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Nano-Optomechanical Characterization and
Manipulation of Photonic Crystals
Sushil Mujumdar, A. Femius Koenderink, Robert Wüest, and Vahid Sandoghdar

Abstract—We describe the application of scanning near-field optical microscopy (SNOM) for the high-resolution visualization of
light propagation in photonic crystal structures. We also demonstrate that nanoscopic elements such as sharp tips could be used
for the mechanical manipulation of the optical properties of photonic crystals. In particular, our theoretical and experimental results show that narrow resonances of a photonic crystal cavity
can be tuned without a substantial influence on its quality factor.
Furthermore, we discuss the modification of the fluorescence of a
nanoscopic emitter as a function of its location close to a photonic
crystal.
Index Terms—Optical microelectromechanical systems
(MEMS), photonic crystals, scanning near-field optical microscope, scanning near-field optical microscopy (SNOM),
spontaneous emission.

I. INTRODUCTION
HE SEARCH for highly compact miniaturized optical devices has acquired a constant momentum in the past years.
A necessary feature that remains crucial to the effectiveness of
such devices is the capability to manipulate the flow of light over
short distances. Artificially created photonic bandgap crystals
combined with other microstructures may provide an ideal platform to achieve control over the propagation of light in all three
dimensions [1].
Photonic crystals consist of a periodic lattice of two dielectrics
of dissimilar refractive indexes, with a lattice constant comparable to the wavelength of light in the crystal. The lattice planes
act as Bragg reflectors that forbid the propagation of light for a
range of frequencies and wave vectors. For suitable lattices with
sufficiently high index contrast, a photonic bandgap may open,
for which propagation is forbidden for all wave vectors.
Although 3-D photonic bandgap crystals have been reported,
their fabrication remains quite challenging. As a result, most of
the recent activities have focused on the realization of 2-D membrane structures where light confinement in the third dimension
is achieved by total internal reflection [2]–[4]. A common 2-D
crystal consists of a lattice of air holes, electrochemically etched
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or lithographically drilled into a semiconductor wafer and then
subjected to postprocessing to yield an ultrathin membrane.
The large refractive index contrast between the semiconductor
and air creates a wide bandgap for the TE-guided mode of the
membrane, and ensures an efficient confinement of light in the
transverse direction via total internal reflection.
Several functional optical devices have been developed
based on the membrane photonic crystal platform, including
ultrahigh-Q cavities and low-loss waveguides [2], [3]. When
heterogeneities are introduced in a photonic crystal environment, modes may be created for certain frequencies inside the
bandgap, and light can be bound to the site of the inhomogeneity. For instance, if a defect is engineered in a lattice of holes by
filling one of them with a dopant material, a microresonator can
be obtained. If a complete row of holes is filled, a linear waveguide is created. By using permutations and combinations of line
and point defects, one can obtain more complex functionalities
such as sharply bent waveguides, Y-splitters, add-and-drop filters, and so on [5]–[10]. Thus, photonic crystal-based elements
are promising versatile building blocks in optical nanodevices.
In this paper, we will discuss some possibilities for punctual, dynamic and reversible modification, and modulation of photonic
crystals by mechanical manipulation at the subwavelength level.
As microelectromechanical systems (MEMS) and optical
MEMS develop in sophistication, we could think of exploiting
their capabilities for manipulating the flow of light in photonic
crystals in a controllable and reversible fashion at the nanometer
scale. A first essential step toward controlling the flow of light
in this fashion is to map out and understand the features of the
light-field distribution inside the microstructure. Conventional
imaging techniques rely on the out-of-plane scattering of light,
which is expected to be minimal in the case of a high-quality
2-D PC. Moreover, in a PC structure, the electromagnetic-field
distribution strongly varies over a subwavelength scale and is,
thus, inaccessible to far-field imaging because of the Rayleigh
criterion. Here, scanning near-field optical microscopy (SNOM)
can be applied to visualize the confinement and propagation of
light with a very high resolution [11]–[13]. In this method, a
sharp optical probe is brought into close proximity of the sample to tap into the evanescent fields over the surface. Since these
fields are nonpropagating, the resolution does not depend upon
the Rayleigh criterion, but is only limited by the probe diameter and its separation from the surface. An optical resolution of
100 nm is routinely achieved in SNOM. An added benefit of this
technique is that one can measure the topography of the sample concurrently with the optical data. SNOM has been applied
to the study of light propagation and confinement in photonic
crystals by a number of groups [14]–[24].
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Fig. 1. Schematic of the SNOM setup for measuring the light flow. The laser
light is focussed onto the incoupling waveguide, while the SNOM probe scans
the near-field evanescent light in the region of interest. The probe is attached to
a quartz tuning fork, that is installed on a 3-D piezoelectric translation stage.
The SNOM fiber tip directs the collected light to an APD.

In this paper, we will describe our theoretical and experimental efforts toward achieving optomechanical functionality
in photonic crystal devices. We first describe the SNOM technique in detail, and demonstrate its capability in mapping the
flow of light in PC microresonators and waveguides. We then
report our theoretical studies of external tuning of the resonant
frequency in the particular case of a microresonator. We go on
to validate these predictions by our experimental results on the
frequency tuning of a high-Q microcavity. Finally, we show that
one can also control the excited state lifetimes of emitters placed
at the extremities of sharp tips by varying the relative position
between the emitters and the photonic crystal environment.
II. NEAR-FIELD OPTICAL IMAGING OF PHOTONIC CRYSTALS
The central idea in SNOM is to interrogate high spatial frequency evanescent fields of a sample. The most elementary
example of a sample is the diffraction grating with a subwavelength period. Although the zeroth order of this grating cannot
propagate, evanescent fields on its surface follow the periodicity of the grating. Thus, a local subwavelength detector, in an
ideal case a single atom, could read out the field and intensity
distribution. Because the high spatial frequency near fields decay rapidly away from the surface, it is imperative that SNOM
measurements are performed in the immediate vicinity of the
surface. To ensure a subwavelength size and the ability to follow
tiny features of a surface at close proximity, sharp tips are used.
The resolution obtained by SNOM is, thus, determined by the
size of the tip and its separation from the sample. An account of
the basic principles of operation of SNOM and its applications
for imaging photonic devices can be found in [13].
An SNOM measurement setup is depicted in Fig. 1, and
consists of a fiber tip that is glued onto a quartz tuning fork. The
tuning fork is mounted onto a piezo-controlled translation stage
that allows 3-D movement. A tip-surface distance of ∼ 10 nm is
maintained with the help of the quartz tuning fork using shearforce feedback [25]. In this method of feedback, the tuning fork
and, hence, the tip are made to oscillate with a motion parallel to
the surface. When the tip-sample distance is reduced to ∼ 10 nm,
a frictional force between the surface and the tip acts to damp
its oscillation, changing its phase and amplitude. Control of the
amplitude or the phase in a servo loop allows to hold the tip

Fig. 2. (a) SEM image of a photonic crystal point-defect microcavity. The
point defect as well as the incoupling and outcoupling waveguides are illustrated.
(b) Topography image as measured by a low-resolution SNOM. The point
defect and the waveguides are discernible enough to enable reconstruction of
the photonic crystal structure. (c) Optical data as provided by the SNOM probe.
The measured light-field distribution shows that its axes of symmetry are tilted
with respect to the longitudinal axis. This information reveals the departure of
the underlying PC resonator from the ideal structure [19], [26].

at a fixed distance from the surface. By recording the control
signal of the shear-force control during a lateral scan, one can
retrieve the topographical map of the sample. Concurrently,
radiation scattered by the tip is partially collected by the fiber
itself, which, in our case, is connected to an InGaAs avalanche
photodiode (APD) photon counting module. In this way, the
topography and the optical signal of the device are recorded
simultaneously.
We demonstrate the application of SNOM by giving two examples, i.e., a point defect resonator and a line defect waveguide.
In both devices, the aim was to study the exact electromagnetic
field distribution relative to the defect sites and as a function of
the wavelength.
Fig. 2 displays the SNOM observations of a resonator region
of a PC sample. A line-defect waveguide was fabricated in a
macroporous silicon photonic crystal. Two pairs of holes separated by a point defect were etched in the line defect. The central
point defect functioned as a cavity, while the neighboring line
defects worked as the incoupling and outcoupling waveguides,
as shown in Fig. 2(a). Fabricated for mid-infrared wavelengths,
the structure had two resonances at 3.62 and 3.84 µm. To allow
detection in this wavelength region, fluoride glass tips were employed. The fluoride tips are very fragile and prone to breakage.
For this reason, the probe in this run was not very sharp, leading
to a low lateral topography resolution. We note that while a sharp
tip is highly desirable for high-quality topography maps in the
visible wavelength regime, a duller tip provides a larger signal.
Fig. 2(c) shows the intensity distribution, when the laser wavelength was tuned to the resonance at λ = 3.84 µm. The propagation of light in the first waveguide and its confinement about
the point defect are clearly seen. These particular data revealed
several unexpected features, which, with the aid of careful numerical simulations, could be traced to very slight deviations
of the structure parameters from the ideal design [19], [26].
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Fig. 4. Schematic illustration of an optomechanical switch, realized by inserting a sharp probe into one hole of a hexagonal lattice of a PC membrane.
Fig. 3. Terminated waveguide to serve as a standing wave meter. (a) SEM image of a tapering waveguide. (b) Topography map of the waveguide as detected
by a high-resolution SNOM tip. (c) Optical intensity map of the light in the
waveguide, showing a standing wave [24].

This indicates that SNOM can be a powerful tool to assess the
fabrication accuracy of microdevices.
With recent progress in the fabrication of high-quality PC
structures in the near infrared, SNOM measurements have also
been applied to the investigation of light propagation in these
structures [21], [27]. In Fig. 3, we present studies on a structure that consists of a slab waveguide with a core of InGaAsP
(400 nm, n = 3.45) and an upper InP cladding layer (200 nm,
n = 3.18). The vertical slab waveguide supports one TE mode
with an effective index of neﬀ = 3.29 at λ = 1550 nm. The
PC structure uses a triangular array of holes (depth ≈ 3 µm)
with a lattice constant of a = 430 nm. This results in a photonic bandgap for TE light for a range of reduced frequencies of
u = a/λ = 0.27 − 0.43. Further details on the sample and its
fabrication can be found elsewhere [28], [29]. Fig. 3(c) shows
SNOM measurement at λ = 1490 nm of a waveguide that was
terminated at one end. The SEM image, the topography, and the
simultaneously recorded intensity distribution are illustrated in
the figure. These data enabled us to analyze stationary wave
patterns in the waveguide for a range of frequencies, and to
determine the waveguide dispersion and loss with a high accuracy [24]. We point out that SNOM has also been used to reveal
a rich temporal behavior in photonic samples, using heterodyne
time-resolved measurement techniques [23], [30].
III. MANIPULATION OF THE DEVICE FUNCTIONALITY USING
NANOSCOPIC ELEMENTS
Having shown that SNOM can image photonic devices at the
subwavelength scale, one might wonder whether the tip affects
the light flow. Several years ago, we showed that a glass fiber
tip could even image the light flow in whispering gallery microresonators of very high quality factor [32] without perturbing
it. However, we also showed that a tip could lower the Q and
introduce frequency shifts if it is thick enough [31]. In principle, this lesson could also be extended to photonic crystals, but
because the mode volume in the latter is usually much smaller,
the effect of the tip is stronger. In order to quantify this, we
have performed finite-difference time domain (FDTD) calculations [33], [34]. We have found that for certain tip parameters,
it is possible to shift the resonance frequency of a PC microresonator without affecting its Q in a substantial manner. We also
found that the presence of the tip can introduce resonances in a
PC without any defects.

Fig. 5. Creation of a low-Q resonance by inserting a silicon tip into one hole
of a defect-free photonic crystal. (a) Calculated resonance frequency (circles,
solid line, left-hand axis) and the Q factor (diamonds, dotted line, right-hand
axis) as a function of the tip depth in the hole. The gray shaded area indicates
the membrane width. (b) Dependence of the resonance frequency on tip radius
for fully inserted tips. The gray shaded area is the available switching range.
The arrow couplet shows the line width associated with this resonance that can
be created on demand.

A. On Command Creation of Resonances in Photonic Crystals
As a case study, we first report on the realization of an optomechanical switch, wherein a low-Q microcavity resonance
is switched on using a near-field probe. The system under study
is an ultrathin membrane made of silicon onto which a 2-D PC
with a hexagonal lattice is etched. We assumed a slab dielectric
constant  = 11.76 typical for silicon, a membrane thickness of
250 nm, lattice constant a = 420 nm, and a hole radius r = 0.3a.
Crystals over 5 µm × 5 µm in lateral size surrounded by up to
1 µm of air were simulated, applying Liao’s absorbing boundary
conditions. We used computational meshes with 14 or 20 grid
points per a parallel to the membrane, with twice the resolution
normal to the membrane [35]. Grid cell volume averaging of
the dielectric constant was employed to reduce staircasing errors [36]. Q factors and cavity mode frequencies were obtained
by fitting a damped harmonic wave to time traces of the total
E-field energy in the cavity. The probes were assumed to be
cylindrical in shape, and were assigned several values of the
dielectric constant to simulate different materials ranging from
glass to silicon.
Let us consider the effect of such a probe inserted into a hole
of the defect-free PC membrane, as illustrated in Fig. 4. The
presence of the probe causes a point-defect in the lattice. As
shown in Fig. 5(a), introducing a silicon tip ( = 11.76) with a
diameter of 200 nm into a hole in a photonic crystal membrane
indeed pulls down a resonance from the top of the gap. The
frequency shows a linear decrease with the tip’s progression
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further into the membrane, but saturates once the tip protrudes
all the way through the membrane. At this point, the Q factor
of the resonance reaches its maximum of ∼ 250. In Fig. 5(b),
we see that the maximum tuning range is determined by the
diameter of the tip. The maximum tuning range of half the gap
width (as much as 150 nm) is obtained for a tip that completely
fills an air hole [37]. In practice, however, it is desirable to use
thinner tips. Because the resonance Q factor is limited to only
about 250, there is a minimum practical tip radius for which the
shift of the resonance away from the upper band edge exceeds
its linewidth. Such a situation is achieved for the tip radii above
0.2a. High index tips, such as silicon AFM tips are required
for this type of switching because tips from materials such as
glass fail to provide the necessary index contrast for creating
resonances well separated from the band edge.
The aforementioned arrangement provides an optomechanical switching or filtering functionality with a Q of ∼ 200. Since
there is no direct contact or physical interaction between the
probe and the membrane, this mode is as temporary as the presence of the probe in the proximity of the membrane. Furthermore, since the interaction of the tip with the electromagnetic
mode of the PC is via the evanescent fields, the tip functionality
has a spatial range of only about a few tens of nanometers. Thus,
the actuation can be extremely fast.

Fig. 6. Design of the high-Q cavity consisting of a central defect in a hexagonal
lattice. The defect radius is 0.15a. The lattice constant for this membrane is
420 nm, hole radius 0.3a, and the dielectric constant is 11.76. Two holes
neighboring the defect are shifted and shrunk in order to optimize the cavity.
The intensity map shows the electric field intensity |E|2 of the resonant mode,
as calculated from 3-D FDTD.

B. Nanomechanical Tuning of Resonances in Photonic Crystal
Microresonators
An important functionality in photonic circuits is the ability
to tune the frequency of a device continuously, in a reproducible
and reversible manner. Along the same lines as the optomechanical switch, we also studied a tuning method where an external
probe is brought into the vicinity of a resonator to shift its
frequency in a continuous and reversible manner. We describe
the results of our 3-D FDTD simulations, where a point-defect
resonator is perturbed by a cylindrical dielectric tip.
In this simulation, the photonic crystal membrane was identical to that of the previous case, except that a resonator was
created using the design proposed in [4]. Initially, a point defect
of reduced radius r = 0.15a is created in the PC. Next, by reducing the radius of two holes to r = 0.23a on either side of the
defect and shifting them outwards by 0.11a, a nondegenerate
dipole mode is created. The intensity profile of this mode is
shown in Fig. 6. This resonant mode lies in the center of the 2-D
TE bandgap, and has a frequency ωa/2πc = 0.284 with a Q
around 13 000. Thus, for telecom wavelengths of λ = 1500 nm,
the resonance linewidth turns out to be 15 GHz. The Q factor of
such a mode is low enough to be simulated by 3-D time-domain
calculations without any difficulties. Yet, Q is high enough for
useful tuning effects to be demonstrated. In addition, this type of
cavity mode has a large amplitude in the central air-hole, which
is accessible to a near-field probe.
As seen in Fig. 7, a significant frequency shift occurs when
a silicon tip is approached to the center of the cavity. If the tip
is more than a few tens of nanometers away from the PC membrane, the loss is insignificant. In this regime, the frequency shift
increases exponentially as the tip is approached. Up to shifts of

Fig. 7. Relative induced frequency shift (solid symbols, left-hand axis) and
the Q-factors (open symbols, right-hand axis) as a function of the tip depth
calculated for the cavity in Fig. 6. The tip is 125 nm in diameter and centered
above the central defect hole. The gray area denotes the membrane. Negative
depth indicates that the tip apex is still away from the surface. The frequency
shift follows the mode profile |E|2 (solid curve). The loss is minimal for tips up
to 30 nm away from the membrane (vertical dashes). The horizontal line shows
the Q-factor in the absence of the tip.

around 250 GHz, equivalent to 2 nm at a wavelength of 1500 nm
and an order of magnitude larger than the cavity linewidth, low
losses with Q above 5000 can be maintained. Evidently, the
detuning increases exponentially as the tip penetrates deeper
into the evanescent field over the PC membrane. When the tip
approaches closer to the membrane, say, for tip-membrane separations below 20 nm, the cavity Q factor drops below 5000,
down to about 200 for a tip inserted into the central defect hole.
For tips not fully inserted into the central defect, field profiles
show strong scattering normal to the membrane on the side away
from the tuning probe. However, once the probe fully extends
through the slab, the quality factor recovers to about 1000.
To obtain a physical understanding of the variation of the
tuning and the loss in the presence of a perturbation, we have
applied an exact theory originally developed for perturbations in
microwave cavities [33], [38]. We find that the frequency shift is
essentially limited by the ratio of the effective tip polarizability
to the cavity mode volume Vcav . The effective polarizability of
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Fig. 8. Relative frequency shift (solid symbols, left-hand axis) and 1/Q (open
symbols, right-hand axis) versus the effective polarizability per length αeﬀ /d =
3(p − 1)/(p + 2)πrp2 . The tip is positioned 30 nm above the central defect
in Fig. 6. Various tip materials (Si, TiO2 , ZrO2 , polystyrene, and SiO2 ) were
simulated as indicated in the legend. The frequency shift is proportional to αeﬀ
(solid curve). The horizontal dashed line is the loss 1/Q in the absence of the
tip. This loss when added to a contribution proportional to α2eﬀ gives the total
loss, as shown by the dashed curve.

the tip is given by [38], [39]
α=3

−1
Vtip ,
+2

2
with Vtip = πrtip
d

2
where the tip volume corresponds to the tip cross section πrtip
times an effective height d set by the exponential decay length
of the mode into which the tip is inserted. It turns out that the
frequency shift increases linearly with the volume of the perturber, while the loss contribution only grows quadratically with
the tip polarizability. This behavior provides a regime, wherein
one can achieve good tunability without incurring undesirable
losses. It turns out that the relative frequency shift as a function
of the tip’s lateral coordinate r and its height ztip above the
sample can be approximated by

∆ω(r , ztip )
|E0 (r )|2
αeﬀ
=−
e−ztip /d .
ω
2Vcav max[(r)|E0 |2 ]

(1)

As the tip is scanned over the surface at a constant height, the
obtained frequency shift is a direct map of the electric field
intensity profile |E0 |2 for the cavity mode just above the slab
(shown in Fig. 6). Thus, a large tuning of the magnitude of the
frequency shift can be modulated either by retracting the tip
upwards, or moving the tip sideways over distances on the order
of 50 nm away from the central cavity hole. We emphasize that
the scheme discussed here is quite general, and is applicable to
any other cavity design as long as the tip and cavity parameters
are chosen properly.
Fig. 8 shows that the tuning effect predicted by FDTD for
silicon tips scales linearly with the tip polarizability and, hence,
2
, while the loss induced by
with the tip cross section πrtip
the tip scales quadratically with the tip polarizability. Such
quadratic dependence is consistent with an interpretation of loss
as Rayleigh scattering off the tip. We have carried out extensive
simulations, wherein different cavity designs and different tip
refractive indexes were used to obtain the tuning, and we have
confirmed that the induced frequency shift is set by the ratio
of polarizability to cavity mode volume. We also show that the
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Fig. 9. Experimentally measured frequency shift in the presence of a SNOM
tip in the proximity of a PC microcavity. The resonance of the perturbed PC
is red-shifted due to a weak interaction with the silica tip. The inset shows
Lorentzian fits to the experimental spectra.

quadratic scaling of loss with α allows to maintain a reasonably
high Q above 5000 at a large frequency shift of 260 GHz [33].
We performed experimental studies on high-Q photonic crystal microcavities to validate our proposal of optomechanical
control of microcavity resonance frequencies [40]. The PC microcavities were etched in a GaAs membrane, using a double
heterostructure layout [41], [42]. Resonances with Q factors of
the order of 104 were obtained. An uncoated sharp tip of silica
( = 1.96) was brought into the near field of the resonator region. The incident laser frequency was swept through a range
encompassing the PC resonant frequency, where the tip recorded
a strong optical signal. The resonant frequency was measured
both for the tip in the near field and when it was retracted into the
far field. In the latter case, the tip could still pick up a fraction of
the light scattered out of the resonator by the surface inhomogeneities. The observations are shown in Fig. 9. The right-hand
spectrum was recorded for the tip in the near field, and the lefthand spectrum was obtained for the unperturbed resonator. The
inset of the figure shows the Lorentzian best-fit profiles for the
two data sets. Evidently, there is no significant effect on the Q
of the resonance, but there is a clear frequency shift of about
∆ω/ω = −1.2 × 10−4 . The details of these studies are to be
published elsewhere [40].
We note that even though loss and frequency scale intuitively
with the magnitude of the perturbation, there is no obvious relation between the frequency shift and the induced loss that holds
for all tip positions. For instance, our calculations show tip positions for which a large loss is induced, without an appreciable
frequency shift. A detailed analysis shows that the induced loss
strongly depends on the polarization of the mode at the position
of the tip. For tip positions where the electric field has a large
contribution normal to the membrane and along the tip, light is
scattered strongly into the tip [43].
Fig. 10 illustrates these phenomena for the single-hole cavity
that we consider in Fig. 6. At position I, right above the central
hole, a large frequency shift of 260 GHz is obtained by a silicon
tip of 125-nm diameter at a tip height of 30 nm. Concomitantly,
the presence of the tip lowers the Q from 13 000 to just above
5000. In agreement with the very low mode intensity at position
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that position II is right above a lobe with a strong electric field
normal to the slab [Fig. 10(a), right half, and (b)]. Indeed, cross
sections of the field intensity in Fig. 10(b)–(d) show that the
field is scattered into the tip especially strongly at position II.
In contrast, for tip position I, the electric field is expelled away
from the tip.
In summary, there are tip positions where the induced frequency shift is vanishingly small, in accordance with the low
overall density of the mode at the tip position, but where significant loss is induced due to the polarization selectivity of the
near-field probe. It has been shown that the loss of photonic
crystal microcavities can be dramatically reduced by minute
changes in the near-field mode profile that strongly affect the
far-field interference [2], [4]. In this light, it may even be possible to reduce losses of cavities by a suitable placement of a
nanoscopic perturbation.
C. Mechanical Control of Fluorescence via Coupling
to Photonic Crystals

Fig. 10. Electric field intensity profiles (logarithmic grayscales) for the cavity
in Fig. 6. (a) and (b) Tip absent. (c) Silicon tip situated 30 nm above the
membrane, above the central hole (position I). (d) Silicon tip situated 30 nm
above the membrane, laterally displaced from the central hole (position II). The
left panel in (a) corresponds to the cycle-averaged |E|2 summed over all vector
components, while the right panel in (a) corresponds to the component |Ez |2
normal to the membrane only (scaled by a factor 5 for visibility). Likewise, in
panels (b)–(d), the top (bottom) represents the total field (normal component
of the field). Circles in (a) indicate the outlines of the air holes. Horizontal
lines in (b)–(d) indicate the top and bottom of the 250-nm-thick membrane. The
tip outline is also indicated in (c) and (d). Panel (a) corresponds to the fields
in a plane parallel to and just 15 nm above the membrane. Panels (b)–(d) are
crosscuts normal to the membrane through the line from position I to II. In (d),
there is a significant leakage into the tip.

II, the frequency shift induced by the same tip at position II
is less than 15 GHz, i.e., less than the linewidth of the unperturbed cavity. Despite the small frequency shift, the drop in Q
at position II is comparable to that at position I, due to the fact

In this section, we examine the possibility of modifying and
controlling the fluorescence of emitters by nanomechanical motion. It has been known for several decades that the spontaneous
emission rate of an atom as well as its radiation pattern can
be modified if it is placed in a resonator [44], or close to a
surface [45] or nanostructure [46]. This phenomenon is usually explained by the fact that the density of states available
for the emission of the atom at a certain position is modified,
when boundary conditions are considered for the electromagnetic field. In fact, the possibility for a strong modification of
the spontaneous emission was one of the original driving forces
for the invention and investigation of photonic crystals [47]. It
turns out that in all geometries, the fluorescence rate and angular spread depend very sensitively on the exact position of the
emitter at the subwavelength scale. In the case of PC structures,
the most commonly considered scenario concerns an emitter
embedded in a PC [48]. Given the strong sensitivity of the optical field and the density of states to displacements of only
a few tens of nanometers, the great difficulty is then to optimize the effect for a given emitter. Recently, a clever technique
has been developed to address this issue during the fabrication
process [49]. Here, we discuss a scheme where the emitter is
coupled to 2-D PCs externally via the evanescent fields, so that
its position can be adjusted at will. Our strategy is to mount a
single emitter or a nanoscopic ensemble of emitters to the end
of a subwavelength object such as a tip [50]–[53]. Besides the
possibility of optimizing the lateral position of the emitter, this
approach has a great advantage that the coupling strength could
be actuated in real time from zero to its maximum value.
We have studied the effect of the PC bandgap on the excited
state lifetime of the active material, with particular emphasis on
its lateral position relative to the crystal lattice. In this study, we
employed the 3-D FDTD method [54]–[56] to calculate the local
radiative density of states (LRDOS), accounting for the position
dependence of the photon states available for the fluorescent
decay of a quantum emitter [57]. This calculation relies on the
fact that the LRDOS appearing in the formulation of Fermi’s
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Fig. 11. Emission rate/vacuum rate for an x-oriented dipole as a function
of frequency and position along the trajectory indicated by the gray line in
(d). (a) In middepth. (b) On the surface. (c) 110 nm above the PC membrane.
(d) Trajectory tracing the edges of the irreducible part of the unit cell. The
dashed lines in (a)–(c) mark the borders between air and dielectric [58].

Fig. 12. Emission rate modification as a function of the height of a dipole
above the PC membrane. Circles, diamonds, and squares show data for a/λ =
0.23, 0.28, 0.34, corresponding to frequencies below, in, and above the gap,
respectively. The shaded region shows the range of positions −125 < z < 0 nm
in the membrane.
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ment reduce in size. To examine this distance dependence more
closely, in Fig. 12, we plot the normalized emission rate as a
function of the distance between the dipole and the membrane
surface for three key frequencies a/λ = 0.23, 0.28, and 0.34 just
below, in, and just above the bandgap, respectively. Evidently,
the inhibition diminishes for emitters located above the slab.
In contrast, enhancements persist at the blue edge of the gap
even if the dipole is lifted into air above the membrane. Thus, it
appears that it is possible to enhance the spontaneous emission
rate by a factor of 5–10, if the emitter position is controlled to
within 50 nm above the PC membrane. Note that the emission
of a dipole near a simple homogeneous dielectric slab is also
enhanced, due to coupling to the guided modes. However, at the
gap edges, the PC causes a further strong enhancement of the
LRDOS [58], [59].
Fig. 11(a) also shows a contour plot of the LRDOS modification for an x-oriented dipole midway in the slab depth versus
emission frequency and for lateral locations along a trajectory
that traces the irreducible part of the unit cell [Fig. 11(d)]. The
emission is inhibited in the bandgap at all positions, whereas
outside the gap, we observe Fabry–Pérot modulations, together
with enhancement at the low- and high-frequency edges. The
enhancement of the emission occurs especially on the high frequency edge of the gap (the “air band”) for dipoles in air holes
and, predominantly, at the low-frequency edge (the “dielectric
band”) for dipoles in the dielectric.
The aforementioned calculations show that nanomechanical
manipulation of an emitter close to a surface can modulate its
fluorescence rate. Furthermore, the efficiency of the coupling
between an emitter and a photonic crystal, and its radiation
pattern can be controlled by the actuation of small displacements
in the lateral or axial directions. The modification of the emission
is expected to be even more sensitive to distance variations, if
the PC structure contains resonances.
IV. CONCLUSION

Golden Rule for spontaneous emission rate, also describes the
total emitted power of a classical point dipole antenna run at a
fixed current [54]. The PC samples simulated were membranes
with dielectric constant  = 11.76 and thickness d = 250 nm,
surrounded by up to 1 µm of air above and below. We took
the membrane to contain a hexagonal array of holes with radius
r = 0.3a at a lattice spacing of a = 420 nm. We used discretization with 14 or 20 points per lattice constant, and employed
volume-averaging of the dielectric constant to reduce staircasing errors [33]. We considered finite hexagonally shaped PC
structures up to 25 holes across, terminated by the unperforated
slab extending into Liao’s absorbing boundary conditions. By
broadband temporal excitation of the dipole, we simulated the
emission power spectrum over a wide frequency range. The results that we present correspond to the LRDOS normalized to
that in vacuum [56].
Fig. 11 displays the modification of the LRDOS for the dipole
when positioned: 1) in the middepth of the membrane; 2) right
at the crystal–air interface; and 3) at 110 nm above this plane.
These data reveal that as z increases, the inhibition and enhance-

In this paper, we have reviewed how SNOM can be a great asset for the characterization of the light flow in photonic crystals.
Furthermore, we have shown that the strong spatial modulation
of light fields in these structures opens interesting avenues for
influencing their functionalities. We have presented a few such
ideas for on-command switching and tuning of passive devices,
and have discussed the possibility of controlling the coupling of
an emitter to photonic crystal devices. Our approach has been to
exploit nanoscopic mechanical elements that can be actuated at
will at the surface of a photonic crystal. We predict that cavities,
waveguide bends, interferometers, directional couplers, and filters can be tuned using this method in a compact and flexible
fashion.
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500 Å spatial resolution light microscope: I. light is efficiently transmitted
through ·/16 diameter apertures,” Ultramicroscopy, vol. 13, pp. 227–231,
1984.
[13] V. Sandoghdar, B. C. Buchler, P. Kramper, S. Götzinger, O. Benson, and
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