underground mines and provided rejection of interferences in ambient air such as
moisture and fumes of diesel-operated equipment. The autonomous node with the sensor was
exposed to CH4 and high concentrations of water vapor and toluene vapor. Principal components
described orthogonal outputs generated by the sensor upon multivariate data analysis. Higher
dispersion levels allowed for more accurate quantitation of multiple analytes and enhanced
sensor stability. Tests with vapors of diverse nature were performed using benzene, methyl ethyl
ketone, acetonitrile, methanol, and water, producing distinctly different reflectance spectra for
each vapor.

In the presence of interferences, gas sensor performance often degrades in the field.58 This
necessitates new sensing approaches with improved selectivity. Potyrailo et al.289 recently
boosted and optimized the sensor’s performance using machine learning. Catalytic metal nano-
particles (5 to 50 nm in diameter) and metal oxide capping layers on nanoparticles were used to
promote reactions with the gases of interest. The results reported in this study for H2 and CO
analyte gases were achieved using fabricated inorganic nanostructures with variable-size cata-
lytic metal nanoparticles capped with a CeO2 layer. Water, chloroform, and dimethylformamide
were the three vapor sources used in this experiment. The vapors’ exposure angles were 20, 40,
and 60 deg measured from the normal to the nanostructure surface. At a small illumination angle
of 20 deg, the ΔRðλÞ-spectra of the three vapors were very similar, with the differences inΔRðλÞ-
spectra becoming more significant at 40 and 60 deg. The PCA scores plot showed two interesting
features for a more quantitative interpretation. First, the angular spread between the response

Fig. 21 Schematic diagram of how highly selective vapors respond based on hierarchical photonic
structures, demonstrated using M. sulkowskyi iridescent scales. Measurements of differential
reflectance spectra ΔR can provide information about the nature and concentration of vapors
present. Figure taken from Ref. 218 and reprinted with permission through Copyright Clearance
Center.
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directions of the same sensing nanostructure to three vapors increased as the exposure angle
increased. Second, the relative magnitudes of the responses decreased as the exposure angle
increased. For H2 and CO sensing for solid oxide fuel cell applications, 3D nanostructures were
fabricated with a ridge of SiNx material, lamellae of SiO2 material, and Au nanoparticles
embedded between the base and capping ceria layers.290,291 These tests aimed to evaluate the
response diversity of the nanostructures to H2 and CO gases and assessed the linearity of the
response to H2 and CO. It is significant to note that the Au nanoparticles had a noticeable effect
on the observed spectra. The plasmonic signature of the nanostructure was observed between
640 and 720 nm. The length of the lamellae was increased and decorated with AuNPs of different
sizes to optimize the nanostructure design. This geometry enhanced the response magnitude and
the discrimination between H2 and CO under different test conditions. The dynamic response of
the nanostructure at 950 nm upon exposure to five gases (H2, CO, CH4, CO2, and H2O) with
three replicates was investigated. The responses to H2 and CO were always at least two to three
times stronger versus CH4, CO2, and H2O.

While not studied for gas-sensing applications, Ke et al.292 reported interesting findings in
which plasmonic VO2 nanoparticle coatings, bio-inspired by cephalopod skin, exhibited temper-
ature-dependent localized surface plasmon resonance where micro-wrinkles were present.
Simulations of wrinkle formation were done using ABAQUS software. With a fixed solar energy
modulation implemented, visible transmittance from 60% to 17% could be controlled as a result
of tuning the wrinkles to induce diffraction. These changes in optical properties could be ben-
eficial to advancing our understanding of optical properties for gas sensors.

8 Theoretical Studies on Plasmonic Materials
To date, no examples could be found in the literature of theoretical studies on (1) bioinspired
(2) plasmonic-enhanced PhC structures (3) as applied to gas/chemical vapor sensing. The studies
discussed below are included because they are either bioinspired or used, or can be used in
principle, as a gas sensor. Nonlinear effects were not considered in these theoretical analyses
presumably because the fields interacting with the analytes are expected to be of relatively
low strength. Figure 22 summarizes the key methods of the studies discussed in this section.

Hajshahvaladi et al.293 devised a hybrid plasmonic-PhC based on a square lattice of GaAs
(n ¼ 1.34) rods with a one-row-defect bandgap waveguide configuration for gas-sensing appli-
cations in the NIR (1500 to 2100 nm). Near the row defect, several rods were removed to create a
small cavity surrounded by a thin SiO2 layer where the gas would reside. The purpose of the SiO2

layer was to contain the gas within the cavity and prevent it from bleeding into the PhC, where the
background permittivity would be changed and the PhC optical properties modified. Silver nano-
rods were added to two sides of this cavity to provide plasmonic enhancement. Figure 23 shows
the conceptual setup and mode of operation.

Fig. 22 Summary of the theoretical methods used for studies on bio-inspired photonic–plasmonic
gas sensors. Figure modified from Ref. 293 and reprinted with permission through Copyright
Clearance Center.
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The operating principle of this device is based on the coupling of cavity and plasmonic
resonances to strengthen the light–gas interaction.294 Figure 24(a) shows the transmission
response of the hybrid photonic–plasmonic crystal (PhPlC). Three transmission dips are labeled
T1, T2, and T3, where T2 is identified as a PhPlC mode arising from plasmonic resonances from
the Ag nano-rods. A snapshot of the magnetic field distributions at T2 [Fig. 24(b)] validates that
this resonance indeed arises from the metal rods. This resonance condition is desired because it
produces a stronger light-gas interaction within the cavity, which is a property that can improve
sensor performance.295

The device was modeled under exposure toNH3, chlorine (Cl2), and bromine (Br2) gases, all
of which can be harmful to humans and the environment.296 Simulating the transmission spectra
for these different gases shows that there is a resonance wavelength shift that depends on the gas
refractive index (Fig. 25). The authors note that this photonic–plasmonic mode (T2) can be
approximated as a linear relationship between the resonance wavelength and the gas refractive
index of the system as λ ¼ 975nþ 789.1. Comparing this result to the pure PhC response of T3,
it is noted that the wavelength shifts of the hybrid PhPlC system are more pronounced, offering
better sensor performance.

The group used the FDTD method to perform these simulations.297 The spatial discretization
step was set to 5 nm, and the frequencies of interest were 1500 to 2200 nm. The authors noted
that for a 2D simplification to be valid, the height of the rods should be much larger than the input
wavelength.298,299 Considering a rod height of 2 μm, the authors commented that the height is
large enough to not invalidate 2D results and is therefore a good approximation to 3D results.

Fig. 23 2D schematic of a hybrid PhPlC sensor device. Figure taken from Ref. 293 and reprinted
with permission through Copyright Clearance Center.

Fig. 24 (a) Normalized transmission spectrum of the hybrid PhPlC. (b) The magnetic field distri-
bution at T 2 confirms that this resonance arose from the Ag rods. Figure adapted from Ref. 293
and reprinted with permission through Copyright Clearance Center.
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The PWEM was then used to calculate the band diagrams for the baseline PhC (i.e., without
plasmonic enhancements).242 To define the refractive index of Ag, the group used the often-cited
experimental dataset by Johnson and Christy.300

Mu et al.301 modeled bioinspired PhCs with a plasmonic enhancement via an AuNP dimer
but not explicitly for their gas-sensing capabilities. Instead, the device was studied for its field
enhancement properties in the visible range (400 to 700 nm). The group performed an optimi-
zation study to determine the required AuNP dimer spacing, location, orientation, and number of
lamellae to maximize the field enhancement.302,303 AuNP and AuNP dimer diameters were also
varied to maximize the field enhancement with and without the PhC, shown in Fig. 26. Their
simulations clearly show that the addition of AuNPs and AuNP dimers can provide plasmonic
enhancements that contribute to overall field enhancements. These field enhancement properties
were discussed as being potentially useful in SERS.304

9 Conclusions and Outlook
In summary, a comprehensive review of bio-inspired photonic and plasmonic materials has been
provided from fabrication, experimental, and theoretical perspectives for gas-sensing applica-
tions. Fabrication of photonic nanostructures and coatings for plasmonic effects has been
reviewed extensively, with a variety of methods discussed. Fabrication of photonic nanostruc-
tures has been demonstrated using a variety of top-down methods, such as the traditional EBL,
photolithography, and nanoimprint lithography. Improvements in IL have allowed researchers to

Fig. 25 Simulated transmission spectra of the hybrid PhPIC sensor exposed to different gases. (a)
the resonance wavelength of T2 (b) a “zoomed” perspective. Figure adapted from Ref. 293 and
reprinted with permission through Copyright Clearance Center.

Fig. 26 Optimization study to maximize the electric field enhancement as a function of nanopar-
ticle diameter. (a) The peak |E|-field is compared with the PhC alone, the Au nanoparticle alone,
and a combination of the two. (b) The peak |E|-field is again compared with the PhC alone, the
Au nanoparticle dimer alone, and a combination of the two. Figure adapted from Ref. 301 with
permission from The Royal Society of Chemistry.
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create structures with unique topologies, which deviate from usual periodic, isotropic patterns.
Self-assembly techniques such as vertical deposition, dip-coating, and colloidal self-assembly
enable the creation of PhCs from block copolymer or nanoparticle solutions, which show prom-
ise as gas sensors. Thin films can be applied to fabricated nanostructures and PhCs by physical
vapor or CVD methods. These additional coatings widen the design space through modification
of the sensor response. These fabrication methods can be ultimately used to develop photonic and
plasmonic materials for gas-sensing applications.

Experimentally, gas-sensing applications of bio-inspired nanoparticles, fiber optic systems,
porous materials, and tree-like structures have been explored extensively. Photonic materials
fabricated with various morphological differences allow for changes in the observation of a
modulated optical response upon the introduction of an analyte gas. The allowed modes of propa-
gation within a PhC are altered, which affects the transmission spectrum of output light from the
photonic material. The transmission spectrum can be used not only to detect the presence of gas
but also to calculate the gas concentration within the structure. In addition, PhC fibers have the
capability to detect the presence of complex molecules such as DNA.

Specific to bio-inspired tree-like pillars fabricated based on Morpho-butterfly nanostruc-
tures, the sensitivity, selectivity, dynamic response, and midwave IR detection capabilities can
be modified based on morphological changes and can be utilized for gas-sensing applications.
The spacing between lamellae changes due to thermal expansion, which results in a change in
reflectivity. The temperature sensitivity could be enhanced by increasing the difference between
the expansion coefficients of the deposited material and the chitin, as well as by optimizing the
thickness of the deposited material. Smart polymers can be co-assembled with bio-hierarchical
structures to obtain ideal stimuli-responsive photonic structures. Selective responses to diverse
vapors make butterfly-wing structures potentially useful for gas sensor applications. Physical
adsorption and capillary condensation of gas molecules occur in lamellar gaps, which causes
a change in lamella thickness and refractive index and results in a change in the optical spectrum.
In the presence of interferences, gas sensor performance often degrades in the field. Machine learn-
ing tools allow the analysis of multivariate data and the relation of the weighted outputs to the
concentrations of one or more gaseous species of interest. The reactions with the gas of interest
can be facilitated by catalytic metal nanoparticles and metal-oxide capping on their surface.

PhCs have also been shown to be practical devices for gas sensing based on localized defects
and long-range disorder. When PhCs have a break from perfect symmetry, the observed optical
response can be greatly different from that of a perfectly ordered crystal. Gas-sensing capabilities
often arise from the introduction of localized defects such as feature deletions and substitutions.
Meanwhile, the addition of disorder across the entire PhC often changes the tolerance and
sensitivity of the gas sensor created with localized defects. The deliberate introduction of local
defects and systemic disorder allows for the rough design and fine adjustment of a PhC-based
gas sensor.

While bio-inspired coatings with plasmonic effects have been studied with less abundance
than photonic nanostructures for gas-sensing applications, experimental studies have shown a
change in optical response, which is largely dependent on the diffraction of light from wrinkles
on films and the presence of coatings. Plasmonic nanoparticles coated on substrates and even
photonic nanostructures have been shown to enhance the optical responses observed as a result of
their geometrical size and shape, as well as the local dielectric environment.

Theoretical studies centered around photonic and plasmonic materials that are both bio-
inspired and conducted for gas-sensing applications are scarce in the literature. However,
a review of theoretical studies was provided that aids in characterizing bio-inspired photonic
materials from a computational standpoint. While no work has been previously reported in the
literature for theoretical studies done on bio-inspired plasmonic materials for gas-sensing appli-
cations, some reports have been published within the scope of this work that could be referenced
in efforts to facilitate the advancements of computational study within this field.
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