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ABSTRACT

Optical microcavity has proven its potential for unlabeled sensing. Here, we propose and demonstrate in a lithium niobate on insulator
microcavity an enhanced sensing approach enabled by the nonlinear mode oscillation generated by the competition between thermal-optic
and photorefractive effect, which breaks the intrinsic limitation in wavelength resolution set by the cavity’s optical quality factor. It allows us
to perform precise measurements of the mode shifting introduced by a nanoscale scatterer with a signal to noise ratio of 13.1 dB and paves a
distinctive way to improve resonance shift resolution in widely studied microcavity sensors with a platform of great integration capability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0188236

The utilization of optical microcavity sensors has promised
unprecedented high sensitivity with its high Q factor (quality factor)
and small mode volume,' ® whose mechanism relies on the strong
light-matter interference enabled by the light constantly circulating
inside the cavity,” and when a particle binds to the cavity’s equator, it
disturbs the original resonance with a shift'® 64, a splitting”'” or
broadening.' However, the most adapted mode shifting method relies
critically on the cavity’s Q factor.'” Only with a Q factor as high as 10°
can it reach the resolution of tenth fm'” yet still not enough for protein
detection for bio-sensing.'* Brand new principles have been intro-
duced into microcavity systems to overcome such limitations, includ-
ing active lasing'” that significantly increased light-matter interaction,
and nonlinear process of mode'®'® or opto-mechanical coupling”
that enhanced sensing resolution by magnitudes.

Meanwhile stable nonlinear mode oscillation (NMO) has been
observed in high-quality microcavities resulting from a variety of non-
linear effects, such as the competition between thermal-optic and ther-
mal expansion,20 free carrier generation,21 mechanical deformation,”
Kerr effect,”” and Brillouin scattering,”* Specifically, in lithium niobate
on insulator (LNOI) microcavities, its outstanding electro-optical

properties”” allow the unique competition of thermal-optic and photo-
refractive effect’® generating a very robust NMO even with a compro-
mised Q factor, creating a NMO frequency reacting dependently to the
laser detuning 62 = 4 — 4o.”" *>°° The wavelength shift 61 caused
by the scatterer would then appear in the frequency change of NMO
of = &(52 read from the transmission spectrum of a fixed pump
laser as shown in Figs. 1(a)-1(c). The resolution limit for mode shifting
(94)
ing variations caused by the Q factor and spectral resolution of the
setup.

Herein, we utilized the NMO of a Z-cut LNOI microcavity to
demonstrate its sensing enhancement with the experimental setup as
Fig. 1(d). The chip was first milled by a focused ion beam (FIB, ZEISS
Auriga) and then immersed into a buffered oxide etching solution to
build a microdisk with a diameter of 16 um, a thickness of 300 nm,
and a stull diameter of around 10 um. We use an FG (function genera-
tor) to piezoelectrically control the TL (tunable laser), which is injected
into a VOA (variable optical attenuator) to accurately control laser
output power. A circulator allows us to read transmission and

min

=as/ % is now only up to the variation o of NMO, avoid-
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FIG. 1. Schematic diagrams of the NMO sensing process: (a) under a fixed
laser input the cavity mode could (b) generate a NMO f highly sensitive to the
laser's detuning. (c) Thus, the mode shifting is observed in the of, which is
acquired from the square-wave Fourier transformation of the oscillation trans-
mission spectrum. (d) Experimental setup, including a SEM (scanning electron
microscope) image of the microdisk. The scatterer is a SiO, tapered single
mode fiber tip with a radius of around 150 nm. VOA (variable optical attenua-
tor), TL (tunable laser), FG (function generator), OSC (oscilloscope), and PC
(polarization controller).
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FIG. 2. (a) Transmission spectrum of the microdisk, and inset is the mode at
1529.5 nm utilized by this work and Q factors acquired by applying Lorentzian fitting
to each dip, respectively. (b) Output voltage of the FG to piezoelectrically drive the
laser scan across a 30 GHz frequency range. Scanned transmission spectrum (c)
with and (d) without a scatterer under an input power of P;,=71.4 uW, and the
insets are micrographic photos of the experiment.

ARTICLE pubs.aip.org/aip/apl

reflection spectra simultaneously to accurately adjust the coupling
coefficient of the tapered fiber. The transmission spectrum of the cavity
is as Fig. 2(a), which has a split resonance mode at 1529.5 nm whose
loaded Q factors are 50k and 90k that lead to linewidth of 30.6 and
17 pm. It has theoretical minimum detectable mode shifts (54),,,,'* of
3.63 and 3.21 pm, respectively. To estimate the shift caused by the scat-
terer as in Figs. 2(b)-2(d) we scan back and forth with piezoelectric
control. The spectrum shows a mode shift of —3.53 and —6.44 pm
without significant mode broadening when the taper is attached. The
sharp asymmetric line shape reveals the generation of photorefrac-
tion,” for it shifts the mode blue as the laser is scanning toward a lon-
ger wavelength.

To verify the NMO sensing scheme suggested above, we then
keep the laser scanning at 0.1 nm/s to leave sufficient amount of time
generating NMO at every detuned wavelength, which causes very
strong broadening as shown in Fig. 3(a). Then, we stop the laser at dif-
ferent detuned wavelengths during scanning and mark the bluest
detuned wavelength that generates stable oscillation as 0 pm, and a
series of oscillation is generated at detuned wavelength 0-120 pm as
the case (i) to (iv) in Fig. 3(b) with an input laser power of P;,
=7925uW. It can be seen clearly that the NMO frequency
f = 1/t; would first increase and then decrease as the laser is less blue
detuned, while its MSR (mark-space ratio) = “;t" increases along the
way; the following is a detailed theoretical explanation.

The nonlinear dynamics in LNOI microcavity can be
described as™*** "
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FIG. 3. (a) Laser-scanned cavity transmission spectrum with a back and forward
scanning rate of 0.1nm/s. (b) The nonlinear oscillation spectrum when the laser is
fixed at certain detuned wavelength [(i)—(iv) from (a)], at an input optical power of
Pn=792.5 uW.
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da
dt
where the first and last parts describe the cavity resonance before
NMO is yet generated dwy = w; — @y and I'; and T, are the total
and external loss of the cavity with input laser amplitude A. The sec-

ond and third terms reflect the frequency shift caused by photothermal

coupling gr = —wy (n% 'Z’;f + AX’Y) and electro-optic  coupling

= (idwy — I't)a — igrATa — iggEsca + i/ T A, (1)

g = % ~ n2wyY4, /2, and y,, is the LN electro-optic coefficient. In

31 dng

a Z-cut LNOI chip, there is a positive thermo-optic coefficient
A~ 3.34x 1077 /K and a positive thermo-expansion coefficient™ as
well A*Y = 0.748 x 10~° /K. The temperature and space-charge elec-
tric field variation could both be described in two parts separately for its

26,28-30 dAT __

relaxation and generation process, as 95T = —T'r AT + ny|al’

and dft‘f = —T:E, + nglal’, in which I'; is dependent on the thermal
properties of the material and the geometrical size of the device. The
heating coefficient 17 is determined by the optical absorption and heat
conversion.”” The dynamics of the space-charge electric field works in a
similar way as the carriers are also excited by optical absorption.*

With the laser originally blue detuned at dc,, the thermal-optic
effect would first cause a rapid red shift dwr = griy|a(daw)|*, push-
ing the laser to its red detuned side dw; = dwy + dwr. Then, the pho-
torefractive effect starts to accumulate slowly pulling the cavity mode
blue until the laser is on resonance where dw,y = 0w, — owg = 0,

causing a “space” span f) = L:“ b, m leaving electric field at
Esc(tO)

point, any more detuning causes dwr to relax also rapidly, and the
laser input is now further blue detuned dw; = dwy — dwg. The laser
power hardly couples into the cavity at this point so E,. also begins to
wear out and slowly red shifting the cavity modes toward where the

= gillg LZ;O o la(w)[*dw as it accumulates over time. At this
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NMO originally started; consequently, the mark period lasts for
t—ty = lnEF(tO
refraction is generally much faster than photovoltaic current, leading
to a sharp falling and rising edge in the NMO spectrum shown in
Fig. 3(b). As a result, the NMO has a frequency and MSR highly sensi-
tive to the laser detuning and can be only generated when the laser
locates within the cavity mode.

After the same measurement of Fig. 3 is performed at different
P;,,, we clearly captured the dependence of oscillation properties on P;,
and d4¢ as shown in Figs. 4(a) and 4(b), which is acquired from the
transmission spectrum of 1 s, and the error bar indicates the variation
orof fand MSR within the sampling span. The frequency obviously
drops with a higher P;,, for it causes larger thermal-optical red shift
and thus prolongs the competition time. Both frequency and MSR
agree with previous theoretical analysis very well, and the slope of the

The generation and relaxation time of thermo-

fitted curve o<— d 5 shows how NMO frequency reacts to laser detuning.

Only at lower 1nput power, the oscillation is unstable at the edges of
both cavity resonance modes so we choose to operate the sensor with
P,, and P, at wavelengths where stable NMO is generated. First, we
make sure the oscillation is robust over time as in Figs. 4(c) and 4(d),
and the oscillation frequency is acquired with a sampling time of 1 s in
every other 10s within the sampling span, from which we could tell
that even though the laser instability does cause a few fluctuations that
still locate within the error bar, both oscillation frequency and MSR
are stabilized after at most 40's, and we only perform sensing after this.

Next, we add the scatterer to the cavity as previously in Fig. 2,
and only at this time, the laser is fixed to generate a stable oscillation. It
enables us to acquire the mode shifting now from the NMO frequency
domain as in Fig. 4(g) and MSR domain in Fig. 4(h). Here, we mark
the maximum shift as Jf,,(0MSR,,) after the taper is attached and the
shift between the steady oscillation as of;(0MSR;) before scattering

-
(6]

(e) P, 8 ;\\1 22(f)
11
0
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FIG. 4. (a) and (b) Nonlinear oscillation properties at different input power and detuned wavelength. Here, P, =490.8 uW, P,, =792.5 uW, and P, = 1285 uW. The four sec-

tions of /;, i = 1,2,3,4, are roughly divided by the sign of ;-5 5} Toa)"

Stability of NMO frequency (c) and MSR (d) generated at different P;, and detuned wavelength at a time

span of 100 s. Shifts in NMO frequency (e) and MSR (f) when interfered by the tapered fiber. The oscillation is generated at the same P;, and detuned frequency that have
been previously proven robust. Each measurement is repeated ten times for every oscillation status. (g) and (h) The oscillation frequency and MSR domain for each mea-

surement in 40s.
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and after the taper is removed for the coupling condition could be dis-
turbed by the movements. éf = df,, — of, would fully represent the
generation of mode shift and its relaxation. Every time before another
test, we would switch the laser back to scanning and slightly adjust the
coupling fiber to make sure the reflection spectrum is of the same
amplitude as before, and in this way, we could decrease the fluctuation
in coupling loss to its minimum. After a repetition of ten times at each
P;, and 6/, the test appears with a similar shift that distributes as Figs.

4(e) and 4(f). With of / % = 0/, the shifting caused by the scatterer
is then calculated to be —8.76 = 3.0, —10.4 = 3.0, —9.5 + 2.0, and
—1031*1.3pm for the four groups of attempts at P,@4,

P,@Q/s, P,,Q/,, and P, @414, respectively, with %:46.8, 55.4,
—306, and —320 Hz/nm. The direction of §/ is in the same time told
from the decrease in MSR. The results fit well with the estimation
done in Fig. 2 with a signal to noise ratio of 13.1 dB. A maximum reso-
lution of 1.63pm can be achieved in theory from the variation oy
shown in Figs. 4(a) and 4(b), which can be further improved with a
more stable experimental setup.

In this paper, a microcavity NMO sensor is demonstrated,
and its fundamental nonlinear dynamics between thermal-optic
and photorefractive effect in LNOI is also analyzed and tested in
detail, revealing the connection between nonlinear oscillation
properties and input pump laser power and detuning. Despite its
natural liability with a moderate Q factor, the nonlinear oscillation
microcavity sensor offered accurate and stable feedback for the
mode shift caused by the nanoscale scatterer and a minimum reso-
lution overcoming the intrinsic limitation set by optical Q factor.
This proves its giant potential for unlabeled sensing of bio-
molecule, minor refractive index change, environmental monitor-
ing, and many other microcavity sensing platforms that rely on a Q
factor for better sensitivity. However, this approach does require a
higher pump power and a non-instant response time, which can be
improved with better fabrication technique. Here, we have con-
fined our discussions within the LNOI platform, and we believe
this method can be demonstrated with other cavity-based sensors
utilizing abundant nonlinear dynamics yet discovered”’ ** with
great integration capability.
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