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This paper presents a unique integrated UV light sensing concept and introduces a device with a
detection limit of 1.96 nW cm™. The combination of a high quality factor, microwave planar
resonator (Q ~ 50,000) with a semiconducting nanomaterial, enables a revolutionary potential
paradigm for photodetection of low light intensities and small form factors. The presenting device
employs a high-resolution microwave microstrip resonator as the signal transducer to convert the
variant dielectric properties (permittivity and conductivity) of the nanotube membrane into
electrical signals such as resonant frequency, quality factor and resonant amplitude. The
microwave resonator has an active feedback loop to improve the initial quality factor of the
resonator from 200 to 50,000 and leads to boosting the sensing resolution by orders of magnitude.
Anatase TiO> nanotubes are assembled on the surface of the microwave resonator. Upon exposure
to UV light, electron-hole pair generation, trapping and recombination in the nanotubes are
exploited as the unique signature to quantify the UV light intensity. The change of dielectric
properties in the nanotube membrane is monitored by the underlying active microwave resonator.
The proposed concept enables detection and monitoring of UV light at high resolution, with very

small exposure power and integrated form factors.
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1 Introduction

Microwave sensors have become more and more popular for both lab-scale and industrial scale
applications. They can be used for distance measurement,’ particle size classifications,> movement
and shape detection and material identification.> Microwave sensors operate based on electric field
variation in their close vicinity which gives them the advantage of contactless sensing. An
alteration in the electric field around the sensor is produced by dielectric property variation of the

analyte which is then detected to provide sensing action.

Among the different types of microwave sensors, planar microwave microstrip sensors
demonstrate more attractive and robust performance since they have simple, inexpensive, stable,
and easy to implement structure.* 3> A combination of a resonance phenomenon with a planar
microwave microstrip device can result in a sensor device with higher accuracy and selectivity to
the dielectric property in comparison to the other counterparts. In a planar microwave resonator
device - resonant amplitude, resonant frequency and quality factor are three parameters (of which
two are independent) which can be monitored as indicators for dielectric property variation in the
resonator’s environment. The planar microwave resonators can easily be combined with
microfluidics techniques, microbeads and nanostructures for different sensing purposes. Wang et
al recently reported a microwave capacitor sensor array based on microstrip band-stop filters, for
proximity detection of different objects. They showed a significant improvement in quality factor
using metamaterial split-ring structures coupled to a microstrip line in comparison to conventional
surface-mounted or microstrip meander inductors.® Benkhaoua et al presented a novel
miniaturized sensor based on a planar, double-sided spiral split-ring resonator for liquid
concentration measurements and demonstrated that a strong electric field can be established at the
resonant frequency on a sensor’s hotspots thus enabling an accurate measurement of concentration
in the liquid phase.” We have previously reported on carrier dynamics studies, monolayer sensing
and selective chemical sensing using TiO2 nanotube membranes integrated with planar microwave
resonators and illuminated by photons of different wavelengths.®!° However, these prior studies
used low-to-medium Q-factor resonators while the present report uses a high Q-factor resonator
and advances a new concept for photodetection involving the synergistic action of a semiconductor

nanomaterial and a microwave resonator.



While planar microwave resonators have demonstrated several advantages in sensing applications,
they suffer from low resolution in sensing the dielectric property variation in their near
environment. The resolution of a sensor with a second order response can be described by the

minimum detectable resonant frequency and is mainly related to the -3 dB quality factor of the

resonant profile as presented in equation (1):'!-!?
_ 3V3k
Afm = DAT =S (1)

where Af,, is the minimum detectable frequency variation, AA is the noise signal amplitude, Ao is
the amplitude of the response profile at the resonant frequency and Q is the -3 dB quality factor of

the profile.

According to equation (1), increasing the quality factor improves the signal to noise ratio and
reduces the minimum detectable resonant frequency shift, concomitantly enhancing the resolution
of the sensor in detecting permittivity variations.'> Q-factor is merely a measure of the energy
stored in a resonator per unit cycle to the energy dissipation rate. Therefore, in order to increase
the quality factor of a planar resonator, the loss in the structure should be compensated by an active
feedback loop around the passive structure.!> The authors have previously shown that the
regenerative feedback loop can enhance the quality factor by orders of magnitude without any
destructive effect on the sensitivity of the sensor by pumping back the lost energy to the loop using
active devices such as transistors.!"" 1 The quality factor enhancement not only improves the
resolution of the sensor device but also increases the penetration depth of electric field around the

resonator and enables contactless sensing at large distances.!* 1

Titanium dioxide (TiO2) nanotube arrays are useful for light detection due to their wide bandgap
(3.0 eV for rutile phase, 3.2 eV for anatase phase).'® TiO, nanotubes allow enhanced light-matter
interactions through photonic crystal, Mie scattering and metamaterial effects.!”?! The high
surface area to volume ratio also allows the insides and walls of the nanotubes to be coated with
light-sensitive dyes or quantum dots, enabling them to detect light outside the UV spectrum if
desired through the process of sensitization. The nanotube arrays are easy to work with and have
well studied growth mechanisms, including growth methods that allow the nanotube arrays to
detach from the substrate to form a porous membrane.??>* Titanium dioxide also has well studied

UV absorption and permittivity properties in the X-band region; the kinetics of charge excitation



and trapping are also becoming better understood as they are continually studied.>>> Furthermore,
TiO: is a relaxation semiconductor as opposed to a lifetime semiconductor. This means that the
majority carriers and minority carriers can be engineered to have differing lifetimes in TiO2
(instead of a single ambipolar lifetime in say Si) through a high capture cross-section of deep level
traps for holes while simultaneously ensuring a low reactivity of photogenerated electrons with
trapped holes. Due to the trap-mediated suppression of recombination, mobility-lifetime (u7)
products as high as 2 x 10 m?V™! are achievable in monocrystalline TiO2 nanorod arrays,>* which

in turn translates into a high photoconductive gain G since G o u7.

Here in this work, a high-resolution microwave planar resonator integrated with a TiO> nanotube
membrane is presented for detection of ultra-low intensity of UV light. UV light sensing is
necessary in both commercial and military applications such as HPLC, space-to-space
communication, flame detection, water purification, pollution monitoring, and UV-sensitive food
or drug packaging.>* 3 Highly sensitive light sensing is necessary when the signal of interest is
weak, possibly due to a lossy transfer medium or a long travel distance. Additionally, using a less
powerful signal that still lies within the range of detection could improve the efficiency of the UV
systems. Previously, material detection methods based on manipulating the band energy of ZnO,
diamond, SiC, or other wide bandgap materials have been used.>**> TiO nanotubes are also useful
because of the wide range of UV energy they can detect without using filters to stop low energy

photons.

2 Theory of Operation and Finite Element Simulations of Microwave
Resonator

A planar microwave ring resonator assisted with a regenerative feedback loop is designed and
simulated in HFSS software. The main core of the structure is a ring resonator which is
magnetically coupled to the input and output signal lines. The length of the resonator and the loop
capacitor determine the resonant frequency of the passive resonator. Fig. 1a. presents the resonator
structure and the dimensions for each section. A comparison between resonant profiles, which are

Sai-parameters, is presented in Fig. 1b. The passive resonator exhibits a quality factor of 250



whereas the active resonator (passive structure with regenerative feedback) exhibits a loaded

quality factor of 48,520.
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Fig. 1 (a) Resonator structure with passive loop and active feedback for loss compensation (b) Comparison of resonant
profiles (S21-parameter) of the resonator in active and passive state (c) In-plane electric field comparison for active

and passive resonator and (d) Electric field penetration in a plane perpendicular to the resonator surface.

As shown in Fig. 1c and Fig. 1d, active feedback around the passive resonator structure enhances
the electric field in the resonant loop, as well as in front of the resonator with distance from its
surface. The enhanced electric field around the resonator improves the signal to noise ratio and
enables detection of very small variations in the electrical properties (permittivity and
conductivity) of materials in the sensor medium. The implemented size of the sensor structure in

Fig. 1ais presented in Table 1. The electrical parameters of Rogers 5880 radio frequency substrate



with dielectric thickness of 0.78 mm and copper metal conductor thickness of 0.035mm is used

for HFSS simulation.

Table 1. Summary of geometrical factors (indicated in Fig. 1a) for the implemented sensor structure.

L,

L,

Ls

Ly

g

r

W

(mm)

8

23.2

9.1

5.1

0.8

0.9

1.9

To demonstrate the performance of the active microwave planar resonator sensor with respect to
variant permittivity and loss tangent of the near medium, a material under test (MUT) is placed in
the most sensitive region of the resonator structure. The physical size of MUT is (3 mm x 3.8 mm
x 0.017 mm) and its initial permittivity and conductivity are set to 10.1 and 0, respectively. Fig.
2a presents the sensor with MUT in the resonant gap (HFSS software) while Fig. 2b illustrates the
sensor’s resonant behaviour with respect to a change in the dielectric properties of the MUT

material.

-50|

“emo oy 152 154 156 158
Frequency (GHz)

(a)

Fig. 2 (a) Sensor structure with MUT in the resonant gap implemented in HFSS simulator and (b) Resonant profile

change (S»i-parameter) as a response to permittivity and loss tangent variation in the MUT material.



3 Experimental Results and Discussion

Ultraviolet illumination intensity measurements were performed in a dark room with controlled
environmental parameters such as relative humidity and temperature. As shown in Fig. 3, a
constant current drove a UV-LED (390 nm) which was mounted out of a plastic chamber with a
quartz window. The bias current of the UV-LED was controlled by a Keithley semiconductor
parameter analyzer, which was being controlled remotely and was used to adjust the intensity level
of the UV-LED. A direct current (DC) bias source provided the voltage supply to the active circuit
of the microwave resonator sensor and a vector network analyzer (VNA) equipped with LabVIEW
program measured the sensor’s response in the time domain. The VNA was NIPXI 1075 with IF
bandwidth set to 300 Hz, number of points at 2001, and microwave output power of -15 dBm. The
sensor’s output profile was measured every 10 seconds. To eliminate any thermal
conduction/convection related heating effects from the light source on the nanotube membrane and
on the microwave resonator device, the UV-LED was placed out of the plastic chamber. Prior to
the microwave experiment, the intensity of the UV-LED at different levels of bias current, was
measured using a commercially available UV detector (Thorlabs), and the same bias currents were
applied during the experiments. Broadband multilayer microwave signal absorber foams
(ECCOSORB AN-79) were placed all around the sensor and the network analyzer to reduce any

interference and unwanted noise effects on the sensor.
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Fig. 3 Schematics of the experimental setup for the UV-Intensity measurement using TiO, nanotube membrane

enforced microwave high-resolution resonator sensor.



The implemented sensor structure and TiO> nanotube membrane is shown in Fig. 4a. The resonant
profile (S21 scattering parameter) of the sensor prior to illumination is shown in Fig. 4b. According
to the presented profile, the maximum amplitude of the resonant profile is defined as the resonant
amplitude and the frequency associated with that amplitude is defined as the resonant frequency.
The bias current of the UV-LED was set to 3 mA (associated with an intensity of 4.56 uW/cm?)
for a time period of 9600 seconds. Both resonant frequency and amplitude were recorded during

the time using LabVIEW program and VNA device (Fig. 4c and Fig. 4d).
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Fig. 4 (a) Fabricated microwave sensor and TiO> membrane placed in the sensing chamber (b) S21- parameter profile
of the sensor with membrane prior to illumination (c) Resonant frequency versus time during the illumination and

relaxation time period and (d) Resonant amplitude versus time during the excitation and the relaxation time.
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Fig. 5 (a) Transient response of the resonant frequency for a step change in bias current of the UV-LED (b) Resonant
amplitude response to the step change in the bias current, (c) Intensity power incident from the UV-LED on the sample
plotted for different bias current levels and (d) Resonant frequency change (Afresonan:) and resonant amplitude change

versus(AAesonant) bias current of the UV-LED regarding to the dark medium condition.

The transient resonant frequency (in GHz), (Fig. 4c) was fitted to  f,.(t) = 1.543 +
0.172e~(t=100)/1537 for the excitation part and f,.(t) = 1.5439 + 0.329¢~(t-100)/10495 {5 the
relaxation part. The resonant amplitude variation versus time in Fig. 4d, was also perfectly matched
to the following first order exponential curve for the excitation period, A,(t) = 7.06 +
1.187e~(t=100)/2397 " \hile for the relaxation period the response was fitted to A, (t) = 8.19 —
3.393¢~(t=500)/8508 = A gtep-illumination experiment was performed on the TiO; membrane
placed on the microwave sensor where the resonant frequency and amplitude variation versus time
at different bias current levels were measured. The illumination time for each current level was
100 s and the relaxation time was 200 s (Fig. 5a and Fig. 5b). As shown in Fig. 5c, each bias current

represents a different intensity level, which was measured by a commercially available photodiode
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(Thorlabs SM1PD2A). For the step response experiments, the bias current was changed from 4
mA to 200 mA which was associated with the intensity power variation from 7.94 yW cm™ to

1204 pW cm2,

As reported previously,? time-resolved microwave photoconductivity measurements (TRMC) are
based on changes in the complex permittivity of the MUT due to exposure to UV light. From the
UV-Vis spectroscopy it is clear that any incident light of wavelength lower than 400 nm will be
absorbed. This results in two changes that immediately effect the microwave properties of the
MUT and therefore the entire circuit. First, free carriers are generated and these excess electrons
and holes will increase the effective material conductivity (loss tangent) of nanotubes, which as a
result impacts the microwave signal and changes the amplitude and the frequency of the power
transferred through the MUT. As shown in Fig. 2, increase of the conductivity reduces the resonant
frequency and amplitude of the signal. Secondly, some of these carriers will be trapped in defect
states or surface states of the nanotube array becoming bound charges. Bound charges may exist
in the material for minutes or hours before recombining and during this time they are more
polarizable than the otherwise charge-neutral material. This buildup of bound charges from
continued exposure to UV light will increase the permittivity of the material over time. Increased
permittivity, reduces the resonant frequency and singal amplitude and are observed in longer time
experiments presented in Fig. 5. The end result, namely an increasing conductivity and permittivity
is consistent between simulation and experimental results (Fig. 4). The observed frequency and
amplitude variation trend observed in this experiment match well with the predicted behviaour of

the sensor in the simulation of Fig. 2. The time-constants of the resonant frequency (7s,) and
resonant amplitude (7,,) during the excitation time for different current level of UV-LED were
extracted using a first order exponential response and are reported in Table 2.

Table 2. Resonant frequency and resonant amplitude time constants for excitation period in different bias current

and light intensity power of UV-LED
Bias current (mA) | 4 8 16 (20 |24 |34 |44 |64 |84 |124 164|200

Trr (sec) 169 | 117 | 107 | 10584 |69 |63 |48 |41 |34 |26 |25

Ty (sec) 242 | 143 | 117 |84 |83 |62 |56 |53 [49 |45 |44 |44

Intensity Power

(uWW/cm?)

7.94 1258 |70 | 113 | 137 | 199 | 260 | 382 | 504 | 747 | 993 | 1204
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5 Discussion on limit of detection

To demonstrate the strength of the sensor as a very sensitive UV intensity detector, the UV-LED
was driven by very low bias currents of 500 uA and 100 uA, which corresponded to 66.2 nW cm™>
and 1.96 nW cm™ respectively. As the light intensity is reduced, it is observed that the system
reaches the frequency noise level (no distinct frequency shift is observed) while the amplitude
variation detection is still clear and evident. Since due to the generation and recombination states,
the conductivity of the nanotubes is more impacted than the permittivity, the equivalent loss
tangent changes observed by the microwave resonator are easier to measure for at light low levels.
Loss tangent directly impacts the amplitude of the signal. Fig. 2 (b) also provides confirmation for
the fact that loss tangent changes the amplitude of the signal more significantly than the resonant

frequency.

The resonant amplitude transient responses to the targeted intensities are presented in Fig. 6a. A
first order exponential fitting function was applied to the measured results to extract the excitation
and recombination time-constants. The equation parameters are summarized in Table III for
A (t) = Ay + Aje=(E=t0/T  fitting function. The experiments were repeated 3-times each to

demonstrate the reliability and repeatability of the results.

Table 3. Parameters of the fitting function for different UV-intensities and in excitation and recombination modes.

Ao Al to T AA; COD(R? | Chi-sqr

66.2 Excitation 8.158 | 0.08 125 15418 0.06 0.998 7.3e-7

nW/cm? Recombination | 8.336 | -0.1 | 26580 | 32268 0.06 0.998 1.8e-6

1.96 Excitation 8.235 | 0.052 | 1700 | 17028 | 0.035 0.997 3.6e-7
nW/cm? Recombination | 8.313 | -0.065 | 23940 | 56027 | 0.035 0.998 2.7e-7
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Fig. 6 (a) Transient response of the resonant amplitude for 1.96 and 66.2 nW/cm?2 illumination power, (b) sensor

response (resonant frequency and amplitude) regarding to different power intensities of UV-LED.

The curve fitting function f,.(p) = f, + fie~P~P9/%in kHz, was applied to the resonant frequency
response of the microwave sensor with respect to different power intensities of the UV-LED,
where fo=1.39 x 10°, fi=-1.23 X 10%, po=4.56 x 10° W cm™2 and 7 = 1.83 x 10> W cm~2 with
COD(R?) factor of 0.999. The change in resonant amplitude demonstrated a linear variation with
respect to changes in the incident power intensity from the LED. The fitting function A,(p) =
m X p + n was applied to the resonant amplitude response in Fig. 6b (log scale) with the following
parameters, m = 0.46, n =2.4 and COD(R?) = 0.96. The fitting curve on resonant amplitude change
confirmed an average sensitivity of 0.46 dB/decay of the sensor response with respect to intensity

power of the UV-LED.

6 Conclusion

In this paper, a novel platform is introduced that combines active microwave resonator with
anatase TiO2 nanotubes for very low UV light sensing. Significantly high quality factor of the
resonator enables ultra-high resolution sensing with minimum detection of as small as 1.96
nW/cm?. The photoconductivity variations of nanotubes at the illumination and relaxation time
impacts the effective complex permittivity observed by the microwave resonator which is used as

UV light sensing signature. It is also observed that the amplitude of the signal transmission profile
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is the most sensitive parameter that can be analyzed to obtain transient behaviour of the nanotubes,
i.e. electron pair hole generation and recombination, and thus UV light quantification. The
capability of such small light intensity detection using hybrid integrated circuits are mostly due to
the unique high resolution microwave sensing platform. To our knowledge, this is the first time
that microwave high resolution sensors are integrated with nanotubes and used in light sensing

applications.
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