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The sensitivity of an integrated optical sensing device can be enhanced by coating it with a high refractive
index layer, while both incoupled intensity and spatial resolution are maintained. The potential for enhanced sensing is demonstrated using titanium indiffused waveguiding structures in LiNbO3 coated
with a TiO2 film. To the best of our knowledge, it could be measured for the first time that the outcoupled
intensity at the surface was enhanced by a factor of 12–15 while keeping the penetration depth of the
evanescent field constant of the order of only a few tens of nanometers. The evanescent fields of the
guided modes were measured and characterized with a scanning near-field optical microscope and
are in accordance with the numerical simulations. © 2008 Optical Society of America
OCIS codes:
130.3730, 180.4243, 230.3120, 310.2785.

1. Introduction

The interaction of evanescent fields of light propagating in waveguiding structures with a covering
medium has been used in numerous applications, including sensing devices [1–3], tunable optical filters
[4,5], and the excitation of fluorescent dyes in thin
layers with high spatial resolution [6]. Because of
the variety of application possibilities in many scientific fields it has become inevitable to properly design
the spatial shape and propagation constants of
guided modes, which also influences their evanescent parts and allows for tailoring them for specific
applications.
In the general case of a mode propagating in a
waveguiding structure, the term evanescent field refers to the part of the electric field E that penetrates
into the optically thinner medium [7,8]. Along the
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waveguide normal, it is described by an exponentially
decaying function
E ¼ E0 expð−z=dp Þ;

ð1Þ

where E0 is the electrical field strength at the interface, z is the distance from the interface in the optically thinner medium, and dp is the penetration
depth. The penetration depth dp is characteristic
for a waveguiding structure. It depends on the distribution of the refractive indices of the waveguide and
the surrounding media (and, therefore, the geometry), and the properties of the guided light, e.g., wavelength and polarization.
For some applications, such as the optical monitoring of biological and chemical processes at boundary
layers (i.e., at the interface of a waveguide structure),
it is essential to concentrate the light intensity to very
short distances above the interface. In evanescent
field illumination the penetration depth dp is the determining value for the thickness of the illuminated
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layer [9]. It is desirable to keep it as small as possible,
otherwise spatial resolution in the z direction will deteriorate [10]. At the same time, an enhancement of
the field strength E0 at the interface without changing the penetration depth dp is favorable, since then
higher intensities are available for interaction processes in the boundary layer of the covering medium.
It has been shown that such an increase of the proportion of the guided mode field that penetrates into the
covering medium can be achieved by coating the waveguide with a thin high-index metal oxide film [11].
In this work we present both theoretical calculations and experimental measurements of the evanescent field distribution of a single-mode waveguiding
channel in lithium niobate (LiNbO3 ). This material
has good electro-optic performances, and the fabrication of low-loss waveguides is well established [12].
Furthermore, LiNbO3 has a rather high refractive
index, which leads to a low penetration depth of the
evanescent field of the order of only a few tens of nanometers into the covering medium, which makes this
material highly appropriate for evanescent field sensors. Both uncoated waveguide channels as well as
channels coated with a thin high-index TiO2 film
are fabricated. For the latter case, an enhancement
of the evanescent field strength by more than 1 order
of magnitude is found using a scanning near-field
optical microscope (SNOM).
2. Sample Fabrication

For the experiments coherent green light with a
wavelength of λ ¼ 532 nm is used. The crystal sample
was cut from an undoped x-cut LiNbO3 wafer of congruently melting composition. It had dimensions of
1 mm × 25 mm × 10 mm with the z axis pointing along
the 10 mm long ferroelectric c axis. The waveguides
were prepared by patterning a 10 nm thick titanium
layer using standard photolithographic techniques
forming 6 μm wide stripes running parallel to the
25 mm long y axis. Subsequently, the stripes were indiffused for 2 h at 1273 K in air. Titanium increases
both the ordinary and the extraordinary refractive index of the LiNbO3 substrate. As a result, low-loss single-mode channel waveguides for TE-polarized light
of 532 nm wavelength are formed. After waveguide
fabrication an 80 nm thick layer of titanium dioxide
(TiO2 ) was deposited on top of one-half of the channel
waveguides by reactive sputtering (thus leaving the
other half uncoated for direct comparison). Finally,
the endfaces of the crystals were polished and an optical fiber was attached by index-matched ultraviolet
light curing adhesive to guarantee reproducibility of
the incoupling of light into the waveguide.

meters related to the experimental data given above.
The resulting titanium concentration profile is transferred into a refractive index distribution using the
method described in [13,14]. The bulk extraordinary
refractive index ne ¼ 2:2335 of LiNbO3 for wavelength
λ ¼ 532 nm is taken from [15]. Because of the indiffused titanium the refractive index at the surface is
increased by Δne ¼ 0:0107. The index profile along
the waveguide normal (z direction) inside the substrate is described by a Gaussian function
ne ðzÞ ¼ ne þ Δne expð−z2 =σ 2 Þ;

ð2Þ

with a Gaussian width of σ ¼ 0:6 μm. For part of the
calculations the high-refractive index layer of TiO2
is added to the refractive index profile. Since the
TiO2 is present in the form of anatase, a refractive
index of 2.40 was used for the numerical simulations
[16].
4.

Experimental Results

Measurements of the evanescent field intensities
were taken by employing a SNOM in collection mode.
A tapered glass fiber tip penetrated the evanescent
field above the waveguide. The light tunneled the
gap between waveguide and fiber and was collected
by fiber and guided to a photomultiplier. The tip
was attached to a tuning fork and the whole system
was mounted to a three-axis piezodriven positioning
unit under an angle of θ ≈ 30° as depicted in Fig. 1.
This geometry was chosen for stability reasons and
to minimize the ablation of the fragile tip. The electrical signal of the damped oscillating tuning fork was
used for distance control, which is an established
technique in SNOM measurements [17–19]. The position z ¼ 0, which defines the direct contact with
the surface, was particularly obtained from that signal. Because of the shape of the tip [20] and the performance of the actuators, resolution in the z direction
was of the order of Δz ¼ 5 nm, whereas resolution in
the x and y directions was of the order of Δx ¼ Δy ¼
0:8 μm.
Measurements were performed for both uncoated
and TiO2 coated regions of the channel waveguide.
In Fig. 2 the collected intensity is shown in logarithmic scale as a function of height z above the sample
surface. Approaching the surface (z > 0) the intensity rises exponentially and peaks at the interface

3. Numerical Simulations

To calculate the field distribution and the propagation
constants of the modes of the isolated single channel
waveguide the scalar Helmholtz equation is solved
using the finite difference approach. The refractive index profile of the waveguide is obtained by solving the
diffusion equation for a depletable source with para2358
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Fig. 1. (Color online) Experimental geometry of the SNOM setup.

(z ¼ 0). The decrease of the intensity for negative z
values in the plot does not refer to positions inside
the crystal but can be explained by the fiber tip
touching the surface and then bending upward under
further pressure.
All measurements were taken at the center (y direction) of the channel waveguides under identical
conditions. Therefore, the intensities at the interfaces can be directly compared. The intensity I c;z¼0
at the interface of coating and air is enhanced by a
factor of 12 compared to the value of I u;z¼0 at the interface of the uncoated sample and air.
From the curves plotted in Fig. 2 an exponential
decay was fitted with resulting penetration depths
dpi;u ¼ ð43  13Þ nm and dpi;c ¼ ð57  8Þ nm. With
the above described numerical simulations, penetration depths of dpi;sim ¼ 21:2 nm were calculated for
both uncoated and coated samples. These measured
penetration depths dpi refer to the intensity and are
half of the value of the characteristic value dp , which
refers to the field strength as given by Eq. (1).
The measured penetration depths exceed the calculated ones by a factor of 2 in the case of an uncoated
waveguide and by a factor of 2.7 in the case of the
TiO2 coated waveguide. This discrepancy and the relatively high error of the measured values were predominantly caused by the relatively round shape of the
fiber tip used in the SNOM setup. Despite the loss of
resolution, the round shape was preferred to a more
rectangular one, since the latter would have decreased the efficiency of the incoupling of the tunneling evanescent field into the fiber. Subsequently, the
photon counting efficiency as well as the signal-tonoise ratio of the photomultiplier tube used would
have reduced the accuracy of the measurement. This
also explains why the deviation of the measured penetration depth in the case of the uncoated area of the
waveguide exceeds the one in the coated area, where
the intensity signal is higher. Nevertheless, all values
for the penetration depths are of the same order of
magnitude of a few tens of nanometers.

Another experiment was performed to investigate
the enhancement of the intensity of the evanescent
field by lateral scans of the fiber tip in the y direction
at the surface using the tapping mode of the SNOM,
again for both uncoated and TiO2 coated regions of
the channels. In Fig. 3 lateral scans for both regions
are shown. Again, the intensity of the evanescent
field in the coated region is enhanced when compared
to the intensity in the uncoated region. For the peaks
at the center of the waveguide a ratio of I c;z¼0 =I u;z¼0 ¼
15 is found.
A comparison of the measured and calculated intensity distribution at the surface is shown in Fig. 4 for the
coated region and in Fig. 5 for the uncoated region. The
FWHM values obtained from the simulation (for both
regions) are FWHMsim ¼ 2:8 μm, whereas for the measured curves, we find FWHMmeasured ¼ 2:7  0:1 μm in
both regions. The experimental results are in good accord with the theoretical calculations.

Fig. 2. Height (z) dependence of the evanescent field intensity
collected with the SNOM for coated and uncoated regions of the
waveguide.

Fig. 4. Measured and calculated intensity distribution in contact
with the coated waveguide.

Fig. 3. Lateral (y) scan of the evanescent field intensity in contact
with both coated and uncoated regions of the waveguide.
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Fig. 5. Measured and calculated intensity distribution in contact
with the uncoated waveguide.

5. Discussion and Conclusion

Measurements of the evanescent field intensities of
modes guided in titanium indiffused waveguides in
LiNbO3 crystals were performed by probing the field
with a tapered SNOM fiber tip in scanning mode and
the results were compared to numerical simulations.
The simulations predict that, in spite of the change in
the field distribution inside the waveguide and a subsequent enhancement of the intensity at the interface
by 1 order of magnitude, the penetration depth remains unchanged when the waveguide is coated by
a thin layer of TiO2.
The calculated value of the penetration depth and
the lateral intensity distribution are in good agreement with existing literature [21,22]. Nevertheless,
the measured penetration depths exceed the calculated ones by a factor of 2 in the case of an uncoated
waveguide and by a factor of 2.7 in the case of the
TiO2 coated waveguide. For the lateral scan theoretical and experimental curves were in good agreement. It could be shown that by covering the
titanium indiffused waveguide in LiNbO3 with an
80 nm thick layer of TiO2 the intensity of the field
at the surface was enhanced by a factor of 12–15.
In conclusion, sensitivity enhancement of an integrated near-field optical device due to enhancement
of the proportion of mode intensity guided as an evanescent wave above the waveguide surface has been
successfully demonstrated for the first time, while
keeping the extremely short penetration depth of
the guided light almost unchanged. The presented
manipulation and characterization of the field of titanium indiffused waveguides in LiNbO3 by coating
them with a TiO2 layer makes these devices attractive for applications where low penetration depths of
the order of a few tens of nanometers with rather
high intensities at the surface are required.
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