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Research Progresses of Refractive Index Sensing Based on Silicon-on-Insulator Microring Resonators

XU Yameng, KONG Mei

(Department of Information Science and Technology, School of Science, Changchun

University of Science and Technology, Changchun 130022, CHN)

Abstract; On-chip refractive index sensing has broad application prospects in the fields of
safety inspection, environmental monitoring, health diagnosis, food supervision, etc. Currently,
the microring resonator refractive index sensor based on silicon-on-insulator platform has become
a research hot spot due to its capacities on miniaturization and integration. In this paper, its
principles are introduced firstly, and then, the latest research progresses in and abroad are sorted
out according to the principles of detection, and also the advantages and disadvantages are
analyzed and summarized simultaneously. Finally, the existing problems and future development

trends of refractive index sensing based on silicon-on-insulator microring resonators are

discussed.
Key words:

resonance; envelope spectrum sensing

0 5l&

2 SR ARA g # 8l [ 520 2= 4t A B A 7 b
A AR AR AR IR EE W BT R
i B T AR AT A FLR N T R .
TIAE NS AL o D AR IR R BE E 48 R R R AR R
AREY K R H il B & 1F HA 2540 B8 03l £ D
By eids . B T T2 5 BUA (ol T2 M AR

75 B H9:2020—04—24.
BEEWB :EHXAARE=ELTH(61905022).
*EEEE AL E-mail: kongmei@-cust. edu. cn

microring resonator; waveguide devices; refractive index sensing; Fano

R, R AR R b A% IR e b O B AR R A 3
R , fE B AR 32 3 T T2 R0

A 355 00 T3 1 4T S 3 T 4 DG % A% SRR
Zim, AT DB 42 i [R) 422 M Sz il J ) A 855 9 S5 %) I
FARAS o 37 S 238 A% 8% BRI 7 S5 2% ok i ) ) Pl 2 358
%ﬁmﬁwoﬁﬁi@EﬁT%Mmﬁmﬁﬁﬁ%
RALIFNERE Y LR AR, B RO TR A R
14 40 S BT S5 23R %) A8 ARG B R L . 7 4R o A% R R A
JEE TN ¥ T TR DT BB A% 0 HARTE 51, Bl Sk 5
P15 R AL T AT TAEAR WO B . 76 A 2 hk 3
R O R R SR A 4 A T B SR H AR 3

e 455 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

T 55 AT B 1 1) v SRR B AT R I R 34 T
Tk FE RO S iR A S A

SR, T 37 59 38 A% 8% 1 T 2R 08 IR 45 A0 1T I 1=
A JE R AR N 5 T D S RS BT e A Y & R R A
B0, O A7 438 5200 B BRI R g 1L R O A
10" nm/RIU(Refractive Index Unit) & %, {H = 1%
JER R A A R — T S AR BT B L T R R4
1077 RIU B, A7 0F 55 12 308 4 ek 2L 3 B R
A& A I RTINS B 4 98 22 1 RIU, {H b s % Jak
REE TN 10° nm/RIU 8267, 33 78 52 by i
HA 2 ol — S ) R, S TV YRR AR A R I 4 o ok
U AT 5 3 5 1 0 R )R R R I A O IR
DAF 57 2 B AR 00 4 o A B i /N T 9k 5353 » 3 ol 75
P 9 R AL BGE TR W I S G R AL R
o7 FH 0ok 0 0 L I 4 B S % AR Ak T g
TN T B A A R R DR T LR T )
JR i AR A A B . (ELR L A R 5 AR S T e
() B 7 53 % 2 3 K, e B 0 AT I Y L,
LA A 8], FL AT S 3R R bl P Ok A 56 il o T (R
Pr 6 A5 75 0 T3 AR R S 4 S A SR AL
72 H S SRR 1 AT, 22 A R Tk L P
BN /NE 10 RIU 9%, i [F o KPP i 4
L Gt AR B Tk B Pr i 22wk 10 RIU
WY, AUA R AR S FE T R T Y AT G R
IR B 2 AN R T A2 28 % 2R [ K R R SR Y
BR . LR L PTIR  RE L GO AR AR R AT A R i 4R
IR I 5 R AL SR 2 — L W 5T HL A S R gl A el
PR B R e e B T A E X

IR €28 £ ai R/ Y e e

L 7Y % e 2R R U AR A A o A AR R A P 1 i
N o il ORI IR A TR A — B il i = A —
ANHE Y e AL R A B A5 B L B T LA OR

E, t K E,
[E‘j [Kx Zx} {EJ v
Ko E\ Ey.E, 1 E, RmR4&MEMCT IR
B e S PRBE A MBS R B e RIS SRR A R
B DXCEHUAE W EA T 2 LT A&
| % |+] «* [=1 (2)
U A PR 5 A i 1) A o G HE T B 18 S
P DG TE SR b A i — R R DL R 085G & N
E., =a’E,, ()]

* 456 -

Horp o AABRIRELHE T, 0 =2nn,L/X, NG
I — A B AL S S e SR R0BR U 5 1 A 80HT S0
L=2xR NMA K, R HHH LT A, EES T
MK .

i1 2 (1) ~ (3) AT A5 B B 1) 4% i R A5
E.|* t* +a® — 2atcos 0
E. 14 a®t® — 2atcos 0

MRYEIROE E A R B e MR IEAZ N T o
MR A LU ORI S RS I R AR >
OJERFER =) M A S ¢ <<a). WHREI
TG SRR IR IR VAL 156 3735 3 R R R ORI
ek B ok,

XF T fE SR I IR A8 R U, 2O TE H AL
S G A7 AE T IO I 008 A L 463 3 B A JR
W T A0 B o BT G R AR Ak L % 8 b AT e Ak R AT
N 5t 1) S 2 R AIE 2 85, B0 S a0 iR K RS
SRR E YA AL 1 5 B AR Ak AT S B AL B ) R L A
IO 114 A2 Jek R A 2R3k 34 3l ok

S, =AA/An (5)
S, =AI/An (6)

Hof AL NI K E R R AT R E AL An R
DA S AT 58 AR Ak it AR 6 U AS R M S i
ok LR B B BT S 3 A TR B 3 oA BRI
A 245 1 % A AN | B R R A0 R 286 1 5 R R

4

'

—E,
| 25T |

T A AL ORI R s 43 AT A A

Eg—

11 BFKERNERRE

X S B R U0 L 2 220 I W AR R R
PR M 1 i DR 9 90 KA S R I PR L g £
i £ R IR A A A5 0 2 S R L e 2 P
5 Y AN {0 €2 N85 A N SRR 7/ DD U E T e S o
P 4 RSB 2R BOR R R % I A% i R 1 A2 Ak
AR W /I A i A AT S S AR e A U R B
PRUA K A= TR L RIIET 2 vp i 2 S0 A% =8 i 46
{37 1 e M B IR DI P R RS i S B IR T



CESROEH 2020 4F 8 A4 41 5 4 W

Hrd F., ATHRAMKBERBEONHECRFL LGSR

AE . Hy b3 JEUHH AT R, 5 T b R IR PR A JE i P
4 AT RN SE B A2 R T IR B9 A i el
T

o
B2 B BRI A% R R 2R

1.2 B%ERKERN L RREE

A 45 33 I L ) R R L 245 3 I R A%
SR B AT 73 DA Y o ik R G

O bRk o U b 35 T2 i By SUBRL PR o 22 B3 4
W24 L A 1275 30 0 A JROBR % 2 v o 4 52 B I Uk
e ) P A 280N A B B 20 o TR 3 DRy T b 1 A 4 1 B0
KA 4 R B LT 3 () 5% IR I I iR
TR B 3(h) AR IR B I IR 5 £k, 2 5 3 AR
PR 1RV I 1 A S A TR A R 1 O R 1 e Ry
Bl 3 Ce) SR P /s A 2% 3 B . 2 40 B i I ) o
AR AL S IR R IR TG R AN 32 R ) L A5 SRR B T R
TR R A TR RS A ] 3 (o) v A 28 4 11, 45 35 A
SCLRTRAS B R LA L o e I 2% D PR AR
LML IR . AR TEER AT 18 3 (o) rh A 2
R B RS 1 0 K T 8T 3 (b i i R B A K 1Y
PRt [ B R0 900 P AS P32 BRT B SR Y R
DT YU R T R AR 5 A B 9 G L R
g TR SR AL R AT R S R A AT R R 4R T

(C)FMI

B3 AR AL 1 O K RS IR R BR B, (2) BH I
BB IRIL LR 5 (b) BREF B IEIRIG L s (o) BRI BY
R 2k

(D EHEUE . CROE A GO AR 4F 1 R
T 8 1 i DX 1 o FR 5 R0 (IR R 11 R85 R 80
8B AR DG B GRl 20 I S 5 2% 11 9 90 1 AR S 4
A Z W 2538 . YA I AT G R AR W 2
s SR A 25 15 B A A7 B 8 ke A AR A 3 e 0
KA S IR RN BE . Y IRIE AR5 R EC e FIFR
FEIR IR AL 4 T o WAl 4 () SEER TR GX L ¢ Fl @

W 9042 1 ) A A MR BE B s i A T T
MBI A8 L Bl A5 i 3 4O AT 4 (b) R SR R
(M 2 W (AL 253 . 5 IR I S 1 515 0 4 ot f) 3 A
AR AR AR A R K 0 IR R AL
T o B BIURE P O Gl R i PR S DI e A R
. I BT 4 (h) v S 2 40 2% 3% 2 K TR RS 28 i K3
LA E Hy gl LA 2% 3 B PR TR R T B
A A RS B A I S AR A AR v T R T e
A2 PR T A A 5 A tOEIE e .

(a)

A A

(0]

(b IO BT o 5 i 1 2%
P4 (R £ 4 1 O I R 1 JR i 2 T

1.3  HilEsEEHRNERFEE
— R UL, TR I IR A 1 1 i 2 2 BT 5 () BT
7R TR U K BRI Lorentz B, i 51 A B B
MR G, T 8 4 E 5 (b) Ui /s 1) Fano
Y ML T Lorentz 8%, Fano £k H A4 B ¢
AR X FRARPAIE 5 375 5k 28 BRC7E AR /) 1 49 BBl oA gt T
DU e RAZ Jy die /b o [ SR I A Oy A b B G
T BT ) T B 3 AR R A 1 i W A BT SR A
HER R PR ALE PRI P AL 156 08
RA R AR AT 538 5o W0 32 0 K Ak o B AR Ak S B
ZIEIIfE. T Fano &k X Lorentz 2k AU T BEIY ,
T

(a) Lorentz %!

e 457 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

T

Al

(b) Fano £ A
[l 5 B g I R A% R B R A

TR [ AL /0N F SR AR Y A B L — B TR AR
AN S AR AR Y PR
1.4 B4 58 B Rl 1% B R 32

ZITE LT B SOPL - AR R 4
TR AR A R BHRH [ A B T R Sk 45 4 R
225 BRI TR 3 2 r 4 8 S0 i R 068 1) 30 A 280
TR R A0 4 0 0 B AR DU A RO B AN 1A 6 T
R AN R I Ay S5 R AR AR A L 2 % 2k K [
Sk IR AL R 2 L L U R T R B DG IO
TR B T Y B O e KA B ) L 5 Bl
R AR A e g I 2 R A S B OB

11 il
A6 4 i o B R A% R R B

2 BT RO B RAS 03T 5 AL R
5 i

2.1 ROIREEKERNE BT RER

FE T E A AR BT, T RE RO I IR A%
()T 5 A JERrh () T A A AR B — AR U T TR
PR A A ORI R A R — 4R T
PRI IR 287 S, BB BT IR A WS EAT
R — ZE R AL A 1 R R A2 B, T 58 U7 1)
Frinm 2 & At LR, W — 250 2 &7 — it
A RS A — G T SRR SR K
MR 4
2.1.1  Fok SR

ESI RTINS et AN TR PSS & NV €28

* 458 -

G Z — BT AU MOR b SR R, T S
TRF 0 4 J5 A BLARE S 8 3L R AR AR IR A . AR
M7 Bk 2% U 5 110 2 A 4 249 SRR A 1 ol S 30 91 4 174 i
7o MREJEGOER 18 P 5 1) 15 R AL B R L 32 5 LA
SRR I S AR TR 5 1R I 5 78 4 % Ak
i O 5 1 I 4 5 4 AR LA P LR R X A R
S RARE AR . R ST B TR R O T
PEAE TM B 80k i S 2 0, w72 ik &
55 15 W0 4 S5 T Ak A7 AR R 3 5 0T A R i b LA
KB B TR BE L 8 LA RS 38 O 5 15 DU 4 J5 9 4R AR
RSB T AL B R AR I /N R T . 534 A ST
JINEE AR R T TR 2R S A 6 A S R AT B R A
FRIIRE AN 7O B . SR L 2R AR U5 R
J5 G R RAREE AN A N R o BT AR 2
T2 U 5 1446 30 3 R0 5 0 40 S5 22 D £ 4 B A
2.1.2 MK FMIR

T, By e AT SR R A U R]AF A S AR T
SR AP . Tk L o R AN S AT
fift i 3 A b AR T S R A BT IXC, A SRR 5 %
A 5 X TS R R I L TR RO RO 5
FE A AR . UL, RS A I SRR I TR
637 Jr AR A XA R D S ORI R AR B
WE 7)) fTR . B 5 A B R R CAnE 7 (o)
JIE 7% ) 1 2 A A A 45 A ) A B 1 Ot A 0 g I
R R 1 — R4y, b 5 R I AR AR R B
B L (A5 I 2 R 0 AT S R A R S R T =
10" nm/RIU &% .
2.1.3 —4RTamRmR

ARk AR 2 BF 5 /N ALK — O T SR R I 5
N S A R B RN L
(PhC-MRR) "™ & 7(d) i, 76— 4806 T i
PREGER A, A 7 R A AL R 8 A5 T 40 S5
R T B — R4y M kN A R Ok 5 AR
JO A4 R LA D 3K o A5 — 2k Y T it AR Bl 3 A A% SR
M HARRMW S S, — R T, 3T 4k
L SN R R e e R WK
SRR F A SR AR RS A AR a4
HRTE B T S SR A X, RS R 3 5 R T A Y A
P 5 T 2 A0 34 o 76 IR AT S 38 DX 8 (R 0 4
X A F T35 ¢ 0 4 5 22 1) (4 40 H A S 75 £ K
R LHEATES T,

75 SR ORI I 4 o 1 2 ) 78 SR B AT A AH
PR A T 58 K A 28 B2 3, PR L 4k 52 el 3 — 4l



CESROEH 2020 4F 8 A4 41 5 4 W

Hrd F., ATHRAMKBERBEONHECRFL LGSR

F AR R TR rp s AR A I 3k 24 o) RIS F 18 5
Phan i R 7 Q i 5) ik 55 — R s R s, H T,
Ko — 4T b R ORI PR S T R AL
EOGAE B L AN BE A5 31 2 % (14 48 v, R Ot ot J5 IR
BAK., RN 16 pm W) — 450 F IR OR s
AR B BT 3K 1. 46 X101 H B 5 SR
AR BN BT R . 5 A BESR /IN L AE T
BN 4 pm 09— 40 F S IR OR T A5 2 7 A BT
Ik 100 B2 S (B R i s S AL R AR B
H oz, Bt LR BUE ALK 100 nm/RIUMY . A
SCHE TR A R — A RO B 7 (D) BT
7~ AR A 850 Hh JRy BCAE 98 5 L 2 i S I 25
A BT 5 R TR SE B AR BT R A
T AR A IR R R B T — £
2.1.4 HA&sHmIR

W & A O 2 A% s i B — S5 R 10 B 6 45 M Kk
Ji& Z R R0 A R O R L A Rl — 4k
TR R GER T WP G R A il —
2 ST A B BR T AT LR R S 0 3 JR 38k sk
N T AR )12 S 0L R AR A T I A B T I A5
AL [E N RO SRR Y B A EAE T . A A
TR R S b 4R v AR BT S SR A Y I 4 TR
DX, 38 5 OG5 15 I ) 5T B AH EL AR T aE— 20 i v 1 TRk
REEE. 5350, W KOG TAE B K mg R T A
P SRS B A% 16 5 2 B BT B R K, RIVFE 7
RN, A A T34 50 5 R 4 B A ELAE T
i — P e R R U . A MR TAE A R TP
(R A 1) R G 4 SN = e a0 A/ s o8 S |
22 )2 5 K A B PR A 2 1 B B R A R, LA
gER LI 7(H ~(h),

() BIFAM MY (b BRI SRR

(o) XM S MET (D

— ST B

‘;A‘A P 4

s \&
b |
-
-
A

o r"““

s b,
»,
rrrrnnnnnnnnl
A

w
an

(o) FH—AeF M ARRR=" (D PR RR

AT oaRRiiiEs.
N,
A 2,
N S
g o =

§
%

%
"

“// =
i""""‘@lfllﬂ\\\\)} %%
w:ii =
() BIFEHEKIEMEAT () ZE WK

1
(D) WSS R — A5 T S R ROR
B 7 5 RO 3 R A I i 5 H R

2.2 WRHBKEEKENERNHARER
2.2.1 AT #HAFEa R R

B X5 3t b 12 B BRI B 5 L DE SR T 2009 AE4E
TR FH T -0 AR P ACSUE R A R sl Ui
PRGLIES Sz B 45 3 4R TN AL S 249 U A A% SR R A
A3k 10° nm/RIU & 9%, £F X il bR v 19 52 50 0F 5T
M\ 2010 4 2019 48, BF5E N 01 56 Je 1) BUR A 2%
HRE UL TR RE 4 K 4k T A GO U I R
W PR GELT S A GO S R R T
-8 R T WAL (MZD VY 45 07 RS0 B T A 4% 5% 1R
WAL IR, QN1 8 i . BRI, 36 6 47 38 1) S 4% 8% R
BECRE PR T HR WU L 3 R BT AR 1A AR 2 PR N
IR AEAE— Sk RS, — Jr T, fE RIS b R A
Z R T IR A R G I = 2%, T BN o 4 1
S NG IR PR Z 2 A4 Re LR T A
OGS 2 25 DUOR IR AR B R SR (2 I bR 1k
FP RS GO I /DS T 20158 25 9 23 53 W) 0 IBK B 1 o
R B T2 S B B3Ot . s, |
U0 A 1o T R 7 Ak 0 K 2 0 O G B L XU
TEHE I T A I L — > O R IR 5 O 2 5 4 L ol 5
TR, Jy— T, B T bR A% 8k AT R S
FELAS 32 IR T80 09 18 ] OG5 3 BT T2 32 R T 4

* 459 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

LG E ) F T Y I R BT AR A
KT A2 ik IR A gk & KT I [ fhobig
Bl 0 0 A S B TR R A 9 b o T 2 R
HHI I B 32 400 A% Rk nT R I Y A S R (A
10 % ~10 % RIU fgggo1

73 7.—
3dBHEA R W A
J—
s 3% i |/
— d a
HA @ e i i b
BER i —.—¢

(a)  MZIRFHE A Rt (b)

XU 2 B T
TZ(’
TIQ

@?ﬁAz

() AYEE M2
B 8 3 I 72 0 4% i It < 4 00 i B 10 45 A [

2.2.2 ATERENFRTER

2016 4F ¥ E B AES A+ — Rz i WF 58 /N AL
AL FE BT B A B 5 R T AR SR A 9 () ~
(b),SZELT 10° nm/RIU & 2 1Y 2 4% (8 i T4
W GO B R B A 5L A S 28 48 A aok P, AT R0
FEl/NT 0.2 RIU, 2017 4, B BE B T2 B 15 4 437 o
GI AL RIS /N 4 A R T B R U O I A 2%
TN AL K ) 8 v IS B B T &= 1 RIULH
F T 4% I 5 0 o A B A A5, Dk R BURE AR /N FL
JL-FAS KA1 B 00 4 ot B4 47 56 25 A8 Ak I SR 5 2%
1 B4 DB A R (SRR S G R Pk B A SR A D ) o
Pr it 2R 0 A28 Ak, B AR IR R B AL 107 nm/RIU
Y, B A RT BRSO Gk
0.38 mm’, i K F M ¥ T 4 2 i85 IR 2% 19 1l A

* 460 -

(0. 003 mm®) , ASF| T 25 14 B9 1k A9 Ak Fn A R ASE 4 A
MmE 9 iR,

600nm  1160nm

1400 1450 1500 1550 1600
A/mm

(b) A e T ol P 1 0 5 3 A e el

1540 1580
A/nm

(o) R TR B H AL 5 3 A% T PR
O T (0 TR B 255 1 ) A 7 R 4 T A I A

2.3 IR EUESE AR M B A SR 3 R

TP VS IR 1 1) 18 P 2 70 2 G Tl I D K X AR
Lorentz A1, AJ 38 £ 45 1 330 20 18 9 s 09 5 o P il
TR TG A SN AR T 4 o A R AR Y 4% J2%
REZ . MILT Lorentz 2k, Fano £k B B BE Y,
A Sy F UG iR FE PO A% J% 2 1 R BURETE &, Fano £k
R AR LS S RS SHMlE., — RIS,
TR IR & 0 38 PR 15 O B HCS A Bn B
(FP) E iSRG & i 2225 . 2003 4F, 56 [ 2% Bk
HRR 7 R AIE T /N 2E 4 H R AR 1 I 245 1) 8 e e 5
{7 2 K FP L LAP= A4 Fano 4R F T 218,
wE 10 R . ARLZ I, 2 TR E R 4% Fano
IR A I 5 AL R TAEZ B 7B A O, 2010
A AU R RAA HWF T /N 21 B2 G R R DR R i S 1Y
Y A4S B FP S, FI A Fano iEIR7EFEIE F 9280 T 1%
TEINREN L BE L EBEFE /N AL AR R OB 2R



CESROEH 2020 4F 8 A4 41 5 4 W

o

T F. ATHAMAHRSOIFELRFRLGEE

:Ff

LT PR Fano W FH T 9 B R AL B, 2017 4. 1E
BB R RS MR 2E 18 S VR 55 /N R B O
WA G R AN 2T 0 KOG ME FP ks B A, &
10Ce) iR, L5 B SCE T 3 T Fano iR 19 & 47 4
RAGIRES 2018 4 BT BHEE K 2 B BF 5 /N A1)
TR I 7 R — 4 % 7 W R A A 77 42 Fano
P, W&l 10 Cd) fTF s, 5B R I 2 A R 1. 76 X
10" dB/RIU™,

[ T —

v“}\’“mm:muaﬂd;,‘%
g

%

T

>,
%,
s,

() MRS FP A ™ (o Wik KOBMEeRm FP ks s

(D) BT iR A
10 3EF Fano i 4R 5 JBF HR I A9 U Fh R A 45 4

(b WG4

2.4 WMEHKEEEFRMNEBRNHARER

Wil 5 9 s v A 405 1 D R I 19 1B A5 R T
TE AR 12 B 285 355 i 138 4 DN 1) A 5 A% R O SR M el
R EE WL R S @ AN B IR e . T
W9 T AE 32 24 vp T FHOSUOR O 1840 45 3% 20 17 53R
JEFEI 010100 e S SR Y TM B H
TERAXE G SR A EAER TR UEH T
T TM B Y A 2% 3 9 3 % 00 1% J8% 1 2R 0% A
W T TERAWRAGE. M.z /N 4
TR MZT 900K TR T 58 52 0 A 4% i o B 4 DU
IR AR R BUETE 10° dB/RIU 4%,

ZE BT IR, 5L Tk S RO IR PR AR 0 3 5 R AL R
P I TAE#5 52 K0, S ilt — 25 BB B a9 oF 53 iF
Ji& g A SR B AH 5 T A Hh 4 A% J8% R f B A RT
JWHEF) T8 1, o x) tenl & B, %5 F 3 K B
TR 5 A 24 T D R R N %) 7% Je SR A R s P R AR
WAL IR RS T T 1~2 DR, abh. ik
A 2% T PR PR A% SR b, T R Vi B A AT B
Fh o XFF R B G 5, 5T Fano £& 7Y 5 & 48
1) 2 I I A0 45 i e B PR U 7 A% R R B 1
AN HaE G B H AT R0 A N TS A BGE
FH TN 5 32728 A0 i 800

F1 FRERARNEBRIGEMATRIER

PR 4ty IS, / (nm/RIU) AX/RIU
HFR TM fist 222
MIRHERE R TE g2 133
B 0 S Er ] 310
ol g L1 298
i AR 190
W " Rt 708
K AT R 20 g aon PR
— 4T R R 99. 7
i M T S 180, 1
i S 9% KOEHE R TE Bk 2] 490
3 KO R TM gt 0 129.7
Bt ko 503
% 2 P S R 579.5
KO R 627. 8
© MZI U £ R e 1.55%10° —
R g e 2.91%10° £0.000 34
A g gL 24 300 #0.004
XL 4 B 30 2169 —
oz | T DU IR EEAOR R e ORI Y| 4. 6<10° 8X10 °
— b xxﬁﬁ;@iﬁspiﬁ%gm;@fm 1300 0.0115
R = g 5 866 0.076
e R 5 MZI gt 3552 —
W T 3500 0.003 2
L g 12 3000 —
P R 559.5 —
(@il 5 R 1300 0.2
B S 3 an 340 1
iR JE R Ea | IS,/ (dB/RIU) AA/RIU
[T - - -
. MR ST R kR A | 1 76x10° 7 BR T 3% 58
B B
FUFF I TE Bt 1) 450 0.002
T XUER 2 1 2500 0.032
) KU TM 2 430 —
JE R PETT D a9 —
ER S MZT gD 1892 —

C o TFRORIRBITE . RN SR A% B R U BT AT AT R AR L L AR T
TR

3 B4 EE

Y AR AR DN P S 28 A% R R R Y 4 v T AR R
OG5 RE N Y B R B R RS s SC B, B AT R
10° nm/RIU 9% . £ 5525 [ A FR , w] #5005 [ 32 FR
TR A R G V0 R 5 A 26 05 R IR A% TR R
¥ HET M 10° nm/RIU, iS4 7] 35 10° nm/RIU
S, AT A R AR RO RO T R TR A
W37 348 5 5 R 0 ) S5 AH AR I RO S B K
P AL R R A AT B . AR AL 1 0 R D A TR
R RS VR AR B T AT 3k B A £ IR R R A L R
MRS A2 B T2 8 4. (s mAR v A 3
TE T RG] E R R B R 2 AN T A
Py #EAL B 5 A% B R R 5 5 AT R AN AT
oA,

Xof T 5 B PR T S 3 A% Ok 1, JE T HRLIE Fano

e 461 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

TR 110 5 R AR I A% B R B T 3K 100 dB/RIU, H 4%
L Y E R R el S K2 N TR S e S S TN
W 4% B R AR R 10° dB/RIUL 3T 2 IR Bk 45
P 25 0 B 0 s LA i I A IR B R LR
FSR A4, XM T T2 TR 2K,

Lk LTk, v A EOR AR 5 58 AT I R 7R E

I 77 28 AT SR AN AT A (B AR SE AR SO SRR Y 7 5%
AR D' T R PR 45 A BRI KO M 25 F L TM 50 T
VRAE Gk A0 25 35 i I IR 7 58 b A R [
S 30 v R AN S T ARV

SE 0k

[1]

2]

(3]

(4]

(5]

(6]

(7]

[8]

9]

[10]

[11]

Orghici R, Lutzow P, Burgmeier J, et al. A microring

resonator sensor for sensitive detection of 1, 3, 5-
Trinitrotoluene ( TNT) [J]. Sensors, 2010, 10 (7). 6788
6795.

Mi G, Horvath C, Van V. Silicon photonic dual-gas sensor for
H, and CO, detection[J]. Opt. Express, 2017, 25(14).
16250-16259.

Shi Sichao, Cheng Qing, Lin Rong, et al. Micro-ring sensor
used in the diagnosis of gastric cancer[C]// Proc. SPIE Inter.
Conf. on Optoelectronics and Microelectronics Technol. and
Application, 2017 102441K.

Wang S, Ramachandran A, Ja S. Integrated microring
resonator biosensors for monitoring cell growth and detection
of toxic chemicals in water[J]. Biosensors and Bioelectronics,
2009, 24(10): 3061-3066.

Feng X, Zhang G, Chin L K, et al. Highly sensitive, label-
free detection of 2, 4-dichlorophenoxyacetic acid using an
optofluidic chip[J]. ACS Sensors. 2017, 2(7): 955-960.
Jiang Xianxin, Ye Junjun, Zou Jun, et al. Cascaded silicon-
on-insulator double-ring sensors operating in high-sensitivity
transverse-magnetic mode [ J]. Opt. Lett. , 2013, 38(8):
1349-1351.
Chandran S, Ramesh K, Das B K. Dispersion enhanced
critically coupled ring resonator for wide range refractive index
sensing[ ] ]. IEEE J. of Sel. Topics in Quantum Electron. ,
2017, 23(2): 424-432.

Dai Daoxin. Highly sensitive digital optical sensor based on
cascaded high-Q ring-resonators[J]. Opt. Express, 2009,17
(26): 23817-23822.

Fan Shanhui. Sharp asymmetric line shapes in side-coupled
waveguide-cavity systems[ J]. Appl. Phys. Lett., 2002, 80
(6): 908-910.

Jin Lei, Li Mingyu., He Jianjun. Optical waveguide double-
ring sensor using intensity interrogation with a low-cost
broadband source[J]. Opt. Lett. , 2011, 36(7): 1128-1130.
Hoste ] W, Werquin S, Claes T, et al.

Conformational

analysis of proteins with a dual polarization silicon microring

* 462 -

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[J]. Opt. Express, 2014, 22(3): 2807-2820.

Fard S T, Donzella V, Schmidt S A, et al. Performance of
ultra-thin SOI-based resonators for sensing applications[ ] ].
Opt. Express, 2014, 22(12): 14166-14179.

Gaur G, Hu S, Mernaugh R L, et al. Label-free detection of
herceptin using suspended silicon microring resonators[ ] ].
Sensors & Actuators B Chemical, 2018, 275 394-401.
Robinson J T, Chen L, Lipson M. On-chip gas detection in
silicon optical microcavities[ J]. Opt. Express, 2008, 16:
14296-14301.

Claes T, Molera ] G, Vos K D, et al. Label-free biosensing
with a slot-waveguide-based ring resonator in silicon on
insulator[J]. IEEE Photonics J. , 2009, 1(3): 197-204.
Radjenovic B, Radmilovic-Radjenovic M.  Excitation of
confined modes in silicon slotted waveguides and microring
resonators for sensing purposes[ J]. IEEE Sensors J. , 2014,
14(5) . 1412-1417.

Steglich P, Villringer C, Pulwer S, et al. Hybrid-waveguide
ring resonator for biochemical sensing[J]. IEEE Sensors J. ,
2017, 17(15) . 4781-4790.

Yuan Guohui, Gao Liang, Chen Yuren, et al. Improvement
of optical sensing performances of a double-slot-waveguide-
based ring resonator sensor on silicon-on-insulator platform
[1]. Optik, 2014, 125(2): 850-854.

Kargar A, Chao C Y. Design and optimization of waveguide
sensitivity in slot microring sensors[J]. J. of the Optical
Society of America A, 2011, 28(4): 596-603.
Mcgarvey-Lechable K, Bianucci P. Maximizing slow-light
enhancement in one-dimensional photonic crystal ring
resonators[ ] ]. Opt. Express. 2014, 22(21): 26032-26041.
Mcgarvey-Lechable K, Hamidfar T, Patel D, et al. Slow
light in mass-produced, dispersion-engineered photonic
crystal ring resonators[J]. Opt. Express, 2017, 25(4):
3916-3926.

Lo S M, Hu S, Weiss S M, et al. Photonic crystal microring
resonator based sensors[ C]// Conf. on Lasers and Electro-
Optics (CLEO), 2014: JTu4A. 79.

Lo SM, Hu S, Gaur G, et al. Photonic crystal microring
resonator for label-free biosensing[ J]. Opt. Express. 2017,
25(6): 7046-7054.

Urbonas D, Balcytis A, Vaskevicius K, et al. Air and
dielectric bands photonic crystal microring resonator for
refractive index sensing[J]. Opt. Lett., 2016, 41 (15):
3655-3658.

Gao Ge, Zhang Yong, Zhang He, et al. Air-mode photonic
crystal ring resonator on silicon-on-insulator [ J]. Scientific
Reports, 2016, 6(1): 19999.

Wang Xueping, Kong Mei, Xu Yameng. Slotted photonic
crystal microring resonators[ J]. Fiber &. Integrated Optics.,
2017, 36: 91-100.

Wu Nishan, Xia Li. High-Q and high-sensitivity multi-hole



CESROEH 2020 4F 8 A4 41 5 4 W

5

e ax

#HOF, ATALAMIRBERZNITHEERFRT GE

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

slot microring resonator and its sensing performance [ ] ].
Physica Scripta, 2019, 94. 115512,

Flueckiger J, Schmidt S, Donzella V, et al. Sub-wavelength
grating for enhanced ring resonator biosensor [ J]. Opt.
Express, 2016, 24(14) . 15672-15686.

Yan Hai, Huang Lijun, Xu Xiaochuan, et al. Breaking the
limitation of evanescent wave sensing with subwavelength
grating waveguides[ C]// Proc. Conf. on Lasers and Electro-

Optics (CLEO), 2017: JTh3M. 3.

Huang Lijun, Yan Hai, Xu Xiaochuan, et al. Improving the

detection limit for on-chip photonic sensors based on
subwavelength grating racetrack resonators [ J ].  Opt.
Express, 2017, 25(9): 10527-10535.

Yousuf S, Shahin M M, Gevorgyan H. et al. Suspended

microring resonator sensor using internal sub-wavelength
grating[C]// Adv. Photonics, 2015: SeS4C. 4.

Luan E, Yun H, Laplatine L, et al. Enhanced sensitivity of
sub-wavelength multi-box waveguide microring
label-free biosensor[ J]. IEEE J. of Sel. Top. in Quantum
Electronics, 2018, 25(3): 1-11.

resonator

Wu Nishan, Xia Li. Side-mode suppressed filter based on an
angular grating-subwavelength grating microring resonator
with high flexibility in wavelength design[J]. Appl. Opt. ,
2019, 58(26) . 7174-7180.

Yi H, Citrin D S, Chen Y, et al. Dual-microring-resonator

interference sensor [ J ]. Appl. Phys. Lett., 2009, 95.
191112.
Claes T, Bogaerts W, Bienstman P. Experimental

characterization of a silicon photonic biosensor consisting of
two cascaded ring resonators based on the Vernier-effect and

introduction of a curve fitting method for an improved

detection limit[J]. Opt. Express, 2010, 18 (22): 22747-
22761.
Hu Jing, Dai Daoxin. Cascaded-ring optical sensor with

enhanced sensitivity by using suspended Si-nanowires [ ]].
IEEE Photonics Technol. Lett. , 2011, 23(13) . 842-844.
Jin Lei, Li Mingyu, He Jianjun. Highly-sensitive silicon-on-
insulator sensor based on two cascaded micro-ring resonators
with vernier effect[J]. Opt. Commun., 2011, 284: 156-
159.

Chen Yangqing, Yu Fang, Yang Chang, et al. Label-free

biosensing using cascaded double-microring resonators
integrated with microfluidic channels[J]. Opt. Commun. .
2015, 344. 129-133.

Liu Yong, Li Yang, Li Mingyu, et al. High-sensitivity and
wide-range optical sensor based on three cascaded ring
resonators[ J]. Opt. Express, 2017, 25(2): 972-978.
Zhang Yang, Zou Jun, Cao Ziwei, et al. Temperature-
insensitive waveguide sensor using cascaded ring and Mach-
Zehnder interferometer[]J]. Opt. Lett., 2019, 44(2): 299-

302.

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[50]

[51]

Jin Lei, Li Mingyu, He Jianjun. Analysis of wavelength and

intensity interrogation methods in cascaded double-ring
sensors[ ] . J. of Lightwave Technol. , 2012, 30(12);: 1994-
2002.

Chang Y, Dong B, Ma Y, et al. Vernier effect-based tunable
mid-infrared sensor using silicon-on-insulator cascaded rings
[J]. Opt. Express, 2020, 28(5): 6251-6260.

Gu Hongjun, Gong He, Wang Chunxue, et al. Compact
inner-wall grating slot microring resonator for label-free
sensing[ J]. Sensors, 2019, 19: 5038.

Zhang W, Serna S, Le R X, et al. Highly sensitive refractive
index sensing by fast detuning the critical coupling condition
of slot waveguide ring resonators[ J]. Opt. Lett., 2016, 41
(3): 532-535.

Chao C Y, Guo L J. Biochemical sensors based on polymer
microrings with sharp asymmetrical resonance [ J]. Appl.
Phys. Lett. ,» 2003, 83(8): 1527-1529.

Yi H, Citrin D S, Zhou Z. Highly sensitive silicon microring
sensor with sharp asymmetrical resonance [ ] ]. Opt.
Express, 2010, 18(3): 2967-2972.

Yi H, Citrin D' S, Zhou Z. Highly sensitive athermal optical
microring sensor based on intensity detection[ J]. IEEE ]J. of
Quantum Electron. , 2011, 47(3): 354-358.

Tu Zhengrui, Gao Dingshan, Zhang Meiling, et al. High-
sensitivity complex refractive index sensing based on Fano
resonance in the subwavelength grating waveguide micro-ring
resonator[ J]. Opt. Express, 2017, 25(17);: 20911-20922.
Peng Fangcao, Wang Zhuoran, Yuan Guohui, et al. High
sensitivity refractive index sensing based on Fano resonances
in a photonic crystal cavity coupled microring resonator[ J].
IEEE Photonics J. » 2018, 10(2): 6600808.
Xie Zhenyi, Cao Ziwei, Liu Yong. et al. Highly-sensitive
optical biosensor based on equal FSR cascaded microring
resonator with intensity interrogation for detection of
progesterone molecules[ J]. Opt. Express, 2017, 25(26):
33193-33201.

Zhu H, Yue Y., Wang Y. et al. High-sensitivity optical
sensors based on cascaded reflective MZIs and microring

resonators[ J]. Opt. Express, 2017, 25(23): 28612-28618.

EEE .

HBIEF(1987—) ., %, T A ,2009 F KA

FTHEPHEKRF 2014 FHEEL TLFHBEXF
HFIARE A AT BB T @ A IR A

o

B4R A R K
A HA967—), %, FTHA,1990 F AA 21

FHFRF 1999 FHELREL FH I RFHE L F
FEL AARKE W ETAFTF . ZZHR TN F
HAFBHEAMART B HEF A F AR
HAREF,

* 463 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4 Aug. 2020

R LRAR DOI: 10. 16818/j. issn1001—5868. 2020. 04. 002

FHEFmFETNRIT SN AR REIR

ﬁmﬁ% ’ %%}% ’ /T\/\r%ﬂ
(kB AHKRZE BEE5EFIRER, @i |RZE 071003)

W OE., AFAAATEAKRBG TR TR, K@ IRTATHALTLEFTAILG K
PR R F H T T XA R A AT IR A R I FH AT S AR A P E R R AKTR
P AR AL A, Jc%aa%;’céfréﬁ%%%'}iﬁr Bl AR 3R P LA AR K 0 B R AR e R X AR R R
%y‘:%iy‘t Fe ARERBEF, LFAANLBTATRAALAGEMFIEARL SE L0 K

Eﬁt)@kﬂiﬁﬁkﬁﬂiéﬁt%aaﬁi;’af’r Mo THERFPELRFERFT R, FoN4
T%%;’a%aaﬁw’u%‘% S R AE B R AT B e AR BB éﬁ%ﬁijﬁlvx&:‘iédéﬁ%ﬁ%
B SERATATFRAALAORRBZOERBERAIFT TR BIETATEATFRALLEREY
KA, RESTATRALTHLAERZ S ABFTTELEERE,

KR : OLTRHEOLL; Bt OB REPBOGHE s AURL g

RESES: TN253 XE4HS: 1001—5868(2020)04—0464—08

Review of Designs and Applications of Photonic Crystal Fiber
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Abstract:  Photonic crystal fiber (PCF) can be designed f{lexibility. In general, the
propagation properties of the PCF are adjusted by changing the sizes, shapes or arrangement of
the air holes, and then the PCF with high birefringence, high nonlinearity, flattened dispersion
and low confinement loss can be obtained. PCF has potential applications in different fields, such
as distributed optical fiber sensor, femtosecond laser, gas sensor and so on. In this paper,
firstly, the structure characteristics of PCF and the difference between the traditional single-mode
fiber (SMF) and the PCF are introduced. Secondly, their typical structures and propagation
properties are analyzed. Thirdly, the sensing mechanisms and performance of distributed optical
fiber sensor, femtosecond laser and gas sensor based on the PCF are introduced in detail. The
results show that compared with the traditional SMF, the PCF can achieve more excellent
performance in applications. Finally, the developments and applications of PCF are summarized
and prospected.

Key words: photonic crystal fiber; structure optimization; distributed optical fiber sensor;

femtosecond laser; gas sensor

Y5 B #8:2020—02—08.

BEETWHE HE AR #HELIHE(51607066,61377088) ;7]
b4 H AR AL 4 W H (E2019502177) 5 H e i85 4 5k A< B 0F
% %% L W% 4 WwH (2020Y]005, 2019MS090,
2019M5085).

CEEEE AR E-mail: wzcnjxx@sohu. com

* 464 -



CESROEH 2020 4F 8 A4 41 5 4 W

AT F. ATHARLSHRTE BERARTER

0 5l&

T i G 47 (Photonic Crystal Fiber, PCF)
FIME & AE 1992 4E i1 Russel B IR, High 4y 5 %
HOLLT BAR KB AR 4% GG 25 2 SR i 21 8 F
A1), BMREE 3 AR TG SRR OG A
RGN T —E MW = <AL, B RAELS
JGEF AN BE S I A5 S R B an b it L RS Y
BRCRRE AR L P e P R 4 BRRR R A L ZEDIEAE DL
A AR B DL K RO ST B A ) R ) N FH T S

1996 45 , 3 [E] B 42 38 4 K 2% O o 1 2 I 5
(1 Knight S5 ) HE #0351 1 55— MOk 7 & Ik
JCEF Bl SCHIAE 2R — ARG i BR OGO
LE0 . e IR T S OB ER 9 B T A R
et A & NI # N AR TH R
K IE,

J6F db A B L AT S B S ALK
NI ] SR AR 8 A L O 1 b 1A DG 21 19 4% Ao 4% i o 1
SBEZ O, B — DG O A ) 2 A X)
FHEF AR IE B NHLE 27 2 B m 5 M i i 5
SEBRIHT IR T 2R, T RO EF
I KR SR QYW E oA S S R (R TR R
HA R ARTE B A2 7. 2019 48, AR B4 4fGE 1
AL 2 B LS F AR AR OB£F 7R I 1 550 nm &b 3K 75
K 4. 22X1077 BB S R L 109, 65 (W e k)
B AR R B AR 2= — 14 ps/(nm « km) A9 {4 1L
{52020 4F, Sun 38 196 F AR OB A 1 JE K
1550 nm AL Rk 3. 72X 10 %, GHUELE
—1 343. 46 ps/(nm « km) , 7 H B A 5& i) 4 150 F 30
etk . D6 RUAOGE e 2 0 SR L T L
1) 4 B S k1 e DR R B A B TR I A R (I
s A T AR RO s 1 A

AT T OGS R AOL 2R 5 B AR 1 X
Il BT X 2% A LR 1O F S A LR S by T H @
PR AR L PSR A i R e e . SRR T R T
An R G EF 1 43 A 2O 2F 2 8% R ER O 28 ALk A%
S (A% LR DA MR B i A% PR R, R SRR T
J6F R AOGET 1 1% B g 1 AR PR BR HEAT T L3 1
IE 1T 1 AL L A AL S PERE . RS X
JeF UG AR W R AT TR, S Hik— 2
PR 7T R4 T B Al , A EE NS B ME.

1 e AR e 45 Kk it

1.1 EXFREXTFNA

6T RO LT AR AT 4 )2 b BT 2 SR 0
G2 AL AL R MR — O R RE . O ROk
2T FLAT SICOU R A 0 T o 5 4, 442 BRC E AL AR T A
AT RS R M BRI R A, — R UL, S5
JEF SR AOGET R 1 & & 3 R SO, a5l
1R G T BR S OEHLH S

Knight SF R0 1 1 D7 s 55 —#O% F f (ROk
20, GO HLHR 518 GG 4T 4 N RS SO LR 2
o, IF HBA R 1k SR A i pe T R i R
JRA T H 5 . 6T BRABDE T f RSB 2R i s 31
W KM TIEL LT ke KRS e 7
BIE ISR T R0 . 5% RO M L e R
FEEF AT LA R Hh ek AR A ) 45 0, R 0 55 = 5 ok
ZF B AR L P RGORE o R Hb R T € HIOR €5 IR L BRI
i R B I AT LT A R R T L ROk
LR PSR i LA AR R M RE .
1.2 RtFREXRFEHKRL

T M AOCEF G R AR SR RS R
FLITEAR (HES Oy 20 R4 2 b R A ki A8 4k .
FHilE T2 0 BRI, H wr e S A G i
Fil 28 el A8 25 S AL T AR A HES 7 R4 7. JEF ik
TEEF 1 75 F R B 1 BTG L 75 21 9 06 2F ST S 3 £k
1o S B ] A e R rp o A b Y BE ZS SAL IR
SEFRARA B OGEF NS TR AR AR s g R
SRS S, S5 HELL 878 A [ 7Y I 95 J7 1)
FLAG AN [R) 0 A% 47 T, DT HR BB S B 42 . WLAT
SS A8 AT LA BT L YA 5 108 79 e g i A =X 7 A% 4
AR RE R R A 18R G G EF b T U
GBI XTI 5 15 J2 A% G2 U7 A 06 £F 19 3T 55 &R 2
£ 410 °~10 " G DG T S RGBT 5 &
Hom F ik 1077 |4, 2000 4E¥EE Bath k2%
Wit T —MeF iR L, X FOLF Ot b T
Wk /b T —HE A LA G AT A XU B R R ks F)
1070 B2, 2019 4 FH RS BT — M2
M R AL S AR G A, L5 il 1 TR . IS5 A
FESE T LR A 51 T MR B 25 AL AR O 7 A O
LPEPE K 1550 nm &b B ST BT R BR R 4. 22 X
107, S e T G AR AT LAz T A 2
At A1 T 45 19 R 2 Y 2T A% TR RO 2T {5 45 4

e 465 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

1 NIRRT R AOL S5 R A

BROUT S 22 b 6T il AR G 27 14 € 1 FR Al 2 4
FE LA B A M A0 45 5 S A 1 R A ' 1 R AOL
LR EEARbR . LRI AEOLE R SR 2
ASTR) B AR R SR R, LA s S EOL
Jok b A i ok A B bk b R TE L DA T | S A (] £
P o R MR 1 A L R AR OL 21 1 3 15 7 4 A £
FRES . FEBRIOG T S R G 27 B 58 o U G2 1 9
SR AT LAV TR AF i @R L s e A A
JCET I £F 88 B AR AT LAAE AR 5 A9 4 3 P P 39 % (8
I, 38 e /L = s AL R/ AT AN (B
O AR S BE 5 10 AR 2020 4R Sun F T

BT — B i 5 23 S FL AL 40 = B s O 1
mAOELT A SHCHL+U MKW FHAKE
—1343.46+6.74 ps/(nm « km) A3 @1, A 4L
TH A B 0 AR S5+ . B A TR Y 6 HE R v

(4 (R 3H, LA M e 2 Birs
LR

BEME

B2 TRGE = Aot T O e 45t

HEMOL T AR RS TE 1 450~1 700 nm K
Pl PN HL A 8K 17 (0 O SRR M, P 3 B RO £ )
TG = 19 1 il 9 38 I, 7 4 0 2 DD A
ARG BA N E . 5340 S oaT LUS R v
IR 2 RO I A% i L 8 Ik o O 4/
Kt i AL = 215 PCF JotH MK
8 D A1 DR B G 2T OB ET A5 IR AR FOLIT 45

6T AR G £ 1 Al R ASORE RS T ok i 4 % B
HA—EWI 6T A A0 2 87 m AR a0 h Ak

* 466 -

LR AR BRIk A R A DG £ P AL
I FE DT BRI AR 2 M i 3 W) 4 TR O 3 98 B
(R N E R e oF CBURES S S B UE e d oy
ok i TR 4 OGO 2 A5 D T A BRI T .

Bl 3k Liao 7 B i i Ak 2t o 7 S R O
E MR, RS T 2 AL HES O
TNAT W IR R 35 4 (SFS7) , (L 3RA5 T8 i 11
FEL M R B 4 HTC Bt G A O AR &
PR EAE 1550 nm AL EEALL T 100 (W« km) ' LA
IR ERER N P S R OJE |2 A N
300 (W« km) ' DL b BATR R AR L RN . I
ol i AR LA G b A 2T AT ] T OGS I O g
BT REMEOG A DA R A I AR R
48 A5 U B B BTN

BEMH =4

A3 AR MR BT SO S

2 LT AR ARG AR B SR R H]

2.1 HmlER

G35 KOG AL R G I — TR DG 27 4 Dy 15 Ik
BURTT I AL B 15 5 N B AR IR AR 5 i) LAt
AR BT b U7 A A TR R R AR A B HE AT DU
EEa N € N1 S S LB OB (T W e & L E3d
AR B AL IS B E 28 5 100 T4, 5L 8 S 0%
LR AL IR AR LU L 43 A 2 A% IR E A BN O RS
[T T e 7 /O = 10 = W o O e B
Pl 298 INE R B T 7 T, 2 A SR B RN ) R AR AR
AU LV R U IC R 19 D6 £ 1) S5 3 3% S 80 & Bl 2
AF 38 I SR A O R, TR RIS R
ORPE R TR BN (T s DR LY 4 s e R ||
O it A G 2 A 235 48 R0 A% i e M B B SRR R
B AR AL B A B — e .

2017 4, Teng %57 i 2h F) FH i H f2 4l — A1k
REC T S AOBEF I T —Fh o0 A oK R R R
B, MR G TR AN HERR TR T S T



CESROEH 2020 4F 8 A4 41 5 4 W

AT F. ATHARLSHRTE BERARTER

IR, JLors e BN 4 prst

PC1 @ EDFA1
OO I'SSBM > —

PC2

PM-PCF

50/50
S Pumpl ’DAQH PD HFBG
PC3 —> PC4
o0
- EDFA3 PC6
GV o Q0
Probel
—_—

DBF: 43 #i i it 0ok #% ;. PC. MR 41 4% : SSBM: Hiil
O 2% s EOM: MG &5 5 EDFA. B HDGEF i K48
DAQ: ¥ R4 PD: SEH B 2 FBG: St &F #i hi s
M PM—PCF. {6 F SR GEF s AFG: Bl 80k 4
#%; Pump: Z3HG; Probe: MK

Bl 4 &K s G R g e e

4t PM-PCF 275 & HI 0 52 08 i O & 1
JGLF 5 AR AR G LT A F O T O AT HA R
MR &8 R 5 52 J8 B3R B2 5% ), 53 4 PM-
PCF HAT Z L4, 45 b 52 B Uk W52 i & 2
7, DT | BT S5F A B R A A . DRI Ik 36 o A
XA S5 % 1 72 A6 m] LA i SR A2 k. 7R PM-
PCF | & & 09 WA I & 5 09 XA 55 388 Af,
(Birefringence-Induced Frequency Shift, BireFS) i
F 1 p BRI LA 2 an i 5T TR .

240 i
160 W 1
80 — #}%: 199MHz/MPa |
55 r B A
S 20 e
240
m
:? L
160 WE A 2
801 ——#2%. 199MHz/MPa |
r xR
0 e

0 I 0.I2 I OI.4 I 0.6 0.8 I 1I.0
p/MPa
5 5 PM-PCF ST 5 45 B B & g 19 28 Ak 480 4 iih 26

B 5 Ha] LLE A5 5] A 45 5 R e
IKIEIME R R G R BE LN 199 MHz/MPa, It
SMZ AT RO IR R GAFE] T 20 em 1755 W] 43 BE
WA BE B IA 0. 025 MPa, It 43 A R % K R 15
TR GEHERR TR A T I IR R v iR L
P EQRE L 38 T3 O W L 48 SR R

[ T WK (P S B A N U eSS
LA S B 53 A Gl B2 200 A8 A . A A 2l A gk
R, B BABOGL AT DU R0 1100 °C i
G368 B TH R & 1200 °C I, 5 3 B 4T (45
FESL RV i 4% SRS B ™ B R B, 2018 4, TR
RIS/ T — AR % T A K % A (NKT
Photonics Ltd, LMA-10)1E M 1% & o0 14 1) 43 46 =X 1=
T R G IR 6 % RS B R R

0SC
o0
C50/50 2
B~
JXL EOM PS
PC1
AFG
MG
PC2
.“ FREs Probe
A EOM —

C: 34 %; PC. MMiREHIAE; EOM.: BBHEH M DC. H
T AFG: [EERECE S MG: Mk PS: W
#%: EDFA. BEDEL KRS FUT.: f5MJR4F; FBG: a4
PR JGHE ;s PD: SLHARIIE 5 OSC. 7Rk

B 6 oA OB LT o IR AL S 0 e B

P 6 fTm 1Y o3 A 20O 4F R I B R SiAE 0~
1000 “C i B2 5 Hl N IR R % o 4 1,42 MHz/C,
1E 1 000~1 200 °C i B 3 B P 22 Rl 4 ith 2k o
B UL DG A RO LR AE 1000 °C DL b iR AR
P AT DL R K B . 5l R A
(SMEF) 52 86 45 SR it g an 18 7% o . A &L ol
LA 6T mAOL 2 78 o A s L iR R gevh B
A L AR 2F 8w Y AT N LS R R AR

ESSSSSSSSSSSSSSSSSI
SIIIIIIIIIIIIIIIY)

U

0 400 600 800 1000 1200
T/C
B 7 PCF 5 SMF B 2800 5%

L | o
Jak, 3+ =]
iny J§L1 H l}L.Efi =1
A
7y @z PCF
AN R
1.2r WA 3 SMF
O 7 NN,
g NAN AR m
N HARNANAN
Eos AANNANNR
- WM ANEHHNANNK
N N N N
NRANKNANANNRN
< AN AN A A
N AN ANANNAN
04 A A H A AN
E HMARAHAANNRN
NANENANANNAN
HNARNANAHNN
AN N N N N
WMRNANEAHNANNKN
AN NN A A
237 7 N N2 N

S5
| rrrrrrrrr IV IIE
ICSECETTETISTESY
| wrrrrrrrrrrrse.

oPp

2

(=

2.2 KEBEAERKAR
TR HOL IR — Bl DLk o s He o . B A

e 467 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

R L B (B] L I () 1) 238 5 7 R A0 Ak 2 ) AT LUK B 2R
EEN SRS . MWHBIT R ERE ., R HOGH AR
1) A Je O SR 4 1o O A 1 B B ol g i DA B
TR BT DG AT i BB TR AT
2130 T RRL A B o B R O Bk e DG £ b A i a2
FI F 28 1 50N NG £F € ) 5 W L 23 S B0 i g AR
WA R il 1 B MG+ iAo T H B R
AT BT L AT LS B L A SR Y T R A
LA 1 RS T RRR AR A 3 S 1 3RO 5 [ AT
DA SR Bl R 2 €0 DL R A BORE R GR B 4 R
Jik v BE B RE B D S0 H U BeAh, B £
TCEE T NIET ARG LF V8 3 25 A i, HoA 1 2%
TRk T8 A ROCR & BRI A 5 AR A R AT L
BB R B A LELF SN A Z AP FEABE R0 L S
iR 2 AR IR 5 R RO g M
LR REPWHOL AR b HAT BUAIR 4540 505 A PE fg
SR e TGS H T RO S

2007 4F ., Ortac &5 F| Fl — MR 45 24 1006 7 fh ik
HCEF SEARF AL, R A5 T ¥ 0%k 880 mW  HL
Jok i BE £ Ok 16. 5 n] kiR 8 BE A 500 fs B9 RS A Bl
i 25, CRH—RB Y T REOCeEN
HEE A B, KA TR 2.7 WL K b g i R
265 nJ ik vl 55 BE R 400 s AR E B H LY,

[ii] B[] A A O F 8 T R 3 O T R RO EF I R
BOCH B, R R E BRI S 542
PCF WRPBOEROR R 5B T 39 fs (1 bk i 5 5K
FHERIT T M AmBA RS RELE
LT AL RS R —B 1.5 m K|
BT YL B KA 1 BUG T ROG AR S O
WA, Rl EEY mE s, B
SESAM 2 = ] il ¥ BE 2 T d Anmg i 57 . ik
e BH T SO AR N O 25 0 I B &5 F)
SR F Ry 2.5 W Bkt S8 B 2 ps 1Y R B R R
Jok i, X6k 0 PRk vl BE B A 44 n], Bk b & E AN E 4 =
430 fs, HA A A S b B e 09 R A,

00
\.
srfass U
SESAM

8 TRAPWOLA SR A

2.3 HEERS
ARG TR AR 1 SR TS s 2 1 TR A e 1 3 B DA %
fE NG B, 5 P 4R A0 L L 3 T T RO

* 468 -

OF 19 A A B 1T AR BT R 7 R X6 o 1 AL
SRV 3RO 15 0 5 1 A I OR L 5 R 2 F
TS, HHT 3 TO0 T OB 2T 0 1
ETAR N U M ORI A 1 2 s T
PSR,

2004 4F , Ritari %5 % YK 6 T ML 55
PR 25 4 R GO R S 9,

S ONEEON:
10% PBF — | MMF R
| 5% |
| Bk :

|
Lo SRR -~~~ - ,

P9 Dl MR AR A 0 52 6 2 1A

WK 9 FroR B 28 06+ i A O£ i S AE AR
- 38 BRI 2T 2 ) R Sy W Wit , AR AT LG o 3
HEBRIE LR X 3, Ritari 48 F) F 02 & 045 17
WA 2 R AR W WS % 1 R A W WS 5 SR AR
oRIE SN BNy B 1 L N = A R 3
TR T T R AGL 0 AL A kA 4R
7 —Fh BT Sagnac T ¥AXHY T ¥ AL OR IR O T i
PO A S AL A - 48 W S5 R U ik Gx — 4
P AEOLET R IR B — 2 AR A & S, SRR
AR R AR FR A R AL B AR D D' - S 4O
21, PRI BT S 5 R T Rk AR S £ 0 SO S n K
HR I B Sagnac 55 1615 b 2 A 1)
P H S A AL I, A R A SR E
0% ~1% W RELE N 1. 037 nm/ %, fE R HE N
1% ~4 Y% RELRE R 0. 133 nm/ % . 2017 4F, # 2k
AT K TR O B R R A% SRR R E B AT
FKMEHE — 2 H cryptophane-A-6Me 5 B N K &
T2 oK A8/ 5 VN s e R R A A ) R R, 2 ik
PR fih 81 1%y PP ot R B i A AR AR I 2% 5 1S 3 R A A
R AT LR 7 SO p IR P & A i
& o T 52 B Y68 A4 W B85 19 A5 IR, e 435 31 1 H
Kot v AL B U N 1,078 nm/ %, R AL
D' i R M TR R O M 2R A A SR A T 5 A 5 IR L
il T 258 8 2%, T 3R A B 7 A 2 4R (Surface
Plasmon Resonance,SPR) S &L a4y A B w1
F AR E P T E T 2 IR AR IR

045 B TR RO 2 A8 2w O DL — 58 A
SF 3 2 A v T A RR B S 4r J S A o 7 AR SR T A
B, — BAGHRS B AR SR A O 8 2R



CESROEH 2020 4F 8 A4 41 5 4 W

AT F. ATHARLSHRTE BERARTER

b E EA UYL 3 o s g =N e I S IS S R e
g R

L F RO ARG R b, SEA)Z T
FE IS AL L — )2 4w T R I B AR
OGP AE T R AOG L rh AL R I A 4 Ot 2 AR
itk i 8 4 2 ep 1 0 A BRI AR L 2 A R A
B R HR OV B, O £F b O A% B ) BE R ek F
e K BIVRR a1 4 R IR B e K, iR AN R KR B9 PR
PR BFE /IS, 2 ] i 22 & £ ] DLAS B0 FE G 1
B FEFE G ] b, m] DL o 5 AR R 2 R W7 R
e N N Y TR S e i NN T =& N )
SR 3 A7 B AR IR 5 T S S 04 S A, A J AR 2 R )
LR 0 (9 B8 2, 38 a1 5EE ) DLAS 3 AR I AR ST 5
RIKAR AL, T 52 B ARAE R

2018 4F . Liu % 3 7 — 2 THO6 7 ok
2T 1Y) 22 TH 45 S - R L R A SR A L A% R A A T G &
10 7 .

Epdrsh 1, 2 W SALNES R E T
ot AR R BBUEE AL L T — 2 4 T I, ol R 1A A R
A LTI ) T B AR IR A AR, R
R B IN R A E N —1. 99 nm/ % » 25 B9 K6 I R 45
JEHR—0.19 nm/ %, il F THREGR A8 T W MR K
.

Bl 10 JET PCF BT e Jee i B 48 i 7 7

5 g i AL AR A L L R T T AR RO £
A AL AR AR T PR R PR G T RE
SR o [ I B AT g ) ARG 52 A B R AT S M 0 R A
PRICAF RS R 7R AL T I AT 5 A PR fE

3 S lRH

RICAH T 6 F ML 0 & it 7 L %) 4
B 1 5 558 SR 25 1 X 5], AR i A TR A% i e 1 4 1
N T P A M ek = R T SN g MR O
e HATFIE b ST 3 &R B ik 4. 22 X107, 3R

LR A ik 900 (W« km) ', 1 8 BLAE &
—1343.46=£6.74 ps/(nm + km), H fE 1450~
1 700 nm 8 Bl Y B A 85 R0 [ 1) B €8 BT 2 4R e
RIGHEBENA T OCF TR 7E o A LA R b
PG ARG 8% A5 A0 IR i S A Rt B | g S )
MR PERE . FTLVE M, 5@ GLFH L, 61 5
WL B B i AT B b M S A S 00 4% i R v i A
e SR KOG A A 3 7 T A R B . A e
A LAFE DG AR B A 454 5 TH AR i — 20 0F 98 LA 4
o AT SN B 9 i A SR A

S & k-

[1] Knight J C, Birks T A, Russell P St J. All-silica single-mode
optical fiber with photonic crystal cladding[J]. Opt. Lett. ,
1996, 21(19): 1547-1549.

[2] Knight J C, Broeng J. Birks T A. Photonic band gap guidance
in optical fibers[J]. Science, 1998, 282(5393): 1476-1478.

[3] THufe, mhigfe, TRRE. AAZEMERLET WKL L ek
PESM AT, SEfF ST, 2019, 4(7): 36-39.

Yu Jinhua, Li Qianghua, Yu Chengcheng. Optical properties
analysis of photonic crystal fiber based on inner elliptical holes
[J]. Study on Optical Communications, 2019, 4(7): 36-39.

[4] Sun C, Wang W, Jia H. A squeezed photonic crystal fiber for
residual dispersion compensation with high birefringence over
S+C+ L+ U wavelength bands[J]. Opt. Commun. , 2020,
458 124757,

(5] R, /0N, KW, 5 OtFRuoegrs 5]
IREM AL, 2014, 12(45): 12006-12018.

Zhou Lingde, Li Xiaofu, Yu Haihu, et al. Research progress
and applications of photonic crystal fiber[J]. J. of Functional
Materials, 2014, 12(45): 12006-12018.

[6] Birks T A, Knight J C, Russell P St J. Endlessly single-mode
photonic crystal fiber[J]. Opt. Lett., 1997, 22(13): 961-
963.

[7] Monro T M, Bennett P J, Broderick N G R, et al. Holey
fibers with random cladding distributions [ J]. Opt. Lett. .
2000, 25(4): 206-208.

[8] #&.L. K M, BHH. & ORLLr XTI 7 U 4y
Mill]. ZGEDTHHEAR, 2019, 15(2): 87-92.

Cao Hexin, Zhang Han, Lv Fuyong, et al. Pressure sensitivity
analysis of polarization-maintaining fiber birefringence [ ] J.
System Simulation Technol. , 2019, 15(2): 87-92.

[9] MR 4. mT o e+ i kOB £ fe ik K i JH 5 (D], AL
LTk K2, 2017,

Chen Chun. High birefringence properties of photonic crystal
fiber and its application [ D]. Hefei: Hefei University of
Technology, 2017.

[10] Jiang G, Fu Y., Huang Y. High birefringence rectangular-

hole photonic crystal fiber [ J]. Optical Fiber Technol. ,

* 469 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

2015, 8(10): 163-171.

[11] LiuQ, Liu Q. Sun Y, et al. A high-birefringent photonic
quasi-crystal fiber with two elliptical air holes[ ] ]. Optik,
2019, 184 10-15.

[12] BRTF, MW, L&, % —FoL 2080 3 By = X 4t
FAER MO F RIROLA 1], 4055 =K\, 2016, 35
(3): 350-354.

Yang Tianyu, Jiang Haiming, Wang Erlei, et al. Photonic
crystal fibers with large birefringence and high nonlinearity in
near-infrared band[[J]. J. of Infrared and Millimeter Waves,
2016, 35(3): 350-354.

[13] x| ff, %=, % M., %. Design of photonic crystal
fiber with elliptical air holes to achieve simultaneous high
birefringence and nonlinearity[J]. Chinese Physics B, 2018,
27(1): 389-393.

Liu Min, Hou Jingyun, Yang Xu, et al. Design of photonic
crystal fiber with elliptical air holes to achieve simultaneous
high birefringence and nonlinearity [ J]. Chinese Physics B,
2018, 27(1): 389-393.

(141 #& 55, WG B, Wi, 2. MR & FLBETR 250008 7 5
ARG LR i e AT 5 B BRI B RE SR BT (00, SB T 244k, 2014, 43
(1): 50-53.

Sheng Yong, Lu Ju, Yao Gaofeng, et al. Analysis of high
birefringent and confinement loss of elliptical air-holes
rectangular photonic crystal fiber[J]. Acta Photonic Sinica,
2014, 43(1): 50-53.

[15] £ fhi, BEH. StFMAoLF sk mkR] #otsk
HF2E3E R, 2008, 45(2) ; 43-58.

Wang Wei, Hou Lantian. Present situation and future
development in photonic crystal fibers [ J ]. Laser &
Optoelectronics Progress, 2008, 45(2): 43-58.

[16] Z=ghk, VPfRIE, ¥ DM, 5. mAEL M @ HOE HOEF fidk
JCEF BB S 2 e (1], B O, 2014, 41(5) . 119-
124.

Li Xuyou, Xu Zhenlong, Ling Weiwei, et al. Numerical
simulation and analysis of photonic crystal fiber with high
nonlinearity and flattened chromatic dispersion[J]. Chinese J.
of Lasers, 2014, 41(5). 119-124.

(7] k. & P, ERER, S 5 8w XU A B (0 BCF 3D
T AOLLF BRI, B . 2006, 27(4) : 332-335.

Ge Xiangyou., Li Ping, Wang Xiaojie, et al. Study on a new
type high birefringence and flattened dispersion photonic crystal
fiber[J]. J. of Appl. Opt., 2006, 27(4): 332-335.

(18] H#gmest, XUJEAE, BLIEAE, % St FMAOLA L@ E T
ERMERHIT]. S F AR . 2004, 7(7) . 26-28.

Ju Xiaodan, Liu Zhaolun, Ni Zhenghua, et al. Application of
dispersion compensation of photonic crystal fibers for modern
communication systems[ J]. Optical Communication Technol. ,
2004, 7(7) . 26-28.

[19] Knight J C, Arriaga J, Birks T A. Anomalous dispersion in
photonic crystal fiber[J]. IEEE Photonics Technol. Lett. ,

e 470 -

2000, 12(7): 807-809.

[20] Ferrando A, Silvestre E, Miret J J. Nearly zero
ultraflattened dispersion in photonic crystal fibers[J]. Opt.
Lett. ,» 2000, 25(11): 790-792.

(210 X k. FEFOLLF b AR 20w B 0 9 (D], & Ak
FRKRE, 2014,

Liu Lai. Study on nonlinear effects in specialty optical fibers

and their applications[ D]. Jilin: Jilin University, 2014.

[22] LiaoJ, Huang T, Xiong Z, et al. Design and analysis of an
ultrahigh birefriengent nonlinear spiral photonic crystal fiber
with large negative flattened disperison[ J]. Optik, 2017, 1
(54): 42-49.

[23] RBEIH, PR, RSB, % A OB 2 8 A BN 3
AOCHBT S BRSBTS ROGH, 2018, 39(4).
455-461.

Zhang Zhijuan, Chen Feifei, Xu Zhiniu, et al. Research status
and development trends of Brillouin dynamic grating in
sensing  [J]. Semiconductor

Optoelectronics, 2018, 39(4): 455-461.

distributed  optical  fiber

[24] Xu Z, Zhao L. Estimation of error in Brillouin frequency
shift in distributed fiber sensor[J]. IEEE Sensors J. , 2020,
20(4): 1829-1837.

[25] Xu Zhiniu, Zhao Lijuan. Accurate and ultra-fast estimation
of Brillouin frequency shift for distributed fiber sensors[J].
Sensors and Actuators A: Physical, 2020, 303: 111822,

[26] HRaGHH, B0 BCIR AR L 45, B T R ik fot i 2 5 40T
AR eI B 7 ik L], B B SRR 4%, 2020, 40 (5)
202-208.

Xu Zhiniu, Hu Yuhang, Zhao Lijuan, et al. Rapid temperature
and strain measurement method for optic-electric composite
submarine cable based on slope-assisted method [J]. Electric
Power Automation Equipment, 2020, 40(5): 202-208.

[27] Teng L, Zhang H, Dong Y. et al. Temperature-
compensated distributed hydrostatic pressure sensor with a
thin-diameter polarization-maintaining photonic crystal fiber
based on Brillouin dynamic gratings[J]. Opt. Lett. , 2016,
41(18): 4413-4416.

[28] M . A BN S A et a9 moks B o3 A =R 1) ) 1% &
FWFELD]. M/REE : IR/RIE Tolk R, 2015,

Teng Lei. High sensitive distributed transverse load sensor
based on Brillouin dynamic gratings [ D]. Harbin: Harbin
Institute of Technol. , 2015.

[29] #RMEHD. T ReRh G L A BLIR B O 04 43 A 245 B R B
FD]. WRE: WRETL R, 2018.

Xu Pengbai. Distribution optical fiber sensing based on
stimulated Brillouin scattering in special optical fibers [ D].
Harbin: Harbin Institute of Technol. , 2018.

[30] #WIWIA, RAT . XIMESC, %, SLFMmAOLa CH O A
WEE 3k S ATy R LT ). [ #2009, 36(7): 1660~
1670.

Hu M, Song Y., Liu B, et al. Development and advanced



CESROEH 2020 4F 8 A4 41 5 4 W

AT F. ATHARLSHRTE BERARTER

applications of femtosecond photonic crystal fiber laser
technique[ JJ]. Chinese J. of Lasers, 2009, 36(7); 1660-1670.

[31] EWH, MW, KA, & WKEGLFREOLL KA

FIECEROELT]. P EOE, 2007, 34(12): 1603-1606.
Wang Qingyue, Hu Minglie, Song Youjian, et al. Large mode
area photonic crystal fiber laser output high average power
femtosecond pulses[]J]. Chinese J. of Lasers, 2007, 34(12):
1603-1606.

[32] F B, W3k, RiLEE, % SURBE2ES CHEOE
al)]. s SHOE TR, 2019, 48(11) ¢ 40-46.

Yu Chen, Tian Wenlong, Zhu Jiangfeng, et al. High power
Yb-doped all-solid-state femtosecond lasers[ J]. Infrared and
Laser Engin. , 2019, 48(11) . 40-46.

[33] Ortag B, LimPert J, Tunnermann A. High-energy
femtosecond Yb-doped fiber laser operating in the anomalous
dispersion regime[ J]. Opt. Express, 2007, 32(15): 2149-
2151.

[34] Ortac B, Schmidt O, Schreiber T, et al. High-energy
femtosecond Yb-doped dispersion compensation free fiber
laser[J]. Opt. Express, 2007, 15(17); 10725-10732.

[35] LiuBW, Hu M L, Fang X H, et al. High-power
wavelength tunable photonic crystal fiber based oscillator
amplifier frequency shifter femtosecond laser system and its
applications for material microprocessing [ J]. Laser Phys.
Lett. , 2009, 6(1): 44-48.

[36] kEH, sk Ik, PG, % B oSS0 & ELE
GHOLT MEOLE CBHOLART]. P EEOE. 2010, 37D
64-67.

Zhang Yuying, Zhang Chi, Hu Minglie, et al. Free output
coupler high-power all normal dispersion femtosecond photonic
crystal fiber laser[J]. Chinese J. of Lasers, 2010, 37(1): 64-
67.

[37] kiEHY, MFI. Rede, % KT 2R 50 n] i ARk B Bt
B Yb 2 NaY(WO ), REMEEAT]. P EEOE, 2012, 39
(11) . 10-12.

Zhang Haikun, Cui Xuelong, Xu Jinlong, et al. CW mode
locked Yb NaY ( WO, ), femtosecond laser with a
semiconductor saturable absorber mirror [ J]. Chinese J. of
Lasers, 2012, 39(11): 10-12.

[38] BAWIS, A B, B . % JETOLFMAOLLa m ikl
BAG VTS EHT]. S AOLH . 2015, 36(5): 811-814.

Yin Yafang., Zhou Yuan., Yang Yi, etal. Design and

implementation of gas sensing system based on photonic crystal
fiber[J]. Semiconductor Optoelectronics, 2015, 36 (5); 811-
814.

[39] Ritari T, Niemi T, Ludvigsen H, et al. Polarization-mode
dispersion of large mode-area photonic crystal fibers[]].
Optics Communications, 2003, 226(1) . 233-239.

[40] 3% . #MiBOLF ML F AR B RS RID]. K. K
HER A, 2012,

Jing L. Research on novel gas sensors with photonic crystal
fibers[ D]. Tianjin: Tianjin University, 2012,

[41] #iEdk, £ W%, BiE%, % 5T Sagnac T ALH PR OE

TR A RS [T, Jed T, 2014, 34(8) : 85-89.
Yang Y, Wang H, Yang F, et al. Polarization maintaining
photonic crystal fiber hydrogen sensor based on Sagnac
interferometer[ J]. Acta Optica Sinica, 2014, 34(8) . 85-89.

[42] Yang ] C, Xin C, Shen R, et al. High sensitivity photonic
crystal fiber long period grating methane sensor with
cryptophane-A-6Me absorbed on a PAA-CNTs/PAH
nanofilm[J]. Opt. Express, 2017, 25(17); 20258-20267.

[43] Dash J N. Jha R. SPR biosensor based on polymer PCF
coated with conducting metal oxide [ J]. IEEE Photonics
Technol. Lett., 2014, 26(6): 595-598.

[44] Dash ] N, Jha R. Highly sensitive D shaped PCF sensor
based on SPR for near IR [J]. Optical & Quantum
Electronics, 2016, 48(2): 1-7.

[45] T Jf. JeTRRGL SPR SR AL BOL B K ¢ HE 5 AR BF 5T
[D]. VLo fE K, 2019.

Wang Meng. Research on mechanism and key technologies of
photonic crystal fiber SPR gas sensing [ D]. Jiangsu: China
University of Mining and Technol. , 2019.

[46] Liu H, Wang M, Wang Q, et al. Simultaneous measurement
of hydrogen and methane based on PCF-SPR structure with
compound film-coated side-holes [J].  Optical Fiber
Technology, 2018, 5(7): 1-7.

EZEE A

BATIIE (1981 —) % W ., @l e, 2 AP
6] A AR R 5 R AT AT

BEHAIT9—), F R ERAR T
) Ay o A X o A B A S e b AR A R S ] e
W50 b 8 2 A

o 471 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

F 3 H

EHRARME OCT HMEWRITEERES N

Lo, EEAN HEE.E A4
(1. BHEXZ BFIRER ERABRFEERESIHRE, JLE 100084;
2. tFEEBEXGREFRAT, L/ 102206;
3. BERE MBIARBEKEER FHEXFIRKEER, LR 102218)

M OE: ARHEMNGAFHETENOCDEA & T AR T Fo = 4 4 B AL 69 £ 5,
EFERZHNTER LR 2 XE, XF@ETH4RFRME OCT K469 R £ M4k 3474
A M TIRAGEM AR, ETHRAGEHZEH . 4R HRSE GRIN X4 8 ALE & 1
B RN ZEZE - T HAESHTHRAEETRTAAHBZEES TRAGHERG I A,

K JCEMTEMN; LB OCT #4545 detidit; et 5 Sk ah

RESES: TN249 XE4HS: 1001—5868(2020)04—0472—04

Design and Robust Analysis of All-fiber-type Side-viewing OCT Probe
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Abstract ; All-fiber-type side-viewing optical-coherence-tomography (OCT ) probe has
attracted extensive interests in both academic and industry because of its ultra-small size and the
ability of full-circumferential imaging. In this manuscript, the design of all-fiber-type side-
viewing OCT probe is optimized for better focusing performance by numerical simulation.
Furthermore, the robustness of the optimized all-fiber-type side-viewing OCT probe versus the

size of probe tube and the position of reflector is numerically analyzed for the power fading
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resulting from the random transverse displacement between reflector and GRIN fiber.
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An Optical Fiber Refractive Index Sensor Based on Double-mode Interference

WANG Jun, YANG Shu
(College of Science, Beijing University of Posts and Telecommunications, Beijing 100876, CHN)

Abstract ; To achieve high-sensitivity refractive index measurement, an optical fiber
refractive index sensor based on double-mode interference is designed. The sensor is a single-
mode-multimode-single-mode fiber (SMS) structure, in which the single-mode fiber and the
multi-mode fiber are of the same diameter and core refractive index. To strip the cladding of the
multimode fiber and place it in the environment to be measured, interference will occur between
the two modes excited out of the multimode fiber. The transmission dips of the sensor will shift
when the ambient refractive index changes., so the simultaneous measurement of the refractive
index can be achieved by monitoring the wavelength shifts. Using FDTD Solutions software for
simulation, the interference spectra at different refractive index were obtained. The results show
that the sensitivity of the dip at 1 517. 32 nm to the refractive index is 1 848. 2 nm/RIU, and the
minimum resolution error is only 2. 74 X 10~ ° RIU. Compared with the traditional optical fiber
sensor, the sensor processes simple structure, high sensitivity and low resolution, making it has
high potential applications.

Key words: optical fiber sensor; double-mode interference; wavelength modulation;

refractive index; optical fiber interferometer
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Research on High Sensitivity Balanced Photodetector for Space Application
CUI Dajian' , ZHOU Lang', XI Shuiging' » REN Li', LAN Feng®, GUO Jingzhong®
(1. Chongging Optoelectronics Research Institute, Chongqing 400060, CHN;

2. Xi’an Institute of Space Radio Technology, Xi’an 710100, CHN)

Abstract: Designed is an onboard balanced photoelectric detector with high sensitivity,
which is composed of a balanced photodiode chip and a trans-impedance amplifier. The balanced
photodiode chip adopts the internal balance structure of dual InP-InGaAs photodiode unit to
reduce the noise of the chip itself and improve the detection sensitivity. The closed-loop amplifier
integrated with positive and negative bi-directional current input circuit, automatic gain control
circuit and inverter input circuit was simulated by Cadence software, and the relationship of the
equivalent noise power, bandwidth and gain was obtained. Then a tran-resistance amplifier being
adaptive to balanced photodiode chip was produced. A 1.55 pm laser test system was set up to
test the performance of the developed detector, and the results show that its 3 dB bandwidth of
1.58 GHz, equivalent noise power density of 5. 96 pW/Hz"?, and the common-mode rejection
ratio of 42, 04 dB (@DC~1. 58 GHz) are realized, and the receiving sensitivity in the coherent
laser communication system reaches —61 dBm.

Key words: balanced photodetector; high sensitivity; satellite coherent communication
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Surface Passivation of Perovskite Films by Bathocuproine Molecule
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organic small molecule 2, 9-Dimethyl-4, 7-diphenyl-1, 10-
abbr.

engineering between active and electron-transporting layers (ETL) in a reversed perovskite solar

Abstract ; In this work,

phenanthroline ( bathocuproine, BCP) was selected as a buffer layer for interface
cells. It was found that the device performance was significantly improved after THE deposition
of a BCP layer between the ETL and the perovskite layer. It reveals that the spacing between the
grains was effectively filled by the BCP by scanning electron microscope, which can be
responsible to prevent the generation of defect state at perovskite interface. Further analysis of
the charge accumulation in the device in combination with AC impedance measurement proved
that the migration of ions and the photon-generated carrier recombination in the perovskite solar
device were reduced after the deposition of BCP layer. As a result, the optoelectronic power-
conversion-efficiency is improved from 15.7% to 17.4%.

Key words: interface engineering; perovskite solar cells; BCP; defect state
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Design of High-speed CMOS Image Sensor for Hyperspectral Imaging
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Abstract: For the imaging requirements such as high frame rate, global shutter and
adjustable output channel amount, a kind of CMOS image sensor for hyperspectral imaging is
proposed. The schematic plan and working principles of 8T pixel structure and readout circuit are
introduced in detail. Post-simulation and tapeout of this sensor were completed, and the
experimental results show the design meets the expectation by achieving targeting features and
realizing high-speed and low-noise analog signal output under the condition of large layout area
and small amount of output channels. The pixel array size of 2 048X 256 and the pixel pitch of
24 pm X 24 pm are achieved, the maximum signal output frequency for a single channel is 40 X
10° pixel/s and the frame rate can reach up to 4 000 f/s, being able to meet the general
requirement of a hyperspectral imaging system.

Key words: CMOS image sensor; hyperspectral imaging; global shutter; high frame rate
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Influence of Local High Radiation on Short-circuit
Current of Multi-junction Solar Cell under Fresnel Lens
JIANG Jingxiang, SHU Bifen, LIANG Qibing, HUANG Yan, CUI Gaojun, YU Zukang
(Institute for Solar Energy Systems. Sun Yat-sen University, Guangdong Provincial Key

Laboratory of Photovoltaic Technology, Guangzhou 510006, CHN)

Abstract: In order to explore the influence of local high radiation on short—circuit current
of multi-junction solar cell in concentrated photovoltaic module with Fresnel lens as the
concentrator, the diameters of the high bright spot of Fresnel lens were measured so as to
measure the short-circuit current of the GalnP/GalnAs/Ge triple-junction solar cell with different
sizes of lens under different local illumination areas. And the experimental results were analyzed
by using circuit network model. The results show that the short-circuit current is independent of
the area of bright spot, and the current along the optical axis changes synchronously with
radiation when the small size Fresnel lens is focused. When the size of lens increases to a certain
extent, high radiation presents inthe center of solar cell, and the current is limited by peak
tunneling current, which is reflected as the decrease of short-circuit current at the focal plane.
Putting the solar cell on both sides of the focal plane canalleviatethe local high radiation, and the

short-circuit current can be increased by 8. 0%.

s H#A:2020—03—15. Key words: concentrated photovoltaic
EEWA [ R A RFFEREEIE (U1707603) 51 module; Fresnel lens; multi-junction solar cells;
R H AR BE Sk T AU H (2014 A030311050).
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Temperature-tuning Based Wavelength Scanning Technology for Semiconductor Lasers
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Abstract: Low-cost and miniaturized semiconductor lasers play an important role in optical

fiber-sensing system. In this paper, a design of semiconductor laser driving circuit for
temperature tuning is experimentally presented. Using the ARM chip as the core controller, the
design applies a thermistor to collect the temperature signal, and uses the thermoelectric cooler
(TEC) to control the temperature, thus the wavelength scanning of the laser can be achieved by
temperature-controlled tuning. Then the output power is collected by a photo diode (PD), and
the optic power of the laser is controlled by electric current, so that the optic power can keep
stable with the changing temperature. Experiments results show that the circuit can work
reliably for a long time, the max temperature tuning range reaches 5 nm, and the output optical
power remains stable during the whole wavelength scanning process.
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Tunable Random Fiber Laser Based on Random Grating
SHEN Chengrong' . DONG Xinyong'”
(1. Institute of Optoelectronic Technology, China Jiliang University, Hangzhou 310018, CHN;
2. School of Information Engineering. Guangdong University of Technology, Guangzhou 510006, CHN)

Abstract: A tunable random fiber laser based on random grating and high reflection FBG is
proposed. A 980 nm pump light source is used to pump a 7 m long erbium-doped fiber for gain
amplification, and random feedback is provided by a random grating. The random grating is 7 cm
long and has about 10,000 refractive index modification points. These points are written point by
point by the femtosecond laser and randomly distributed along the fiber direction. The distance
between the two points is less than 10 pm. At the same time, a semi-open cavity structure was
formed by using a high-reflection FBG with a center wavelength of 1 548 nm to achieve random
laser output. The experimentally measured pump threshold power is only 18 mW, and the slope
efficiency is as high as 13.2%. By changing the center wavelength of the FBG, the output laser
wavelength can be tuned with a tuning range of 4. 45 nm (1 548. 04~1 552. 49 nm). Thanks to
the design of the semi-open laser cavity and the high gain of EDF, the entire system has the
advantages of low threshold, high efficiency, and simple structure.

Key words: fiber laser; random fiber laser; random grating
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Effect of Silver Residue in MACE Process on the Performance of Solar Cells
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Abstract; Black silicon with textured surface was prepared on mc-Si by metal assisted

chemical etching (MACE) technique using Ag element. The surface Ag residues, morphology
and optical absorption of the prepared black silicon samples were characterized and analyzed by

On this

basis, solar cells were fabricated with the black silicon samples with standard processes of

energy dispersive spectrometer, scanning electron microscope and reflectivity tester.

diffusion, etching, PECVD coating, screen printing and sintering. And their electrical and
The

results show that compared with the regular and uniform circular texture surface without Ag

electroluminecence (EL) properties were characterized and analyzed by I-V and EL test.

residues, the surface morphology of black silicon samples with Ag residues was disorderly in
direction and different in depth. The efficiency of the related solar cell was 3. 03% lower than

that of the normal cell due to the sharp boundary around the pit and the irregular shape.
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Topology Optimization Design of End-actuator of IC Substrate Transmission Robot
ZHU Xijing', GUO Xiao', LIN Zhiwei’, CHEN Xiangxi’
(1. School of Mechanical Engineering, North University of China, Taiyuan 030051, CHN;
2. Intelligent System Collaborative Innovation Research Center, School of Automation, Beijing Institute of Technology,

Beijing 100081, CHN; 3. Zhejiang Xuanye Precision Manufacturing Co. LTD. , Taizhou 317500, CHN)

Abstract ; End-actuator is very important for realizing fast, reliable and efficient
transmission in substrate detection of semiconductor packaging. Under the condition of satisfying
material strength and structure stiffness, a 3D model of the end-actuator was established with the
goal to reduce the weight of the end-actuator. The static calculation and modal analysis of the
end-actuator of the substrate transfer robot were performed with ANSYS software. Then the
stress, strain characteristics and corresponding modes of the end-actuator under the maximum
load were obtained. Based on the optimized topology, a new end-actuator structure was
established. And the strength of the new structure was checked, verifying the validity of the
design scheme. The results demonstrate that the first four order natural frequencies of the end-
actuator are much higher than the gyro-frequency of the servomotor and the quality of the new
structure is reduced by 26. 7%. It achieves the goal of lightweight and provides a new technical
solution for the subsequent development of related products.

Key words: semiconductor substrate; finite element analysis; structural design; topology

optimization; light weight
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Effects of Pre-ionization on Properties of ArF Excimer Laser
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(1. Institute of Microelectronics of The Chinese Academy of Sciences, Beijing 100094, CHN;
2. Beijing Excimer Laser Technology and Engineering Center, Beijing 100094, CHN;
3. University of Chinese Academy of Sciences, Beijing 100049, CHN)

Abstract: A fluid model is used to investigate the discharge kinetics of ArF excimer laser.
By comparing the gas discharge at different initial preionization intensities, the effects of
preionization on discharge excited excimer laser system are analyzed. The preionization effect
under different gas parameters is also discussed. The results show that the initial preionization
intensity has significant effects on the breakdown voltage, the formation of ArF excimer, the
optical quality and gain. Under the premise of uniform electric field and effective discharge, it is
difficult to reach the gas breakdown threshold with low initial preionization intensity, but higher
laser power can be obtained. Increasing the initial preionization intensity can effectively reduce
the breakdown voltage, but it’s not conducive to the absorption and conversion of energy. The
preionization capability is affected by the gas pressure and fluorine ratio. The increasing of gas
pressure or fluorine concentration can reduce the effectiveness of preionization.
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Study on the Coupling Hybrid of Dielectric Constant Near
Zero Mode and Surface Phonon Polarization Mode
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Abstract:  The near-zero dielectric constant mode provides a new way to control the
interaction of light and matter at the nanoscale. In this paper, the principle of attenuated total
reflection was used to excite the ENZ modes of phonon polariton and gallium nitride films of
aluminum oxide substrates respectively. By adjusting the film thickness and optimizing the gap
between air layers, the coupling hybrid of the double-layer structure mode was achieved. The
transmission matrix method and finite time domain difference method were used to numerically
calculate the electric field distribution and dispersion of the mixed mode, indicating that the
coupling splitting occurs in the two modes due to the strong coupling conditions. In the spectrum
simulated by FDTD, both the high-frequency and low-frequency branches of the dispersion
relationship show strong coupling at the anti-crosspoints, and the ENZ-SPhP mixed mode can be
observed from the electric field diagram. ENZ-SPhP hybrid mode has high propagation
characteristics and sub-wavelength light limitation, which can be used as the basis for future
infrared and terahertz nanophotonic integration and communication equipment.

Key words: surface phonon excitons; near zero dielectric constant; coupling;

nanophotonics; mode limitation

¥ 7s B 8 :2020—02—23.
BEEWAB:) AE A4 F %% 4T H (2015A030311018,
2017A030313035).

BISER MRS L E-mail: yhchen@scnu. edu. cn



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

0 5l&

N BT 1 G0 K G0 8 AR I & J A T 4 iR
2% (TH2) Y6 F2# R E R . 8 A Rk A ol 1 T
— PR T 3R A FLE ORI R Y L IR 4 B R
RN L H B AR, WAL AT LA 5 S 3 44 R 4
JE AR HUH BOCR 70 (A2 TF 0RO B BRI G
R GO MY RS IL RS, o B 4 44
AT L3 =28, 43 900 2 A WL 850 2 (ENZ) 19 4
B RESRAT AR DL R A L BORE S R R S
AL E MM B, 723 T # A A ENZ A i
LA EAR FL e A5 4% . T ENZ A Tk 1
ENZ #8207 W K RT3 B o S HL A 5 20 11 B
il SR TR BTz S EMBESE . ENZ X
P10 P S A 455 30 o M A I R A S R AT R R L
a3 7R 57 D C B AR R MO SR R O R R
S 1 I S BREL AT FT W P [ 52 B %ok R v R I
B R I B A A, SR ENZ B FE 90 K
6 Ry H A2 31 JH A 6 1 € R0 BR L 5 B X
AR R o B A /N AR B o JE T L 9ol 72 i
i F — 4~ 7 2k A T G ] 52 B R0 40 K R 1
Hm R BAL . AR ENZ b 59 B B2 5, al
PAR KA X A B b5 A SE 8, ik, w3k — 44
T A A5 A TT DL A R ENZ B R iz S
HoA s F A B AR A BB A R RT DL DL & 3
T R DR o AL R R

AR SO A BRI 3k 2% 43 ¥ (FDTD) F% 4y 46 B
P (TMM) BT 5 2 W XUZ R A TR T AL O, #F
5 GaN 2 o i 7 F Ak #0T (SPhP) & A f A
X6 F IR LA B AL S T R R B AT & BLRUZ 45
A 04 B S5 3 1 B T A e B B S I R 42
i I S AT 48 R T NUZ R 2 R A A R B
FRAS G, F ok — 2 i B T R BR AR X FR SPhP #E 4
BT A R IR L [ B 58 T X6 R A5 R R Bk 4y 3
R RUR . SRR A TR B R A K R i L
Z5MANPHA R FORRE MR, =4 T — &5
A A B G I B AL TR B L AT REE . X SR A AR
LA VR 9 A B A 3 i i 3 10 K W 484 58 L T A
{10 fE 10 8 LA B Al 25 ok A5 4R S e

1 ZEH AR

B BT LA TR RS2 AR 8 25 4 7 T o ek
B B8 7 £ A% I BB T 2 B 5 A e A R A A A6

. 524 -

DERC I &, b s 3T S 8% (i ~ 2. 4D ZE TIPS
14 23 A, 18] B v (o 75 A AL T R AR DE S & . e
TCRIER AL O, W FAA R 50 nm B GaN
B, Stz MM E N oy s <. RH
FDTD X 3 J 45 14 (4 ki & 55 Pk #4758 . GaN
fERB AR B HUY ENZ ML FHE a0, 1 ALO, &
PR 20 7 A A A S o BLE R T A O 1
Pt =X A A A B 24, DT 7= A AN BT 1Y) s 28 ST
Y 3. ANTRLAS IG5 S S5 5 I AT DL
B R AT B HOC R

. R4t
z
L
v
?i ] B
GaN
ALO3

FT SRR AR B S 2 BN R A

AR SR F 1 AR A H A B AR AR DR R b
BHE A P 2L HM P BOS I FE A 1 ik 7 4 BAT 3k
U BN S TR B A B AR A R AAE G [n)
Je2E (LO) FIEE 1] )6 2 (TO) 7 F 4 3 22 8] #1 %
SPhP 2, 1Z Ot 1% 1 [l 9 F% K “ Reststrahlen” §i 77
RIS . M0 26 5300 9N 1] Ol 2 75 F 43
i N G S | B 7 I

e P HL A oA B A L H RO 2 Drude 3% 12
22T AL A B Y SIS OR R T 2 R T AR

e(u')ze,,V;(l—ﬁ—M) @D
Wro — W — 1wy
Hr AL O, B ] 75 F IR wo =635 cm ', 4h[A]
TR w, =908 cm '.e. =3.06 A EH T A
PR By = 6.3 FHEHFR, GaN B wq, =
560.1cm 'swio="742.1cm ',e.. =5. 04 N &M
T LA BUE A, y =4 RBHE AR,

2 HRGHTHE

i TMM 355002 85 4 A oA B AR T Y e
AL, WA 2Ca), 50 nm GaN # 8 B 2 £ /) ENZ
B AL O, J2 1/ SPhP #0& 4 TH G, W L
L U4 A T 2 T 0 24



CESROEH 2020 4F 8 A4 41 5 4 W

WA .

A HERAEX S K@ FFRAEX AR

ANy 3 o il 2 RN B4R 43 S 238 3 Matlab 1155
B AL O, il GaN XUZ A 5 @i 26 . FI A
FDTD 15 ELARTH (4 76 A [ £ B2V 1801 5 B 5T B2
2 A8 Y R 5 i A 2 (D) R . B asbacad
esf NA AR E 3 (a) ~ (D) 1y HL 3 AL,
K 2(0) & W2 454 iy SPhP B3 Al ENZ #3 &
AERAERE AN — OIS EFE O, X R
O=A R 33,3 ecm ' OGS BF 249K A P HE (Rabi) BF
24, Rabi BF 21 i 14T A SR ARG FRAE

. . 1.1 1.2 1.3
k. /k k. /k,

(a)  WURGEHIH A 10 S 5% () )23 5 9 1) S 2 3

4| SPhP Al ENZ €501 2%

_____
==
-
<
e
oo

1.1 12 1.3
k. /k,
(o) #f SPhP Ml ENZ €& i 2 s 4 A 51 1Y 1R 4 32 #I6 i h 28

Pl 2 UUZ S5 H R 5 119 B2 IR P33 2% (8 B 2 1 5 19 1
T o3 S A £

LT Ak  ENZ A1 SPhP £l 2
TE) F) 5 A A0
ESP]]P(kI ) + EENZ (k] )

E Giiine (k) = ; 4

1., .
?(Qf{—b—(ESPI,P(k,,)fEE,\-Z(kJ))ZV (2)

Horb E Do Co ) SRR A 1 1 451 3 AR A0 32 1) 5 1
KER, Egp (k) R AMA B SPhP A H X R,
EENZ(kJ )%/ﬁﬁﬁﬁéﬁg ENZ @,ﬁi;é}% 7\(2%{ IEILZ Rabi
BEZIBE R, B ME 3o iR, IEER LS
TMM 455V & 4 4, BIIE A A5 2 3 3 A £k 5 B
HEAW, ERA A, L XM T X HA SPhP M
ENZ $AE A9 IR A X B O 3RO B, RS & 05 40
L5, SR 34 i i i Ez i SPhP F1 ENZ (8
HHES

kT AT Hb TR RUZ 25 R R R R X R R X
FRIBA AR B 3 S e RPN T U2 451
(e 3 A . s il FDTD 76 & 2 (b) & 0

T FR & A SR A 20 nm ENZ/5 pm SPhP #] #1
AR ZER T i . B’ 3Ca), (d) 43 J6 R T
Bl 2 W a.d 5 TEARIER a d sS 4L, SPhP 1
ENZ 5 A 5 56 11 45 2 1] B, B 4 7 19 7 A 2 B
BRRA . B IR A O R A B SO
SN ZAEAR KR AR FE 143 5125 T ENZ il SPhP %
K. FELELIEBRGE 3G PR ER 2L ENZ
PR Y T F R BRE 20 nm JE 2 5 M, 185 R #5
R AR Y €5 B (T 3 (D) B — Rl 2 485 0L 1A o
Bl Jr PR T U2 2 T 5 H A7 7 T 2 R LA v, 28
LT B A #E A1 SPhP #1504 @805 S AH i
IR XmE, AT KRG . 45 E 3(h), (o)
JE 7R B 37 43 A R s 6 B HS 25 )L T ENZ F SPhP £
X, FERAB M L - 3(h)) o, X FR B TR A
AE ENZ JZ N I 508 1 3 29 5, () Bsf A5 3 52 0
FIEEA B B 3Ce) B FIRAE ENZ 2 P R B
87 5 T I A R A PR A 3R BH Y A B UM R
B, & A B G 7 A i B A 2 TR s EL A A A 1
NGRS 3 = (ST S O SN
(3¢, (D) Fe W LA ENZ #2 oR i b 3 5%
A5 M AL SPhP #9417 R (Bl 3(e)) i 7E T 32 8
FIAHR AR B . X R B & A R A AR 2 23 2 1Y

r————— 30 2 30
H]O 5 103
S S
) )
LB E S 8 § -10F o0l — A A -0
(@) (b)
-30 -30
15 5 s 15 15 5 s 15
2 30 2 30
103 103
S K
105 0 )
0 -103 -10F
© @)
-30 -30
15 5 5 15 15 5 5 15
2 30 2 30
HIO 5 103
S S
) )
0 H—IO = 01 -1omu
(e) _30 ® 30

.15 5 5 15 -is 5 5 15

3 PRI T2 S nE, (0 BA ENZ £
FURRPE DR G A SR A A () SR A A
WS IR A A0 (OF SPhP EZ M &
B S AR R A3 A 5 (DA SPhP 3 B4 Pk Y oR B A A%
WS 5 (e) A s Al G YRR SR B HL 3% 03 1 5 (D
A ENZ F2 2R 1R G AR S8 X iy i 3 43 A1

. 525 ¢



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

Ay S TS 58 S A B S TR T s e Y R
OE7/BL R iR NI

B J5 38 S U GaN B JEE B A5 B XL 45 48 1Y
B v LOURER B, PR R A s 55 2 & R
Ak, T 4Ce) FB 7 R B 45 48 T A7 7E RS
B3 3L PRt AT DAL B A JE AR 45 RIS T4
JEL ) RS, 43 S I ARG SR8 0, IR R B A TMM
AR B . SR LR I DR 3 A R A AR B Y B
JEE XoF 0 A R AT A AR T A A I S T B AL
BN RCRE A . I HBAOGE PA RURE E
(AR E AR 224 0 HIE W T 3 R A A R A R
W, FE A SC I 25 46 v TR0 B 1) T 080 4 2 08 0 R A T 3
PREETH, /MER A XA ENFERE. 8
HTE AL Oy # i i  Hw GaN Y J5 B2 T DL
SE 9 T30 7 i A D B P 6 0 R 1 Y A e
fEM . &6, th T SPhP {7 W2 By A H ENZ
B AEAE T GaN b, E 4 Ca), (b) in, B &
GaN 5 JEE B2 ) 1 s 9 452 2 1) 28 ) 6 % sk 2
T BEAR T A 8RS & a8, &1 v i il 2 R L 2k 4 i)
2 AL O, F1 GaN iy 2R .

k./k, k. /k,

(a)  GaN BEEE R 80 nm  (b)
1.0

GaN R 5110 nm

0.8
0.6
0.4

0.2

0650

(o) Z=AARFEIERE GaN B I 5 R 3%

Pl 4 TMM BB T3 R () J5E B i1 SUZ 55 # R A B i

[ eEY]
3 45

FIH FDTD Al TMM X X2 25 # v #5200 &
R T BEIS AR 5, 2 PR S 35 9 S R B S K
() B ] L2 R 1O e A X R S R L 4 s U2 S5
o SPhP B 5 ENZ B & 09 W BAS i, 38 o

. 526 -

HOE AT LW ZE B0 RS A5 45 20 0 b 43 A LR 3R
A7 B [ I E A SPhP Al ENZ By PE R, 3 Fh g
A0 ) i 5 R 28 U2 ] LA A XA 4 10 [ B )
FI ENZ 8 1947y 76305 3 v S AR o YRR . AR
SC % B A BIF 5 B P A S 5 4 A e i {1 6 AR
ENZ b7 5 SPhP W #8 & M 5, ig g it — 42 7t
ENZ B FE9 K+ ik 1.

S E 3k

[1] Silveirinha M G. Engheta N. Theory of supercoupling.
squeezing wave energy and field confinement in narrow
channels and tight bends using e near-zero metamaterials[ ] ].
Physical Review B, Condensed Matter and Materials Physics,
2007, 76(24): 245109. 1-245109. 17.

[2] Edwards B, AluiA, Silveirinha M G. et al. Reflectionless
sharp bends and corners in waveguides using epsilon-near-zero
effects[J]. J. of Appl. Phys. . 105(4); 044905.

[3] Argyropoulos C, Chen P Y, Giuseppe D, et al. Boosting
optical nonlinearities in e-near-zero plasmonic channels[ ] ].
Phys. Rev. B: Condensed Matter, 2012, 85(4);: 045129.

[4] Suchowski H, O'Brien K, Wong Z J, et al. Four wave mixing
propagation in fishnet metamaterials [ C]// CLEO: QELS
Fundamental Science, 2013.: 14380821.

[5] Mattiucci N, Bloemer M J, Aguanno G D. Phase-matched
second harmonic generation at the dirac point of a 2-d photonic
crystal[J]. Opt. Express, 2014, 22(6): 6381-6390.

[6] Kim J, Dutta A, Naik G V, et al. Role of epsilon-near-zero
substrates in the optical response of plasmonic antennas[]].
Optica, 2016, 3(3): 339.

[7] Passler N C, Gubbin C R, Folland T G, et al. Strong
coupling of epsilon-near-zero phonon polaritons in polar
dielectric heterostructures [ J ]. arXiv: 1811. 05754, 2018:
8b01273.

[8] Nordin L, Dominguez O, Roberts C M, et al. Mid-infrared
epsilon-near-zero modes in ultra-thin phononic films[J]. Appl.
Phys. Lett., 2017, 111(9): 091105.

[9] Caldwell ] D, Lindsay L, Giannini V, et al. Low-loss, infrared
and terahertz nanophotonics using surface phonon polaritons[ J].
Nanophotonics, 2015, 4(1): nanoph-2014-0003.

[10] Runnerstrom E L, Kelley K P, Folland T G, et al. Polaritonic

hybrid-epsilon-near-zero modes: engineering strong optoelectronic
coupling and dispersion in doped cadmium oxide bilayers[ ] ].

arXiv preprint: 1808. 03847, 2018.

fEE BN
FEAF (1994 —) , kLA A, T BN F M
BRIEH(1979—) . B L . &, L ZNF LT
AR AR SRR,



CESROEH 2020 4F 8 A4 41 5 4 W

Wb Rt .

HH SHWERLE

S E KB TGS R NS MR LR

WAL, BRo#ctT, AR, Brar

(1. AREBERE BFERFTEER, AR 210023; 2. BRAF¥ EFRES5TEZER, AR 210023)

i OE., A TATAKRAARA 15 24 em (6 inch) ¥ Ga, O, #H 85 &4 4 2 48 9 2
(HVPE) £ K=ty — 4 JUAT A AL, 3F Ga, O, M A8 A K #AT T HAAEED, RRMLALT GaCl 3t A
O, BARE OB AR IERF XA, ARG EKRKE R TR LN Ga,0, KE
M3 FEB 7.02%, AN AFRBEG R EFEHREEETT A ER, LI ELGES
HERNSFHARREANILI Y 0, EESHERGERERES AR GBRYRRK,

KB : Ga, Oy [ACYTAINE ; M7 E s T 1HILEe

FESZES: TN304.054; TN304. 23 XEHS: 1001 —5868(2020)04—0527 —04

Optimization of Flow Field and Reaction Parameters in the Growth Simulation of Gallium Oxide
DAI Bisheng', CHEN Lin'*, TAO Zhikuo', XIU Xianggian®

(1. School of Electronic and Optical Engineering, Nanjing University of Posts and Telecommunications,

Nanjing 210023, CHN; 2. School of Electronic Science and Engineering, Nanjing University, Nanjing 210023, CHN)

Abstract; A two-dimensional geometry model of hydride vapor phase epitaxy (HVPE)
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The Perovskite Nanowire Films with Polarized Luminescence
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Abstract; Polarized light-emitting films have potential applications in liquid crystal displays
and can significantly reduce energy consumption. The key to the preparation of polarized light-
emitting {ilms lies in the ordered orientation of the light-emitting materials. In this paper, the
anisotropic CsPbBr, nanowires were used as the luminescent material, and the off-center spin-
coating method was used to perpare the polarized luminescent film. The fluorescence
spectrometer was used to test the degree of polarization of the film, and scanning electron
microscope was used to observe the orientation of the nanowires. The orientation of the nanowire

film was optimized by changing the substrates, nanowire dispersion concentration, and solvent
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composition, and a good fluorescence polarization degree was obtained.
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Simulation and Optimization of Structural Parameters of the Micro Pin-Fin Radiator
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Abstract; The heat dissipation effect of the interleaved micro-pin-fin heat sink was studied
by numerical simulation, and the influence of the array spacing and height of the pin fins on the
wall temperature and pressure drop of the heat sink was studied. Experimental results indicate
that the press drop increases nonlinearly with the decreasing array spacing and height of the pin
fins, while the wall temperature increases with the increase of the pin fin spacing, but it shows a
fluctuation trend with the increase of the pin fin height. Based on the above research, it further

optimizes the lateral spacing, longitudinal spacing and height of the microneedle fins with the

method of response surface approximation. The pressure drop can be reduced by a maximum of

61.11% after optimization.

Key words:

0 5IF

Bl HL LI R G AR R s i R G %
AW B R R RGN R R, B
TR T Bl A, R G ik R RB AR AE L
S B8 A i AR 2 A 0 JR R A R K A5 AT 4 i XL
BRI O & ok R HC TR 2, 19 22 80 4F
R, Tuckerman 25 8 1 7l FH A AR g 4 #1511
1) S T O, A BB Ve ZN R AT R TR

Y5 B H#3:2020—04—17.

HEL2TB :EXARBFELETH (11972376) s I A H A K
Bl 45 B (ZR2019MAO007) 5 H Y 55 1 3k A B F & 357 5k
435 H (19CX02032A).

CEEEE AR E-mail: yegg@upc. edu. cn

micro pin-fin heat sink; hot spot; microfluidic cooling; parameter optimization

B BLAC 7 B A8 HCVEOR I B2 8 DA B R B
il i AR Y UK R O TE R S HUR R T
WG S L V22 R 00 0 TE S5 A AT A 3 A E
%, ANAHCET B8 | IO s T A R R AR R0 s
g AT H B AT B — b R T8 S5 4, 3k b 45 1 B
SRIGTR T e T, (B[] B 0 5 5O AR P 8 e oAl 5 4
fin. Kosar'™ #1 Brunschwiler™ 2535 11 T #H & 52 5
WEFE T B AL B 6 R 1 HE 5 7 X 88 R 47) X
YRR R A 5 . Koz Al Tullius™*) 45 X 5 b
TE ST SE RS AT T S B, S B T 6 YR Y
PHK 3P fE . Daniel 25 BF X B ER v A A5
[} UTF S 1 — A AR 24 5 B g 5% B2 AR, G ok 3
FI A g ) %8 R T IR, DT 3K 381 0 I v A i AR R
FORERiIN

ol
w
(o2}



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

T 3 A SR Z RO LA T8 R B R IR 4 T
SR B AR AR X T T T RS
Shi Z MR 22 H b kA DL SR/ AR BE A
A YRR B 6 A foE E #7045 3] T
BofE 45 2 8. Hadad %7 R JAVA 553k Fl
NSGA- Ty B G A 55 125 XoF e 1 HCRA 2 1 2 4
SR AT T Ak, Rao 855 (6 F mi B Iy 5
(Response Surface Methodology, RSM) #1 JAVA
A B OB 2 M s/ RIRE AT Tk T A
F18) A BEL R 2 ) %

ISR DO KT SHIBERINE N A SR Pt 3
B R eV BGE E R S5O AL B BT X B
T B8 AR 10 2 2 B AL O 50 o Ak T 20 B B
Forb, O PR BRSO A 1 BT B 2 8O0 BN
T BB 114 52 o BIF 5 B A 0 S . A SCHETT AWEIE 1Y
Al b 0 B BRORY B AR TR SR B A RO AR AT
WESE . 3 EE AR S 5T B 6 2 50 OB 1) [B] B L 9 [m]
Ti1) SR B i B8 ) % 3 A g 1 B8 RS I 1) 52 i) - )
2 BRI v ) 6 19 2 80T Ak .

1 BUERB T DL R SR E

1.1 HERVRBREH

AR SR I O 0 5 R a0 T 1 B R, e rp
1Ca) AR TR % R R B L ] 1 (b)) S B8N A 4t 46 371
AR BERE . ZME A AR 0= A
HOK T AE B DX AR i B % R Can E
TCO FTR) » Horbr, ol X R R X e, P o 5

—————————

: A
5
KA A HKE

(b #HEEHES R B

War I Whas

BT A X I

(o) BB 5 AT 0 it o X R
PB1 Rt 5 R i A A

AL T 3 SRS B G DX S, v A RE T = A i
KT TR PSS L O 20 AT 86 X s Aot A e A I A
My P BT K TR AR SR A T B R
[ [a] B (S MG ) [H] B (S ) Y8 Bl A 0. 375 ~
0.525 mm, 5 (H ) BIEHE N 0. 1~0. 3 mm,
HAbSH Al AER 1o,

AP 5 R e A DA B ik

(D) P & R 1 J2 i BN T R 45

(2) A5 AR G A4

() A VEAET .

Tl 30 A0 AR B R R R L IR O 2B K.
GER SRR by MIRE T RS .

ks =2122.1—16.765T +4.8183 X 10 *T* —
4.7442X10°T* (D

Horp R S R K AR LA 280~373 K.,
REFN 8 FOK I H AR MY B S Hn % 2 s,

F1 EHRLASH

Y4 L w H Dy Wir | Was

$E 16 12 0.3 0.3 10 0.5

$1£_L:mm

F2 EEFANENRNESH

P g T LB FK
R/ (kg m ) 2330 998. 2
BAEFR/(Wem '« K D | X (DitHHE 0.6

WA/ (Je kg '« KD 700 4182
KB/ (kgem ' o5 ) — 0.001 003

SAMKHEENEEAL,EEE R 1 m/s
CRF I W B 67. 86 mL/em®), i JE Jy 294. 15 K
(21°CH, KB E R E I, E R AR,
T S50 DX St fin 1 58 PG 485 B R 250 W/ em® 5 #A e
DX ol AR 285 B R o XS A L B 500 W/em®, J
R T 5 A A A FARE TR
1.2 W&RI 5 K W 4 b 57 14 45 4

T TR Y DG B TE TR A2 B, R



CESROEH 2020 4F 8 A4 41 5 4 W

EEM T AR S S A A RBEM AR

Ui 55 S i DX T A% ) J 73 OGBS SC i
L V2 A A0 Ak T -4 ik DX A L SRR TR &
0758 AN R B T 4 100 A% 3 23+ JFG i 3 A S A ] A
S 3 590 55 7S T AR O TR AR RORS TR S . O T IR R A
FESE XS T2 R R, X T AN [R] 00 1] 4% fih X
(1) 31 5 B JEE 5 1) 14 ) A% J2 8 1 %2 R 3 J= L Ry
RIA% I 2 B .

bt
/LS

JRE R B 3K

2 RS &I 2R B

P 114 B X T B 2 R R A A B
Wi, ph TR XA S 2 AT RO R R IR 4t
P8 DO A% ik S P A 36 T 3 JC Rk R RS R . AR E
AR 68 DI AR Ul /N 1 2 RS B8 RN L I S
BRL LT v A s v R A O 2 S P A 6 B

N/ — N’

C; . <5x10° (2

N
X, Co RS IS AR 56 8 5, N7y L3R k1Y
WRAA N ORF — AR 40 s v A 30 R TS
FEASC P X B BB (S = S| =450 pm, H, =
200 pem) AT WA ik ST P 53 AT L O3 AR TR P T
o T AR R R S 16, BRIV D0 A e ST M A 5 i R K
Cro

F2 3 G T AT RS 1 0 A% ik ST PR AT 5 2
. MR ke g B S 2 AR R T Al oK
K BE RN R]

F3 MEMIMHRLER

. AL TR Py S I v L

) % 9 4% %5 H T. /K .
1 1100 000 334,349 9.3x10*
2 2783502 331.25 2.2X10°°

3 3751 280 330. 507 —

iZH ANSYS FLUENT 17. 0 # 47 % {8 05 2.
KM R T SIMPLEC SR f# . 33 F — il XA% =0
SR B B AR R R . I S R A AR 22 W SR
AR RS R AT IP AL . M RE sk 22k ] 10°°
R, 158 A ] R S 5 R A, T I SIOKS B L 3
BHLE AT A R AR h SRR AT O A
O R W SIORS B 10 i TA R B (L A U 8K

2 LR 5

2.1 #&E (8] BE XY iR FE 0 P A R T

B3 25 T 2 Yk n) [B] FE A A B = AR R AR AR R
(S, =450 pum, H =200 pm) , & [ [A] #5 S X f i
TE R AR PR Ty PERR 52 M . IR rfoRT DL Y 3
A ERE Ap BEE S B3GR AR LMW/, X
SRR S 188 R RE R ARV A 50 14 3t 3 BEL
e V2 00500 T A by R R P AL B . AR TR N S e e TR
JE T, WEEE S, 13K 2RI LAk,
fE S+ =400 pm KR EHREAL, 2 328.8 K, 1 S, H
375 pm ¥ HNF] 400 pem B, P9 B e TR EE R K
BEAR . oA 1 BT o ey, SR T B 68 DX B b )V 2
J7 1) V3 HIFR B oy A L an ] 4 iR . AL 4 AT LA
B YV HR R B X B, P IR B 25 AN
Ko AHZ, HRHFNHT 2 I7 s, S+ =375 pm
MRS T E R IR E B E A S, =
400 pem B SR, ¥ HIR IR BE B9 T s T BOR AR
T R T AR AR P S B A T R

333 350
—0—i
I\
331} {250 &
. :
<
329t AN {150
A . \i\A
350 400 450 500 550
S;/pm
P&l 3k g o) BT 3L B2 R R 1 5 Wi
320 —z
—A— ;=375 m %
—0— S;= 400 ym a4 e
A ] %
310} %t%%
¥ a8
= %%%
300 - %%%
Q
g&e
290 .
2 8 14
x/mm

PB4 BERINER o 5 1 v S0 3 B 23 A 18]

5 i — 20 45 T AN TR i) Ji B A R P R T
o J 1) B R AR B O A oAl . X ERIEL 5 Hp iR EE 1A
AL P AT LA o Bl A6 170 [ B0 96 o o & 200590
B 45 [10) 140 3L B0 T R O T L G A 8 A5 A v Ak
Rt — L EEAR . FEAS SCHE T B P T 9 i i e 1K

e 537 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

T 70.7% R E R SRR T 3.4 K,
T/K x 5 A& B /(mes™)
- T -

P 5 AN [ A o] () B A2 A SR Y o 1) 3R R R R R
o3 1

2.2 (5 iE BE xR BE AN K O

6 W7 T Y ] (] B AN B i R AR RS A
(S =450 pm, H, =200 pm), ghm [E]#E S, XF i 8
AR AR MR B . DN R DL B
E S MR AL P B e T 2 U i R R U
B REAR, S, R 3G v K050 £ 6 [ B8 48 B 41
oy g, TSN BH J AR . XS EEIE 3 W LLE L AHE T
A nEE R N ETE R G A AN 37 2k N E R Y 3
A L, 7 A TR o
T P Tk E N RE A A . R LU G ] [ B e A

333 180

N e
N
331 f -160§
\
_ / N
329 \A

350 ‘ 4|50 550
S, /pm
T 6 2 ][] B Xt 5 1S e 1) 522 i
T/K x 75 IR EE /(s )
\

297 305 313 321 0 2 4 6

Tmax/K

|
S,=400 pm |.

S;=450 pm

@
$,=500 pm §
&

6 15 9 1.5 8.5
x/mm x/mm

B 7 S T B A0 A 0 o D 26
Sy I

il

AR F ¥ 0590 I 7 AR A R ) AR ply A 1 ) B
BT AL TR B 22 U/ 5 35 SRR P 3 R S
b T, AR AR SO R N, R R R AR T
20.22% iR ESRE T 2.7 K,
2.3 $HHESEXNREMERENEI

[ 8 d s 1 Y Ak ) 1] R RN A 1) [i) BB R 45 AN A2 B
(S =450 pm,S, =450 pm) , £ 68 = & H,p Xt i3
E AR AR Sy Re s, B AT LUE
WE & BT 8 o B A BT L R T A (ER TR B
T TR W L B R 4R T A
ke el 61 B2 N e 2 A (S = 2 Y L N 2935
Jr T NIEL 9 AT DUE B R R v H R IR
B A, B B RS R A AR I AR L B e
{18y 412 T[] B A 05 b 1 T 0 A TR o IR RS B 8
T A ] Bsf [6] A 4 2 B 22 1 v L 4R R T S BRSO
DRI, i T B o R ) 1 I, ¥4 00500 O B T R R B
S B PABOR B AR i H B4 T ARG R T B kR
P ve, Y 2 ) 0 A B S e AR R B M . A
W5 90 [N He 6 o s T REAIR 85. 624

332 550
—-o-H¥
—A- R
350 &
%é 331+ %
&~ <
\ 4150
\A
330 L . . . i
100 200 300
H,/pm

PR 8 T fif i L 0T 3R JEE 1 e ) 5 e
x i /(ms™)
I

|
0o 3 6 9

T/K
- —
297 307 317

" /. F)

H,=100 p,m.. 5
— @7 e
- f'@
H,=200 um. @ P!
0" Fs

- =
— @=2

6 15 9 75 85

x/mm x/mm
9 ORNIRVEF 6 v BE R BB Y B o e R R R B AR A
4345 Bl

3 FrEESHLAL

3.1 fikF*
A RO AR L 2 TR S W T T A ] B G AR Y N i



CESROEH 2020 4F 8 A4 41 5 4 W

EEM T AR S S A A RBEM AR

T B RN R R 52 e, oA T 45 B S Ak i 8] B, AR S
K MmN g i 3 fl ( Response
Approximation, RSA) J5 ik ok SL I BL A 2 S ¥ 58 —
AL

W 7 T TR0 ABA 7 i S — L5 22 =X ek B0 Oy
2 T B 53 rh 3R A5 i i 17 L SR 5 N7 H b
PR AR B BT DA RO

N N N
y(r) =@ + ngjxj =+ 29011’1? + 2 Zgoljxj
j=1 j=1 i#j

(3)
Horp o, RIS E N S HRAEE AN N A
ZBGHAEMLLE SR (N DN +2) /283, 18
ARSCH IR R 3 4 M B S G 1 Ja] B
S, MEHEEEE Hy, HARAE RN 2 A4S BE [ i & i
BT, FEREAp,
AR L EkE RER R ARG I
WERME . R (EMEET 1, AR BA MR, ©E
XH

Surface

Z
2<5)i7;[>2

:—'7 -
Z(yl 7:)),)2
i=1

Hh, Z I s g, y, R By,
SEAUA R TRy, R B E T Y
{H.

W £ B bRt £ 5 % ( Multi-objective
Evolutionary Algorithm, MOEA) X} fIr 3R J7 #2 ik 47
et 2 Bhftfbnld b, B iR sk B2 2 5
R, —4 Hisnyekat ] g < S8 B
AL . 2 B ARG AL ) BRI I 4% B — A S 0 A L B
N Pareto fe k. AR Z BHirs &8 E DR
NSGA- [ SR, JF X HAEATITAG
3.2 RHER

7 W] I3 T 32 R A A re [B) B N e ) SR £ G
e BE Y S R 7 TR VR A Bl AR R — R H AR
ab A A B AR H AR R B B, DT AE B H R R
B R, AR SCEER 35 A H A AU B br ek AT
UG o 30 o B SR A IR B R I B A5 B IR
L I O 4 ) () B 9 1] ] 2 A 6 o B Y 0 5
FikxL/

Ap =1.2X 10" —40.2S; +2.3S, —47.9H, +
4,8X107°S4+S, +0.1S+Hp +6.1xX10°S, H; +
0.04S% —0.01S] +0.05Hy —8.6X 10" «

R’ €]

SyS H,—2.3X10°S3S, —7.8X10°S5H, +
2.2X10°S:ST —6.9X10°SH} —
7.0X10°STH, —1.3X 10°S H} (5
Towe = 106.2—0.25; —0.7X10°S, —0.05H, + 3 X
10°S+S, +1.1X10°S Hp+2.1X10°S, H, +
2.1 X10"'S547.3X10°S] +1.0x 10" H} (6)
P 2 &g BB B8 00997 1 H
0.998 2, B R 43 1, b e v] LURR & Fir #0065 O R
RIS
B2 Hir il & 15 2 /Y Pareto F L fE WA 10
Ji7s o N T VPG AR SCHLG 19 2 H R4 5 ik 19 HE
P DL o e = A s AT AR O3 A % 2 B ARG AL
0 &5 SR FECIE B AU 45 R AT 1 o B ML 8, R 4
PR, W Z M2 E 2 X R

QcED T AMOEA
E/ =] ——=%
QA CcFD

M 10 Haf DL Pareto S il 5 50 (H % W
FAHRGF R ZETE 8N LN .
334

X 100% (7

O Paretod il f#

3321

Tmax/K

330

30 90 150 210
Ap/kPa

Kl 10  Pareto Il fift 43 4

X5 ML T =4 Pareto AL B HIE 5 %
ML (S, = 450 pm, S, = 450 pym F H, =
200 pm) B AL IR RE . FE A SCRIFSE 0995 FL Y 51 % B
FC A fe e iR A3 BRI T 0,19 K Al 1. 33 K 1M
A S REEERST 0.5 K, HEXN TER,A,
B A1 C =Ab i R 3 AR T 61, 11%6,51. 99 %0 Al
27.41% . FTLLE W RALE 68 S 505 7T DUAFE 3 1l
e e Tk P35 P TR) HSF o A S et AR ASE 2 PN 35 1) S R

4 g5
A S0 o LA FL TR F T S R A T £
TAMHT . LS P A 55 U R TR S

A AR 0 A S A i i) B r) [ SR A g R — A
ST . B e L T BT L B R T

* 539 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

BB =R R TY  $  l ad  Re i
T3 A5 B A, O 38 b = A R A ik S A
ISR AT A G I A H AR R AU . el g RSA
D7k AR B H AR R BT B ] MOEA 3F 5 T
Pareto e LM . AR SCHT BRI 1 EZL5R AT .

L) i i) B 0 458 70 ) T o AT B RS2 0 . B
A5 1) ) P P i/ o 7 3 L 7 5 3 48 O L R £ s A
e BTF RN TR B ETF . TEBFSEIE RN R
W AT FEAR 70. 706 o il e e AR 3. 4 K

(2 2 i ] 0o A6 251 54 s o 2 i) /s EL O LAY

FUEEPE . R R B 2 2\ 1) [) BB (7% 3 T R AR, () s 3
[ A o = I N {71 (A & I o IR ST A
20.22% I BEHR W 2.7 K,

(3) J R 18 o B2 AR X R L B 468 vy B8 %) 38
CIRY N 2 (3 i N R N 1 e S 51 e e N A2 R Y 5
I e AT BEAIR 85. 624 .

()3T Ak 4549 2 80T DL it — 25 38 o Tl -
BRI PERE . PEAL S, T DUYE B AR B 1Y) ) i A
A e AV R PN 3 R 2% . A A TR L HICIA R L TR I
I e AT REAIR 61 %56

F4 BRABSHERIL

el e i ERINZRAY
g | TR pm T../K Ap/kPa
St | S, | Hy |MOEAH | #3UMH | E/% | MOEA{A | BHUH | E/%
A 500 | 420 | 270 | 331.69 |331.75]0.02| 55.4 60.14 | 7.88
B 480 | 375 | 260 | 330.31 |331.06|0.23| 73.16 | 74.24 | 1.45
C 470 | 375 | 230 | 329.89 |329.91|0.01| 107.04 |112.26 | 4.65
x5 BREBSENEBIL
= K
g | TR e T../K RERR Ap/kPa
St S, Hyp | Pareto fi# | % HAEAL | Pareto f& | & MEAR AY
A 500 | 420 | 270 | 331.75 60. 14
B 480 | 375 | 260 | 331.06 | 331.25 74.24 154. 64
C 470 | 375 | 230 | 329.91 112. 26

S & Lk

[1] Tuckerman D B,
sinking for VLSI[J]. IEEE Electron Device Lett., 1981, 2
(5): 126-129.

[2] Chai L, Wang L, Bai X. Thermohydraulic performance of

Pease R F W. High-performance heat

microchannel heat sinks with triangular ribs on sidewalls-Part
2: Average fluid flow and heat transfer characteristics[ ] ].
Inter. J. of Heat and Mass Transfer, 2019, 128: 634-648.

[3] Shafeie H, Abouali O, Jafarpur K, et al. Numerical study of
heat transfer performance of single-phase heat sinks with
micro pin-fin structures[ J]. Appl. Thermal Engin. , 2013, 58
(1/2). 68-76.

[4] Wong K C, Lee ] H. Investigation of thermal performance of
microchannel heat sink with triangular ribs in the transverse
microchambers[ ] ]. Inter. Commun. in Heat and Mass
Transfer, 2015, 65: 103-111.

[5] ChaiL, Xia G, transfer

Liang Wang L., et al. Heat

enhancement in microchannel heat sinks with periodic
expansion-constriction cross-sections[ J]. Inter. J. of Heat and
Mass Transfer, 2013, 62 741-751.

[6] WeiX]J, Joshi Y K, Ligrani P M. Numerical simulation of

Laminar flow and heat transfer inside a microchannel with one

e 540 -

dimpled surface[J]. J. Electronic Packaging, 2007, 129(1):
63-70.

[7] Kosar A, Mishra C, Peles Y. Laminar flow across a bank of
low aspect ratio micro pin fins[J]. J. Fluids Eng. , 2005, 127
(3): 419-430.

[8] Brunschwiler T, Michel B, Rothuizen H, et al.

Interlayer

cooling potential in vertically integrated packages [J].
Microsystem Technol. , 2009, 15(1): 57-74.

[9] Mustafa Koz, Kosar A. Parameter optimization of a micro
heat sink with circular pin-fins[ C]// Proc. ASME 8th Inter.
Conlf.
2010: 531-539.

[10] Tullius J F, Tullius T K. Bayazitoglu Y. Optimization of

of Heat

on Nanochannels, Microchannels and Minichannels,

short micro pin fins in minichannels[J]. Inter. J.
and Mass Transfer, 2012, 55(15/16): 3921-3932.

[11] Lorenzini D, Green C, Sarvey T E, et al. Embedded single
phase microfluidic thermal management for non-uniform
heating and hotspots using microgaps with variable pin fin
clustering[J]. Inter. J. of Heat and Mass Transfer. 2016,
103: 1359-1370.

[12] Lorenzini D, Joshi Y. Numerical modeling and experimental
validation of two-phase microfluidic cooling in silicon devices

for vertical integration of microelectronics[ J]. Inter. J. of



CES R 2020 £ 8 A M 41 &5 4 B EEHOF. AT B M R OB B R AL
Heat and Mass Transfer, 2019, 138: 194-207. channel heat sink with discrete non-uniform heat flux

[13]

[14]

[15]

BRAL, 25 B, BRWAR, . 49K U UK E B SO IE G 45
WS H L AbR e ]. 78 % 3238 k% % 4], 2018, 52(5):
56-61.
Shi Xiaojun, Li Shan, Wei Yadong, et al. Multi-objective
optimization on the geometrical parameters of a nanofluid-cooled
rectangular microchannel heat sink[J]. J. of Xi'an Jiaotong
University, 2018, 52(5): 56-61.
Shi X, Li S, Mu Y, et al. Geometry parameters optimization
for a microchannel heat sink with secondary flow channel[ ]J].
Inter. Commun. in Heat and Mass Transfer, 2019, 104 89-
100.
Hadad Y, Ramakrishnan B,

Pejman R, et al. Three-

objective shape optimization and parametric study of a micro-

[16]

boundary conditions[ J]. Appl. Thermal Engin. , 2019, 150
720-737.

Rao RV, More K C, Taler J, et al. Dimensional

heat sink wusing Jaya

algorithm[J]. Appl. Thermal Engin. , 2016, 103; 572-582.

optimization of a micro-channel

EEE .

PEE R V¥ S S

MERR(1983—), 5 . ¥+, 8l 34, T LA 7

WAMETFREHETER. TR HF. 2B
IS,

O G G S e G G G G e G G G G G G @ G G G O @ G G G G @ @ @ G OGO @ G G OGO G G @ OGO @ G G G OGO @)
=gt —t =t —l =t —t—t—t —t =t gt —t —at—t —l—t —t —t =t =t ——t —t —t =t =t —t —t —t —t —t—t —t —t —t =t =t =t —t —t —l—t —t —t —t —t =t —t —]

(L
(5]

(6]

(7]

(8]

9]

[10]

B% 488 W)

Jeon NJ, Noh J H, Yang W S, et al. Compositional
engineering of perovskite materials for high-performance solar
cells[J]. Nature, 2015, 517 476-480.

Saliba M, Matsui T, Seo J Y. et al. Cesium-containing triple
perovskite  solar  cells: improved  stability,
reproducibility and high efficiency [ ] .
Environmental Science, 2016, 9(6): 1989-1997.

Min H, Kim M, Lee S, et al. Efficient, stable solar cells by

cation

Energy &

using inherent bandgap of a-phase formamidinium lead iodide
[J]. Science, 2019, 366(6466): 749-753.
Wu X, Trinh M T, Niesner D, et al. Trap states in lead
iodide perovskites[J]. J. of the American Chemical Society,
2015, 137(5): 2089-2096.

Heo S, Seo G, Lee Y, et al. Deep level trapped defect analysis
in CH,NH, Pbl; perovskite solar cells by deep level transient
spectroscopy [ J ]. Energy &. Environmental Science: EES,
2017(5): 1128-1133.

Jiang F, Choy W C, Li X, et al. Post-treatment-free
solution-processed non-stoichiometric NiO,, nanoparticles

for efficient hole-transport layers of organic optoelectronic

[11]

[12]

[13]

devices[J]. Adv. Materials, 2015, 27(18): 2930-2937.

Tu Yongguang, Yang Xiaoyu, Su Rui, et al. Diboron-

assisted interfacial defect control strategy for highly efficient
planar perovskite solar cells[J]. Adv. Mater., 2018, 30
(49): 1805085. 1-1805085. 8.

Zhang H, Lin H, Liang C, et al. Organic-inorganic
perovskite light-emitting electrochemical cells with a large
capacitance[ J ]. Adv. Functional Materials, 2015, 25(46):
7226-7232.
Niu T, Lu J, Munir R, et al. Stable high-performance
perovskite solar cells via grain boundary passivation [ ] ].

Adv. Mater. , 2018, 30(16): 1706576.

EE® T

ROFA92—),F, MK ErFTALML, £

TNF R F AL BT @R

EERNFAMREME ML Z4 2 TFHK,
T B AT A 2 AT AR IR AR B K TR SR AR b T 8 84 A

s
U o



SEMICONDUCTOR OPTOELECTRONICS Vol. 41 No. 4

Aug. 2020

Je AR B I A

T 7] 1< BB B = Fif 15 B WOSE FREXARUR A

FERE, % &, B, x 'O
(1. ZhETEARAFRREALSR, AX 710100; 2. B ¥ BFIEZR, JL3 100083)

i E: ETEBRAREA AT R -IRELBEEEZIT 50 km K485 Loy B AE
R HBRATEFEEHMT, AM AT EARBRETREL, ARG EERE AL S AR
B RELZH TR, XEFCARBTERATTRRGZE, AN THERKEBZERXRFEL
FRGATE M EAT AR AN TR, RRERIEN, A FTEIRGERESR
AN BEREAA TR ETF R A Z FBSABG A,

KR B OCHE RAUE: A PR TR RRIE DAY Tl

FESES: 0438 XEHS: 1001 —5868(2020)04—0542—06

DOI: 10. 16818/j. issn1001—5868. 2020. 04. 018

Two-photon Correlation Imaging Technique towards Long-distance Quantum Communications

WANG Dengfeng', YAO Xin'*, JIAO Zhongke', LIU Xuan', DONG Shuai
(1. China Academy of Space Technology (Xi’an), Xi’an 710100, CHN;
2. Electronic Engineering Department, Tsinghua University, Beijing 100083, CHN)

Abstract:  Quantum temporal ghost imaging utilizes the time-frequency correlation of
photon pairs to realize the image transmission over optical fiber link of 50 km, which shows the
potential applications in protocols of quantum communications. But the present schemes usually
present poor imaging quality poor and low transmission speed, limiting the future application to
some extent. In this paper, the scheme is considerably modified and a programmable optical filter
is used to digitally set the information of the imaging object. Based on the modification, the two-

dimensional image is transmitted automatically in real-time. Experimental results demonstrate

that both the imaging quality and rate are notably improved with the modified scheme, pushing

the applications of quantum correlation imaging in the field of quantum communications.

Key words:

time-frequency correlation; ghost imaging; coincidence-count measurement;

programmable optical filter; quantum secure communications
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(EXMEXZ SELEBIREBHE DL, EFKX 400065)

B E: ATRBABZORBUEHFEEOIHERAREN RET —FRbARES
AR RGB-D R ot 212 53 A4l (SLAM) H ik, Z A F2 2204 3 A FFEE  RIZEL,
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AMUAL B, 52 I B ik e R B SR IR 55 R A s A2 By B R P 2 A2 P AT K A8 AT 3R BT IE Bt ORB 4 4E,
AT B 38 BACE R P £3%) , 21 By 3 K 4 K Afw By 3R 30 B B 09 15 B 474040 . 42 % SLAM # &) 31
— BOME ;AR ) ER AR P BUAT A 5K BE L 6Y ] B AG ) Fe AR AL A AR IE SLAM A B — Bk, 5 Sh L AR B
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v

KW [FLEN S EEE EEE RRARRE; B FIER

RESERS: TP242 XEHS: 1001—5868(2020)04—0548—07

RGB-D Dense Visual SLAM Algorithm Combining Feature Method and Direct Method
HU Zhangfang, ZHANG Jie, CHENG Liang
(Engineering Research Center of Information Accessibility, Chongqing University of

Posts & Telecommunications, Chongqing 400065, CHN)

Abstract: In order to maintain the fast performance of the direct method and the high
precision and loop closure capability of the feature-based method, a RGB-D simultaneous
localization and mapping (SLAM) algorithm combining the direct method and the feature-based
method is proposed. The proposed algorithm is composed of three parallel threads: tracking
thread, local mapping thread and loop closing thread. In the tracking thread, the non-key frames
are tracked, the initial pose estimation and the corresponding relationship calculation of pixel
points are carried out by minimizing the photometric image errors, and the camera pose is further
optimized by minimizing reprojection errors of the local map points to achieve fast and accurate
tracking and positioning. In the local mapping thread, the ORB features are extracted and
matched features in the key frames, and the local BA (Bundle Adjustment method) is performed
to optimize the position and posture of local key frames and the location of local map points, so as
to improve the local consistency of SLAM. In the loop closing thread, the loop detection and the
loop optimization for key frames are executed, to enhance the global consistency of SLAM. In

addition, according to the RGB-D image and camera pose information, a complete and accurate

W ES B 87 :2020— 01— 01 3D dense environment map is constructed through

HEATR . EFHARBEELTE (51604056) ;T KHA  Octomap-based mapping framework. Experiments

ZIUH (ests2017jeyj AX0427). on TUM datasets show that the proposed method
*EEESHEIS E-mail. 495075688@qq. com
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achieves the same accuracy as feature-based method with less time.
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Abstract :

additional phase noise of analog microwave photonic link, the characteristics of the white noise

For the degradation problem of microwave signal phase noise caused by the

and frequency noise of microwave photonic link (MPL) were fully analyzed. The addictive phase
noise (APN) model of MPL was established to expound the APN behaviors, and the correctness
of the model was also verified by experiments. As for the typical applications of local oscillator
optical distribution system, the EDFA-assisted MPL can be used to improve the APN.
Experimental results indicate that the proposed phase noise model can be effectively applied to the

microwave photonic link and can provide theoretical basis for the analysis and optimization of

additional phase noise.
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Design of Precise Temperature Control System for Saturated

Absorption Frequency Stabilization of DFB Laser
ZHANG Wei, LI Zhaolong, GUO Ping, ZHAO Jianye
(School of Electronics Engineering and Computer Science, Peking University, Beijing 100871, CHN)

Abstract: Compared with the external cavity semiconductor laser, distributed feedback
laser has a higher temperature regulation rate. In order to achieve saturated absorption frequency
stabilization, it is necessary to control the laser temperature precisely. In this paper, the
temperature control requirements of the saturated absorption frequency stabilization system is
analyzed, a precise temperature control system is designed based on MAX1978 chip. The linear
optimization of the temperature bridge circuit is realized by using constant current source, and the
parameters of the analog PID circuit are quickly adjusted by using genetic algorithm. Finally the
temperature control stability of 0. 2 mK is achieved, which is 1~2 orders of magnitude higher

than that of the similar design. It solves the problem of obvious shaking of saturated absorption

spectrum and has a broad application prospect.
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Research on New Method of Track Occupancy Detection Based on
Strain Sensing of Weak Fiber Bragg Grating Array
GAN Weibing', Al Lingyun®, TU Shiyu®, LIU Miao*, JIANG Ru’
(1. National Engineering Laboratory for Fiber Optic Sensing Technology ;
2. School of Information Engineering, Wuhan University of Technology, Wuhan 430070, CHN)

Abstract: In view of the fact that the current monitoring technology of track occupancy
detection is easy to be influenced by electromagnetic interference and external environment, and it
is difficult to realize large capacity and high density measurement, a new method based on strain
sensing of weak fiber grating array is proposed. Firstly, the weak fiber grating array with
reflectivity of 0. 2%, and the hybrid multiplexing technology are used to solve the problem of large
capacity and high density detection. Secondly, based on the finite element model and wheel-rail
coupling theory, this paper deduces and analyzes the force on the track and the sensitivity of the
sensor. Finally, the packaged fiber grating array is installed on the test site, and the track load
experiment is carried out. The experimental results show that the system can accurately identify
the axle information, running direction and track occupation information. The system has good
reliability and high sensitivity, which provides a new idea for track occupation inspection
technology.

Key words: fiber grating array; hybrid multiplexing; wheel-rail coupling; strain sensing;

track occupation; axle counting
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(EXMPEXRE BESFEEIEFKR, EX 400065)

 OE: AN EBRERAS R MG E, FRARERE R F A E 0 P A, 3R d—
AT R AR R R (ROD ) S5 B sh AT ik ik, Z3 ko AR E MK A4k B AR 69 L A B
X & RIERNE G ROL;# 4, £ ROT & v P RBRJE R T4 IE K % (SIFT) 45 42 & 5FF L AF A
&%) B 4%, 44 KLT(Kanade-Lucas-Tomasi) o3k 3z F ok s 2 i AR P AL S G E A28
F AT IE B2 2K JG KR ALK AR — S0 (RANSAC) 5 5% B 32 B 6o & 5t 26 A R & Boak bk
HRPrERT AR —@rHERET MG REHa LT ASR, 2B BiE, %54 % SIFT
HokARr B ERRGT 3.491%  BATH A YR ZH T 50% . 4B 4 A B E IS W Lo ARG
VI

XEH: a4eREG; BREHE; ROL; KLT ik B&aEE

RESES: TP751 XEHS: 1001—5868(2020)04—0572—06

Research on The method of Infrared Panoramic Image Mosaic Based on ROI
DAT Shaosheng, YAO Li

(College of Communication and Information Engineering, Chongging University of Posts and Telecommunications , Chongging 400065, CHN)

Abstract; Aiming at the problems of low spatial resolution and narrow field of view of
infrared images, which leads to low image registration rate and poor real-time performance, an
infrared panoramic mosaic algorithm based on the region of interest (ROI) of image is proposed.
The method is built to run as follows: firstly, the ROI of the two adjacent infrared images is
calculated according to their position relationship. Then, the SIFT feature points are extracted in
the ROI and used as moving targets, thus the feature points in the infrared image to be registered
are determined by combining the KL T tracking algorithm. Secondly, the RANSAC algorithm is
used to eliminate mismatches. Finally, the pixel level fusion method is used to eliminate the
stitching traces and an infrared panoramic image with stable resolution and wide field of view is
synthesized. The experimental results show that compared with the traditional SIFT algorithm,
the registration rate and the running time of the proposed algorithm is improved by 3.491% and
nearly 50% , respectively, which can realize the seamless splicing of multi-frame infrared images
accurately and effectively.

Key words: infrared panoramic image; image registration; ROI; KLT algorithm; image fusion
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Optical Fiber Sensor Adjustment System for Automated Assembly Process
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Abstract: In order to reduce assembly errors and solve problems such as forced assembly
and incomplete assembly during the automatic assembly process, the optical fiber sensing
calibration system was designed. The system consists of a fiber-optic sensor array, a
demodulation module, and a tuning control mechanism. A solution model for strain distribution
was proposed, and the function relationship between wavelength and position deviation was
deduced. The distribution characteristics of the strain sensitive area of the workpiece were
analyzed by simulation, and the mapping relationship between strain and position error was
quantified. In the experiment, adjustable force structure was used to calibrate the system strain
monitoring data, and visual measurement was used to calibrate the system position deviation.
The experimental results show that the position deviation has a linear mapping relationship with
the wavelength change. It is feasible to invert the deviation of the assembly position by the
wavelength. Compared with the standard value of visual measurement, the average relative error
of the position deviation of the system is 8. 6%. The strain field of the workpiece can be inverted
by this system in real time.

Key words: fiber optic sensing; assembly adjustment; automation; position deviation
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An Improved Face Recognition Algorithm Based on Convolutional Neural Network
WANG Yangiu', FENG Yingwei’

Abstract; Aiming at the shortcomings of current image feature point face recognition
algorithms such as low matching accuracy, a face recognition algorithm based on convolutional
neural network is proposed. The algorithm uses traditional algorithm operators to fuse
convolutional neural networks for recognition. First, the idea of local receptive field is used to
segment the overall image to obtain a local image set. Each local image pixel in the set is stored in
the pixel matrix A;. Then the convolution operation is performed on each local image to obtain
the intrinsic feature relationship between the local images, and it is stored in the B, matrix and
pooled for feature mapping. Finally, the network weighting coefficients are trained and the
recognition results are obtained. Experimental results show that compared with other
algorithms, the proposed algorithm improves the problem of low matching accuracy of image
feature points of the original algorithm, and verifies the effectiveness of the proposed algorithm.
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Abstract: Existing unmanned aerial vehicle (UAV) detection mainly applies radar scanning
as the main detection method and other sensors as the supplement, but the cost of radar is
relatively high. As the device with low cost and low power, the laser has received widespread
attention. In this paper, using the laser as a carrier and combining with the acquisition, pointing,
tracking (APT) system in wireless optical communication, a UAV scanning positioning system
based on laser detection technology was designed and implemented. The positioning accuracy of
the system was tested by using a balloon test method. The scanning test results show that when

the average power of the laser transmitter is less than 40 mW, the target can be captured and

positioned with a high accuracy with an error of lower than 5%, and the maximum detectable

range is 45 m.
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Research on the Radio Frequency Fingerprint Identification
Method Based on the Constellation Diagram
YUAN Jianguo, ZHAO Fugqgiang, QINLU Zhenyue, XU Yiwei, XIONG Shouze

(Chongqing Key Laboratory of Photoelectronic Information Sensing and Transmitting

Technology . Chongqing University of Posts and Telecommunications, Chongqing 400065, CHN)

Abstract: In the RF fingerprint identification scheme for the constellation diagram, with
respect to the problem of the low identification precision rate in low signal noise ratio (SNR)
environment, a two-dimensional identification algorithm based on the Euclidean distance and
amplitude distance is proposed. This solution optimizes the constellation diagram to extract RF
fingerprints with better identification performance from the optimized constellation diagram, and
then uses the two-dimensional identification algorithm to improve the identification precision
rate. Simulation results show that compared with the method based on the Euclidean distance,
the identification precision rate of the proposed two-dimensional identification algorithm can be
improved by up to 8% and the identification precision rate is 77. 8% when the equipment capacity
is 50. The RF fingerprints characterized by the optimized constellation diagram present better
uniqueness and robustness.

Key words: radio frequency fingerprint; constellation diagram; FEuclidean distance;

amplitude distance
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Image Registration in Ultraviolet Imager Based on Mutual Information
HOU Sizu, CHEN Yu, LIU Yating
(School of Electrical and Electronic Engineering, North China Electric Power University, Baoding 071003, CHN)

Abstract; In order to achieve discharge point location and electrical equipment fault
diagnosis, UV imagers need to register UV and visible light images from different sensors. Due
to the large difference between the imaging principles of ultraviolet and visible light images and
the difficulty in feature extraction and matching, a mutual image-based UV and visible image
registration algorithm is proposed and applied to the UV imager for real-time registration.
Firstly, the mutual information in the ultraviolet and visible light images is calculated. The
mutual information is used as the similarity measure. The image is transformed by the rigid body
transformation model. The image transformation parameters are obtained by the 1 + 1
evolutionary algorithm to obtain the spatial transformation parameters of the optimal similarity

measure, and the effectiveness of the proposed algorithm is verified by simulation and UV
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