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Elucidation of how metal layer deposition
conditions impact the optical responses of
microgel-based etalon devices to stimuli

Haley Hunter and Michael J. Serpe *

Poly(N-isopropylacrylamide) (pNIPAm) microgel-based etalons exhibit visual color, and can be fabricated

by sandwiching a monolithic microgel layer between two thin metal layers (typically Au). The color of

the devices is a direct result of the device structure, and can be dynamically tuned by varying the

thickness of the microgel layer in response to external stimuli. For many applications, the robustness of

the etalon’s structure, the spatial uniformity of the color, and the color change kinetics are of utmost

importance. In this investigation, we determined how the composition of the layers that make up the

etalon impacts their performance. Specifically, the results indicated that stable etalons can be

constructed by simply depositing a layer of Au on top of the microgel layer, as opposed to using a Cr

adhesion layer on top of the microgels prior to Au overlayer deposition. We show that thin Au overlayers

without a Cr adhesion layer produces Au films that are discontinuous in nature, which in turn directly

influences the kinetics of the etalon response. We also confirm that this response pattern holds true for

etalon responses to various salt solutions, presenting potential for the future application to alternative

analytes of interest.

Introduction

In an increasingly complex world landscape, new health and
environmental monitoring and sensing technologies are essen-
tial to ensure longevity in these symbiotic areas. For example,
those residing in urban centers have relatively ready access to
testing/diagnostic resources, compared to those in rural/remote
settings. Current cutting-edge monitoring and sensing technol-
ogies are often expensive, time consuming and use tools that
must be operated by trained professionals in a lab environ-
ment; this is not always feasible for those in rural/remote
settings. Hence, those that reside in remote or resource-
limited areas are disadvantaged, as they are not as equipped
to make informed decisions.1–3 Point-of-need sensors are a
group of important technologies that can help fill this void.
Ideally, point-of-need sensors are devices that can be deployed
outside of a laboratory setting, by untrained users, and provide
test results where they are needed quickly, with performances
comparable to what can be achieved in the lab. This field of
research has been rapidly growing over the past decade, with
significant advances made using lateral flow assays,2,4–6 plas-
monic sensors7–9 and portable smartphone-based colorimetric

sensors.10–12 While many advances have been made in recent
years, new materials are constantly being investigated to help
advance the field even further.

Optical sensors are of particular interest as their results can
be recorded by the naked eye or via photographs from a
camera. Many of the technologies used for fabricating optical
sensors are photonic materials, which use light to detect and
quantify analytes.13 Photonic crystals are made up of at least
two materials of different refractive indexes arranged periodi-
cally in one-, two- or three-dimensions. Photonic crystals can
exhibit visible color, and have many advantages over conven-
tional colorimetric sensing technologies, e.g., there’s no photo-
bleaching issues, and they are relatively simple to modify for
quantifying multiple analytes simultaneously.14,15

The Serpe Group has developed a photonic material-based
sensing device that utilizes a hydrogel particle (microgel) layer
sandwiched between two thin Au layers.16–18 This device exhi-
bits visual color, and multipeak reflectance spectra, due to the
structure of the device, i.e., light enters the microgel-based
cavity and undergoes constructive and destructive interference.
The color of the device, and the position of the reflectance
peaks, depends on the thickness of the microgel layer, which
sets the distance between the two Au layers. Importantly, the
microgel layer responds to stimuli by swelling or shrinking,
thus changing the distance between the two Au layers, the
color of the device, and the position of the reflectance peaks.

Department of Chemistry, University of Alberta, Edmonton, AB, T6G 2G2, Canada.

E-mail: serpe@ualberta.ca

Received 14th July 2025,
Accepted 28th November 2025

DOI: 10.1039/d5tb01640a

rsc.li/materials-b

Journal of
Materials Chemistry B

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 5
:5

4:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-0161-1087
http://crossmark.crossref.org/dialog/?doi=10.1039/d5tb01640a&domain=pdf&date_stamp=2025-12-04
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb01640a
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB014001


This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. B, 2026, 14, 342–353 |  343

The position of the reflectance peaks can be calculated using
eqn (1):

lm = 2nd cos y (1)

where l is the maximum wavelength of the peak(s), m is the
peak order, n is the refractive index of the cavity material,
d is the spacing between the Au layers (dictated between the
microgel layers), and y is the angle of incidence.17,19 As l is
proportional to d, l shifts with changing microgel layer thick-
ness, so long as all other variables remain constant. Note that
the microgel layer n does vary with microgel layer thickness,
although in many cases the changes are small relative to d.

The microgels used here are primarily composed of poly(N-
isopropylacrylamide) (pNIPAm), which is a well-known thermo-
responsive polymer that exhibits a lower critical solution tem-
perature (LCST) at B32 1C, leading to a reversible demixing
(collapse) of the polymer chains above this temperature.20–23

Hence, crosslinked pNIPAm-based microgels decrease in dia-
meter substantially at temperatures above the LCST, which is
referred to as the volume phase transition temperature (VPTT).
In our devices, this change in microgel size with temperature
can be harnessed to change the optical properties of the
microgel-based etalons (according to the equation above).
Inclusion of a copolymer in the pNIPAm microgels expands
the potential applications of the etalons as they can respond
to other stimuli in addition to temperature. A common como-
nomer that is used is acrylic acid (AAc), which imparts pH
responsivity to the microgels.22 It has been shown that these
microgels are also affected by the presence of ions in solution,
changing the solvation state of the microgels and therefore
affecting the color of the etalon device.24–27 Previously, our
group has worked on variations of these microgel-based etalons
that respond to different analytes. For example, we have gene-
rated etalons that respond to methanol,28 free phosphate,29

volatile organic compound vapours,30 progesterone31 and
glucose.32

This study aims to expand our understanding of the
response characteristics of our etalon-based sensing system,
and while this is of utmost importance to our group, it has
implications in the broader sensor community. For example,
Jung et al. published work on an etalon-based humidity sensor
and anti-counterfeiting display that involves a mirror-hydrogel-
metal nanoparticle structure.33 Wang et al. have also developed
an etalon-based sensor with a pNIPAm composite as the cavity
material for sensing temperature and humidity.34 Dong et al.
developed optical etalon-based sensors using Au film-hydrogel-
Au film structures for humidity sensing and Palinski et al.
published similar Au–polymer–Au structures for organic vapour
sensing.35,36 Etalons are not the only photonic device structure
that is of interest for this work, distributed Bragg reflector-
based sensors are also being developed from similar material
components.37

Over recent years our group has introduced a series of
optimizations and changes to our etalon system which left us
with a need to investigate the structures and responses of the
new system. This fundamental study into the dependence of

device response on structure was driven by a need for know-
ledge and understanding of the system before further explora-
tion into sensor applications.

Materials and methods
Materials

N-Isopropylacrylamide (NIPAm) was purchased from TCI
America (Portland, Oregon) and purified by recrystallization
with hexane prior to use. N0N-methylenebisacrylamide (BIS),
acrylic acid (AAc), ammonium persulfate (APS), ammonium
chloride, tetraethylammonium chloride and tetramethylammo-
nium chloride were purchased from MilliporeSigma (Oakville,
Ontario). Ethanol (100%), sodium chloride and sodium hydro-
xide were purchased from Fisher Scientific (Saint Laurent,
Quebec). Hydrochloric acid was purchased from Caledon
Laboratory Chemicals (Georgetown, Ontario). Milli-Q deionized
water (18.2 MO cm) from a Millipore Milli-Q-Plus system
(Billerica, Massachusetts) was used for all experiments. Glass
substrates (10 � 10 mm cover glass #1.5) were purchased from
Ted Pella Inc (Redding, California). Microfluidic chips and
corresponding tubing/connectors were acquired from Micro-
fluidic Chip Shop (Jena, Germany). A Raspberry Pi Camera
Module v2 (Wales, UK) in a custom 3D-printed container was used
for all imaging. Graphics were created with biorender.com.

Microgel synthesis

Poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc)
microgels were synthesized by free radical precipitation poly-
merization, adapted from previously described methods.16,38

A total monomer concentration of 140 mM was used. NIPAm
(29.8 mmol) and BIS (1.76 mmol) were dissolved in 250 mL of
deionized water followed by filtration through a 0.2 mm filter.
The solution was purged with N2(g) and temperature ramped
from 20 to 70 1C over 1.5 h. AAc (3.58 mmol) diluted in 1 mL of
deionized water was then added to the monomer solution,
followed by APS (0.5 mmol) to initiate polymerization. The
reaction was allowed to proceed for 3 h at 70 1C followed by
cooling overnight. The microgel solution was filtered through
Whatman #1 filter paper to remove any aggregates and washed
by centrifugation and resuspension 6 times to remove any
unreacted monomer. The resulting microgel solution was cen-
trifuged to remove excess water and obtain the ideal viscosity
for etalon fabrication, or an approximate microgel concen-
tration of 55 mg mL�1. The resulting microgels synthesized
with this method have a hydrated diameter of approximately
800 nm.

Etalon fabrication

Our group has previously reported a ‘‘paint-on’’ protocol for
fabrication of microgel-based etalons, and that method was
adapted for this work.18 10 � 10 � 0.17 mm glass coverslips
were precleaned by sonication in ethanol and deionized water,
followed by drying under a stream of N2 gas. Au-coated glass
substrates were fabricated by sputter coating 2 nm of Cr
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(0.38 nm s�1) followed by 15 nm Au (0.24 nm s�1) using a
planar magnetron sputter system. Coated glass substrates were
then exposed to B100 mL of concentrated microgel solution
that was spread over the surface using a ‘‘doctor blading’’
technique. The doctor blading method used involves placing
a glass substrate in a custom metal slide holder, pipetting a
strip of concentrated microgels (B100 mL) along one edge of
the holder and then ‘‘doctor blading’’ the microgel solution
over the substrate surface using a clean 25 � 75 � 1 mm glass
slide held at a B451 angle.39 Substrates were then placed on a
hot plate at 35 1C to dry for B2 h followed by rinsing under
stream of deionized water to remove unbound microgels and
soaked in deionized water overnight at 30 1C. Finally, sub-
strates were rinsed again under a stream of deionized water and
dried under N2 gas. The etalon overlayer was then deposited
using the same sputter coating system with same deposition
rates, the thickness of Cr and/or Au varied for different
samples.

Scanning electron microscopy

The structure of the metal films generated by different Cr/Au
compositions was characterized by a Hitachi S-4800 FESEM
high resolution scanning electron microscope (SEM). Imaging
was done using 5.0 kV accelerating voltage, 4 mm working
distance and 70 k or 100 k magnification.

Au overlayer stability

To investigate the metal overlayer stability at different condi-
tions, and how it’s impacted by the presence of a Cr adhesion
layer, samples with 2 nm Cr/5 nm Au and 0 nm Cr/5 nm Au
were compared. Samples were placed in microfluidic chips
(custom chips from Microfluidic Chip Shop) and subjected to
3 types of testing. First, we assessed stability upon water
flushing. To do this, etalons were stored in deionized water,
and every B24 h fresh deionized water was flowed over the
etalon at a rate of 0.25 mL min�1 for 60 s, equilibrated for
30 min and then an image of the etalon was captured. This was
repeated for seven days. The next round of testing used etalons
stored in deionized water, and every B24 h a 0.25 M NaCl
solution was flowed over the etalon at a rate of 0.25 mL min�1

for 60 s and equilibrated for 30 min followed by image capture.
These etalons were then flushed with deionized water and
stored until the next day, and the cycle was repeated for seven
days. Lastly the same process (with the same flow rate and run
times) was completed except etalons were stored in pH 4
deionized water and flushed with pH 8 deionized water daily
for seven days.

Reflectance spectroscopy

All reflectance spectra were collected using an Ocean Optics
(Orlando, Florida) USB2000+ Fibre Optic Spectrometer, NIR-vis
optical fibre, and SpectraSuite Software. World Precision
Instruments (Sarasota, Florida) Aladdin single-syringe infusion
pumps were used to deliver solutions into the microfluidic
chips containing the etalons. For hydration experiments the
sample was loaded in its dry state and deionized water was

introduced at a rate of 0.25 mL min�1 for 2 min, then sample
monitoring was continued for an additional 58 min, capturing
a spectrum every 5 s for the hour. For salt response experiments
the samples underwent 4 salt-water cycles, followed by equili-
bration in deionized water overnight prior to testing. Salt
solutions were introduced under the same conditions as hydra-
tion experiments.

Results and discussion
Structure and stability of the various metal overlayers

Etalons are fabricated by depositing a thin Cr/Au film onto a
clean glass substrate. A viscous solution of microgels are then
spread over the surface and left to dry above their VPTT. This
enables the microgel to collapse and pack tightly together onto
the surface, the soft nature of the microgels also enables this
tight packing behaviour. Both the microgel–microgel intera-
tions as well as the microgel–surface interactions play a role in
the assembly of the film.16–18,28

Initially, we investigated how the etalon overlayer composi-
tion impacted its response. Specifically, our group has tradi-
tionally made etalons using Cr and Au in both the base layer
and overlayer of the etalon (Scheme 1).16–18,40 It is known that
Cr is required in the base layer to adehere the Au layer to the
glass, however it may not be needed for adhesion of the Au layer
to the microgels in the overlayer.41

To explore this, etalons were made with the following over-
layer compositions – 0 nm Cr/5 nm Au, 0 nm Cr/15 nm Au,
2 nm Cr/5 nm Au, 2 nm Cr/15 nm Au, 5 nm Cr/5 nm Au, and
5 nm Cr/15 nm Au. These thicknesses are based on the rate
of metal deposition determined through calibrations of the
sputter coating system. The actual thicknesses of the films may
slightly differ from these nominal values, however the observed
trends and conclusions made throughout this study are still
valid. The structure of these different films was evaluated using
images obtained via SEM (Fig. 1). From the images, we
observed that the samples containing 2 or 5 nm of Cr in the
overlayer had a more continuous film structure than those
without Cr. Based on previous studies of Au film growth on
different substrates, we propose this phenomenon is a result of
Au deposited on Cr having a different film growth mechanism
than Au deposited on the microgel layer.42–44 From the litera-
ture we know that when Au films are deposited on glass
substrates the Au nuclei undergo dewetting type growth, and
as these nuclei coalesce they leave voids and structural dis-
continuities in the film structure. However, when Au is

Scheme 1 Schematic of the general etalon structure from bottom to top:
glass coverslip, Cr/Au metal base layer, microgel, (Cr)/Au metal overlayer.
Created with BioRender.com.
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deposited onto a layer of Cr the Au nuclei undergo wetting type
growth, meaning the nuclei grow along the surface rather than
away from the surface, generating a more continuous final film
structure.45–49 Based on this, it appears that the Au being
deposited onto the microgel layer follows the same growth
mechanisms, apparent dewetting without Cr and apparent
wetting with Cr. It is also observed that increasing total film
thickness leads to a more continuous structure, this is hypothe-
sized to be due to the nuclei coalescing with increased material
deposition.45–49

Next, we investigated whether the underlying irregularities
of the microgel films led to cracks/discontinuities in the
deposited Au overlayers. To accomplish this, we deposited the
same film combinations as above directly onto clean/bare glass
substrates, i.e., no microgels or base Cr/Au layers. As can be
seen in Fig. 2, similar overall film structures were observed
when the metal films were deposited directly on glass, com-
pared to the metal layers deposited on the microgel layer
(see Fig. 1). Major discontinuity and visible cracks/openings
in the film structures are only present in the Cr free metal layers
for both sets of samples. We note that the 15 nm Au samples
exhibit some inconsistencies in their structures for the differ-
ent substrates; the film on microgels has larger ‘‘cracks’’
compared to the film on glass. This could be due to influences
from the surface of the microgels themselves. However the
impact of Cr and film thickness on structure appears to be
consistent for both substrates. As the metal films appear to
develop with overall similar structures whether deposited
directly onto the glass or onto the microgel layer we concluded
that in this case the different structures are predominanlty a
result of the different growth mechanisms rather than the
different substrate surfaces. In other words, the heterogeneity

that comes from the microgel layer is not presumed to be the
main cause of the discontinuous film structures, but rather the
lack of Cr and thickness of the film are more important.

Since we were able to make the Au overlayers on the
microgel layer without Cr, we went on to investigate how robust
the overlayers were upon use. To do this, etalons were inserted
into microfluidic chips, and solution flowed over them while
the structure (as observed as color) of the etalons was mon-
itored. If the overlayer deteriorates we would expect to see
sections of the etalon with no color, which would mean that
the etalon structure was degrading. First, we explored if the
etalon structure withstood hydration and gentle agitation from
solution flow. For seven days the etalons were kept hydrated
inside the microfluidic chips. Once a day we pumped fresh
water through the microfluidic chips and then an image of the
etalon was captured to monitor the film integrity over time
(Fig. 3a–d). Next, we explored if triggering the microgels to
change solvation state (resulting in an etalon color change)
causes the overlayers to destabilize. To do this, etalons were
exposed to solutions of varying ionic strength and pH, and the
data can be seen Fig. 3e–h and Fig. 3i–l, respectively. Although
there are slight color fluctuations over time, the films appear to
stay intact throughout all challenges, therefore we concluded
that the Cr is not necessary for the etalon to reliably function in
the microfluidic chips.

This stability of the films was also explored on a microscopic
level using SEM analysis. In Fig. 4 the overlayer structure of a
0 nm Cr/5 nm Au etalon was imaged using SEM before (a) and
after (b) etalon hydration. From these images we can see that
the behavior observed in Fig. 3 was supported, i.e., that the
structure of the films appears to remain unchanged after device
modulation. These combined observations left us confident

Fig. 1 Scanning electron microscopy images of various Cr/Au overlayer compositions deposited onto microgel films to generate the etalons.
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that the Cr adhesion layer is not requirement for stable etalon
overlayers.

Hydration and salt response time as a function of overlayer
composition

A major benefit of point-of-need sensing over traditional
laboratory-based methods is that results can be obtained
quickly. After characterizing the different etalon overlayers
and observing that those with only thin Au layers (no Cr)
exhibited discontinuous structure i.e., cracks in the film, we
hypothesized that these etalons would respond to changes in
their environment faster than the others. This prediction is
founded in the knowledge that for the etalon to respond to an

analyte it must either diffuse through the Au overlayer or
through the sides of the device into the microgel-based cavity.
For the etalon to respond to the analyte, water must also be able
to diffuse into/out of the microgels (Scheme 2a) and the device
(Scheme 2b). With this understanding we hypothesize that the
cracks in the overlayer should allow for easier analyte/water
exchange and therefore faster overall device response. With the
following set of experiments, we set out to determine if having a
discontinuous (cracked) metal overlayer would allow the etalon
to respond to changes in its environment more rapidly than the
traditional etalon made with a continuous metal overlayer.

To achieve this, we determined the kinetics of hydration for
the different etalons to assess how easily water molecules enter

Fig. 3 Images (taken using a Raspberry Pi camera) of etalons before and after stability testing with water flow (a)–(d), salt-water cycling (e)–(h), and
pH cycling (i)–(l). Center black spot due to the reflection of the camera.

Fig. 2 Scanning electron microscopy images of the indicated metals deposited onto bare glass substrates.
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the microgels in the cavity; we also determined the kinetics of
their response to the introduction of salt to assess how easily
analyte/water exchange occurs. For the remaining analyses the
data was collected from monitoring the reflectance spectra of
the etalons using an optical probe and UV-visible spectrophot-
ometer. The wavelength shifts in the location of the peaks
and/or valleys of the reflectance spectra are measured to
quantify the response of the etalons (an example spectra is
shown in Fig. 5).

We started with investigating how quickly each etalon
design was able to transition from a dry to hydrated state.

Dry etalons were secured into microfluidic chips followed by
deionized water injection into the chip, and the etalons were
left to equilibrate. As can be seen in Fig. 6 the 0 nm Cr/5 nm Au
sample reached a hydrated state nearly immediately. The 0 nm
Cr/15 nm Au sample was the next fastest to respond, but it is
still 20 times slower than the 5 nm Au sample. The remaining
etalons took longer to hydrate, from around 300 s to around
2000 s. This helps corroborate our hypothesis that the discon-
tinuous films improve response time.

After observing the drastic difference in etalon hydration, we
further investigated the response of the etalons to changes in

Fig. 4 Scanning electron microscopy image of a 0 nm Cr/5 nm Au sputter coated etalon before (a) and after (b) the etalon has undergone hydration in
deionized water. 1000 nm scale bars.

Scheme 2 Methods of microgel and etalon responses, (a) the microgel actuation upon response to solution changes and (b) showing analyte diffusion
into the etalon cavity. Created with BioRender.com.
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salt concentration. Etalons that had been previously hydrated
were used for these experiments. We have observed that the
first salt response of unused etalons is significantly different
than its subsequent responses, therefore before salt response
experiments were executed, all etalons were pre-treated by
exposure to salt and water over four cycles followed by equili-
bration in deionized water. Fig. 7a shows the average peak
shifts over time for the various etalons with different Cr/Au
overlayer combinations. We observed that the 0 nm Cr/5 nm Au
etalons exhibit a different kinetic curve than the other etalons.
This is thought to be due to its rapid response, likely from a
rush of ions into the microgel before reaching an equilibrium
state (Fig. 7c).24 Whereas the other etalons gradually reach

equilibrium without the initial ‘‘over shift’’. This experiment
was also completed using a set of etalons with increasing
amounts of Au in the overlayer (never any Cr), those results
can be seen in Fig. 7b. Samples with 5 (similar to 0 nm Cr/5 nm
Au) and 10 nm of Au both exhibit a curve with an initial ‘‘over
shift’’ before reaching an equilibrium state whereas samples
with 15 nm or more of Au do not. This ‘‘overshift’’ of the etalons
occurs only when the overlayers are relatively thin and discon-
tinuous. We hypothesize that the limited barrier that these
overlayers provide to solution exchange allows for near-
immediate entry of the salt solution into the etalon cavity and
subsequently into the microgels to cause a collapse and color
shift. The etalon then reaches an equilibrium state. The struc-
ture of the overlayer is the only difference between the etalons,
therefore we hypothesize that this is the cause for this
observation.

After observing the differing salt response kinetics of the
different etalons we related the responses back to the film
structures. Using the SEM images, we approximated the void
area of the etalon overlayer, or the area that is occupied by the
cracks in the Au (Fig. 8a). To approximate the void area, SEM
images were analyzed in ImageJ. Briefly, the images were
converted to binary masks and the percent area of the image
that was black could be quantified. We then extrapolated this
calculated void space of the imaged area to the total area of the
etalon surface. In Fig. 8b we can see the relationship between
the decrease in response rate with increasing Au thickness and
void area. This increasing response rate with Au thickness is
likely due to the thickness of the overlayer reaching a threshold
(or a certain void area) where the ion influx into the cavity is
slowed by the more continuous overlayer, in this case the
threshold is thought to be B15 nm Au based on the data.

Etalon response to different cations

After previous experiments revealed that etalon hydration and
salt response are affected by varying overlayer compositions we
wanted to determine if the observed rapid response of etalons
with certain overlayer structures relied on the cation itself. The
microgels used throughout all of this study contain acrylic acid,
which are negatively charged at neutral pH. The response of
these microgels to salt is considered to be due to the positively
charged cations relieving the charge repulsion within the
microgels (Scheme 2). We wanted to identify if the properties
of the cation in solution plays a role in the response of etalons
with different overlayer structures (i.e. cracked/discontinuous
vs continuous film). Therefore, we conducted a series of experi-
ments investigating the response time of etalons to different
cations and solution concentrations. We used four different
chloride salts for this experiment: sodium, ammonium, tetra-
methylammonium, and tetraethylammonium. Eight different
concentrations of each salt were studied, from 10 mM to
1280 mM; concentrations higher than this led to peak shifts
too rapid to accurately quantify with our current methods.
Etalons with 10 nm Au or 20 nm Au were used to explore the
different Au overlayer thickness effects. We chose 10 nm and
20 nm of Au for this study to represent a discontinuous

Fig. 5 Example of a reflectance spectra of an etalon using an optical
probe, both in deionized water (pink) and in an NaCl salt solution (green).

Fig. 6 Plot of the time (s) taken for etalons with different metal overlaters
to hydrate (time for a spectral peak to appear) from the starting dry state.
Inset included to show the difference in scale for the response of the 0 nm
Cr/5 nm Au samples. Two regions on each etalon were monitored, five
etalons of each type were measured therefore the average and standard
deviation are plotted, with n = 10.
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overlayer (etalon that exhibits an ‘‘over shift’’) and a continuous
overlayer, respectively.

Results compiled from this study can be seen in Fig. 9. The
data is represented with two categories of plots: the initial peak

Fig. 7 Average peak shift kinetics of sputter coated etalons of various overlayer compositions over 5 minutes of NaCl exposure (a) and etalons of Au only
overlayers (b). Average and standard deviation of each etalon type from n = 3. (c) Schematic depicting the ‘‘overshift,’’ or influx on Na+ ions, of the etalons
containing discontinuous overlayers (0 nm Cr/5 nm Au, 5 nm Au, and 10 nm Au). Created with BioRender.com.

Fig. 8 (a) An example of the use of SEM images to approximate the void area of the cracks in the overlayer and (b) the comparison of the average peak
shifts in the first 10 s to etalon void area as a function of Au thickness of the etalon overlayer. Average and standard deviations of both the peak shifts and
void area percentages are from n = 3 etalons.
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Fig. 9 Plots of peak shift over salt concentration of sodium chloride (a) and (b), ammonium chloride (c) and (d), tetramethylammonium chloride (e) and
(f), and tetraethylammonium chloride (g) and (h) of both 10 nm Au and 20 nm Au overlayer etalons. The response after the first 10 s of salt exposure (a), (c),
(e) and (g) and 300 s of exposure (b), (d), (f) and (h). 3 measurements at each concentration were taken per etalon and 3 different etalons of each overlayer
type were measured. The average and standard deviation for an n = 9 are plotted.
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shifts of the etalons after the first 10 s of exposure to the salt
solution (Fig. 9a, c, e and g) and the total peak shifts of the
etalons after 5 min in the salt solution (Fig. 9b, d, f and h). The
20 nm Au etalons (continuous overlayer) have negligible
response (except at 1280 mM) to all four cations initially. From
this we can infer that the continuous overlayer of the etalon
delays entry of various cations into the etalon cavity. Compared
to this, the 10 nm Au etalons (discontinuous overlayer) exhibit
noticeable, concentration-dependent peak shifts for all cations
after initial exposure. We hypothesize, as with the previous
experiments, that the discontinuous nature of the overlayer
allows for immediate entry of the cations into the microgels
within the etalon cavity. When the etalons are given time
to equilibrate in the salt solutions the continuous overlayer
etalons exhibit peak shifts nearly identical to that of the
discontinuous overlayers, therefore we can say that the over-
layer structure delays the etalon response to its environment
but does not interfere with the overall final response. All the
cations used in this study produced similar response patterns.
It appears that for the polyatomic cations (ammonium, tetra-
methylammonium and tetramethylammonium) investigated,
the etalons/microgels may be becoming saturated at lower
concentrations than with the sodium ions, as their response
curves have slightly reduced slopes. This will be explored in
more depth in future experiments to determine if it can be
exploited to tailor the sensitivity of the etalons. The knowledge
that the rapid response of these etalons is not limited to
specific cations is important for future studies on etalon-
based point-of-need systems. We are working towards deter-
mining if this rapid response pattern is limited to salt response
or if can be replicated with other analytes, such at DNA and
other small molecules.

Conclusions

Here, we demonstrated that the composition of the metal
overlayer influences the structure of the overlayer, at the
microscopic scale, which is in turn integral to understanding
how the etalons respond and how we can improve their func-
tion, i.e., faster response time. The combination of metals
(Cr and Au or Au) along with the overall thickness of the layer
both impact the structure of the resulting film. This structure
directly impacts how quickly the etalon can respond to a
changing environment, whether it be hydration state or salt
concentration. We have shown that this effect on response is
robust to different cations and likely will hold true for other
types of analytes in the future i.e., nucleic acids, small mole-
cules, and proteins. Moving forward, this work is being used by
our researchers to develop point-of-need sensors to solve both
health and environmental world problems.
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