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ABSTRACT: Plasmonic nanostructures provide excellent platforms
for colorimetric sensors in chemical, biological, and environmental
applications. In contrast to the existing library of plasmonic sensors,
we report an angle-independent optical sensor that is designed for
monitoring soil moisture and operating on rough surfaces. The
optical moisture sensor is constructed by coating hydrogel on top of
an ultrathin, plasmonic Au nanorod lattice array, where the refractive
index changes of the hydrogel upon exposure to moisture are transduced into spectral shifts of the resonances of the array. A
modified Langmuir adsorption isotherm model is used to capture the dynamics of water adsorption and desorption at the
interface between the sensor and the ambient environment. The nanorod length and the nanorod array pitch are systematically
tuned to decouple the localized surface plasmon resonance of the nanorods and the Rayleigh anomalies of the nanorod array,
creating sensors with angle-independent resonances (∼0.2 nm/deg). As a proof of concept, we place the sensor on uneven soil
surfaces and demonstrate the consistent sensor resonance shift that only depends on the soil wetness. Robust, eco-friendly optical
moisture sensors with angle-independent resonances provide a promising sensing platform for smart soil moisture monitoring
important to tackle the challenge of water scarcity in agriculture.
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1. INTRODUCTION

Growing water scarcity is one of the world’s leading challenges
to sustainable food production according to the United Nations
Food and Agriculture Organization.1 Agricultural water with-
drawal accounts for 70% of the global sum of all water use.2 To
better manage agricultural water usage, professionals have
developed different methods for gathering soil moisture
information. Most commercial moisture sensors are electrically
powered, which include time domain reflectometry,3,4 time
domain transmission,5,6 and capacitance sensors.7 Despite their
accuracy, these sensors require power supplies and only provide
point measurements, making them difficult to implement across
large, hundred-acre area fields for agricultural purposes.6,8−10

Optical sensors based on photonic crystals or plasmonic
nanostructures have reported spontaneous, vivid color
variations upon exposure to moisture, which provide excellent
sensor platforms for operation across large-area fields. Many
groups have developed optical moisture sensors based on
photonic crystals in the form of either inverse opal structures or
close-packed supraballs made of hydrophilic polymers.11−18

Upon exposure to moisture, the lattice constant and the
refractive index (RI) of the photonic crystals change, leading to
the variation of visible colors. On the other hand, top-down
fabrication and bottom-up chemical synthesis have been used
to tailor the size and shape of metallic nanostructures to create
plasmonic colorimetric sensors that have been extensively used
in chemical, biological, and environmental applications.19−26

The sensing mechanism is based on the selective adsorption of
analytes near or on the metallic nanostructures which results in
a change in the RI of the surroundings and therefore a shift in
the localized surface plasmon resonance (LSPR). For example,
various humidity-sensitive materials, such as hydrogel,
mercaptopoly(ethylene glycol) (mercaptoPEG), and poly(N-
isopropylacrylamide) (PNIPAm) brush, have been ligated to or
coated on plasmonic nanostructures for moisture sensing.27−33

For better sensitivity, the plasmonic nanostructure arrays are
tuned in size and shape to enable the coupling between the
LSPR and Rayleigh anomalies to generate sharp resonances.22

To date, optical moisture sensors based on photonic crystals
and plasmonic nanostructures have been mostly investigated
for high sensitivity and/or short response time, with little
attention paid to the angular variations of the sensor
resonances. The demonstrated vivid colors of photonic crystals
characteristically have large angular variations due to diffraction,
while plasmonic nanostructure arrays with hybridized reso-
nances also suffer from a large angle dependence due to the
coupled Rayleigh anomalies (diffractive orders).22,34,35 For
applications such as environmental monitoring where the soil
surface is rough and the ground profile varies, it is important for
optical sensors to possess angle-independent resonances that
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are insensitive to extraneous perturbations in order to
guarantee the accuracy of optical sensing data.
In this work, we experimentally and computationally design

and characterize hydrogel-coated, plasmonic Au NR lattice
arrays as a platform to create passive optical moisture sensors
with angle-independent resonances. The sensor responses to a
wide range of relative humidity (RH) are captured and fitted by
a generalizable model, which provides fundamental under-
standing of water adsorption and desorption on the sensor
surface and an analytical solution for the temporal evolution of
the sensor responses. By tailoring the NR length (30−350 nm)
and the pitch of the array (400−1000 nm) in experiments and
finite-difference time domain (FDTD) simulations, we
investigate the relationship between the angular variations of
the plasmonic sensor resonances and the dimensions of the NR
array. More specifically, we identify NR array designs in which
the LSPR of the individual NRs and the diffractive orders
present in the periodic array are decoupled, realizing sensors
with angle-independent resonances (∼0.2 nm/deg). We further
place the sensor on the soil surface and demonstrate the
consistent resonance shift that depends on the soil wetness and
that is independent of tilting of the sensor caused by the soil
roughness. Eco-friendly, plasmonic moisture sensors with
angle-independent resonances promise a “smart” solution for
soil moisture monitoring and therefore efficient water manage-
ment in agriculture.

2. RESULTS AND DISCUSSION

Fabrication of Optical Moisture Sensors. The fabrica-
tion of the hydrogel-coated, Au NR array optical moisture
sensor is shown in Figure 1a, and details can be found in the

Experimental Section. We choose electron-beam lithography
and Au thermal evaporation to prototype sensor designs. Figure
1b shows a scanning electron microscope (SEM) image of an
example array of Au NRs that are 362 ± 4 nm in length, 238 ±
3 nm in width, and 32 ± 1 nm in thickness repeated on a 1000
nm pitch (thickness is measured by atomic force microscopy
(AFM) in Supporting Information Figure S1a,b). The
corresponding transmittance spectrum of the pristine Au NR
array, before spin coating of hydrogel, has a resonance at 1532

nm (Figure S1c). Hydrogel films of 640 nm thickness are
deposited on top of the Au NR arrays via spin-coating (Figure
S1d,e). We use this design to characterize the sensor response
to different RH environments to study the sensing mechanism
and then vary the NR length (30−350 nm) and array pitch
(400−1000 nm) to define design rules to create sensors that
minimize the angle dependence of their optical responses.

Characterization of the Dynamic Sensor Responses
with Water Content. To characterize the response of the
sensors as a function of their water content, we soak the sensors
in water and take them out and measure their transmittance as
a function of time as the water evaporates in air at a constant
RH and temperature (T). Air RH is measured by a commercial
humidity sensor integrated in the measurement setup (Figure
S2). Figure 1c shows the responses of the sensor as the water in
the hydrogel evaporates at RH = 30% and T = 23 °C. Since
water has a lower refractive index (RI, n = 1.33) than pure
hydrogel (n = 1.45), the effective RI of the hydrogel increases
as water evaporates, resulting in a red-shift of the resonance
(Δλ) of the Au NR array from 1646 to 1685 nm. From fully
soaked to dry, the sensor resonance maintains a similar
transmittance amplitude of 33.5 ± 2.1% and also a similar full
width at half-maximum (fwhm) of 118 ± 25 nm.
To confirm the operating mechanism of the sensor, we

correlate the spectral shift of the resonance of the Au NR array
with the water content in the hydrogel. The water content is
characterized by integrating the water fingerprint regions
(2530−3845 cm−1) in transmittance spectra of the sensor
collected using Fourier transform infrared (FTIR) spectroscopy
(Figure S3). The red-shift in the resonance of the sensor maps
the decrease in water content in the sensor (Figure 2a).
We characterize the sensor response to environments of

different RH (i.e., moisture content). In experiment a fully
soaked sensor is held in air of different RH, and its resonance is
monitored as water evaporates until the sensor reaches steady

Figure 1. (a) Schematic of the hydrogel-coated, Au NR array optical
moisture sensor fabrication process. (b) SEM image of the array of Au
NRs with 362 ± 4 nm length, 238 ± 3 nm width, and 32 ± 1 nm
thickness on a 1000 nm pitch. The scale bar is 1 μm. (c)
Transmittance spectra for a hydrogel-coated, Au NR array optical
moisture sensor as a function of time after it is removed from water
and placed in air (RH = 30% and T = 23 °C).

Figure 2. (a) Time-dependent sensor resonance positions and
integrated intensity of the water stretch region (2530−3845 cm−1)
in FTIR spectra of the optical moisture sensor, as it dries over time
from the fully soaked in water to RH = 3% and T = 23 °C. (b) Sensor
resonance position as a function of drying time from fully soaked in
water to steady state in 30%, 47%, 74%, and 80% RH air. (c) Steady-
state resonance positions (λss) in different static RH environments. (d)
[top] Sensor response time extracted from resonance position curves
in (b); [bottom] and the response time for sensors with different
thickness hydrogel films. (e) Resonance position curves in (b) are
converted to concentration of water (dotted lines) based on eq 1 and
Supporting Information eq S3. Time-dependent concentration curves
are fit to eq 2 (solid lines). (f) Sensor resonance position for three
cycles of soaking in water and drying in 30% RH air.
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state (Figure 2b). The steady-state resonance position (λss) as a
function of RH is plotted in Figure 2c (black dots). As RH
increases from 24% to 87%, the sensor λss shifts from 1688.7 ±
2.3 to 1670.9 ± 2.3 nm. We fit the λss dependence on RH by an
empirical function

λ λ λ= = − Δ ′ −
−

⎜ ⎟
⎛

⎝

⎞

⎠B
(RH 0) exp

1 RH
ss ss

(1)

where B = 0.27 is a constant related to both the moisture
absorbing ability of the hydrogel and the NRs’ sensitivity to the
environmental RI change, λss(RH = 0) = 1690.6 nm is the
resonance wavelength at approximately RH = 0 [since

λ λ= ≫ Δ ′ −( )(RH 0) exp
Bss
1 ], and Δλ′ = 31.8 nm is

approximately the resonance variation from RH = 0 to 100%.
Δλ′ is consistent with theoretical predictions of the resonance
shift with similar variation in the RI of the surroundings for Au
nanobar arrays.36 The standard deviation in measured RH is
4.5% RH, noting that the commercial humidity reference
sensor RH accuracy is 2% and experimentally limits the RH
determination of the optical moisture sensor.
The response time, conventionally defined as the time

needed for a fully soaked sensor to reach 90% of λss,
37 is

calculated from Figure 2b and increases from 1.9 to 11.3 min as
the air RH increases from 30% to 80% (upper panel of Figure
2d). A two-stage model is used to explain the temporal
evolution of the sensor responses (Figure 2b is enlarged in
Figure S4 to highlight each stage). In stage I, water inside the
hydrogel evaporates into air, the hydrogel shrinks in thickness,
and the resonance shifts toward longer wavelengths. In stage II,
the resonance position gradually approaches its RH-dependent
steady-state wavelength. The water remaining inside the
hydrogel becomes a minority component, and the hydrogel
thickness remains unchanged. Since water in higher RH
environments evaporates more slowly, the slope of the
resonance curve for higher RH is smaller.
An analytical model, which explicitly illustrates the

submicroscopic processes of water adsorption and desorption
at the interface between hydrogel and air, is found to describe
the time-dependent sensor responses. We use the widely
acknowledged Langmuir adsorption isotherm model, which is
conventionally used to characterize the adsorption of an ideal
gas on a two-dimensional surface with equivalent binding sites,
with modifications that account for the transport of moisture
inside hydrogel to fit our experimental results. In stage II, since
the thickness of hydrogel can be approximated as constant, the
time-dependent water concentration in the hydrogel film has an
analytical solution derived from the modified model (derivation
in Supporting Information):

= + − −
⎛

⎝
⎜

⎞

⎠
⎟C t C C C

k

h
t( ) ( ) expss 0 ss

off

(2)

where constants Css and C0 are respectively the concentrations
of water in hydrogel film at steady state and the value found by
extrapolating C(t) to t = 0, h is the thickness of the hydrogel
film, and koff is the water desorption rate constant multiplied by
the thickness of the interfacial layer of hydrogel that adsorbs
water molecules from the air.
To test the suitability of this model to describe the time-

dependent sensor responses in different RH environments, we
relate the resonance position of the sensor to RH by eq 1 and
then to the concentration of water (shown in Figure 2e)

(derivation in Supporting Information). We fit our model to
the experimental data, with fitting parameter koff = 0.34 ± 0.06
μm s−1 for different RH conditions from 30% to 80% (details in
Supporting Information). The consistency of the fit to the
experimental results and the similar constant koff obtained from
different RH conditions suggest that the time evolutions of the
sensor responses obey the modified Langmuir adsorption
isotherm model. The analytical solution indicates that the water
concentration in the sensor decays exponentially with a time

constant of ( )1/
k

h

off (eq 2).

We construct optical sensors with varying hydrogel film
thickness: 640 nm, 150 μm, and 600 μm without changing the
NR array dimensions (150 and 600 μm hydrogel film thickness
are measured by a pair of calipers). For different hydrogel film
thickness, the sensors show a similar steady-state resonance of
1700 ± 11 nm and resonance shift of 42 ± 2 nm, suggesting
that the thickness of hydrogel has little influence over the
plasmonic resonance features (Figures S5 and S6). However,
the response time for a fully soaked sensor to reach steady state
in 30% RH air varies by 3 orders of magnitude, from 2 to 90
min and then 1624 min as the hydrogel thickness increases
(Figure 2d, bottom panel, and Figure S6). Thicker hydrogel
films significantly increase the migration distance of water
molecules38 and the amount of water that can be contained
inside the hydrogel, contributing to a much longer response
time, which is consistent with eq 2 derived from Langmuir
adsorption isotherm model. In the experiments described
below, we use the thinnest hydrogel film (640 nm) we realize
by spin-coating at the highest rate (8000 rpm), providing
sensors with a reasonable response time of ∼2 min. While faster
response times are achievable by replacing the hydrogel film
with a thinner polymer brush, for example, 20 nm PNIPAm,33

these time scales are not required for applications in soil
moisture monitoring.
The repeatability of the sensor response is tested by cyclically

soaking the sensor in water three times and allowing it to reach
steady state in air of 30% RH (Figure 2f). The three
measurement cycles have similar fully soaked and steady-state
resonance positions. There is a 1.4 nm variation in the
resonance position in the fully soaked state, which is due to
slightly different amounts of water contained in the hydrogel
when the measurements started. Furthermore, we note that the
swelling of this synthetic hydrogel has negligible temperature
dependence near room temperature.39

2.3. Design of Plasmonic Lattice Arrays To Tailor
Angle Dependence of the Sensor. We present a variety of
Au NR array designs to study the relationship between the
dimensions of the Au NR array and the angle dependence of
the sensor resonance. The Rayleigh anomaly arises from the
superposition of the LSPR of the individual NRs and the
diffractive orders that propagate parallel to the substrate
surface, which yields sharp and highly angle-sensitive optical
resonances.22,35,40 On the contrary, separating the LSPR and
the diffractive orders in wavelength can yield resonances that
are only created by the LSPR and are therefore independent of
the incident angle of light. In the case of Au NRs in a square
lattice array, for light at normal incidence, the wavelengths of
the diffractive orders that propagate parallel to the substrate
surface are expressed as35

λ = dn m/D sub (3)
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λ = dn m/D med (4)

where d is the pitch of the square lattice array and nsub and nmed
are the RI of the substrate and the ambient medium (hydrogel).
Equations 3 and 4 are for diffractive orders propagating in the
substrate and in the ambient medium, respectively.
We compute the steady-state resonance wavelength of the

sensor (λss) as a function of the NR length and the pitch of the
lattice array via the FDTD method (Figure 3a). We plot the

first-order, substrate-mode λD (dashed lines) together with λss
to show its superposition with the sensor resonance, where the
Rayleigh anomaly occurs. It is worth mentioning that for higher
order λD the anomalies appear at shorter wavelengths where the
resonance amplitude is low and therefore not considered for
sensor applications.
The angle dependence of the sensor resonance is simulated

for various NR lengths and array pitches. To give an example of
sensors in on-resonance and off-resonance conditions of the
LSPR with the diffractive orders, we show the transmittance
spectra of the sensor at different incident angles (0°−15°) for
Au NRs of 200 nm diameter and 32 nm thickness on a 800 nm
pitch and a 400 nm pitch square lattice array (Figure 3b,c). We
define the angular variation of the sensor resonance as the
maximum resonance variation divided by the corresponding
change in angle for the incident light. It is 2.3 nm/deg for the
angular variation for the Au NR array with a 800 nm pitch,
while it is 0.2 nm/deg for that of the Au NR array with a 400
nm pitch. We summarize the angular variations of the sensor
resonances in Figure 3d. The on-resonance NR lengths, where

λD overlaps λss, are marked with dashed lines to illustrate the
large angle dependence created by the Rayleigh anomaly. On
the contrary, when the λD is separated from the λss (off-
resonance), i.e., the NR lengths are away from the on-
resonance NR lengths, the angle dependence of the sensor
resonance gradually decreases since the LSPR is angle
insensitive.
Experimentally we fabricate sensors in the on- and off-

resonance conditions according to the Au NR array designs in
Figure 3b,c. Experimental transmittance and reflectance spectra
of the on-resonance sensor at steady state of RH = 30% are
presented in Figure 4a. In the transmittance spectrum collected

at normal incidence, the sensor resonance is at 1220 nm and
has a 40 nm fwhm. However, resonances are not observable in
the reflectance spectrum that is collected within ±45° through
an objective. It suggests that there is a large angular variation in
the sensor resonance which obscures the resonance feature in
the reflectance spectrum that is collected from a wide range of
reflection angles. In contrast, a pronounced sensor resonance in
the off-resonance condition is observed in both transmittance
and reflectance spectra (Figure 4b). The resonance peak in the
reflectance spectrum is centered at 889 nm and has a fwhm of
167 nm, consistent with the resonance in the transmittance
spectrum at 885 nm with a fwhm of 195 nm.
More sensor parameters are computed and experimentally

demonstrated for a more comprehensive understanding of
sensor performance (Figures S7−S9), including the sensor
resonance variation (Δλ from fully soaked to dry states at RH =
30%), the fwhm of the sensor resonance (at RH = 30%), and
the ratio between the Δλ and the fwhm which characterizes the
resolution of the sensor. It should be pointed out that the fwhm
of the sensor increases as the sensor design shifts from on-
resonance to off-resonance, which limits the resolvability of the
resonance peaks. Different shaped plasmonic nanostructures,
for example, nanoholes and nanovolcanos, could be inves-
tigated in the off-resonance conditions to achieve smaller
fwhm.22,25,33

Motivated by the need to operate on the uneven soil surface
which inevitably causes the optical sensor to tilt at random
angles, we select an off-resonance sensor (nanodot array sensor
in Figure 4b) to demonstrate soil moisture monitoring as a
proof of concept (Figure 5a). The moisture sensor is put on a
series of soil samples containing 56, 27, and 10 wt % water, with
the hydrogel side in contact with the soil (Figure 5b−d). We
collect reflectance instead of transmittance spectra of the sensor

Figure 3. (a) FDTD simulations of the steady-state resonance position
(λss) at RH = 30% for optical moisture sensors as a function of NR
length for different NR array pitches: 400 nm (black), 600 nm (red),
800 nm (blue), and 1000 nm (purple). The NR width is 200 nm, and
the thickness is 32 nm. The straight dashed lines indicate the first-
order, substrate-mode λD at different NR array pitches: 400 nm
(black), 600 nm (red), 800 nm (blue), and 1000 nm (purple).
Transmittance spectra for an array of Au NRs at 200 nm diameter and
32 nm thickness on a (b) 800 nm pitch and a (c) 400 nm pitch for
light incident at various angles: 0° (black), 5° (red), 10° (blue), and
15° (purple). (d) Angular variation of the sensor resonance as a
function of the NR length and NR array pitch. The vertical dashed
lines indicate the NR lengths where λD equals λss at different NR array
pitch: 400 nm (black), 600 nm (red), 800 nm (blue), and 1000 nm
(purple).

Figure 4. Transmittance (black) and reflectance (red) spectra of a
sensor with (a) Au NRs 197 ± 6 nm diameter and 32 nm thickness on
a 800 nm pitch and (b) 193 ± 4 nm diameter and 32 nm thickness on
a 400 nm pitch. Transmittance spectra are collected at normal
incidence, and the reflectance spectra are collected through an
objective with NA = 0.7. Insets show SEM images of the Au NR arrays.
Scale bar = 500 nm.
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as the soil is not transparent in the near-infrared. The sensor
resonance position (Figure 5e and Figure S10) shifts from 868
± 2 to 887 ± 2 nm as the water weight percentage of soil
decreases from 56 to 10 wt %. The sensitivity of the sensor is
described by the resonance shift of 0.4 nm per 1 wt % soil
moisture variation. We note that the resonance shift in
reflectance spectra coincides with that in transmittance spectra
where the resonance shifts from 868 to 885 nm (Figure S8d),
which ensures that consistent sensor signals can be obtained
from both reflectance and transmittance measurements. The
reflectance peak amplitude of the sensor is maintained at 27.6 ±
2.1% for measurements on different soil samples (Figure 5f and
Figure S11), stronger than that of a monolayer of the photonic
crystals.13 We tilt the sensor from 0° to 13° relative to the
horizontal plane to test for any variation in the reflectance
spectrum (Figure 5g). This range of angles is selected since
agricultural fields, which can have a root-mean-square rough-
ness in surface height of 3 cm and a correlation length of 30
cm,41 are estimated to cause random tilting of the sensor in the
range of 0°−6°. The resonance position remains unchanged at
889 ± 1 nm (0.2 nm/deg) for tilting angles between 0° and
13°, indicating the sensing data are independent of the soil
surface roughness. The resonance amplitude varies slightly
between 29.7 ± 2.3% as the incident angle changes, which we
hypothesize arises from a small decrease in the light reflected
from the glass substrate and collected by the lens when the
sensor is tilted. It should be noted that other than the sensor
design in Figure 4b, there are other choices of sensors that
operate in off-resonance conditions and could be used

according to design rules in Figure 3d. For example, an array
of Au NRs that are 350 nm in length, 200 nm in width, 32 nm
in thickness, and on an 800 nm pitch has a resonance at longer
wavelengths of 1573 nm and a small angular variation of 0.56
nm/deg. In experiments, we choose the sensor design in Figure
4b for the demonstration of soil moisture sensing because of its
relatively small fwhm compared with other angle-independent
optical sensors (Figure S7) and the accessibility of its near-
infrared operation wavelength for measurement in our
reflectance apparatus.
We further show a route for the large-area, solution-based

fabrication of plasmonic lattice arrays on free-standing hydrogel
films (Figure S12 and details in the Experimental Section).
Colloidal Au nanocrystal-based NR arrays, which possess
similar LSPRs as evaporated Au NR arrays, are demonstrated
using our previously reported solution-based nanoimprinting
processes.42 The uniformly patterned colloidal Au nanocrystal-
based NR arrays are fabricated on the centimeter scale on
hydrogel films (Figures S13 and S14) and provide a promising
route to fabricate large-area, low-cost optical moisture sensors.

3. CONCLUSION

We design and demonstrate an eco-friendly optical moisture
sensor with strong, angle-independent plasmonic resonances
that can be useful for environmental monitoring on rough soil
surfaces. We illustrate the relationship between the angular
variation of the plasmonic sensor and the dimensions of the Au
NR lattice array, based on which we demonstrate off-resonance
optical sensors with a resonance that shifts 0.4 nm per 1 wt %
soil moisture variation and that is invariant as it is tilted
between angles of 0°−13°. It is worth to mention that although
we use the array of Au nanodot (200 nm diameter) to
demonstrate the detection of soil moisture, rectangular-shaped
Au NR arrays can also be designed to possess angle-
independent resonances and therefore be suitable for sensing
on rough surface of soil (Figure 3d). By fabricating arrays of Au
NRs with angle-independent resonances operating at different
wavelengths and by using various adaptive polymers, the optical
sensor platform established here would allow for multi-
parameter testing of soil water, temperature, pH, and ionic
strength, important to improving agricultural productivity.
Furthermore, in the future, we will explore tailoring the shape
of the nanostructures as a route to achieve higher sensor
resolution/sensitivity. In addition, the sensor response rate is
analyzed by an analytical model and demonstrated to be within
minutes, which is at reasonable time scale for agricultural usage
where the soil moisture information is collected on a daily basis
or longer. Developing low-cost, angle-independent optical
moisture sensors that could be distributed across fields and
imaged with hyperspectral cameras found on drones provides
new opportunities for smart soil moisture monitoring to tackle
the challenge of water scarcity in agriculture.

4. EXPERIMENTAL SECTION

Materials. 2-Hydroxyethyl methacrylate (97%), acrylic acid (99%),
ethylene glycol dimethacrylate (98%), 2-hydroxy-2-methyl-
propiophenone (97%), gold etchant, 3-(trimethoxysilyl)propyl meth-
acrylate (98%), oleylamine (further referred to as OAm, 70%), and
tert-butylamine−borane (TBAB, 97%) are purchased from Sigma-
Aldrich. (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane is pur-
chased from Gelest Co. Hydrogen tetrachloroaurate(III) hydrate
(99.9%) is purchased from Strem Chemicals. 1,2,3,4-Tetrahydro-
naphthalene (tetralin) and ammonium thiocyanate (SCN, 99+%) are

Figure 5. (a) Schematic of sensor operation on wet and dry soil. The
refractive index of hydrogel changes according to the soil wetness,
resulting in different reflection spectra of the sensor in near-infrared.
(b−d) Photographs of hydrogel-coated, Au NR array optical moisture
sensor (marked by red dashed circle) placed in contact with soil
samples having 56 wt % (b), 27 wt % (c), and 10 wt % (d) moisture,
respectively. Scale bar = 1 cm. (e) Average reflectance spectra from
three measurements of the sensor on top of each soil sample. (f)
Position (black dots) and amplitude (red dots) of the sensor
resonance from the averaged spectra. (g) Reflectance spectra for the
sensor as it is tilted at 0° (black), 5° (red), 9° (blue), and 13° (purple)
to the horizontal plane.
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purchased from Acros. Chromium pellets (Cr, 99.999%) are purchased
from Kurt J. Lesker. Gold pellets (Au 99.9999%) are purchased from
APMEX. Poly(methyl methacrylate) (PMMA) 495 A4, PMMA 950
A2, anisole (99%), methyl isobutyl ketone (MIBK), and Remover PG
are purchased from MicroChem. Acetone (99.8%), isopropanol (IPA)
(99.5%), hexane (99.9%), and microscope slides are purchased from
Fisher Scientific. The commercial humidity sensor is purchased from
Amazon (Supco DVTH data view temperature and humidity data
logger with display, ASIN: B0019DYB70).
Synthesis of Hydrogel Precursor. To prepare the hydrogel

precursor, 200 μL of acrylic acid, 2 mL of 2-hydroxyethyl methacrylate,
and 30 μL of the photoinitiator 2-hydroxy-2-methylpropiophenone are
mixed in a glass vial. The mixture is then exposed to UV light (365 nm,
97435 Oriel Flood Exposure Source, Newport Corp.) three times at a
dosage of 500 mJ/cm2 each time to partially polymerize the
monomers. An additional 20 μL of 2-hydroxy-2-methylpropiophenone
and 40 μL of the cross-linker, ethylene glycol dimethacrylate, are
added into the mixture to form the hydrogel precursor. In the
synthetic hydrogel, the polymerized 2-hydroxyethyl methacrylate
provides good mechanical stability, and the polymerized acrylic acid
provides large water absorbability. We choose the ratio of 1:10 (2-
hydroxyethyl methacrylate:acrylic acid) in the synthesis of hydrogel
precursor to achieve both good mechanical stability and large water
absorbability for the final synthetic hydrogel. The ratio between the 2-
hydroxyethyl methacrylate and acrylic acid in the precursor synthesis
could be further adjusted for degradable optical moisture sensors.
Fabrication of the Au NR Lattice Array. A 2 cm × 2 cm

microscope slide is cleaned by acetone and IPA using sonication for 5
min for each solution. It is followed by an O2 plasma (75 mTorr, 150
W) cleaning for 10 min. The electron-beam lithography resist PMMA
495 A4 (dilute to A2 in anisole) is deposited by spin-coating at 3000
rpm for 1 min, prebaked at 180 °C for 2 min, and allowed to cool to
room temperature for 2 min. A second resist layer of PMMA 950 A2 is
then deposited following the same procedure. The total resist
thickness is about 240 nm. Then 12 nm Au is deposited onto the
sample at a rate of 0.2 Å/s by thermal evaporation. The NR pattern is
then exposed in an Elionix electron-beam lithography system
operating at a 50 kV accelerating voltage. After exposure, the Au
thin film is removed in Au etchant solution for 1 min. The sample is
developed in a 1:3 solution of MIBK and IPA for 90 s. Residual resist
is removed by descumming in an O2 plasma (75 mTorr, 70 W) for 6 s.
A 2 nm chromium adhesion layer and a 30 nm Au layer are deposited
onto the sample in sequence using electron-beam evaporation, and
then the sample is soaked in remover PG at 75 °C for 8 h to complete
the lift-off process.
Fabrication of the Hydrogel-Coated, Au NR Array Optical

Moisture Sensor. The Au NR array fabricated on a microscope slide
is exposed to 3-(trimethoxysilyl)propyl methacrylate vapor for 30 min
to form an ultrathin layer (approximately several nanometers) of the
molecule as an anchor for the subsequently deposited hydrogel.
Hydrogel precursor is spin-coated onto the Au NR array to form 640
nm thin films and by drop-casting between glass plates separated by a
spacer to form 150 and 600 μm films. Then it is kept in a transparent
plastic container filled with N2 and exposed to 2000 mJ/cm2 of UV
light (365 nm, 97435 Oriel Flood Exposure Source, Newport Corp.).
The hydrogel film thickness of 640 nm is measured by AFM as shown
in Figure S1d,e, and the films of 150 and 600 μm thickness are
measured with calipers. The cured hydrogel-coated, Au NR array
optical moisture sensor is soaked in DI water (pH = 6) for 12 h to
dissolve any remaining acid and un-cross-linked hydrogel monomers.
For all the DI water used in the experiments, the pH is kept at 6 by
dissolving pH buffer in DI water to a 60 mg/mL concentration in
order to keep the same ionic strength for all sensor measurements.
Although the hydrogel we use in the experiments is sensitive to pH
variations, it could be further improved to be pH insensitive by
replacing the acrylic acid in hydrogel with other noncharged materials
such as acrylamide to prevent possible pH interferences.
FDTD Simulations. The water weight percentage in hydrogel right

after soaking is 47.4%, which gives an effective RI of 1.39 assuming
that water is uniformly distributed inside hydrogel. The hydrogel film

at 30% RH has about 5% water weight percentage, and we use RI =
1.44 for simulation. FDTD simulations are carried out in Lumerical
simulation software for Au NR arrays on a glass substrate (n = 1.45)
for a variety of NR lengths and pitches, with a fixed NR width of 200
nm and fixed NR thickness of 32 nm. Hydrogel layers of varying RIs
are set on top of the Au NR arrays with semi-infinite thickness. The
incident light source is set within the hydrogel layer to avoid the
possible interference effects and is linear polarized along the
longitudinal direction of the NRs. For angle-dependent simulations,
the incident light is tilted to different angles between 0° and 15° along
the longitudinal direction of the NRs.

AFM Measurement. AFM measurements are performed using an
MFP-3D-BIO microscope (Asylum Research Corp.) with an
AC240TS silicon cantilever (Olympus).

SEM Measurement. SEM measurements are performed using an
FEI Quanta 600 ESEM. The environmental mode is used to
characterize the sample on a glass substrate.

Transmittance Measurement. The transmittance spectra of the
optical moisture sensors are measured using a Cary 5000 UV−vis−
NIR spectrophotometer (formerly Varian Inc., now Agilent Tech-
nologies) at normal incidence. A transparent glass chamber of 2.5 L
volume is used to cover the sample during measurements. A 0−24 mL
volume of water is placed in the glass chamber to create different RH
environments. The spectra are reported after subtraction of a
background consisting of a blank substrate.

FTIR Measurement. Transmittance FTIR measurements are
performed on a Nicolet 6700 (Thermo Scientific) spectrometer with
a mercury cadmium telluride detector at normal incidence. The spectra
are reported after background subtraction using a blank substrate.

Reflectance Measurement. Reflectance measurements are
performed on a modified Olympus BX51 microscope. Under white
light illumination from a halogen lamp, reflected light from the sample
is collected by a NIR-optimized objective lens (Olympus
LCPLN50XIR, NA 0.65) and routed by a 100 μm core optical fiber
(M43L05, Thorlabs) to a Princeton Instruments Tri-Vista 555
spectrometer equipped with a PIXIS-256E Si 2D array detector and
an OMA-V InGaAs linear array detector for visible and NIR
measurement, respectively. A square protected gold mirror
(PFSQ20-03-M01, Thorlabs) is first put on the microscope stage as
a perfect reflector to acquire the lamp spectrum. The sensor is placed
upside down on soil so its hydrogel film is in contact with soil surface
to facilitate the detection of moisture. After 1 h the sensor with soil
underneath it is put on the microscope stage, and three measurements
are taken. The sensor spectra are reported after dividing by the lamp
spectrum.

Gold Nanocrystal Synthesis. The 5 nm gold nanocrystals are
synthesized using a previously reported method.42 200 mg of hydrogen
tetrachloroaurate(III) hydrate, 10 mL of OAm, and 10 mL of tetralin
are mixed at room temperature. The mixture is magnetically stirred
under a nitrogen flow for 5 min. 1 mmol of tert-butylamine−borane
(Aldrich) is dissolved in 1 mL of OAm and 1 mL of tetralin by
sonication and then injected into the precursor solution. The solution
changes color to deep red in 5 s. The solution is allowed to react for 1
h at room temperature, and then 60 mL of acetone is added to
precipitate the Au nanocrystals. The Au nanocrystals are collected by
centrifugation (8000 rpm, 6 min), washed twice with ethanol, and then
dispersed in hexanes, and an additional time just prior to NR array
fabrication.

Fabrication of the Colloidal Au Nancocrystal-Based NR
Array on Hydrogel. Colloidal Au nanocrystal-based NR arrays are
first fabricated on microscope slides via nanoimprint lithography and
solution-based deposition of nanocrystals using a previously reported
method.42 The substrate is cleaned with acetone and IPA. NXR-1000
thermal imprint resist is deposited by spin-coating onto the substrate
at 3000 rpm for 1 min and is prebaked at 155 °C for 5 min. The
master template consisting of a NR array pattern is placed on top of
the substrate. The master template, thermal resist, and substrate stack
are heated to 133 °C, compressed at 350 psi for 5 min 30 s, and then
cooled to room temperature in a Nanonex NX-2600 nanoimprint tool.
The template is then carefully detached from the substrate by hand.
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An oxygen plasma descum process (75 mTorr, 70 W, 6 s) is performed
to remove the residual layer in the imprinted area. The Au nanocrsytal
dispersion (concentration varying from 10 to 20 mg/mL) is deposited
by spin-coating on the resist patterned substrate at 1000 rpm for 30 s.
The resist is lifted off in acetone for 30 s. Finally, ligand exchange is
carried out by immersing samples into 1% NH4SCN in acetone for 2
min, followed by rinsing twice in clean acetone for 2 min to remove
unbound ligand. Hydrogel precursor is drop-cast onto the colloidal Au
nanocrystal-based NR array and covered with another slide with a
spacer in between to form thick film (1 mm). The cover glass slide is
pretreated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
vapor for 1 h to create a hydrophobic surface before use. Then it is
kept in a transparent plastic container filled with N2 and exposed to
2000 mJ/cm2 of UV light (365 nm, 97435 Oriel Flood Exposure
Source, Newport Corp.). The cured hydrogel is soaked in DI water for
12 h to release it from the microscope slide substrate with colloidal Au
nanocrystal-based NR array embedded in the hydrogel surface.
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