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Abstract 

Non-Hermitian systems with their spectral degeneracies known as exceptional points (EPs) have been explored for 
lasing, controlling light transport, and enhancing a sensor’s response. A ring resonator can be brought to an EP by 
controlling the coupling between its frequency degenerate clockwise and counterclockwise traveling modes. This has 
been typically achieved by introducing two or more nanotips into the resonator’s mode volume. While this method 
provides a route to study EP physics, the basic understanding of how the nanotips’ shape and size symmetry impact 
the system’s non-Hermicity is missing, along with additional loss from both in-plane and out-of-plane scattering. The 
limited resonance stability poses a challenge for leveraging EP effects for switches or modulators, which requires sta-
ble cavity resonance and fixed laser-cavity detuning. Here we use lithographically defined asymmetric and symmet-
ric Mie scatterers, which enable subwavelength control of wave transmission and reflections without deflecting to 
additional radiation channels. We show that those pre-defined Mie scatterers can bring the system to an EP without 
post tuning, as well as enable chiral light transport within the resonator. Counterintuitively, the Mie scatterer results in 
enhanced quality factor measured on the transmission port, through coherently suppressing the backscattering from 
the waveguide surface roughness. The proposed device platform enables pre-defined chiral light propagation and 
backscattering-free resonances, needed for various applications such as frequency combs, solitons, sensing, and other 
nonlinear optical processes such as photon blockade, and regenerative oscillators.
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Graphical Abstract

1 Introduction
The past decade has witnessed exciting progress in novel 
functions and processes enabled by the rich physics and 
the toolbox provided by non-Hermiticity, especially by 
the emergence of non-Hermitian spectral degeneracies 
known as exceptional points (EPs) [1–6]. EPs, where 
both the eigenvalues and the associated eigenvectors of 
a system coalesce, are radically different from the degen-
eracies in Hermitian systems, often referred to as diabolic 
points (DPs), where eigenvectors are orthogonal even 
when the eigenvalues coalesce. EPs universally occur in 
all open physical systems (i.e., non-Hermitian) and dra-
matically affect their behavior, leading to many counter-
intuitive phenomena such as loss-induced suppression 
and revival of lasing [7, 8], single-mode lasing [9], direc-
tional and mode-selective lasing [10, 11], enhanced 
response to perturbations [11–14], unidirectional invis-
ibility [15], topological control [16, 17], and chiral perfect 
absorption [18], just to name a few.

A physical system can be brought to an EP through 
judicious engineering of the spatial and spectral distri-
bution of loss and/or gain and of the coupling among 
constituents of the physical system. Non-Hermiticity 
and the physics associated with EPs cover all physi-
cal systems which exchange energy, information, and 
mass among themselves or with their environments. In 
coupled optical waveguides and resonators, tuning the 
coupling strength between the couples with balanced 
optical gain and loss (i.e., parity-time symmetric sys-
tems) [6] and tuning the loss-imbalance of the couples 
with fixed coupling strength [7, 8] are two commonly 
used approaches to bring an optical system to an EP. 

Another approach that has recently gained more atten-
tion is controlling the coupling between the modes of 
a physical system, such as the frequency-degenerate 
clockwise (CW) and counterclockwise (CCW) modes 
in a microring resonator (MRR) or a ring laser [19]. 
This has been realized using nanotip perturbations 
[11, 15, 19], Taiji resonators (i.e., resonators with an 
S-shaped inset) [20], or off-the-chip fiber-loop mir-
rors [21]. In this paper, we use lithographically defined 
subwavelength dielectric structures, like individual 
meta-atoms in metamaterials [22, 23], etched in the 
same step as MRRs and grating couplers (see Fig.  1a, 
b). This integrated photonics approach allows us to 
precisely control the location, size, and geometry of 
the Mie scatterers, and thus the amplitude, phase and 
direction of their transmission and reflections. The Mie 
scatterers embedded in the waveguide are deep sub-
wavelength structures and designed for small reflec-
tion (symmetric shape) or deflection at a small angle 
(asymmetric shape). The energy flow is preserved in the 
guided modes, and the quality factor (Q) degradation is 
trivial compared to the nanotip perturbation method 
and Taiji resonators [20]. Here we show that having a 
Mie scatterer pair formed with one symmetric and one 
asymmetric Mie scatterer is sufficient to achieve EP or 
selected chirality in an MRR. The spatial symmetry of 
the Mie scatterer maps to the different reflection coeffi-
cients for CW and CCW modes. With the Mie scatter-
ers in place, we not only achieve EP but also coherently 
suppress backscattering in ring resonators caused by 
the fabrication resulted surface roughness of Rayleigh 
scatters.
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2  Results
The non-Hermitian system that we consider in this 
study is an MRR with two lithographically defined Mie 
scatterers whose reflection coefficients r1cw(ccw) and 
r2cw(ccw) mediate the inter-modal coupling between the 
modes [e.g., light in the CW (CCW) mode is reflected 
into the CCW (CW) mode with r1cw ( r1ccw ) due to 
the first Mie scatterer]. Three-dimensional numeri-
cal simulation provides direct correlation between the 
reflection coefficients r1cw(ccw) and the Mie scatterer 
geometry (Additional file  1: Fig. S1). For a relatively 
small depth (D = 100 nm), the phase of reflection coef-
ficients r1cw ( r1ccw ) is proportional to the notch width 
(W) [22] (D and W are marked in Fig. 1a, b). Here, this 
parameter D is carefully selected for introducing suffi-
cient reflection for EP physics studies, but not too large 

to degrade the transmission Q. The distance L between 
the Mie scatterers leads to a relative phase delay: 
�ϕ = 2πneff L/� where � denotes the wavelength of the 
laser wavelength, neff  corresponding to the effective 
index of the single mode waveguide. A Mie scatterer in 
the form of a rectangular (Fig. 1a) has symmetric scat-
tering in the sense that CW to CCW and CCW to CW 
reflection coefficients are the same (i.e., rcw = rccw ). On 
the other hand, a Mie scatterer in the form of a right 
triangle (Fig. 1b) defines an asymmetric one where CW 
to CCW scattering is different than the CCW to CW 
scattering (i.e., rcw  = rccw ). Also, our numerical studies 
with practical parameters from the literature show that 
nanofabrication resulted surface roughness in single 
mode waveguide leads to asymmetric reflection (Addi-
tional file 1: Fig. S2).

Fig. 1 Exceptional points enabled by a pair of Mie scatterers embedded in channel waveguides and resonators. a Scanning electron microscope 
(SEM) image of a channel waveguide (WG) with a lithographically defined rectangular-shaped symmetric Mie-scatterer on SOI substrate. b SEM 
image of a typical asymmetric Mie scatterer with right triangle shape. c A microring resonator (MRR) based add-drop filter with Mie scatterers. 
The Mie scatterers (a, b) defined on the ring perimeter control the non-Hermiticity and spectral degeneracy of the MRR state. Depths (D) and 
widths (W) are first chosen such that the two Mie scatterers have the same reflectance (Additional file 1: Fig. S1). Then the optical path difference 
ΔФ between the Mie scatterer pair is tuned to bring the system to an EP or DP. (d, e) A system with a pair of identical symmetric or asymmetric 
Mie scatterers leads only to a diabolic point (DP) spectral degeneracy (see Additional file 1: Section 2 for detailed derivations). f, g A combination 
of one asymmetric and one symmetric Mie scatterer or two non-identical asymmetric Mie scatterers may be tuned to create Eps (see Additional 
file 1: Section 2 for detailed derivations). The real and imaginary parts of the eigenmodes are plotted in black and blue, respectively. h Measured 
asymmetric reflection spectra (port 1 to 4 and port 2 to 3) and (i) transmission spectrum (port 1 to 3) of the add-drop filter with optimized 
geometric parameters creating an EP. The asymmetry in the reflection spectra for clockwise (CW) and counterclockwise (CCW) inputs in h suggests 
that the system is at an EP
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Our theoretical analysis shows that two embedded Mie 
scatterers provide sufficient flexibility to tune the system 
towards or away from its spectral degeneracies. Only one 
symmetric Mie scatterer is sufficient to counterbalance 
the backscattering due to fabrication induced Rayleigh 
scattering. One can write a general Hamiltonian for such 
a system (Additional file 1: Section 2):

whose complex-valued elements ǫikm describes the cou-
pling strength of the i-th notch-induced scattering into 
the same ( k = m ) or the counterpropagating ( k  = m ) 
mode. The diagonal complex elements ǫi11 and ǫi22 deter-
mine the frequency shift and the additional dissipation 
induced by the Mie scatterers to the CW and CCW 
modes, respectively. The off-diagonal elements ǫi12 and 
ǫi21 determine the Mie scatterer induced coupling 
between CW and CCW modes. Thus, without loss of 
generality, ǫ1km can be treated as real-valued 
ǫ1km = ǫ1kmr + iǫ1kmi where |ǫ1kmi| ≪ |ǫ1kmr | ) [22]. The 
eigenvalues of H2 are ω± = �0 + (χ21 + χ21)/2± ξ/2 
where ξ =

√

(χ12 − χ21)
2 + 4χ12χ21 with the corre-

sponding eigenvectors given as 
ψ± = [(χ12 − χ21 ∓ ξ)/2χ211]

T . This system has a spectral 
degeneracy for ξ = 0 which is satisfied when 
4χ12χ21 = −(χ12 − χ21)

2 . The eigenvectors associated 
with these degenerate eigenvalues are also degenerate 
and given by ψ± = [(χ12 − χ21)/2χ211]

T . Thus, the 
spectral degeneracies of H2 with ξ = 0 are indeed EPs. 
Scattering properties of the Mie scatterers that leads to 
EPs can then be obtained from ξ = 0 . Since χ12χ21 is a 
complex number 
χ12χ21 = ǫ121ǫ112 + ǫ212ǫ221 + (ǫ121ǫ212 + ǫ112ǫ221)cos�ϕ

+j(ǫ112ǫ221 − ǫ121ǫ212)sin�ϕ and (χ12 − χ21)
2 is a posi-

tive real number, we need to set Im(χ12χ21) = 0 and 
Re(χ12χ21) = −(χ12 − χ21)

2/4 . The former is satisfied 
for i) �ϕ = nπ which leads to 
(ǫ121ǫ112 + ǫ212ǫ221)− (ǫ121ǫ212 + ǫ112ǫ221) = −(χ12 − χ21)

2/4 , 
and for ii) ǫ112ǫ221 = ǫ121ǫ212 = ǫ

′ leading to 

cos�ϕ = − 1
2

(

(χ12−χ21)
2

4ǫ
′ +

ǫ2112+ǫ2212
ǫ112ǫ212

)

 . Based on the geo-

metric symmetry of Mie scatterers, we have categorized 
their combinations in four groups (Additional file 1: Sec-
tion 2). Complying with our analysis, their �ϕ dependent 
exemplary eigenvalues exhibit characteristic behavior of 
DPs and EPs. A combination of symmetric Mie scatterers 
or identical asymmetric Mie scatterers only leads to DPs 
(only eigenvalues coalesce whereas corresponding eigen-
vectors remain orthogonal) in the MRR (Fig. 1d, e), while 

(1)
H2 =

(

�0 + ǫ111 + ǫ211 ǫ112 + ǫ212e
−j�ϕ

ǫ121 + ǫ221e
j�ϕ �0 + ǫ122 + ǫ222

)

=

(

�0 + χ1 χ12

χ21 �0 + χ2

)

one symmetric one asymmetric Mie scatterer or by two 
non-identical asymmetric Mie scatterers lead to an EP 
(both eigenvalues and corresponding eigenvectors coa-
lesce), if the inter-Mie scatterer distance is properly 
adjusted (Fig. 1f, g) (Additional file 1: Section 2).

Following the theoretical analysis, we fabricated a set 
of MRRs with embedded symmetric and asymmetric 
Mie scatterers on a silicon-on-insulator (SOI) substrate 
(Fig.  1a, b). A MRR enhanced directionality is charac-
terized with an add-drop design, where the symmetric 
ports support both CW and CCW excitations (Fig. 1c). 
Light input in Port 1 (Port 2) excites the CW (CCW) 
mode, and the reflected optical powers are collected in 
Port 4 (Port 3). The high contrast between the reflec-
tions from CW and CCW excitations indicate the 
system operates near an EP (Fig. 1h). Using the trans-
mission spectra at the drop-port we have estimated the 
Q of the fabricated MRR as ~ 15,000 (Fig. 1i).

Figure  2 illustrates the design principle of the Mie 
scatterers enabled EP system. We consider the design 
is successful when intracavity field becomes chiral (i.e., 
maximal chirality is achieved when field in CW/CCW 
direction is zero while the field in the other direction 
is maximal). In order to achieve this, we used a Smith 
Chart based ‘optical impedance matching’ approach 
where EPs and hence maximal chirality occurs at the 
intersection of the trajectories of the reflection coef-
ficients of Mie scatterers constructed by tuning the 
dimensions of the Mie scatterers and the distance 
between them. At each crossing point, the effective 
reflections cancel out in the backward or the forward 
direction. With a symmetric-asymmetric pair of Mie 
scatterers, the reflection coefficient trajectories (or 
optical smith chart) change with the width W of the 
symmetric Mie scatterer and the distance L between 
the Mie scatterers (Fig.  2a). Figure  2b illustrates the 
case for two asymmetric Mie scatterers. Figures  2c, d 
show the mode-splitting ξ = �ω as a function of the 
phase relative phase of �ϕ , with W value satisfying 
impedance matching process in Fig.  2a, b. Emergence 
of EPs, identified by ξ = |�ω| = 0 and the coalesce of 
both the real and imaginary parts of the reflection �ω , 
is clearly seen.

One of the challenges in fabricating high-Q resona-
tor systems is mode-splitting arising from intermodal 
coupling, induced by the distributed nanometer-scale 
scatters formed during the waveguide etching process. 
Presence of mode-splitting implies the formation of a 
standing-wave in the resonator, and suppressing such 
inter-modal coupling can results in improved Q. In 
order to check the feasibility of our method to over-
come this challenge, we studied a resonator system 
with randomly distributed scattering centers (similar 
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to sidewall roughness which may form due to fabrica-
tion imperfections etc.) and a single symmetric Mie 
scatterer. The sidewall roughness was simulated by 
randomly distributed Rayleigh scatters whose depth σ 
ranged in the range of 5–50  nm with the correlation 
length (Lc) taken larger than 50  nm [24] (Additional 
file  1: Fig. S2).We found that EPs emerge and hence 
a transition from standing wave to traveling wave is 
established when the width W and the depth D of the 
Mie scatterer is tuned to achieve impedance matching 
between the reflections from the designed Mie scat-
terer and fabricated induced random Rayleigh scatter-
ers (Fig. 2c, f ). This finding provides a route to suppress 
inter-modal scattering by embedding judiciously 

engineered notch geometry in ring resonators. We 
note here that one can certainly use reflow techniques, 
although not all the materials can be re-flowed by heat-
ing and melting, to reduce the average size of scattering 
centers but even in such cases of small scatterers inter-
modal scattering exists and leads to mode splitting for 
high-Q resonators [25]. Also, high temperature process 
beyond 300  °C is prohibited in active silicon devices 
with doping and metal contacts, as it leads to the device 
failure.

To experimentally demonstrate the design concept, we 
fabricated a set of MRRs with same surface roughness 
levels but each with a symmetric Mie scatterer of differ-
ent width W chosen in the range 0–420  nm. The depth 

Fig. 2 Optical impedance matching towards EP. a Complex reflectivity of a Mie scatterers embedded channel waveguide with forward (rf) 
and backward (rb) excitation. The symmetric rectangular shaped Mie scatterers with dimensions D = 200 nm, W = 20 ~ 400 nm have the same rf 
(light blue solid curve) and rb (blue dashed curve). An asymmetric (right triangle) Mie scatterer with dimension D = 200 nm and W = 140 nm has 
different rf (black curve) and rb (gray). Distance L between the Mie scatterers is varied in the range L = 0 ~ λ. b Asymmetric reflectivity of a channel 
waveguide with two asymmetric (i.e., right triangle) Mie scatterers. Blue curves: DAsym’ = 160 nm, WAsym’ = 20 to 400 nm. Black and grey curves: 
DAsym = 200 nm, WAsym = 140 nm. The optical path length between the input point and the scatter varies from 0 to λ. (c,d), The real (black dashed 
curve) and imaginary (blue dots) parts of the eigenvalues versus optical path length ΔФ (c) between a symmetric and an asymmetric Mie scatterers, 
and (d) between two nonidentical asymmetric Mie scatterers. W of the symmetric Mie scatterer in c is taken as 80 nm, and that of the asymmetric 
Mie scatterer in d is taken as 240 nm. The dimensions of the Mie scatterers used in c and d are chosen from the intersection points of reflectivity 
plots in a and b. EP: exceptional point; AC: avoided crossing. e Complex reflectivity of a channel waveguide with an embedded symmetric Mie 
scatterer (red: forward scattering; blue: backward scattering) and that of a channel waveguide with surface roughness (black: forward scattering; 
gray: backward scattering). The Mie scatterer depth D is fixed at 80 nm, and its width W is varied from 20 to 400 nm. The reflectivity trajectory of 
the Mie-scatterer overlaps with the reflectivity of the channel waveguide with sidewall surface roughness ( Lc = 100 nm, σ = 10nm ) at W = 180 nm. 
Inset: Magnitude of the complex frequency splitting ±|ω| versus D of the Mie-scatterer with W = 180 nm defined on the perimeter of the MRR. EP 
emerges at D value where ±|ω| = 0 . (f ) ±|ω| versus W of the Mie-scatterer with D equals to 30 nm (black), 80 nm (red), 120 nm (blue) and 160 nm 
(light blue)
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D of the Mie scatterer was chosen as 100  nm to match 
its reflectance (Additional file  1: Fig. S1) with the one 
from the surface roughness (Additional file  1: Fig. S2). 
Figure  3a, b show the measured transmission and cor-
responding reflection spectra in the drop and add ports, 
for this set of MRRs. The geometry dependent param-
eters are extracted by fitting the coupled mode theory 
(CMT) model to the measured spectra (solid curves in 
Fig. 3a). Change in the reflection and transmission spec-
tra obtained for Mie scatterers of different W are clearly 
seen. With notch width away from EP condition, the 
absence of observable split-mode spectra in the transmis-
sion and the presence of non-zero reflection implies that 
inter-modal coupling due to surface roughness is present 
in the system. Moreover, the observation that the reso-
nances have deviated from a Lorentzian form and present 
a broadened form signals the presence of inter-modal 
coupling. This situation is completely erased for the 
Mie scatterer with W = 200  nm, which is the transmis-
sion spectrum presents a Lorentzian line shape and the 
reflection does not present a resonance and is zero. This 

corresponds to maximum rectification, which is referred 
to as the difference between the transmission and reflec-
tion spectra, implying that this Mie scatterer completely 
compensates the inter-modal scattering induced by sur-
face roughness as expected from our theoretical analysis.

Suppression of backscattering is confirmed by the 
infrared camera captures of the reflected light in port 
4 (reflection port) of the MRRs (Fig.  3c) which clearly 
show the presence of a bright spot at port 4 of the MRR 
without the meta-atom and the dark spot at port 4 of 
the MRR with the embedded meta-atom (Fig.  3d). The 
transmission (Fig.  3e) and reflection spectra (Fig.  3f ) of 
MRRs with and without the meta-atom of W = 200  nm 
shows that both MRRs have similar transmission but 
significantly differing reflection spectra. The meas-
ured Qt increases from 16,300 (W = 0  nm) to 21,300 
(W = 200 nm). Presence of reflection for the MRR with-
out the meta-atom indicates the simultaneous presence 
of both the CW and CCW light inside the resonator due 
to scatterer-induced modal coupling although this does 
not reflect itself as mode-splitting in the transmission 

Fig. 3 Experimental demonstration of suppressed reflection and improved quality factor in MRRs by engineering geometry of the Mie scatterer. 
a Transmission (T1→3) and (b) reflection spectra (R1→4) of the MRR in add-drop configuration as shown in Fig. 1 for a Mie scatterer with D = 100 nm 
and W = 80 nm, 160 nm, 200 nm, 240 nm, and 320 nm (top to bottom). The devices with different W are fabricated in the same run to make sure 
that they are affected in the same way during the fabrication (e.g., similar fabrication imperfections and sidewall roughness). R1→4 becomes zero, 
suggesting the emergence of an EP, at W = 200 nm in good agreement with the design process in Fig. 2. c Infrared camera captured top view of 
a ring resonator without and (d) with the Mie scatterer (W = 200 nm, D = 100 nm). A single mode fiber launches light through the grating coupler 
connected to port 1. The ring resonator without the Mie scatterer experiences intermodal scattering due to sidewall roughness which results in 
strong reflection signal at port 4 (reflection port), which is suppressed in d. e T1→3 and (f ) R1→4 of the MRRs shown in the c (black) and d (blue), 
respectively. Dots: experimental data. Curves: CMT fits
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spectra. Absence of reflection for the MRR with the 
Mie scatterer suggests that the system is at an EP and 
scattering from the Mie scatterer and the backscat-
tering induced by the sidewall scatterers destructively 
interfere, eliminating the CCW propagating mode. We 
found that the Mie scatterer with W = 200  nm resulted 
in minimal back-reflection, suggesting a good agreement 
with our design strategy to approach the EP degeneracy. 
By comparing to the MRR with surface roughness only, 
we estimated the reflection parameters of the Mie scat-
terer as r1b = 19.67ej(−1.14) GHz and r1f = 17.57e−j2.54 
GHz from the experimental data. Performing model fit-
ting using CMT yields radiation loss γo = 13.32 GHz (i.e., 
Qin = 78,360) and the coupling losses as 39.96  GHz for 
CW and CCW modes (Additional file 1: Section 4).

From the measured transmission spectra, we extract 
the resonance wavelengths at multiple adjacent reso-
nances separated by the free spectral range of ~ 2 nm. The 
resonance shift versus the Mie scatterer geometry almost 
the same among the three modes (Fig. 4a). Their devia-
tion from the trend (dashed curve) is attributed to the 
fabrication variation. The resonance shift is proportional 
to the W dependent diagonal element ǫ211 in Eq.  (1), 
which comes along with the tuning of off-diagonal ele-
ments. We also extracted the off-diagonal element 
( ǫ212e−j�ϕ(W) ) from the reflection spectra. The ratio of 
the reflection to the transmission at zero-detuning 
defined as |χ12| =

γt
2

√

R1→4

T1→3
 where γt is the total loss rate 

of the MRR is depicted for these modes in Fig. 4b. We see 
that |χ12| obtained for these modes are very similar to 
each other and agree well with the theoretical predicted 
dependence on W (Additional file  1: Section  3). These 
suggest that the system is not sensitive to dispersion. 

Finally, we experimentally obtained the total quality fac-
tor (Qt) from the transmission and found that it linearly 
decreases with the χ12 extracted from the measured 
reflection spectra, for the three modes mentioned above. 
Figure  4c shows the correlation between transmission 
and reflection at the resonance frequency, as a function 
of width W. The enhancement of Qt in the transmission 
spectra (1.3 times in Fig. 3e for the given Rayleigh scat-
tering and 3 times between the maximum and minimum 
in Fig. 4c) is difficult to be captured in previous studies 
which used nanotips for EP but it can be systematically 
studied in our the integrated photonic MRR. We note 
that this robustness enabled by the integrated photonic 
platform is highly desirable in EP studies [26, 27].

3  Discussion
In conclusion, we have shown that non-Hermiticity in 
optical resonators can be engineered by designing and 
lithographically patterning Mie scatterers into the reso-
nator. The amplitude and phase of the Mie scatterer’s 
reflectivity can be deterministically controlled by its D 
and W, respectively [22]. The Mie scatterers embedded in 
MRRs offer a unique low loss approach because the per-
turbed propagation vector still satisfies the total internal 
reflection for the guided modes in the resonator. This has 
not only allowed us to bring a system to an EP but also 
allowed us to go beyond the fabrication induced Rayleigh 
scattering integrated photonic high-Q MRR and micro-
disk resonators [32, 33]. Detailed performance matrix 
comparison of this predefined EP approach and the ones 
in literature is summarized in Additional file 1: Section 5.

Non-Hermicity is ubiquitous in integrated photonic 
resonators but not well formulated, neither of their 

Fig. 4 Measured dependence of diagonal and off-diagonal elements in the non-Hermitian Hamiltonian (Eq. 1) on the Mie scatterer width. a 
Resonance wavelength detuning versus the notch width W for three adjacent modes marked as λ1-3, with the incremental step of ΔW = 20 nm. 
The resonance wavelength of the modes is between 1520 and 1530 nm. b Comparison of measured and modeled (dashed curve) on-resonance 
transmission and reflection versus designed Mie scatterer width W. The grey curve is CMT mode prediction. c Total quality factor extracted from the 
transmission spectra (T1→3) versus normalized forward scattering coefficient |X12|/γt (extracted from the normalized reflection R1→4/T1→3). The grey 
triangles, blue dots and black squares are experimental data for the three adjacent modes separated by 2 nm free spectral range. The dashed grey 
curve and line in a and c are eye guiders. The grey curve in b is predicted by CMT model
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chirality [28–36]. In all the devices, the random wave-
guide sidewall roughness introduces different off-diag-
onal elements (Fig. S2) in the Hamiltonian and leads 
to unexpected mode-splitting in MRR [28, 29, 34, 35]. 
Counterintuitively, here we show that additional ‘defect’ 
of the Mie scatterer can further enhances Q (~  105) by 
suppressing the coherent backscattering. This post-tun-
ing free chiral integrated photonic system opens many 
opportunities towards EP-enhanced sensors, optome-
chanical and parametric nonlinear interactions [36, 37], 
and lasing. It also helps to build photonic structures with 
asymmetric reflection profiles and backscattering-free 
resonators for various applications such as frequency 
combs, solitons, sensing, and other nonlinear optical 
processes such as photon blockade, and regenerative 
oscillators. The lithographically defined platform enables 
deterministic control of light propagation, toward the 
exploration of EP physics coupled with parametric and 
free-carrier dynamics in silicon MRRs.

Beyond opening a new direction for chiral silicon pho-
tonics, the combined theoretical analysis and experimen-
tal results that presented in this work also advances the 
knowledge of EP [38]. First, it reveals the critical role of 
spatial asymmetry of the nanotip and Mie scatterers for 
bringing the system towards EP. Second, scatter geom-
etry-controlled pathway of driving the non-Hermitian 
system towards and away from an EP is illustrated in 
details. Third, the mechanically stable system allows reli-
able comparison between transmission and reflection 
spectra for the perturbed micro-resonator, which reveals 
the nanotip/scatter’s contribution to the diagonal terms. 
Forth, enhancement of the empirical Q extracted from 
the transmission spectra are demonstrated for the first 
time.

4  Materials and methods
4.1  Sample fabrication
The MRRs are fabricated on a SOI substrate from Soitec, 
having a 250 nm silicon layer and 3 μm buried oxide layer. 
The substrates initially undergo pre-cleaning in organic 
solvents followed by Nanostrip at 80  °C to remove any 
particulate matter or contaminants on the surface. The 
structures are patterned in AR-P-CSAR 6200.09 positive 
E-beam resist (thickness: ~ 275 nm) by Vistec EBPG5200 
electron beam lithography system with 100  kV accel-
eration voltage. A base dosage is adjusted to be ~ 120 
µc2/cm2 for the multi-pass writing to minimize the field 
stitching error, followed by a proper proximity effect cor-
rection. During the electron beam lithography, a ring 
waveguide is broken down into a polygon path, resulting 
in different number of actual exposure dots around the 

path. The pattern is developed using AR-600-546 devel-
oper solution. Our chip is then etched by inductively 
coupled plasma (ICP) Etching tool using Fluorine-based 
chemistry, in which Sulfur hexafluoride  (SF6) gas is used 
to mainly etch the silicon while Octafluorocyclobutane 
 (C4F8) gas is carefully adjusted with respect to  SF6 gas for 
the passivation during etching, preventing a thin E-beam 
resist erosion  (C4F8:SF6 = 1:1). An intermittent plasma 
asher step is performed to remove any residual resist. 
A 0.3  mµ thick silicon dioxide is deposited by plasma 
enhanced chemical vapor deposition (PECVD) at 300 °C 
and 1.4  Torr pressure using silane  (SiH4) and Nitrous 
oxide  (N2O) as precursor gases.

4.2  Optical measurements
A tunable laser in telecommunication C band sends the 
TE polarized light to the on-chip grating coupler through 
a polarization controller. The output power is monitored 
by a Newport InGaAs photodiode (818-IG-L-FC/DB) 
and an optical power meter (1830-R-GPIB).

4.3  Numerical simulations
A three-dimensional finite-difference-time-domain (3D 
FDTD) method simulates the optical field distribution, 
transmission, and reflection coefficients. The conformal 
mesh with spatial resolution less than 1/10 of the local 
feature size is applied for FDTD simulation.
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