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Near-field optical investigations of photonic crystal
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SUMMARY  We present an overview of our work on the ap-
plication of scanning near-field optical microscopy (SNOM) to
photonic crystal structures. Our results show that SNOM can be
used to map the subwavelength confinement of light to a point-
defect in a 2D photonic crystal microresonator. Comparison with
numerical modelling shows that SNOM is able to resolve pat-
terns in the intensity distribution that are due to the slight non-
uniformity in the crystal structure. We also discuss the future
possibilities for applications of different modes of SNOM to pho-
tonic crystal devices.
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1. Introduction

Photonic crystals offer exciting prospects for miniatur-
ized optical components since, by definition, they ma-
nipulate the flow of light at dimensions less than the
wavelength of light. This feature is also the source
of a great challenges. Manufacturing photonic crys-
tals requires highly accurate nanometre scale fabrica-
tion techniques. When it comes to the characterization
of devices, some method for observing the interaction
of light with the crystal device is required. Standard
microscopy techniques are limited to a resolution of half
the optical wavelength by diffraction. This is enough to
resolve the light scattering out of a large crystal device,
but not sufficient to resolve the detailed behaviour of
the light interacting with the crystal [1].

Some groups have turned to scanning near-field op-
tical microscopy (SNOM) as a technique for character-
izing photonic crystal devices [2]-[9]. This method is
not limited by diffraction. In principle it is limited only
by the dimensions of the scanning probe, which can rou-
tinely be smaller than 100nm [10]. The clear advantage
of SNOM, therefore, is that it offers the chance to look
inside a crystal device and see where the light is going.

We begin this article, in the following section, by
describing the basic principles of SNOM. In section 3 we
focus on our experiments with a point defect photonic
crystal microcavity where we show how SNOM can be

fLaboratory of Physical Chemistry, ETH Zurich, 8093
Zurich, Switzerland
TTCNRS/LPN, route de Nozay, 91460 Marcoussis, France
' Research Center of Crete, Heraklion, Crete, Greece
Tt Laboratory and Department of Physics and Astronomy,
Towa State University, Ames, Iowa, 50011, USA
a) E-mail: vahid.sandoghdar@ethz.ch

and V. SANDOGHDAR®,

used to map out the resonant mode of the cavity and
shed light on the quality of the sample. The applica-
tion of SNOM to other photonic devices is discussed in
section 4 in order to highlight what possibilities SNOM
has to offer future experiments with photonic crystals.

2. The principles of SNOM

Scanning near field microscopy is a technique that al-
lows one to avoid the diffraction limit of conventional
optical microscopy. It was pioneered in the early 1980s
by groups at IBM Zurich [11] and Cornell [12]. A reg-
ular optical microscope relies on propagating optical
waves to form an image of some object of interest. The
travelling waves, however, contain only a part of the
full optical information on offer. Consider the imaging,
with light of wavelength A, of a sample that is com-
posed of many spatial periods. As originally formu-
lated by Abbé [13], travelling waves originating from
the sample only contain information about spatial pe-
riods greater than A\/2. Information about smaller pe-
riods is contained in non-propagating evanescent waves
on the sample surface. SNOM works by scattering these
evanescent fields allowing, in limit of a perfect tip, de-
tection of the full complement of spatial information.
In reality, a typical tip used in SNOM has a size of
50-100nm, which for a wavelength of 1500nm gives a
resolution better than A/15. The essential elements of
a typical ‘collection-mode’ SNOM setup are shown in
Fig. 1. A sample is illuminated by some means and
light is scattered by a scanning probe into the far field
where the signal is collected. The most convenient sys-
tem is to use an optical fibre tip as the scatterer. That
way the signal is detected simply at the output of the
fibre.

There are many possible variations on this ba-
sic collection-mode theme. Fibre tips can be coated
with a metallic layer, the nature of the illumina-
tion can be changed or the SNOM signal detec-
tion may not be through the fibre. Distinct from
collection-mode SNOM is the more commonly encoun-
tered ‘illumination-mode’ SNOM. This is, to some ex-
tent, the inverse of collection-mode SNOM. Instead of
the tip scattering light into the far field, light is incident
on the sample from a fibre tip with a metallic coating.
The sub-wavelength aperture of the fibre tip produces
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Fig.1 SNOM: A fine tip scanned over the surface of a sample
can scatter evanescent fields enabling detection of high spatial
frequencies in the far-field

evanescent fields that are scattered into the far field by
the sample.

An important component of any SNOM setup is
the control of the tip-sample separation. If the tip is
too far away, the resolution will be low owing to poor
probing of the evanescent field. If the tip makes contact
with the sample it will, in all likelihood, be broken. The
standard technique for distance control is the ‘shear-
force’ method [14], [15]. In this system, the tip is made
to oscillate with a motion parallel to the surface. When
the tip-sample distance is reduced below approximately
10nm, a frictional force acts to damp the oscillation.
Detection of the oscillation phase and amplitude can
then be used to build a servo-control system to hold the
tip at a fixed height above the sample. By recording
the control signal of the shear-force servo one retrieves
a topographical map of the sample. This is invaluable
for comparison to the optical signal that is collected
simultaneously with the tip. The most common system
for exciting the tip motion, and the system which we use
in our own experiments, is to glue a fibre tip to a quartz
tuning fork [16]. These have a resonance frequency of
about 32kHz. Their oscillation is conveniently excited
and detected via electrodes on the fork.

3. Application of SNOM to a photonic crystal
microresonator

The focus of our own work has been on point defect
cavities in 2D photonic crystals. The fundamentally
small nature of this microresonator is of great interest
for quantum optical effects [17]-[19] because a photon
confined to such tiny region carries very large electric
fields. Needless to say, applications in integrated optics
and analytics also welcome very small building blocks.
The challenge in the design and realization of photonic
crystal microresonators is to maintain the lowest vol-
ume and achieve the highest quality factor (Q) pos-
sible. Quality factors as high as a few thousand for
point-defect microcavities [20], 13,000 for a 2 point de-
fect [21] and 45,000 for a 3 point defect [22] have so far
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been demonstrated.

Figure 2a shows a scanning electron microscope
image of a two-dimensional microresonator made of sil-
icon. The structure has a lattice constant of a = 1.5um,
hole radius of » = 1.3 um and a depth of 100pm. It was
fabricated by electrochemical preparation of macrop-
orous silicon [23]-[25]. A point defect is surrounded by
two pores and two waveguides that help couple light in
and out of the cavity. FDTD calculations predict two
sharp resonances at nominal wavelengths of 3.732um
and 3.957um within the fundamental band gap be-
tween 3.4um and 5.8um. Probing a photonic crystal
at such mid-infrared wavelengths requires an unusual
laser source. We used a cw optical parametric oscilla-
tor (OPO) that provided approximately 30mW of ra-
diation tunable from 3.6 to 4um. The experiment was
arranged as shown in figure 2b. Radiation from the
OPO was focussed onto one of the waveguides leading
to the microresonator. Two SNOM probes were used
in the experiment. One was a localised detector (probe
#1) to monitor the output of the resonator structure
[2] while the other (probe #2) was used to image the
light in the resonator from the surface of the crystal [7].

Both probes consisted of uncoated fibre tips etched
from fluoride glass fibre, which is suitable for work in
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Fig.2 a) Top view of a photonic crystal microcavity in macro-
porous silicon. b) Schematic of the microcavity SNOM setup.
Tip #1 is used to detect light from the output waveguide while
tip #2 is used to scan the surface of the crystal. The shape of the
crystal was designed to aid coupling into and out of the sample
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the mid-infra-red. The fibre tips were glued to quartz
tuning forks enabling shear force control of the tip-
sample distance. In such a setup there are many me-
chanical degrees of freedom that must be controlled.
We could adjust the position and tilt of the sample
relative to the SNOM probes, while the probes them-
selves were mounted on combined 3D-piezo stages and
3D micrometre translation stages.

The photonic crystal in this experiment is very
deep. Clearly, if the light is coupled into the crystal
too deep down, probe #2 would not see any evanes-
cent field at the surface. This means coupling in the
light near the surface. This leads to a second prob-
lem, which is to discriminate between the light that
passes through the sample and that which passes over
the surface. This is the reason for using the SNOM
tip #1 as a local detector. Figure 3a shows a sam-
ple image collected by this probe. The spot ‘@’ can be
identified as the light that passes through the sample
while the larger blob ‘3’ is the light passing over the
sample. We note that in this configuration the tip does
not exclusively measure the near-field. Nevertheless,
the full width at half-maximum (FWHM) of the spot «
at the exit facet is about 4 pm, corresponding to only
a bit more than A. By repeating measurements such as
that shown in 3a at different laser frequencies, the res-
onance wavelengths of the cavity could be determined
as 3.62 um and 3.84 um, as shown in figure 3b.
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Fig.3
sured using SNOM tip 1. b) The transmission spectrum of the
point defect cavity measured using the SNOM tip 1. (Image b)
taken from [2])

a) The light emitted form the photonic crystal as mea-

Before considering the experimental results from
tip #2 it is worth discussing what one might hope to
observe. Figures 4a and b display the intensity dis-
tribution expected for the two modes as calculated by
two-dimensional FDTD simulations. The very rapid
and strong intensity modulations at length scales well
below a wavelength are the features that one would
like to capture with SNOM. Observation of such rapid
spatial modulations is limited by the size of the probe
used to scatter the field. It is therefore important to
consider the effect of finite tip size. Figures 4c and d
show image b after a convolution with Gaussian filter
functions of FWHM 500nm and 1400nm corresponding

to A/7 and \/3 respectively. We remark that, strictly
speaking, the choice of this filter is not rigorous. How-
ever, because the interaction mechanism of a SNOM
tip with the sample is neither theoretically nor exper-
imentally known in a quantitative manner, we simply
convolve the intensity with a Gaussian filter function.
Clearly, any coherent effects or complex polarization
dependent processes are neglected in this coarse treat-
ment. Nevertheless, this procedure is very helpful in
acquiring intuitive and qualitative understanding of the
system. A comparison of images b, ¢ and d emphasizes
the important role of resolution in optical microscopy.
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Fig.4 a) FDTD model of the intensity of the short wavelength
mode in figure 3b. b) FDTD model of the intensity of the long
wavelength mode in figure 3b. c¢) Convolution of the model in b)
with a 500nm detection window. d) Convolution of the model in
b) with a 1400nm detection window. (Images a) and b) taken
from [2])

We now turn to measurements made using probe
#2. Figure 5b displays the topography signal of the
part of the sample that is examined. The fluoride glass
tips used in these experiments were extremely fragile
and prone to breakage. For this reason, the probe in
this run was not very sharp, leading to low lateral to-
pography resolution. We point out that, although it is
necessary to use very sharp tips for SNOM studies in
the visible range, a less pointed fibre tip can still serve
as a subwavelength probe for the mid-infrared regime
while also providing more signal than a very fine tip. In
any event, although the individual pores are not easy to
recognize in figure 5b, the topography image suffices to
identify the two waveguides and the point defect so that
one can correlate the optical signal with the photonic
crystal structure. Figure 5¢c shows the raw data of the
optical intensity signal recorded by near-field probe #2
while the laser wavelength was tuned to the resonance
at A = 3.84um. This data was taken simultaneously
with the topography signal of figure 5b which we have
used together with our knowledge of the scan range to
overlap the photonic crystal geometry as a guide to the
eye. The propagation of light in the first waveguide and
its confinement about the point defect are clearly seen.

The SNOM image in figure 5c reveals several prop-
erties that are not predicted by the FDTD simulations



Fig.5 a) A SNOM probe made from fluoride glass fibre. b)
Topography signal from the shear-force control system. ¢) SNOM
image taken simultaneous with b). (Images b) and c) taken from

)

of figure 4b, c or d, independent of any resolution con-
siderations. Firstly, the microresonator mode is tilted
whereas the image in 4b shows symmetry along the z
and y axes. Secondly, the light is pushed to one side by
a fraction of a wavelength in the last part of the input
waveguide. Thirdly, the measurements reveal subwave-
length details of the intensity modulations along this
waveguide which again seem to be different from that
of figure 4. The intriguing possibility is that these varia-
tions are related to deviations of the structure from the
ideal situation modelled in Fig. 4. Electron microscopy
studies of macroporous silicon photonic crystals have
shown that one might typically obtain up to 10% fluc-
tuations in the diameters of the pores neighboring the
missing pores [26]. Could these small variations lead to
the asymmetry observed in Fig. 5c7

Owing to the depth of the crystal, a complete de-
scription of our system is only possible using a 3D-
FDTD model. Such a model will be presented shortly.
It is however instructive to apply 2D-FDTD models to
gain some intuitive feeling for the important parame-
ters that influence our system. Figures 6a, ¢ and e show
three examples of the microresonator mode from figure
4b if slight changes are made to the pores surrounding
the point defect. The percentage change in pore diam-
eter is indicated in the figures. Figures 6b, d and f dis-
play the corresponding images after the consideration
of a finite SNOM resolution. Similarly, the properties
of light in the waveguide can also be attributed to de-
viations of pore diameters surrounding the waveguide.
Figure 6g-1 show three examples of light propagation in
structures with only two pores being 10% smaller than
other holes along the waveguide. The modelling here
shows two important features. Firstly, small variations
in the size of the hole diameter can lead to large changes
in the spatial mode of the microcavity and waveguide.
Secondly, these variations are apparent even after con-
volution with a detection aperture. The results of these
2D-models can be used to guide the parameters to be
investigated using 3D models, which take many more
hours to compute.

Aside from the asymmetry of the SNOM image
in figure 5c, another interesting feature is that the light
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intensity at the surface is very low in the output waveg-
uide. A likely explanation has to do with the depth of
the crystal. A test of this idea can be combined with the
intuition gained from the 2D models to produce a 3D-
FDTD model as shown in figure 7. Figure 7a shows the
intensity distribution at the photonic crystal/air inter-
face for a structure where two holes surrounding the mi-
crocavity and two holes along the input waveguide are
taken to be 10% smaller than the nominal value. The
intensity distribution in the yz-plane along the mid-
dle of the waveguides and the point defect is displayed
in figure 7b. After interacting with the point defect
the light is pushed downward in the output waveguide

Fig.6 Left-hand pictures show a 2D FDTD model of field in-
tensity and the percentage change in the hole size. Right-hand
pictures show the simulated measurement with a tip aperture of
1.4pm. Parameters used in this model are r/a=0.437, n=3.43
and a=1.5um. Dimensionless frequencies, from top to bottom,
are 0.3939, 0.3746, 0.3765, 0.3886, 0.3890 and 0.3931.
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so that there is much less light at the surface of the
photonic crystal, in agreement with our experimental
observation.
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Fig.7 a) 3D FDTD model of the field intensity at the crystal
surface with indicated holes 10% smaller than nominal value and
the waveguide configured as shown in figure 6g. b) 3D FDTD
model of the field intensity as a function of depth through the
crystal. Cross section is taken along the centre of the structure.
¢) Modelled intensity after convolution with 1.4um detection win-
dow. Images d) and e) show a comparison of theoretical and
experimental cross-sections along the waveguide and diagonal to
the waveguide respectively. Solid is experimental data, dashed is
theoretical. (From [7]).

Figure 7c plots the intensity distribution on the
upper surface after convolution with a Gaussian pro-
file of FWHM 1.4um corresponding to about A/3. The
outcome shows good qualitative agreement with figure
5c. The mode is clearly tilted, there are intensity mod-
ulations in the waveguide and there is no significant
amount of light in the second waveguide. The quan-
titative agreement between the two becomes clear in
figures 7d and 7e where we plot two cross-sections cor-
responding to those shown in figures 7c and 5c. We
do not claim that through this model we have deter-
mined the exact structure of the microcavity. Clearly,
not all aspects of the experimental observations could
be recovered. For example, the deflection of light to one
side by a few hundred nanometers is not reproduced,
the tilt angle of the mode is not identical to the SNOM
image, and a small intensity asymmetry within the mi-
crocavity spot remains unexplained. At any rate, the
configurations we have considered using 3D modelling
are far from exhaustive and there is no guarantee that
a given optical pattern corresponds to a unique cavity

configuration. What we can say is that SNOM is a
sensitive investigative tool for examining the impact of
imperfect fabrication on the light propagation through
a photonic crystal defect. Improvements in resolution
and 3D modelling will improve the ability of SNOM to
identify the details of photonic crystal devices.

4. Advanced SNOM: Beyond intensity mea-
surement

Our results show how a sub-wavelength scale probe can
be used to image the intensity of a light field in a pho-
tonic crystal. This is the most obvious and intuitive
way to use SNOM. There are, however, some other
more advanced methods that can be applied to SNOM
systems that provide extra information. Their appli-
cation to photonic crystals would provide even more
information about the nature of such devices.

There have been several SNOM experiments car-
ried out on silica microspheres [27]-[30]. The whisper-
ing gallery modes (WGMs) of these spheres have an
extraordinarily high quality factor of up to 1010 [31].
The free spectral range of such a system is typically in
the range of a few hundred gigahertz. Within a free
spectral range there are many non-degenerate WGMs
typically separated by a few gigahertz. Owing to the
large free-spectral-range and limited tunability of the
lasers used to probe such spheres, it is often impossi-
ble to map out the full mode structure of the WGMs,
especially given that the exact nature of each sphere
is determined by the unique geometry imparted during
the manufacturing process. Gotzinger et al. have used
SNOM to provide a spatio-spectral map of the WGMs
[30] allowing the identification of WGMs via the shape
of the evanescent field on the surface of the microsphere.
This combination of spectroscopy and microscopy could
be a powerful tool for investigating photonic crystal
devices. For example, the modulations in a line-defect
waveguide measured as function of frequency and space
would give insight into the dispersion of the light prop-
agating in the waveguide.

A second system that would be interesting if ap-
plied to photonic crystal devices is heterodyne-SNOM.
In this system, the SNOM signal is passed to an in-
terferometer where it is mixed with a frequency shifted
reference beam [32]-[36]. The demodulation of the in-
terferometer output allows access to both the optical
phase and amplitude of the light detected by the SNOM
probe. The particular example of this system that has
the most relevance for photonic crystal work is that of
Balistreri et al. [35]. Here the modes of a ridge waveg-
uide were measured using heterodyne-SNOM with the
results showing rich behaviour of the optical phase, in-
cluding phase singularities. An extension to this system
was the combination with a femtosecond pulsed laser.
By shifting the path length of the reference beam is was
possible to track the propagation of the pulse through



the waveguide [36]. Both these ideas promise to reveal
much about the properties of photonic crystal devices,
just as they did for the ridge waveguides.

A third line of experiments that might be possible
with SNOM techniques is the active control of photonic
crystal devices. One could imagine using a high index
probe, similar to that of the crystal medium, to cre-
ate or modify defects on demand. In this way, active
switching and control of the photonic crystal devices
would be possible. The effect of a SNOM probe was
actually visible in some of the experiments with silica
microspheres. The resonant frequency of the WGMs
was seen to shift when a large tip (1um) was applied to
the WGMs [30].

A fourth possibility for advanced SNOM is to place
an emitter at the end of the SNOM probe. It has previ-
ously been demonstrated that a single molecule or dia-
mond colour centre can be used as an active light source
for illumination-mode SNOM measurements [37], [38].
Such a system would be intriguing if applied to a high-
Q, low-volume photonic crystal microresonator, such as
those made by Srinivasan et al. [21] and Akahane et al.
[22]. An emitter coupled to such a cavity could be used
for cavity-QED experiments [18] with the added advan-
tage that the position of the emitter within the cavity
can be accurately controlled. Measuring the fluores-
cence lifetime of the emitter as a function of position
in and around the cavity would enable mapping of the
local density of states. The same technique could po-
tentially be applied to a pure photonic crystal. The
local density of states is predicted to vary as a func-
tion of position in a crystal [39]. Through variations of
the excited state lifetime of an emitter, these variations
could be measured.

5. Conclusion

When it comes high resolution imaging the flow of light
in a photonic crystal, near field microscopy is not just
a useful technique, it is the only technique. Far field
microscopy is limited by diffraction and therefore can-
not reveal the details of light intensity over the sub-
wavelength dimensions that are relevant in photonic
crystal systems. Numerous groups are now applying
SNOM to photonic crystals for just this reason.

Our experiments using SNOM on a point defect
microcavity show how the detailed, sub-wavelength be-
haviour of the optical intensity can provide clues to
structure and quality of photonic crystal devices. We
have observed a rotation in the shape of a resonant
mode of our cavity and shown that such rotation is eas-
ily explained by the expected fabrication tolerances of
such devices. This highlights the sensitivity of photonic
crystal devices to small fabrication errors

The application of SNOM to photonic crystal de-
vices is in its infancy. There are many modes of oper-
ation that have been demonstrated on other photonic
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systems that, if applied to photonic crystals, could pro-
vide a wealth of information.
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