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Fig. 1 Structural diagram of PCN-MRR. (a) Top view; (b) cross-sectional view; (¢) one-dimensional photonic crystal nanobeam cavity
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Fig. 2 Voltage and effective refractive index corresponding to different Fermi energy levels. (a) Voltage; (b) effective refractive index
(inset is the TE mode electric field distribution at E,=0.55 eV, A= 1550 nm)

TP T IR s 1) 3 I O A
L= mA., (5)

o ORI IR B B K L = 2xR s nue A I TR
m(m=1,2,3, ) WIEREE A WIETRIE K . WX
(5) TR AT AR 3], B0 08 R I 0l IR Dk K 32 B AR Y
GESS

7E 2% 8 PCN i A MRR [ PN 35 45 #E 22 I S A
WRERFTIE R, EIT 200 AT DA N AR R R o FH o) FI
a, 2k 7% PCN 2 Al MRR i 4z B 37 IR I8 B9 15 450 % iE
B0 o, B, AT LA TR

d ) .
dil :(7]60] — 51— K)a +](A1++A27) x/;+

szaz, (6)
da,
ds

A5, Fls, i PCN JEE A1 MRR B9 [ A 546 5 10, F1 1, 53
S PCN 5 B i 5 &% PCN 5 MRR 9884 250
w, Al w, 53 5k PCN B AT MRR (1 18 3% 5 % ; A,
AL B Sk N i B O R RSO B IR R S AL
A, 0 ke B H s B4 O R R B AR . R
REMHA, =0(FEFRRE T 2RISR,
AP =A Fidea WA, =A, +iJeia, R&E
H PCN-MRR A R G A B G R R AN

2

=(—jw, = s,)a, T jroay, (7)

A2+
.
- [l —w)F 5]k 2
[ — o)+ s+ ][ (@, — o)+ s, ]+ &7 |

(8)

3 HIRHT
T Ay M2 EIT 00 ) 72 A2 TR A, R i = 4 B 3
A 2% (3D-FDTD) B L H T HA PCN, H A

MRR Fl PCN-MRR 4544 #4355 618 . 15 Bad v 7
Ty 2 I A R 5E A Wi i B A (PMIL) | ik

FH 35 IS 40 0 ks 3 A TE B OGR4l 3(a) i
L, U3 5% o PCN I Y38 516, I 3(b) HhaT
PIREZF], LA PCON i sl R B T8 8T — X A i -,
AR A s p . 8] 3(a) 88 25 15 BT 9 MRR
A8 B 6 TE , #F 1594, 38 nm Ak B T 0 0m AU IR L A
[ 3Cc) v ] LLBH f2 Mo 75t fE fr 32 22 53 A 7E O 1S AR
Ji 1 B g v, OF HLBSOR IS iR B AT 5 A Bk B AR
A, AT O G A A AN AR SO T R 3(a)
a.b.c =AM (Forba b e = s AR I K 5
W24 1593. 85 nm . 1595. 75 nm . 1597. 08 nm) , &[4 4 JiF
o FldCa)~Cc) B RF N a b b sl ¢ &AL i L 3 4y
A B A Ca) AL 4Ce) H e A 32 B2 4E 78 T I8 IR s
W, TE A S I O 2 R, 32 A S A T e Y
B 3Ca) i mT LA Y, a s R o A i) A o o 4 L I A
A MRR 8 5 35 2 A8 L, T 5B 40 A AR L. 7
K 4(b) B far 78 PCN I FIT MRR H A 4345, X 2 A
KSR T R PON B, 4R 5 oL i A,
A A2 PON s ) 42 3 % T 55 MRR . A& 4(d)
T LB a s o s B A SE A A TR] GO TR 7
% 4(d)Hr 1593. 85 nm 1 1597. 08 nm 4k () 48 137 23 51 Ky
8.2n F1 7.9, 7E PCN 5 MRR 4L & 254, i T
se BE LRI SRR A AR BME T R A TR EIT
BN, HL % B 6 EE B o0 A7 F 1594, 18 nm 4k, 5 i A5
3 IR iR I 1 A — 3

ZE EIT %007 i Hr AL AT LU = RE R T R Ge ok
fife B . FH PCN-MRR &5k 26 e = REHR F R 4,
TE W T P B D B 32 BT RT3, T LK LR
FEA0) . Mot H I EA, 5 PON B8 IR I KA 3
NG A R A e SO R 7E PON i 5 10k 5 =z fa) 7= Ak
T — %t R TR S s A, T LUK LA S R &
[1). HF PCNJEHM MRR BB & AL #8411 PCN
Ji o % MRR, K MRR AE 8 85 485 28, BF DL AT DL
MRR BEE TR Z&2) . K EIT R0k A =X R GT
) P A e ST () A T 2RO H R 5 3 BH AU Y = RE Y

2223003-3



Transmission

—— MRR)|

a ¢ —PCN-MRR

0.
1585 1590 1595 1600 1605
Wavelength /nm

&5 43 % % 22 H1/2023 £ 11 B /%3340

P03 AN () &5 K X6 R 1) 25 S5 1 TR 33 14 & () 35 3 1% 5 (D) PCN (9 L 3 141 5 (¢ )MIRR (1) HiL 375 4]
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diagram of PCN cavity; (c) electric field diagram of MRR
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Table 1 Performance comparison of different devices

Reference Structure Material Group delay /ps  Group index ~ Modulation depth /%

Ref. [14] MR-MSR Graphene 1.47 400 75

Ref. [28] CRS-VSRR-HSRR Graphene and silver 4.47 — 94. 39

Ref. [29] SRR Graphene 1.57 — 90

Ref. [30] CW-SRRs Si and graphene 5.72 — 95

Ref. [33] MRRs Si and graphene — — 90

Proposed PCN-MRR Siand graphene 7.1 895 55
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Abstract

Objective

group delay in optical communication, the EIT effect has been widely studied in recent years. To improve the group delay

With the application potential of dynamic tunability of electromagnetically induced transparency (EIT) effect

performance, we propose a structure of nanobeam cavity-coupled microring resonator. Meanwhile, to realize its
application value through EIT effect regulation, we integrate two layers of graphene into the microring resonator structure
assisted by the one-dimensional photonic crystal nanobeam cavity, and the active EIT effect regulation is achieved by
adjusting the Fermi level of graphene. During changing the Fermi level of graphene, the active regulation of its group
delay is also realized. Additionally, since the harsh experimental conditions such as extremely low experimental
temperature, high-intensity light source, and huge experimental equipment should be met to achieve EIT in the quantum
field, EIT development is greatly limited. With the development of photonics, realizing the EIT effect in photonics will

avoid harsh experimental conditions and accelerate the research on the EIT effect. Whether the EIT effect can be realized
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in a simple and compact device is a problem worth studying.

Methods There are two main research methods employed in this thesis, including the finite difference time domain
(FDTD) method and the three-level atomic system research method. The three-level atomic system research method is the
theoretical physical mechanism analysis of the EIT effect in the device. In the proposed system, the nanobeam and the
microring resonator are the bright mode and dark mode respectively. In the three-level atomic system, the bright mode is
considered the excited state, the dark mode is the metastable state, and the incident wave without any excitation is the
ground state. The EIT effect arises from the mutual excitation between the three energy levels, which are direct and
indirect. Since the phase difference occurs when there are transitions among different energy levels, the phase difference
between direct and indirect excitation is ©. This can be verified from Fig. 4, and the FDTD method is adopted to simulate
the device. The main performance is the simulation of the output line type of the EIT effect when the Fermi level of
graphene is changed. Additionally, the influence of microring radius and coupling distance on the EIT effect is simulated ,
and the switching regulation of the EIT effect is realized by changing the microring radius and coupling distance. Finally,
the FDTD method is utilized to simulate the sensing characteristics and slow light effect of the proposed structure. In the

study of the slow light effect, the Fermi energy level change of graphene realizes the group delay regulation.

Results and Discussions In this thesis, the coupling structure of a one-dimensional photonic crystal nanobeam cavity and
a slot-type microring resonator is adopted, and two layers of graphene are integrated into the microring resonator (Fig. 1).
The nanobeam cavity and the microring resonator are coupled as the bright mode and dark mode through near-field
coupling, and destructive interference occurs to result in EIT effect. The bright mode in the nanobeam cavity is
continuous, while that in the microring resonator is discrete (Fig. 3). By changing the Fermi level of graphene, the
switching regulation of the transparent window can be realized in Fig. 6, and the Fermi level change also realizes the
regulation of group delay regulation in Fig. 10. Equation (1) indicates that the increasing Fermi level of graphene leads to
rising graphene conductivity and metallicity. Meanwhile, Fig. 2(b) reveals that when the Fermi level of graphene
increases, the graphene loss decreases. These are the reasons for regulating the transparent window switch. In this thesis,
when explaining the physical mechanism of the EIT effect, the three-level atomic system theory is introduced to take
incident light, nanobeam cavity, and microring resonator as ground state, excited state, and metastable state respectively.
In changing the coupling distance and radius of the microring resonator, the switching regulation of the transparent window
is also realized (Fig. 8). because under the increased coupling distance, the near-field coupling between the nanobeam
cavity and the microring resonator will not occur, which will close the transparent window. Equation (4) indicates that the
radius 1s small, the microring resonator wavelength does not resonate between 1515 nm and 1525 nm, and the incident

wave can only excite the bright mode, with the closed window.

Conclusions We propose a coupling system between the nanobeam cavity and microring resonator, which produces an
EIT-like effect due to near-field coupling between bright and dark modes and destructive interference. In this thesis, the
three-level atomic system combined with the photonic crystal nanobeam cavity assisted microring resonator (PCN-MRR)
structure is adopted to explain the physical mechanism of the EIT-like effect. Additionally, a numerical EIT effect model
is built with the internal losses of the structure only considered. While regulating the EIT effect, this thesis realizes the
dynamic tuning of the EIT effect by integrating two layers of graphene into the microring resonator. The three-dimensional
finite difference time domain (3D-FDTD) simulation shows that the change of graphene Fermi level can complete the on-
off regulation of the EIT effect at a specific resonant wavelength, and the position of the EIT-like window does not change
with the Fermi level. The electric field distribution further shows that the graphene metallicity change plays a key role in
EIT effect control. Finally, our research on sensing characteristics and delay characteristics of the structure shows that the
sensitivity is 614. 4 nm/RIU and the factor of quality (FOM) is 370. 8, with a group delay of 7. 1 ps and a group index as

high as 895. Thus, it has application prospects in the sensing field and the research on slow optical devices.

Key words electromagnetically induced transparency; nanobeam cavity; microring resonator; graphene; integrated optics
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