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THESIS : Integrated Broadband Photonics Devices Based on Conformal
Transformation

SPECIALIZATION: Physics

POSTGRADUATE: Chunyu Huang

MENTOR: Professor Hui Liu

Abstract

Integrated nonlinear photonic devices are important in modern optical
communications, and it is crucial to achieve broadband properties in high-speed optical
communications. Proposed methods encompass various approaches such as group
velocity dispersion engineering, zero-refractive index waveguides, microcavity
resonators. However, these approaches often rely heavily on specific materials or
produce broadband spectra that lack strict continuity. Additionally, limitations
stemming from manufacture technology, such as the polarization process of
ferroelectric domains, further complicate device design. As a consequence, there
persists a notable absence of a universal methodology for the chip-based design of such
devices in the academic realm. Conformal transformation optics (CTO) is a prominent
research focus on novel optical phenomenon in recent years. By appropriately adjusting
the permittivity and permeability in space and time, electromagnetic wave propagation
can be manipulated arbitrarily. Transformation optics have many applications,
including cloaking, optical analogy, and perfect lens imaging. However, all these
studies are focused on the applications in classical linear optics, none of them consider
its applications in nonlinear optics and quantum optics. This paper explores a general
approach for broadband integrated photonics devices based on the conformal

transformation optics. The main contributions include the following aspects:

1. We established a conformal mapping approach for gradient-curved waveguides,

which converts arbitrarily curved waveguides with varying radii into straight

il



Abstract

waveguides with a certain refractive index distribution. Through comparative analysis
of mode and momentum evolution in straight waveguides and curved waveguides with
fixed radii, we demonstrated the potential applications of such gradient-curved
waveguides in nonlinear photonics devices. Additionally, based on this theoretical
model, we demonstrated the effectiveness this conformal mapping, providing

fundamental theoretical method for subsequent experimental work.

2. We proposed and demonstrated a novel on-chip broadband nonlinear photonics
device design strategy based on CTO. Through this approach, a novel curved
accelerating waveguide (CAW) with gradient curvature was designed and fabricated.
We established a theoretical model of second-order nonlinear transformation optics in
the CAW, providing in-depth analysis of the physical mechanism behind broadband
nonlinear frequency conversion. By applying the theoretical model to analyze and
compute the sum-frequency generation process in CAW that fabricated on lithium
niobate on insulator (LNOI), we obtained the relationship between bandwidth and
acceleration parameter. In experiments, we combine a camera and a spectrometer as
optical test systems, we tested the broadband frequency up-conversion and the results

perfectly match theoretical expectations.

3. By using the universal strategy based on CTO, we have demonstrated a novel
method for generating broadband entangled photon sources on-chip. Through this
strategy, we designed and fabricated a series of snake-shaped silicon-on-insulator (SOI)
waveguides and experimentally validated the potential of this approach to realize on-
chip broadband time-frequency entangled photon sources. The experimental results
indicate that by adjusting the acceleration parameter, entangled photon pairs of arbitrary
bandwidth can be generated. A comparison with traditional straight waveguides further
confirms the advantages of snake waveguides in integrated broadband nonlinear optics

and quantum optics.

In results, we not only demonstrate a universal approach for designing broadband
on-chip nonlinear photonics devices based on CTO but also validate its universality and

effectiveness by implementing experimental results on LNOI for broadband near-
iv



Abstract

infrared photon frequency upconversion detectors and on SOI for broadband entangled
photon sources. This method is not only applicable to the two material platforms and
on-chip photon devices mentioned in this paper but can also be applied in the future to
design broadband infrared sources, multi-wavelength frequency amplifiers, modulators,
detectors, and other devices in different materials such as silicon nitride, silicon carbide,

and chalcogenide glasses.

Keywords: photonics chip, integrated broadband nonlinear photonics device,

integrated broadband quantum light source, conformal transformation optics






H =

B ettt [
A DS ACT ..o e e e e e e e r e ————————aa——— iii
B B oo ettt 1
IR = O 1
I 0 a7 122 TR 3
L2 L B ettt ettt ettt e 3
RIS L L <SR 7

BRI\ st co As¥5 i cpaat=aa =N ] VA = = DO 11
L3 L BT T T0 oo, 11

1.3.2 25 I Z 28U FFIRE I oo 15

R TCI AT S s a1 1 % s OO 21

O N A 0 B SO 29
Fom T HIEEE HIE FHIEIE T, 39
0 U1 =TT ST S ORISR 39
2.2 [H B AR M ST AR B IR LRI e 41
221 S B S A B, 42

I b B ke s T 51 o B 43

2.2.3 2 S A B B ZI A oot 44

PRI AN A e el O E |2 il =S U 45
2.4 HE S U G T AE TR oot 47
I = NS SO RT TP S PSP PR 51
2 a | NSRS 53
B RTINS T AE R M T 56
K0 =1 =TSSR O USSP SRRSO 56
3.2 Wt A BEEE M R AR S M SRR TV 60
3.3 MIEZS IR S A B TE B INZE GBI oo 64
3.4 NS I S R B I et 71
3.5 IR Hh R G B AT SR cooceeeee e 72
36 ZREE /NG ettt ettt 76
v | NSRS 78
LR S e o A L = 95,00l 1 20 2 - - SO 82
AL G oottt ettt 82
4.2 T T G T AR 71 oot 86
4.3 WETE SO U T A B T DU VRTRIT .ot 90
4.4 0T SOT VT A B 55 7 28 B IUVB VAT .o 94
4.5 W SOT ¥ 5 7 i 5 5 B R DU VR ARAT & 6 T B 96
B.6 ZREEIINGE oottt ettt 99

Vi



B TUHR v

FIE BEERRE s

el e] e i

Vii



HoE Al

B—E &R

L IHRAER

1865 4, ZZ i (Maxwel) &AL 24 (1], HFHIET &7
FREATUE T BB AEAE . M)E, HBE IR T 20, I HIRZImE AT
(R AE, BTSSR IEE AT HURIIE A o 1 —FhRe Bk 0l e, ek
RS B HEAE . B, Wl o i # 6 am AR B — AN ]
(I FE R A

W, T T RR AL AR R, TEAN [ ALRR R T B A AR,
FEANE] (A )t LA R S 1R A FL 6 B e IG5 2% o T8 i R PT DA SR A R A
HL W A S 3 B, NIRRT CLSEBIN G AT ST, M v, AR
POl AR AT S il 00 . AR, i T BRI SEIR EOR AN e, A
R — B[R] Y, ARG BT T — ELAR AR HOR B0 LA 1999 £E [2], Pendry
NIRRT AR RE, RS B AR VRIS A
S UABSCEL, BEm A T A i . BRI, AT RS IR A BT A 205k
R A RRL, I T R AR A A R H R AR T, B S 3
H[3, 4]0 AR R, 38 I AR A 1) B s KSR RO LB e o AN S5 0 T 2R e
HUREWS SEUUH N, 1 AT RE - Sk b, ANC @i @ isplaks 17— L A 5
Rk REIIRFIR B 1 [5-7]. PO F T, LRI Bl S ek 2 W TR AT,
i BAE W PR A PR, BT RS EE . AR IO DX 7 T R
FERRBE T A RCTE [8, 9]. ARHOG DR AR AR e I BRI Hh Xk,
A LA RIS AR AR 22 T RS HUHE BORTRE 355, AT T2 v R R A i o AR 4016 2
BATT 2 KN E, AAEZRIE e A4, W 78 T AT 1 325 Rt
WEFCEATBE AR BB 5 &R [10-16]0 1Z7VAIEHEE TR R EER
[17-21]. 5E3EHE R DAL E il I 2 RN [22-24)55 90K b4t AATikis
FARBICETTIRSRBL T 2 M SR eas i [25-32], S 1 OGS AR RIS B Ak



HoE Al

BRE S MBS -

F I3, B AR BAEAE BRI G A LR I T H AR kAL,
BEROGT FIEZ BB ) E [33-37]. TSR BN —FE UL ot
AL F, EIEME . THE. R BT SR A . LT A
Wb At 5 T BN AL kL KA TERIBE T [38-43); AR TE AL,
T A BT EALEE B4R 7, A R EFEIRAER
RIGRFTE F1 [44-511; B6Ah, SETEIERESEHlm REUE . @i A
A, AT BRI RR . JeE R, TR ETAGTT Ot O IE
HARIIRE . mRmemrs s, AR R IR BEEMEL filid T2 MERBAR
MIAWTEED, 678 AR 4RS8Oy BT — RS B EOR I ZE AR A% o 2 G 0 5
AT R i s R BE 2% W] e

Je TR BOEE 2 AN EREE S, BUPUEAZhE . MR SRS LK
TR, BURGRAE RSN AN EEE R, TR 98 R s
ERMDEAE A B E . ERHE S A EME RN HER [40,52-54]. FEHE XL
Yo AL R FEAE B A B KM H s 755K, 58 RV 0 fa R AWt sE T, 61
O Jr it L2 BRI 5 08 o SR 0058 i 0t 1 a1 AN RE NS SELBE i ) K dfe A%
B, AERESCRFERAE B BEER . X0 T SCBLRIEm A, =i KEdE )
B S5 R E B A PR Y 220G E 2L SR RO T A A B B i AR AR O AR R
EOBUR. A b i dgE . A BRI RS A T EE N I ME. BN, BEEET
WAE AR R R, s R O R VSR TE BACER SR AL 1 s B A
Bhitio DI, eyl R E R R 98, LA AL A RURSRAE B BRI
KIET R, FRHER R AR

FRLRIE NG T AL T8 7 TR O R A . XA AR SEEDE
TR AR IR e . SRR, JCBERAES, AIMSEBDLE 5 RIS
AR, KKRFE TR DR A5 [55,56]. FE&MGTE 1AM
RENS SCHL R RO R ATR U, BRG] 88 SRS, il fE i
BT RS S AL B IIRE . B R ARV S R A R B AL B R Tt
S bt B R S B0 F TR E R OGN AR S IR AR



B Gk

[44-49, 571, [AIL, dnfefSEI R b 5E s B3R T8l o 1 SRR Tl
TR AT A A A e ) B ) . R, B AR — e R T T R B A K
T REE BT MR A B AR AR 2R M AR, BEA =R BE A (5 5 A A I AL,
2 B EK 2 PR 2, B0 NS B R W v, 7R Sk s (R A, 5

(a) Ya (b)

¥y A v
I_/‘-" \\‘ u

B 1.1 BR8], (a) WIHLE R R R AR &R T 1%
e (b) ISR, Jelpfefkigi byt .

T B AR R R DA S0 AR . AL, HETUR &/ Sk —Fid
BT 77 SRS BE 717 AR LR e T4 AR, Bhipi A2 H s K A 7R oK 223X — il AL,
FATR M 13T AHOC AR & 7%, WU TR R G ASFFEZ
R AFEEB TR R B e AR M T A

1. 2 W FEEH BN H
1.2. 1 ¥y

AL A — B S AR, DR AR BT E 5 2 R AR B AR Al
gha, MNIMTSEBLE T G 1 H . 3 B ARl i a1 s A1 A e,
A2 R L e A A Dy g B0 L AT T, AT ) P Al R AR R R A 28 S 1 S it
N P SR S BN PR 3 RS A 4% ) R 5 o 3 K AR AR AR B i LA 5 2 e 4
“RMC BIRTRHR LR S E R, i ol UG BUAS R AR b 28R [ U ORIl 525 14 73
Ao W 1.1, E@)H e, y)Bhr R N EDGZEONEZ, TEI(b)ZH TS B, v)
ARKR AR T OGER, IXANARAR T DO LR . X PRME DL T, EATI R R Z 5

3



HoE Al

Wb R BA M FERE S, DA AARR 2 I AR AR AR 46 WA AR A L B 5 R 1
Ao FEF UG, NATTRT DRSS 75 55065 o o HORIE 3 5 AT v AN I, AT
AR LTI PR A T AR o AR O S (N A% o W 2 2 8 T AR AR AR R ST A 36 O P
O, AR EAE B P MBS AR AN ROR 5 AE AL S8 10 2 213 S SRR i IR AR AN 2K
RABIRATE, ANITBETE S8 R AR TR A a8, ) DARIR SEL I ks
S TR SERE. PURKESEHAIF LA N HMMERIILE.

WATFAIE, S Firh 22 el F TR AR R AR R TR LS O,

OH
VXE=—upy s

(1.1)

OE
VXH:‘EEOE'

Horbe, wirilZFRonar i BIADE r fU R ORI 35 . feguesar, SIS HRE
BSIN T, R B ORI 3 AT AT W B AR Ot 2 YR AT, L AR FR AR
e, A R AU 3 3R] B — A HoAT 2 R A6 L 1) R 2

Lx, y, 22N EARER R, A T AL R R FHu(x, v, 2), v(x,y,2), w(x,y, z)
Fone JFAMR R NI EE, HUL R A HU 8 B -3 28 A2 55 AL s 2R
NERAE, H', €, p'o WREZE I H I RAMEAF ALY R TR, W%
WAl bR 2 I 22 s 7 R R

, , OH'
VXE =—u'yy T
(1.2)
, , OE'
VXH =¢'sg FTE
R R T, FE& SRS 8, u' L.
. AeAT
&u = m,
(1.3)
AuAT

b = det(A)



B Gk

SEok, Ay = SELT I A R 3R B O LR . B AR 5 O

e URRN: E' =E/ANT, H = H/AT. 2k, fEVIEZ (x,y, 2) AL,

P8 AR AT B T —NE A (w, v, w) . B ERTH LA AKX 1.3 B4
BHCE B8], JefER R LSRR B 2ol & 5 22 18] P AR R 2 A ). R,
BRI S ) 2% 96 A2 DA_E 2R AR AORDRE, b mT LS AN 2 1) A1 A R D e A% 4
Wt UL, HEER S S T AT 26 H i AL 25 I 22 % s R VR R A AR TR
I ey ap g S SIIRSES ] T kol s B R AL

BT FRAR g, ATLMS RIS TR, WA 1.2(a), EOFMCHKIESR
AN B R AR ) X, 2B I i X, AN EE EAALE, TRITEN

Kl 1.2 R AR AR SEELR B -2 R R B8] (a) i e
Blo HA s A bric 804025 iy 25385043, B EARIC IS SRR fa & X
. (b= HErRER.

M POE LR, s OARC R, 2O M RS IC RIS 7 S S
PRI 5 N7 AR [F 7 e . X TR tbmid 2 RN, Brdis
NFDCEIFEA R AR, BIIZ X T NGOG 2eFa 5 o HE) 3 =4
ARG, QR AL 2 20(1L3) IR RS s tbric 25 s ra], A0 A AATTst
BERSSCHLIN R 1.2(b) FromBE S XId. ek Ay = 4Efa 5 3 5%, Hgit 5
BAR: HR D RRNR, I ERIB X IS A6 N AINA MR, WARNR, X I %
'y 0y @ ARG HIE AR R, FEBRAADR R T, AR R A (A A AR S ) A 1]
A2 LU T R A



HoE Al

R, —R
r' = ZR 17’+R1,
2

(1.4)
0'=6, ¢ =¢p.
RO F B, ATLF B BTG AAR R (1, 0, @) BIFTALIR R (1, 6, @ ) HIHE TE
HEAR o o«

(R, — Ry

R, 0 0
_ r(R; — Ry)

A= 0 m 0 o (1.5)

0 r(R; — Ry)

Rz(r - Rl)'

AT 5T LS .
_ r?(R, — Ry)®

W =T Ry (1.6)

RltG, fEFTABAR R T, BB 3R b i) sl 2 5075 20 2 «

[ R2 (T - R1>2 0 0
R2 - Rl r
R
e =y = 0 - o | (1.7)
R, — Ry ’

R,

0 0
R, — Ry

b SR ON2E FAR Ot A B B B B S S AR T 20 2 K RS HL, eI
skEIEATTLLE , MPRHR 205 2 % A R R AN S0, 0 T SEbRse i - 4E 5
H, FRARAERIRBL (BIUne] WOt HAME) . BAKUL, AR i
TR 86 3 5 2 5 2% OB 3 3R A WU R A s BRI S B (9 SEBR S I RAT — %€
IBRARTE o 173 AL R AR AL U BRAS 1 SN TR ESEE AT BASKILAE AR 2
SIS R FEPERI A BB DG g o 8 IR BUES R AR B A Ky
%, A BRI AR R B A g Rk F A 5T, T LSRR B AR B
BT as i, iRl 5 L, XoR 7IVBARMAE 2 DR d it P E
RIEH . TR, FATRENFIGEA IO A 8, LS RGBS & 1 ikt
JEHE



B Gk

1. 2. 2 #FERBF

2006 4E, (Science) HATIZETIE Pendry % (A8 H e SRS I AR [8], H
T T Leonhardt #{3# ML HOL LI [9]. SAHL M3 b 7 2l
IR E R AR, LR AR O 20k B Z I8 EE 2% (Helmboltz) 77 FEAE LA i id 72
AR TE . IRA I R A A, R E B A J L i — e HoR, H
TR — A G ) 55— NP, R R R R . SR, o — R
TEARHe R ORFE /N T 3R (1A T8 55 /N D BT AR A0 A FE RIS o 5 DL IR ST B 4
LML (UPPRe . e . AR ORI RIESE ) 7 N B4 (Mobius 28 #)
fERT BB M AT R B0 B S e B, I nde ek i, W R . = ek sk
G Ao XA M T B  PE TOEAERCE . A IR A
JZ BRI, BT AT S T A B . SR L A ) AR
o, ARSCHE B ISR AS B AL R B T R

(b)

B 1.3 R E R FOR R E[9]: (a) X TFAEMz = x + iy, BOKE
B CHRIZ, 4. GAMELD MLk, i, aZARERMDE
L5 BIBRRICRILAIB G, FADIERE RN . SEREERRMEL
B 5 BB ARRNSCRILARE, TR UTE R 7 M 4kLL M i ek, (b) X T
Flw =u+iv, ETFWANIRRESM, BEARRLHIL, Wk, 2L
MLy Tk . Hdr, BERMSLMREBIICLEH S5 BENEN
TEILANE, £ LRSMmMNERE. 2OREILLS BERERSZHL
IS, M ERSMHEANDTRSM.

W 1.3 FiR, fE—AN % ] RIPER A5 A, SRR ol —ANMENT R w = £(2)
Mz = x + iy [ IS Blw = u + ivaSiE, W2 WK 1.3 85K 1.3(b).
2 FEAE Y (x, y) PTG AR 8RR, N RT S R AT Rom i = n(x, y) . X

7



HoE Al

THEE I (Transverse Electric, TE), 7E i~ [ AL #&0 & 10 2 WRHEE 25 7 %
A PARIR A

W2
(vg + —2n§>E =0,
¢ (1.8)

RS AR I, AR

dw du o0v dv  du

f(Z)=E=a+la=@—l@° (1.9)

MRS Ew = p+ ivd, p=uly), v=rvxy), 7350 y) LR
. MRIAIEELE %4 (Cauchy-Riemann, C-R £5f4) A4l
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