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Abstract 

A large signal direct current (DC) bias and a small signal microwave bias were simultaneously 

applied to TiO2 nanotube membranes mounted on a planar microwave resonator. The DC bias 

modulated the electron concentration in the TiO2 nanotubes, and was varied between 0 and 120 V 

in this study.  Transients immediately following the application and removal of DC bias were 

measured by monitoring the S-parameters of the resonator as a function of time. The DC bias 

stimulated Poole-Frenkel type trap-mediated electrical injection of excess carriers into TiO2 

nanotubes which resulted in a near constant resonant frequency but a pronounced decrease in the 

microwave amplitude due to free electron absorption. When ultraviolet illumination and DC bias 

were both present and then step-wise removed, the resonant frequency shifted due to trapping -

mediated change in the dielectric constant of the nanotube membranes. Characteristic lifetimes of 

60-80 s, 300−800 s and ~3000 s were present regardless of whether light or bias was applied and 

were also observed in the presence of a hole scavenger, which we attributed to oxygen adsorption 

and deep electron traps while another characteristic lifetime > 8000 s was only present when 

illumination was applied, and is attributed to the presence of hole traps.   
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Introduction 

       Titanium dioxide is a wide bandgap n-type semiconductor with versatile optoelectronic 

applications in dye-sensitized, quantum dot-sensitized and halide perovskite solar cells,1–6 

oxidation and reduction photocatalysts,7–10 and both ultraviolet and broadband photodetectors.11,12 

The advantages of using TiO2 nanotubes (TNTs) for sensing are a simple fabrication process, low 

cost, high active surface area and ease of functionalization, due to which TNTs have been 

employed in fluorescence-based immunoassays,13–15 electrochemical sensors for small 

molecules,16–18 photoelectrochemical immunoassays19,20 and chemoresistive sensors for common 

gases and volatile organic compounds (VOCs).21–28 In each of the aforementioned applications, the 

dynamics of charge carriers plays an important role in determining device performance.  In this 

report, we probe long-lived charge separated states using a new methodology.   

       The TNT architecture formed by electrochemical anodization allows for vectorial charge 

transport (instead of a random walk)29–32 and efficient infiltration by high work-function metals 

and p-type semiconductors to form functional heterojunctions.33–39 At the same time, TNTs are 

known to suffer from a high concentration of both shallow and deep level traps but very different 

in distribution from TiO2 nanoparticle electrodes,40–46 the understanding of which is key to the 

optimization of performance in optoelectronic device applications. In this study, we show how to 

distinguish between the trapping transients of electrons and holes through monitoring the temporal 

microwave response of TNT membranes.   
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        Planar microwave sensors consisting of coplanar waveguides, transmission lines and ring-

type resonators offer distinct advantages for the sensing of semiconductor properties such as high 

resolution, electrodeless sensing, and real time monitoring.47–55 Microwave sensing involves 

measurement and analysis of the interaction of microwave signals with the membrane, film or 

liquid under test. Microwave resonators are compatible with lab-on-a-chip miniaturization and 

offer integrated form factors; additionally, research on the preparation of TiO2 crystal materials 

with high intensity microwave radiation has shown to be beneficial to electronic properties.56–58 

The authors introduced integrated planar radio frequency (RF) resonators for the characterization 

and analysis of the electronic behavior of TiO2 nanotubes.46  It has been shown that utilizing planar 

RF resonators, one can obtain detailed information through analysis of the steady state or time 

resolved photoconductivity response. This technique has been used to obtain better understanding 

of the surface functionalization of TiO2 nanotubes and their interaction with the surrounding 

medium.59 In this report, it is shown that the application of a DC bias superimposed on the small 

signal microwave stimulation enables an amplification of the microwave conductivity response of 

TiO2 nanotube arrays while the frequency of the sensing platform stays stable. The similarities and 

differences in the time-resolved microwave spectra of TNT arrays subjected to different values of 

DC bias with and without the simultaneous application of optical bias allow us to deduce 

information regarding trapping and recombination processes in the nanotubes.  These results 

provide important insights for the design and optimization of higher performance TNT-based 

photocatalysts, photovoltaics and photodetectors.  

        A microstrip planar ring resonator device was designed and simulated to operate at 2.61 GHz 

with a quality factor of 250. The designed resonator was customized to deliver DC voltages 

between the resonant ring and one of its signal lines across the coupling gap.  A microstrip line 
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with an electrical length of λ/4 was designed and connected to the main ring structure to deliver 

the required bias voltages. The DC-feed line was grounded on its other end using a capacitor and 

was considered as a high impedance load from the resonator side. Two bias tees were also 

considered in the input and output of the resonator device. These components had no significant 

effect on the high-frequency operation of the device but were necessary to establish the required 

circuitry for the DC voltages across the coupling gap (Figure 1a) and ensure isolation between the 

device and the measurement ports. The simulation results for the designed structure demonstrated 

a 3 dB quality factor of 250 at the resonance frequency of 2.61 GHz with a resonant amplitude of 

-13.17 dB. Since the quality factor (Q) and the resolution of the ring resonator sensor for minimum 

detectable permittivity sensing are inversely related ( ), having a high quality factor leads 

to a ring resonator device with high resolution.50  

        The surface magnetic current was studied in simulation in order to confirm the negligible 

effect of the DC-feed line on the resonant ring. As shown in Figure 1b, the maximum magnetic 

current flow was across the input and output microwave ports, and the microstrip line feeding the 

DC bias had a negligible loading effect on the resonant circuitry. The resonant profile of the 

simulated structure (obtained using Ansys HFSS) and measured profile are presented and 

compared in Figure 1c, where an acceptable level of agreement between the measured and the 

simulation results can be observed. The difference between these two profiles can be justified 

considering the soldering effect from connectors, and variation in parameters during the 

implementation process of the microwave circuitry. The designed structure demonstrated more 

sensitivity to the variation in dielectric properties in select regions where the electric field had a 

larger value than the other regions. The electric field distribution on a plane 0.1 mm above the 

resonator substrate is presented in Figure 1d. The coupling gap areas, between the signal lines and 

1Qε
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the ring microstrip line, demonstrated larger electric field distribution in comparison to the other 

places, which were used as a sensitive location for mounting the TiO2 nanotube membrane sample.   

        Titanium foils with a thickness of 0.89 mm (99.7%, Alfa Aesar) were degreased by sonication 

in methanol for 10 minutes, rinsed with water and then dried in a stream of flowing, pressurized 

nitrogen. Electrochemical anodization was performed using pieces of Ti foil as both the anode and 

cathode with an inter-electrode distance of 3 cm. The areas of the Ti anode and cathode were 1 x 

4 cm and 0.5 x 4 cm respectively. ~ 100 μm-long TiO2 nanotubes were anodically formed over 

three days using an anodization voltage of 60 V. An ethylene glycol-based organic electrolyte with 

0.3 wt % NH4F and 4 vol % DI water was used as the electrolyte. The edges of the as-prepared 

TNTs on foil were first scratched and then rinsed with both methanol and water to obtain free-

standing, amorphous TNT membranes which were subsequently subjected to a crystallizing anneal 

at 350° C for 20 hours. The morphology of annealed TNTs was observed using a field emission 

scanning electron microscope (FESEM; Hitachi S-4800) with an accelerating voltage of 5 kV and 

a filament current of 20 µA, (Figure 2). The crystallinity of annealed TNTs was investigated by 

an X-ray diffractometer (Bruker D8 Discover) (not shown).  

         The resonator was fabricated on a RF substrate 5880 from Rogers Corporation. The substrate 

has a permittivity of 2.2 and dielectric thickness of 0.79 mm. A copper layer on the top and bottom 

surface of the substrate with a thickness of 0.035 mm, was used to implement the microstrip lines 

and the ground layer beneath them. The TNT membrane was placed in the coupling gap between 

the signal line and the ring structure and was electrically connected to the copper microstrips with 

conductive silver paste.  Two bias Tees were used to establish a bias voltage to ground path, and 

an isolation protection to the measurement instrument in port 1 and 2. A vector network analyzer 

(VNA) from National Instruments Corp. with embedded Labview software was used to measure 
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the scattering parameter (S21), which represents the transmission coefficient of microwaves 

incident at the input port of the resonator. The S21 parameter was measured with sampling period 

of 10 second.  

        The output power at the VNA port was 5 dBm and the intermediate frequency (IF) bandwidth 

was set to 1 kHz. The DC bias voltage was provided by a λ/4 microstrip line which was directly 

connected to the ring resonator loop. This bias line was considered as a high impedance (open-

load) in the operating frequency range (2.4-2.5 GHz) of the sensor.  An ultraviolet (UV) lamp with 

a centre wavelength of 254 nm was located at a distance of 15 cm from the top surface of the 

resonator and the attached membrane and the environmental parameters such as temperature and 

humidity were kept constant during the experiments at 23 ̊ C and 32 %, respectively. 

         We used free-standing TNT membranes with a thickness of ~ 115 μm.  The microwave 

response of such membranes can be probed in at least two different ways as shown in Figure 3.  

The electronic bandgap of anatase phase TiO2 is 3.2 eV and anatase has an absorption coefficient 

α > 5 × 104 cm-1 for photons with energies significantly larger than 3.2 eV.60  The penetration depth 

of incident photons is given by Lp = 1/α, which is < 200 nm in the TNTs for 254 nm ultraviolet 

radiation. In the configuration shown in Figure 3a, the extremely thin photoexcited top layer is 

capacitively coupled to the coupling gap of the microwave resonator. Such a configuration is not 

able to sensitively detect changes in the membrane conductivity from the ultraviolet illumination 

due to the large series resistance of the non-excited portion of the membrane but is nevertheless 

able to detect fairly small changes in the dielectric constant of the TNT membrane due to 

photoexcitation.  On the other hand, in the configuration shown in Figure 3b, silver paint is used 

to make a direct electrical contact from the microstrips to the illuminated top surface of the TNT 

membrane, and is far more sensitive to changes in the conductivity of the TNT membrane close to 
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its top surface at the expense. Thus, the first configuration is valuable for purely probing the 

photodielectric effect while in the second configuration, the photoconductivity impact shows more 

significantly.  The configuration shown in Figure 3b was used in this report, and a photograph of 

the experimental setup showing the microwave ring resonator sensor, TNT membrane and bias 

Tee is presented in Figure S1.  

        S21 parameters were measured as a function of time with and without the application of a DC 

bias. The resonant profile is presented in Figure 4a, which has a maximum amplitude (resonant 

amplitude) at the resonance frequency. The resonant amplitude and frequency are the two main 

characteristics of the sensor and were monitored in the experiments. Figure 4b presents the 

resonant amplitude variation for bias voltage of 80 V for a 5-minute duration. Results for this 

experiment were obtained in the dark with no UV illumination of the nanotube membrane. 

According to the recorded results, the application of the DC bias voltage decreased the resonant 

amplitude while having no effect on the resonance frequency (Figures 4c and 4d). This is a 

confirmation that by application of the DC bias voltage, conductivity of the nanotube membrane 

varies while permittivity remains relatively unchanged.  

Table 1. The microwave responses of TiO2 nanotube membranes for different values of DC bias fitted to 

biexponential decays.   

 VDC=120 (V) VDC=100 VDC=80 VDC=60 VDC=40 VDC=20 Voltage 

Status 

y0 (dB) -19.17 -19.18 -19.06 -18.85 -18.80 -18.77  

 

 

        

 

A1 (dB) 0.267 0.276 0.184 0.047 0.023 0.008 

T1 (sec) 106.09 599.15 918.12 317.78 315.22 150.82 

A2 (dB) 0.117 0.052 0.002 - - - 

T2 (sec) 11.06 55.91 66.86 - - - 

∆Ares (dB) 0.363 0.207 0.088 0.036 0.016 0.008 
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        A comparison between the resonant amplitude variation for different DC bias voltages is 

presented in Figure 4d. According to these results, the amplitude and decay time constants are the 

two main parameters that changed for different voltage levels. Moreover, no significant change in 

the resonant frequency was observed during the period when the DC voltages were applied across 

the nanotube membrane sample.  The resonant amplitude decays versus time during the DC bias 

excitation were fit to a biexponential decay function ( ) consisting of a 

fast component (T2, ON) in the tens of seconds and a slower component (T1, ON) in the hundreds 

of seconds (Table 1). Both components became shorter-lived (decay constants decreased in 

magnitude) as the bias value increased. For the smaller values of DC bias, the faster and slower 

components could not be resolved. The faster component is consistent with the migration of 

electrons to the surface followed by capture by oxygen to form adsorbed oxide.61,62 The slower 

component can be understood in the context of the deep trap-mediated injection of excess electrons 

from the contacts. Such injection involves the emission of trapped electrons shown in Figure 5 

albeit with a reduction in the thermal energy required by a trapped carrier to escape due to the 

1 2

0 1 2

t t
T T

y y A e A e
− −

= + +

Χr
2 9.0 × 10−6 8.6 × 10−6 2.2 × 10−6 3.8 × 10−6 2.3 × 10−6 2.9 × 10−6     ON 

  
R2 0.998 0.998 0.996 0.961 0.904 0.631 

y0' (dB) -18.84 -18.84 -18.81 -18.77 -18.76 -18.73         

 

 

        

   OFF 

B1 (dB) -0.240 -0.133 -0.077 -0.053 -0.026 -0.022 

T1'(sec) 3084.54 3476.43 2958.98 3020.68 3335.59 11134.22 

B2 (dB) -0.004 -0.003 -0.004 - - - 

T2' (sec) 106.70 135.99 102.02 - - - 

Χr
2 1.7 × 10−5 3.1 × 10−6 2.0 × 10−6 1.8 × 10−6 1.9 × 10−6 2.1 × 10−6 

R2 0.995 0.998 0.994 0.987 0.950 0.770 
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applied electric field (Poole-Frenkel effect). The resulting mobile excess electrons absorb 

microwaves and generate transmission losses in the resonator circuit similar to the losses produced 

by a conductive substrate. The decay constant is an indirect measure of the activation energy 

barrier encountered by trapped electrons. Greater the activation barrier, longer the decay 

constants.63  Since the electric field across the membrane produced by higher DC bias values 

reduces the effective activation energy barrier, the corresponding time constants for the emission 

of electrons from deep traps also decrease (Table 1 and Figure 4d).  Multiple reports have 

established an energetic depth of 1.0-1.4 eV for deep electron traps in anatase-phase TiO2 

nanotubes;44,46,64,65 this energy barrier is reduced to 0.85-0.95 eV for a lateral membrane bias of 

120 V per our results.   

        When the DC bias is removed, the amplitude of the microwave signal recovers to its pre-

illumination values over a period of several hours. A bi-exponential decay function (

) was used as a fitting function for the recovery period after the 

removal of the DC bias.  The parameters of the fitting functions for different bias voltages are 

reported and compared in Table 1. In this case, the time constants consisted of a slow component 

(T1') of ~ 3000 s and a fast component (T2') of ~ 100 s, and were found to be relatively independent 

of applied bias. For low values of bias, the faster component was not detected. While the DC bias 

is applied, the deep traps releasing electrons are quickly re-filled by electrons injected from the 

contacts. Consequently, the number of bound charges remains constant which manifests itself in a 

near-constant resonant frequency (Figure 4c). When the DC bias is disconnected, contact injection 

ceases but the excess electrons in the conduction band of the TiO2 nanotubes can no longer decay 

to the previous trap levels that are now filled. The electrons decay instead to a different type of 

trap site which has a much smaller capture cross-section resulting in slow re-trapping which is 

1 2

0 1 2

t t

T T
y y B e B e

− −
′ ′′′ = + +
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evidenced by the several hour-long relaxation of the perturbation in the microwave response 

(Figure 4d) following the removal of the DC bias.  

        The effect of DC bias voltages on carrier dynamics in the titania nanotube membranes was 

also studied in the presence of UV light. To ensure a stable DC connection between the sample 

and the ring resonator device, the resistance variation was observed using a Keithley 2100 digital 

multimeter. According to the presented results in Figure 6a during the UV-light illumination, the 

resistance drops from 110 MΩ to 30 MΩ. The resistance variation profile demonstrated a good 

fitting with ���� = �� + ��	

��
���/�� + ��	


��
���/��,  function, while the microwave amplitude 

response (Figure 6b) could be fitted to ���� = �� + ��	

��
���/�� + ��	


��
���/�� + ��	

��
���/��. 

The parameters of the fitting functions are provided in Table 2.  When both ultraviolet (UV) 

illumination and a DC bias are applied, the resulting decays of the microwave amplitude 

(corresponds to a photoconductivity rise time) exhibit some interesting similarities and differences 

to the case when DC bias alone is applied.  On the one hand, the time constants for the amplitude 

decay are very similar in the presence of UV illumination and consist of a slow component with a 

time constant of 300−800 s and a faster component in the range 55−85 s (Figure 6b and Table 

S1).  On the other hand, there is a clear bias-independent shift in the resonance frequency due to 

UV illumination (Figure 6d), which indicates an increase in the number of bound charges due to 

trap filling.  Furthermore, the amplitudes of the microwave decays range from 0.5-1.1 dB in the 

presence of UV illumination (Figure 6c and Table S1) as contrasted with a range of 0.008 - 0.36 

dB in the presence of DC bias alone. Taken together, the results indicate that the microwave 

photoconductance of the TiO2 nanotubes in the presence of combined UV illumination and DC 

bias is dominated by the majority carrier Poole-Frenkel effect as in the case of pure DC bias but 

that carrier trapping is significant for UV photoexcitation and contributes to a shift in the resonant 
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frequency through the photodielectric effect.  The results also indicate that the number of excess 

carriers produced by illumination is vastly greater than the number of excess carriers produced by 

the application of DC bias alone. 

 

Table 2. Fitness functions parameters for regeneration and relaxation response for resistance measurement 

 R0 R1 R2 R3 t0 T1 T2 T3 
COD 

(R2) 
Chi2 

Regeneration -3.85e11 6.03e7 3.86e11 0 120 26.24 8.107e7 0 0.994 1.5e12 

Relaxation 1.1e8 -7.48e6 -2.04e7 -5.23e7 420 12.34 141.52 2319 0.998 1.7e11 

 

        After the UV illumination is switched off, we observed two distinct transient behaviors 

corresponding to when the DC bias was still present and when the DC bias was subsequently 

disconnected. The lifetime component in the UV relaxation response of the resonators while the 

DC bias is still applied reveals a lifetime component at ~ 3000 s which is observed in the recovery 

following the application of DC bias, and also in the presence of hole scavengers studied in our 

previous work.66  This is most likely due to low capture cross-section deep electron traps at the 

surface that do not experience the field-mediated reduction of energy barriers due to the 

countervailing built-in field at the surface due to adsorbed oxide ions.  When both the DC bias and 

the UV illumination are switched off, the recovery of the microwave response back to equilibrium 

is dominated by longer lived components (time constants > 8000 s) as seen in Table S1, which we 

assign to the emission of holes from deep level trap states and subsequent fast recombination with 

majority carrier electrons.  This assignment is provided support from the disappearance of this 

long-lived component from the recovery transients following UV illumination in the presence of 

short chain aliphatic alcohols which scavenge trapped holes.63 The effect of humidity was reported 

in our previous work;67 humidity can compete with oxygen to trap electrons, and in addition water 
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molecules adsorbed on defect sites present in superhydrophilic TiO2 nanotubes can be chemically 

dissociated resulting in proton intercalation into the TiO2, thus increasing conductivity.  

       The objectives of this study were two-fold - firstly to better understand the dynamics of 

trapping in anodic titania nanotubes from the viewpoint of improving device performance in 

nanotube-based photodetectors, photocatalysts and solar cells. Secondly, an emerging paradigm 

refuses to consider carrier trapping to be a purely negative phenomenon and recognizes the utility 

of trap states in high selectivity sensing and catalysis given optimal design and understanding.  

TiO2 nanotubes annealed at 350 °C exhibit the maximum microwave response unlike say 

nanotubes annealed at 500° C, which is beneficial for both the aforementioned objectives. A 350°C 

oxygen anneal converts the bulk of the TiO2 nanotubes to the anatase phase but still leaves some 

amorphous uncrystallized TiO2 domains and remnant interstitial fluoride species from the 

anodization process, which are the likely sources of the dominant electron traps observed in this 

study. An applied DC bias at symmetrical Ag contacts with a work function well-matched to 

anatase TiO2 can only produce conduction due to majority carriers. Minority carriers are negligible 

in n-type TiO2 nanotubes and therefore minority carrier recombination plays no role in the 

microwave response transients produced by the application and removal of a DC bias. When 

ultraviolet illumination is applied by itself (DC bias = 0 V) or together with a finite DC bias of 

20−120 V, the behavior of minority carriers can no longer be ignored while considering the 

corresponding transients. From a characterization perspective, this report demonstrates the ability 

to separately resolve majority- and minority-carrier trapping transients by simultaneously applying 

a DC bias while probing the temporal responses of the microwave conductance and 

photoconductance.    
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Conclusion 

In this report, the impact of DC bias on the microwave conductivity and photoconductivity of 

anatase-phase TiO2 nanotube membranes was monitored in the time-domain using a planar ring-

type microwave resonator operating at 2.45 GHz. Through the application of a DC bias in 

conjunction with bandgap illumination followed by their stepwise removal, one obtains richer 

insights into the underlying carrier dynamics, and can also distinguish between the trapping 

transients due to majority and minority carriers. Furthermore, planar resonator measurement 

configurations capable of sensitively probing both the photodielectric effect and the 

photoconductivity effect are shown. High surface area anodically formed titania nanotube 

membranes annealed at 350 °C produce a near-constant and unchanging resonant frequency in 

their microwave response following the application and removal of a DC bias, thus not exhibiting 

the expected change in the dielectric constant due to the creation of bound charges from trap filling.  

When UV illumination was applied together with a DC bias, the resonant frequency exhibited a 

noticeable shift indicative of trap filling. However, the photoconductivity rise times of tens and 

hundreds of seconds in the microwave amplitude response strongly indicated the involvement of 

deep trap states. We attribute the slow rise in the photoconductivity to electron capture by oxygen 

at the surface and also to Poole-Frenkel type trap-mediated injection from the contacts. The bias-

independent photoconductivity decay time constant of ~ 3000 s following the removal of the DC 

bias was attributed to the capture of electrons into lower cross-section deep trapping states at the 

surface. Hole trapping transients with minimum lifetimes of 8000 s were seen purely in the 

recovery response of nanotube membranes subjected to UV illumination with no applied bias 

present.  
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Supporting Information. Images and description of the experimental setup.  Fitness function 

parameters for all experiments. 
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Figures 

 

 

Figure 1 (a) Schematic illustration of the microwave resonator with DC bias line and a bias-Tee at each port. 

The width and thickness of microstrip line are 2.4 mm and 0.035 mm respectively, L1 = 15.3 mm, L2 = 13.8 mm, 

L3 = 21.3 mm, Cb = 20 pF (b) surface magnetic current simulation to demonstrate the current path (c) resonant 
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profile and comparison between measured and simulated results and (d) electric field simulation to extract the 

most permittivity-sensitive regions of the device. 

 

Figure 2 (a) and (b) FESEM images of the cross-section and profile view of the freestanding TNT membrane; 

the thickness of the membrane was measured to be 115 µm and the estimated average diameter was 125 nm.                                                        
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Figure 3.  (a) and (b) show two slight different configurations for measuring the microwave photoresponse of 

free-standing TNT membranes mounted in the coupling gap of open loop split ring resonators.   
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Figure 4. (a) Resonant profile of the sensor, S21 transmission profile is changed as time elapsed while a DC 

voltage of 80 V is applied (b) Resonant amplitude profile variation versus time for 5 minutes of 80V DC voltage 

and its relaxation (c) Resonant profile demonstrates no change while the DC voltage is applied and (d) 

Normalized resonant amplitude variation versus time for different DC bias voltages.   

 

(d) 

(b) (a) 

(c) 
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Figure 5.  Energy band diagrams of a semiconductor containing a single deep level trap in the absence of an 

electric field (a) and in the presence of a strong electric field (b) showing the field-induced lowering in the barrier 

for trap emission.  
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Figure 6. (a) Resistivity variation from 110 to 30 MΩ during the 5-minute UV-illumination on the glued TiO2 

nanotube membrane, (b) transient response of the UV-illuminated membrane regarding to the different applied 

DC-bias voltages, (c) amplitude and time constant of the resonant amplitude behavior versus applied bias voltage 

in presence of UV illumination, (d) Resonant frequency variation during the UV-illumination and the resting 

period regarding to different bias voltages. 
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