
Chapter 2
Fundamentals of Holographic Sensing

Optical devices that reversibly respond to external stimuli can provide fast,
quantitative, visual colorimetric readouts in real-time. They may consist of bioactive
recognition elements that can transmit the signal through a transducer embedded
within the system. Responsive photonic structures may have applications in chem-
ical, biological and physical sensors for medical diagnostics, veterinary screening,
environmental monitoring, pharmaceutical bioassays, optomechanical sensing and
security applications. This chapter provides an overview of the fabrication of optical
devices, and highlights holography as a practical approach for the rapid construction
of optical sensors that operate in the visible spectrum and near infrared. It begins with
describing the fundamentals of holography and origins of holographic sensors. The
chapter also explains the principle of operation of these devices and discusses the
design parameters that affect the readouts. The principles of laser light interference
during sensor fabrication and photochemical patterning are discussed. Furthermore,
computational readout simulations of a generic holographic sensor through a finite
element method are demonstrated. Studied design parameters include optical effects
due to lattice spacing, nanoparticle (NP) size and concentration, number of stacks,
their distribution, and lattice deficiencies within the sensor. Computational simula-
tions allow designing holographic sensors with predictive optical characteristics.

2.1 Fabrication of Optical Devices

Optical devices have been fabricated from photonic band-gap materials [1–6].
These materials function through the periodic modulation of the refractive index in
a dielectric medium, which allows filtering out and diffracting narrow-band
wavelengths. These optical nanostructures control the propagation of light within
dielectric media. Their applications include reflective coatings on lenses, pigments
in paints and inks, waveguides, reflective mirrors in laser cavities and optical
devices [7–10]. Over the last two decades several top-down and bottom-up
fabrication techniques have been developed: Layer-by-layer stacking [11, 12],
electrochemical etching [13], laser-beam-scanning chemical vapour deposition [14],
and holographic lithography [15]. However, rapidly fabricating structures at
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approximately half the wavelength of the visible light remained a challenge [16].
Self-assembly approaches have also been demonstrated, including photonic crys-
talline colloidal arrays [17–21], block copolymers [22], opals and inverse opals [23]
and nanocomposites [24]. Bottom-up approaches involved self-assembly of
preformed building blocks such as monodisperse colloidal objects into periodic
gratings. Such building blocks may be silica (SiO2), polystyrene microspheres, or
block copolymers. The symmetry, lattice constant of the crystal and the index of
refraction contrast can be controlled to fabricate ordered photonic structures. For
example, block copolymers self-assemble into periodic regions through phase
separation of chemically different polymer blocks [25]. In order to achieve visible-
light Bragg diffraction, the diameter of the colloids with ranges from 100 to 1 μm
may be used to form one, two and three-dimensional photonic structures [26–28].
Self-assembled photonic structures reduce materials of fabrication and lower costs
as compared to nano/microfabricated photonic devices.

Stimulus-responsive materials have been incorporated into these photonic devi-
ces to induce a change in their lattice constants or spatial symmetry of the crystalline
array, and refractive index contrast. For example, refractive-index tuneable oxide
materials such as WO3, VO2, and BaTiO3 have been incorporated in these matrices
to produce photonic structures that are sensitive to electric field or temperature [29].
The crystalline colloidal arrays infiltrated with liquid crystals optically responded to
an applied external electric field and an increase in the temperature of the device
[30–32]. Numerous fabrication strategies and materials science have been developed
to build responsive photonic structures for applications in sensing chemical stimuli,
temperature variation, light, electrical and magnetic fields and mechanical forces
[33–40]. However, the challenges included limited tuneability, slow turnaround
times and hysteresis. Another critical fabrication issue has been the narrow response
range due to the limited external stimuli-induced changes in the lattice spacing or the
index of refraction. To overcome these challenges, polymer chemistries, new
building blocks and tuning mechanisms evolve to create practical approaches. These
methods offer potential feasibility for producing diffraction gratings. However, the
control over the material selection, patterning ability, angle of diffraction, three-
dimensional organisation of diffracting gratings and rapid manufacturing have been
limited. To overcome these limitations, generic fabrication approaches have been
developed to improve the capabilities of incorporating 3D images with optical
tuneability [18, 21]. An emerging platform among these approaches is holography,
which allows fabrication of optical sensors with Bragg gratings for applications in
the quantification of chemical, biological and physical stimuli [41].

2.2 History of Holography

Holography allows recording three-dimensional images of an object or digital
information through the use of a light-sensitive material and laser light, or micro/
nanofabrication techniques [42–46]. In 1865, Maxwell had proposed theoretically
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that light is an electromagnetic disturbance propagating through the field according
to electromagnetic laws [47]. In 1869, Zenker theoretically showed that an incident
light wave propagating towards a mirror produces a reflected wave, which combines
with the incident wave to form an interference pattern with a half-wavelength sep-
aration between fringes [48, 49]. In 1887, Hertz experimentally demonstrated the
existence of electromagnetic waves by showing that radio waves were consistent
with Maxwell’s theory [50]. Hertz produced radio standing waves by reflection from
a zinc plate. When a monochromatic wave is reflected off a surface, the reflected
wave and the incident wave combine to form waves, which oscillate up and down
without a direction of motion (Fig. 2.1a). The distance between successive nodes or
antinodes is equal to the half of the wavelength of the wave (Fig. 2.1b). Within the
standing wave, there is no oscillation at the nodes, while at the antinodes, the
oscillations can be maximum.

Zenker’s idea to record standing waves of light was experimentally demonstrated
by Wiener in the 1890s [51]. He passed carbon arc light, entering a darkroom
through a slit, through a prism to filter out the red region of the spectrum. He focused
the orthochromatic light using a lens, and directed it perpendicularly to a tilted (2°)
20 nm-thick photographic plate backed by a levelled silver mirror. After he devel-
oped and printed the photographic plate, he observed a regular standing wave pattern
under magnification. While the antinodes appeared bright, the nodes, containing no
light, were dark (Fig. 2.1b). Additionally, the wave might change phase upon
reflection, and influence the absolute position of the nodes and antinodes. In 1891,
Lippmann developed a method of reproducing colours photographically based on
the phenomenon of interference [52]. In his experiment, he projected an image onto a
photographic recording medium. The image was produced by shining light through a
photographic plate backed by a mirror of liquid mercury, which reflected the light
back through the medium to create standing waves. Lippmann was able to create a

Fig. 2.1 Principle of a standing wave and its corresponding interference pattern. a The formation
of a standing wave at the plane mirror, b Standing wave and interference pattern formed by two
coherent beams. Reprinted with permission from [41] Copyright 2014 The American Chemical
Society
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latent image (an invisible image before development) produced by the standing
waves that are characterised by a series of interference maxima and minima. After
the recording medium was developed, fixed and dried through the traditional pho-
tographic methods, planes of reduced silver particles had reciprocal distances as a
function of the wavelength of the light used during recording. Upon illumination
with white light, the silver planes diffracted a coloured projection of the recorded
image [53]. In the 1910s, X-ray microscopy for recreating the image from the
diffraction pattern of a crystal lattice structure were studied by Bragg, Broersch and
Zernike [42, 54]. In the 1920s, Wolfke reported that if an X-ray diffraction pattern is
illuminated with a monochromatic light, a new diffraction pattern, which is identical
with the image of the object is formed [55]. In the late 1940s, Gabor, while trying to
improve the resolution of the electron microscope by overcoming the spherical
aberration of the lenses, found that adding a coherent background as a phase ref-
erence, the original object wave was contained in an interferogram, which he called a
hologram [56, 57]. The term hologram was coined from the Greek words holos,
meaning “whole,” and gramma, meaning “message”. He received the Nobel Prize in
physics in 1971 for establishing the principle of holography. However, the stability
of the interference required
(i) mechanical and thermal stability of the interferometer used in the holographic
recording, and (ii) a coherent light source.

The foundations of the laser (Light Amplification by Stimulated Emission of
Radiation) theory were established in the early years of the 20th century by Einstein
[58]. In the 1960s, lasers (optical oscillators) were developed to produce mono-
chromatic light [59, 60]. After the development of the laser, Denisyuk of the former
Soviet Union, and Leith and Upatnieks in the US recorded independently the first
holograms in 1962 [61, 62]. These early holograms were based on silver halide
chemistry. Transmission holograms, originally created by Leith and Upatnieks,
require monochromatic light (usually a laser) to view the image, otherwise viewing
in white light causes severe chromatic aberrations; whereas holograms produced by
Denisyuk’s method, can be viewed in light of a broad spectral range [43]. Denisyuk
was originally inspired by the method of colour photography constructed by
Lippmann. In particular, Denisyuk holograms have generated considerable interest
in artistic displays, optical devices, data storage and analytical instruments.

Holographic gratings can be generated using various geometries, which involves
the use of multiple collimated laser beams. The first step in recording transmission
holograms involves passing a single laser beam through a beam splitter, which
divides the beam into two beams. The first beam is expanded by a lens, and
deviated by mirrors (front surface) onto an object. The light that is scattered back
falls onto a recording medium. Meanwhile the second beam, expanded by a lens,
travels directly onto the recording medium. The interference of the two mutually
coherent beams forms constructive (antinodes) and destructive (nodes) interfer-
ences, at regions of the recording medium dictated by the Fourier transform of the
object, which implies that all optical information about the object is coded in the
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diffraction field produced by the hologram [63]. Holographic recording changes the
optical properties of the recording material. An amplitude hologram is recorded
when the interference pattern created by the object and the reference beams is
copied as variation of the absorption coefficient of the recording material. A phase
hologram is created when the holographic recording leads to variation of the
refractive index or the thickness of the hologram. Holographic gratings can also be
recorded in “Denisyuk” reflection mode. Reflection holograms are typically formed
by passing an expanded beam of laser light through the recording plate to illuminate
an object on the other side of the plate. Light from the object is then reflected back
through the plate and interfered with the light passing through the plate for the first
time, thus forming standing waves of light, which are recorded as “holographic
fringes” running roughly parallel with the plane of the recording medium [43, 64]
(Fig. 2.2). When the hologram is illuminated with a white light source, the fringes
in the recording medium act as Bragg mirrors, which diffract light monochromatic
(or narrow-band) light and serve as sensitive wavelength filters. The replayed image
represents the original object used during the laser exposure. This diffracted light
from the periodic gratings results in a narrow-band spectral peak determined by the
wavelength of the laser light used and the angle between the two recording beams.
The holographic diffraction is governed by Bragg’s law:

kpeak ¼ 2n0 K sin h ð2:1Þ

where λpeak is the wavelength of the first order diffracted light at the maximum
intensity in vacuo, n0 is the effective index of refraction of the recording medium,
Λ is the spacing between the two consecutive recorded NP layers (constant
parameter), and θ is the Bragg angle determined by the recording geometry.

Fig. 2.2 The electron micrographs of hologram cross sections (transversal). a A Lippmann phase
hologram recorded in a Holotest 8E75HD plate using a HeNe laser operated at 632.8 nm (*50 %
diffraction efficiency). Reprinted with permission from [65]. Copyright 1988 The Optical Society
of America. b A phase hologram recorded in a Slavich PFG-03 M film using a HeNe laser
operated at 632.8 nm. Scale bars = 1 µm. Reprinted with permission from [41] Copyright 2014
The American Chemical Society
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2.3 The Origins and Working Principles of Holographic
Sensors

In late 1970s, those preparing art holograms realised that so called “pseudo-colour”
effects could be obtained by using several exposures of one scene with the
632.8 nm beam from a HeNe laser with each exposure only illuminating different
sections of that scene. Before each exposure, the moisture level or pH of the gelatin
emulsion was changed, so that each exposure had the emulsion with a different
degree of swelling. This resulted in objects having different colours when the
finished hologram was replayed under a white light source [66–69]. Specifically,
the thickness of the emulsion can be varied through pre-swelling/shrinking the
emulsion before laser exposure. Since gelatin film’s thickness is greatly affected by
its moisture content, moisture control techniques were utilised to create pseudo-
colour holograms [68, 70]. In the 1980s, emulsion pre-treatment was optimised to
obtain a range of output wavelengths from a fixed exposure wavelength [71, 72]. In
the 1990s, the tuning technique of holograms led to the realisation that reflection
holograms could be used as sensors to quantify humidity [73] and chemical sub-
stances [74–76]. Figure 2.3 shows the timeline in the development of holographic
sensors. Any physical or chemical stimulant that changes the lattice spacing (d) or
the effective index of refraction (n) of the film cause observable changes in the
wavelength (λpeak) or its profile (colour distribution), or the intensity (brightness) of
the hologram. The intensity output by the hologram depends on the modulation
depth of the refractive index (dark and bright fringes), and the number of planes
present in the polymer matrix. Swelling in the polymer matrix increases the distance
between NP spacings and produces a red Bragg peak shift, whereas shrinkage in the
matrix shifts the peak to shorter wavelengths. The diffraction grating acts as an
optical transducer, whose properties are determined by the physical changes in the
polymer matrix. For example, when the polymer matrix is functionalised with a
receptor comonomer, which has the ability to draw or expel water from the system
upon binding, the degree of swelling indirectly represents the concentration of the
target analyte. The shift in the Bragg peak can be monitored using a spectropho-
tometer, and the sensor can be calibrated based on the inputted physical or chemical
change. Hence, the same sensor can be optically or visually interpreted to quantify

Fig. 2.3 Historical development of holographic sensors
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the target analytes in aqueous solutions or physical changes in the environment.
This is in contrast to the case of the off-axis transmission hologram, where the
holographic fringes run roughly perpendicular to the plane of the plate, and
therefore any thickness changes will not greatly shift the Bragg peak. In off-axis
transmission gratings, the changes in the brightness or the direction of the diffracted
beam can be registered by a photodetector.

Holographic sensors are analytical devices that systematically diffract narrow-
band light in the ultraviolet to near-infrared range for application in the detection and
quantification of analytes and/or physical parameters [74]. Holographic chemical
sensors incorporate gratings within stimuli-responsive polymers, which allow
shifting the Bragg peak. Fabrication of the sensors involves laser-directed multi-
beam interference and photochemical patterning. The resulting sensors can be
interrogated qualitatively by visual inspection or quantitatively by spectrophotom-
etry in real-time. The major advantages of holographic sensors over other optical
sensors are the ability to produce three-dimensional (3D) images, control over the
angle of off-axis diffraction, and amenability to laser manufacturing. They are
functionalised with analyte-responsive materials to construct optical sensors for use
in testing, where a visual readout and reversibility are required [77]. Holography
allows fabrication of disposable sensors that are lightweight for miniaturisation and
multiplexing [78]. Holographic sensors offer three capabilities on a single analytical
device: (i) Label-free analyte-responsive polymer, (ii) real-time, reversible quanti-
fication of the external stimuli, and (iii) three-dimensional image display. Their
applications range from in vitro diagnostics to environmental monitoring (Fig. 2.4).

A holographic sensor can change its optical properties when comes into contact
with a target analyte. For example, as a result of detection of an analyte, the sensor
could change its spectral response and/or its diffraction efficiency, which in visual
terms translates into a change of its colour and/or brightness. The diffraction
efficiency of a hologram is described as the ratio of the intensities of the diffracted
beam divided by the incident beam. This ratio is a quantitative measure of the
brightness of the hologram. Depending on the recording mode and optical prop-
erties of the recording media, holograms with controllable optical characteristics
can be fabricated. Typical holograms include surface holograms, transmission or
reflection holograms, phase or amplitude holograms [79]. For example, “Denisyuk”
reflection holograms can be used as colorimetric indicators as they can diffract light
when they are illuminated with a white light source. The recording and probing of a
reflection hologram is shown in Fig. 2.5a, b. In this recording mode, two coherent
beams are incident from the opposite sides of the recording medium. For recording
of a “Denisyuk” reflection hologram, two plane waves are normally used, and the
lattice spacing of the grating can be determined by Bragg’s law (Eq. 2.1).

When the beams have the same incident angles, the interference fringes are
parallel to the surface of the recording medium, and an unslanted reflection grating
is recorded [80]. The incident angles of the two recording beams can also be
different, which produces fringes at an angle with respect to the recording medium
surface, and the recorded grating will be slanted. In either case, the fringes run
along the bisector line of the angle between the two beams. The optical
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Fig. 2.4 The applications of holographic sensors in medical diagnostics and environmental testing

Fig. 2.5 Denisyuk reflection holograms.a Recording and b probing the hologram. Reprinted with
permission from [41] Copyright 2014 The American Chemical Society
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characteristic that most conveniently can be observed to change in reflection
holograms in the presence of an analyte is the wavelength of the diffracted light.
When illuminated with light of a broad spectral range, a reflection hologram
diffracts selectively, and operates as a wavelength filter. The maximum diffraction
efficiency occurs at a wavelength that satisfies Eq. (2.1). A change in either of the
effective refractive index or the lattice spacing causes a change in the wavelength of
the diffracted light (Eq. 2.1). It is assumed that the hologram has a thick volume and
the angle of observation is constant. In order to quantify how different parameters
influence the Bragg peak position, we differentiate Eq. (1.1) using the product rule:

DK ¼ 2Dn0K sin hþ 2n0DK sin hþ 2n0K cos hDh ð2:2Þ

where Δλ, Δn0, ΔΛ and Δθ are the changes in the position of the Bragg peak,
effective index of refraction, grating period and the Bragg angle, respectively. We
divide both sides of Eq. (2.2) by 2n0K sin h:

Dk
2n0K sin h

¼ 2Dn0K sin h
2n0K sin h

þ 2n0DK sin h
2n0K sin h

þ 2n0K cos hDh
2n0K sin h

ð2:3Þ

which can be simplified as:

Dk
k

¼ Dn0
n0

þ DK
K

þ cos hDh
sin h

ð2:4Þ

Dk
k

¼ Dn0
n0

þ DK
K

þ cot hDh ð2:5Þ

Using Eq. (2.5), the influence of the changes of optical properties on the Bragg
peak can be modelled. Any dimensional change of the polymer matrix in which the
hologram is recorded, such as swelling or shrinking produces a change in the lattice
spacing, and thus alters the spectral response of the hologram (Fig. 2.6a). A typical
Bragg peak shift of a holographic sensor is shown in Fig. 2.6b, and the shift as a
function of analyte concentration (Fig. 2.6c). A simulation assuming that the effective
refractive index and probe angle remain constant reveals that practically achievable
changes in the volume of the polymer matrix could produce large changes in the
wavelength of the Bragg peak (Fig. 2.6d). A dimensional change of 30 %, which is
normally achieved in an acrylamide-based photopolymer hologram, would produce
over a 100 nm shift depending on the initial Bragg peak wavelength [80].

The effective refractive index of the polymer matrix in which the hologram is
recorded can change due to the absorption of the target analyte. Assuming that the
only property that changes the effective refractive index, the resulting change in the
Bragg peak wavelength can be calculated using Eq. (2.5) (Fig. 2.6e). The initial
effective refractive index was 1.5. A significant change in the effective refractive
index is required in order to obtain a visually observable change in the peak
wavelength (Fig. 2.6e). For example, an effective refractive index change of
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Fig. 2.6 Principle of operation of a Denisyuk reflection holographic sensor. a A dimensional
change, shrinkage or swelling of the polymer matrix, produces a change in the grating period and a
change in the position of the Bragg peak. b A typical spectra as the concentration of the analyte
changes, c The shift in the Bragg peak, d Simulated Bragg peak shift as a function of change in
lattice spacing. Assuming that the effective refractive index and the Bragg angle (θ) remain
constant, as the relative dimensional change (ΔΛ/Λ) increases, the Bragg peak shifts to longer
wavelengths. Practically achievable changes in lattice spacing can produce Bragg shifts larger than
300 nm. The initial Bragg peaks are 600 (●), 500 (■), 400 nm (♦). e Bragg peak shift as a function
of change in refractive index. Assuming that the initial effective refractive index (n0) is 1.5 and the
Bragg angle (θ) remain constant, as the effective refractive index increases, the Bragg peak shifts to
longer wavelengths. Practically achievable changes in refractive index can produce Bragg shifts up
to *12 nm. The initial Bragg peaks are 600 (●), 500 (■), 400 nm (♦). Reprinted with permission
from [41] Copyright 2014 The American Chemical Society

36 2 Fundamentals of Holographic Sensing



15 × 10−3 produces a *6 nm Bragg peak shift for a sensor originally operating at
600 nm [80]. With the grating period and probe angle remaining constant, it is
preferable to record the hologram at a longer wavelength. The absolute change in the
peak wavelength (Δλ) can be increased by choosing materials with lower initial
effective refractive index (n). Materials with higher porosity have lower effective
refractive index. Moreover, for the detection of larger size analytes, it is preferable to
use recording media with larger pore size, which allow the diffusion of the analyte
into the polymer matrix easily. Both the dimensional and the effective refractive
index effects contribute simultaneously to the change in the spectral response of the
hologram. For example, in gelatin-based sensors the effective refractive index
decreases as the sensor absorbs water and swells; thus, the two factors have opposite
contributions to the spectral shift. However, in some materials, one of the factors is
the main contributor. For example, in humidity sensors recorded in acrylamide-
based photopolymer, the main contributor is the swelling of the polymer matrix due
to absorption of moisture studied at relative humidity up to 80 % [81].

2.4 Computational Modelling of Holographic Sensors
in Fabrication and Readout

The principles of laser light interference in the fabrication of responsive diffraction
gratings are discussed. This chapter is divided into two parts; while the first part
explains the photochemical patterning during recording of holographic sensors in
Denisyuk reflection mode, the second part describes the operation of the sensors.
The first part focuses on the fundamentals of the laser writing in which materials get
physically broken, displaced or removed by means of optical forces and thermal
energy. In order to understand the different phenomena during photochemical
patterning, interference patterns during laser light exposure were simulated. The
second part of this chapter demonstrates computational simulations of a generic
holographic sensor through a finite element model [82, 83]. To design the sensors
with predictive characteristics, its optical properties due to variation in the pattern
and the characteristics of the NP arrays were evaluated. Various factors including
NP size and distribution within the polymer matrices that directly affect the per-
formance of the sensors were studied computationally.

2.4.1 Photochemical Patterning

In order to predict the interference patterns, which produce the photonic structure in
Denisyuk reflection mode, the system was modelled during fabrication as arising
from a superposition of different light waves [84–87]. Figure 2.7a shows a schematic
of the experimental setup during laser light exposure. Simplifying the simulation of
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photochemical patterning, the interference pattern created was evaluated from three
waves: (1) incident beam (λ1), (2) beam reflected from the mirror (λ2), (3) beam
reflected internally at the hydrogel-water interface (λ3). There is a fourth beam that
may also be reflected from the mirror, however, this beam was neglected to simplify
the simulation. The intensity distribution of the field along the hydrogel was
reconstructed by simulating the interference of the three plane waves. Through
computing the respective intensities and phases of individual plane waves, the
resulting interference pattern was extracted. To visualise the intensity distribution in
a 2D cross-section plane, the electromagnetic field in every point over an area of
10 × 10 μm2 inside the hydrogel was evaluated. Figure 2.7b shows the interference
pattern of the three distinct plane waves, taking into account: the tilt angle, effective
index of refraction, laser light wavelength, and exponential decay of laser light
intensity while the laser light travels through the hydrogel-Ag0 NP system and the
laser light phase changes upon reflection from the mirror. In order to simulate the
laser-induced photochemical patterning, it was assumed that the energy of a single
pulse (6 ns, 240 mJ) gets transmitted instantaneously to the particles before heat
diffusion is involved. Investigated conditions included materials with considerably
thicker than the wavelength of the laser light. Notably, the localisation of heat along
the standing wave might be required to produce a well-defined photonic structure.
The model was simplified by implying that photochemical patterning occurs, where
the energy concentration exceeds a given threshold. Figure 2.7c shows the simu-
lation of the structure after photochemical patterning. In the simulated pattern, black
regions correspond to the non-patterned material, while white regions represent
photochemically patterned material. Along with the vertical standing wave
(*193 nm), a larger period wave (*3 μm) is in the horizontal direction. Thus, using

Fig. 2.7 Photochemical patterning based on multi-beam interference in Denisyuk reflection mode.
a Schematic of the laser light-induced photochemical patterning setup for the preparation of
holographic sensors. b Intensity field distribution obtained from a holographic sensor with a tilting
angle of 5°. The image corresponds to the intensity distribution I = |E|2 produced by laser light
interference inside the hydrogel, created by three beams: (1) incident beam, (2) beam reflected
from the mirror and (3) beam reflected internally at the pHEMA-water interface. c Threshold of
intensity of the cross section to represent patterned and nonpatterned regions. The period of the
surface grating is 3.01 μm. Reprinted with permission from [84] Copyright 2014 Wiley-VCH
Verlag GmbH&Co. KGaA, Weinheim
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simulation, we can predict the optical characteristics such as the periodicity of the
transmission grating, regions that will be patterned at a given transmission or
absorption values and the number of multilayer gratings that will be formed during
fabrication.

2.4.2 Simulations of the Optical Readouts

The operation of the holographic sensor is governed by the periodicity of its lattice
spacing, which controls the propagation of light through the structure. The lattice
periodicity consists of an alternating pattern of mesoscale Ag0 NP regions organised
in a specific direction within a hydrogel [88, 89]. If the absorption of light by the
entire structure is minimum and a contrast is present between the periodic Ag0 NP
regions, some frequencies are filtered out as they pass through the photonic
structure. The excluded group of frequencies is called the photonic band gap (PBG).
The dynamic coloration is generally obtained by altering the periodicity of nano-
particle regions either by changing the lattice spacing or the refractive index of the
multilayers through chemical reactions. Dynamic coloration in nature include fish
(e.g. Paracheirodon innesi) [90, 91], cephalopods (e.g. Euprymna scolopes) [92]
and beetles (e.g. Tmesisternus isabellae) [93]. Holographic sensors are analogous to
these structures, where the frequency range is designed for a specific PBG. For
example, for infrared frequencies, micron dimensions are required for the geometry
of the structure [94]. In holographic sensors, the Ag0 NP-based multilayer structure
that was formed within the hydrogel acts as a dynamic 1D photonic crystal, which
diffracts the frequencies of electromagnetic radiation that fall within the band gap
region. When the band gap region shifts its position to higher or lower frequencies
by changing the geometry of the hydrogel, different frequencies are back scattered.
To present the principle of operation and provide evidence for subsequent opti-
misation of a holographic sensor, a finite element method based on computational
software COMSOL Multiphysics®, was utilised [82, 83, 95]. The theoretical
diffraction grating consisted of periodic layers of Ag0 NPs in a hydrogel matrix. The
diffraction grating patterns consisting of stacks of randomly-sized Ag0 NPs were
generated using a MATLAB® code. Since the hydrogel matrix has a refractive
index close to that of water, and the laser wavelength used for the photochemical
patterning was λ = 532 nm, according to Bragg’s law, λ/2n results in a lattice
constant of l = 176 nm. The 1D periodic array of stacks consisted of Ag0 NPs,
which were designed as nanospheres with different radii (Fig. 2.8a).

The simulated geometry consisted of 6 stacks with *60 Ag0 NPs per stack.
Along the vertical axis of each stack, the Ag0 NPs were uniformly distributed,
whilst in the horizontal axis, the Ag0 NPs were distributed within the layers defined
by the laser-induced photochemical patterning. To achieve this, a normal random
distribution was performed with the mean positions of the stacks set to a distance
equal to the lattice constant. Additionally, to obtain a realistic photonic structure in
terms of representing a holographic sensor, a normal random distribution was also
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used to define the radii of the Ag0 NPs. The mean value of the radii was set to
4–24 nm with σ = 5 nm. After generating the Ag0 NP patterns in MATLAB®, they
were imported into COMSOL Multiphysics® for modelling. The pattern of Ag0 NP
was surrounded with a square domain of a medium that is analogous to a hydrogel
matrix. The remaining Ag0 NP subdomains were set to have an electrical con-
ductivity of Ag0 (61.6 mS/m). Since Ag0 NPs absorbs electromagnetic radiation, a
complex refractive index was required. This absorption does not significantly affect
the propagation of light when a small number of stacks are simulated. However, the
absorption can reduce the efficiency of diffracted light in a holographic sensor that
have a high number of Ag0 NP stacks. Figure 2.8b illustrates the geometric mesh of
the holographic sensor in COMSOL Multiphysics®. The incident electromagnetic
waves were propagated from left to right along the array of Ag0 NP stacks. The left
boundary of the cell was set to a scattering boundary condition. The light source
was defined as a plane wave of varying wavelengths [95]:

n� r� Hzð Þ � jkHz ¼ �jk 1� k � nð ÞHoz exp �jkrð Þ ð2:6Þ

where n is the complex refractive index, Hz is the magnetic field strength at position
r, k is the propagation constant, and Hoz is the initial magnetic field strength.
Meshing was performed with a finite element size of *2 nm to resolve each Ag0

NP. Once meshing was established, a computation was performed via a parametric
sweep, which allowed solving for a range of wavelengths. The wavelength
parameters set covered 400–900 nm. Finally, using “power outflow and time
average” boundary integration, the transmitted waves were collected at the opposite
side of the holographic sensor. Figure 2.9a–c illustrates the simulated geometry that
resembles the configuration of a typical holographic sensor, and Fig. 2.9d shows the

Fig. 2.8 A simulated geometry of a holographic sensor with a multilayer grating. aOrganisation of
Ag0 NP stacks within a hydrogel matrix, b Forming a geometric mesh of the Ag0 NP pattern. Scale
bars = 150 nm. Reproduced from [83] with permission from The Royal Society of Chemistry
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transmission spectra. The spectrum for 176 nm lattice spacing showed peak
reflectivity at *532 nm that underwent the lowest transmission due to Bragg
diffraction, which defined the diffracted green colour of the holographic sensor
(Fig. 2.9a). The colour of the holographic sensor was dictated by the spacing
between the Ag0 NP stacks. The effect of expanding the Ag0 NP lattice on the
reflection band gaps was analysed. The multilayer structure was expanded, while
keeping the density and diameter of the Ag0 NPs constant, simulating the operation
of a holographic sensor. The lateral expansion of the polymer matrix increased the
effective-stack spacing and stack size, and it reduced the concentration of Ag0 NPs
per stack (Fig. 2.9a–c). The overall effect of these changes on the wave propagation
was observed in the simulated transmission spectra, which showed a shift to longer
wavelengths in the reflection bands as the Ag0 NP stack spacing was increased
(Fig. 2.9d). The expanding sensor displayed a colour change (reflection band)
across the visible spectrum from *532 to 800 nm. As the Ag0 NP stack spacing
increases, the reflection efficiency (intensity) of the sensor decreases. This may be
attributed to the decrease in the concentration of Ag0 NPs present in each stack,
which reduces the contrast of the effective refractive index between the Ag0 NP
stacks and the surrounding hydrogel matrix.

The effect of varying Ag0 NP radii on the efficiency of the holographic sensor
was evaluated. Nine different geometries were generated with mean Ag0 NP radii
from 6 to 22 nm, while the number of Ag0 NPs per stack was kept constant at 60.
The transmission spectra showed that as the radii of Ag0 NPs increased, the
intensity of the reflection band also increased, which could be attributed to the area
that these respective Ag0 NPs spread (Fig. 2.10). An increase in the contrast of the

Fig. 2.9 Simulated geometries and transmission spectra for the holographic sensors with lattice
constants of a 176, b 215 and c 270 nm. d The transmission spectra as a function of lattice spacing.
Reproduced from Ref. [83] with permission from The Royal Society of Chemistry
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effective index of refraction of the Ag0 NP stacks increased the reflection. There-
fore, if all these configurations have the same number of Ag0 NPs, larger Ag0 NPs
would cover more area within the hydrogel matrix, thus resulting in a higher
effective index of refraction. However, a photonic structure with Ag0 NPs larger
than ø 100 nm would induce a broad bandwidth and a redshift on the reflection
band gap [96]. The broad bandwidth can be explained by the uneven uniformity in
the width of the stacks in a holographic sensor. For example, for r = 22 nm, not all
the five stacks had the same width, because MATLAB® attempted to generate a
pattern, where the Ag0 NPs were evenly spaced inside a stack, and hence it placed
them along the horizontal direction. The reflection band shift to longer wavelengths
can be explained by the surface plasmonic resonances of the Ag0 NP [97]. The
excitation of surface plasmons arises from a collective electron oscillation within
the nanostructure induced by the incident light. This leads to an optical local-field
enhancement and a dramatic wavelength-selective photon scattering localised at
nanoscale. The plasmonic resonances were affected by the Ag0 NP radii and
geometry, and the optical properties of hydrogel matrix. The reflected light/band
gaps displayed by a holographic sensor were influenced by the plasmonic reso-
nances of the Ag0 NPs. As the radii of the Ag0 NPs increased, the peak plasmonic
resonance shifted to longer wavelengths. Therefore, the band gaps broadened as
they represent an effective reflection due to the periodicity of the stacks and the
surface plasmon resonances of the larger Ag0 NPs. The ideal Ag0 NP radius is
between 8 and 10 nm even if they produce weaker reflections than the NP with
larger radii. In this radius range, the surface plasmon resonance and the lattice
constant dictated band gaps coincide. The reflection efficiency can also be improved
by increasing the concentration of the Ag0 NPs.

The effect of changing the number of Ag0 NP stacks on the efficiency of the
holographic sensor was studied. Three configurations consisting of 60 Ag0 NPs per
stack with a mean radius of 10 nm and a lattice constant of 182 nm were simulated
(Fig. 2.11a–c), and their transmission spectra were extracted (Fig. 2.11d).

Fig. 2.10 Simulated
transmission spectra for the
holographic sensors with Ag0

NPs at different mean radius
at a lattice constant of 176 nm
with 60 Ag0 NPs per stack
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The position of the reflection band was at 550 nm, and it did not change by adding
or removing stacks of Ag0 NP with the same periodicity. As the number of Ag0 NP
stacks increased, the intensity of the reflected light also increased. For 6, 5, 4 stacks,
60, 48 and 40 % reflection was obtained. At 6 stacks the reflection was stronger
than configurations with fewer stacks. Additionally, the lower the reflection, the
wider the trough was. The width at half maximum (FWHM) of the 4 stack curve
was 160 nm, whereas 6 stacks had 110 nm. Consequently, the greater the number of
Ag0 NP stacks, the deeper the PBG trough and the narrower the bandwidth was.

The concentration of Ag0 NPs of the holographic sensors was varied from 20 to
80 Ag0 NPs per stack (Fig. 2.12a–d). Comparing the geometries of the models, as the
number of Ag0 NPs per stack increased, the stacks became more uniform; resem-
bling a continuous medium with fewer voids. Hence, the effective index of refraction
of the stacks differed in each case. 20 Ag0 NPs per stack produced a weak reflection
(Fig. 2.12e). With an increasing number of Ag0 NPs per stack, the reflection band
became stronger, with the deepest one reaching 65 % of reflection for 80 Ag0 NPs
per stack. Increasing the number of Ag0 NP increased the contrast of the index of
refraction, thus resulting in higher diffraction efficiencies. However, as the density of
Ag0 NPs per stack increased, the net absorption also increased, leading to effectively
lower transmission. The position of the trough shifted to longer wavelengths when
the concentration of Ag0 NPs per stack increased. At 20 Ag0 NPs per stack, the dip of
the curve was located at *530 nm, but for 40–60 Ag0 NPs per stack, the dip was
located at *555 nm. This shift could be due to a shift in the surface plasmon
resonance caused by the close proximity of Ag0 NPs, and the overall increase in the
size of the stacks [96]. Therefore, an increase in the Ag0 NP concentration per stack
resulted in an increase in the refractive index contrast of the holographic sensors.

Fig. 2.11 Simulated transmission spectra for the holographic sensors as a function of the number
of Ag0 NP stacks. a 4, b 5 and c 6 stacks of Ag0 NPs with a lattice constant of 182 nm. d The wave
propagation spectra for the transmission along the photonic structure with 4, 5 and 5 Ag0 NP
stacks. Stop band is centred at *550 nm. Reproduced from [83] with permission from The Royal
Society of Chemistry
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Inhomogeneous Ag0 NP distribution through the hydrogel matrix may affect the
optical properties of the sensor. The effect of anomalies in the holographic sensor
was evaluated by simulating four configurations, in which the mean radii of the Ag0

NPs differed (Fig. 2.13). Distortions are normally present in laser-directed fabrica-
tion of holograms, since the Ag0 NPs are introduced into the polymeric matrices
through a diffusion and photographic development, leading to inhomogeneous
distribution of NP regions within the hydrogel matrix [98]. The simulated geome-
tries contained six stacks, and they all began with the first stack of Ag0 NP mean
radius of 10 nm. Figure 2.13a–d shows the configurations with Ag0 NP mean radius
that increased by 0.5 nm per stack from 10 to 12 nm. The simulations allowed
evaluation of errors due to uncontrolled Ag0 NP during holographic sensor fabri-
cation. The transmission spectra in Fig. 2.13e show a reference curve for which there
is a constant mean radius along all the stacks with the remaining curves representing

Fig. 2.12 Simulated geometry and the transmission spectra of the holographic sensor as the
number of Ag0 NP stacks was varied. a 20, b 40, c 60 and d 80 Ag0 NPs per stack. e The
transmission spectra for 20–80 Ag0 NP per stack. Reproduced from Ref. [83] with permission
from The Royal Society of Chemistry

Fig. 2.13 Simulated transmission spectra of the holographic sensor as a function of increasing
Ag0 NP mean radius. Starting from 10 nm, the Ag0 NP mean radius was increased by a 0.5, b 1.0,
c 1.5 and d 2.0 nm per stack. e Transmission spectra of these configurations as compared to a
pattern with constant mean radii. Reproduced from [83] with permission from The Royal Society
of Chemistry
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a change of mean radius size. In the worst-case scenario of an increase of 2 nm per
stack, the curve shows a trough being wider and centred at *585 nm rather than
550 nm. The lattice constant of the reference curve differs from the worst-case
scenario, as the latter has a smaller effective lattice constant. In Fig. 2.13d, the
distance between the last two stacks is small, hence, the overall effective lattice
constant is smaller. Additionally, the spacing between each pair of stacks is
non-uniform, which leads to band gap overlaps, which effectively produce a wide
bandwidth. This may result in a stronger reflection from the holographic sensor, but
poor selectivity (broadband response) for an optical device that needs to exhibit
narrow-band peak.

2.5 Conclusions

This chapter described computational modelling of photochemical patterning of
recording media in Denisyuk reflection mode, and provided simulations to study the
parameters that affect the efficiency of the sensors during readouts. In the first
section, grating formation was studied. A threshold of laser light intensity must be
passed in order to photochemically pattern the recording media and form a
diffraction grating. The produced grating should be produced at the lowest tilt angle
to reduce the effect of transmission grating, which broadens the Bragg peak in the
readouts. In order to reduce the transmission grating, decane (RI: 1.41) can be used
as an index matching fluid during laser exposure, and this inert and odorless
compound does not react with hydrogel matrices. In the second part, a photonic
multilayer structure based on a stack of Ag0 NP layers within a hydrogel was
computationally studied, and different parameters affecting its performance were
evaluated. An optical photonic multilayer structure based on a stack of Ag0 NP
layers within a hydrogel-based system (1D photonic structure) was computationally
studied and different parameters affecting its performance were evaluated. The
degree of Bragg diffraction and bandwidth of the holographic sensor can be con-
trolled for a desired range by modifying the geometry and distribution of the Ag0

NP within the hydrogel matrix. The intensity of the reflection band increases as the
number of Ag0 NP stacks increases. The reflection intensity dramatically increases,
along with a narrowing of the bandwidth, even by the addition of two extra Ag0 NP
stacks. An increase in the number of Ag0 NPs is proportional to both the depth and
width of the bandwidth. The fabrication of holographic sensors by laser light allows
formation of gratings with controlled diffraction angle and pattern [84]. The model
demonstrated in this chapter can also be utilised to simulate other nanostructures
[99–101]. This theoretical approach allows designing holographic sensors with
predictive optical properties, which might reduce the barriers in their integration
with point-of-care diagnostic devices [102–105], microfluidic assays [106], con-
tact lens sensors [107] and smartphones [108, 109]. By rationally fabricating
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holographic sensors with high control over the entire system, including the size and
distribution of the Ag0 NPs within hydrogel matrices, one can avoid undesirable
effects such as red-shifted diffraction and wider band gaps.
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