Applied Materials Today 32 (2023) 101832

APPLIED
materialstoday

Contents lists available at ScienceDirect

Applied Materials Today

FI. SEVIER

journal homepage: www.elsevier.com/locate/apmt

Investigating the thickness-effect of free-standing high aspect-ratio TiO,
nanotube layers on microwave-photoresponse using planar
microwave resonators

Mahnaz Alijani®”, Benjamin D. Wiltshire ", Hanna Sopha *¢, Zahra Sarpanah b Jan Mistrik ¢,
Ludek Hromadko ¢, Mohammad H. Zarifi ”, Jan M. Macak "

 Central European Institute of Technology, Brno University of Technology, Purkynova 123, Brno 61200, Czech Republic

b Okanagan MicroElectronics and Gigahertz Applications (OMEGA) Laboratory, School of Engineering, University of British Columbia, British Columbia V1V 1V7,
Canada

¢ Center of Materials and Nanotechnologies, Faculty of Chemical Technology, University of Pardubice, Nam. Cs. Legii 565, Pardubice 53002, Czech Republic

ARTICLE INFO ABSTRACT

Keywords: One-dimensional TiO nanotube (TNT) layers are a promising candidate for UV detection due to their distinctive

P%a“ar microwave resonator anisotropic geometry which is effective for light harvesting and rapid carrier transport. Here, the photosensitivity

ITIIOZ b efficiency of TNT layers with various thicknesses of 15, 50, 80, and 110 um was utilized at a microwave fre-
anotube

quency regime by modeling and experimentally. A planar microwave split ring resonator (PMSRR) was designed
and fabricated to operate at ~8 GHz to study TNT layers by monitoring the scattering parameter (Sp;) of the
PMSRR under a constant UV irradiation power of ~96.4 uW/cm?2. According to the results, the 80 um thick TNT
layers demonstrated the highest resonant amplitude variation for the customized PMSRR. The change of the
resonant amplitude was mainly attributed to the conductivity variation contributed by perturbation of trapped
electron concentration, as the dominant factor under UV illumination, and their electromagnetic wave inter-
action. The main advantage of the proposed method of PMSRR for microwave photosensitivity monitoring over
the conventional direct current (DC) conductivity measurements is to eliminate the effect of contact resistance
between the TNT layers and metal electrodes utilizing the contactless aspect of wave interactions with the TNT
layers at microwave regime to perform electrode-less measurements.

Real-time microwave sensing
UV detection

environment [8,9]. These resonators can be integrated compactly using
a low-cost fabrication process relative to cavity waveguide resonators;
however, they require chemically or optically active materials to
sensitize them to stimuli such as gasses or radiation [10]. Fortunately,

1. Introduction

Ultraviolet (UV) detectors have attracted considerable attention in
numerous applications such as optoelectronic integrated circuits, optical

communications, radiation detection, astronomical studies, memory
storage, chemical and biological analysis, and food safety [1-6].
Excessive exposure to UV irradiation is deleterious and causes adverse
health effects, for instance, premature skin damage and skin cancer [7].
Therefore, a highly sensitive device for the detection of UV irradiation is
in great demand in a wide range of applications.

Recently, planar microwave resonator sensors have demonstrated
attractive and robust performance providing high sensitivity, high
signal-to-noise ratio (quality factor), real-time response, and simple
operation for sensing and monitoring the presence of liquids, solids, or
other large variations in the dielectric properties in their nearby
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the planar microwave resonators can easily be integrated with nano-
structured materials to make them sensitive to UV irradiation via ab-
sorption and subsequent charge generation [9,11]. In recent years,
nanostructured semiconductors such as nanorods, nanowires, and
nanotubes have attracted extensive research interest due to their high
surface-to-volume ratio and their designable and adjustable surface
morphology [12-14] that can be applied to various surfaces or
surface-to-volume sensitive applications. Sensor devices, integrated
with nanostructured semiconductors, are usually characterized by
photoconductivity measurements. They exhibit surface-dependent
behavior and a long recovery time due to the presence of a carrier
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depletion layer at the nanomaterial surface caused by surface trap states
[11,15]. Among various wide bandgap semiconductive metal-oxides,
such as TiOs, ZnO, SnO,, and their nanostructures, one-dimensional
TiO nanotubes (TNTs) are favourable as highly efficient UV photode-
tectors, as they possess intrinsic UV-sensitive properties and high active
surface area. Moreover, their unique hollow geometry enables increased
charge trapping and a direct pathway for the rapid transport of photo-
generated carriers [ 16-19]. Based on these factors, TNT layers constitute
a promising platform for microwave permittivity measurements [10]. In
earlier studies on microwave resonator sensors, the potential of
high-resolution planar microwave resonator sensors integrated with
TNT layers was investigated [8,10,11]. The mechanism of these sensors
is based on the permittivity and conductivity variation in the TNT layers
due to UV irradiation. By changing these dielectric properties of the
integrated TNT layers, a shift in the sensor’s resonant amplitude or
resonant frequency can be observed [8]. In a pioneering work, Zarifi et
al. [10] demonstrated that the changes in these parameters are depen-
dent on both the incident light’s wavelength and intensity. In a subse-
quent investigation, the dielectric properties of TNTs were studied to
make material analysis convenient in both the illuminated and
non-illuminated states [11].

The anodic TNT layers have tuneable tube diameter and layer
thickness to provide to the demands of a wide range of applications [20].
A suitable parameter that characterizes the dimensionality of TNT layers
is the aspect ratio, which is the ratio between TNT layer thickness and
the average nanotube diameter. Until now, all reports regarding mi-
crowave resonator sensors used relatively low aspect ratio TNT layers
[8,10,11]. However, recently a tailored protocol enabling the prepara-
tion of ultra-high aspect ratio (HAR) TNT layers in a very short time was
reported [21,22]. This opens the door for their utilization as
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high-performance resonators with potentially superior sensing perfor-
mance in the UV region. In particular, the TNT layer thickness is thought
to affect the response due to its increased surface area, optical proper-
ties, and amenability towards functionalization. Overall, the high sur-
face area heterojunction of the functionalized HAR TNTs can be the best
candidate for this purpose with very attractive properties such as high
sensitivity and selectivity. A thorough analysis of the sensing platform,
the TNT layers and their effect on the sensing response is required, to
obtain these benefits.

Therefore, in the present work, the effect of TNT layers thickness and
aspect ratio on the sensor response is exploited to further understand
and improve the performance of TiOy-integrated microwave resonators
for UV detection. The main purpose of this fundamental, but previously
unexplored study, is to seek optimal TNT layers thickness, exploiting
previously unattainable layers dimensions, and provide insight into the
interaction between charge generation and microwave sensing upon UV
irradiation.

2. Experimental section

The synthesis and characterization of TNT layers is presented in the
Supplementary Information. Resonator design and operation: To
monitor the dielectric properties variation (relative permittivity (e;) and
conductivity (o) in the TNT layers, a planar split-ring resonator (SRRs)
was designed with a small gap in the ring structure to host the delami-
nated TNT layers, as shown in Fig. 1a. A single-ring design was chosen to
simplify the analysis and enable the development of an analytical model
for further understanding and exploiting the influence of the thickness of
TNT layers on the resonator’s response. The transmission power (Sz1)
was measured as the main electrical parameter, which was the ratio of

E
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Fig. 1. (a) The resonator design with the TNT layers placement in the ring gap; (b) dimensions of the resonator sensor in mm: W; = W, = 0.9, L; = 2.4, L, = 3.1, L3
= 2.5, G; = 0.25, G = 1.2; (¢) Instrumentation and experimental setup with the fabricated microwave resonator shown in the inset.
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the transmitted power through the resonator with the delaminated TNT
layers to the incident microwave power, and the resonant amplitude and
frequency were extracted from the So; measurements. The resonator was
designed to operate in X-band to align with the small size of the TNT
layers [23-25], where the dimensions of the resonator were estimated
using Eq. (1), which equates the resonant frequency to the dimensions
and the material properties of the resonator and its nearby environment
[26].

c

2L1 /Eeff

Where fy is the resonant frequency of the structure, c is the vacuum
speed of electromagnetic radiation (~3-10% m/s), L is the path length of
the resonant ring structure, and &g is the effective permittivity in near
environment of the resonator, usually approximated by the substrate
permittivity.

The resonator with estimated size was then implemented and
simulated in Ansys HFSS software to have a resonant frequency and a
resonant amplitude of ~8.45 GHz and ~—20 dB, respectively, shown in
Fig. 1b. The frequency was chosen to allow for a compact design without
requiring lithographic or complex fabrication processes, while also
avoiding loss or noise due to water or humidity signal attenuation,
which are more pronounced at lower frequencies [27,28]. The designed
and simulated resonator was fabricated using a chemical etching process
on a Rogers 5880 substrate with permittivity of 2.20 and loss tangent of
0.0009, with a copper cladding thickness of 35 pm.

A Vector Network Analyzer (VNA, Keysight N5222B) calibrated with
a Keysight e-cal kit (N4691D) was used to measure the microwave sig-
nals. For the experimental purposes, the output power of the VNA was
set to 0 dBm (~1 mW), so as not to heat the sample, with 300 Hz I[FBW to
measure 4001 equally spaced data points between 8.1 and 8.9 GHz. The
resonator was placed within a semi-sealed and opaque chamber to
prevent external light from interfering with the TNT layers during the
experiments, and to avoid humidity and temperature variation. A
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80 pm
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voltage controlled adjustable intensity UV LED was placed at a constant
distance of 5 cm above the resonator to illuminate the TNT layers. The
LED was controlled via a power supply (Keysight E36200) under a
constant DC current of 20 mA (providing 96.4 yW/cm?). LabVIEW
software was used to record the So; response at 15 s intervals for the
duration of the experiment. The experimental setup is presented in
Fig. 1c with the resonator chamber and the TNT alignment shown as an
inset.

3. Results and discussion

Fig. 2 presents SEM cross-sectional and top view (inset) images of
TNT layers with different thicknesses grown on Ti foils. In particular,
these images were taken to illustrate the dimensions of the nanotubes
including thickness, diameter, and aspect ratio resulting from the
different electrochemical anodization processes listed in Table 1. As can
be seen, the TNT layers are composed of well-aligned nanotubes that are
very well cross-connected.

XRD characterizations were carried out to analyze the crystalline
structure of TNT layers after the annealing process. XRD results for each
different TNT thickness are presented in Fig. 3 with the associated peaks
of anatase (A) and metallic titanium (Ti) included according to PDF
database (PDF 04-011-0664 for anatase and PDF 00-071-0859 for Ti-
tanium). The Miller indices (hkl) are also displayed in Fig. 3 for all the
obtained peaks. The Ti peaks clearly seen in the pattern of 15 pm thick
TNT layers stem from the underlying Ti substrate, which is used to hold
all substrates during XRD measurements, and is still visible to X-rays.
However, with the increasing thickness of layers, these signals fade out
and only anatase signal remains present in the patterns.

The anatase crystallite sizes (d) were estimated from XRD patterns
using Scherrer line-broadening approach and are presented in Table 1.

Prior to analyze the microwave photoconductivity performance of
the TNT layers, a baseline measurement of Sy; was performed with and
without TNT layers, and the rest of the microwave results were

Fig. 2. SEM cross-sectional and top views (inset) images of the TNT layers of different thicknesses (a) 15 pm, (b) 50 pm, (c) 80 pm, (d) 110 pm.
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Table 1
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Average thicknesses, inner diameters, and aspect ratios of the TNT layers with the corresponding anodization conditions: electrolyte, potential, and anodization time.

Average thickness Average diameter Average aspect

Electrolyte composition

Anodization potential Anodization time Crystallite size

(um) (nm) ratio ) (min) A)
15 250 60 EG, 10% H,0 and 0.15 M NH,F [29] 100 240 245
50 195 256 1 M LA, 0.176 M NH,F and 1.5 vol% 30 234
80 200 400 H,0 [21] 90 269
110 150 733 120 302
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Fig. 3. XRD patterns of TNT layers with different thicknesses (15, 50, 80, 110 um) annealed at 400 °C for 1 h in air. PDF-4+ ICDD codes are 154,603 for TiO, anatase

and 653,280 for Titanium.

compared to these based lines while the TNT layer is on the planar
microwave split ring resonator and in a dark environment. The scat-
tering parameter (Sy;) results are shown in Fig. 4 and was compared to
FEM simulated structure in HFSS software. A 50 um thick TNT layer was
chosen to illustrate Sy variation in response to material inclusion at the
ring gap.

Fig. 4 shows a closely matched resonant frequency and amplitude in
the simulated and adding an arbitrary TNT layers of a 50 pm thickness
on the ring gap of the resonator affected the resonant profile (S2;1) due to
the effective permittivity of the TNT layers (~10) [10,30].

To investigate the photoconductivity efficiency of the HAR TNT
layers, individual layers were placed sequentially over the ring gap of
the resonator (as shown in Fig. 1a). Initially, 3 min baseline measure-
ment of the resonator’s response was recorded for normalization and
TNT-resonator system characterization in absence of UV light. Then, the
experiments were followed by 5 min illumination of the UV LED (390
nm, 96.4 pW/cm?). Based on the bandgap of anatase TiO5 (~3.2 eV) and
the UV LED photon energy (3.4 eV), the microwave complex conduc-
tivity of TNT layers was increased over time due to increase in the
concentration of changed carriers within the HAR TNT layers. After the
UV irradiation period and during the recovery period, the resonant
profile of the microwave SRR device returned to the baseline due to
charge recombination within 20 min of halting the UV illumination. The
process was repeated 4 times for each TNT layers with different thick-
nesses to ensure the reproducibility and consistency of the measured
results. To compare the microwave photoconductivity of different HAR

TNT layers, this process was performed with different TNT thicknesses
of 15, 50, 80, and 110 pm. Results were collected in 15 s intervals using
LabVIEW software and the resonant amplitude, resonant frequency, and
quality factor were extracted from the resonant profile of the SRR.
Performing the curve-fitting on the extracted resonant frequency and
resonant amplitude versus time, time constants during the illumination
(excitation period) and after the illumination (recovery period) were
extracted to provide an insight on charge kinetics within the TNT layers
including recombination rates, defect concentration, or trap lifetimes
[31,32]. An illustrative summary of the changes in the resonant prop-
erties (resonant amplitude, resonant frequency) is shown in Fig. 5.
Figures S1-S4 show all detailed time-variable results, namely time
constants (excitation time constant: Tex. and recombination time con-
stant: Tget), as well as average resonant amplitude shift (AA) and reso-
nant frequency shift (Af) for each thickness of the TNT layers.

The UV-stimulated microwave photoconductivity variation was re-
flected on microwave resonator’s responses and was presented in Fig. 5
(and in Figs S1-S4) and was in accordance with Sy; trends previously
presented using TiOs-based microwave studies [10,33]. In Fig. 5a, the
non-illuminated 80 pm TNT layers resonant responses (normalized to
0 resonant amplitude and resonant frequency change) were compared
with their responses after the full 5 min interval of UV irradiation, where
the resonator demonstrated the maximum variation from the baseline,
the dark response. The illumination of TNT layers above the resonant
ring resulted in a decrease in resonant amplitude and frequency as the
conductive and polarizable charge carriers were excited in the TNT
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Fig. 4. Simulation results of the bare resonator (black, solid) compared with
(blue, solid).

the fabricated resonator with TNT layers (red, dashed) and without TNT layers
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without illumination (normalized to 0) and after 5 min UV irradiation and (b) the

transient change in resonant amplitude and frequency of each TNT layers under a UV irradiation cycle.

layers [34].

Fig. 5b presents the change in the resonant properties as the TNT was
illuminated with UV light for 5 min and then allowed to return to
baseline for 20 min. From Fig. 5b, it is apparent that the largest shift in
So1 responses (both resonant amplitude and frequency) was achieved for
the 80 um thick TNT layers, and that was consistent over multiple
measurements as demonstrated in Figs S1-S4.

Fig. 6 presents the microwave responses of the UV-exposed TNT
layers with different thicknesses. According to the measured results of
Fig. 6, increasing the thickness of the TNT layers from 15 ym to 80 pm
increased the resonant amplitude (Fig. 6a) and the resonant frequency of
the SRR’s response (Fig. 6b). However, further increasing the thickness
of the layers beyond 80 um had an adverse impact on the change of the
microwave parameters. Using the curve fitting method, the excitation
time constants and recovery time constants were extracted for different
layers on the different repeat of the experiments and were presented in

Fig. 6¢,d. According to these plots, no significant change was observed
between the time constants of the layers with different thicknesses,
which could be attributed to the thickness independence of the effective
UV irradiation penetration to the layers (Fig. 6¢) and surface and trap-
ped electron concentrations in TNT layers (Fig. 6d).

To gain more insight into the properties of TNT layers, photocurrent
measurements, Mott-Schottky, and diffuse reflectance measurements
were carried out on TNT layers attached to the underlying Ti substrate
(due to the electrical contact and mechanical support). Fig. S5 shows
results of photocurrent measurements, which clearly indicate a decrease
in generated photocurrent densities with increasing TNT layer thickness.
This trend can be explained by the increasing number of traps and de-
fects in thicker TNT layers (due to the longer travel distance of electrons)
and the increased chance of trapping of the electrons in the TiO5 walls
[35-37]. Fig. 6¢,d confirms that the thicker TNT layers require longer
time constants for the UV penetration and the charge-recombination
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Fig. 6. Collected experimental results for 4 repeated measurements of free-standing layers of TNT with different thicknesses (15, 50, 80, 110 um) for the resonant
amplitude shift (a), resonant frequency shift (b), excitation time constant(c), and recovery time constant (d) upon UV irradiation for 5 min.

process, respectively, in comparison to their thinner counterparts,
whereas Fig. 6.a, b present the amount of the light-stimulated charge
carriers and their interactions with the electromagnetic waves for
different TNT layers.

Fig. S6 shows diffuse reflectance measurements across the UV and
VIS spectral regions and calculation of the optical band gap. The shape
of recorded curves for the TNT layers confirmed the accuracy of the
analysis compared to the previously reported spectra in the literature
[38,39]. Based on the Kubelka-Munk function, all TNT layers demon-
strated analogous optical band gaps of ~3.1 eV. Finally, Mott-Schottky
measurements, as shown in Table S1, revealed that flat band potentials
(Epp) and majority charge carrier density (Np) had also very clear trends
with increasing thickness of TNT layers.

Furthermore, the recovery time constant (shown in Fig. 6d), which is
mainly based on trap lifetimes and defect densities[35,40], could be
related to the crystallite size as a larger crystallite size corresponded to a
longer recombination time (see Table 1). This could be caused by a
decrease in trap-assisted recombination in TNT layers with larger crys-
tallite sizes and may indicate that intentionally decreasing crystallite
size through processing may increase the speed of sensor operation [41].

3.1. Analytical modeling and FEM simulations

To understand the microwave photoresponse performance of the
HAR TNT layers with different thicknesses, building a microwave
resonator with a simple structure and analyzing E-field distribution is
paramount. Therefore, the resonator model is implemented in HFSS
software to perform finite element method analyses and to match the
simulation results with the measured results (Fig. 7a). The E-field on an

XY plane, 35 um above the substrate and tangential to metal microstrip
lines, is analyzed to find the region with the maximum E-field density,
which also has the maximum sensitivity to TNT layers’ dielectric
properties variations. (Fig. 7b). The magnitude of the E-field on the dash
line (shown in Fig. 8d), is plotted which confirms the maximum E-field
at the gap of the SRR structure.

To study the impact of the thickness of the TNT layers and the
electromagnetic field’s interaction with UV photoresponse, E-field on
the Z-axis, along the side of TNTs and perpendicular to the surface of the
resonator is analyzed and extracted for the resonator with and without
TNT layers (Fig. 7c). The curve fitting is applied, and the E-field distri-
bution demonstrates a good matching with Ez=a/ (Z%+b*2 for the a =
2V, b =0.25 mm for air (without TNT layers). The curve fitting results
are aligned with the assumptions that will be made in theoretical
analysis to support Eq. (5).

Exposing the TNT layers to UV light could be formulated based on
light absorption, which generates excited charge carriers with contri-
bution from perturbation of free electrons concentration, the excited
electrons from the valence band to the conduction band, and from the
perturbation of trapped electron concentration [34]. The UV penetra-
tion to the TNT layers could be modeled employing the Beer-Lambert
Law, which is used for the light absorption in linear optics, to demon-
strate the light intensity reduction in the TNT layers from their top
surfaces Eq. (2):

1= Ie™ @

Where I is the intensity of light as it varies within a material due to
absorption, Iy is the incident intensity after the reflection losses are
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Fig. 8. Generated patterns of UV adsorption (purple) and microwave signal penetration (dashed) showing their region of interaction for various TNT thicknesses (15,
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considered, z is the depth within the material, and «a is the frequency-
dependent absorption coefficient of the material. The light penetration
depth within the nanotubular TiO5 is approximately ~20 ym, where the
intensity reached 50% of Iy (considering the absorption coefficient of
TiO, nanotubes is 0.04 pm™! at the incident wavelength of 390 nm)
[36]. This means that for the 15-110 um thick TNT layers used in this
work, there is a large variation in the UV absorption and consequently a
significant difference on photoconductivity variation across the layers
[36]. To understand Eq. (2) in terms of excited charge carriers, we can
calculate the changing optical intensity and attribute that to charge

carrier generation, G, as shown in Eq. (3) [42].

d

G = d_z 701067(” (3)

=

It is worth mentioning that in this work, the vertically aligned TNT
layers were illuminated by the UV light from their top part, where the
microwave signal was penetrating from the bottom of the layers. This
situation was schemed and simulated in Fig. 8. The microwave signal
interacted with the TNT layers from the bottom, this interaction from
opposing sides is later illustrated and discussed due to its importance on
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charge-microwave interaction.

Previous studies [10,43,44], have confirmed that the increase in the
charge carrier concentration affects both the resonant frequency and the
resonant amplitude of a microwave resonator. Illuminating the UV light
changes the complex permittivity of the TNT layers according to Eq. (4):
e =¢ —iel =€ — isoiw @)

As observed in the measured responses of the microwave device,
both the resonant frequency and the resonant amplitude are changed,
which could be related to changes in the real and imaginary components
of the complex permittivity, respectively. It has been proven that the
perturbation of both free and trapped electrons could contribute to the
complex permittivity variation, where in microwave regime perturba-
tion of the trapped electrons is dominant and can increase the number of
polarizable charges that consequently reduces the resonant frequency
[34].

This could increase the effective permittivity of the layers and reduce
the resonant frequency based on Eq. (1) Similarly, the increase in
trapped charges increased the overall conductivity of the material,
leading to a decrease in the resonant amplitude (increased signal loss),
as conductive charges were able to convert some of the microwave en-
ergy into motion or vibration [45].

To study the effect of TNT thickness, and due to the comparatively
low frequency, the microwave signal follows the static field approxi-
mation of a dipole positioned along the gap region (surface charge dis-
tribution along the cross-section of microstrip-line) as shown in Eq. (5),
which also uses results from the HFSS simulations (Fig. 7c).

q

[ ——
e(e”+£)"

()

Where |E| is the microwave signal strength in a material with the
effective permittivity of € originated by a dipole of opposite charges of q
(to keep the model simple, the effect of loss factor “tanD” was dis-
regarded). Due to layers placement in the center of the gap, the field
strength is measured at the halfway point between the gap, g/2, and at a
depth z where 2 is measured from the bottom of the layers. Combining
Egs. (3) and (5) can quantify the microwave-charge coupling interaction
at a TNT depth, 2, as follows in Eq. (6).

—aglye™™

=G El= g
e +2)

(6)

Where we define ¢ as the magnitude of charge coupling between
generated carriers, G, in a region along the TNT layers with the micro-
wave field strength |E|. Graphically this is visualized with limiting cases
in Fig. 8 with the important note that z and 2’ position parameters were
measured from opposing ends of the TNTs (z' = L - z).

Based on previous works it is apparent that very thick substrate or
membrane layers will exhibit weaker interaction because light absorp-
tion and field penetration do not exist strongly in the same region. Eqs.
(3) and (5) indicate that both microwave and UV radiation intensities
decrease monotonically as the signal moves further along the TNT axis,
leading to charge/microwave separation, where both signals decrease to
small values at the large z limit. In the extreme case, for very long TNTs,
the UV would be completely absorbed at the top surface of the TNT,
while the microwave signal was interacting with only the bottom of the
TNT with the net result being that generated charges do not interact with
the sensing microwave signal because they exist in different regions of
the TNTs.

In contrast, thinner TNT layers would have high charge generation
efficiency, but due to their smaller volume the majority of the UV signal
will pass through without being absorbed (I ~ Ij) and very few electron-
hole pairs will be generated to interact with the input microwave signal,
leading to non-optimal (low) sensitivity [10]. To quantify the
charge-microwave coupling versus the thickness of the TNT layers, we
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integrate ¢ from (6) over the entire layers thickness (called microwave
light interaction score ©), where the score effectively includes all
generated charges and their interaction with the microwave signal.
Microwave light interaction score is represented mathematically in Eq.
(7) and implemented in a MATLAB code (included in SI) to compare the
scores between TNTs with different thicknesses and to the experimental
results in Fig. 9a,b.

L

L ’
. —aglye %),
@z/(,bdz - /%dz %)
0

05
/ s(z'z N §2)

According to the experimental and FEM modeling results of Fig. 9, it
is shown that for low and high thicknesses of TNT layers, the microwave
light interaction score decreases. Instead, there is an optimal TNT layers
thickness range, where sensitivity to UV light is at maximum. Using
values from recent literature to represent Eq. (7) graphically, the opti-
mum TNT layers thickness was calculated to be 77 um, which is a good
match with the responses of the measured microwave parameters.

4. Conclusion

This work studied microwave photoconductivity efficiency of length
variant TNT layers (15, 50, 80, and 110 pm) at X- band (~8 GHz) for
possible sensing and wireless space communication applications.
Anatase TNT layers were integrated with a planar SRR microwave
resonator that was designed, simulated, and fabricated to evaluate the
microwave photoconductivity performance of the TNT layers. Transient
time experiments were performed to record the resonant amplitude,
frequency, and quality factor variation of the resonator over time as the
TNT layers were illuminated with a constant UV light. Microwave signal
parameters such as the resonant amplitude demonstrated a maximum
sensitivity of 0.04 dB/uWcm 2 over 4 measurement cycles for all HAR
TNT layers. Additionally, transient parameters of the microwave signals,
such as time constants, settling times, and lag times, were extracted
using the curve fitting method to correlate the time-based microwave
photoconductivity activities of the TNT layers to their thicknesses. These
findings were aligned with the XRD measurements, which confirmed a
correlation between the crystallite sizes and the photoconductivity ef-
ficiency of the TNT layers.

In conclusion, the microwave photoconductivity behavior of the TNT
layers with various thicknesses demonstrated the most significant
change at 80 pm thick TNT layers both in the resonant amplitude and the
resonant frequency responses on the custom-made microwave resonator
compared to the other layers’ thicknesses. These experimental results
were closely aligned with the constructed theoretical model, where the
effects of light absorption and microwave field penetration depth indi-
cated the optimal TNT length of 77 um, approximately. Furthermore, it
was shown that the shorter or longer TNTs than the optimized length of
the TNT layers (80 um) would suffer from insufficient light absorption or
weak photoconductivity-electromagnetic wave interaction.
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