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ABSTRACT
Near-field scanning optical microscopy has been used to measure the internal spatial
modes and local properties controlling optical wave propagation in glass/silica buried
waveguides. The period of the observed standing modes provides a direct measure of the
effective index, which combined with the measured transverse modal shape and decay constants,
determines the values of all spatial components of the wave vector.
Typically, small fluctuations in the material properties of structures can prevent proper
operation as well as accurate diagnostic device modeling. The NSOM local probe measurements
provide a means of detailed characterization, and defects in processing and their affects on
performance are readily identified. We have also developed a technique that can obtain
information about the locations of remote dielectric interfaces based upon the rate of change in
the phase of the standing wave as a function of wavelength. Finally, experimental results
addressing the issue of perturbation of the NSOM probe on the measurement of the local field
shows a weak but measurable perturbation, and the dependence on aperture and material
parameters will be discussed.
INTRODUCTION
Optical guided-wave devices are crucial for routing and control applications in the areas
of optical communications and networking. As greater bandwidth requirements have pushed
performance demands, guided-wave devices have become increasingly more complex. Increased
functionality has been achieved through techniques such as evanescent coupling and resonances
in microstructures, effects that strongly depend on local field and propagation properties of the
waveguides [1]. While accurate simulations of complicated guided-wave devices rely on
assumptions about the physical structure, direct measurement of internal optical modes and the
local properties of guided-wave propagation have remained elusive.
By using a local probe technique, Near-Field Scanning Optical Microscopy (NSOM) [24] , the local evanescent field above the
waveguide can be measured, providing a
detailed and complete picture of the
operation of the guided mode, far
surpassing previous indirect imaging
techniques [5-8]. NSOM studies of waveguides have demonstrated evanescent
field decay [9], standing modes [10], and
recently observed a modulation in the
propagation direction [11] due to the Tien
Fig. 1 Schematic of the device under study.
effect [12]. To the best of our
knowledge, our measurements provide

the first observation of standing modes in a single mode waveguide, as well as the first
determination of all components of the propagation vector [13].
EXPERIMENTAL SETUP AND DEVICE UNDER STUDY
In Fig. 1, we show a schematic of the waveguide studied. It was fabricated using the
traditional sputtering and optical lithographic methods [14,15]. The rectangular core region is
composed of a compound Ta2O5 / SiO2 glass of index of n=1.65. The cladding region is pure
silica, SiO2, n=1.44.

Fig 2: BPM mode simulations of the allowed modes of the glass/silica rectangular waveguide.
We have simulated the mode patterns for this
waveguide that are displayed in cross-section
TM
0.8
in Fig. 2. From a linecut of the intensity of
TE
these simulations in the vertical or x-direction
0.6
(Fig. 3), we can see that this waveguide is ideal
for an NSOM measurement, due to the
0.4
relatively large field penetration into the air
region. The field intensity at the air interface is
0.2
about between 4% and 9% that of the
maximum in the core region.
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Fig. 3 Vertical line cuts of mode
wavelengths around 1.55 µm. A schematic of
simulations for the three modes guided by
the experimental configuration is displayed in
the device under test.
Fgi. 4. A tunable external cavity laser (HP
8168F) was used as the light source, tunable
from 1440nm to 1570nm. A conically lensed fiber is used to launch this light into the
waveguide. Polarization control is performed using polarization paddles.
Transmitted light at the exit facet is imaged onto both a CCD for optimization of
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Fig 4 Experimental setup used for
characterizing internal optical fields
inside guided-wave devices. Light
from tunable laser is launched into
the device under test, and the
transmitted light is analyzed. The
NSOM probe is scanned over the
surface of the device, measuring
both topography and sampling the
evanescent field.

coupling and a Ge photodiode for quantitative measurements. A polarizer can be placed before
these detectors, so that the desired output polarization can be chosen with the polarization
paddles. The NSOM probe is scanned over the surface of the waveguide, routing the collected
light to an InGaAs photodetector. The translation stage used to scan the tip is interferometrically
calibrated to ± 0.3nm , and a shear-force tuning fork method [16] is used during surface scans to
maintain a tip-surface separation of 10 nm.
NSOM MEASUREMENTS
The field at the waveguide surface will not be simply related to the internal modes if a
large amount of scattering is present. Therefore, a vital initial measurement in this and similar
studies is a comparison of the level of scattered light to that of evanescent field at the surface
[13]. The measured optical intensity from NSOM scans in the vertical plane, perpendicular to the
Fig 5 (a) Measured optical intensity
from NSOM scans in the vertical plane,
shown on top of a cross section of the
waveguides under study. Grayscale
map uses black to indicate zero
intensity, and white for high intensity.
Contours are added to enhance
visibility of features. A complete decay
of the field at a height (x) of around
500nm is observed. (b) Simulation of
mode intensity in the same region

direction of light propagation, is plotted in Fig. 5(a) on top of the schematic of the structure. The
intensity decays quickly as a function of height showing the absence of scattering into free-space
propagating modes. This scan also shows excellent qualitative agreement with the top section of
the mode solver simulation, shown in Fig 5(b). A vertical line cut of this data, shown in Fig. 6,
exhibits pure exponential behavior
consistent with theoretical predictions.
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We see complete exponential decay until
the noise floor of our system is
encountered, at about 600nm.
The buried waveguide design is
1x10
intended to have a smooth top surface
without significant height variation.
However, due to the fabrication process
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a slight ridge on the surface above the
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Fig 6 Line cut of Fig. 6(a) at y=0, with
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exponential fit with intensity decay coefficient
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layer is grown.
A large variation with polarization is observed in the NSOM optical scans, because the
measured waveguides are not designed for polarization insensitive operation. When TM modes
are excited by controlling the input polarization, we obtain the image shown in Fig.7 (b). The
dependence along ŷ of the measured optical intensity is consistent with a single mode
waveguide. The periodic variation in the ẑ direction is the standing wave due to the cavity
formed between the entrance and exit facets of the waveguide. The peak-to-valley ratio along is
ẑ 1.2, consistent with the entrance and exit facet reflectivities, estimated at 4%. The period of
the standing mode is given by λ0/2neff, where λ0 is the vacuum wavelength and neff is the
effective index for the guided optical mode. At λ0 = 1.549µm, the measured neff = 1.458
compares very favorably with simulations which yield neff= 1.473. Since our scanning stages are
interferometrically calibrated the small difference between data and simulation actually provides
a more accurate measure of the waveguide dimensions than those initially supplied by the
fabricators and used in the simulation.

Fig 7: (a) Line-scan of the surface
topography across the waveguide,
showing ridge at surface due to
buried waveguide. (b) Optical
image obtained at the surface of the
waveguide when TM modes are
excited. The periodic variation in
the z direction is a standing mode
due to a cavity formed in the
waveguide. A line cut for y=0
exhibits almost pure sinusoidal
behavior, with a peak-to-valley
ratio of 1.2. (c) Line-cut for
constant z, with a fit to the lowest
order solution in a step-index
waveguide.

α VARIATION
The traditional method of solving a rectangular waveguide assumes that the values of the
components of k, the wave vector, are constant within a region [18]. This assumption, while
convenient, leads to unphysical situations, especially at the corners of a rectangular waveguide
[19]. In reality, only the component along the propagation direction, kz is constant everywhere in
order to satisfy phase-matching, while kx and ky may vary as long as the dispersion relationship is
satisfied: k x2 + k y2 + k z2 = n 2 k 02 , for a material with index n. Along the direction perpendicular to
the waveguide surface x̂ , the propagation constant is imaginary resulting in an evanescent field
k x → α x . Vertical linecuts of Fig. 6 can be fitted to obtain a reduced value of α as a function of
y, across the waveguide.

OBTAINING ky
The component of the wavevector k across the waveguide in ŷ can be obtained from the
mode shape. The solutions of a step index waveguide give cos kyy (even order) or sin kyy (odd
order) within the core region, with decaying exponentials outside this region. Fig. 7(c) shows a
line cut of the NSOM data long the y direction, with a fit to the lowest order solution. The
parameters of this fit give ky and thus kx in the five regions shown in Fig. 8, with extinction
coefficients shown as αxy. The values for kx and ky are within 6% of the theoretical predictions
shown in parentheses. The values of are in almost perfect agreement with simulation.
If we take our
α
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measured quantities for αx,
α y = 0.839(0.790) k y = 0.703(0.718)
y
ky, and kz and insert them
α x = 4.22(4.23)
α x = 4.22(4.23)
α x = 4.36(4.36)
into the equation
k x2 + k y2 + k z2 = n 2 k 02 we
α x = 1.08(1.09)
should naturally obtain k0.
This is a measure of the
k x = 3.05(3.05)
internal consistency of our
measurement technique.
k z = 5.91(5.94)
The value obtained is k0 =
-1
3.894µm
, which we can
Fig 8: Measured propagation constants in different regions of
-1
compare to the real value
the waveguide, all in units of µm . Simulated quantities are
of k0= 4.056 µm-1. You can
shown in parentheses.
make this difference more
intuitively physical by finding what index air would have to be to compensate for this difference.
Taking the square root of the ratio of these two, we get a value n=1.002. This agreement, while
not perfect, may be due to a slight miscalibration of one of the axes used for measuring the
period of the standing modes.
TE MODES
Fig 9: (a) Optical image obtained at the
surface of the waveguide when TE modes are
excited. A line-cut at y=1 µm exhibits
mostly sinusoidal behavior, with a peak-tovalley ratio of 1.3. (b) Intensity line-cut taken
at constant z, with a fit consisting of the
weighted superposition of TE0 (59%) and
TE1 (41%), with a phase difference of 0.098
radians. The theoretical solutions are also
shown for TE0 and TE1.

For the intended waveguide design, we expect a similar behavior of the guided modes for
TE polarization with only minor changes in the mode shapes and k values. However, a NSOM
scan for TE in Fig. 9(a) is dramatically different: the peak intensity is strongly off-center,

indicating a contribution from a higher order mode. The design wavelength is very close to the
cutoff condition of the first higher order mode, TE1. A slight variation in physical parameters
could cause the waveguide to become double moded. Since the modes have different field
penetrations into the cladding, they have different values for neff, resulting in an accumulation of
phase difference as they propagate. Therefore TE0 and TE1 beat against each other. A fit of an
intensity line-cut taken at constant z, shown in Fig. 9(b), allows us to determine the phase and
relative contributions of TE0 and TE1.
The simultaneous existence of TE0 and TE1, which propagate with different neff values,
will cause beating in the standing modes, as shown in the data of Fig. 10. The period of this
beating provides a direct measure of the modal index difference between these two guided
modes:
λ
λ0
π
(1)
T = TE0
= TE0 0 TE =
TE1
2∆neff
kz − kz
neff − neff 1

(

) (

)

For T=25µm, we get ∆neff = 0.031. A few
percent variation in the waveguide width is
considered consistent with the fabrication
accuracy. Within these tolerances, a perfect
match between the simulations and measured
∆neff is obtained.
Fig 9(b) shows a line cut along the y, with
a fit to the lowest order solution. The parameters
of this fit give ky in different regions of the
waveguide. This technique is also applied to the
TM modes in Fig. 7(c), though what we are
observing is actually an average value for ky,
since it is not possible to get full y dependence
using this fitting technique.
Finally, we are able to also separate kz
values for TE0 and TE1 by making use of the
weight ratios from Fig. 9(b), the ∆neff from Eqn.
(1), and an average standing mode period from
Fig. 9, using the equations
neff , avg = aneff ,TE0 + bneff ,TE1

neff ,TE0 = neff ,avg + b∆neff

. The complete

neff ,TE1 = neff ,avg − a∆neff
vectoral solution is summarized in table 1.

Fig 10 (left) Beating between the TE0
and TE1. The beat length can be
measured to obtain a measure of ∆n .

TE0
TM0
TE1

αx
4.615
4.36
4.313

ky
0.645
0.703
0.783

kz
6.110
5.910
5.869

neff
1.506
1.457
1.447

Tab. 1: Measured wavevector
components for the waveguide, shown in
values of µm-1.

STANDING MODE SPECTROSCOPY
Transmission measurements can provide information about overall cavity length, by
looking at the free spectral range (FSR), or the distance between the peaks in transmission. The
2
relationship is given by FSR = λ
so that for a neff = 1.458, λ=1.549 µm, and d = 9mm (the
2neff d
measured distance between the entrance and exit facet), we get a FSR of 0.091nm. This is
observed in a transmission spectrum. This measurement, while certainly useful, cannot determine
the absolute position of a dielectric interface or a defect along the waveguide. We have
developed a simple and direct measurement, called standing mode spectroscopy, which allows
for identifying the precise location of any local interface. Fig. 10(a) shows the standing waves
formed in the presence of a dielectric interface as a function of wavelength. Note that the slope
of the lines formed by the standing waves as a function of the wavelength (λ) decreases for
increasing distance from the fixed phase point at z=0, where the slope is infinite. The λ dependence of the intensity at constant z
provides information about the distance d of
this measurement point to the output interface
πλ λ
To test the
given by: d = 1 2
2(λ1 − λ 2 )
accuracy of this technique, we measure the
standing mode in the waveguide as a function
of wavelength in Fig. 10(b). Using the above
analysis, we obtain a distance d of 5.19mm,
correctly matching the distance from the
probed region to the exit facet. This is an
obvious result, but it should be understood that
for more complex systems, which switch
outputs or have complicated resonances, this
technique could give a wealth of information
about the various dielectric interfaces.
PROBE PERTURBATION
Fig 11 (a) Simulation of electric field
intensity as a function of z and λ for a
system with an interface at z=0 µm. The
propagation direction is in the -z direction.
Variables used to identify d are identified.
(b) Experimental results for the waveguide.
The interface is again at z=0.

A measurement technique should
introduce negligible perturbation to the system
under study. From our measurements of the
optical modes on the surface, it is clear that this
perturbation is small for the purposes of
measuring kz from the period of the standing
mode.
The probe perturbation can evidence
itself in two major ways. First, the presence of a scattering object (the NSOM probe) inside the
evanescent field of the waveguide will take optical power out of the system, showing as a
reduction in overall transmission through the waveguide. Second, the presence of an object
above the waveguide will change the local index of refraction at that point above the waveguide.
As we saw in the beginning of this chapter, this could cause the mode to be locally attracted to a
higher index of refraction, or locally repelled from a lower index (or reflecting material, such as
a conductor).
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First, we expect the reduction in transmission due to scattering into the probe to be
related to the nature of the probe used. For our experiments, we used two different types of
probes: uncoated probes, and probes coated with ~100 nm of Al. We would expect the metal
coated probe to have significantly more scattering, and thus significantly more reduction in
transmission.
The amount of light detected by the tip as it is scanned across the waveguide is compared
to the amount of light simultaneously transmitted through the waveguide in Fig. 11. In both the
coated and uncoated cases, we see a slight drop in transmission that is correlated exactly to the
light collected by the NSOM probe. As we expect, the reduction in transmission in the case of
the coated probe is about double that in the case of the uncoated probe.

Fig 11: Signal collected by the NSOM
probe (left scale, solid) and light
transmitted through the waveguide for
the coated probe (right scale, dashed) and
the uncoated probe (right scale, circles)
as a function of lateral distance across the
waveguide. When the NSOM probe is
collecting light, the transmitted signal is
reduced at most by about 1\%.

X (nm)

The amount of reduction is between about 0.5% and 1.2%. Typical transmission values for
pulled, coated tips such as these are between 10-4 and 10-6, so it is within reason we would detect
1pW using an NSOM probe that is collecting 1% of the 10 µW launched into the waveguide.
MODE MOVEMENT
The second effect is that the position of the mode will move differently due to the change
in the local index of refraction comparing the coated to uncoated probe case. We can see this by
doing a simple two dimensional mode simulation for the system. The probe is modeled using a
layer made up of two parts. The first, long part is the a layer of index n=1.44, simply pure silica.
The second part is a varying thickness of either metal or of silica, depending on whether we are
modeling a coated or uncoated probe. By varying the separation d, we are effectively varying the
distance the probe is from the surface.
The effect of the NSOM probe is obtained by comparing the field intensities around the
core peak for three different cases; the unperturbed case, the metal coated probe or uncoated
probe. We find that the metal coated tip tends to repel the mode, while the uncoated tip tends to
attract the mode.
It is not obvious what effect, if any, this mode movement will have on a measurement of
the evanescent decay constant. To answer this question theoretically, we did multiple
simulations of the system, varying the probe-to-sample spacing d. We assumed that the value
measured by the probe will be proportional to the field intensity just outside the probe.
Performing this simulated experiment, find that although the overall intensity is different, the
decay constants are almost exactly the same: 2αx = 8.981 µm for the uncoated case, and 2αx =
9.001 µm for the coated case.

To test the validity of the simple simulations and our intuition, we repeated the vertical
scan NSOM experiments using a coated probe (similar to Fig. 3). We obtained good exponential
behavior over several orders of magnitude, measuring a decay constant of 2αx = 8.886 µm. This
is slightly smaller than the decay constant measured using the coated probe, but only by about
1.2%. This confirms that while the coated probe scatters more radiation, the effect on the
internal mode structure of the waveguide is minimal, yielding a nearly identical exponential
decay constant, in agreement with our simple model.
From these measurements, it is clear that the perturbation due to the probe is small
enough to perform basic measurements of propagation parameters. What is not clear is just how
small the perturbation is. More detailed studies should be performed, utilizing measurement
techniques with higher signal to noise, to determine exactly the scale of the perturbation. An
interesting measurement would be to go over exactly the same point on the waveguide with a
coated, then an uncoated probe. We might expect to see a narrower transverse mode profile due
to the movement of the mode caused by the boundary condition imposed by the metal.
CONCLUSIONS
In this paper we have used near-field scanning optical microscopy to measure the internal
spatial modes and complete local properties controlling optical wave propagation in glass/silica
buried waveguides. We have shown that measurements of the period of the observed standing
modes provides an accurate and direct measure of the effective index, which combined with the
measured transverse modal shape and decay constants, determines the values of all spatial
components of the wave vector. Standing mode spectroscopy is a new technique that can
provide information about the locations of remote dielectric interfaces based upon the rate of
change in the phase of the standing wave as a function of wavelength. Finally, experimental and
theoretical results addressing the issue of perturbation of the NSOM probe on the measurement
of the local field shows a weak but measurable perturbation. These results and measurement
techniques can now be applied to more complex systems.
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