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Abstract: We present theoretical and experimental results on switching
and tuning of a two-dimensional photonic crystal resonant microcavity by
means of a silicon AFM tip, probing the highly localized optical field in the
vicinity of the cavity. On-off switching and modulation of the transmission
signal in the kHz range is achieved by bringing an AFM tip onto the center
of the microcavity, inducing a damping effect on the transmission
resonance. Tuning of the resonant wavelength in the order of several
nanometers becomes possible by inserting the AFM tip into one of the holes
of the Bragg mirror forming the microcavity in the propagation direction.
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1. Introduction
Photonic crystals are periodic structures with lattice dimensions of the order of the
wavelength of light and they offer the ability to control light propagation on a wavelength
scale [1-3]. One of the most promising realizations of photonic crystals is the well known
two-dimensional planar photonic crystal slab, which confines the light by means of a photonic
band gap in-plane and through index guiding in the vertical direction. These structures
provide the possibility of creating miniaturized photonic components for integrated optical
circuits [4-6]. An area of great interest in the process of realizing photonic integration is the
use of photonic microcavities in two-dimensional photonic crystal waveguides for particular
waveguide functions, such as small filters, microlasers, multiplexers, optical switches and
high-resolution sensors [7-9]. Photonic microcavities can confine light in very small volumes
(~λ3) and exhibit high spectral resolution. Therefore, they could be key components for a
variety of applications. The cavity Q factor per modal volume, Q/V, is one of the
characteristic quantities that determine the strength of various interactions within the cavity.
In recent years the optimization of such microcavities with increased factors has been the
subject of intense research [10-12].
One of the difficulties associated with such photonic crystal cavity structures is to match
their resonance frequency with those of interest in a given application. This is especially a
concern since already small fabrication induced variations and irregularities cause a change in
the optical properties of the cavity structure. The ability to tune or modulate the optical
properties of such devices increases their functionality and opens up new possibilities for a
variety of applications for integrated optics.
In this paper, we present theoretical and first experimental results on tuning and switching
the optical properties of a photonic crystal microcavity by means of a mechanical actuation
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method. A Silicon AFM tip is used to probe the localized optical field in the vicinity of the
cavity achieving damping and tuning of the transmission resonance as theoretically predicted
by A.F. Koenderink et al. in a similar configuration [13]. The theoretical and experimental
results suggest a stand-alone MEMS solution to create a chip-based device with switching and
tuning functionalities.

Fig. 1. In-plane photonic crystal microcavity membrane consisting of a triangular array of
cylindrical holes (period 520 nm and hole radius 182 nm) in a thin Si membrane layer (thickness
205 nm) surrounded by air.

2. Design
The design geometry of the in-plane resonant cavity we have chosen is shown in Fig. 1. The
photonic crystal consists of a triangular array of cylindrical holes (period 520 nm and hole
radius 182 nm) in a thin Si layer (thickness 205 nm) for lateral light confinement. The inplane resonant cavity is formed by two identical one-dimensional Bragg reflectors embedded
in the photonic crystal waveguide and has a length of 400 nm (distance between the two
Bragg reflectors) confining the light to an effective volume of approximately 200 × 500 × 500
nm at resonant wavelength. The design parameters of the Bragg reflectors (hole width 350
nm, hole length 150 nm, Bragg period 380 nm) are different to those of the rest of the
photonic crystal. This increases the design options for the cavity and allows more efficient
coupling into and out off the cavity than the surrounding triangular photonic crystal
arrangement. The entire structure is surrounded by air and is thus a membrane.
The cavity structure is designed so as to obtain a highly localized field inside the cavity
and high in-plane transmission for a narrow frequency band. In order to achieve a high Q
factor and high in-plane transmission, the radiation losses (i.e. the modal mismatch at the
interface between the photonic crystal waveguide and the cavity structure) need to be
minimized by engineering the hole dimensions and positions of the Bragg reflectors during
the design process. Several methods have been suggested for optimizing the performance of
photonic crystal microcavities, including tapering [14], Bloch-wave engineering [15] or
radiation loss recycling [16]. All these methods require a very high accuracy and quality for
the fabrication. For example, Noda et. al. have realized high-Q photonic crystal microcavities
with Q factors up to 100,000 by optimizing the position of the air holes at both edges of the
cavity [12]. Limited by the fabrication tolerances, we have kept our design as simple as
possible while accepting lower performance for the cavity. Thus, the holes of the onedimensional Bragg reflectors are all equally spaced and have the same dimensions (350 nm ×
150 nm).
The device has been fabricated in-house at the IMT-Samlab (University of Neuchâtel)
using e-beam lithography [17]. The microcavity structure is written into a PMMA layer and
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then RIE and DRIE is used to transfer the structure from the PMMA layer into the Silicon.
Lastly, buffered hydrofluoric acid vapour (BHF) etching removes the silicon dioxide layer
underneath the Silicon slab forming a free-standing silicon membrane.
To measure the sample a butt-coupling setup was used. By means of a tapered fiber, TEpolarized light (in-plane polarization) from a tunable laser source (1440 nm to 1590 nm) is
injected into a 10 μm-wide silicon layer (thickness t = 205 nm). A lateral taper is used to
reduce the waveguide width to the 0.5 μm width of the photonic crystal waveguide. For a
narrow frequency band the light propagating in the photonic crystal waveguide couples into
the resonant cavity, where it is highly localized and then transmitted. Using a second,
identical taper the transmitted light is then guided to the exit of the device, where it is
collected by a microscope objective and focused onto an InGaAs detector.
3. Passive transmission measurements
We have fabricated and measured several samples with the designed microcavities, exhibiting
Q-factors between 300 and 750 for resonant wavelengths between 1.47 and 1.52 μm. In Fig.
2(a) we present one of the measured transmission spectra of the photonic crystal microcavity.
For this sample, the measured transmission spectrum exhibits a resonance peak at the
wavelength of 1.47 μm and a Q-factor of approximately 750. The dominant periodic FabryPérot interference pattern contained within the measured spectrum corresponds to the total
length of the waveguide system (approximately 2 mm) and is due to the Fresnel reflections at
the smooth waveguide end-facets. Our three dimensional simulations have shown that about
38% of the light is reflected at the silicon/air interface of each end-facet.
The calculated transmission spectrum using a three dimensional finite integral time
domain technique [18] is shown in Fig. 2(b). In the inset the field distribution (magnetic field
perpendicular to the photonic crystal membrane) at the transmission resonance peak illustrates
the strong light confinement within the cavity. The measured Q-factor is about half of the
predicted value by the calculation. Such differences are due to variations between the
fabricated structure and the ideal simulated structure. Small defects, like variations in the hole
dimensions or sidewall roughness, also induce higher losses, which cause a reduction in
transmission and in the quality factor. Further improvements to the quality factor of the
resonant cavity can be achieved by optimizing the design of the photonic crystal waveguide
and the reflectors forming the microcavity.
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Fig. 2. (a) Measured transmission spectrum of a photonic crystal cavity structure in a
membrane surrounded by air with a Q factor of approximately 750. The characteristic FabryPerot interference pattern at resonance is mainly due to end-facet reflections corresponding to a
total waveguide length of 2 mm where as off resonance the interference pattern (2 times longer
peak separation) is mainly due to end-facet to cavity reflections corresponding to an optical
path of 1 mm (cavity structure is situated in the middle of the waveguide). (b) Calculated
transmission spectrum of the ideal photonic crystal cavity structure with a Q factor in the order
of 1500. The inset shows the calculated field distribution (magnetic field perpendicular to the
photonic crystal membrane) at the resonance wavelength.

4. Tuning and switching
The highly localized field within the resonant microcavity is very sensitive to any
perturbation. By a local change in the structure or the environment of the cavity one can
influence the optical transmission properties. Ideally, such a change should be reversible so
that we can realize an active, tunable device on a very small scale. Various ways to tune or
switch photonic crystal devices have been demonstrated recently. One of the most common
ways is temperature tuning induced by the temperature dependence of the refractive index of
the material [19,20]. However, with this method it is difficult to locally restrict the tuning
effect on a chip. Both, theoretical [21] and experimental [22,23] work has demonstrated the
possibility of infiltrating photonic structures with liquid crystals and achieve the desired
modulation by electromagnetically rotating the director field of the liquid crystal or thermally
inducing a phase transition in the liquid crystal. Tunable spectral filtering of a planar photonic
crystal has been demonstrated by means of a nanofluidic delivery structure using fluids with
different refractive indices [24]. Electro-optical switching has been presented using a PN
junction to inject free charge carriers and induce electro-absorption [25]. Further, all-optical
switching has been demonstrated by different groups [26-29] with time responses varying
from ms to fs depending on the mechanism and materials used. First results on mechanically
tunable photonic crystal structures point out their great potential for multifunctional integrated
optical devices [30-32]. One of the objectives of today’s on-going research is to increase the
tuning and switching performances and to achieve applicability for tuneable photonic crystal
devices. Here, we present theoretical and experimental results on tuning and switching the
optical properties of a photonic crystal microcavity based on the mechanical perturbation of
the optical field.
Because the photonic crystal structure is a free-standing membrane, it allows direct access
to the cavity and therefore direct mechanical intervention becomes possible. Our mechanical
actuation method consists in bringing a silicon tip into the vicinity of the microcavity in order
to induce a change in the optical environment. This can be achieved by introducing an AFM
into the measurement setup and by probing the photonic crystal cavity region, as indicated in
Fig. 3.
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Fig. 3. Silicon AFM tip positioned above the cavity center perturbing the confined optical field
in order to induce on-off switching.

In a first configuration, we bring an AFM tip onto the center of the cavity perturbing the
optical field. As shown in the field distribution at the resonance wavelength in Fig. 2, the
optical field is highly localized in the center of the cavity and therefore very sensitive to any
changes in the environment. In Fig. 4(a) we show the simulated changes in the in-plane
transmission properties of the microcavity when approaching the silicon tip to the surface of
the membrane (three tip-surface distances) using the 3-D finite integral time domain
technique. The tip used in the simulation is shaped like a polygon based pyramid and has a tip
radius of curvature of 30 nm. The simulations predict that the closer the Silicon tip to the
surface of the photonic structure the stronger is the damping effect on the transmission
efficiency. Virtually complete damping of the transmitted signal can be achieved when the tip
is positioned on the surface of the membrane. Thus, by moving this small silicon tip over a
distance as small as 500 nm, on-off switching becomes possible. In the inset of Fig. 4(a), the
absolute value of the calculated field distribution illustrates how a part of the optical field
confined within the cavity is coupled into the probing silicon tip inducing damping in the
transmission efficiency and reducing the Q factor of the cavity. Our simulations show that due
to the presence of the probing tip approximately 15% of the light is coupled into the tip,
approximately 35% is reflected back to the input waveguide and the rest is radiated to free
space. The induced damping strength depends not only on the distance between the tip and the
membrane surface but also on the tip size and on the exact lateral position of the tip in respect
to the cavity structure and the strength of the optical field. A theoretical study addressing the
effects of the lateral and vertical position of the tip in more detail has been presented by A. F.
Koenderink et. al. [13].
In Fig. 4(b) we show the experimental measurements using an AFM in the static force
mode (contact mode) to probe the cavity center. Unlike the simulations, it was difficult to
control the position of the AFM tip in an intermediate state limiting the experimental
measurements to the two positions where the tip is not probing the cavity (curve (1)) and
where the tip is in contact with the cavity surface (curve (2)). The tip used in the experiment is
shaped like a polygon based pyramid with a half-cone angle in the order of 15° to 25° and has
an initial tip radius of curvature of approximately 10 nm. By scanning the photonic crystal
structure the surface is measured and the cavity center slowly approached reducing
consecutively the scanning area. After positioning the tip onto the center of the microcavity,
the tip radius of curvature is expected to be slightly increased due to abrasion (estimated
increased radius of curvature ~ 30 nm). The raw measurement data have been numerically
filtered so as to remove the periodic Fabry-Pérot interference. The damping effect that has
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been predicted by the three dimensional simulations can be observed in the measurements
when positioning the AFM tip onto the center of the cavity. In addition, comparable to the
simulations, the measurements show a similar reduction in the quality factor and a similar
slight red-shift in the resonance wavelength induced by the AFM tip while damping the
transmission efficiency.
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Fig. 4. (a) Simulated changes in the transmission properties of a resonant microcavity structure
when probing the center of the cavity by a silicon tip. The closer the silicon tip is to the surface
of the membrane (tip-surface distance: 1) 500 nm, 2) 375 nm, 3) 0 nm) the stronger is the
damping effect on the transmission efficiency. The inset shows the absolute value of the
calculated field distribution in the x-y plane through the center of the resonant cavity with the
probing AFM tip.(b) Measured changes in the transmission properties of resonant microcavity
structure when probing the center of the cavity by a silicon tip. 1) Measured transmission
spectrum without the probing AFM tip. 2) Measured transmission spectrum with the AFM tip
positioned on the center of the cavity using the static force mode.

When using the AFM in the dynamic force mode the cantilever with the AFM tip is
vibrated near its resonance frequency with constant vibration amplitude, thus experiencing
only intermittent contact with the surface. In consequence, when positioning the tip onto the
center of the microcavity the damping effect is modulated and a modulation of the
transmission signal is achieved. In Fig. 5, the modulated in-plane transmission signal with its
frequency corresponding to the resonance frequency of the cantilever has been measured. In
our case the resonance frequency is in the order of 180 kHz. The mechanically controlled
modulation frequency of the optical signal depends on the resonance characteristics of the
cantilever. For example, by reducing the geometry of the cantilever its resonance frequency
can be increased and the optical signal could be modulated with higher speed, reaching the
MHz regime.
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Fig. 5. Measured transmitted signal modulated at ~180 kHz by the AFM tip in the dynamic
mode with the corresponding resonance frequency of the cantilever. The observed parasitic,
small amplitude oscillations are most probably due to mechanical vibrations perturbing the
cantilever modulation.

In a second configuration, the AFM tip is inserted into one of the Bragg mirror holes at the
edge of the cavity, as indicated in Fig. 6. In our simulations we observe that as the Silicon tip
enters the air hole, the resonant wavelength of the microcavity is red-shifted without
significantly lowering the quality factor and the transmission efficiency (see Fig. 7(a)). At
maximum insertion the calculated transmission spectrum exhibits a red shift of over 10 nm.
By inserting the silicon tip the optical field confined within the microcavity sees the hole in
the silicon slab being filled with silicon, which changes the effective cavity length and
reduces the Bragg mirror reflectivity, thus inducing the observed shift in the resonant
wavelength. In the inset of Fig. 7(a), the absolute value of the calculated field distribution
illustrates how the optical field is confined within the inserted silicon tip without inducing
significant vertical loss. Contrary to the first configuration where the probing silicon tip above
the center of the cavity induces vertical losses, the optical field mainly remains vertically
confined within the silicon membrane. Thus, tuning of the cavity becomes possible. Analog to
the probing of the cavity center, we achieve a significant change in the transmission properties
with a very small mechanical movement of the probing silicon tip.
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Fig. 6. Silicon AFM tip inserted into one of the holes of the Bragg mirror forming the cavity in
order to induce wavelength tuning.
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Fig. 7.(a) Simulated changes in the transmission properties of a resonant microcavity structure
when inserting a silicon tip into one of the Bragg mirror holes at the etch of the cavity. The
tuning strength depends on the silicon tip position (tip - membrane surface distance: 1) 0 nm,
2) -100 nm and 3) -200 nm). The inset shows the absolute value of the calculated field
distribution in the x-z plane through the center of the photonic crystal waveguide with the
probing AFM tip. (b) Measured changes in the transmission properties of the resonant
microcavity structure when inserting a silicon tip into one of the Bragg mirror holes. 1)
Measured transmission spectrum without AFM tip. 2) Measured transmission spectrum with an
AFM tip inserted into one of the Bragg mirror holes using the static force mode.

Figure 7(b) shows the measured transmission spectra for the two positions where the tip is
not probing the hole (curve (1)) and where the tip is inserted into a hole (curve (2)) using the
AFM in the static force mode. As predicted by the three dimensional simulations we observe
a slight induced red-shift, which is of the order of 2.5 nm. However, contrary to the
simulations the measurements present a lowered transmission efficiency and quality factor
indicating the presence of scattering losses when the AFM tip is inserted into the air hole.
Small variations between the experimental and the ideal simulated configuration can cause the
observed differences in the transmission properties. For example, small defects in the
fabricated structure, such as variations in the hole dimensions or sidewall roughness, can
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cause a different field distribution around the cavity, which may induce higher losses in the
presence of the inserted AFM tip [13]. In addition, during the experiment it was difficult to
determine how well the AFM tip was centered in respect to the air hole and how far the tip
was inserted. The losses may also be increased due to mechanical stress in the silicon
membrane induced by the probing AFM tip. Nevertheless, compared to the measurements of
the first configuration the induced losses are significantly smaller, confirming the predicted
tuning effect. In order to fully understand the observed results of the second configuration, we
intend to carry out further tuning measurements using different types of AFM tips in the near
future.
5. Conclusions
In conclusion, we have shown by simulations and first time measurements that a silicon AFM
tip can be used to mechanically perturb the optical environment of a photonic crystal resonant
microcavity in order to induce a change in its transmission properties. On-off switching is
achieved by probing the center of the microcavity with the AFM tip, inducing vertical losses
and a damping effect in the transmission efficiency. In the AFM’s dynamic force mode the
transmission signal has been modulated at a frequency of 180 kHz corresponding to the
resonance frequency of the cantilever. By inserting the tip into one of the holes of the Bragg
mirror forming the microcavity we have shown that resonant wavelength tuning becomes
possible with limited losses. These results suggest a stand-alone MEMS solution to create a
chip-based on-off switch or tunable filter. Furthermore, one could attempt to integrate more
than one silicon tip to combine filter and tuning functionalities on one device. By separately
controlling the position of the different tips a programmable integrated optical circuit with
higher integration density and functionality could be achieved.
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