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ABSTRACT: Ultraviolet (UV) sensors are a key component in growing applications such as water
quality treatment and environmental monitoring, with considerable interest in their miniaturization and
enhanced operation. This work presents a passive gold coplanar waveguide split ring resonator (SRR)
integrated with anodic self-organized TiO> nanotube (TNT) membranes with a thickness of 20 um to
provide real-time UV detection. The resonator operated as a one-port device to capture the reflection
coefficient (S11) signal, with a center frequency of 16 GHz and a notch amplitude of -88 dB. It was
experimentally analyzed for its UV sensing capability in the range of 36.5 pW/cm? to 463 pW/cm?. The

high frequency resonator was improved through design choices including the addition of a tapered input



transmission line, wire bonding for practical device design, and an interdigitated capacitive ring gap.
The high frequency also helped mitigate noise due to water vapor or environmental contaminants. Si;
amplitude variation was found through both experiment and modelling to follow a linear trend with UV
illumination intensity. The resonator exhibited over 45+2 dB shift in resonant amplitude under the
highest UV illumination conditions, with a sensitivity of 0.084 dB / uWcem™ and the potential to sense
UV intensity as low as 2.7 puW/cm?. The presented device enabled a repeatable and accurate microwave
response under UV illumination with very high sensitivity, entirely through the use of passive circuit

elements.

1. INTRODUCTION:

Ultraviolet (UV) detectors play a significant role in a variety of applications ranging from space,
pharmaceutical, health, food quality testing, ozone-layer monitoring, material characterization, and
environmental monitoring.X™ The shift towards quantification of UV light has recently gained
popularity due to the emerging application of high energy radiation in sensing and treatment methods.®
The demand for robust and precise UV detection has pushed research activities towards a new
generation of UV-based sensors that can provide operators with a highly sensitive, robust, and
inexpensive platform. Cost and ecological footprint are important parameters for UV-sensors used to
detect radiation in tropical regions for public health,® and the need for a real-time UV monitoring system
with automated data acquisition is paramount for the prevention of degenerative changes in skin cells,
fibrous tissue, and blood vessels.’

Planar microwave resonator sensors have gained considerable attention due to their potential for real-
time, robust, and CMOS-compatible sensing over a wide range of applications such as health®
environmental,® and food monitoring.'® These sensors operate based on interactions between non-
ionizing electromagnetic fields with material molecules via their permittivity and electromagnetic loss.**
Through field interactions, planar microwave resonator sensors are capable of contactless detecting the

dielectric properties of materials in their close proximity, and are able to represent these properties as



electrical parameters as a resonant amplitude and a resonant frequency.*®® In particular, split ring
resonators (SRRs) offer the benefits of resonant sensing on a low-cost platform with a locally
concentrated electromagnetic field,** providing a significantly high signal to noise ratio at the operation
frequency beneficial for monitoring, classification, and characterization of solid and liquid materials.*2®

In recent approaches, the potential of planar microwave resonator sensors has been demonstrated for
gas and vapor detection.!®” Conventional planar microwave sensors use metal traces over gas-
insensitive polymeric substrates, which have been further improved by incorporating sensitive interface
materials, such as zeolites, ZnO, and conductive polymers such as polyaniline and PEDOT:PSS in the
structure of planar microwave resonators to significantly enhance the sensitivity of these sensors. 20
Material incorporation in the planar microwave sensors has also demonstrated a notable enhancement in
their sensitivity to UV light.?

Wide-bandgap semiconductors such as TiO2, ZnO, and SnO> have demonstrated a strong sensitivity to
UV light irradiation with customizable dimensions that can be targeted to different applications.?>® In a
pioneering work, Zarifi et al.?® have demonstrated a low-cost and robust integration of self-organized
anodic TNT membranes with a wide bandgap (anatase phase, 3.2 eV) with SRRs, to detect UV light
using a microwave sensor. The sensor operates based on the permittivity and conductivity variation in
the TNT membrane due to the illuminating UV-light. The TNT membrane absorbed incident light,
exciting charge carriers which induced a change in the membrane’s dielectric properties; these changes
were then monitored by measuring the transmission gain of the resonator.?” In a subsequent study, they
successfully demonstrated the application of UV excited TNT-integrated planar microwave resonator
sensors in humidity, volatile organic compounds, and self-assembled monolayer detection.?® A recent
work by Wiltshire et al.?® presented a unique application of UV-excited, TNT-integrated planar
microwave resonator sensor for liquid mixture characterization. The sensor was capable of detecting and
characterizing a liquid sample beyond the electric-field region solely based on the transmitted UV-light

through the sample liquid. The sensor has demonstrated a maximum amplitude sensitivity of 2.9 dB



over a 0-100 % span of transmitted light through the liquid sample, where the liquid was 3 cm away
from the UV light source and 3 cm above the microwave sensor.

To enhance the resolution of microwave sensors in detecting UV light, Zarifi et al.*>® introduced active
microwave resonator sensors, which can improve the quality factor of the sensor in 2~3 orders of
magnitude. This method has employed positive feedback system to compensate for the electromagnetic
loss in the sensor’s environment and consequently achieves an accurate detection of dielectric properties
variation. The reported sensor based on active planar microwave sensor has achieved UV sensitivity
down to 2 nW/cm? over a long exposure time. However, the high sensitivity and resolution of active
devices requires more design complexity, power consumption, fabrication costs, and potential failure
modes than a passive structure. Despite all these efforts, enhancing the sensitivity of the microwave
based UV sensors to UV light intensity is an ongoing challenge and requires improvements from
material and microwave device perspectives.3!

This work investigates the first use of a high frequency microwave resonator with TNT membrane
integration for UV sensing. TNT membranes were integrated into a gold SRR with a coplanar
waveguide (CPW) structure, the resonator was connected to the readout circuitry through a stepped
transmission line and wire bonding for analysis of their sensing properties. The overall behavior of the
robust sensor and its potential in UV sensitive applications were evaluated with a focus on

improvements in sensitive and accurate operation due to the high frequency design.



2. EXPERIMENTAL SECTION

2.1. TNT Membrane Fabrication. Titanium foils (0.89 mm thick, Fisher Scientific, 99.7% purity)
were cleaned via ultra-sonication with isopropanol and DI water sequentially for 10 min each, then dried
at room temperature.

Electrochemical anodization in an EG-based (Sigma Aldrich 99%) electrolyte, containing 4% DI
water and 0.09 M ammonium fluoride (Sigma Aldrich, 98%) was used for the anodization of Ti foils, at
a constant potential of 60 V for 3 h with a separation distance of 3 cm.

In order to increase the conductivity, TNTs were annealed at 350 °C for 4 h to promote anatase phase
crystallization. The TNTs were then anodized again in an identical electrolyte at 30 V for 30 min to
create a layer between the annealed nanotubes and the substrate which could be removed with 5 min of
ultrasonication in methanol, detaching the nanotubes from the substrate as a TNT membrane.

2.2. Characterization of Materials. To investigate the morphology of the obtained TNT membranes,
a field emission scanning electron microscope (SEM, Tescan Mira 3 XMU) was employed to image the
TNT membranes. SEM images used secondary electron capture with a 20 kV working voltage and a
working distance of 15 mm.

The structural evaluation of TNT membranes was based on X-ray diffraction (XRD) measured using a
diffractometer (Rigaku Ultima IV). The diffractometer was set up in Bragg—Brentano geometry using
Cu Ka radiation (AL = 1.54 A). A Cu lamp was operated at a current of 44 mA and a voltage of 40 kV.

2.3. Resonator Design and Operation. To achieve improvements in the UV sensing capabilities of
the SRR, the resonator was designed and simulated using HFSS Ansys software to operate with a
resonant frequency in the microwave Ku band (12.5 — 18 GHz). The resonator input was a single port
design and the reflected Si1 spectra was measured through the same port. The resonator was connected
with a stepped transmission line to improve impedance matching between the resonator and the signal
source. Dimensions of the resonator and its stepped transmission line are shown in Fig. 1a-c. The high

frequency response was selected to avoid effects of humidity or other vapors which are more prominent



below 10 GHz.3%% The resonant amplitude and frequency of the designed resonator (Fig. 1b) were

measured in the simulation environment to be 15.9 GHz and -32 dB.
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Figure 1. Simulation model of the high frequency CPW resonator: (a) The stepped waveguide adapter, (b) the
resonator design with (c) interdigitated capacitor for the high field region. Listed dimensions are included in the
table bottom right.

To achieve the high frequency design the resonator was fabricated with sputtering and
photolithographic processes on quartz as described in an earlier study.® A temperature-resistant
quartz substrate was cleaned in an ultrasonication bath with acetone, water, and isopropanol for
10 min each. 10 nm of chromium for adhesion was sputtered below 100 nm of gold which was
then patterned with photolithography and wet etch processing to fabricate a corrosion-resistant
resonator pattern (Fig. la-d). The SRR was then wire bonded to a stepped CPW design
fabricated on a 1 mm thick Rogers 6010 substrate with a permittivity of 10.2 and a loss tangent

of 0.0023. The adapter was designed to minimize the effect of mismatch between the



SubMiniature A (SMA) connector and the resonator design, as such mismatch could cause
unwanted reflections that prevent the signal from reaching the resonator, as seen from (1).

Al 1)

Z1+Z,

Here, I' is the reflection coefficient and Z and Zo are the effective impedances of the load (the
resonator) and source (the SMA and readout circuitry), respectively. Using transmission line and
CPW theory, the effective impedance of the resonator input line shown in Fig. 1b can be found
based on geometric properties.®® However, a sharp change in impedance between the SMA and
the ring design represents the maximum reflection coefficient and inefficient signal transfer to
the resonator. Instead, the tapered design introduces a smoother impedance transition between
the source and load, and beneficially allows for adjustment of the transmission line length, a key

component of the overall impedance and signal reflection®®2" as shown in (2).

ZptjZgtan (fz) (2)

Z(Z) = ZO ZptjZptan (fz)

Where j is the imaginary unit, Bz is the electrical length of the tapered section, and Z and Zo
are the effective impedance of the load and line. By iterating (2) from our resonator load along
the tapered adapter to the 50 ohm SMA, a sequential method to track the impedance along the
line is enabled without the need to implement more complex taper designs.®

Data was collected using the experimental setup shown in Fig. 2a,b. The experimental setup
consisted of the resonator design connected to a vector network analyzer (VNA, Keysight
N9552A). The interdigitated gap was identified through simulation as the region of highest
electric field, indicating the highest sensitivity towards dielectric property variations. Therefore,
during UV experiments, a TNT membrane was placed on the interdigitated gap to promote a

highly sensitive response.
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Figure 2. (a) Experimental setup used in UV sensing experiments with the fabricated resonator (inset)
and (b) the resonator design highlighting the TNT membrane placement and the SMA to wire-bonding
link used to adapt to the high frequency SRR design.

To analyze the UV sensing performance of the adapted CPW SRR, the resonator was
connected to the VNA with an input signal power of -10 dBm, an intermediate frequency
bandwidth of 300 Hz, and a frequency span of 4001 evenly spaced points between 15.8 GHz and
16.1 GHz. A variable-intensity UV LED was positioned 5 cm above the membrane and resonator
and controlled by a power supply (Keysight E36200). LabVIEW software was used to capture

and record the Si11 spectra at 15 second intervals for the duration of the experiment.



3. RESULTS AND DISCUSSION

Self-organized anodic TNT membranes were prepared according to a previously well-
established recipe and characterized to ensure conformation to the expected morphology and
structure.?® Fig. 3a presents the SEM images of the top view and cross-section of the TNT
membranes with thickness of 20 pm and inner diameter of ~120 nm obtained from anodization at
60V for 6 h. Structure of the TNTs was analyzed prior to UV sensing to ensure adequate stability
and responsivity. As-grown TNTs are amorphous and therefore significantly less conductive than
crystalline TNTs which necessitates an annealing step®°. Proper crystallinity is a key component
in promoting strong UV absorption and affects the conductivity, mobility, and recombination of
generated carriers in the material. The XRD pattern of the TNT membranes is shown in Fig. 3b.
The diffraction patterns correspond to anatase TNT (JCPDS card number 21-1272) and

hexagonal Ti from the substrate.
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Figure 3. (a) SEM images of the top view and cross section (inset) of the TNT membrane, and (b) XRD
pattern of TNT membranes obtained at 60 V for 6 h.



Characterization results reveal the vertical uniformity and expected dimensions of the grown
TNT membranes. XRD results show that the TNT membrane were anatase, with titanium peaks
from the underlying substrate also detected.

To begin analyzing the UV sensing performance of the CPW SRR, a baseline S11 spectrum of
the reflected signal strength was measured using the blank (no TiO.) resonator for comparison
with the resonator after the TNT membranes were placed at the ring gap. With the TNT
membrane vertically aligned and positioned above the ring gap, the UV LED illuminated the
membrane with 365 nm wavelength (3.4 eV) UV light. To determine the sensitivity and accuracy
of the resonator, varying currents were applied to the LED from 10 to 70 mA in steps of 10 mA
at 30 min intervals. The Si1 response measured by the VNA was recorded with LabVIEW
software and converted into parameters of resonant amplitude and resonant frequency. After 5
min of illumination under different UV intensities, the S11 response was measured to analyze the

behavior of the sensor and quantify its sensitivity, the collected spectra are shown in Fig. 4.
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Figure 4. Sy1 profile of the sensor with TNT membranes (black) and the bare substrate (red, dotted) prior
to UV illumination. Dashed lines represent the Si; spectrum after 5 min of illumination at different UV
intensities (inset).

Initial results show that the bare high frequency sensor has a sharp resonant notch response at a
frequency of 16.02 GHz with amplitude -88 dB (red, dotted). Positioning the TNT membranes
above the ring gap introduced some loss and reduced the impedance matching, but the resonant
response was still strongly matched and exhibited a resonant notch at 15.99 GHz and -41 dB
(black). The significant shift in resonant amplitude when the TNTs were added, and the return to
baseline when they are illuminated with UV light, indicated that the high frequency resonator
design was extremely sensitive to variations in the TNT membranes permittivity.?53° The inset of
Fig. 4 illustrates the effect of varying intensity UV light, as higher intensity UV exposure
resulted in a larger amplitude and frequency shift in the recorded spectra due to increased charge
carrier generation via the photoconductive effect.*

The LabVIEW software enabled the spectra in Fig. 4 to be recorded as resonant amplitudes
and resonant frequencies over time, in order to quantify the sensitivity of the resonator and
illustrate its accuracy. The results of the variable-power UV illumination are shown in Fig. 5(a),

(b), and the collected results in resonant amplitude variation are further analyzed in Fig. 5(c).
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Figure 5. Experimental changes measured in (a) Si1 resonant amplitude and (b) resonant frequency vs.
time; (c) the resonant amplitude shift plotted against UV transmission for TNT membranes at different

UV illumination from 36.5 to 463 uW/cm?. The highlighted areas indicate UV exposure for 5 min.

Fig. 5 demonstrates the effectiveness of TNT integrated microwave resonators as UV sensors.
Recording resonant amplitude (Fig. 5a) and resonant frequency (Fig. 5b) over time under
periodic UV illumination showed that the resonant properties change monotonically with UV
illumination from 36.5 to 463 uW/cm?. Furthermore, Fig. 5a,b indicated that resonant amplitude
was a more sensitive and quantifiable metric for accurate UV detection; with strong repeatability

as the response returned to its baseline value within 30 min. The accuracy of amplitude variation
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as a sensing measure could be ascribed to the strong absorption of UV rays by the large area of
the TNT surface, which absorb the radiation at the surface of the nanotubes leading to large
changes in surface conduction rather than the bulk permittivity, as shown in other studies.?6!

Sensitivity was found from the slope of Fig. Sc as 0.084 dB/uWcm™. The response at low UV
intensities indicated that charge generation by the UV had a linear effect on the microwave
impedance of the resonator which will be investigated later, whereas higher intensities might
have introduced nonlinearities such as bulk defects, electron traps, or thermal noise. In this case,
free charge carriers were generated by UV-induced electron excitation following the equation
shown in (3).

TiO2 + hv — TiO;" + e (3)

Where hv represents the energy introduced by an incident UV photon of frequency, v. This
electrochemical reaction shows that upon illumination with UV light, crystalline TiO2, can be
excited into a reactive TiO2 species (TiO2™) and a free electron (7). The rate of charge carrier
generation and relaxation were not equal due to diffusion dynamics within the TNTs, holes will
migrate to the surface and electrons move to the bulk, creating physical separation and slowing
their recombination.*>*® The recombination rate is also dependent on the carrier concentration
based on band-to-band recombination (4.1), causing the response to begin saturating around 5
min of illumination for this length of nanotubes.

dn -G An (41)

dat T

Here dn/dt is the carrier concentration rate of change, G is the charge generation rate, 4n is the
excess charge carrier concentration under UV illumination, and t is the recombination time

constant, a combination of non-radiative processes.** Experimentally, after sufficient time the
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excess charge carrier concentration saturated because the recombination rate reached the
generation rate. This equilibrium concentration, Aneq, is represented by (4.2)
Aneq = Gt (4.2)

This equation showed a linear relationship between excess carrier concentration and carrier
generation rate. Additional modelling was done in (5.1) to (5.7) to show that from impedance
matching this resulted in a linear relationship between Si1 variation and UV illumination for low
intensity signals, supporting the accuracy of results from Fig. 5c.

To start, introducting free electrons in the TNTs could cause two major effects that contribute
to UV detection with our microwave device. First, they could be easily polarized in an electric
field, increasing the permittivity and capacitance of the membrane resulting in a reduction in
resonant frequency. Second, they could contribute to electrical or polarization losses of the
material. This increased loss reduced the resonant amplitude of the signal in the ring, and also
strongly affected the matching of the resonator to the input transmission line based on (2) — a
combinational effect that greatly reduced resonant amplitude.?®

Mathematically, we can represent this effect by analyzing (1) as follows. At the resonant
frequency, the bare device exhibited almost no reflection based on the deep resonant notch
measured at -88 dB (5.1) which indicated that load and source impedance were effectively

identical (5.2)

— Zq—Z1, — 51
S11 |ZL+ZG |=0 (5.1)
Zo=1_ (5.2)

Here, the strong matching between the resonator and source simplified the expression by

setting the real source and load impedance to be equal. Therefore, the only change in reflection
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from the resonator loaded with TNTs was from the sample itself, which can be represented by an
additional impedance Zs included in (5.3)

Zo-(Butly) | o I (5.3)

S11, loaded = |ZL.Ioaded+Zo =1 22,

The impedance of the sample was found to be resistive based on the relatively large
experimental change in resonant amplitude, as well as the wide bandgap of TiO. limiting

conductivity of the sample, leading to (5.4)

Zs=Rs= ! (5.4)

Ac A{Jg+ﬂc:r}

Where | and A are the effective length and area of current propagation in the TNT, oo is the
intrinsic conductivity of the TNT, and 4q is the conductivity change induced by excess generated
charge carriers. Combining (5.3) and (5.4) and using the small signal condition that conductivity
change is much less than intrinsic conductivity gives us an expression for Si1 in terms of material
parameters as shown below (5.5)

! o Rs (55)

— A
2A4Zg(0p+40) 220(1+J—”}
i}

Sll, loaded =

This can be compared to experimental results by converting S11 to a dB scale (5.6)

S11, loaded = 0Q (ZR?S) -log (1 + j—g) (5.6)

Further, for a small change in sample conductivity, particularly at low light intensities, we can

rewrite the equation as a first order approximation (5.7)

S11, loaded = l0Q (— - E =log (RS) a(amu (5.7)

Tg
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Therefore, for small UV intensities it was found from equations (4.2) and (5.7) that the device
followed a linear relationship between Si1 and the UV intensity, which supported low-intensity
experimental results. The general reflection and scattering derivation (5.1-5.7) based on
conductivity changes in materials can be applied to other sensing studies and are not limited to
UV detection, and the authors have not seen a relationship between Si1 and environmental
sensing shown in this detail previously. (5.7) requires the condition that the conductivity change
is much less than the intrinsic conductivity, which further explained why UV illumination did
not follow the linear trend accurately at higher intensities.

With experimental results and modelling to support a linear relation between UV intensity and
Si1 amplitude variation, the relation between intensity and amplitude change at low UV

intensities was used to calculate the minimum limit of detection (6).

3.33s5D 3.33..07 w
LOD = = =275 (6)
0.08369—— cm
LW

Here, LOD is the detection limit of interest, in this case, the smallest UV intensity measurable
using this method. SD is the standard deviation of the low intensity sensing measurements
(determined by analyzing the noise data of our low intensity UV measurements) and b is the
amplitude sensitivity. The collected data showed that intensities down to 2.7 uW/cm? were
detectable. These results represent an improvement over other passive UV microwave-based
detection methods and are within an order of magnitude of active resonator devices under the
same conditions.?63° Table 1 presents the amplitude responses fit to exponential curves to

further analyze the overall shift and time constants of amplitude excitation and recovery.
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Table 1. Summary of parameters extracted from Si; resonant frequency and resonant amplitude

responses at different UV intensities.

uv AA (dB) Af (MHz) Texc () RZ&x | Trec(S) RZrec
(MW/cm?)

36.5 -1.3 -0.99 - - 1413.8 -

96.4 -4.8 -1.62 381.8 0.998 676.1 0.992
148 -8.3 -2.24 207.2 0.999 576.2 0.992
207 -11.6 -2.74 230.0 0.998 487.6 0.991
288 -16.9 -2.99 202.4 0.999 384.0 0.991
377 -26.8 -3.19 617.4 0.997 371.9 0.990
463 -45.3 -3.37 - - 426.4 0.992

As can be seen in Table 1, the resonant amplitude variation was significantly higher than
measured in previous studies and the result is completely monotonic with illumination intensity,
moreover indicating accurate results. The excitation time and recovery time are in the range of
seconds and minutes, indicating the presence of deep level traps or high energy defects, as shown
previously with TNT-integrated microwave studies.?623° Further comparison for sensitivity and
maximum parameter variation between UV sensing results of this study with other microwave
resonators is shown below in Table 2.

Table 2. Comparison of important UV sensing parameters with other microwave resonator sensors.

Reference Design |AA| (dB) | Af (MHz) Sensitivity

2 5 GHz SRR 12.0 11.0 -

28 Surface-functionalized SRR 15 9.0 -

%0 Active 8 GHz SRR 2.5 3.0 0.0016 dB/uWem™
This study High frequency 16 GHz SRR 45.3 2.0 0.084 dB/uWcm™

To further investigate the accuracy and repeatability of the sensor, the same experimental setup
was used with a fixed current (70 mA, 463 uW/cm?) applied to the UV light for 5 min intervals

with 20 min intervals between UV illumination to allow for charge recombination. This UV
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exposure was performed successively for 3 cycles to ensure repeatable results. This was the
highest current setting used in this study; therefore, it was expected to represent the maximum
variation in responses and the maximum possible degradation of the material or resonator under
high intensity UV illumination over an extended time. Si1 spectra were measured for these
repeatability experiments and the change in resonant amplitude and resonant frequency over time

were calculated and shown in Fig. 6.
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Figure 6. Experimental changes were measured in (a) Si: resonant amplitude and (b) resonant frequency
vs. Time for TNT membranes under 463 uW/cm? UV illumination. The red dash lines present the bare

substrate under 5 min UV illumination for 3 cycles. The purple highlighted areas represent UV
illumination for 5 min.

Comparisons between Fig. 5 and 6 show that resonant amplitude can be used to measure UV
illumination accurately and consistently and can quantify UV intensity based on its variation.
Resonant frequency, primarily effected by changes in bulk permittivity of the TNT membrane,
did not return to the baseline after 20 min, likely due to excited charges within the bulk taking
longer to diffuse and recombine than those on the surface*'. Resonant amplitude did not exhibit
major variation in its maximum shift (44 to 47 dB) and no material or sensor breakdown under

the UV light was apparent. The collected fitting parameters extracted from Si1 resonant
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frequency and amplitude are presented in Table 3, summarizing the results, and presenting the

high frequency stepped-adapter design as a promising way forward for UV detection.

Table 3. Summary of parameters extracted from Si; resonant frequency and resonant amplitude

responses at repeated 463 uW/cm? UV-illumination.

Cycle AA (dB) Af(MHz) | Trec Rrec
18t -44.284 -3.6241 88.63 0.982
2nd -45.696 -3.2492 127.92 0.986
3 -47.292 -2.9992 130.38 0.984

4. CONCLUSION

In summary, the design, simulation, and analysis of a high frequency, TNT-integrated SRR for
UV sensing was performed. The resonant frequency was 16 GHz to decrease the effect of noise-
inducing contaminants, primarily water vapor, around the TNT-integrated resonator. To achieve
this high frequency, nanofabrication and a tapered transmission line were used in the design. The
changing S11 resonant amplitude and frequency was measured while the anatase TNT membranes
were illuminated with different UV intensities. Sensitivity of the resonator was found to be 0.084
dB/uWem™? with a maximum amplitude shift of ~45 dB and a LOD of 2.7 pWem™. The
resonator exhibited a repeatable and accurate response under UV light, returning to the baseline
response after 20 min of sample relaxation in multiple controlled experiments. SRR performance
was further analyzed by fitting the response to determine speed and magnitude of the shift. The
presented improvements in these metrics combined with the accuracy and repeatability of the
microwave-based UV sensor encourages further exploration in its use as an inexpensive and

robust option in medical, environmental, and process monitoring.
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