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Abstract—In order to model transmission scanning near-field
optical microscopy (T-SNOM) experiments, we study the interac-
tion between a nanosized atomic-force-microscopy-type probe and
the optical field in a microcavity (MC) at or near resonance. Using
a 2-D cross-sectional model of an experimentally studied photonic
crystal MC, we have simulated the T-SNOM method by scanning
a probe over the surface while monitoring the transmitted and
reflected power. The simulations were performed for two probe
materials: silicon and silicon nitride. From the probe-induced
change in the transmission and reflection spectra, a wavelength
shift was extracted. A shift almost proportional to the local field
intensity was found if the resonator was excited just below a reso-
nance wavelength. However, at the spots of highest interaction, we
observed that besides the desired resonance wavelength shift, there
was an increase in scattering. Furthermore, by moving the probe
at such a spot in the vertical direction to a height of approximately
0.5 µm, a 5% increase in transmission can be established because
the antiresonant condition is satisfied. Finally, a 2-D top view
simulation is presented of the experimentally studied T-SNOM
method, which shows a remarkably good correspondence in in-
tensity profile, except for the exact location of the high-interaction
spots.

Index Terms—Atomic-force microscopy (AFM), integrated op-
tics, modeling, near-field microscopy, optical microcavities, optical
signal detection, photonic crystal (PhC), silicon on insulator (SOI).

I. INTRODUCTION

S CANNING near-field optical microscopy (SNOM) has
contributed substantially to the understanding of the effect

of local geometrical features on the properties of integrated
optical devices. Before, the only available method was to study
a device by its reflection, transmission, or scattered power. If
some unexpected behavior was observed, only simulations and
a great deal of experience could be used to find an explanation
for the observed phenomena. With the introduction of SNOM
and all its variants, it became possible to visualize the nature
of the optical modes in some photonic structures. An overview
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on the existing SNOM-related methods can, for example,
be found in [1], [2], and the references therein. In present,
silicon-based photonics, which are the dimensions of optical
structures have shrunk down to the micrometer regime, i.e.,
submicrometer features are used. One of the SNOM methods
to visualize light in these devices is photon scanning tunneling
microscopy (PSTM), which is also sometimes referred to as
near-field scanning optical microscopy (NSOM). This method
has been exploited successfully on silicon-on-insulator (SOI)
photonic crystal (PhC) structures [3]–[5], which in principle
are designed with periodicities around 0.5 µm and hole sizes
around 0.25 µm. For example, the method has recently been
used to show slow light in W3 waveguides (i.e., three holes left
out), dispersion characteristics of PhCs, and whispering gallery
modes in microring resonators [4]–[6]. The disadvantage of this
method and most other SNOM methods is that they cannot
be used to map the resonance wave pattern in a high-quality
factor (Q) cavity. The reason for this is that the probe interferes
too strongly with the cavity resonance; its contribution to the
transfer function cannot easily be extracted from the measured
signal. Both apertureless SNOM (a-SNOM; see, for example,
[7]) and PSTM have this limitation because the aperture of
the PSTM fiber tip has to be large enough in order to tunnel
light into the probe, and for a-SNOM, the size of the probe
should be large enough to be able to detect the scattered light.
Another type of SNOM has recently been introduced [8] to
map out the wave pattern inside a PhC microcavity (MC).
This method uses the change in the transmitted optical power
due to a local perturbation by a dielectric nanosized atomic-
force microscopy (AFM) probe for mapping out the wave
pattern inside a PhC MC. The method was later [9] termed
transmission-based SNOM (or TraNSOM) but will be referred
to as simply transmission-SNOM (T-SNOM) in this paper. It
has been shown that PhC MC resonances can be very sensitive
to perturbations by nanoprobes [8], [10], [11]. In [8], it was
suggested that the patterns found by the T-SNOM method
performed on a PhC MC were related to the local intensity
of the PhC resonance. It was assumed that the dielectric tips
mainly induced a shift in resonance wavelength. However, at
the spots where the highest interaction was observed, a change
in Q was also observed, which could be explained from the
extra out-of-plane scattering tha t is locally induced by the
probe. In this paper, we present a cross-sectional model, i.e.,
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Fig. 1. (Left) SEM photo of the fabricated PhC MC showing the magnification
of the resonator and a schematic drawing of the layer stack in the insets.
(Right) Measured transmission spectrum of the PhC MC.

a waveguide grating modeled in longitudinal cross section, to
verify these assumptions. After a brief description of the PhC
MC and the primary measurement results in Section II, we
present in Section III-A the main model and the modeling
method used in this paper. The model deals with a thin (50 nm)
silicon nitride (Si3N4) or silicon (Si) tip that is scanned over
the surface of the grating, while the transmitted, reflected,
and scattered powers are monitored simultaneously for each
tip position. The analyses of these results are also presented
in Section III-A, and the quality and practical use of the
T-SNOM method will be briefly discussed. In Section III-B, we
will show that besides imaging, the tip can also have the effect
of suppressing the out-of-plane scattering, resulting in higher
transmitted powers. The T-SNOM method as presented here is
found to rely mainly on a shift in resonance wavelength. This is
verified by modeling the probe as a local increase in refractive
index in a 2-D top view simulation performed on the PhC MC,
as presented in Section III-C. The main conclusions are finally
summarized in Section IV.

II. DEVICE AND MEASUREMENTS

The experiments reported in this section were performed
on an MC integrated in a slab-type 2-D PhC in SOI (220-nm
device layer thickness on 1 µm of buried oxide; see Fig. 1) with
hole diameters of 270 nm arranged in a triangular lattice with
440-nm period. A Fabry–Pérot-like cavity having a length of
about 2 µm was formed by placing two holes on each side of
the cavity in a PhC waveguide.

W1 waveguides were used (i.e., one row of holes left out)
as input and output waveguides for the resonator. The W1
PhC waveguides were connected with rib waveguides having a
width of 600 nm for single TE-mode operation for wavelengths
around 1550 nm. The structure, as shown in the SEM photo in
Fig. 1, was fabricated (at IMEC, Belgium) using a process [12]
involving deep UV lithography (λ = 248 nm) and reactive ion
etching. A resonance wavelength of approximately 1.538 µm
(see Fig. 1) was measured for this PhC MC. This high-finesse
cavity has a Q of about 650.

Using the T-SNOM technique with a nanosized dielectric
AFM-probe, the location of the interaction pattern can be
found by plotting the measured transmission versus the (2-D)
tip position within the topography obtained from the cavity

Fig. 2. Demonstration of the T-SNOM technique. The measurement was
performed in contact mode (at the resonance wavelength) using a scanning
probe AFM with a Si3N4-probe. The red arrow indicates the propagation
direction of the incident wave. The holes have been overlaid according to the
position and sizes obtained from the AFM topography signal.

region. The result of the T-SNOM experiment performed at
the resonance wavelength is shown in Fig. 2. A mask has been
overlaid with sizes and positions according to the data obtained
from the AFM height signal. To obtain this well-defined map,
we used a sharpened Si3N4 tip. Eight maxima can be observed
with two distinct darker spots at the start and end of the cavity;
the first most pronounced location (at the entrance of the cavity)
is called the “hot spot” here. The measurement shows clearly
that the high-interaction spots are located inside the cavity, right
next to the terminating holes. A more detailed description of the
measurement setup and mapping results can be found in [8].

III. MODELING METHODS

To establish a better interpretation of the experiments de-
scribed previously, 2-D simulations have been performed. In
Section III-A, the side view of a comparable cross section
is studied; in Section III-C, the top view is considered in-
stead. When a silicon nitride or silicon tip is brought in close
proximity to a defect cavity within a grating, i.e., perturbing
the resonator with a probe, the transmission and reflection
of the resonator change. The interaction may lead to a shift
in resonance wavelength and an increase or even decrease in
scattering, depending on the height of the probe above a field
maximum in the cavity, as will be shown in Section III-B. The
amount of perturbation caused by the probe is expected to be re-
lated to the local field intensity of the unperturbed resonator; the
following sections will show simulations to clarify this point.

A. Cross-Sectional Model

The structure simulated in this section is a resonator formed
by a defect in a 2-D waveguide grating, using the same material
stack as the measured device discussed in the previous section.
The grating periods and pitches were chosen to obtain a reso-
nance near the resonance wavelength of the measured structure.
The model is shown in Fig. 3.

The simulation method used is the quadridirectional eigen-
mode propagator (QUEP) [13]. It divides the structure into
vertical slices and horizontal layers and connects slab modes
of these slices and layers such that the four boundaries of the
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Fig. 3. Structure used in side view simulations. The black tip is either a silicon
or silicon nitride tip that is scanned across the surface of the defect grating. The
length of the central defect is 1.515 µm.

Fig. 4. Simulated spectrum of unperturbed resonator showing about 70%
transmission (T ), 3% reflection (R), and 27% scattering (S = 1 − T − R)
at the resonance wavelength (λr = 1.5388 µm).

computational window are transparent for outgoing radiation,
while still allowing influx of light through the waveguides.
It is a method that is fast for single-wavelength calculations;
however, to calculate a spectrum, one needs to do calculations
for each wavelength of interest.

The spectral response of the unperturbed resonator for
TE polarization is shown in Fig. 4. It shows a pronounced
Lorentzian-shaped resonance near λr = 1.5388 µm, where the
transmission rises to about 70%, the reflection drops to about
3%, and the remainder goes into scattering. For the experiments
discussed next, we tune the wavelength either to resonance
(λr) or slightly OFF-resonance at λs = 1.5376 µm. Performing
the T-SNOM measurements slightly OFF-resonance (preferably
halfway the slope of the response curve) has the advantage of
higher sensitivity to the presence of the AFM tip because the
wavelength derivative of the transfer function is approximately
at a maximum there. Furthermore, as will become clear later in
this section, the good linear approximation to this steep slope
that holds around λs turns out to be convenient for calculating
the intensity profile in the resonator from the T-SNOM data.

A long rectangular-shaped silicon (Si, n = 3.4) or silicon
nitride (Si3N4, n = 2.0) tip having a width of 50 nm is scanned
across the surface of the structure. The scan path of the tip is
chosen exactly parallel to the waveguide surface; it is in contact
with the top of the waveguide, but it does not drop into the air
holes. Fig. 5 shows the reflection and transmission for a silicon
tip, at the two wavelengths λr and λs. At λr, we find a maximum
modulation in the transmission of about 11 dB, and for λs =
1.5376 µm, we find a maximum modulation of about 10 dB.
If the only effect of the perturbation by the dielectric probes

Fig. 5. Simulated power transmission and reflection for a 50-nm-wide semi-
infinitely long silicon tip (probe) scanned over the cavity. The vertical white
bands at both sides of the cavity indicate the positions of the holes (cf. Fig. 3).
(a) At the resonance wavelength λr. (b) Slightly OFF-resonance λs.

would be a shift of the spectrum, the changes in reflection
and transmission could be directly related to a shift of the
resonance wavelength by correlating them with the spectrum
in Fig. 4, as was suggested in [8]. The estimated wavelength
shift derived from the transmission curve in Fig. 4 is shown
in Fig. 6.

Fig. 6 shows that the silicon tip perturbs the spectrum in
a slightly different way than just a wavelength shift: If the
spectrum would only experience a fixed shift without additional
scattering, both curves, which are calculated using reflection
and using transmission, would yield the same wavelength shift
because the sum of the transmission and reflection is, in that
case, equal to 1, i.e., R + T = 1. However, due to the tip
induced scattering, the transmission and reflection curves differ
from the situation without probe. The induced scattering causes
a difference in the observed wavelength shift (calculated from
the original curves without a probe). As an example, in Fig. 7,
we show the spectrum with the tip at the top of the highest
disturbance (z = 4.12 µm): the “hot spot.” Even though the
spectrum is strongly perturbed by the presence of the tip at
the hot spot (compare Figs. 4 and 7), the wavelength shifts,
which are calculated from transmission and reflection spectra,
still show the same behavior. Their magnitude is different, but
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Fig. 6. Estimated wavelength shift as a function of silicon tip position,
calculated by correlating either the transmission T or the reflection R to the
unperturbed spectrum in Fig. 4. (a) Wavelength tuned ON-resonance (λr).
(b) Wavelength tuned OFF-resonance (λs).

Fig. 7. Spectrum of the grating perturbed by a Si tip at the position of strongest
interaction (z = 4.12 µm): “the hot spot.” An increased amount of scattering
(cf. Fig. 4) is observed with the tip at the hot spot, which agrees with the result
found in [11] and [14].

the shape is almost exactly equal, and the locations of maxima
and minima match very well. The results for simulations at λr

and λs only show a small difference in the magnitude of the
calculated wavelength shift. From Fig. 8, it can be seen that this

Fig. 8. Estimated wavelength shift from transmission calculation and (on the
same axis) local unperturbed intensity at the silicon tip position. The intensity
(at the surface) is scaled to yield good visual correspondence between the
curves. Some differences are observed only at the first and last field maximum
in the resonator and the maximum outside the resonator caused by probe-
induced scattering. (a) λr = 1.5388 µm. (b) λs = 1.5376 µm.

shape correlates with the unperturbed intensity of the resonance
at the surface of the resonator.

Fig. 8(a) and (b) shows the estimated wavelength shift and
the intensity (|E|2) at the tip location, where the intensity
is scaled such that the curves overlap well. These figures
show that the estimated wavelength shift (calculated from the
transmission curve) and the local intensity of the unperturbed
resonator do indeed correlate well. Moreover, these simulations
reproduce the experimentally observed feature (Fig. 2) that the
hot spots are located inside the cavity and not inside the cavity
terminating holes.

For the silicon nitride tip, the same procedure can be fol-
lowed. The perturbance is smaller and, thus, also the wave-
length shift of the resonator; moreover, the spectrum is not
deformed as strongly. The unperturbed intensity (at the sur-
face) and the apparent wavelength shift for both wavelengths
are shown in Fig. 9. A similar correlation is found for λs =
1.5376 µm as for the Si probe presented in Fig. 8(a) and (b).
However, for the wavelength tuned to the resonance wavelength
(λr = 1.5388 µm), we observe a larger difference between
the wavelength shift and the local intensity. This is because
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Fig. 9. Estimated wavelength shift from transmission calculation and local
unperturbed intensity at the silicon nitride tip position. (a) λr = 1.5388 µm.
(b) λs = 1.5376 µm.

the spectrum is flat at the top of the curve, so the calcu-
lated wavelength shift could not be accurately determined. The
optimum T-SNOM operating point is found at the wavelength
where the second-order derivative is equal to zero. Obviously,
when a probe with a medium or low refractive index is used,
as, for example, the Si3N4 probe, the choice for the operation
wavelength becomes more important.

The good resemblance between the observed wavelength
shifts and the intensity can be explained from the well-known
[15] variation theorem, which relates a small change in dielec-
tric constant (ε) to a small change in the effective index (Neff).
For a dielectric waveguide at a given wavelength, it can be
written as

∆Neff =
c

P

∫∫

∞
∆ε(x, y)E(x, y) · E∗(x, y)dxdy (1)

where c is the speed of light in a vacuum, E is the modal field,
and P is the power carried by the mode. Equation (1) shows
that the strongest effect on Neff can be expected at the locations
of modal field maxima. In this form, the theorem holds only for
waveguides with a constant cross section, so it may be safely
applied only to the cavity region (not in the holes). A further
condition for validity is a small probe size and/or a small ∆ε

Fig. 10. As the tip is placed at the hot spot (z = 4.12 µm) and the wavelength
is set to λr = 1.5388 µm, the transmission and reflection are calculated as
the tip is moved vertically. At approximately a tip height y = 0.5 µm, the
first maximum in transmission is found, which is larger than the maximum
transmission without tip.

(hence small ∆n). It is questionable whether other probes like
the metallic ones used in [9] satisfy this criterion.

In conclusion, these 2-D side-view simulations indicate that
the T-SNOM method can be exploited for mapping of the local
intensity of the grating resonator by looking up the wavelength
shifts from the transmission spectrum of the unperturbed res-
onator. The method only requires measuring the transmission
spectrum of the unperturbed system and recording the reflected
or transmitted signal while a nanosized (AFM) tip is scanned
across the surface of the resonator cavity.

B. Height Scan

A decrease in the magnitude of the perturbation can be ob-
tained by placing the silicon tip at the hot spot of the resonator
in resonance, at z = 4.12 µm and moving it in the upward
direction y. The result of this simulation is given in Fig. 10.
Besides this decrease in interaction, we also observe oscilla-
tions on the transmission graph. Moreover, at approximately a
tip height y = 0.5 µm, a maximum in transmission is found
which is larger than the maximum transmission without the
tip, i.e., the transmission is now about 75% instead of the 70%
found without the presence of a tip. Since the oscillations are of
periodic nature, as shown in the figure, the extra cavity between
the resonator and the tip gives rise to this oscillation.

Two characteristic field distributions are shown in Fig. 11.
Without the presence of the probe [Fig. 11(a)], we find two
radiation directions above the grating (in air), having an angle
θ of about +35◦ and −35◦ with respect to the normal of the
waveguide plane. With the probe at height y = 0.5 µm, the
radiation is partially suppressed [Fig. 11(b)]. If the scattered
light is reflected at the probe and coupled into the guiding
layer again, the following relation has to be satisfied for the
antiresonance (Bragg) condition:

y =
λ(1 + 2m)
4 cos(θ)

, m ∈ N. (2)

Using this relation, we find the first maximum at y ≈ 0.5 µm
and the second one at y ≈ 1.4 µm, which is in good agreement
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Fig. 11. (a) Modeled field distribution at the resonance wavelength λr. From
the figure, we derive an angle θ between the normal to the surface and
the radiated beam of about 35◦. (b) With the tip at y = 0.5 µm above the
surface, the disturbed field pattern shows partial suppression of the out-of-plane
scattering.

with the values found in Fig. 10. These scattering suppression
results are based on the same principle as is applied in hollow
core waveguides [16] or 2.5-D PhCs [17], where the periodicity
in the third dimension can, for example, be formed by omni-
directional Bragg mirrors. Our results show that with a small
nanosized probe located at the hot spot, the transmission can
be increased by 5%. Even larger values can be achieved when
the size of the material on top (here, the probe) is increased
or when a multilayer is added to avoid the apparent leakage of
light through the probe [see Fig. 11(b)].

C. Two-Dimensional Top View Model

In Section III-B, we showed that the intensity distribution
inside a resonator could be measured indirectly by perturbation
of the electric field by a dielectric probe. We found that the
predominant effect of the probe is to cause a shift of the
resonance wavelength and that, only at the hot spot, an increase
in scattering was observed when the probe is in contact. This
suggests the possibility of a kind of effective-index approxi-
mation of the PhC MC shown in Fig. 2, where the influence
of “a probe” is modeled by a local increase of the refractive
index. In this case, we have defined a square of 120 by 120 nm
that simulates the probe by a local increase of the refractive
index. A grid size of 40 nm was chosen to speed up the
calculations that were performed using a finite difference time-
domain (FDTD) code. The refractive index values to be used in
the 2-D approximation of a PhC slab have been chosen in such a
way that the wavelength of the calculated standing-wave pattern

Fig. 12. Standing wave pattern in the unperturbed PhC MC, which is obtained
using a 2-D FDTD simulation method displaying the square of the transverse
electrical field |E|2 at the resonance.

Fig. 13. Two-dimensional plot of the transmission obtained from a raster scan
of a square region with a local refractive index increase of 0.2 RIU over the
structure. The size of the square region was 120 by 120 nm, and simulation grid
had a size of 40 nm.

matches the experimental observation, leading to nslab = 2.9
and nhole = 1. The top view simulations were performed such
that the E-field was in the plane of the simulation (top view; see
Fig. 12), and H-field is perpendicular to it. In a standing wave
situation, the major E-field component has an antinode where
the major H-field component has a node. Fig. 12 shows the
intensity |E|2 in the unperturbed structure for a wavelength at
resonance, excited from the left. The major difference apparent
from this graph, with the measurement that was presented in
Fig. 2, is in the locations of the hot spots; in the measurements,
we found these locations to be right next to the two terminating
holes and not inside them. This difference can possibly be
attributed to the restriction enforced by the 2-D nature of the
calculations. The use of a full 3-D model, like in [18], is needed
to reach a better agreement in wave patterns.

As mentioned previously, we modeled the probe by an area
in which the refractive index is increased by a fraction of the
original index. To find the amount of refractive index units
(RIU) to add to this square of 120 by 120 nm, we first obtained
the resonance with a Q of about 350 by tuning of the hole radius
and refractive indexes. The Q-value is important for the speed
of the numerical experiment, since a large Q would require a
large simulation time for each probe position. Next, the needed
increase in RIU was determined by positioning the rectangle on
the hotspot found in Fig. 12 and by varying the index increase
of the probe square to obtain a similar resonance wavelength
shift as observed in the measurements. We found that an index
increase in this square region of 0.2 RIU was sufficient. Finally,
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we conducted a 2-D parameter scan by moving the square
over the region outlined by the dashed box in Fig. 13 while
mapping the transmitted power. We find a remarkably good
agreement between the pattern obtained from the scan and
the resonance field distribution from Fig. 12. However, some
minor differences are visible, particularly at the hole locations.
From these modeling results, we conclude that the scanning
probe can be modeled well in 2-D (top view) by a region
with a slightly increased index superimposed on the original
structure.

IV. CONCLUSION

The modeling results as presented in this paper demonstrate
that the T-SNOM imaging method can be used to estimate the
intracavity intensity distribution of the standing wave. Using a
2-D cross-sectional model, calculated using the QUEP method,
we found good agreement between the local field intensity and
the simulated T-SNOM values for an operation wavelength just
below the resonance wavelength, for both a silicon and a silicon
nitride probe. We also observed that the probe could be used to
decrease the out-of-plane scattering by moving it in the vertical
direction to a height of about 0.5 µm above the top surface of
the structure in our case.

We also used a top-view model for calculating the intensity
distribution of the standing wave in the PhC MC using a
2-D FDTD method. We found that this calculated intensity
distribution corresponds well to the pattern obtained from the
measurements. However, at the hot spots, we observed a dif-
ference; the simulation suggests that we can find the highest
interaction spots in the cavity-terminating holes, whereas the
measurements show that these spots are located right next to
these holes. Nevertheless, the simulation results obtained from
the cross-sectional model agree with the experimental results
that these maxima are located within the cavity and not in the
cavity terminating holes.

Furthermore, we have simulated the T-SNOM method also
using the top-view model of the PhC MC. The influence of
the probe was calculated using a local increase in the re-
fractive index. These T-SNOM modeling results also show
good agreement with the original intensity distribution, which
confirms the idea that no big error is made by neglecting the
probe-induced scattering and assuming the local intensity to
be proportional to the probe-induced detuning, which is the
main effect determining the transmission through the structure.
Therefore, we anticipate that the T-SNOM method will be a
valuable tool for near-field analyses of air-clad resonators, like
microring resonators, gratings, and PhC microcavities.
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