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Abstract

Transparency and perfect absorption are two contradictory terms; a perfect absorber
never permits waves to transmit through. However, this statement only remains

true in the linear regime, where the nonlinearity has been omitted and the physical
system like the perfect absorber is not affected by the incoming waves. Here we
experimentally demonstrate an intriguing self-induced transparency effect in a
perfectly absorbing optical microcavity, which perfectly absorbs any incoming

waves at the low power level, but allows a portion of waves to be transmitted at
the higher power due to the nonlinear coupling between the fundamental and

its second harmonic modes. Moreover, the asymmetric scattering nature of the
microcavity enables a chiral and unidirectional reflection in one of the input ports,
this leads to asymmetric and chiral coherent control of the perfect absorption states
through phase varying. More importantly, such chiral behaviors also empower the
chiral emission of second-harmonic generation with a high distinct ratio in the
transparency state. These results pave the way for controllable transparency in a wide
range of fields in optics, microwaves, acoustics, mechanics, and matter waves.

Keywords CPA, Microresonator, Self-induced transparency, Chiral, SHG

Introduction
Perfect absorption of the incoming radiation is crucial for many interdisciplinary areas
in optics [1, 2], microwaves [3], acoustics[4], mechanics[5], as well as matter waves[6].
One representative example, namely, coherent perfect absorber (CPA) delicately con-
structs lossy geometry into a cavity design by considering an exact time-reversed laser.
This leads to a spectral “blackhole” singularity, a mathematical notion where the system
perfectly absorbs any incoming wave without re-emitting [1]. Although firstly proposed
and implemented in optics, CPA quickly spans all areas of classical wave systems from
microwave to acoustics[1-6]. More importantly, CPA promises a wide range of practi-
cal applications in optical information processing[7], energy harvesting[8], photo-detec-
tion[9], and sensing[10].

Transparency and perfect absorption seem to be a paradox at the first glance, a per-
fect absorber never permits waves to transmit through. However, this is mainly because
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most of the prior works are implemented in the linear regime, i.e. incoming waves do
not affect the perfect absorber itself. Contrarily, waves’ amplitude can greatly alter the
dynamics of absorption in the nonlinear regime, which is more universal and common
in real physical systems. A nonlinear version of CPA has been theoretically studied [11],
but only limited to their nonlinear dynamics. Such devices are usually composed of a
sandwich structure with an embedded nonlinear absorbing layer, which creates an extra
obstacle to meet the CPA condition. For example, nonlinearity leads to a self-induced
perfect absorption above a certain critical value with microwave [12]; And the CPA of
nonlinear matter waves in an atomic Bose-Einstein condensate can be achieved easier
than its linear analogs because of the strength of two-body interaction nonlinearity [6].
Hence, transparency can be much anticipated, though no experimental observation yet,
in a nonlinear version of CPA.

On the other hand, transparency indeed can be achieved through an externally con-
trolled manner in an opaque /absorbing medium. In atomic physics, electromagneti-
cally induced transparency (EIT) allows the flipping of an optical opaque window to a
transparent one under a secondary coherent illumination beam even at the few-photon
limit[13]. This process provides tremendous opportunities for quantum physics and
information science, enabling applications in all-optical and quantum information pro-
cessing, slow/fast light, and photon storage[13—16]. Later, by recognizing the interfer-
ence effect as the key working mechanism behind EIT, classical analogies that mimic the
EIT effect are under active pursuit in various physical systems, including microresona-
tors[7, 17-19], photonic crystals[20], and plasmonic metamaterials[21]. However, these
works still rely on the external-control mean such as a second laser. Meanwhile, self-
induced transparency has been extensively studied mainly in atomic systems, thanks to
the strong nonlinearity of atoms [22, 23], but the associated cooling and vacuum systems
halt their practical applications. So far, self-induced transparency in a perfect absorbing
optical cavity has never been reported till this work.

In this work, we experimentally demonstrate a self-induced transparency effect in a
perfectly absorbing optical microcavity, which only totally absorbs low-power incom-
ing waves in the linear regime, but dramatically turns into a partial transparency state
after ramping up the input power. Such self-induced transparency is introduced by the
nonlinear coupling between the optical modes at the fundamental frequency and its sec-
ond harmonic, causing partially breaking the balance condition of a coherent destructive
interference which holds the key to enabling perfect absorption or critical coupling ini-
tially in the microcavity. Furthermore, we find the current microcavity device contains
a unique asymmetric scattering feature of chiral and unidirectional reflection, which is
caused by multiple surface scatters that break the chiral symmetry. As a result, asym-
metric and chiral coherent control of the perfect absorption states is realized through
phase varying. This coherent control can be further extended into the second harmonic
spectrum, resulting in a chiral emission of second-harmonic generation with a high
distinct ratio in the transparency state. These results should be general and universal
among other physical systems with nonlinearity like microwaves, acoustics, mechanics,
and matter waves, hence it paves the way for practical applications in all-optical signal

processing and quantum information.
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Fig. 1 lllustration of self-induced transparency in a perfectly absorbing optical microcavity. (a) Schematic of a
tapered fiber coupled lithium niobate microcavity with quadratic nonlinearity, where one-port input is perfectly
absorbed inside the microcavity at (b) the critical coupling point (theoretical results). Loss factors consist of linear
scattering, material absorption, and nonlinear loss through second harmonic generation, which breaks the perfect
absorption state and leads to self-induced transparency in (c). (d) Moreover, the situation becomes more com-
plex when both ports are excited by the fundamental waves 1 (CW) and ceo(CCW) and their second harmonic
waves (31(CW) and (32(CCW) through the second-order nonlinearity 2) The optical waves in each direction are
coupled through the linear scattering processes, i.e,, J12/J21 and 112 /191

Results and discussion

The original CPA idea composes of two ports geometry to enable perfect absorption in
the embedded layer by coherent destructive interference[2]. One-port CPA can also be
realized in a waveguide coupled microcavity scheme (Fig. 1a), in which similar destruc-
tive interference between the cavity’s out-coupling light & the residual transmission,
also known as critical coupling[24]. This leads to complete and perfect absorption of
input waves inside the microcavity, where light energy dissipates in the form of material
absorption and surface scattering, while the in-coupling portion from the waveguide is
exactly balanced by the out-coupling port from the cavity. At this equilibrium state, any
perturbation breaking this balance can lead to the disappearance of a perfect absorption
state. In the linear regime (Fig. 1b), the incoming waves can hardly disturb the system at
low power, in contrast, high-power inputs can trigger the nonlinear response of the sys-
tem such that the dedicated balance of input and output will be destroyed, resulting in
self-induced transparency in the transmission spectrum (Fig. 1c).
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One representative example of such is a microcavity of quadratic second-order nonlin-
earity, which allows the second harmonic generation (SHG) from the fundamental wave
(FW) frequency w of the incoming waves to its second harmonic 2w. With a higher
input power, a portion of input optical energy is converted into its second harmonic,
effectively creating a “nonlinear loss” at the fundamental frequency. As a result, the
aforementioned most important balance will be broken, destructing the perfect absorp-
tion at  (Fig. 1c). More specifically, we consider a tapered fiber coupled microcavity
with second-order nonlinear susceptibility y(? and internal coupling between clock-
wise (CW) and counterclockwise (CCW) directions (Fig. 1d), and the evolution dynam-
ics can be described by four sets of coupled rate equations, each at o and 2w, and in
both CW/CCW directions. The governing Hamiltonian is given by z% = Hv, where
) = (a17a27/517ﬁ2)Trepresents field vectors, and aq, as, 31, B2 are the internal cavity
amplitudes for CW, CCW waves at w, CW, CCW waves at 2w, respectively. H is a 4x4
non-Hermitian Hamiltonian:

—A; =iy —Ji2 —2g9*0q 0
—Ja —A; — i 0 —2g%a;
H= ; 1
—gaq 0 —Ag — iy —Iip M
0 —gay —1Iy — Ay — iy

where the resonant frequency detuning terms are Ay = (w — wy) at the fundamental fre-
quency, Ay = (2w — w») at its second harmonic; for each frequency, vi9 = (71 + V.1) /2
, 720 = (72 + Ye2) /2 are the effective loss, and 7.1, 7.2 represent the coupling strength
with which the cavity coupled to the waveguide; 71, 72 are the intrinsic loss terms which
are dominated by material absorption and surface impurities; g is the second-order
nonlinear coupling strength constant determined by y(?. The coupling terms Ji2/Jo;
and I15/I5 between CW/CCW modes at , and 2w, respectively, arising from linear
scattering. Note that, H is a nonlinear Hamiltonian as well, whose oft-diagonal terms,
e.g. —2g*ay, —2g*a5, depending on the internal fields oy, o This is the origin of self-
induced transparency.

For a unidirectional input, i.e. a2 = 0, we can simplify H into a 2X2 matrix in supple-
ment S1. Under the steady-state assumption, we can solve the associated coupled rate
equations and obtain the transmission rate:

2

T = 1+ Jel _ _ 2
iA — el 2oy |2 (2)
K3

A, 21
Ay— 2702

and the intra-cavity second harmonic amplitude is given by:

i ga%

61 = _,,‘/AQ_”/ZJ;%‘Z (3)

In the linear case, i.e. a; — 0, Eq. 2 perfectly represents a scenario for single-port CPA,
where the critical coupling occurs at . = .[24]. The corresponding transmission
spectra exhibit a perfect absorbing dip, i.e. T = () at the zero detuning point A; =0 in
Fig. 1b. Nonlinearly, when increasing the signal amplitude a1, the CPA dip will diminish,
allowing a portion of the light to be transmitted, termed as self-induced transparency
(Fig. 1c). Note that, only the income wave signal amplitude has been increased during
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Fig. 2 Experimental observation of self-induced transparency in a one-port perfect absorber. (a) Experimentally
measured transmission spectra of the input pump (blue) and its SHG (red) at various pump power. Self-induced
transparency manifests itself at the higher pumping (bottom), in contrast to the perfect absorption state at the
lower pumping (top). The corresponding transmission rate of the input pump (b) and the SHG power (c) are mea-
sured with respect to the pump power, both exhibit quadratic dependences due to the second-order nonlinearity
this process, it is a self-induced action of signal amplitude in contrast to the linear case
at a lower amplitude level. In the meantime, the microcavity starts to generate the sec-
ond harmonics of the fundamental waves given by Eq. 3, effectively becoming a second-
harmonic generator. Moreover, such SHG is resonantly enhanced due to the resonances
of the microcavity (Fig. 1c).

In our experiment, a microcavity (Q-factor~10°) with second-order nonlinearity is
fabricated on a lithium niobate on insulator (LNOI) platform [Details in the method sec-
tion, 25]. As shown in Fig. 1a, the microcavity with a diameter~ 100 um is coupled with
a tapered fiber within which a laser source around the 1550 nm telecommunication band
propagates. The laser signals can be launched into both ports of the fiber, which also
serve as the output ports for monitoring both the linear transmission and the SHG out-
put on both ports. By slowing scanning the tunable laser at a speed of 0.01 nm/s through
the resonances from the red-detuned region, transmission spectra can be obtained in
Fig. 2. The tapered fiber is precisely positioned on a piezoelectric stage to tune the gap
(~100 nm) from the cavity with ~10 nanometers resolution, such that careful position-
ing of the tapered fiber can reach the critical coupling condition in Fig. 2a. Note that, due
to the surface scattering from dust, scatter or surface roughness, the CW resonances can
be effectively coupled with its counterpart, i.e. counterclockwise (CCW) modes, both at
w and 2w as shown in Fig. 1d. This coupling mechanism dramatically complicates the
dynamics both in the linear regime and nonlinear one, enabling some intriguing effects
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like unidirectional reflection and chiral SHG, we shall soon discuss them in the following
section.

Under this one-port excitation scheme, we experimentally observe a perfect absorp-
tion dip with ~99% efficiency in the transmission spectrum at the critical coupling con-
dition as shown in Fig. 2a. The incident power of the laser is measured to be ~175uW, no
SHG is visible at such low power. As the pump laser’s power is gradually tuned up, start-
ing around several milliwatts, a clear SHG signal is detected in the through-port, indi-
cating the energy flow from the fundamental modes to its second harmonics. As a result,
the absorption dip begins to reduce in the transmission spectrum. Figure 2b shows
such transmission can raise up from almost none to ~40% when the pump laser reaches
25.2mW, a sharp contrast to its behavior in the linear regime at low power. This nonlin-
ear dynamic marks self-induced transparency in the one-port CPA configuration, only
depending on the input laser’s power. In the meantime, the SHG signal is also increas-
ing quadratically in Fig. 2c according to the theory in Eq. 3. Moreover, the on-resonance
transmission T will grow slowly at high pump power and approach 1 when the input
power is infinity, which can be easily deduced from Eq. 2. Note that, the original Lorentz
lineshape in the linear case is greatly distorted into a triangled one due to the thermal-
pulling effect [26], but this behavior only shifts the resonances horizontally along the
frequency axis, not their transmission [see supplementary S7].

Traditional CPAs are featured with a two-port apparatus for active phase control of the
perfect absorption state[2], where coherent control of the relative phases between the
two input ports can actively switch between the CPA and the maximum scattering state,
or even lasing mode[27]. Given the tapered fiber coupling scheme, it is also possible for
us to launch two beams simultaneously from both ports into the microcavity, in which
the surface scatters can couple the waves in both directions together, represented in the
off-diagonal terms in Eq. 1, e.g. J12, J21. In Fig. 3, near a critical coupling condition from
a left excitation (Fig. 3a), a near-zero transmitted dip is observed in the transmission,
this is companied by a strong reflection to the left, indicating a big scattering factor from
CW to CCW mode, i.e. Jo;. In a contrast to the right excitation case, a transmission dip
with a similar efficiency of ~95% is observed, but with a much lower back-scattered light
to the right port. The similarity between the two transmission spectra is guaranteed by
the optical reciprocity [28], while the unequal backscattering arises from the asymmetric
scatter distribution inside the cavity. For example, in the inset of Fig. 3a, we do observe
two strong out-plane scattering signals from the right corner of the microcavity.

Such chiral behaviors, i.e. CPA from both directions and unidirectional reflector,
originate from the important fact that the backscattering between intracavity CW and
CCW traveling waves is asymmetric, i.e. Ji2 # J21[29, 30], which introduces asymmet-
ric reflection output from the scattering matrix (S-matrix) [31]. Intuitively, this process
could be understood as a linear interference between two scattering waves from two
scatters at the coupling point, the two scatters have to be distinct in terms of their scat-
tering coefficients to break the chirality [29]. Previously, this very idea has been testified
to realize chiral modes and directional lasing at exceptional points in a microcavity[32];
More recently, CPA on an exceptional surface with a chiral reflection has also been
demonstrated with a mirror coupled microcavity device[33]. Our fabricated microcav-
ity naturally contains such asymmetrical surface scattering properties due to fabrication



Hou et al. PhotoniX (2022) 3:22 Page 7 of 13

a Cc
P n Pnul
I ~. .
> A Port 2 1.04
Port 1 - o .y
] Sos
€
2
£o6
o
N
y go4
¢ J 2 -
’YI o2l 0.2 Transmission
Reflection
~d 00
; 1550.304 1550.307 1550.310 1550.313
e
J wavelength (nm)
12
b d
Pou\ Papre— —
' /% =
Port 1 - 1.0
Ycl 5
208
£
2
So6
3
N
> g04
', 2 ’
/5®( . 02 Reflection
"{l A Transmission
~ 0.0
s 1550.304 1550.307 1550.310 1550.313
J wavelength (nm)

Fig. 3 Unidirectional reflector in a one-port perfect absorber. (@) and (b) Schematic diagrams of unidirectional
reflectors in a one-port perfect absorber with an incident beam from left and right ports, respectively. 77 : scat-
tering loss, Y1 : coupling rate. The linear coupling rates between CW and CCW are not equal in the current case,
ie 2 # J91 in the current microcavity. Inset in (a): top-view picture of the microcavity device. (c) and (d) Their
corresponding transmission and reflection spectra from left and right, respectively, show the same transmission
from both ports, but two distinguished reflection spectra

defects or external dust as shown in Fig. 3a, it enables us to observe for the first time, to
our knowledge, such chiral behaviors of CPA in a single microcavity.

This chiral behavior of the one-port CPA has its consequences in its two-port version,
especially in the coherent control of the CPA. In the classical two-port CPA experiment,
the symmetric lossy cavity ensures the total destructive interferences between the trans-
mitted and reflected beams, simultaneously on both the incident ports. This leads to the
perfect absorption only inside the lossy layer[2]. This requires a pair of symmetric equal-
amplitude incident waves from both sides. However, when such symmetry is broken,
for example, with a parity-time symmetric cavity[27], the required ratio between the
two ports is not unit anymore. To demonstrate the coherent control of two-port CPA,
we launch two beams with unequal power from both ports into the microcavity at the
aforementioned critical coupling condition (Fig. 4a). As usual, both transmission spec-
tra under single-port excitation exhibit well complete absorption dips in Fig. 4b, while
their corresponding reflection spectra differ by 20dB. In Fig. 4b, by comparing the out-
put spectra from Port 1 (reflection of ;1 and transmission of a2 ) and Port 2 (reflec-
tion of a;n2 and transmission of a1 ), we can find an optimal spectral point to achieve
complete destructive interference when implementing phase control, a similar technique
has been used in the original two-port CPA experiment[2].

In the linear regime (low power, no SHG), we observe large power variations from
both ports during the phase varying process. Similar to prior works, a complete destruc-
tive cancellation of the Port 1’s output is evident in Fig. 4c & g, at which the reflection
of aj,1 and the transmission of ;2 are equal in amplitude (Fig. 4b) and completely out
of phase at the 7 phase difference. As a result, Port 1 can be actively switched on and
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Fig. 4 Coherent control of a two-port chiral absorber. (@) Schematic diagram of the original one-port perfect
absorber, but with two equal input beams from both ports. As a result of scatters that break the chiral symmetry,
the CW and CCW are coupled together, hence affecting the output dynamics of both ports. (b) Output spectra
of left (upper) and right (lower) ports, in which, the reflection of Qtip1 (yellow) and Qip2(purple), the transmission
of aip1 (blue) and Qiipa(red) are depicted separately. Five representative cases of phase modulation results (top:
theory, bottom: experiment) are shown in (c)-(g) with various frequency detuning A of -0.341 GHz, -0.127 GHz,
0, 0.127 GHz, 0.341 GHz, respectively. The incident power of fundamental waves from left and right ports are
controlled precisely by a variable optical attenuator such that the reflection of Qi1 and the transmission of 2
can coincide at points ¢ and g in (b). Port 1 input beam: 164w. Port 2 input beam: 7.5 4w . When both ports are
excited, chiral perfect absorption can be observed in the left port, (c) & (g) due to the complete destructive inter-
ference cancellations, meanwhile, there are some remaining transmissions in the right port. The parameters used
in the simulation are obtained by fitting the spectrum in (b): Ye1 = 0.6097265GHz, v1 = 0.8772764GHz,
191 = 0.34GHz, 191 = 0.05GHz
off purely by phase control. Meanwhile, the output power fluctuation of Port 2 is much
milder during the phase varying, simply due to the unequal contributions of the incident
waves from both ports. Such chiral behaviors are universal among the other spectral
positions, e.g. Figure 4d-f, where the phase varying does lead to power fluctuations in
both ports, but in a synchronous manner. Contrarily, complete destructive cancellations
can only be observed in the spectral position depicted in Fig. 4c,g, not others. Particu-
larly, the zero-detuning point, i.e. Figure 4e, is the CPA point in the original symmetric
setup in prior work [2], however, this is not the case in the current setup due to the
unbalanced reflection and transmission. These experimental observations also match
well with the theoretical results calculated using Eq. 1. as shown in Fig. 4c-g [supplement
S2]. If we increase the input power into the nonlinear regime, the nonlinear loss should
be considered, chiral complete absorption will be broken at c&g points[see supplement
S4]. Furthermore, we have theoretically proposed a coherent control of such two-port
chiral CPAs, which are capable of fully absorbing incident waves from both ports [sup-
plement S3]. But this requires some dedicated design parameters, such as loss factors,
not feasible in the current experiments, we will leave it for further investigation.

More interestingly, this chiral dynamic can be translated into a nonlinear regime, a phase-
controllable chiral second harmonic generation can be directly observed as the result of its
interference between CW and CCW mode at the FW frequency. It is well-known that the
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SHG has to be restricted into a well-defined direction due to the phase-matching condition.
In the case of the one-port nonlinear CPA shown above, the induced SHG is in the forward
direction, the same as its pump beam at the fundamental frequency (Fig. 2). Under the two-
port illumination (Fig. 4), the SHG in both CW and CCW directions can intermix directly
with each other due to the presentence of surface scattering, i.e. [12/I5 in Eq. 1, or in an
indirect manner, the CW/CCW modes of fundamental waves intermix first through Ji5/ Jo
, then affect their SHGs [see supplementary S4]. Effectively, this also creates a two-path
quantum interferences scheme in Fig. 1d, a very important route for coherent quantum con-
trol [34]. In the current study, we find the second indirect route domain, especially when the
SHG signals are relatively weak with a low conversion efficiency of ~0.1%. We still observe
the coherent control SHG signals from both output ports due to the phase varying of their
fundamental waves in Fig. 5.

Fig. 5a-c shows several typical cases of the phase-controlled SHGs with multiple CW/
CCW pump intensity ratios. All the results are measured at the zero-detuning point of
the fundamental waves, i.e. A; = 0, at which the incident beams with various intensity
ratios Prigni/Flesi are scanned in their relative phases from —r to 7. Here the input
power is kept under ImW to avoid any thermal-induced waveform distortion. When
the Pjgni/Piei ratio is low, i.e. the dominated input is launched into the CW modes
through the left port, only small intensity variations are observed both atw and 2w
(Fig. 5a,d). In sharp contrast, much larger modulations are visible in both phase spectra
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when Prigni/Plept = 0.45. Particularly, a total annihilation point of SHG is observed in
the CCW modes at the zero phase delay (Fig. 5b), when most of SHG occurs in a chi-
ral manner in the other CW direction. This is caused by the destructive interference
between the two in-phase incident beams at «, (Fig. 5e). Note that, the power ratio is not
one, which is a prerequisite condition for a linear total destructive interference. Here it
is mainly due to the asymmetrical scattering as mentioned above. Moreover, we notice
unsynchronized phase modulations by comparing the two frequency spectra at ( and
2w, this is caused by the nature of nonlinear second harmonic processes in which two
fundamental photons are converted into one single second-harmonic photon, hence
their phases are not synchronized[detailed theoretical calculation in the supplement].
With a higher ratio, i.e. Bigni/Piest = 1.9, we observe a reversal direction of SHG to
the CCW direction when the incident waves are in-phase, but the SHGs in both direc-
tions tend to be equal at a phase difference of 7/2. To demonstrate the chirality of SHGs
during the phase modulation, we plot the distinction ratio of SHGs between the CW
and CCW directions as opposed to the power ratio Pigni/Pley: in Fig. 5 g. An optimal
contrast point is evident near Pgnt/ Pt = 0.45 with a distinction ratio over 100 times
(Fig. 5b), meaning SHGs are highly directional in the CW direction. Moving to either
side, such distinction ratio diminishes. These results offer an attractive tool for unidi-
rectional SHG and coherent controlled nonlinear processes in the future [35]. In addi-
tion, according to previous studies, we can use two nanotips introduced in the mode
volume as two scatters[36] or etch holes in the microring[37] to break the chiral symme-
try. Therefore, designing an asymmetric cavity for a second-harmonic generation with a
high distinct ratio in the transparency state is feasible.

Conclusion

In summary, we experimentally demonstrate a self-induced transparency effect in a perfectly
absorbing optical microcavity-based second harmonic generator, which is capable of per-
fectly absorbing incoming waves in the linear regime, but turns into a transparency state and
begins to emission second harmonics in a coherent controlled chiral manner. There are a few
possible impacts on the optics fields and quantum physics. For example, the signature self-
induced transparency may partially resemble the nonlinear behavior of an electrical diode,
a building block for the integration circuits (IC). Similar to the forward-biased scenarios
of the electrical diode, the signal transmission is relatively low with a small biased voltage,
but nonlinearly and drastically increases with a larger voltage. Our device may serve as an
optical version of the diode. The second feature of coherent controllable and chiral trans-
parency may offer another opportunity for all-optical switching, just like its counter electri-
cal transistors in IC. Moreover, the chiral emission of SHG is also an attractive platform for
optical frequency conversion applications, in which the SHG usually co-propagates with its
pump beam due to the phase-matching condition. Here in our device, we may specifically
design the output port of the SHG, which may/may not align with its pump depending on
the coherent control. At last, we believe these results are universal across multidiscipline in
microwaves, acoustics, mechanics, and matter waves, hence it paves the way for practical
applications of coherent control and nonlinear induced transparency in information process-
ing and frequency conversion.
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Methods

Sample fabrication

The micro-disk resonator (~100 x4 m diameter) is fabricated with femtosecond laser direct
writing and the chemical-mechanical(CM) polishing [38] in four steps. First, a thin layer of
chromium (Cr) is deposited on the surface of the LNOI through thermal evaporation coat-
ing, then space-selective femtosecond laser direct writing is used to pattern the Cr film into a
circular disk, next, CM polishing is significant for improving the surface smoothness, leading
to high Q-factor, finally, removing the SiO2 buffer layer and the Cr thin film with two con-
secutive chemical wet etching processes. The thickness of the sidewall of the microcavity is
900 nm and the typical Q factor is about 10°% which leads to very strong local field strength.
The tapered fiber is made of the standard single-mode fiber (G.652.D) and is melted by oxy-
hydrogen flame. In the coupling region, the tapered fiber is 2~3 pm in diameter and is in
contact with the micro-disk resonator for stability during the whole experiment.

Experimental details

A continuously tunable laser (CTL, Toptica Photonics) with a center wavelength of 1550 nm
is used as the optical source. The optical source is amplificated by an EDFA and divided into
two branches (CW and CCW) by the coupler (50:50). The intensity and polarization of the
CW branch are controlled by the variable optical attenuator (VOA) and polarization control-
ler (PC). The other branch (CCW) is modulated by an electro-optic modulator (EOM) to
vary relative phase between two branches. Two power meters are used to monitor the input
power of each branch[see Supplementary S5], Once the pump is detuned at the required fre-
quency, the relative phase is changed by EOM using an external control signal.

Fundamental and second-harmonic signal detection

The SH signal is detected by a photomultiplier tube (PMT, CR114) connected to an OSA and
the transmission spectra of each branch are detected by two PDs (DET02AFC) [see Supple-
mentary S5]. There is no need to use the filter in this system. Because the PMT does not
respond to the 1,550 nm communication band and the response band of DET02AFC is 800-
1700 nm, not including 775 nm. The SH signal is detected from the 1 x 2 coupler (50:50)
and the transmission signal of the pump is detected from a 2 x 2 coupler (10:90) through
10% end in each branch. The external control signal is a triangular wave with 20 Vpp and

1 kHz frequency and was used as a trigger source in OSA during this experiment.

Critical coupling and perfect absorption condition

Critical coupling occurs when the external lifetime is matched to the intrinsic cavity decay
rate (7’;[1 =T 1) i.e. the coupling strength between waveguide and microcavity is equal to
the intrinsic loss of the cavity 7.1 = 1. In this case, the transmission past microcavity van-
ishes, and entire power is transferred from the optical wave to the cavity modes. The trans-
mission vanishes due to the interference of the cavity leakage field and transmitted pump
field, which exhibit equal magnitude but a relative phase shift 7. This completely destructive
interference is also called perfect absorption. To achieve perfect absorption, it is necessary to
appropriately choose the values of the system parameters, such as the gap distance between
waveguide and cavity, the scattering strength. In addition, the intensities and relative phases
of the input beams are significant as well. In our experiment, we accurately control the cou-
pling strength 7.1 by a 3-axis nano-translation stage (Thorlabs, MDT630B). We first set the
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gap distance between waveguide and cavity equal to 500 nm, then reduce the distance slowly,
until reaches critical coupling condition.

Phase control

The total relative phase is defined as(p2 — @1 — 7/2 — A¢) is influenced by two factors [see
supplementary S2]. One is the constant phase results from the structure of the system, which
determines the output intensity relationship between two ports (Fig. 4c-f). This phase is
related to the coupling strength .1, intrinsic loss of the cavity ; and the detuning ;. In this
experiment, the coupling condition is fixed, so we change the constant phase by varying A;
. The other is phase difference (A¢) between two branches, controlled through EOM. The
range of A¢ is from 0 to 27 scanned by an external triangle signal source (1 kHz,20Vpp).
The output intensity changes as the relative phase changes due to interference.

Abbreviations

CPA Coherent perfect absorber.

EIT electromagnetically induced transparency.
SHG Second harmonic generation.

FW Fundamental wave.

cw clockwise.

ccw counterclockwise.

IC integration circuits.
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