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Abstract—We have used near-field scanning optical microscopy
to measure the internal optical modes inside glass waveguides and
microring resonators. The period of the observed standing modes
provides a direct measure of the local effective index. The measured
effective index and modal shape determines the values of all components of the wave vector. The observed standing modes inside
the ring resonator are unexpected, but are caused by the standing
modes in the coupling waveguide. Last, we describe a technique
that can obtain detailed information about the locations of the dielectric interfaces.
Index Terms—Channel drop filter, integrated optics, near-field
scanning optical microscopy, ring resonator.

I. INTRODUCTION

I

N THE near future, large-scale integrated optical systems
with densely packed simple optical components will constitute the building blocks of optical communication networks and
signal processing circuits. These all-optical circuits are faster,
more scalable, and potentially less expensive than their hybrid
electrical/optical analogs since there is no need to perform optical to electrical conversion. Precise modeling and exacting fabrication of dielectrical structures are necessary to build the next
generation of integrated optical systems. Also essential are new
techniques for accurate characterization of such optical systems,
from the most basic building blocks like simple channel waveguides to novel structures such as microring resonators for wavelength-division multiplexing (WDM).
A variety of characterization techniques have been developed
for probing guided-wave devices [1]. Transmission measurements, the most basic of these techniques, treat the device as a
“black box,” providing direct information about its operation as
a whole unit, like switching characteristics and temperature stability. Extending transmission measurements with a wavelength
tunable source provides additional data about the operation of
wavelength sensitive devices, as well as about Fabry–Perot cavities within the component under test.
Transmission measurements give global information about
the entire device and as such are very suitable for determining
qualitative device performance. Unfortunately, transmission and
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reflectivity measurements are not very effective for diagnostic
purposes, since the causes of most device problems are local and
microscopic within the device. Traditional far-field microscopy
can identify spatially certain device limitations, for instance,
loss due to absorption or scattering. On the other hand, if the
problem can be traced to the internal operation of the device,
such as undesired multimoded behavior, far-field microscopy is
fruitless. Common techniques for modal analysis, such as prism
out-coupling [2] and exit facet imaging [3], cannot generally
identify local problems resulting in unwanted modal structure.
It is therefore essential to develop a way of probing internal
spatial modes within these guided-wave devices. Several
methods have been used to measure internal optical fields, all
of which depend on converting a fraction of the guided wave
into far-field radiation. One method is to dope or coat the device
with a light sensitive material, as has been demonstrated using
Er+ doping [4] and photoluminescence enhanced polymers
[5]. The doped or coated device will then emit light into the
far-field in proportion to the local intensity of the guided wave.
A second method uses a device made of a uniformly scattering
material such as poly-Si to scatter the guided light into the far
field [6], but this method is generally only a side-effect, not
applicable to most high-quality devices. In this paper, we will
show that near-field scanning optical microscopy can be used to
measure internal optical intensity within both basic and novel
guided-wave structures. We will show that this method has a
number of advantages over the methods above, including the
ability to distinguish scattered from guided light and determine
the vectoral components of the wavevector, all with a minimum
amount of perturbation.
II. NEAR-FIELD SCANNING OPTICAL MICROSCOPY
Near-field scanning optical microscopy [7], [8] (NSOM)
raster scans a tapered single-mode fiber-optic [9] serially,
building up a high-resolution image of a sample. The aperture
in the tapered fiber is much less than the wavelength of light
and therefore, when scanned in close proximity to the sample,
yields an image with resolution better than the diffraction limit.
The earlier development of NSOM has targeted applications
where ultrahigh spatial resolution was required [10]. More
recently, NSOM has been recognized as a tool to study evanescent fields to obtain otherwise inaccessible information about
guided-wave optical systems. NSOM studies of waveguides
have demonstrated evanescent field decay [11], standing
modes [12], [13], and recently observed a modulation in the
propagation direction [14] due to the Tien effect [15]. Studies
of more complicated devices have included directional couplers
[16] and star couplers [14]. We have demonstrated the first
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Fig. 2. 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.

Fig. 1. (a) Optical micrograph of a glass microring resonator and buried
crossed bus waveguides. (b) Schematic of device structure, showing the buried
waveguides and identifying the various ports.

modal characterization of single mode optical waveguides with
direct measurements of the propagation vector components
and standing wave structures [13]. This paper presents a
detailed characterization and analysis of guided wave devices
by NSOM. In the following section, we describe the optical
waveguide and microring resonator structures that we studied.
III. DEVICE UNDER TEST
Optical channel drop filters separate different wavelength optical signals and are therefore of enormous interest in WDM
networks. An early design for a channel drop filter is two bus
waveguides side-coupled to a ring resonator between them. This
was first proposed in the late 1960's [17] but fabricated many
years later [18]. The side-coupled geometry presents a number
of challenges for fabrication, generally requiring the use of electron-beam lithography to define the desired separation and coupling coefficient between the bus waveguides and the ring. The
device studied here, shown in Fig. 1, is unique in that the ring
resonator is vertically coupled to the bus waveguides, which
puts the crucial parameter in the growth direction, allowing for
much more accurate control of the thickness and thus the coupling coefficient [19]. The devices studied employ cross-bus
or
waveguides, which provide for easy cascading in a
geometry in a very small wafer area [20]. Last, these microring resonators are fabricated in a low-index material system,
which is not only better matched to silica fibers but is also more
forgiving of sidewall roughness.
In the fabricated device, alternating layers of SiO2 and the
compound glass Ta2O5/SiO2 were deposited by RF sputtering.
The processing consisted of the following steps. An initial layer
of 10− m-thick SiO2 was deposited on the Si substrate to serve
as the bottom cladding layer. This was followed by the deposition of a 0.5− m layer of Ta2O5/SiO2. A 150-nm-thick Cr mask
was evaporated on to the sample and subsequently patterned by
photolithography and dry etched to a depth of 0.5 m, forming
the bus waveguide core. While the Cr on top of the bus waveguides remained intact, 0.5 m of SiO2 was sputtered onto the
sample to fill in the amount of Ta2O5/SiO2 material etched away.

In the Cr liftoff process, the sample was first soaked in BHF for
10 s to remove the SiO2 deposited on the vertical walls of the Cr.
Thus exposed, the Cr was subsequently wet etched, which lifted
both the Cr and the SiO2 on top of it. A buffer layer of SiO2, the
depth of which determines the vertical separation of the bus and
ring waveguides, was next sputtered onto the sample. Last, a
1- m-thick top layer of Ta2O5 was deposited and subsequently
patterned with a Cr mask to form the air-clad ring waveguide
structure.
IV. WAVEGUIDE STUDIES
The bus waveguides underneath the microring resonator are
simple channel waveguides. Analytical or numerical solutions
of the optical modes are easily obtained. This simplicity makes
them an ideal testbench for initial NSOM studies, providing
proof of the characterization technique.
A schematic of our setup is shown in Fig. 2. A lensed fiber
is used to launch light from a tunable external cavity laser into
the guided-wave device under study. Transmitted light at the
exit facet is imaged onto both a charge-coupled device for optimizing coupling and a Ge photodiode for quantitative measurements. 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 ±0.3 nm, and a shear-force tuning fork
method [21] is used during surface scans to maintain a tip-surface separation of 10 nm.
As mentioned in the introduction, a standard technique of
characterization is transmission spectroscopy. Fig. 3 shows a
transmission spectrum for the waveguide, at a frequency far
from any ring resonances. The oscillations are due to the cavity
formed by the entrance and exit facets. The measured free spectral range (FSR) of 0.096 nm yields a cavity length of 9 mm,
identical to the length of the sample. The measured peak-tovalley ratio of 1.02 is much lower than expected from the reflectivities of the entrance and exit facets. This is likely due to
the detection of unguided light since we did not use a pinhole in
the exit image plane.
If a large amount of scattering is present, the field at the surface will not be simply related to the internal modes. A vital initial measurement in this and similar studies is a comparison of
the level of scattered light to the evanescent field at the surface
[22]. The measured optical intensity from NSOM scans in the
vertical plane, perpendicular to the direction of light propagation, is plotted in Fig. 4(a) above the schematic of the structure.
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(a)

(b)

Fig. 3. (a) Transmission spectrum for the waveguide by itself, away from any
ring resonances. The distance between the two dotted lines is 0.096 nm, the FSR
of a 9-mm cavity. (b) Schematic of the device, identifying the 9-mm cavity.

Fig. 5. (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.

Fig. 4. (a) Measured optical intensity from NSOM scans in the vertical
plane, shown on top of a schematic 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 500 nm is observed. (b) Line cut
taken from above at y = 0, with exponential fit with intensity decay coefficient
(2 ) = 7:34 m−1.

The intensity decays quickly as a function of height showing
the absence of scattering into free-space propagating modes. A
vertical line-cut of this data, shown in Fig. 4(b), exhibits pure
exponential behavior, consistent with theoretical simulations.
obtained from
The value for the exponential decay constant
Fig. 4(b) is ∼20% smaller than the value predicted by finite difference time-domain (FDTD) simulations. This is due to the
metal-coated NSOM tip and will be discussed in detail later.
In Fig. 5(a), we use the NSOM probe to observe a slight ridge
on the surface above the buried waveguide core. The sample
above the bus is designed to be planar, but the fabrication tolerances allow for a variation in height of a few nanometers between the side cladding and core. The observed ridge allows us
to spatially anchor our optical scans. The actual width of the surface structure does not directly correspond to the buried waveguide dimension since the ridge may not propagate vertically as
the top cladding 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. 5(b). The dependence along of the measured optical intensity is consistent with a single-mode waveguide. The periodic variation in the -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
∼10%, consistent with the entrance and exit facet reflectivities.
, where
The period of the standing mode is given by
is the vacuum wavelength and
is the effective index for
compares
the guided optical mode. The measured
.
very favorably with simulations, which yield
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 to the simulation.
The traditional method of solving a rectangular waveguide assumes that the values of the components of , the wave vector,
are constant within a region [17]. This assumption, while convenient, leads to unphysical situations, especially at the corners of
a rectangular waveguide. In reality, only the component along
is constant everywhere in order to
the propagation direction
satisfy phase matching, while and may vary as long as the
, for a
dispersion relationship is satisfied:
material with index . Along the direction perpendicular to the
waveguide surface , the propagation constant is imaginary re. Vertical line cuts of
sulting in a evanescent field
Fig. 2 can be fitted to obtain a reduced value of as a function
of , across the waveguide, shown in Fig. 6.
A similar behavior of the guided modes is expected for TE
polarization with only minor changes in the mode shapes and
values. However, an NSOM scan for TE [Fig. 7(a)] is dramatically different—note the off-center peak. The design wavelength of our device is very close to the cutoff condition of the
first higher order mode, TE1. Any slight variation in physical
parameters could easily cause the waveguide to become double
moded. The off-center peak indicates a significant contribution
from TE1. The fact that the guide is multimoded makes a devery difficult, because the fitting of the expotermination of
nential decay would have to fit weighted amounts of all of the
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Fig. 6. Measurements and simulations of
as a function of y . Due to the
noise in the measurement, a smoothed version has been overlaid on the measured
data for easier comparison with simulation.

decay constants for all of the excited modes. So instead we use
an alternative method to obtain the values of the wave vector.
can be obtained
The component of across the waveguide
from the mode shape. Solutions of a step index waveguide give
(even order) or
(odd order) within the core region, with decaying exponentials outside this region. Fig. 7(b)
shows a line cut along the , with a fit to the lowest order soluand thus
in different
tion. The parameters of this fit give
regions of the waveguide, summarized in Table I. This technique
is also applied to the TM modes in Fig. 7(c), though what we
are observing is actually an average value for components of ,
since it is not possible to get full dependence using this fitting
technique.
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
from the period of the
small for the purposes of measuring
standing mode. However, the perturbation is causing a signiffrom the exponential
icant change to the measurements of
decay constant, as mentioned earlier. This perturbation is most
likely due to the Al-coating on the NSOM fiber tip, which causes
the optical mode within the waveguide to be slightly depressed.
The metal coating introduces a new reflecting boundary condition, which causes the local evanescent field under the tip to fall
off more slowly than in its absence, giving a reduced value for
. The use of uncoated tips appears to give values for closer
to expected [14], and we will be performing these experiments
with uncoated tips to confirm this interpretation of the data.
If the probe is indeed modifying the internal optical mode,
we should be able to see this effect in the transmission through
the waveguide. The amount of light detected by the tip as it is
scanned across the waveguide is compared to the amount of light
simultaneously transmitted in Fig. 8.
The 1% drop in transmission is correlated exactly to the light
collected by the NSOM probe. Two explanations are possible.
The first is that the coated probe is causing a change in the ef-

Fig. 7. (a) Optical image obtained at the surface of the waveguide when TE
modes are excited. A line cut at y = 1 m exhibits mostly sinusoidal behavior,
with a peak-to-valley ratio of 1.3. (b) Intensity line cut of TE image 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. (c) Line cut of TM image, with a fit to the
lowest order solution in a step-index waveguide.
TABLE I
MEASURED PROPAGATION CONSTANTS FOR
THE WAVEGUIDE, SHOWN IN VALUES OF m−1

Fig. 8. Signal collected by the NSOM probe (left scale, solid) and light
transmitted through the waveguide (right scale, dotted) 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%. Solid line: mode intensity.
Dashed line: transmission.

fective index of refraction for the guided mode, and that the
change in transmission is due to reflection at the probed point.
The second explanation is that the transmission drops because
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Fig. 9. Transmission spectra through the ring resonator, showing signal at the
through port (solid) and drop port (dotted) when light is launched into the input
port. The slight drop in the transmission at longer wavelengths is due to the
lower responsivity of the Ge detector used.

(a)

Fig. 10. Comparison of the light stored in the ring resonator to the amount
detected at the through and drop ports. The integrated NSOM trace is obtained
by performing a 500-nm square scan on the surface of the ring and then summing
the pixels. The transmission scans are different from those in Fig. 9 because of
the difference in sample orientation.

light is being coupled into the probe, although not all of it can
propagate from the aperture to the untapered region. Typical
transmission values for pulled tips such as these are between
10 and 10 , so it is within reason that we would detect 1
pW using an NSOM probe that is collecting 1% of the 10 W
launched into the waveguide. We will be studying both of these
effects further during our comparison of coated versus uncoated
tips.
V. RING STUDIES
The experimental setup for studying the ring resonator is similar to the setup for measuring the bus waveguide, but with
one important addition: a large core multimode fiber optic is
mounted to collect light coming out of the drop port. This allows
us to monitor both the through and drop port simultaneously
with the NSOM scans. Fig. 9 shows normalized transmission
spectra from the through and drop ports as a function of input
frequency. The device resonates, and light is sent to the drop
port as successive integral numbers of wavelengths fit around
the ring circumference. Though these particular devices do not
possess as high-quality filter characteristics as other reports for
similar devices [20], they are quite suitable for our purposes.
Fig. 10 shows a series of small, 500-nm square NSOM scans
taken at a fixed location within the ring as a function of frequency across a resonance. Within the plot, the amount of light
transmitted through the drop and through ports is compared to

(b)
Fig. 11. Multiple NSOM scans of the ring resonator, stitched together for an
image of almost the entire ring on resonance. Entire scan is 58 m square. (a)
shows the optical modes, clearly showing the light coming into the resonator in
the upper right, with about half of that light leaving the resonator at the drop port
in the upper left. The launch orientation used here is not especially efficient in
coupling to the drop port, which is why very little light is seen at the drop port
in the upper right. (b) is topography, with a height difference of 1.45 m from
black to white.

the sum of the total intensity of each image. The similar fullwidth, half-maximum of these lines confirms that the amount of
light stored in the resonator is proportional to the amount routed
to the drop port.
Because our scan range is limited, we took multiple NSOM
scans and stitched them together electronically, completing an
image of almost the entire ring structure with a radius of 25
m. The orientation of the launch here was different from that
for the transmission measurements: rather than launching light
into the input port, light was instead launched into the throughport. This alternate launch was done to highlight the interesting
phenomena in the ring about the location where the bus waveguides cross. In the NSOM scans in Fig. 11, we observe standing
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Fig. 12. (a) Simulation of electric field intensity as a function of z and  for a
system with an interface at z = 0 m. 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.

0

modes, which is somewhat unexpected considering the travelling wave nature of the ring resonator. A simulation similar to
those in [23] shows standing modes in the ring, but it is important to note that this simulation shows a fixed-time snapshot
of the physical system. Because the time scale of the NSOM
measurement is many orders of magnitude longer than the time
scale of the travelling wave, we expect our measurement to be
approximated by a time-averaged FDTD simulation, which has
direction.
no variation in the angular
The existence of the standing modes allow for the measureand , although the lack of clarity and uniforment of
mity in the standing modes disallows the use of this data for
any sort of high precision measurements. For the ring standing
modes, we obtain a value for the effective index that is about
, which identifies the modes in the ring as first order,
since second-order modes would have a smaller effective index.
Standing modes in a guided-wave structure have their origin
in a set of reflectivities that cause a guided-wave to reflect back
on itself in an in-phase manner. These reflections may also give
rise to additional resonances, which are undesired in the ring
structure. Especially since the standing modes in the ring are so
unexpected, a useful tool would be one that could identify the
location of these reflectivities. In the next section, we explain a
technique that can help identify these reflectivities.
VI. STANDING MODE SPECTROSCOPY
Transmission measurements can provide information about
the overall cavity length, but the absolute position of a dielectric
interface or a defect along the waveguide cannot be determined.
We have developed a simple and direct measurement that allows for identifying the precise location of any local interface.
Fig. 12(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
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Fig. 13. (a) Simulation of the electric field intensity as a function of z and 
for a system with two interfaces: one at z = 0 m and one at z = 10 m,
with the propagation of light in the z direction. (b) Experimental results for
the standing modes in the ring resonator near a resonance wavelength.

0

of the wavelength
decreases for increasing distance from
, where the slope is infinite. The
the fixed phase point at
-dependence of the intensity at constant provides information about the distance of this measurement point to the output
interface given by
(1)
To test the accuracy of this technique, we measure the
standing mode in the waveguide as a function of wavelength
in Fig. 12(b). Using the above analysis, we obtain a distance
of 5.19 mm, correctly matching the distance from the probed
region to the exit facet.
Though this is an obvious result, for a more complicated
system, this technique can give a wealth of information about
various dielectric interfaces. To demonstrate this, in Fig. 13(a)
we look instead at the standing modes formed by two interfaces,
the first located at zero and the second at 10 m. In the area after
the second interface, we see two very distinct effects. The first
is again a decreasing slope with increasing distance from the interface, although the slope is not infinite at the second interface
like it is at the first interface. The second effect is a repeating
modulation in the standing modes as a function of wavelength.
This modulation has the same period as the FSR of the cavity
formed between the two interfaces and does not change as a
function of distance from the second interface.
Though this system is much simpler than the system of the
ring and waveguides, we can still use the intuition gained in
Fig. 13(a) to analyze the ring. Just as we did for the waveguide
itself, we pick a small region of the standing mode in the ring and
scan it as a function of wavelength. The resulting image, shown
in Fig. 13(b), looks very similar to the area after the second
interface—a repeating modulation on top of lines of a certain
slope. The period of the repeating modulation corresponds to a
distance of 4.19 mm, identical to the distance between the exit
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facet and where the ring intersects with the input-throughput bus
waveguide.
One way to think about this system is to unroll it—perfect
coupling between the ring and the waveguide would have simply
to the length of the overall cavity. However, coupling
added 2
is incomplete and in fact depends on the strength of the field at
the position of the ring. The standing mode in the ring is actually caused by the standing mode in the waveguide and should
disappear if the standing mode in the waveguide is eliminated,
perhaps by reducing the reflectivity the exit facet. This will be
the subject of further experiments.
VII. SUMMARY
We have demonstrated the use of near-field scanning optical
microscopy to measure optical intensities on the surface of
channel waveguides and microring resonators. Because these
structures exhibit very low scattering, these studies represent
direct measurement of the internal guided optical modes.
Measurements of the exponential decay constant on the surface
of the waveguides give a smaller value for than expected
from simulations. We believe this is due to the modification
of the internal optical mode by the metal-coated NSOM tip.
Observations of standing modes in the waveguides were used
to obtain a value for the effective index for the guided wave.
Standing waves in the ring were used to measure the effective
index for the guided wave in the ring and identify it as first order.
Last, we showed evidence that this unexpected standing wave in
the ring was a result of the standing wave in the underlying bus
waveguides.
Future experiments will be performed to verify our explanations for the reduced decay constant and the origin of the
standing modes in the ring. We hope to use these NSOM techniques to measure other devices, like new photonic bandgapbased waveguide filters and microcavities, in the hope of directly measuring the small modal volume exhibited in these
structures.
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