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We employed the contact forces induced by a near-field tip to tune and probe the

optical resonances of a mechanically-compliant photonic crystal molecule. Here, the

pressure induced by the near-field tip is exploited to control the spectral proprieties

of the coupled cavities in an ultra-wide spectral range, demonstrating a reversible

mode shift of 37.5 nm. Besides, by monitoring the coupling strength variation due to

the vertical nano-deformation of the dielectric structure, distinct tip-sample interac-

tion regimes have been unambiguously reconstructed with a nano-Newton sensitivity.

These results demonstrate an optical method for mapping mechanical forces at the

nanoscale with a lateral spatial resolution below 100 nm.
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I. INTRODUCTION

The inherent coupling between motion and light is at the core of a wide research area

ranging from gravitational waves detection1 to cavity optomechanics2. From a fundamental

perspective, the interaction of mechanical oscillators with photons promises to bring quan-

tum phenomena, such as superposition and entanglement, into the macroscopic realm3. On

the application side, engineering such coupling may boost the sensitivity of displacement

measurements, enabling novel integrated accelerometers4 and high-precision mass sensors5.

Among the numerous nanophotonic platforms investigated during last decade, photonic

crystal cavities (PhCCs) represent an excellent toolbox for metrology and sensing applica-

tions, due to their ultra-narrow resonances localized in diffraction-limited dielectric volumes6.

Optomechanical effects on mechanically-compliant PhCC systems, such as dynamical back-

action, have been extensively studied7,8, while several proposals have been advanced in the

context of force sensing, including multichannel movable PhC waveguides9,10 and flexible

PhCC cantilevers11.

A different approach, which relies on a dual-layer PhC membranes, was theoretically

presented in Ref.12 and further elaborated in Ref.13 and Ref.14. This system has been exper-

imentally investigated in the context of optomechanics15 and its electromechanical actuation

has been demonstrated16 and exploited for cavity quantum electrodynamics experiments17,18.

In this Letter, we experimentally study the effect of local forces exerted by a near-field

probe on a mechanically re-configurable bi-layer photonic crystal resonator. We employ near-

field methods not only to monitor the local density of optical states in real-time, but also, to

induce a mechanical and reversible local deformation of the structure. We provide a robust

demonstration of this pull-in-free actuation scheme, achieving a record spectral tuning of 37.5

nm per mode. Then, vice versa, we exploit our device as force nanosensor to unambiguously

identify distinct contact regimes characterized by either repulsive or attractive potential.

The photonic molecule under study (see inset of Fig.1a) consists of two nominally identical

photonic crystal cavities realized on two parallel membranes, separated by a distance d along

the growth direction. The physical concept underpinning the operation of the device can

be explained in light of the temporal coupled mode theory (TCMT)19. Indeed, when d is

small enough that the out-of-plane evanescent field of one slab penetrates into the other,

the degenerate original modes of the two membranes hybridize, originating a pair of super-
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FIG. 1. (a) Scanning electron micrograph showing the upper free-standing PhC micro-bridge. The

scalebar corresponds to 1 µm. (b) FEM simulation of the vertical deformation of the structure

caused by a localized force applied at the center of the bridge. (c) Calculated linear dependence

of the maximum displacement on the applied force

modes. The latter are delocalized over the two membranes and inherit the in-plane symmetry

of the original uncoupled modes. In analogy with the bonding and anti-bonding electronic

wave-function of homo-atomic molecules, the original photonic states split in symmetric (S)

and anti-symmetric (AS) modes20. Their energy separation is Ωs,as =
√
δ2 + 4g2, where δ

accounts for a possible energy mismatch between the uncoupled modes and g represents the

coupling constant given by the spatial overlap of the two uncoupled modes weighted by the

dielectric constant perturbation21. The coupling of the optical spectrum to the mechanical

degree of freedom is realized by fabricating the upper crystal on a suspended micro-bridge
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(Fig.1a). In this way, a perturbation (δd) of the membrane position due to an external

vertical force (δF ) is directly transduced into the optical domain as a change in the splitting

energy (δΩ) of the coupled modes via the change in the coupling constant (δg).

Specifically, the selected bridge geometry is composed of a rectangular photonic crystal

area connected to a supporting frame by four external micro-arms (2x2 µm2). The area

of the bridge (14x8 µm2) ensures a sufficient in-plane confinement around the cavity de-

fect. Additional external trenches are patterned close to the supporting arms to release

any internal stress accumulated during the fabrication process and to avoid buckling of the

structure22.

In order to relate the effect of a vertical local force to the deformation of the bridge we

solve the static elasticity equation employing a Finite Element Method (FEM) algorithm

(Fig.1b). In particular, we model the local force exerted by the near-field probe as a load

(F ) uniformly distributed over a circle of radius R = 100 nm located at the center of the

membrane. The deformation along the vertical direction, here encoded in a color-scale,

manifests a parabolic dependence on the x coordinate due to the boundary conditions of

this geometry. The maximum deformation is obtained at the center of the membrane where

the cavity is located. This displacement is linearly dependent on the applied force (Fig.1c)

through an effective spring constant k = 16 N/m.

II. METHODS

The fabrication of the device has been previously reported and comprises several steps of

optical and electron beam lithography followed by dry and selective wet etching processes, for

the release of the membranes23. The sample consists of two free-standing Gallium Arsenide

membranes which are both nominally 170 nm-thick. The photonic crystal pattern, composed

of a triangular array of holes (lattice constant a = 380 nm, filling ratio f = 0.32, holes

radius r = 113 nm) is etched through both membranes (Fig.1a inset). A point-defect cavity

is realized by removing three inline holes from the lattice (L3). In the middle of the top

slab a layer of high-density self-assembled InAs quantum dots is grown. The ground state

emission of these internal sources is centered around 1305 nm at room temperature and the

QD photo-luminescence spans over more than 100 nm, including the excited states and the

overall inhomogeneous broadening.
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A commercial scanning near-field microscope (Twinsnom, OMICRON) is operated in

the illumination/collection geometry. In the following experiments a pure dielectric tip,

which is a glass tapered optical fiber obtained by chemical etching24, is exploited both as a

near-field probe to collect the photoluminescence spectrum and, simultaneously, to apply a

controlled local nN force. To this end, a 780 nm diode laser is coupled to an optical fiber

that terminates in the near-field tip in order to excite the QD photoluminescence. Then, the

emitted light is collected from the same fiber and separated from the excitation radiation

by a dichroic beam splitter, finally dispersed by a spectrometer and detected by a liquid

nitrogen cooled InGaAs array. The control of the tip-surface separation is realized through

the shear-force technique. The probe is attached to a bimorph piezo set to oscillate laterally

with a constant amplitude of few Å and the oscillation phase shift, which occurs in presence

of contact forces when the tip-sample distance is below 10 nm, is maintained constant by

a piezoelectric feedback loop. The sample is mounted on a XYZ piezoelectric scan stage,

which enables the X-Y nm and the Z sub-nm control over the sample-tip position.

III. RESULTS AND DISCUSSION

Fig.2 shows the spectral evolution of the anti-symmetric (left panel) and symmetric (right

panel) modes when the z-position of fiber apex is varied. In this experiment, the tip is

positioned above the cavity and then moved downwards until it reaches the position zF,

where the spring force of the upper membrane is large enough that the tip-membrane spacing

reaches the value fixed by the phase setpoint of the feedback loop. Then, the tip is moved

upwards, from the minimum zF = −30 nm to the maximum zUP = 17 nm with a constant

speed of 7 nm/s (with the feedback loop turned off), while the spectra are continuously

acquired at a frequency of 10 Hz. The origin of the z-axis is defined as the point where

splitting between the coupled modes is minimum. In this way, the intensity maps shown

in Fig.2 are reconstructed. From a comparison with Finite-Element Method simulations,

these modes have been identified as the fundamental symmetric (Y 1
S right panel) and anti-

symmetric (Y 1
AS, left panel) mode of the investigated photonic molecule, which exhibit the

principal polarization perpendicular to the defect line. Based on the energy splitting of the

coupled modes, we can identify three interaction regimes accordingly to the different vertical

positions z of the tip: (i) z < zR: tip pushing membrane; (ii) zR < z < zNF: tip pulling
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FIG. 2. Color-encoded photo-luminescence spectra of the anti-symmetric (left panel) and symmet-

ric (right panel) mode acquired while varying the z position of the tip from z = zF to above the

sample (z > zNF), where no external force is applied and the membranes are at the unperturbed

distance. The tip vertical position is measured with 0.7 nm resolution, while the z = 0 origin is

set at the minimum splitting

membrane; (iii) z > zNF: no force.

From zNF = 5 nm to zUP = 17 nm (region (iii)), the splitting energy remains practically

unperturbed (ΩNF = 25.0 meV). Therefore, the contact force exerted by the tip is negligible

for z larger than zNF and the value of ΩNF corresponds to the splitting of the modes when

the two membranes are parallel at their initial distance.

In region (i), which extends from zF = −30 nm to zR = −7 nm, the two modes shift along

opposite directions while the splitting decreases. This feature corresponds to an upward

displacement of the (top) membrane due to the release of the tip pressure. In this region

the value of the inter-membrane distance is a one-to-one function of the tip position d(z) =

d− |zR − z|, where d is the initial inter-membrane distance. Notably, from zR = −7 nm to

zA = 0 (region (ii)), the splitting further decreases to ΩA = 24.5 meV, below the value of

ΩNF, indicating that the inter-membrane gap is larger compared to the case where no force

is applied. This effect arises from an attractive force between the tip and the membrane,

characterized by a very short range (few nm), possibly originated by the Van der Walls
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interaction between the tip and the membrane and/or by the surface tension due to the

presence of a water meniscus on the surface of the wafer25.

Finally, in region (ii) from zA = 0 to zNF = 5 nm, the splitting energy increases to ΩNF,

corresponding to a decrease of the inter-membrane gap to its equilibrium value, caused by

the removal of the attractive force applied by the tip.

Noteworthy, the ability of discriminating the sign of the contact force at such small

distances with high spatial resolution (see below), represents a key advantage of this system.

In order to give a quantitative estimation of the forces and the physical variables that

come into play, in what follows, we focus on the actuation regime (z ≤ 0).

Fig.3a reports a record tuning acquired when the fiber tip is operated in the repulsive

mode and exerts a compressive force on the device. An offset between the different spectra

is introduced for clarity. During this experiment, differently from the one in Fig.2, the

sample is moved in steps and its movement triggers the acquisition of the photo-luminescence

spectrum. The total wavelength tuning of Y 1
S for the z-range investigated in this experiment

is 37.5 nm, which is more than three times larger than the record tuning achieved by using

the electro-mechanical forces on similar devices17. Indeed a clear advantage of this technique

compared to the electrostatic tuning26,27 rests with the absence of a pull-in limit (1/3 of the

initial gap), which is exploited in the following to validate the theoretical predictions for a

wide range of coupling values. Additional modes enter the experimental spectral window

for z = −70 nm and correspond to high-order symmetric modes. A crossing with the Y 1
AS is

observed, denoting a very small coupling (if any) between these modes.

A monotonic decrease in the quality factor (Q) of both Y 1
S and Y 1

AS is observed during

the tuning experiment (Fig.3b, upper panel). This trend is consistent with the behavior pre-

dicted by three-dimensional FEM simulations (Fig.3b, bottom panel), assuming the nominal

initial distance of d = 250 nm and neglecting the presence of the tip. The increase in losses

when reducing the slab distance is attributed to the complex interplay between interference

effects28 and the change in fraction of the k-vector components lying inside the light cone

for the two modes23. Still the experimental values of Q are smaller than the theoretical

ones. This discrepancy is attributed to fabrication deviations which introduce a degree of

randomness in the position and radii of the pores, and lower the experimental Q.

Since we have direct access to the value of the inter-membrane distance, we can quan-

titatively compare the experimental splitting with the one predicted by FEM simulations.

7



FIG. 3. Actuation of the photonic crystal molecule due to the mechanical contact force induced

by the tip. (a) The wavelength of the symmetric (anti-symmetric) fundamental mode decreases

(increases) when the tip is moved upwards. Experimental (b, top panel) and simulated (b, bottom

panel) quality factors as a function of the gap d. (c) Experimental (red dots) and analytical fit

(solid line) of the splitting energy (Ω) of the photonic crystal molecule. The simulated splitting with

zero (black squared) and 12 nm (blue triangles) thickness asymmetry (δt) is shown for comparison.
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FIG. 4. Red-shift induced by the dielectric perturbation on the AS (a) and S (b) mode when the

tip is brought from z > 100 nm to contact. (c) Simulated ratio between the field squared of the

S and AS mode at z = 0 (c, blue triangles) and detuning δ (c, red squares) as a function of the

thickness difference between the lower and upper membrane (tLOW = 170 nm)

Fig.3c shows that the measured splitting energy (red circles) is significantly larger than the

simulated values (black squares). This discrepancy can be related to an asymmetry in the

membrane thickness (δt), arising from the imperfect selectivity of the etching processes,

which can reduce the final thickness of the upper membrane by few tens of nanometers23.

As a consequence, the original uncoupled modes are characterized by a non-negligible energy

mismatch δ, which increases the actual splitting energy.

In order to validate this hyphotesis, we examine other possible signatures of the thickness

difference between the membranes in our spectral data. In particular, we can extrapolate δ

from the different frequency perturbations induced by the presence of the dielectric tip in

the near-field of the S and AS mode29,30. Indeed, when the tip is brought from well above the

cavity (z = 112 nm), where the tip perturbation can be considered negligible31, to the contact

zNF both modes experience a red-shift, but with a magnitude proportional to their electric

field intensity IN (N = S, AS) at the tip position (i.e. on the upper membrane). Fig.4 shows

that the tip-induced shift is larger for the AS mode (0.08 nm and 0.28 nm obtained from the

lorentzian fit for the S and AS mode respectively). Besides the tip introduces an additional

loss channel which results in a small decrease (13%) of the Q of the AS mode, while this

reduction is below the fitting error for the S mode. By averaging over an area of 200 x 250
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FIG. 5. Force applied by the tip, derived assuming a spring constant k = 16 N/m. The positive

(negative) values corresponds to a repulsive (attractive) regime

nm2 (20 z-scans), centered around the first lobe of the in-plane mode distribution, we derive

an experimental energy shift of δES = (50 ± 10) µeV and δEAS = (210 ± 30) µeV. Here

the error is calculated from the standard deviation of the shift among the different scans.

The ratio of the mode intensity just above the top membrane can therefore be calculated

as IS
IAS

= δES

δEAS
= 0.24 ± 0.08. The relative intensities of the S and AS modes on the top

membrane sensitively depend on the membrane thickness asymmetry, since the S (AS) mode

tends to localize in the thicker (thinner) membrane. Fig.4c reports the simulated intensity

ratio between the two modes and the calculated detuning as a function of the thickness

difference between the lower and upper membrane (tLOW − tUP). From this data, we can

estimate a thickness asymmetry of δt ∼ 12 nm, which produces an energy detuning δ ∼ 17

meV.

A further confirmation of this asymmetry can be found in the opposite behavior of the

integrated intensity of the S and AS modes as a function of the inter-membrane distance

(Fig.3a). Indeed, when d is reduced the collected PL intensity of Y 1
S (Y 1

AS) significantly

increases (decreases). This effect is not caused by the change in Q-factor through the

Purcell-enhanced spontaneous emission, since the latter shows the same trend for the two

modes. Rather, as mentioned above, the field tends to localize in the thicker membrane,

when the energy difference between the uncoupled modes is significant with respect to the
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coupling g. As the QDs are positioned in the top membrane, this produces a stronger PL

intensity in the AS mode at large membrane distance, as observed in Fig.3a. The difference

in PL intensities is reduced for smaller distances as the coupling increases, leading to a more

equal distribution of the modes over the two membrane.

By introducing the thickness asymmetry δt = 12 nm derived from the near-field shifts of

Fig.4, a better overlap of the experimental and simulated tuning curve is obtained (Fig. 3c,

triangles).

Intriguingly, from these data we can extrapolate the value of the coupling constant as

a function of the gap expected from the TCMT. This can be expressed analytically as

g = g0e
−d/d0 , where g0 represents the spatial integral of the in-plane profiles weighted on

the dielectric constant of the material, and d0 provides the spatial decay constant of the

evanescent field. From the least square fit to the experimental data (continued line in

Fig.3c), we obtain g0 = (172 ± 5) meV and d0 = (83 ± 2) nm. The values of δ, g0 and d0

allow calculating the intermediate distance d for each tip position z, through the relation

Ω =
√
δ2 + 4(g0e−d/d0)2. This, together with the calculated spring constant, is used to derive

the value of the force applied by the tip in the different regimes described in Fig.2. The

resulting plot (Fig.5b) in the region around z = 0 is similar to the typical force-distance

curve obtained in a SNOM as measured by standard atomic force microscopy (AFM)32.

The high sensitivity of the system enables to identify the adhesion part of the interaction

(F < 0), and the maximum value of the attractive force is obtained as F ∼ −60 nN at

z = 0. The force resolution of the present measurement is limited by the signal to noise

ratio of the SNOM PL. Employing a laser scattering configuration33 will allow to investigate

the tip-sample mechanical interaction with a resolution possibly in the sub-pN range.

Finally, we compare the topography derived by the bimorph piezo feedback signal (Fig.6a)

and the topography reconstructed optically from the wavelength shift of the fundamental

AS mode at the feedback loop set-point (zF) acquired at several (x,y) positions (Fig.6b).

Here the scan consists of 40x20 pixels (2µm x 1µm) centered around the cavity defect. The

two topography maps show an excellent agreement, confirming our interpretation of the

experiment. Large variations of the tip and membrane vertical positions are observed along

the scan, showing that the actuation range depends on the in-plane position of the tip. In

particular, if the tip is located above a pore (white areas) the actuation is less effective as

compared to the configuration where the tip is positioned on the semiconductor region. This
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FIG. 6. Topography map read-out from the feedback loop (a) and optical topography reconstructed

from the wavelength shift of the fundamental AS mode (b). (c) Two line scans taken at the arrow

positions (red for the topography obtained from the optical shift, blue for topography derived

from the feedback loop) compared with the nominal topography convoluted with a Gaussian point

spread function with FWHM=70 nm.

results in inverted topography maps. The cause of this effect can be ascribed to the presence

of lateral forces arising inside the pore volume, which increases the damping in the lateral

oscillations of the tip compared to the bulk regions. Since the feedback loop controls the

vertical position of the tip by maintaining its oscillation phase constant while scanning along

the lateral direction, the effective force applied by the tip is larger in the bulk area resulting

in a larger vertical displacement of the membrane and in a dip in the topography. This

feature illustrates the peculiar local character of this actuation experiment. Fig.6 shows a

line scan extracted from the 2D-topographies. The gray dashed curve corresponds to the

best fit obtained through the convolution of a step function with a gaussian point function,

characterized by a full-width at half maximum FWHM= 70 nm. The latter represents an

estimate of the spatial resolution of this tuning scheme.
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IV. CONCLUSIONS

In conclusion, we studied the optomechanical coupling of a near-field probe and a nanome-

chanical resonator composed of a re-configurable photonic crystal molecule. We demon-

strated that this interaction can be used to implement a local reversible actuation scheme,

achieving record energy tuning on PhC cavity modes. The accurate modeling of the opti-

cal proprieties of the device, combined with the near-field read-out of the field, evidences

the role of the detuning in the emitted luminescence signal. Additionally, the splitting of

the coupled mode provides a real-time monitor parameter on the dynamics of the contact

forces. The device investigated in this work can represent a fundamental building block for

integrated sensing applications, and open the way to nanoscale force microscopy integrated

on a semiconductor platform.
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