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Abstr

Stimuli reSonsive optical etalons are an exciting class of next-generation sensors because they

are scalab ffective and offer tunability of their optical response across the entire
UV-Vis-NI length range. In this study, double-network cellulose hydrogels are used as a
soft, re edium and are incorporated into Fabry-Pérot optical etalons. The thin
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cellulose hydrogel layer can be solution processed. The hygroscopic hydrogel undergoes both

refractin thickness changes in response to changes in humidity. This leads to strong

changes idue to optical interference within the MIM cavity. The response can be

optimiZéd ¥Eadiisting the chemical crosslinker ratio. These flexible MIM structures provide a

robust plat or optically based chemical sensors.

KeywordeeVices, soft etalon, cellulose, hydrogels, Fabry-Pérot, humidity sensor.

1. Intro

Mechanically resionsive polymers provide a broad platform for the development of smart

materials been integrated into a variety of optical filters, sensors, indicators and
diodes. icular interest is the transduction of the mechanical response into an optical
signal. e, polymer based photonic crystals exhibit strong colour changes when the

periodicitsf the structure is altered by an external stimulus. However it is difficult to routinely
fabricate s, quality photonic crystals. Here we consider the simpler and more scalable

case of metal-insulator-metal (MIM) thin films. These are well established optical structures

1

(7.8

and ar ing applications, > as light absorbers,*®! and as etalons!*. MIM structures

{

usually coﬂhin—ﬁlm stacks of rigid materials with semiconductor alloys'®!, metallic
oxides™'” tal nitrides''"! as the insulating layer. More recently, soft materials including

liquids siloxane!"*!, PDMS!" silk protein!' and polyimide!'®), have also been used as

A

This article is protected by copyright. All rights reserved.



the insulating layer, in order to introduce flexibility. Nevertheless, it is still challenging to

create Wonsive materials within optical MIM structures.!'”! Here, we use cellulose

hydro gelslable active layer, which enables active colour-shifting.""® The advantage

of suchibig=w@FsLcls is that they are soft (Young’s moduli < 10° N/m?), water-permeable,

eco-friendly, and compatible with many other materials and applications.!"”*" Hydrogels have

[22,23 [24,25]

been used 1 delivery platforms, I'as tissue scaffolds, in water purification

[26427 [28,29]

. . . . 30.31
systems, elgetric power generation and colour actuation sensmg[ SHOA key

advantage is that areful chemical modification of the hydrogel precursors enables control of

LIS

the mech ength and elasticity of the resultant films. Recently, double-network (DN)

§

based hydr ade from polysaccharides have begun to replace both traditional, covalent

d

DN hydrog8ls reinforced, single-network hydrogels, due to their high strength, toughness

3

and transpar: 2133 1 most cases, the resultant materials are colourless because cellulose

M

itself d rb visible light, nor does it scatter light significantly.** However, structural

[35,36

colour carlfpe generated by introducing periodic, subwavelength structures. I'To exemplify

1

this, we rq @ e on flexible Fabry-Pérot type etalons for humidity sensing. " ** To

quantify t | response of the sensor, we have also carried out COMSOL simulations and

we sho reproduce the experimental results accurately.

uth

2. Res discussion

A
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Cellulose Crosslinker: Epichlorohydrin

Figure 1. Mmatic fabrication process of the planar hydrogel MIM etalon. (b) Scheme
illustrating the €0lour changes observed in reflected light following swelling of the film, due to

increas ellulose hydration. (c) Photographs of the planar hydrogel MIM etalon before,
mersion into distilled water for 1 h at 20 + 3 °C with ambient humidity of 30
CH:AGU ratio is 3. The thickness of the dried hydrogel film is 170 + 7 nm.

during and
=5 %.

The fabricwthe planar Au/cellulose/Au film stacks is illustrated in Figure 1. An optically
thick 100 lm serves as a base layer on which the cellulose hydrogel precursors are spin
coated. T tration of the cellulose solution is adjusted to ensure that the viscosity is
suitable fﬁ spin i)ating at high spin speeds. Formation of long-range continuous networks in
the hydrogs guaranteed by the large (weight-average) molecular-weight of cellulose:
100 kDa. Chemugal cross-linking occurs due to etherification between cellulose and

epichlor ECH (Scheme S1). This double-network cellulose based hydrogel is a simple,
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abundant and inexpensive material with superior mechanical properties including high strength
and touWich endows the film with good mechanical stability.[*) Upon drying, the
cellulose 1 forms a film and it is then coated with 30 nm Au to finalize the MIM thin
film std@k aFeli®@eture. Figures 1b and 1c present the scheme and photographs of the planar
MIM film stacks before, during and after swelling with water. The optical response is strongly
dependent insulator film thickness. A distinct change in colour can be observed as the
cellulose w:itions from the compressed, dry state (red-orange) to the fully swollen and

wet state (bright ;d) via a continuum of semi-swollen states (green tones).
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Figure 2. ution of the measured (top line) and simulated (bottom line) reflection

spectra of an MIM etalon as it progresses from the dry state to the fully swollen state. (¢
represents the time of swelling; d represents the thickness of the insulator layer in the

simulatj A plot of the average thickness d (nm) of the hydrogel film as a function of the
1mmers10 in distilled water. The molar ratio of epichlorohydrin (ECH) to
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anhydroglucose units (AGU) in the cellulose gel is 3. The error bars represent the standard
deviation from 5 samples. (c) The visible colour of the planar MIM film stacks converted to

RGB/ i values from experimental spectra (top) and from the simulated spectra

ript

(bottom). ThesLIE standard illuminate D65 was used as the white reference. The thickness of

the dry hy@rogel film was 170 £ 7 nm.

The effect@0f thgcellulose hydrogel swelling on the optical response are shown in Figure 2.

G

Measured r 1on spectra collected from a representative sample are shown in Figure 2a (top

$

line) to ill@sti@te low the optical signature evolves during swelling over 50 min. It can be seen

that there itighly a single reflection minimum, which gradually red-shifts as the film swells.

U

Later, a s d then third minimum also appear in the spectra. This is the typical optical

response ¢f a Fabry-Pérot cavity in reflection. In general, the minima are associated with

£

destructive interterence and they occur when the phase shift satisfies

m o=2m-)rn m=123... (D)

Here mEne order of the interference and
§ = 2% cos(6) ©)
is the phah—lere n is the refractive index of the cellulose hydrogel, d is the insulator film
thickness,angle of incidence, and A is the in vacuum wavelength of the incident light.

From Equation 2 it follows that, for constant » and d, there must be certain wavelengths A that

9.

will destrugtively interfere and will be filtered out of the spectrum. This is the origin of the

minim. ction spectra. Furthermore, an increase in d implies an increase in A to meet

{

the interft ndition in Equation (1). Hence, the minima must shift to the red as the film

L

thickness s. The appearance of the second and third minima results from higher order

resona ing into the visible spectral range. These minima were previously located in the

A

UV region. lower line of Figure 2(a) we present the corresponding simulated spectra,
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which show excellent agreement with the experiments. These were obtained by feeding the
wavelength-dependent refractive index of the materials and the measured film thicknesses into
the Frens. For the complex refractive index of gold metal, we have used data from
literature.se of the cellulose hydrogel it is important to account for the fact that the
refractipge imdexailll change with water content. For the dry cellulose film, the refractive index
was obtairm ellipsometry measurements (Figure S2a). To approximate the refractive
index of t@se hydrogel with different water volume-fractions, we treat it as a
homogeneous ¢tfective medium. The refractive index of the hydrated cellulose hydrogel n.s
(Figure S e estimated from the measured refractive index of the dry cellulose film n, =
1.53 and tjtive index of water n,, = 1.33 using the Maxwell-Garnett approximation.

This resul following effective refractive index:

£ +T(ew—ec)

c
Nerr(h) = |ee——F (527
&+ -3 (w — &)

is the respective relative optical permittivity. The hydration 4 provides a measure

where &=
of the and was derived from the relative thickness changes between the completely
dry and completely swollen films. We measured five samples with a fixed ECH:AGU molar
ratio of 3 a@d deposited at spin speeds of 8000 rpm for 5 min. The mean thickness of the dried
hydrogel Ds 186 + 78 nm (Figure 2(b), t = 0). Furthermore, we found there was an

average d in thickness of 30 nm across different areas of individual samples, which

were 50 X 50 mm in size (Figure S3). When the MIM film stacks are immersed into water,
they b 1. The evolution of the film thickness from the dry to the swollen state is

shown in fure 2b. It can be seen that there is a non-linear increase in the thickness over time.

This is a conse ce of the change in the driving force for water uptake into the hydrogel,
whichisata um when the dry film contacts water. The swelling rate then decreases from
its max te of ~1 Inm/min to ~3 nm/min at the end of the uptake process (Figure S4). The

This article is protected by copyright. All rights reserved.



effects on the film colour are shown in Figure 2c. Here, the measured and simulated spectra

from Figure 2b have been converted to CIE colour space with illuminant D65. The

evident th @ our changes from orange to pink, then to green and finally to red. The

experimejal si ectra are thus transformed into the colours shown in the upper row and it is

simulatgd speetiagand corresponding colour changes are shown in the lower row. (The colour

changing Mlso visualized in a chromaticity diagram in Figure S5.)
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Figure 3. maame as a function of wavelength and time for a swollen, planar hydrogel
MIM etalotwa xposure to environmental humidity 30 + 5% at room temperature. The

reflect m at time = 0 min is the spectrum of the fully swollen device. The thickness

decreases ove e as the cellulose hydrogel loses water. (b) Reflectance as a function of
wavele ime for a planar hydrogel MIM etalon during the 11" swelling cycle. The
molar ratio of ECH: AGU of cellulose is 3. The thickness of the dry hydrogel film is 170 =7
nm. (c) Sigaulated reflectance spectra for a planar hydrogel MIM etalon as a function of the
layer thiclhlculated using COMSOL. The thickness of the insulator layer, d, ranges from
175 to 50®ile n, the refractive index of the insulator layer, ranges from 1.44 to 1.53.
Reflectan ned as the fraction of light emitted vertically for an incident beam normal to
the sur‘r simulations, it is measured relative to the calculated reflectance of a thick
gold fi

—

Reversibi e optical signature changes and therefore the polymer network swelling

behaviour is critigal for practical applications. Figure 3 shows the reflection spectra of a MIM
etalon with m dried insulator layer as a function of shrinking or swelling time and
wavelen re, the reflection intensity is colour coded and the positions of the minima are

This article is protected by copyright. All rights reserved.



indicated in green. The shrinking process (Figure 3a) starts at t = 0 min with two minima
corresponding to m = [ and m = 2 in Equation (1). As the shrinking progresses, the reflection
minima blfie-shift because of the decrease in insulator thickness. Within 10 min the higher
order min ves out of the spectrum towards the UV region. Shortly after, a lower order
minimyg @aesesginto the spectrum from the IR region. Eventually, this peak is the only
minimumwains in the spectrum. We note that the shrinking process is accompanied by a
non-lineagfchang@in the thickness over time. This is evident from the nonlinear and sloping
green strokes, Which indicate the position of the minima. The shrinking is most rapid at the start
of the progesgigiving a fast reflectance minimum shift. Once dried, the reflectance dip remains
at approxi 80 nm for this sample in agreement with the dried cellulose film data in
Figure 2a.:uently, we exposed the film stack to 10 swelling and shrinking cycles. The
spectral eyplution during the 1 1 swelling process is shown in Figure 3b. It starts as a dry film
at t = 0 min and shows the same optical signature as the dry states in previous cycles (Figure 3a
& Figure @spectral evolution during the swelling process is reproduced, i.e. three
minim ent orders m, m+1 and m+2 move through the spectrum as the film thickness
increases. Finall§m the reflection spectra match the spectra obtained under the starting

conditi in in Figure 3a), representing the fully swollen state. We use simulated
reflection E;ectra with a linearly increasing evolution of the insulator thickness to illustrate the

process m

ly in Figure 3c. Note that in the simulations, the minima appear purple and

shrinkiMling processes. The videos show a high-contrast colour change associated

with hydrgkness change.
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Figure 4. wnce as a function of wavelength and swelling time for planar hydrogel
MIM etalﬂ two different ECH:AGU ratios: (a) ECH:AGU = 1 and (b) ECH:AGU = 3.
The reflec ectrum at t = 0 min corresponds to the dry state. The thickness of the
cellulose increases with time as water is absorbed. (c) The simulated reflectance
spectra ofm

SEM i
1 and (e)

freeze-

ar hydrogel MIM etalon for thicknesses from 100 nm to 600 nm. (d-¢)
cellulose hydrogel film with different ECH:AGU ratios: (d) ECH:AGU =
U = 3. The cellulose hydrogel films were prepared by vacuum

he thicknesses of the dried hydrogel films were 299 + 24 nm and 170 £ 7 nm
respectively. (f) The swelling ratio by weight of the cellulose hydrogel for different

ECH/AGU ratios. The ambient temperature was 20 + 3 °C and the relative humidity was 30 +
5%. L

Because tm(gel is a porous network, the structure of the network is influenced by the

degree of ing. This influences the water absorption properties and therefore the
colour chi ges to the MIM etalon. Figure 4 presents results of experiments on the influence
of differeﬁ chey' al crosslinker ratios. The film stacks had thicknesses of 299 + 24 nm

(ECH:AGﬁd 170 £ 7 nm (ECH:AGU = 3). The evolution of their optical signatures is

shown in and Figure 4b, with SEM images of the dry polymer networks shown in
Figure 4d re 4e respectively. It can be seen that, in the first case with ECH:AGU
ratio 1, tral evolution only involves two orders of resonances, as indicated by the two,

This article is protected by copyright. All rights reserved.



distinct green strokes (Figure 4a), in contrast to the ECH:AGU ratio 3 film, where three
orders of resonance in the spectral evolution are evident from the three, distinct, green strokes
(Figure 40). The SEM images show fabric character in both cases. The ECH:AGU ratio 1
sample hal @ looser, porous structure. There are obvious pores between the cellulose
networlgs. geaggagivorks of the ECH:AGU ratio 3 sample are much denser and more uniform,
indicatingm interaction and greater water absorption ability. It has been previously
shown ,mwwelling is a competitive equilibration process, in which the permeation of
water into t drogel, is balanced by an elastic stretching force, which prevents the
deformatiw hydrogel. When these two competing forces are in balance, the swelling
stops. It is y found that a higher chemical crosslinker ratio in the cellulose hydrogel

[324546) A fter leaving the hydrogel in distilled water for one

results in swelling ratio.
week, we found swelling ratios of 310% and 531% for ECH:AGU ratios of 1 and 3
respectively. Even though the spectral evolution is strongly dependent on the dry thickness
and the swells g operties of the hydrogel, it can be located on a general map obtained from
simulagi ighiic 4c). Here the spectral evolution is shown for MIM film stacks with the
hydrogel thic changing from 100 nm to 600 nm. On the right side, the range of the
spectra a and 4b are indicated and the swelling behaviour for the two networks is

shown in Eigure 4f. Initially, both types of hydrogel exhibit fast water absorption but the rate

then plated8s® er reflectance changes are also observed in the beginning, followed by a

gradual d¢ @ speed and finally a steady state. For a ECH:AGU = 1 the swelling ratio
-/ Wried) plateaus at approximately 300% after 20 min, whereas for ratio 3
the swelling ratio plateaus only after 45 min at approximately 510%. This indicates that a
denser Mreases the sensitivity of the optical response. For a long-term stability test
we used a containing a hydrogel with ECH:AGU ratio 1 because it has the loosest
network. mon was characterized after fabrication and then kept in its dried state for 12

month hich the characterization was repeated (Figure S6). Evidently, the evolution of
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the reflection spectra during swelling is largely preserved (Figure 4a), thus showing good

stability.

Itis imnoWistinguish the humidity of the hydrogel from the humidity of the
environm&I Tg sense relative humidity (@) in air, the optical response is governed by the
swelling ng of the hydrogel induced by the changing water vapour pressure. We

have inves
Figure S7m evolution of the reflection spectra for increasing and decreasing values of
@ betweejﬁ is shown in Figure S8. Firstly, the position of the interference maximum

the shift in optical response versus @. The experimental set-up is shown in

is red-shif il increasing @ indicated by the dashed line (Figure S8a). Subsequently,
when the mis decreased, a blue-shift is observed (Figure S8b). The shift in maximum

position Amax s @ is shown in Figure S8c and is comparable to other optical humidity
sensors.' we have demonstrated that an MIM structure offers a scalable and tunable
optical nsor. The platform is robust because of both its simple fabrication and its

durability. ntly, chemical modification of the hydrogel offers a pathway to more
sensing. The only limitation is the rate of molecular transport from the
environment into the film but this is not an issue for small MIM structures, for which

response theconds are easily achieved.

3. ConcluO

We have sgosited a double-network cellulose hydrogel between two Au layers, in order to
create WIM etalon. These soft MIM film stacks respond to changes in the refractive

index and igkness of the hydrogel. As a consequence, distinct structural colour changes
can be ob hen there are changes in ambient humidity. Analysis of the reflectance

spectra r continuous and reversible spectral shifts during both swelling and shrinking
of the hydr: imulated reflectance spectra support the obtained experimental results and
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analysis. The chemical crosslinker ratio has a large influence on the hydration behaviour of
the hydrogel with higher chemical crosslinker ratio providing a larger optical response. These
bio-hydro ased MIM film stacks also showed good mechanical stability for up to 12
months. F linctionalisation of these cellulose hydrogels should enable sensors that

responggtogamiaiiiety of external stimuli to be developed.

-

4. Experiwection
Materials: cotton linter pulp was supplied by Hubei Chemical Fiber Co. Ltd.

(Xiangya iga). The degree of polymerization (DP) was determined to be 580. Urea,
LiOH, an(zzcohol of analytical grade were purchased from Ajax Chemicals.

Epichloro CH) was purchased from Sigma-Aldrich. Polydimethylsiloxane was
purchasedffrom CBC Australia Pty Ltd. All the chemicals were used without further

purification.

F abrz‘catim planar MIM film stacks : PDMS was used as a substrate. It was prepared
by mix ponents A and B at a ratio of 10:1 and poured onto a silicon wafer to yield a 2
mm thic at was cured for 4 h at 75 °C. 100 nm Au was deposited on the PDMS using
Electron beam Evaporation (EBE) with an Intlvac Nanochrome II system. The deposition rate
was 0.5 A§ under 9x10° mbar vacuum. The cellulose hydrogel precursor was prepared by
dissolving linter into an aqueous 4.6 wt% LiOH/15 wt% urea solution under
continuou@ (1200 rpm) at —12.5 °C.**! The concentration of cellulose solution was 3
wt%. The cellulose solution was centrifuged at 7500 rpm for 20 min at 0 °C to
removﬁies from the cotton linter. ECH was injected dropwise by a syringe pump
during nto the stirring cellulose solution (1000 rpm at 0°C) until the desired molar ratio
of ECH to AGU i the cellulose (i.e., 1, 2, 3) was attained. Air bubbles were then removed by
evaporation. ansparent and viscous cellulose solution contained ECH and was used to

spin-c onto a 1x1 cm? gold-coated PDMS substrate at a spin speed of 8000 rpm for
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5 min. This gold/PDMS substrate was preconditioned in an oxygen plasma and cleaned for
90 s. The obtained samples were sealed and maintained at 4 °C for 24 h to allow the hydrogel
film to mﬂer that, the samples were washed with 30 wt% ethanol aqueous solution
to remove @ and LiOH and then left to dry.['*! Finally, a second 30 nm thick Au film

was evapojiatedsie; complete the assembly of the optical cavity.

Characterizgtign : Bright-field reflection spectroscopy was used to capture the reflection
D

spectra o ar MIM film stacks, which comprised a Nikon Lv100 Eclipse inverted
microsco ed with a LU plus ELWD 2 x /0.06 Nikon lens in the reflection
configuratioft. THe light source of the microscope was a 100 W quartz halogen lamp. The

reflected l@ captured by an Acton Micro-Spec 21501 imaging spectrograph fitted with
a PIXIS 10 D. A second camera (ThorLabs) was attached to the microscope to capture
the bright- images. An MFP-3D AFM (Asylum Research) Atomic Force Microscope
(AFM) wmpmeasure film thicknesses both in air and in water. Steps in the film were

created for'hi ose. A SIGMA (Zeiss, Germany) scanning electron microscope (SEM)
was us age the microstructure of the hydrogel films. The swollen hydrogel was
freeze-dri sputter-coated with a thin layer of gold for SEM. The refractive index of the

dry cellulose film was obtained from a HORIBA Jobin Yvon UVISEL spectroscopic

ellipsome!’i.

Swimulations were carried out with the COMSOL Radio Frequency (RF)

¢ geometry of the model is shown in Figure S1. The simulation unit cell was 3000
nm in len!E and 300 nm in width. Periodic boundary conditions were applied to the left and
right bW he top boundary of the cell was set to be the input port where the

excitatior;js generated with power = 1 W and electric field amplitude = 1 V/m and

the botto ry of the cell was set to be the port-out for the transmitted wave. The MIM
structure 1lt in the middle of the cell with a 30 nm thick gold slab on the top. The
insulator [a both a varied thickness and refractive index and finally there was a 100
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nm gold mirror at the bottom. The refractive index (dielectric permittivity) of gold was
adapted from previous reports by Johnson and Christy.[*” The refractive index of the
hydrogel Was varied as a linear function of its thickness ranging from 1.53 to 1.44 based on
the Max @ ett mixing formula. The wavelength range used was from 500 nm to 900
nm withy aghgiiagstepsize and the thickness of the insulator layer ranged from 100 nm to 600

nm, againmo nm stepsize.
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