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Sensing nitrate concentrations in soil with high sensitivity and selectivity using field-deployable compact sensor
platforms is a sought-after goal for environment and agriculture applications. This study demonstrates a new
optically based nitrate sensing platform based on ion-selective membrane (ISM) functionalized chip-scale pho-
tonic micro-ring resonators. Our approach relies upon measurements of resonance shifts in the micro-resonators
and leverages the excellent, though little studied, optical properties of ISMs. Using a high-quality micro-ring

resonator, a nitrate ion-selective photonic sensor exhibits a detection limit down to 0.1 parts per million (ppm)
and enables nitrate concentration measurements in the 1-100 ppm level, appropriate for soil science and
agriculture. Importantly, the sensor also shows high selectivity over other competing anions in soil, such as CI™~
and NO3. We argue that this chip-scale approach can be incorporated into compact sensor platforms.

1. Introduction

Highly selective chemical sensing of the nitrate ion at trace levels is
an important research topic for a broad range of areas from environ-
mental sensing and soil science, to agriculture and homeland security.
Nitrate is a key mineral nutrient for most plants, and its application via
fertilizers is a major source of water pollution globally due to fertilizer
runoff in rivers and streams [1,2]. Precision nitrogen-management and
efficient fertilization can reduce the negative impact to the environment,
and is desirable in modern agriculture [3]. High resolution measure-
ments of soil nitrate concentration (10—100 ppm is the relevant range) is
also key to a better understanding of the biogeochemistry of soils and its
impact on plant growth. However, a reliable field-deployed sensor
technology for effectively detecting the concentration of such ions at
high sensitivity, specificity and accuracy is still lacking. In-situ, compact
sensing approaches relevant to nitrate detection can be categorized into
two types: potentiometric methods and optical methods. For potentio-
metric approaches such as the ion-selective electrode (ISE) [4-6] and the
ion-selective field-effect transistor (ISFET) [7,8], the intrinsic potential
drift from a reference electrode cannot be avoided and the need for
frequent calibration can hinder their practical applications, especially
for soil sensing [9]. In contrast, optical sensing approaches for detecting
nitrates have minimal electrical interference and baseline variation can
be eliminated [10]. Spectrophotometric methods are well studied for
nitrate/nitrite determination, including UV-vis [11,12], fluorimetric
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[13,14], and chemiluminescence [15]. However, these techniques need
complicated sample pretreatment, such as assay protocols involving
redox reactions, which are unfavorable for field-deployed nitrate
determination [10]. Other optical methods such as Fourier-transform
infrared spectroscopy (FT-IR) [16,17] and Raman spectroscopy [18]
for detecting nitrate have also been evaluated. Although these methods
can provide outstanding sensitivity, the need for sophisticated and
expensive instruments reduces the interest in these techniques beyond
the laboratory.

Compared with other optical methods, silicon-based integrated
photonic sensors are well known for their advantages of compact size
and multiplexed sensing capability [19,20]. Our research targets at the
development of small, low-cost, high-sensitivity micro-ring reso-
nator-based photonic sensor platforms fabricated on silicon (Fig. 1a)
capable of sensing ionic species such as nitrates. Such evanescently
coupled resonator structures enable the detection (using refractometry
measurements) of small shifts (~10°°-10") in refractive indices near
the resonator surface. Our strategy is to functionalize this embedding
media with materials that can selectively bind to the target analyte,
assuring high specificity in the sensing process. The selective binding
results in a change in the refractive index which is picked up by shifts in
the light absorption peak through the resonator device. In this paper, we
demonstrate the feasibility of this technique for nitrate sensing. Using
nanofabricated micro-ring resonators integrated with nitrate selective
polymer films that undergo small but detectable changes in the
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refractive index upon absorbing nitrate ions, we show that nitrate con-
centrations in the relevant range of 10—100 ppm can be detected with
good specificity against Cl- and NOs-. These targets appropriately meet
the needs for nitrate sensors geared towards soil and plant science.
The polymer films used for functionalization are ion-selective
membranes (ISMs). While nitrate ISMs were exploited in techniques
that monitor electrical signals [21,22], such as potentiometric thick film
sensors [23,24] and ion-selective field-effect transistors (ISFETs) [7,8],
ISMs are also excellent optical materials and their optical properties
have not been well explored thus far. ISMs can be prepared from a
polyvinyl chloride (PVC)-based polymer matrix, which is typically
transparent in the visible light regime and can be integrated as optical
coatings. Research on the optical properties of ISMs has been limited
[25], and, while there have been some applications using ISMs in optical
sensors [26], ISMs have not been adopted in highly sensitive photonic
microresonators that rely on their optical refractive index response [27].

2. Results and discussion
2.1. Optical properties of ISM

The nitrate ion-selective membrane used in this work is composed of
tridodecylmethylammonium nitrate (TDDMA) dispersed in an over-
plasticized PVC polymer matrix. The ionophore TDDMA serves as a se-
lective ion carrier which allows only nitrate ions to enter the hydro-
phobic membrane from the aqueous solution (Fig. 1b). This nitrate
ionophore has been widely used for preparing nitrate ion-selective
membranes and has been proven to have excellent selectivity for ni-
trate ions when adopted in ISE and ISFET applications [28,29]. The
membrane is prepared from the premixed cocktail solutions (nitrate
ionophore-cocktail A, product of Sigma-Aldrich, product 72549) con-
taining TDDMA, plasticizer, additives, and PVC that are all dissolved in
tetrahydrofuran (THF) solvent.

To demonstrate the feasibility of using TDDMA ISM as the func-
tionalization layer for a photonic sensor, the optical properties of 100-
pm-thick membranes were first studied. The samples were soaked
overnight in either a de-ionized (DI) water solution (as a control sam-
ple), or a solution of sodium nitrate (with a nitrate concentration of
1000 ppm), respectively. From the UV-vis measurements of optical ab-
sorption (Fig. 1c), it is clearly observed that the ISMs show low ab-
sorption in the visible light regime. The absorption coefficient of the ISM
changes abruptly around ~420 nm in all three cases. We believe this is
due to the optical absorption characteristics of the PVC polymer matrix.
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For the control sample soaked in DI water, the absorption increases
slightly after the soaking. For the sample soaked in the nitrate solution,
the membrane absorption is reduced by a factor of three after the
soaking. When the ISM is used as a functionalization coating on highly
sensitive photonic devices, such a slight absorption change can be
captured with high precision. According to the Kramers-Kronig relation,
such a change in absorption over a broad spectral range will also result
in a change in the ISM’s refractive index. The refractive index change
can be read out using refractometric measurement, which maybe more
reliable than the absorption-based sensing techniques as it relies on
spectral information that is less susceptible to external interferences.
Therefore, this ISM is intrinsically a good candidate as a functionaliza-
tion coating for integrated photonic sensors that can measure small
changes in the refractive index. Combined with the high sensitivity of
photonic sensing platforms, and using nitrate detection as an example,
we show in this work that trace-level detection of ions can be achieved.

2.2. Device fabrication, simulation, and characterization

The device fabrication flow is described in Fig. 2a. Numerical sim-
ulations (Finite-Difference Time-Domain method using the Lumerical
software package) of our micro-resonator device shows that the square-
shaped waveguide cross-section supports one fundamental transverse
electric (TE) and one transverse magnetic (TM) mode [30]. A
race-track-type ring resonator is used where the micro-ring resonator
and the waveguide are aligned in parallel along a length of 200 pm to
ensure good coupling between the micro-ring resonator and the wave-
guide. A bending radius of 30 pm was used in order to achieve a balance
between low optical loss (small bend radius results in high optical loss),
and a large free spectral range (FSR, i.e., spectral separation of two
neighboring resonances) which reduces as the bend radius increases.
Ideally, the FSR should be significantly larger than the resonance shift
due to the analyte detection. An optimal gap between the micro-ring and
the waveguide of around 350 nm was chosen by comparing and select-
ing the highest extinction ratios from a set of devices with gaps varying
from ~100 - 600 nm.

Transmission measurements are carried out by sending light from a
tunable external-cavity laser through the device and monitoring the
output light spectrum while the input light wavelength is scanned. A
typical measured transmission spectrum of a micro-resonator is shown
in Fig. 3a. A series of optical resonance dips are observed in the trans-
mission spectrum at the wavelengths that satisfy the resonance condi-
tion 4 = negr X L/m, where 1 is the resonance wavelength, neg is the
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Fig. 1. (a) Schematics of the nitrate ion-selective photonic sensor. (b) Cross-sectional view of the device. ISM coating covers the micro-ring resonator and isolate the
photonic device from the solution environment. The presence of the ionophore ensures only the target ions can be bond and diffuse within the membranes and affect
the optical response. (c¢) UV-vis transmission spectrum of a 100-pm-thick nitrate ISM with different soaking conditions: no soaking (black line), soaked in water
overnight (blue line), and soaked in sodium nitrate solution overnight with a concentration of 1000 ppm (red line) (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).
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Fig. 2. (a) Device fabrication procedure. Step 1: spin coating of SU8; Step 2: electro-beam lithography and developing; Step 3: hard baking for SU8 curing; Step 4:
application of the ISM to the chip surface; (b) Optical image of the fabricated SU8 micro-ring resonator; (c) Scanning electron microscopy (SEM) image of the SU8
waveguide cross-section and schematic for the tapered waveguide; (d) Image of a photonic sensor chip.

effective index of the waveguide mode, L is the total length of the micro-
ring and m is an integer mode index. The micro-resonator has a total
length of 526 pm, corresponding to a FSR of 0.60 nm. The coupling gap
between the micro-resonator to the waveguide is optimized to obtain a
large extinction ratio. Because of the square shape of the waveguide
cross-section, the two modes, TE and TM, are almost degenerate and
their FSRs are very similar. According to 4 = neg x L/m, the sensitivity
can be calculated as di/dn = di/dneg= A/Nefr, assuming neg is the
refractive index of SU8 (1.564). The estimated sensitivity of such
microresonators is 500 nm/RIU (RIU: refractive index unit). Without the
ISM coating, the microresonator transmission spectrum shows a series of
narrow resonance dips (Fig. 3a) with a linewidth ~8 pm which corre-
sponds to a loaded Q-factor of 96,000 as shown in Fig. 3b, which is a
zoomed in section from Fig. 3a. The deep, nearly symmetric curve can be
well fitted by a Lorentzian function, indicating a high sensitivity and a
large ratio of resonance signal/background noise. Due to the high
spectral resolution of the tunable laser, sub-pm shifts in the optical
resonance can be resolved, which corresponds to an approximate change
of 10 in refractive index according to the equation A = neg x L/m.
The application of the ISM to the photonic chip surface alters the
local refractive index near the micro-ring resonator and therefore affects
the transmission spectrum. Fig. 3¢ shows the resonance spectrum of the
micro-ring resonator with the ISM coating. The ISM membrane has a
refractive index around 1.52, resulting in slightly increased FSRs
(0.61 nm). On the other hand, the increase of the refractive index in the
cladding (i.e. the ISM membrane) also causes increased bending losses
for small micro-rings. Optical simulations of Finite-Difference Time-
Domain method using Lumerical indeed show that the optical bending
loss increases from 3 dB/cm to 800 dB/cm when the coating refractive

index increases from 1.33 to 1.50 for a bending radius of 30 pm. From
the magnetic field distribution (insets of Fig. 3e) of the ring cross-
section, it is evident that the mode leaks out when the refractive index
of the coating is very close to that of the SU8 waveguide (1.564 at
765nm). Besides, the ISM coating introduces additional absorption
losses that lead to a decreased Q factor of 10,000. The functionalized
micro-ring resonators still exhibits a nearly symmetric resonance peak
with a somewhat broader resonance with a linewidth of around 80 pm,
as shown in Fig. 3c and d. This determines a measurable refractive index
change of ~1073,

2.3. Nitrate ion-concentration sensing

The response of a functionalized micro-ring resonator device to the
presence of nitrate ions was studied by refractometry measurements.
During the measurement, the laser wavelength is set to continuously
sweep over a 3nm range, started at 765 nm at constant power and the
transmission spectra are recorded in real time. Initially, nitrate
ionophore-cocktail A, i.e. the commercial ISM cocktail used for poten-
tiometric sensing approaches, was used as-received to functionalize the
micro-ring photonic sensor with a coating thickness of ~100 nm. Mul-
tiple resonances are observed within the measured wavelength range
(Fig. 3c), and the redundancy provides additional reliability by aver-
aging the results from different resonances. When the photonic sensor is
exposed to nitrate solutions with different concentrations, the refractive
index of the ISM coating changes due to the ion diffusion into the
membrane from the aqueous phase, which in turn results in a shift in the
optical resonance wavelength of the micro-resonator. However, the
sensor functionalized by the commercial ISM cocktail exhibited poor
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Fig. 3. (a) Experimental optical transmission spectrum of a microresonator without a functionalization coating; Inset of (a) shows the magnetic field distribution of
the transverse-electric (TE) and transverse-magnetic (TM) modes; (b) Zoomed-in spectrum of one optical resonance, showing a linewidth of 8 pm; (c) Experimental
optical transmission spectrum of a microresonator with a 100 nm ISM coating; (d) Zoomed-in spectrum of one optical resonance for the functionalized device; The
spectra in (b) and (d) are fitted to a Lorentzian lineshape; (e) Bending loss of a 1 x 1pm2 SU8 waveguide (with a bending radius of 30 um) as a function of refractive
index of the functionalization coating at 770 nm wavelength; Inset of (e) shows the magnetic field distribution of the TE and TM modes at n = 1:33 (low bending loss)

and n =1:50 (high bending loss), respectively.

sensitivity, i.e., the total resonance shift is only 0.3 A when varying the
nitrate concentration from 0.02 ppm to 109 ppm, as shown in Fig. S1.
To enhance the sensitivity, the concentration of the nitrate iono-
phore in the ISM membrane was increased from 1.5 wt.% to 6.2 wt.% by
adding additional TDDMA to the precursor cocktail solution. A higher
ionophore concentration can lead to larger changes in the refractive
index of the functional coating upon changing the nitrate concentration.
Further increasing the ionophore content however can lead to the
ionophore precipitation during the drying process. By pipetting sodium
nitrate solutions onto the photonic sensor, the nitrate concentration is
continuously varied from 0.02ppm to 109 ppm. Fig. 4 shows the
refractometric measurement results as a function of solution concen-
tration. With respect to the standard solution containing 0.02 ppm so-
dium nitrate, a resonance shift was clearly observed at a concentration
as low as 0.1 ppm. Each test was performed under the controlled
experimental condition where the optical transmission spectrum was
continuously recorded within a given exposure time of 5 min. after each
concentration adjustment. For each test, the resonance dip gradually
shifted and always stabilized within 4 min (Fig. S2), indicating the

relatively fast response of this ISM-functionalized photonic sensor. With
the nitrate concentration increasing, the optical resonances shift to-
wards longer wavelengths, implying an increased refractive index. The
optical resonances are directly correlated with the nitrate concentration.
Numerical fitting gives a relationship of S =1.47*logN + 0.783, where S
is the resonance shift in a unit of /o\, while N is the nitrate concentration
in a unit of ppm. In this case the shift is 3 A for a nitrate concentration
change from 1 ppm to 100 ppm, significantly higher than the case of the
commercial ISM precursor cocktail. This integrated photonic sensor
shows an unambiguous correlation with the nitrate concentration within
the relevant range of nitrate detection desirable for soil science (~few to
~100 ppm), ensuring a satisfactory detection range comparable to ISEs.
Note that the microresonator-based photonic device captures resonance
dips with a high resolution while providing repeatable, consistent re-
sults. As shown in Fig. S3, when the nitrate concentration is fixed, the
resonance dip barely changes in position during wavelength sweeping
for 10 cycles over a 4 A range. The standard deviation of the resonance
shift was calculated to be + 0.6 pm, and corresponds to a resolution of
approximately ~1ppm in terms of uncertainty in the nitrate
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Fig. 4. (a) Optical transmission spectrum of a nitrate-ISM-functionalized in
nitrate solutions with difference concentration; (b) Resonance shift as a func-
tion of ion concentration in three different solutions. Error bars are obtained
based on five parallel wavelength scans.

concentration. Coupled with the high-spectral-resolution tunable laser
that can resolve the sub-pm shift in the optical resonance, the nitrate
concentration can be accurately determined using the integrated pho-
tonic sensor. Compared with ISEs that can suffer from degraded accu-
racy caused by the intrinsic potential drift from a reference electrode
[31], the integrated photonic sensor shows potential advantages in
terms of accuracy and stability of measurement. Note that the resolution
of ~1 ppm is obtained under laboratory settings with ultra-high preci-
sion laboratory grade equipment. Under field conditions, for in-situ
sensing, we anticipate that compact optical setups based upon
portable tunable lasers will be used. The resolution may be lower under
such circumstances. This is the subject of further study and is outside the
scope of this investigation.

The use of thicker ISM films results in a continual drift of the reso-
nance peak position without stabilizing within 10 min of the start of the
test. The results are shown in Fig. S4 in the supplemental section. This
can be attributed to the slow diffusion process from the aqueous solution
to the hydrophobic plasticized polymer phase. For practical use, a quick
and stable response is preferred. Therefore, a thin film layer of ISM (e.g.,
100 nm) is more suitable as the functionalization coating for micro-
resonator photonic sensors.

To investigate the selectivity of such ion-selective microresonator
sensors, control experiments were then carried out using sodium solu-
tions with CI™ and NO3. The Cl™ ion widely exists in agricultural soil and
water at a concentration of tens to hundreds ppm, comparable with the
nitrate concentration in the environment. Because of the strong
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similarity between chloride and nitrate anions in terms of their hydrated
radius and charge, differentiating between Cl~ and NO3 by common
sensor techniques is always challenging. On the other hand, a nitrate
sensor is required to show selectivity over nitrite ions, since for agri-
cultural studies purposes the nitrate concentration is of importance. The
measurement results of selectivity are shown in Fig. 4b. Unlike the case
for the nitrate solutions, the correlation between the resonance shift and
the anion concentrations of NO3 and Cl™ is negligible when the con-
centration is below 10 ppm. When exposing to a solution with a con-
centration above 10 ppm, the photonic sensor maintains an excellent
selectivity for nitrate, where the resonance shift is four times larger than
that of the other anions at the same concentration.

3. Conclusions

To summarize, we have demonstrated a chip-scale photonic sensing
platform for nitrate ion sensing with high sensitivity and specificity
when it is coated with a nitrate-selective ISM as a functionalizing
membrane. Our study shows that the ISM serves as a low absorption loss
optical coating whose refractive index changes as a function of nitrate
content. These small changes are detected via shifts in the resonance
peaks of the ring-microresonator structure based photonic device. The
device is exposed to sodium nitrate solutions of various concentrations,
and the measured resonance shift shows an unambiguous correlation
with the nitrate concentration from between 1—-100ppm, a nitrate
detection sensitivity of 0.1 ppm, and good specificity against CI~ and
NO; ions. The shifts themselves, are within the reach of compact solid-
state lasers (such as distributed feedback lasers) and detectors so that
this approach may be suitable for compact field deployable units using
integrated photonic technologies. Using the functionalized membranes,
our experiments also demonstrate a new approach for utilizing ISMs for
sensing applications, providing new opportunities in sensing for not only
nitrate ions but a wide range of ions where ISMs are available.
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