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The ability to tune the wavelength of light emission on a silicon chip is important for scalable
photonic networks, distributed photonic sensor networks, and next generation computer architectures.
Here we demonstrate light emission in a chip-scale optomechanical device, with wide tunablity provided
by a combination of radiation pressure and photothermal effects. To achieve this, we develop an optically
active double-disk optomechanical system through implantation of erbium ions. We observe frequency
tuning of photoluminescence in the telecommunications band with a wavelength range of 520 pm, green
up-conversion lasing with a threshold of 340 & 70 ©'W, and optomechanical self-pulsing caused by the
interplay of radiation pressure and thermal effects. These results provide a path towards widely tunable

micron-scale lasers for photonic networks.

DOI: 10.1103/PhysRevApplied.15.034022

I. INTRODUCTION

Active microcavities are a promising technology for
the development of on-chip light sources for integrated
photonic networks. The addition of a gain medium to a
microcavity allows redistribution of power between opti-
cal modes and the ability to generate lasing in the cavity
through population inversion. The strong optical confine-
ment and small mode volumes of whispering gallery mode
(WGM) systems in particular are useful in applications
that require large photonic networks with multiplexing
and many components [1,2]. WGM cavities have been
demonstrated as on-chip laser light sources [3] and sta-
bilization elements for external laser pumps [4]. A vari-
ety of active WGM geometries exist, with gain media
introduced through active sol-gel [4-8] or silicon-rich
oxide [9] coatings, rare-earth ion implantation [10—13]
or doping [14-16], embedded quantum wells [3,17,18],
and fluorescent dyes [19—22]. Individually controllable in
situ frequency tuning has been reported in many active
photonic systems, including in bottle resonators [8,16,
23], semiconductor quantum well cavities [24,25], optical
cavity- or strain-coupled quantum dots [26-30], and Bragg
grating-based erbium-doped optical fiber cavities [31-33].
However, it has not yet been achieved for on-chip active
WGM systems, which either have a fixed emission fre-
quency set by the device geometry (see, e.g., Refs. [3,
4,12]), are dynamically swept through mechanical self-
oscillation [18] or involve chip-scale tuning that cannot
be applied to individual devices [22]. In the absence of
individually controllable frequency tuning, imperfections
arising from device fabrication, particularly significant for
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reflown microtoroids [34], make it difficult to interface
multiple devices in a network [35], precluding applications
such as large-scale integrated photonic circuits [36,37].

In this work, we demonstrate an active double-disk
optomechanical system, using implanted erbium ions as
the gain medium. The very large optomechanical interac-
tion between the disks provides a degree of control to tune
the photoluminescence from the cavity. Combined with the
high mechanical compliance of the double-disk geometry,
this allows an optically driven tuning range of nearly 7%
of the device free spectral range (FSR), which is demon-
strated in the telecommunications band. Furthermore, we
demonstrate green (approximately 550 nm) up-conversion
lasing with a threshold of 340 &+ 70 uW in our double-
disk geometry, which arises as a natural characteristic
of the implanted erbium [38]. The lasing frequency is
tunable by the same mechanism as the telecom photolumi-
nescence. Our results provide a pathway towards widely
tunable lasers for photonic circuits, with applications such
as distributed and precision photonic sensors [39—42], and
photonic buses in next generation computer architectures
[1,43].

II. ACTIVE DOUBLE-DISK RESONATOR

While less widespread than microtoroids or microdisks,
double-disk optomechanical systems have been devel-
oped by several groups using silica [35,44—46] and silicon
nitride [47—49], with more recent implementations in sili-
con carbide [50], lithium niobate [51,52], and double-layer
silicon-on-insulator [53]. The geometry consists of two
disk cavities stacked vertically such that the evanescent
fields of the disks overlap. This causes the optical modes
to hybridize into “supermodes” existing in both disks, with
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a significant proportion of the mode residing in the gap
between the disks [see the insets of Fig. 1(c)]. This causes
the effective refractive indices n.g of the optical modes to
be extremely sensitive to the size of the gap.

The resonance condition for WGM optical cavities is
given by

27t Rnegy = mho s (1)

where R is the radius of the device, m is the azimuthal
mode number, and A, is the resonance wavelength of the
cavity for a given mode number. Therefore, as the effective
refractive indices of the modes are changed with chang-
ing disk spacing x, the resonance frequencies of the cavity
wom = 2mwce/ho, are accordingly shifted. This provides
double-disk systems with a very large optomechanical cou-
pling strength, namely G = dwy,,/0x ~ 10 GHz/nm [35],
which is to first order dependent on the disks’ thickness
and vertical (out-of-plane) separation instead of the radius
R of the device [35], as is the case in single disk resonators
where G ~ w/R [57]. This allows the resonance frequency
of the WGM modes to be widely tuned with extremely
weak forces, such as radiation pressure [46,49] and capac-
itive actuation through the use of integrated interdigitated
electrodes [35], and for the fabrication of larger devices
to increase mechanical compliance without degrading the
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FIG. 1.

optomechanical coupling strength. These characteristics
are rare among WGM systems, and make double-disk cav-
ities strong candidates for use as on-chip tunable light
sources.

A. Erbium luminescence pathways

The rare-earth element erbium is often used as a gain
medium for lasing due to its natural operation in the
telecommunications frequency band (A ~ 1550 nm). In
Fig. 1(a) we show the energy levels of erbium in a sil-
ica matrix. Each level is split into a manifold due to the
Stark effect [58], so that the absorption spectrum of the
erbium consists of bands with broad absorption ranges. In
Fig. 1(b) we show the absorption and emission cross sec-
tions of erbium ions in silica in the telecommunications
band (A ~ 1550 nm) [56]. The main driving pathway is
typically to excite ions to the upper states in the *I;s5)
band with a laser of wavelength around 1480 nm. The
ions decay nonradiatively to the lowest state in the band,
and emit a photon of approximately 1530 nm wavelength
to return to the ground state. Alternatively, a 980 nm
pump source can be used to excite ions to the *I 2
band, as they spontaneously decay from there to the *I;5,,
band [8].

Fiber taper

FPC

(a) Energy levels of erbium implanted in a silica matrix [54,55]. Each level is broadened through the Stark effect. Common

pumping (left) and emission (right) pathways are denoted by arrows, including multiphoton and nonradiative relaxation (dashed)
processes. (b) Absorption and emission cross sections for erbium at telecommunication wavelengths in a silica matrix. Adapted from
data in Ref. [56]. (c) Schematic of the experimental setup. ATT is the attenuator, FPC is the fiber polarization controller, PD is the
photodetector, OSA is the optical spectrum analyzer, and OSC is the oscilloscope. Insets: (1) SEM image of an erbium-doped slotted
double-disk device; (ii)) COMSOL Multiphysics simulation of the fundamental bonding optical WGM, where the color denotes the
intensity of the electromagnetic field. The frequency of the mode is sensitive to displacements that change the air gap x between the
disks, and tuning can be accomplished through the radiation pressure force Fy,q. (d) Photograph of green emission from a device visible
with the naked eye. (¢) Microscope camera side view of the device emitting green light.
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In addition to the driving mechanisms above, absorp-
tion of multiple pump photons can excite the erbium to the
2H,, /2 Or 48, /2 bands, with relaxation to the ground state
accompanied by the emission of an up-converted green
photon (A = 550 nm or 530 nm).

B. Device design and fabrication

The active double disks implemented here are 50 um
in diameter and designed with a slot and four tethers to
support the outer annuli, as shown in Fig. 1(c)(i). The
slot is included to reduce warping of the disks due to
internal material stress gradients [35] and to allow greater
underetching of the disks.

The fabrication process for these devices is similar
to that presented in Ref. [35], with the addition of an
erbium implantation step. A SiO;/«-Si/SiO, stack with
nominal thickness 350/300/350 nm is deposited on a crys-
talline Si substrate using PECVD. The top disk is sub-
sequently implanted with erbium ions using a 1.7 MV
tandem Pelletron® accelerator, with a total ion fluence of
4 x 10'S jons/cm?. The chip is annealed to repair implan-
tation damage at a temperature of 900 °C for a period of
five hours (see Appendix A for a discussion of the anneal-
ing process). The double-disk stack is defined through
electron-beam lithography with ma-N 2410 negative resist
(Micro Resist technology GmbH) and three successive
reactive ion dry-etching steps. Each layer is etched using
an optimized etch chemistry consisting of SF¢, CHF3, and
CF,4 gases. After removal of the resist with an oxygen
plasma process the silicon substrate and amorphous sili-
con sacrificial layer are released with an isotropic xenon
difluoride dry etch.

C. Measurement setup

A schematic of the experimental setup is shown in
Fig. 1(c). Optical spectroscopy is performed using a tun-
able continuous-wave diode laser (Yenista T100S-HP) in
the 1500-1600 nm wavelength band. Input light is cou-
pled into the double disk through a tapered optical fiber,
and the transmitted optical intensity is detected on a high-
speed photodetector. Optical quality factors of the order of
10° are typically observed in these devices, similar to the
values observed in other silica double-disk optomechanical
systems [35,46]. Alternatively, the transmitted light can be
analyzed on an OSA to detect photoluminescence from the
implanted erbium.

While driving at 1480 nm is optimal due to the small
emission cross section of the ions [12], as shown in
Fig. 1(b), effective excitation can be achieved up to a
wavelength of about 1510 nm. This allows driving of the
device in our experiments using an optical resonance situ-
ated around 1506 nm. The resulting photoluminescence is
strongest around 1535 nm, and drops off for wavelengths

below 1500 nm and above 1570 nm. In Section III we out-
line the experimental observation of photoluminescence in
the 1550 nm band in our device.

We additionally observe significant green emission from
our devices while pumping in the telecommunications
band, both with the naked eye [Fig. 1(d)] and with an opti-
cal microscope camera [Fig. 1(e)]. This green emission is
not guided in the optical fiber used to pump the cavity,
but can be captured with a CCD microscope camera in
order to extract the intensity of the emission and reveal
up-conversion lasing [5], as discussed in Sec. V.

III. PHOTOLUMINESCENCE AT
TELECOMMUNICATION FREQUENCIES

When erbium ions are implanted in a WGM cavity and
the system is pumped in a region of strong erbium absorp-
tion, Purcell enhancement [59] causes the photolumines-
cence from the ions to preferentially occur at frequencies
corresponding to optical cavity modes in the emission
region. Hence, when the cavity is optically pumped, spec-
trally narrow peaks separated by the FSR of the optical
cavity are expected across the entire erbium emission range
[12,60]. Optical spectroscopy of the device is first per-
formed by sweeping the frequency of the input laser and
detecting the transmitted light on a high-speed photode-
tector. This yields the optical spectrum of the double disk
shown in Fig. 2(a), where one family of WGM modes is
visible.

In order to detect photoluminescence from the erbium,
the pump laser is detuned to the side of an undercoupled
optical resonance of the double disk with a wavelength of
1506.4 nm. The transmitted light is sent to an OSA (Yoko-
gawa AQ 6374), and the resulting photoluminescence is
plotted in Fig. 2(b).

Figure 2 confirms the expectation that photolumines-
cence from the erbium predominantly occurs at the WGM
resonances of the double disk. The dashed vertical lines
between the plots emphasize the shared frequency of each
WGM resonance and emission peak. The comb of photolu-
minescence peaks extends over the range 1520—1580 nm,
as shown in Fig. 2(b), and drops below the level of the mea-
surement noise outside these bounds. This spectrum is con-
sistent with what would be expected for optical emission
from the erbium within the WGM cavity [5,12,60,61].

A. Photoluminescence tuning

Since the frequencies of the erbium photoluminescence
emission peaks are directly linked to the device’s WGM
resonance frequencies, they can be directly controlled
by tuning the optical modes. In Fig. 3(a) we show the
emission spectrum across the full erbium emission range
with varied dropped laser power into an optical resonance
around 1506 nm. As the dropped power increases, we
observe an overall red shift of the spectrum. We note

034022-3



BEKKER, BAKER, and BOWEN

PHYS. REV. APPLIED 15, 034022 (2021)

—_
)
~

1.0

T Transmission (norm

N
(=]
T

_

PL (pW)
IS

n
T

1
1520 1530 1540 1550
Wavelength (nm)

1 ! H
1560 1570 1580

FIG. 2. Comparison between the optical mode spectrum and
photoluminescence emission peaks in the near-infrared band.
(a) Normalized optical transmission spectrum showing a set of
WGMs separated by the device FSR. (b) OSA photolumines-
cence (PL) spectrum acquired while the cavity is pumped using
a WGM mode at about 1506 nm, showing emission peaks at
wavelengths corresponding to device WGMs. The peaks are not
visible above the noise floor outside of this band, confirming that
the emission is indeed due to the implanted erbium. The shaded
areas in (b) denote the emission (blue) and absorption (orange)
cross sections of the erbium ions as a function of wavelength.
Note that, while emission peaks at 1530 nm, the absorption
of the ions is also largest at this point, resulting in a reduced
photoluminescence peak height.

that measurements are not possible close to the pump
wavelength because of saturation of the optical spectrum
analyzer due to the presence of the pump. In Fig. 3(b) we
show the transmission past the WGM at fixed input power,
as the laser is swept across the 1506 nm resonance. The
non-Lorentzian profile results from the optical tuning of
the resonance frequency. In Fig. 3(c) we show the observed
tuning of the photoluminescence emitted into an adjacent
WGM resonance, which has a nominal wavelength of 1540
nm, due to this optical tuning. Here, the fixed input power
results in a smaller tuning frequency of 520 pm as opposed
to the approximately 3 nm achieved in Fig. 3(a) by also
modifying the power, but allows for greater consistency
and direct comparison between the optical resonance and
erbium emission peaks.

Three effects contribute to the observed tuning, namely,
the thermo-optic effect, where the refractive index of the
silica is modified due to temperature changes, mechanical
expansion from photothermal heating, and radiation pres-
sure, where the optical gradient force between the double
disks changes the size of the air gap (see Appendix C for
calculations and a discussion of the tuning mechanisms
present in this system). As the laser is detuned closer to
the cavity resonance frequency, more optical power enters
the cavity, increasing the strength of each of these effects
to modify the optical path length, either through mechani-
cal deformation or modifying the material refractive index,
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FIG. 3. Photoluminescence from the device as a function of

the detuning of the pumping laser. (a) Optical emission spectrum
of multiple modes for different dropped powers (green, lowest, to
blue, highest). At frequencies corresponding to the pumped opti-
cal mode the detector is saturated, and no data can be collected
(gray region). Instead, optical tuning is measured using an adja-
cent peak corresponding to a mode of the same family. Note that
all modes are identically tuned as the dropped power is increased.
(b) Normalized optical transmission trace of the pumped mode
as the input laser is swept through it at a speed of 10 nm/s
with a power of 10 mW. The triangular shape is characteristic of
optomechanical pulling, and indicates the optical tuning range.
Subsequently, the laser is set to a constant detuning at each of the
positions marked by a colored circle, and the optical emission is
measured on an OSA. (c) Resulting photoluminescence for each
detuning of the input laser from a mode in the same family as the
pumped mode. The luminescence peaks clearly demonstrate the
photoluminescence frequency tuning, with peak shape indicating
the equilibrium spectral shape of the mode.

and hence shifting the optical resonance frequency. This
leads to the triangular mode shape in Fig. 3(b).

The photoluminescence tuning accompanying optical
resonance frequency tuning is shown in Fig. 3(c), where
a photoluminescence peak is tuned as the pumping laser
frequency is varied. The central frequency of the photolu-
minescence peak indicates the tuned resonance frequency
of the optical mode and the width of the peak its spectral
shape. Optical resonance frequency tuning over a full FSR
using radiation pressure has been demonstrated in similar
devices [49], allowing photoluminescence at any arbitrary
frequency within the material transparency window. Large
tuning using capacitive actuation is also possible [25,35],
and can provide a mechanism to tune photoluminescence
independently of the optical pump.
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In the literature, strain tuning of the emission frequen-
cies of quantum dots [26-29,62], spin defects [63], and
erbium ions [64,65] has been demonstrated. The strain
changes the local electromagnetic environment of the
active ions in the material, which changes the local elec-
tronic wave functions around the emitters. Strain tuning
of this sort is negligible in our devices both because the
material lattice is only affected at the anchor points of the
annuli, far from the optically pumped ions; and because
the emission spectrum of erbium is far wider than the
WGM resonance linewidth, so that the emission wave-
lengths are predominantly determined by the WGM res-
onances.

IV. GREEN UP-CONVERSION LASING

As the pump power is increased, we expect to see an
increase in the photoluminescence intensity in the telecom-
munications band. However, even at low input powers
(less than 1 mW) saturation of the telecommunications
band photoluminescence occurs, and we instead observe
an increase in the emission of green light from the device
arising from up-conversion of the input light [5,66]. Green
light emission is visible from the device even with the
naked eye, as shown in Fig. 1.

The parameters of the fiber taper and optical fiber used
in our experiment are chosen for guiding light in the
telecommunications window. This means that the tapered
fiber is not correctly phase matched for coupling green
light from the cavity. As such, the green emission from
the cavity is not guided by the output optical fiber, and
no signal can be detected on the OSA in this wavelength
range. It is in principle possible to achieve simultaneous
coupling to such far separated wavelengths, for exam-
ple, by using two tapered fibers in an add-drop config-
uration [67—69], one for each wavelength, or a chaotic
cavity [70] that can be phase matched across a large
wavelength range. For simplicity, however, here direct
observation with a CCD microscope camera is used. This
is a common technique for photoluminescence measure-
ments in the visible and near-infrared wavelength ranges
[71-75]. Observation with the CCD microscope cam-
era reveals that the emission is concentrated around the
outer perimeter of the device, and as far as can be ascer-
tained, is emitted isotropically. Top-view images of the
device are taken with the microscope camera [Fig. 4(a)],
and postprocessed to get a measure of the functional
dependence of the intensity of the emission with pump
power.

To measure the intensity of the green emission, the soft-
ware package ImagelJ [76] is used to extract the intensity
of pixels along a ring within the optical mode area in each
image. This region is shown as a yellow dashed line in
Fig. 4(a). The responsivity of the pixels in the CCD micro-
scope camera is a function of the frequency of the green
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FIG. 4. Intensity of green optical emission as a function of

input laser power, demonstrating green up-conversion lasing.
(a) Microscope images of emitting devices with increasing pump
power. The region over which the optical intensity is recorded
is denoted by a dashed yellow ring in the second image (“1”).
(b) Photoluminescence intensity in the recorded region for each
image, extracted using ImagelJ. For this plot, the average of the
red component in the RGB intensity of the pixels in the recorded
ring is measured, in order to avoid artefacts from the saturation
of the camera present in the green component; see Appendix B.
Assuming an approximately constant wavelength as a function
of input power, this is directly proportional to the total intensity
of the emitted light. Variations in recorded intensities between
pixels are found to result in a less than 2% relative standard error
in the total measured intensity. This is insignificant compared to
the uncertainty in the pump power, which we believe accounts
for the majority of the measurement uncertainty.

emission. However, even at the maximum pump powers
used in our experiments, the relative shift in the optical
mode frequencies is less than 0.1%. Consequently, it is
reasonable to approximate the responsivity as constant.
The green component of the captured intensity saturates
in the detector at input powers above 5 mW. Using the
red component allows the intensity of the emission to be
determined without reaching saturation (see Appendix B
for further discussion).

In Fig. 4(b) the emitted intensity is plotted as a func-
tion of optical input power, yielding a clear linear trend.
A least-squares fit gives the equation for the trendline
I o« (10.6 = 0.2)P;, — (3.6 £0.8) mW where the uncer-
tainties represent one standard deviation from the mean.
This yields a threshold power of Pyyesh = 340 & 70 uW.
The existence of a threshold and linear dependence with
pump power is consistent with green up-conversion lasing
[5]. Because the green light was not guided in the optical
fibers used in the experimental setup, an optical spectrum
of the lasing could not be obtained to determine whether
the lasing is single- or multimode.

It is important to note that the tuning mechanism demon-
strated in Fig. 3 applies to all of the cavity modes,
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giving confidence that the green lasing observed is also
tunable. Further experiments could focus on suppress-
ing green emission to produce lasing at telecommuni-
cation frequencies, or on capturing the green emission
observed here in fiber to directly observe tunable las-
ing, for example, through use of an add-drop configu-
ration [67—69] or a chaotic cavity [70], as mentioned
earlier.

A. Concentration quenching

The presence of green up-conversion lasing in our
devices, as opposed to lasing in the telecommunica-
tions band, can be explained through concentration-
quenching mechanisms, in particular cooperative up-
conversion and excited-state absorption (ESA) [77,78].
Cooperative up-conversion occurs between two neigh-
boring excited erbium ions, where relaxation of one ion
stimulates excitation of the other to a higher energy
level [79], causing emission of a single higher-energy pho-
ton. ESA, on the other hand, occurs in a single ion as
a two-step excitation process [55]. Both processes can
be considered concentration quenching, that is, effectively
lowering the fraction of erbium in the first excited state
at a given pump power [77] and therefore making lasing
at telecommunication frequencies more difficult. This is
especially the case for ESA, which can compete directly
with stimulated emission if it occurs at the laser pump-
ing frequency, effectively rendering lasing impossible in
the 1550 nm band [78].

A further concentration quenching effect can arise from
regions at the fringes of the optical mode, where the erbium
ions are incompletely pumped. These regions give rise to a
large absorption of pump power while not contributing to
gain in the cavity, increasing the lasing threshold [11]. This
effect can be avoided by selectively implanting regions of
erbium where the optical modes will be situated through
the use of photoresist masks [80].

In order to achieve lasing at telecommunication frequen-
cies, the effect of the material matrix on the erbium ions’
energy levels must be carefully considered. For example,
it has been demonstrated that cooperative up-conversion
can be reduced by optimizing the homogeneity of the ion
implantation process [55,81].

V. OPTOMECHANICAL INSTABILITY AND
SELF-PULSING

In addition to the phenomena described up to this
point, we observe self-pulsing optomechanical effects in
our double-disk devices (Fig. 5).The existence of sets of
forces of comparable magnitude acting in opposite direc-
tions and on different characteristic timescales can lead to
instabilities in the optomechanical resonator. Such instabil-
ities have been reported in a variety of systems, where the
thermo-optic effect in the cavity is opposed by free carrier
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FIG. 5. Self-pulsing or “blinking” of green photoluminescence
in double-disk cavities under constant laser input. A large out-
put signal means no coupling to the device, and corresponds
to no light on the microscope camera, whereas when the sig-
nal dips to low values, the light is on resonance with the cavity
and the device lights up with bright green emission [see the
insets in (a), including reflection from the substrate]. The rate of
blinking can be controlled (a)+d) through changes in the pump-
ing power and detuning from resonance—in general, a higher
power and smaller detuning lead to slower blinking rates, as
also observed in Ref. [82]. The style of the blinking can also
be controlled in a similar manner, from rapid “dark” blinks for a
mostly lit device (d) to the case where the device rapidly blinks
“on” (e).

dynamics [83], thermo-mechanical forces [7,82,84], gain
dynamics in an external cavity [85], or the Kerr effect [86].
In our work, the fast driving is predominantly due to radia-
tion pressure and the thermo-optic effect, while the slower
relaxation is due to thermo-mechanical effects. Both the
radiation pressure and thermo-optic effects here increase
the effective refractive index of the cavity, leading to a red
shift of the resonance, while the thermo-mechanical force
causes the disks to separate, blue shifting the resonance.
This latter force operates here on a slower timescale, grad-
ually blue shifting the WGM onto and past resonance, at
which point the sign of radiation-pressure and thermo-
optic feedback change from negative to positive, and the
mode rapidly snaps out of resonance [82], as visible in
Fig. 3(b). This eliminates further forcing from intracav-
ity photons until, upon cooling, the mode is again brought
into resonance, leading to a characteristic temporal trans-
mission that results from forming a hysteresis loop around
the bistable optical resonance [82]. Because in this regime
the thermo-optic tuning acts in the same direction as the
radiation-pressure tuning, the relative magnitude of these
may be difficult to distinguish. We note however that
the radiation-pressure force in double disks can be either
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attractive or repulsive depending on the spatial distribu-
tion of the optical mode [48], which respectively results in
ared or blue shifting of the cavity resonance. The direction
of the thermo-optic and thermo-mechanical tuning, on the
other hand, are dependent on geometric and material char-
acteristics and are set for a given device. The fact that we
have observed, on the same device, a reversal from a net
red shifting to a net blue shifting effect for different WGMs
indicates that the radiation pressure-based tuning is at least
comparable in magnitude to the contribution from thermal
effects.

Because the effects occur with different characteristic
time constants, the steady state of the device is oscilla-
tory, with the period of oscillation determined by the slow
response.

The self-pulsing of the device can be controlled either
through changing the detuning of the laser from opti-
cal resonance or the coupling rate to the tapered fiber.
Several experimental measurements with different laser
detuning are shown in Figs. 5(a)-5(e), corresponding to
different periods and duty cycles. These are similar to the
self-pulsing effects observed in other systems [7,82,87].

In order to better understand and explain the mech-
anism behind self-pulsing in this device, a theoretical
model based on the work in Ref. [82] (and including
the radiation-pressure force) was developed and is dis-
cussed in Appendix D. The good qualitative agreement
between the model and experimental observations corrob-
orates the explanation of self-pulsing given above, and
provides an avenue for further theoretical exploration of
this phenomenon.

It is important to note that this self-pulsing becomes
much slower at higher optical powers due to mechan-
ical stiffening of the device as the dropped power is
increased [46]. Indeed, stable coupling to the side of res-
onance is achievable with sufficient optical power (as is
the case in Fig. 3). This strong optical spring effect due
to blue-detuned optical driving is not accompanied here
by mechanical instabilities (i.e., regenerative oscillation
arising due to dynamical backaction [88]) due to the very
high squeeze-film damping of the double-disk resonator’s
vibrational modes in air [44,46].

The combination of self-pulsing and a gain medium, in
our case, allows the conversion of a continuous infrared
pump into frequency-chirped pulsed signals, both as pho-
toluminescence at infrared wavelengths and green lasing
in the visible band. Self-pulsing behavior has been pro-
posed as a method to sense fluctuations in humidity [87]
for biosensing [7] and for all-optical control and syn-
chronization [85]. An interesting question for future work
is whether the additional optomechanical dynamics and
loss channels due to the intracavity gain medium intro-
duced here interact with the self-pulsing instability, cre-
ating different forms of self-pulsing dynamics (see, e.g.,
Ref. [18]).

VI. CONCLUSION

In this work we have demonstrated optically tunable
photoluminescence in the telecommunications band and
green up-conversion lasing emitted from chip-integrated
silica double-disk optomechanical systems. The observa-
tion of radiation pressure and thermally driven self-pulsing
in our double-disk geometry provides the possibility to
build pulsed light sources and explore different mecha-
nisms of inducing optomechanical instability.

Engineering the energy levels of the implanted erbium
should allow for low-threshold lasing to also be achieved
at 1550 nm, leading to applications of the system as
an optically pumped, micron-scale, integrated laser light
source for “lab-on-a-chip” experiments or photonic inte-
grated networks. Electronic tuning of the optical res-
onance frequencies can be achieved through capaci-
tive actuation schemes, which has already been used to
demonstrate super-FSR optical tuning ranges in similar
devices [35], which opens up rich capabilities for fully
integrated photonic-electronic hybrid technologies [1].
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APPENDIX A: DEVICE ANNEALING

The first generation of devices are not annealed prior
to fabrication. As shown in Fig. 6,the result is very large
warping of the top silica disk. Even with just the tethers
released (right-hand panel of Fig. 6), the warping is clearly
visible. The reason for this is that during implantation,
erbium ions dislocate other molecules from their places in
the solid matrix both where the erbium is finally lodged
and along its trajectory of travel. These dislocations cause
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FIG. 6. Electron micrographs showing warping in unannealed
devices with implanted erbium. This spectacular deformation
arises from a stress gradient in the top disk induced by implanta-
tion damage, which must be repaired through an annealing step.
The bottom disk has no implanted ions and displays minimal
warping in comparison.

not only large bulk stresses, but also a strong stress gra-
dient in the material that enhances warping and distortion
when the device is released. Here erbium is only implanted
in the top disk; hence, there is minimal damage to the bot-
tom disk layer and consequently minimal warping, as can
be observed in Fig. 6.

In order to negate this warping, the chips are annealed
after ion implantation and prior to any further processing
being done. At temperatures above 800 °C, the silica lay-
ers are allowed to relax, thereby “healing” the dislocations
from the erbium implantation process [13]. Though a few
different parameters for annealing are used, it is found that
sufficient layer repair is achieved by annealing at a tem-
perature of 800 °C for 1 h in a muffle furnace (atmospheric
environment). However, to maximize the relaxation from
the process, annealing for most chips is done at 900 °C for
5 h. The inset of Fig. 1(b) shows a SEM of a fabricated
annealed device, where the stress from ion implantation
has been successfully removed.

APPENDIX B: SATURATION IN THE DETECTION
OF GREEN PHOTOLUMINESCENCE

In Sec. IV, green photoluminescence of the device
resulting from multiphoton absorption in the implanted
erbium is presented. The green emission is captured using
an optical CCD camera with a microscope objective to
measure its dependence on the input power. The software
package Imagel is used to perform gamma correction on
each image and to extract the individual red, green, and
blue component values as well as the weighted intensity of
each pixel in the brightest region of emission (which cor-
responds to the centre of the optical mode). These data are
then used to extract an average value and standard devi-
ation for each of the four parameters at different optical
pump powers. In this section, we discuss these measure-
ments, and justify the use of the red component to display
the linear relationship between the green emission intensity
and pump power in the main text.

....... ..._._._...._._
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FIG. 7. Saturation of optical intensity measurements for green
emission. The pixel value of the green component of the emission
(green squares, measured using RGB color intensities) saturates
at the maximum detectable value of 255 at an input power of
5 mW, indicated by a dash-dot horizontal line in the figure. Cor-
respondingly, the total measured signal (black squares), which
consists of a weighted average of red, green, and blue compo-
nents, deviates from its linear trend at this value. as clearly seen
in the figure.

For the same optical images shown in Fig. 4(a), in Fig. 7
we show the weighted average of the RGB pixels corre-
sponding to total intensity (black circles) and the green
component of the pixel RGB values (green squares). As
can be seen in the figure, the green pixel component grows
rapidly with increasing input power, and saturates at the
maximum pixel value of 255 (corresponding to the max-
imum signal measurable by the camera) at a power of 5
mW. Because the total intensity of the measured emission
takes into account all three RGB components, a corre-
sponding saturation and deviation from the linear trend is
clearly observable for the black circles in Fig. 7 at pump
powers larger than 5 mW. The fit to the first five points of
the RGB average measurement (solid black line in Fig. 7)
emphasizes the linear trend before, and deviation after
saturation.

Neither the green component nor the RGB average mea-
surements are therefore accurate for input powers above
5 mW. In contrast, the red pixel measurement (red tri-
angles in Fig. 7) does not approach saturation over the
entire measured power range. This is because the wave-
length of emission is in the green region of the visible
spectrum, so that filtering out the “red” component of
the emission wavelength results in a strong attenuation of
the signal. This does not imply that there is red light in
the emission, but that the red pixels in the CCD camera
have some responsivity at green wavelengths. Therefore,
we can have confidence in the results obtained for this
component, as presented in Fig. 4(b), which indicates
that the linear increase in the green emission intensity is
maintained up to the highest pump power.
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APPENDIX C: MECHANISM OF OPTICAL
RESONANCE FREQUENCY TUNING

Three forces interact in our system to tune the optical
resonance frequencies of the device as a function of input
laser power. In this section we model these forces to assess
the mechanism behind the tuning in Fig. 3.

Firstly, optical absorption in the silica disks causes heat-
ing and an increase of the material refractive index through
the thermo-optic effect [89,90]. This is accompanied by
thermal expansion of the heated material, which affects the
spacing between the disks (this second effect is referred
to here as the thermo-mechanical effect) and is opposed by
mechanical rigidity. Lastly, optical power circulating in the
cavity also alters the spacing between the disks through the
radiation-pressure force.

The magnitude of the thermo-optic and thermo-
mechanical effects can be estimated through use of finite
element modeling. In Figs. 8(a) and 8(b), a COMSOL Mul-
tiphysics simulation of the thermal distribution in a slotted
double disk is shown. The tethers present a bottleneck
to thermal dissipation, so that the temperature is mostly
homogeneous in the outer annulus. This results primarily
in in-plane expansion of the disks (which does not affect
the disk separation), with out-of-plane deflection arising
due to the differences in thermal expansion coefficients
between Si and SiO; at the points where the top and bottom
disks connect to the «-Si sacrificial layer and Si pedestal,
respectively.

While the intrinsic absorption of telecom photons in
silica is very low, in practice the optical heating of the

(a)

_————- — =

293 298 303 308 313
Temperature (K)

FIG. 8. (a) Three-dimensional view and (b) side view of a
COMSOL Multiphysics simulation of thermal expansion in the
slotted double-disk geometry in response to an applied tempera-
ture difference of 20 K between the disk perimeter and substrate,
where the color scheme denotes temperature of the device in
both cases. The thermal bottleneck in the system is at the anchor
points, creating a thermal gradient that differentially displaces the
disks in the vertical direction, corresponding to a shift in the opti-
cal resonance frequency. (c) Simulation of electromagnetic field
strength (color) in a bonding optical whispering gallery mode
hosted by the geometry, which imparts a vertical force on the
disks due to radiation pressure.

devices will be dominated by external parameters such as
fabrication-induced defects or the presence of adsorbed
water on the dielectric [91]. Hence, the power dissipated
as heat cannot be determined solely by analytical means.
However, to investigate the potential of the thermo-optic
and thermo-mechanical effects to act as the mechanism for
tuning in this work, we make the assumption that 1% of
the optical power is converted to heat, for reasons outlined
below (i.e., @aps = 0.01). For this work, the injected power
of the pump laser is set to Pi, = 10 mW. The contrast of
the mode is 84% (or T = 0.16) giving a maximum dropped
power on resonance of P; = 8.4 mW. Therefore, the power
dissipated as heat is predicted to be Ppear = Py x 0.01 =
84 uW. The effective thermal resistance of the device is
found from simulations to be Ry >~ 6.5 x 10> K/W, yield-
ing a temperature change in the material of AT = PRy =~
55 K. This corresponds to a heating per milliwatt dropped
power of 6.5 K/mW, consistent with the result of 10 K/mW
dropped power reported for silica double disks with longer
spokes, and hence larger thermal resistance, in Ref. [46].

1. Thermo-optic effect

The thermo-optic coefficient of silica at room temper-
ature is dn/dT ~ 1 x 107> K~! [92]. Therefore, with the
assumptions that a,ps = 0.01 and P; = 8.4 mW as above,
a refractive index change in the silica disks of Angio, =
(dn/dT)AT = 5 x 10~*is expected. This does not directly
correspond to a shift in the optical resonance through
Eq. (1), since a proportion of the optical mode resides in
the space between the disks, which does not experience
a refractive index change. Instead, simulations provide a
value for the shift of the optical resonance as a function
of refractive index dA /dnsio, > 700 nm [93], yielding an
estimate of the thermo-optic shift in the optical resonance
frequency of Airo = 0.35 nm.

2. Radiation-pressure force

The tuning range of the optical resonance frequency
due to radiation pressure can be calculated using the
equation Aw = GAx, where G/2m ~ 10 GHz/nm [35] is
the optomechanical coupling strength for a double-disk
device with an air gap of 600 nm [obtained through coM-
SOL Multiphysics simulations; see Fig. 8(c)] and Ax is
the mechanical out-of-plane displacement. From Hooke’s
law, Ax = F,q/k, where k is the effective spring constant
of the double-disk system and the radiation-pressure force
Fiaa = RGN,y Finally, we substitute the equation for the
intracavity photon number N.,, = Q;P;/ (ha)g), where Q;
denotes the intrinsic quality factor of the optical mode, wq
is the natural optomechanical resonance frequency, and P,
is the power dropped into the cavity, as defined in pre-
vious sections. Therefore, the equation for the maximal
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frequency shift due to radiation pressure becomes

_o@

Aw =
a)(z)k

P,. (C1)

The spring constant is obtained via finite-element simula-
tions (COMSOL), through applying a force Fy,q to each disk
(in opposite directions), and measuring the corresponding
change in the spacing between the disks. Note that this
measure for k, as opposed to the deformation in a single
disk due to an applied force, is the origin of the factor
of 2 difference between the equation presented here and
that found in the literature [46,49]. For out-of-plane bend-
ing, the simulations for this geometry yield £ = 10 N/m.
Furthermore, we set Q; ~ 1 x 10° and wy/2m = 1.947 x
10'* Hz to reflect a typical set of values from experiments.
Therefore, the predicted frequency tuning range through
the radiation pressure force is Aw =~ 220 GHz. Alterna-
tively, this can be expressed in terms of wavelength tuning
as AAgp =~ 1.7 nm.

Comparing the predicted optical resonance frequency
tuning ranges due to the thermo-optic and radiation-
pressure effects (Ailro =~ 0.35 nm and AAgp >~ 1.7 nm,
respectively), we find that they are similar and within the
same order of magnitude as the observed optical tuning.
Because of the large uncertainty in the parameters for cal-
culating these values, in particular the absorbed power o
and optomechanical coupling strength G, it is difficult to
pinpoint whether one effect is dominant for a given device,
and it is possible for this to vary between devices.

3. Thermomechanical effect

The thermal expansion of the double disks leads to a
temperature-dependent change in the disk spacing, which
in turn affects the effective refractive index of the optical
mode. The displacement of the disks can be converted to a
shift in the resonant frequency through Aw = GAx, where
G = 10 GHz is the optomechanical coupling strength and

TABLE L.
of about 4; see Ref. [44].

Ax is the change in gap spacing, as defined earlier. In order
to find Ax, the thermomechanical displacement coeffi-
cient amech = dx/dT has to be found; however, simulations
in COMSOL Multiphysics yield widely varying results for
different geometric parameters. Furthermore, simulations
cannot take into account warping effects in the disks,
increasing the uncertainty in this parameter. Therefore,
a predicted parameter for the thermomechanical tuning
range cannot be determined.

Instead, we observe that, for some devices, self-pulsing
behavior is observed while both the thermo-optic effect
and radiation-pressure force are red shifting. This implies
that the blue-shifting effect, namely the thermomechanical
force, must be comparable to the other effects in order for
self-pulsing to occur. Therefore, in our model of this effect
we designate the thermomechanical coefficient apecy as a
fitting parameter to successfully simulate self-pulsing. This
is discussed further in Appendix D.

APPENDIX D: SELF-PULSING MODEL

The dynamical behavior of the devices may be described
by three coupled differential equations relating to the intra-
cavity photon number 7., the mechanical separation of
the disks x, and their temperature 7). These parameters
respectively respond on characteristic timescales of 1/«,
1/T, and 7y (which are respectively here of the order of
nanoseconds, microseconds, and milliseconds). Since the
optical decay rate « is much larger than all other decay
rates, we consider that the intracavity photon number 7,
reacts instantaneously to any changes in the cavity, such
that it takes the steady-state form [95]

Kex P

= AT (/27 ®D

ne

Physical parameters used in the simulation. Mechanical decay rate I' is chosen to give a squeeze-film limited quality factor

Parameter Symbol Value Unit Source
WGM intrinsic energy decay rate Ki 21 x 2 x 10° rad/s Measurement
WGM extrinsic energy decay rate Kex 27 x 2 x 10° rad/s Measurement
Double-disk flapping mode effective mass Mefr 52 x 10713 kg FEM
Mechanical mode frequency Quy /27 700 kHz FEM
Mechanical mode decay rate '/2n 175 kHz Ref. [44]
Fraction of intrinsic losses dissipated as heat abs 0.01 Fit
Optomechanical coupling rate G/2m —10 GHz/nm FEM [35]
Double-disk spring constant k 10 N/m FEM
Silica thermo-optic coefficient dn/dT 1 x1073 K-! Ref. [94]
Resonator thermal conductance G 1.54 x 10°° W/K FEM
Resonator thermal mass m 4.2 x 1071 kg FEM
Thermomechanical coefficient Omech 225 pm/K Fit
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Comparison between the (a) experimental self-pulsing time traces (blue) and (b) numerical simulations (red), showing good

qualitative agreement in terms of the dependency of frequency and duty cycle with laser power and detuning. The numerical script
used to generate the red traces is available in the Supplementary Material [97]. Laser power P = 2 mW. Detuning Aw, /27 = 8§ GHz

(left) and —31 GHz (right).

where

A(Tp,x) = w; — wo(Tp,x)

dwqy dn
= Ao(7p,0) = Gx + ——=(Tp — T,
0(To,0) — Gx + andT(D 0)
is the temperature and position-dependent laser detuning
and Ty the background temperature. The dynamics can thus
be reduced to the two coupled equations of motion

MegX + kx + Cmegx = Fy, + Fre, (D2)

where meg corresponds to the double-disk fundamental
flapping mode’s effective mass, Frp = —n.h|G| is the
attractive radiation-pressure force acting upon the disks
[46,95,96], and Fy, = atmeenk (Tp — Tp) is the thermome-
chanical force with oyen describing the temperature-
induced disk deflection in meters per kelvin; and

dTp  nchoiaans  Gan(Tp — To)

P _ — , D3
dt mc mc (D3)

where o, € [0, 1] corresponds to the fraction of the intrin-
sic losses dissipated as heat in the resonator, m to the res-
onator’s thermal mass, and c to its specific heat, and Gy, =
mc/ Ty, 1s the resonator’s thermal conductance to the sub-
strate [82]. In this model, thermo-optic and thermomechan-
ical effects are thus effectively lumped together (unlike in

Ref. [82]), resulting in an effective temperature-dependent
frequency shift evolving with a characteristic timescale
7. The magnitude of the thermomechanical effect being
larger than the thermo-optic contribution results in an
effective blue-shifting contribution, which competes with
the red-shifting radiation-pressure contribution acting on
a faster timescale. Solving these coupled equations of
motion using an ordinary differential equation solver (see
the Supplementary Material [97]) and the parameters out-
lined in Table I, we obtain the red time traces shown in red
in Fig. 9.These qualitatively reproduce the observed self-
pulsing behavior, as well as its frequency and duty cycle
dependence with laser power and laser detuning.
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