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ABSTRACT 

 
A TiO2 nanoporous thin film based leaky waveguide 

resonance sensor operating in the wavelength interrogation 
mode was characterized. The resonance wavelengths (λR) 
and the induced shifts in λR were determined directly from 
the reflected light intensity spectra measured at a given 
incident angle. A considerable broadening of the resonance 
band was observed with the sensor, mainly resulting from a 
large bulk scattering of the nanoporous TiO2 film. The best 
fit to the experimental data with the Fresnel equations leads 
to a pore-volume fraction of 0.474 for the TiO2 film. The 
sensor is responsive to adsorption of small molecules such 
as glutathione (GSH, MW = 307.3 Da). A change of the 
surrounding liquid from water to aqueous GSH solution 
(0.1 mM) results in a redshift of ΔλR ≈ 3 nm from λR = 
593.6 nm, corresponding to a volume fraction of 0.05 for 
the GSH molecules adsorbed on the porous film based on 
simulations. According to the theoretical analyses, a small 
change in refractive index of the surrounding liquid can 
induce a large blueshift of λR under proper conditions. 
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1 INTRODUCTION 
 
Porous waveguide mode resonance (PWMR) sensors 

have recently attracted considerable attention because of 
their electromagnetic immunity, ultrahigh sensitivity, size 
dependent selectivity, real-time and label-free detection 
ability, and good compatibility with the electrochemical 
technique [1-5]. PWMR sensors usually have a similar 
geometry to a conventional surface plasmon resonance 
(SPR) sensor but are much more sensitive than the latter. 
The high sensitivity of PWMR sensors results from the 
strong interaction between the guided mode and the analyte 
molecules adsorbed inside the nanoporous waveguide. For 
SPR sensors with a naked gold film, the interaction of the 
evanescent wave with adsorbed target molecules occurs at 
the gold-layer/solution-sample interface, with an interaction 
depth as small as the molecular size, which leads to a 
limited sensitivity and consequently makes SPR sensors 
unable to directly detect small-molecule substances with 
molecular weight below 200 Da especially in the case of a 
low concentration [6]. In practice, a large variety of toxic, 
harmful and hazardous substances such as pesticides, 

cyanide, drugs, TNT, heavy metal ions, and volatile organic 
compounds are small molecules. They cannot be easily 
detected with SPR sensors. From the point of view of the 
trace detection of small molecules, PWMR sensors have the 
great advantage over SPR sensors, showing bright prospect 
as an alternative to SPR sensors. So far, PWMR sensors 
have been studied almost exclusively in the angular 
interrogation mode [1-4]. Our previous work shows the first 
example of a wavelength-interrogated PWMR sensor [5]. 
The PWMR sensor with wavelength interrogation allows 
for flexible adjustment of sensitivity and thus has a broad 
measurement range for the analyte concentrations. With a 
time-resolved CCD spectrometer the PWMR sensor can be 
used for kinetic study of molecular adsorption inside the 
porous film. As a continuous study, this work presents the 
broadening and the induced blue shift of the resonance band 
of the wavelength-interrogated PWMR sensor as well as its 
sensitivity to small molecule adsorption.  

 
2 PREPARATION OF THE SENSOR 

 
The gold-clad TiO2 nanoporous waveguides were made 

in the same way as described in the previous work. Figure 1 
shows the cross-sectional morphology of the waveguide 
chip observed by scanning electron microscopy (SEM). The 
TiO2 film exhibits a random loose packing of TiO2-
nanoparticle aggregates (the particle diameter is ca. 6 nm), 
including the inter- and intra-aggregate pores. The cross 
section is rather coarse. The glass-substrate/gold-layer and 
gold-layer/TiO2-film interfaces are clearly seen. The 
thicknesses of the gold layer and the nanoporous TiO2 film 
were estimated as TAu = 42.2 nm and TTiO2 = 310 nm.  

 

 

Figure 1: SEM image of the cross section of the waveguide  
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Figure 2: Schematic diagram of a wavelength-interrogated 
PWMR sensor (the TM mode profiles and the 

corresponding resonance bands were also illustrated). 

Figure 2 displays the sensor configuration. It consists of 
a tungsten-halogen lamp, a CCD spectrum analyzer (Ocean 
Optics), a glass prism (45°/45°/90°, np = 1.799 at λ = 633 
nm) and a slab waveguide chip that was tightly sandwiched 
between the prism and a fluidic chamber. Broadband light 
from the tungsten-halogen lamp passes through a quartz 
fiber, a linear polarizer and a lens, to produce a  collimated 
beam with the p-polarization state. The beam is incident 
upon the prism at an angle θ (θ > 0 if the beam is between 
the glass substrate and the prism-surface normal, otherwise, 
θ < 0), undergoing attenuated total reflection (ATR) at the 
glass-substrate/gold-layer interface. ATR is accompanied 
by an evanescent field that penetrates through the gold layer 
to excite the guided modes in the TiO2 film at specific 
wavelengths at which the phase-matching condition is 
satisfied. The energy transfer from the incoming light to the 
guided modes at the resonance wavelengths (λR) leads to 
ATR troughs in the reflected light intensity spectrum. 
Therefore, in principle λR and its shift induced by molecular 
adsorption can be determined by recording the reflected 
light intensity spectra with the CCD spectrometer  

For understanding the PWMR sensor with wavelength 
interrogation, the profiles of transverse magnetic (TM) 
modes with different orders and the corresponding 
resonance bands in the reflectance spectrum were also 
illustrated in Figure 2. At a given incident angle, a higher- 
order mode has a smaller resonance wavelength. The TM0 
mode with the largest resonance wavelength corresponds to 
the surface plasmon polariton (SPP). 
 

3  RESULTS AND DISCUSSIONS 

Figure 3 displays a reflected light intensity spectrum  
detected at θ = 15° with the empty chamber. The spectrum 
was normalized to the peak intensity. It includes a single 
trough at λR=671 nm. The best fit to the measured spectrum 
was carried out using TAu = 42.2 nm and TTiO2 = 310 nm 
based on the Fresnel equations. Prior to numerical 
calculations, the refractive-index (RI) dispersions of gold 
and TiO2 were obtained and the average RI versus 
wavelength for nanoporous TiO2 film was derived based on 
the Bruggeman approximation [7]. The best-fitting curve 
shown in Figure 3 leads to a pore-volume fraction of 0.474 
for the prepared TiO2 film. The further analyses based on 
waveguide theory indicate that the resonance band at 
λR=671 nm corresponds to the TM1 mode. Compared with 
the best-fitting curve, the measured resonance band exhibits 
a considerable  broadening that is mainly attributable to the  
 

 

Figure 3: Reflected light intensity spectrum measured at θ = 
15° with the air clad (the red curve is the best-fit result).  

 

Figure 4: (a) Simulated reflectance spectra, (b) FWHM 
versus the extinction coefficient of the nanoporous layer 
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Figure 5: Resonance wavelengths versus refractive index of 
aqueous sucrose solution measured at different value of θ  

the large scattering of the nanoporous TiO2 film due to its 
coarse structure verified by  SEM. The scattering  induced 
broadening of the resonance band for the PWMR sensor 
was simulated by introduction of an extinction coefficient 
(k) to the nanoporous TiO2 film. Figure 4(a) shows the 
reflectance spectra calculated with different values of k. 
The resonance band gradually widens with increasing k. 
Figure 4(b) shows that the full width at half maximum 
(FWHM) of the resonance band is linearly dependent on k. 
The resonance-band broadening weakens the spectral 
resolution, thus affecting the detection limit of the sensor.  

The RI sensitivity of the PWMR sensor was examined 
using a series of aqueous sucrose solutions as the standard 
RI samples. Figure 5 shows the resonance wavelengths 
versus the solution RI measured at different incident angles. 
At a given θ λR linearly increases with increasing the 
solution RI from 1.333 to 1.348. The slope of the straight 
line, representing the RI sensitivity of the sensor, decreases 
with increasing the value of θ. Figure 5 also reveals that λR 
with water reduces with increasing θ. Therefore, it can be 
seen that the RI sensitivity of the sensor increases with 
increasing the initial resonance wavelength.     

Response of the PWMR sensor to molecular adsorption 
was investigated at θ = 5° using the aqueous GSH solution 
samples. GSH is a small molecule composed of three amino 
acids with a molecular weight of 307.3 Da. Figure 6(a) 
shows the normalized intensity spectrum with water and 
that recorded at the equilibrium of GSH adsorption from the 
0.1 mM solution. Adsorption of GSH molecules inside the 
nanoporous TiO2 film leads to a redshift of ΔλR = 3 nm. 
According to dn/dc = 0.188ml/g [8], the RI difference 
between water and the 0.1 mM GSH solution is Δn = 5.53 × 
10–6, it exceeds the detection limit of the sensor. Figure 6(b) 
displays the resonance-wavelength shifts versus the GSH 
concentrations measured at θ = 5°. As the concentration 
rises, ΔλR initially rises fast and then tends to be stable. 
Given RI =1.44 for GSH, the simulation results reveal that 
the volume fraction (Γ) for the GSH molecules adsorbed 
inside the nanoporous TiO2 film is proportional to ΔλR with 

  

Figure 6: Reflected light intensity spectra corresponding to 
the water and aqueous GSH solution clads  

ΔΓ/ΔλR = 0.0173/nm. For the 1 mM GSH solution, ΔλR = 
8.1 nm and Γ = 0.142. It suggests that even in the case of 
saturation adsorption the adsorbed GSH molecules only 
occupy 30% of the total pore volume.  

As measured above, both changes in RI of the 
surrounding liquid and molecular adsorption usually lead to  
redshifts in the resonance band of the PWMR sensors. 
However, under proper conditions, the PWMR sensor can 
also produce blueshifts in the resonance band in response to  
adsorption of analyte molecules and changes in the liquid 
RI. Such a behavior of the PWMR sensor was theoretically 
demonstrated based on a nanoporous glass waveguide made 
of the same material as the prism used in this work. The 
theoretical calculations were carried out provided that the 
gold-clad layer is 30 nm, the nanoporous glass layer has a 
thickness of 2.6 μm and a pore-volume fraction of 0.4. 
Figure 7(a) shows the calculated reflectance spectra at the 
reflection angle of φ = 63.1°. As the liquid RI rises from nc 
= 1.33 to 1.331, the resonance band gradually blueshifts 
from λR = 777.2 nm to 722.8 nm. Figure 7(b) shows a linear 
dependence of λR on nc with  the slope of ΔλR/Δnc = –53482 
nm/RIU. Namely, a 1nm blueshift of λR corresponds to Δnc 
= 1.87 × 10–5.  

To explain the resonance-band blueshift mechanism for 
the PWMR sensor based on the phase-matching condition, 
the effective RI dispersion of the guided mode in the porous 
glass waveguide was calculated using the above parameters. 
Figure 8 shows the calculated results. The two black curves 
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were obtained with nc = 1.33 and 1.34. The red and blue 
curves were derived from the formula: N = npsin(φ), here φ 
= 63.1° and np is RI of the glass prism for the red curve and 
φ = 65.1° and np is RI of the Al2O3 crystal prism for the 
blue curve. There is a point of intersection between each 
black and each color curves, at which the phase matching 
appears  between  the in-coming light and  the guided mode. 

 

 

Figure 7: Reflected light intensity spectra corresponding to 
the water and aqueous GSH solution sample. 

 

Figure 8: Wavelength dependence of the effective refractive 
index of the guided mode in the gold-clad nanoporous glass 
waveguide. The red and blue curves were described below. 

 

The horizontal position of the intersection point is the 
resonance wavelength of the guided mode. Figure 8 clearly 
indicates that a change of nc from 1.33 to 1.34 can lead to a 
blueshift in λR with the glass prism and a redshift with the 
Al2O3 crystal prism. The findings suggest that by use of a 
rutile prism to replace the glass prism, the nanoporous TiO2 
film based PWMR sensor could produce blue shifts in the 
resonance band in response to molecular adsorption and the 
liquid-RI changes.  

4  CONCLUSIONS 

The wavelength-interrogated PWMR sensors were 
prepared using the gold-clad nanoporous TiO2 thin-film 
waveguides. The RI sensitivity of the sensor was examined 
to decrease from S = 4056 nm/RIU to 1212.4 nm/RIU with 
increasing the incident angles from θ = 6° to 10°. The  
resonance-band broadening of the sensor was observed and 
explained theoretically. The sensor was demonstrated to be 
responsive to small-molecule GSH adsorption. The pore-
volume fraction of the TiO2 film and that for the GSH 
molecules adsorbed inside the porous film were estimated 
by the best fitting to the experimental data. The theoretical 
analyses demonstrated that depending on the prism material 
used, a change in the liquid RI can cause not only a redshift 
but also a blueshift in the resonance band of the PWMR 
sensor. The PWMR sensor  operating in the wavelength 
interrogation mode exhibits interesting behaviors and 
ultrahigh sensitivity to small-molecule targets. 
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