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ABSTRACT

Protein-based optical devices with biocompatibility and biodegradability have distinct advantages for applications in biomedical sensing. Silk
fibroin with unique optical, thermal, and mechanical properties renders great flexibility in designing functional photonic platforms. Here,
we report the experimental observation of optothermally induced mechanical oscillation in a silk-fibroin coated microcavity. Theoretical
analysis reveals that the observed oscillation results from the interplay of several nonlinear effects in the silk-coated-microsphere as well as
the coexistence of fast and slow thermal dynamic processes. The physics in our study breaks ground for the study of nonlinear dynamics of
structural protein optical material that can be used for functional optical devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142649

Whispering gallery mode (WGM) microresonators' * with an
ultrahigh quality factor (Q) and a small mode volume, which could
strongly enhance light-matter interaction, are suitable for both funda-
mental physics and photonic applications such as sensing,” *
lasing,'” ** nonlinear optics,” " optomechanics,” *’ cavity quantum
electrodynamics,””* and non-Hermitian optics. Particularly, a
series of optical and thermal nonlinear effects can occur inside the cav-
ity at relatively low input power due to significantly enhanced light
intensities by resonance effects.””"" Thermal nonlinear oscillatory
phenomena, such as regenerative pulsation at low temperature,* oscil-
latory instability resulting from thermal nonlinearity,”” and dynamic
thermal behavior,”® have been demonstrated in high-Q pure silica
microresonators. Typically, they originate from the interplay between
the resonance shift and optically induced effects, such as the thermal-
optic effect, thermal expansion, free carrier dispersion, and Kerr
effect.”**>* Recent studies based on hybrid microresonators have also
shown various kinds of dynamics, such as (1) thermo-optomechanical
oscillation in poly(methyl methacrylate) (PMMA)-coated silica microt-
oroids,”® (2) optical instability and self-pulsing in silicon nitride micro-
resonators,””* and (3) thermal oscillation in polydimethylsiloxane
(PDMS)-coated microresonators.””* In particular, optothermal
mechanic effects enabled by thermal expansion of cavity materials have
been demonstrated in PMMA-coated microtoroids™® and ZBLAN
microspheres.”” Such effects combine the mechanical properties of
optical material with the field intensity enhancement in resonators and,
thus, can potentially be applied to build photothermal actuators with
lower power consumption and fast actuation.”

33-37

Natural structural proteins like bombyx mori silk fibroin are
known for their robust mechanical properties, simple control of mate-
rial properties through adjusting the water content during processing,
programmable degradation, high transparency in the visible light band
(>95%), and unique optical and electronic properties.”” Consequently,
silk-based optical devices are of great interest for in-vivo sensing appli-
cations. However, the rich nonlinearity enabled by the interaction
between mechanical and optical properties of silk-based photonic
structures remains largely unexplored.

Here, we experimentally demonstrate optothermally induced
mechanical oscillation in a silk fibroin-coated high-Q microsphere.
This hybrid microsphere consists of a silica core and a silk fibroin
nanolayer coating. Theoretical analysis reveals that the observed oscil-
lation results from the interplay among the positive thermo-optic
effect of silica, negative thermo-optic effect, negative thermal expan-
sion effect of silk fibroin, and dynamic thermal processes due to differ-
ent thermal relaxation times in different regions of the structure. This
oscillatory behavior is also found to be dependent on the optical input
power. In contrast to previously studied hybrid microresonators such
as the optothermal oscillation in PDMS-coated microtoroids,”" the silk
fibroin coating boosts the optothermo-mechanical (expansion) effect
and results in this unique oscillatory waveform when coupled with the
thermo-optical effect and the fast and slow thermal dynamic processes
at different timescales.

The fabrication processes of the optical microresonator are pre-
sented as follows. Reconstituted silk solution was prepared as
described in the previous literature.”’ The process started with 2.5 g of
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bombyx mori silkworm cocoons, which were cut into small pieces and
then boiled in 0.02M Na,COj solution to remove sericin. The silk fiber
was rinsed with cold ultrapure water for 20 min three times to ensure
complete removal. The degummed silk was subsequently dried in a
fume hood followed by a 4 h dissolution in 9.3M LiBr solution at
60°C. Next, the dissolved silk solution was dialyzed against 1L of
ultrapure water using a Slide-a-Lyzer dialysis cassette (MWCO 3500,
Thermo Fisher) for 48 h. The water was changed regularly six times
during this period. The dialyzed silk solution was finally centrifuged
twice at 9000 r.p.m at 4°C for 20 min, resulting in 8 wt. % precursor
silk solution. This precursor solution was then diluted 80-fold to
0.1 wt. % for the coating purpose.

A 50 um-diameter silica microsphere with a Q factor of 10° was
first fabricated by melting a fiber tip with a CO, laser. The dip coating
technique was performed to coat the silk onto the microsphere
controlled by a continuous motor. The sample was then exposed to 90%
v/v methanol vapor at 70°C for 20 min to induce beta-sheet forma-
tion.”” The Q factor dropped to 5 x 10° due to absorption loss in silk
[Figs. 1(a) and 1(b)]. The fundamental WGM distribution of the coated
microsphere resonator with a 60 nm-thick silk layer simulated by
COMSOL reveals that 0.74% of the optical power circulates within the
silk layer [Fig. 1(c)]. A silica wafer was coated with the same solution to
characterize the coating by using an environmental SEM (Thermofisher
Quattro S) and an ellipsometer (J.A. Woollam «-SE). The silk film was
confirmed, and the thickness was, thus, measured.

A tunable laser in the 1450 nm band was used to excite the hybrid
microsphere through a taper fiber. The transmitted light signal was

=
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o

& =

T .

W

Time (ms)

FIG. 1. Top (a) and side view (b) of a silk-coated microsphere coupled with a fiber
taper under an optical microscope. The diameter of the microsphere was measured
to be 50 um. (c) COMSOL simulation results showing mode distribution inside the
microresonator: 98.23% in silica, 0.7% in silk, and 1.07% in air. (d) Experimental
(top) and simulation (bottom) results of the transmission spectrum at an input power
of 248 mW. The Q factor of the selected mode is 5 x 10°. The oscillation fre-
quency of the experimental results was measured to be 437.07 Hz, while that of the
simulated results was measured to be 467.34 Hz.

scitation.org/journal/apl

detected using a photoreceiver and monitored by an oscilloscope. A
triangle wave was applied to the laser to implement a fine scan of the
laser wavelength around the WGMs. When the scanning laser wave-
length approached the cavity resonance wavelength, the transmission
began to drop linearly with time [Fig. 1(d)]. At high input power, the
oscillation line shape showed small amplitude changes along the
downward side of the thermal triangle.

The self-oscillation phenomenon is generally found in resonant
systems that involve opposite nonlinear mechanisms or two nonlinear
processes with different scales of relaxation time.”’ The oscillation in
our system is not only attributed to the opposite thermo-optic and
thermo-expansion effects in silica and silk fibroin but also owing to
the different thermal relaxation times for different regions of the struc-
ture. It is worth noting that here for thermal expansion, the mechani-
cal deformation is induced by the temperature change in silica and silk
layers. The temperature oscillates due to competing thermo-optic
effects in two layers and then drives the mechanical displacement to
oscillate. The oscillation frequency is determined by the thermal oscil-
lation rate instead of the mechanical resonant frequency.

We present a theoretical model to explain the physics behind the
thermo-optomechanical oscillation. The effective refractive index of
the WGM is described as ngy = nyny + nyny + nsng, where
ny = 1.45, n, = 1.55, and ny = 1 represent the refractive indices of
silica, silk fibroin, and air, respectively; #,, 1,, and n; represent the
fraction of light traveling in the core, coating layer, and air, respec-
tively, as 1, + 1, +#3; = 1. In a hybrid microresonator, the time
dependence of the temperature change varies as the respective thermal
properties are different. In general, we need to consider two kinds of
thermal processes: (1) the fast thermal relaxation from the mode vol-
ume to the rest of the cavity and (2) the slow thermal relaxation from
the rest of the cavity to the ambient environment. While most previous
works focused on only one type of those, our work shows the unique
phenomenon caused by both. We divide our structure into three
regions with different temperatures [Fig. 1(c)]: (A) the mode volume
in the silica, (B) the rest of the silica without WGM, and (C) the mode
volume in the silk layer. As a result, we consider several thermal transi-
tion processes in this system: (1) a fast thermal relaxation from the sil-
ica mode volume (region A) to the rest of the silica (region B), (2) a
slow thermal relaxation from the non-mode volume of silica (region
B) to the fiber stem, and (3) another slow thermal relaxation from the
silk layer (region C) to the air (dominated by convection). The thermal
conduction between silica and silk layer is much smaller than (1) and
(3) and is, thus, neglected. We represent the temperature difference
between regions A and B as AT}, that between region B and the envi-
ronment as ATy, and that between region C and the environment as
AT,. The diameter of the core d;(t) and the thickness of the coating
d,(t) also vary as a result of thermal expansion. The resonant wave-
length A,(t) of the WGM is written as

d?’ll

M ==
(1) = Ao (1 4 dr

d (1) dL,
di(t) + 2d,(t) L,dT
2d,(t) dL,

Nkerr Pc(t)
a0+ 2,0 +2d2(t)mAT2(t)d2(t) +@T)’ (1)

dn
ATy(t) + 1, T;ATz(t)

Nef

AT\ (t)dy (1)
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where /g is the cold cavity resonance wavelength; AT, = AT, + ATy,
is the temperature difference between region A and the environment;
@ —12x10°K"! and 92=-24x10"*K"! designate the
thermo-optic coefficients of silica and silk fibroin, respectively;

4 =5.5x 107K " and {4 = —2.4 x 104K

ear thermal expansion coefficients of silica and silk fibroin, respec-
tively,bl’(’2 Ngerr represents the optical Kerr coefficient of silk fibroin; A

represent the lin-

2

is the effective cross-sectional area of the WGM; and P.(t) = M

stands for the power of the intracavity field Ec(t), where
T, = negm(dy + 2d,) /¢ represents the cavity round trip time.

The temperature changes within and outside of the mode volume

can be expressed with the rate equations as follows:**”"**
dAZ—l:(t) = 91 AT, + “/ahs’ch(t), Q)
dAZiltb(t) = —K|ATy, + KAT,, 3)
dAch:(t) = —Vm2AT2 + Yaps2Pe(t), 4)

where y,;,; depicts the thermal relaxation rate and y,,; describes
the thermal absorption coefficient (i = 1: Silica, i = 2: Silk). Their
values are obtained by curve fitting the experimental results:
Yy = 7.2 X 10* Hz, py,, = 1568 Hz, y,,; = 697.7K/], and 9,4,
= 600.3K/]. Here, K; = 1258 Hz represents the thermal conduc-
tivity between (b) and the surrounding, while K, = 23918 Hz is the
thermal conductivity between (a) and (b), the values of which are
obtained by fitting. The next rate equation describes the dynamics
of the intracavity field,®*

dEc(t) (s \/EEin
At - (IA(U - 50 - 5E)Er(t) - \/a ) (5)

where 6y = ,/2Q denotes the intrinsic loss rate of the cavity, with
Qo being the intrinsic Q of the cavity, and . = ®,/2Q. denotes the
taper-cavity coupling induced loss rate, with Q, representing the cou-
pling Q. Aw(t) = w;(t) — w,(t) is the detuning between the pump
frequency () and the resonance frequency w,(t). The excitation
field E;, is related to the input power as |E,~,,|2 = Pj,7,. Equation (5) is
calculated using the Runge-Kutta (fourth order) method to obtain the
intracavity field value. The field output is written as

—E(t). (©)

The normalized transmission is calculated as T = |ED (t) |2 /|Ein |2.

Using the above theoretical model, we obtain a simulated trans-
mission spectrum [Fig. 1(d)], which is in good agreement with the
experimental result. To offer a physical interpretation of this oscilla-
tion, we simulate the time functions of temperature and diameter
changes of the individual layers, the resonance wavelength, and the
intracavity field (Fig. 2). There are two key mechanisms contributing
to the overall oscillation: first, the thermal relaxation of silk fibroin is
faster than that of the silica structure as a whole; second, the fast ther-
mal relaxation from regions A to B resembles an effective Kerr effect
that quickly responds to intracavity field changes. To study the latter,
we consider the steady-state solution to Eq. (2), i.e.,
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FIG. 2. Enlarged view of the first oscillation cycle of the simulated time-dependent
variation of intracavity field E, (a), wavelength (detuning wavelength
AJ. = Js — Jr, where /s is the pump wavelength) (b), diameter change of the sil-
ica and silk layers (c), and temperature change in silica and silk (d) divided into
four regions (I, II, Ill, and IV). Different color blocks mark the partition of each phase
during one oscillation cycle. The feedback loops describe the dynamics in different
regions. The dotted line circled region describes the stable negative feedback loop
in a silica-only situation. (e) shows dynamics of regions Il and Ill. A represents the
detuning between the pump and resonance frequencies. Increasing detuning leads
to the decrease in the intracavity field, which, in turn, results in the decrease in the
speed of temperature rise in both layers. The decreasing temperature rise in the sil-
ica core slows down the red shift in the resonance, thus slowing down the detuning
rise, which composes a negative feedback loop. The decreasing temperature rise
in the silk layer slows down the blue shift in the resonance, thus accelerating the
detuning rise, which forms a positive feedback loop. (f) shows dynamics in regions |
and IV, where the opposite process occurs.

P.(t
AT, (1) = PP )
Vih,1

and the modified Eq. (1) becomes

dn
AT (1) + 1 d—;ATz(t)

(1) = Ao (1 +
neff

di(t) dL,
d(t) + 2d,(t) L,dT

2d,(t) dL,
di(t) + 2d,(t) L,dT

d?’ll
m _yubs,lpf(t) n P.(t
4 daT _’_ﬁ c() 7

+ — = ATy (t)d\(1)

T(t)da(1)

(®)
NeffVin,1 Neff A

from which we can see that the term involving AT}, becomes equiva-
lent to a Kerr-like term. Since this term is much larger than the intrin-
sic Kerr effect in silk and silica, we neglect the last term in Eq. (8).

To explain the dynamics of the thermo-opto mechanical oscilla-
tion in detail, we analyze the behavior depicted in Fig. 1(d) and
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Figs. 2(a)-2(d) section by section. When the scanning pump
approaches the resonance wavelength, the intracavity field becomes
stronger, causing a temperature increase in both silica and silk layers
[Fig. 2(f)]. The positive optothermal effect of silica results in a red shift
of resonance, whereas the negative optothermal and thermal expan-
sion effects of silk result in a blue shift. As the positive effect outweighs
the negative side, the resonance wavelength undergoes a red shift.
However, since the silk layer undergoes a faster temperature rise than
silica as a whole, the speed of this red shift starts off slow until SiO, is
fully heated. The red shift is then accelerated so that at the end of
phase I, the speed of the red shift catches up with that of the scanning
wavelength. The feedback loop shown in Fig. 2(e) describes phases I
and III collectively. As the system enters phase II, the resonance red
shift starts moving faster than the scanning wavelength, thus becoming
further away from the pump. This causes the intracavity field to
decrease, while the temperature rise continues as the system has yet
to detect a significant change in the field. Thus, the red shift continues
to accelerate. At the end of phase I, the acceleration of the red shift
falls to zero as the speed reaches the maximum. However, as field
intensity decreases, the fast optothermal effect in silica is reduced
immediately. As a result, the resonance red shift slows down in phase
III. At the end of this phase, the detuning reaches the maximum, the
speed of the resonance red shift equates that of the scanning wave-
length again, and the fast positive optothermal effect reaches its mini-
mum point. Meanwhile, the temperature starts to react to the decaying
field and, thus, decreases. Note that the temperature of the silk fibroin
drops faster than that of silica as a whole. Starting from phase IV, the
resonance red shift further slows down and becomes slower than that
of the scanning wavelength. This reduces the detuning and, thus,
increases the field [Fig. 2(f)]. The temperature of the silk layer reaches
a low point and then gradually climbs up, which further slows down
the red shift. Going into phase I of the next cycle, the temperature of
silica finally catches up, thus driving the system forward with the next
cycle coming, and so on and so forth. When the pump frequency
finally catches up with the resonance frequency, the intracavity field
reaches its maximum, after which the temperature falls so that the
pump and resonance frequencies move in opposite directions, leading
to a quick recovery of the transmission to one.

To understand the dependence of the optothermal oscillatory
behavior on the field power, we first analyze the effect of varying input
power on the oscillatory behavior (Fig. 3). For a small input power of
0.89 mW [Fig. 3(a)], the transmission spectrum shows a cavity
Lorentzian line shape broadened by the positive optothermal effect.
At the threshold condition, the falling edge of the triangle starts to
oscillate like a wave [Fig. 3(b)]. As the input power increases, the
downward edge widens, and more oscillating dips are observed
[Figs. 3(c)-3(e)]. This is due to the fact that the resonance is easily
caught up by the scanning pump wavelength at low input power;
higher input power induces a larger temperature rise in the cavity, sup-
porting a quicker and larger red shift so that the resonance is ahead of
the pump wavelength for a longer period of time, allowing oscillation
cycles to repeat. This observation, in general, agrees with our simula-
tion results [Figs. 3()-3(j)]. The small discrepancy may owe to the fact
that the distinct separation in our model between the environment
and the non-mode volume silica is relatively gradual in reality.

In summary, we have theoretically and experimentally demon-
strated the optothermal mechanical nonlinear oscillatory behavior in a
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FIG. 3. Study of the oscillatory behavior with different input power. (a)—(e)
Experimental transmission spectra with increasing input power, from a deformed
Lorentzian shape to oscillation. The input power from top to bottom: 0.89 mW,
1.65mW, 2.13 mW, 2.77 mW, and 3.40 mW. (f)-(j) The simulation results corre-
sponding to the experimental results in (a)—(e).

high-Q silk fibroin-coated silica microsphere. The phenomenon is
attributed to the thermal dynamic processes with different time scales
as well as the combined interaction of several thermal nonlinear effects
of the hybrid silk-coated-microsphere. Particularly, the input power is
demonstrated to drastically change the oscillation behavior in the
transmission spectra. We envision that this work will provide a plat-
form for photothermal actuation with low power consumption, fast
response, low cost, and biocompatibility. It will also open up further
possibilities for the investigations of optical modulation, all-optical
switching, and optical sensing by utilizing hybrid microresonators
integrated with materials with a large thermal expansion coefficient.

This work was supported by NSF Grant No. ECCS1711451
and ARO Grant No. W911NF1710189.
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