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Abstract; An ultra-compact rectangular Mach-Zehnder (MZ) interference Electro-Optic (EO) modulator
on InGaAsP/InP platform was proposed. This modulator consists of novel trench couplers and 90°
waveguide bends. T type microstrip Travelling-Wave (TW) electrodes were designed for the L-shape
waveguide phase shift arm of the MZ modulator. First of all, an upper bandwidth limit of this modulator
was evaluated by using an equivalent circuit model of the TW electrodes. According to microwave
characteristics such as impedance match, return loss and bandwidth, the transmission and input/output
of electrodes and structure parameters of transition regions were optimized through a finite element
analysis method. The simulation results show that being limited by the input of electrodes and transition
regions, the overall TW electrodes exhibit an impedance match of =420, return loss of <<—15 dB and
bandwidth of 65 GHz. Experimentally the return loss of —12 dB and the bandwidth of =20 GHz are
obtained in terms of the fabricated Ti/Au electrodes on an InP substrate.
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Effect, QCSE) ) InP 3& MZ B Gid il g8 Y, HAH7 54 50 GHz, Il i KK T 2 V. iR T 13 dB.

HATHEm InP 3 MZ B OGS4 (077 58 EZN =D AT D e bRHE 2, 61 dn & 7 BF XA 250
F BRI A 5% 2% 0 28 30 45 ok B ] B o 1 B 4 DX RS R R 2 B Lt I e 4 A e T AR R A Sl e L
B SR FH /N B 4 DX JRE B 8t Jin 2 1) PR Ok PR IR 28 T T BRI 110 2) W R T R 2R R A R A Y
VT B 52 B0 254 1 rep 1k BB oK %5 OC 5 R, M R OR AT U LB (Traveling-Wave, TW) £ X4 B LK.
TW H SR bt e 1% i 2k 450 o vh T R0 30 4 0 A i 258 6 81 6 37 5 190 PR ) 122 85 #4023l P s o e O
JE 2 T X F i B InP SR P-TN 4549 19 MZ HOG i &1 #8 A R ek N 2. —Fh 2
TR DR 2 TR 11 G B v 2 600 X P A 5 L TR A R A A P R R A R ER L BB UG i R 4
P8R B AN A8 FH 45 2% InP W4 RE SCPEAT I AR 1) #4810 2 B AIRIRURE S TG HE R B R Dl 2.5 VA Gk
40 GHz BRFPEN 5 8 B30 28 SR £ AR B8 1A Ipl ol A 14 8 PR 0 450 0 L R 5.6 VL3 i i ik 80 GHZH'.
Iy B — Bl B LR L LA A 87 B, 2 R PR A A R A BEL B A S BARVERY 50Q, (F BE W I ST
TR AN SR AT A 25 R () InP 3 MZ G R il 4% 4R BHPT 200 45 Q.7 538 3 20 GHZ ™ 5 R 26
LA 25 1 InP B3 5 N-T-N 45449 1) MZ HOGTR S8 L RN 2.2 VA si nl ik 40GHz!" . 5t 35 &
D 5 FL Y TR 8 T A8 R R AR PR B R T AR A e e e HR LR S Y Ground (G) Al
Signal (S) HL 3 5 AN 78 5] 785 13 1 181 . 5 20 2 5 9% 76 26 3k ( Waler-scale testing) (A . 3) #2555 6 ik &
B I B ROG AR A S 0 T S R ol R VL B SR A T ' il S 5 ol AR B BT RO
ot 230 AR I B AT B 23R 0 D vk BRI 3R

AR —Fh sk B InP LA MZ G TR 2800 L B3 ARS8 U405 01 T 28 o 47 ok A 25 4
EIYLA SO, AR 2R G 5L T 28T T 8 G ik, Wi 55 S E S o b 3k ik 2 7 68 5
[58] 2%  2 I3 B BE R LR AT MUZ R G R 0 F i 28 3 R A 45 2 R 9078 il U S M . B SR R T A
i BT TR0 5 A S AR D 3 A T ) Y L R ) A5 A5 R B A BT IR B A T T PR SRS A RO O L T 4
) 25 25 A 2 7 A O B D0 R T B R 0 A Ak T R A A/ DA B DX R AR S R R T A
M T AR S S8 IR T IR 2

1 5657 MZ B 5¢iE %88

1.1 BHEEHEIIERE
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W T BAEGE MZ JH 200 H A0 S AR R A HL L L BB 2% /MRS ket 1 2k K il — 4 )T TR) IS 75 2% 4 T
PAFE 4 7 ) e & AP % MZ e G 8 1 25 8 33 InGaAsP/InP 18 7 BF bR 2% 00 7 12 A %007 B0 AR
HL RS AT 57 A AHES L DT IR B A S PR H Y.
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(a)3 D schematic structure of the modulator (b) Cross-section view of the electrode configuration
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Fig.1 Schematic structures of InP-based rectangular MZ electro-optic modulator and its TW electrodes
K 1) o G-S-G ZEHoH AT I AR BC B 1Y InP FEAETE MZ oG R 4% =4 18 B 1(h) g a iR 47
FL B BB AT S, R T BT S e P R A b T R G i TR SIO, A B vh )25 g o L T 2T
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s An il B ZIT AR ARAE A O A R EDEIK . B A= 1. 55 pm. R AT Silvaco £ EEAF X il 4
It InP A R ASRHZ AL WL 1 ARG A B B0 7T AR BIAE 1.7 VR A R IR 3 O R AR A
ALK E] ~0. 01, A A5 R TE InGaAsP/InP FE LA 5 #1545 L OB TP OC HLAG 2. B &8 0F = ARAE I 15
AR R BELY Dy 78y, AT A5 1 28 4F B9 7 o5 T AR Z9AE 40 pm X 40 pm B /N T2 B 48 (19 InP
MZ g i il 4% B ROT 1 2 2 SR 2 il an 2R LAY B 5 BF 5 5 4540 B9 MZH G 18 i 4% 69 A B 4 RE T ik
350 pm, 47 SEAR 20GHZ L B/ R R 2545 45 1 o 250 SR 1 T R LR A R 6B T R AR S g
ISP ASACAR B B 25 (92 4 pm®).
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Table 1 Epitaxial layer structure along with the thickness and doping concentrations

Material Thickness/nm Doping concentration/cm™?

P-In, 55 Gag. 47 As 100 1X10"
P-InP 1500 5X 10"

Ing 1 Gag, 19 As 43 P57 100 Undoped

InGaAsP 5 Undoped

Ing 51 Gag, 19 Asp a3 Po 57 10 Undoped

Ing 51 Gag, 19 As 43 Po 57 100 Undoped
N-InP 1000 5X10"

1.2 FAHFMAESNERERIET

PR InP 3£ MZ o6 8 i 2838 %t MR QCSE 5% Pockels 200 o048 HoA AL (0 97 41 2R3k 3 « 4
8o S iR B A 9T f BIR A O A 9 R T 0 32 R R A AR B e B DX B - B B ) 58 R AE LA
LA A A Z 8 A BT T B InP MOREZE 250 65 45 1 Sk 2L T GHz 62T RE. R 1o
AR S ) 25 T FH AT RS A4 R A1 A2 2 2548 . InP JEHF I 2 N B2 R P-IN 2549, A 5 X R AT AME InGaAsP &
TREARE B A K 8 A2 B2 A BAT VR X R O 120 nm. N AEE R 1 FTos dd A RE ) 98 13 96 fE T
K H Silvaco fi B AFHE T HA AKX R EH X R, BREBRWE FOR2M L TREARZERTA
SR ARG S BN 1.7 V ELE R AL E R 35 fF. AR A B~ A 25 A ) B 3R 2 2, il B3 LR o 98 L BR 29
70 GHz (HLBHAE R H 400 Q).

RV AT I AR 2548 R A Ansoft AR FF & W46 3D A # 05 FLEFE HESS. {5 ¥ rf B 21 (9 #4 k
S 25 0 1R 1) . I8 il &5 R AR 20 585 2 pm B9 S 454, LB AR 1. 55 pm 8K R AFIY 6
Gy BRI B el RS FH 2P e 2% InP Aok}, DAL/ A% i 3 G AR 285 4 >R FH 2 s A Al 2, T 7Y A9 422 i vy
W G PURRAE S #5440 N AL InP A1 RHZ b, 5 U0BAE I 5 100 o RR A 422 ik )22 1 AR {55 AUl S TR LR AL 1%

0523002- 3



T % iR

2R 1) LM 25 A0 L S A B SR v AL R R STO,. TS G RSB IES B A S B St A B O i 4R
i (58 £ A £ 0 1 R
PiEB RS EREN:. &EERk E field/(x10°V-m™')

Au 9S4 4. 1107 S/mip 2 n TIBZEH nP 7274
BERE 15 J R JEE 1 10" em 7L B 5 R 4 0l e
2.4X10°S / mfl 4. 11X10' S / m; % g5 T 098711
AT IS A6 28 TP R BORIEA R it 05 0dosse
Sy 0.6 FHIA A 8 e, B BT BEA 022049 l s ‘ 1
TR XA R B & 12, 57X 1077 F1 12. 56. ————
T T B X R R £ 5 2R o R/ o B2 Y4k InP E K B K 8 b A

WL 4 B T 1 A T AT VLK T 2 T A A Fig. 2 il;ilzzefjicrl;id:isz;tzlizzzqdi)rofilc near a deep-etched
b5 B 0 A5 A T AR PR B e e T o 28 el
TR P-IN i 945 By B KA T B BUAMA T Dk IR V, SRS 613 B AR 225 1 e BT 7 B
FIRL IR, AT DL J
_ D
 2nlys L,
Aot D R M A (BB L B D = g o+ Lo Sy F A A X B 10 K JEE + 7 2 B 28 1 o
N BB ne AR T AR TR I R T AR B MR S A S T B R 2 A%V, HeBe /s o AT M A S8 4
(I T HE RIS
1.3 TSR
2 FRL T 4 2T R A O A 2 BT 3 Y ]
ST 255 20 e o R L PR LR 28 4 I e Al 2
fr L L Re 2275 21 S AR 4 o phy A 1 R 37 77
P A  Re 7% 4 R HUCRE L Ry 6% B 5
5L X 1 ) 5 L BEL » 28705 B U2 I TR T 10 X
T B0 B2+ Co 375 4 I FEL MR TS 35 i 99 10
L. H3 fTHREREy K EER% S gaa
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MR 58 A S, B A 5 F B S B A e KRBV BB, AT A3 81 Ay 7E 0. 2~0. 5 pem 30 ] P9 AF R R B0 I B %
IN(<—15 dB) il e 8 % (>80 GHz) . i P MERE R R 4F, WK 4 (a), LI S 8 W55 Bl 58 w, =
2 pm, AR B g =46 pm; X4 h, KT 0.5 pm J5 B ARG S5 28 BT 38 C , 1F 8 Dl /) » B0 1 i 28 0 740 3 A8 25
[ BE AR PE T 9 Sy e KAERETE 5 A v B A fE X &R, AT LR ) w, £F 1. 5~3. 0 pm i3 [l L B PN H A B 30
GBI —15 dB ) (A SE 8 98 (> 80 GHz) i M BE R A B 5 24w, M X A8 Bl H W B I 9 3%
B L S IR /N L B T RE SR P AR 22 L AR 4 (b) L BB B N AR A =0. 2 pm.g=46 pm. Ny
PRAE T 55 56 0% 15 5 76 B 7 PR DX S i 1 4 BV R S A7 0 Fl A 9 5 — B I/ 18 B 3 9 8 B w0, BRI AE
2 pm LA b 3 A AR B O IO R U AT AR B g 7E 40~ 60 pm 0 FE N HL AR R S R BESR L W T KT
80 GHz, [N It i M RE R BUAL 52 - W Ao  IF B R w, =2 pm.h,=0. 2 pm. HEF EFHIE MZ i
il g 14 ) A IR ST TR 3 KR ) T 30 AR e N B e 0 RE 2P B R 25 ) L B LR AR A] I ¢ Bl 46 .
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0—D0~—p— —u

-16 } / 4 80
1 60

S,,/dB
Bandwidth/GHz

(=)
S
Bandwidth/GHz
|
o

- Sh :\:
I i i A I 20 720 L L L A A N
0 0.5 1.0 1.5 2.0 1.0 1.5 2.0 2.5 3.0 35
Electrode thickness #/pm Electrode width w/um
(a) Optimization of A, (b) Optimization of w,

0523002-5



-15 105
-& S, 4
~
~16 F \ -O0- BW 4100 :N:
-8 J %
% -17 p Jos B
5 |
-18 F 190 5
-19}F — 1
485
20 F \I:I=D 4
2 i 2 80
30 40 50 60

Distance between electrodes g/um

(c)Optimization of g

B4 HHKES RGN &

Fig. 4 Optimization of signal electrodes of transmission region
T A LI A Sy e KA B <o, F dy R Ze AR 5,7 oo, AT d XS AT I HL AR ) S A BH ST DG T
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Fig. 5 Optimization of G electrode of transmission region
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& 6 (a) Je: it 2 o A% B DX HR AR 9 BELBE il 28, B BT E 29 7E 45Q JE . & 6 (b) JE AR W L i 9 S 2 i il
2, Ml FE Sy B FRAE g —19.2 dBCEI<<—15 dB) . PH 4L VC AL B 4. & 6 B9 05 BL 55 14l g =46 pm,h =
0.2 pm,w, =2 pm,w, =1 pm,dy =13 pm. BT 48 AR SR Ob R 45 FE 22 B0 450 5 T & i 15 KL S
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Fig. 6 Characterization of transmission electrodes with optimized parameters
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d T 0 I O 3|
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Fig. 7 Schematic of the input/output and transition of TW electrodes
P 8 Ca) S A AL BT A v B A/ 1 R aod B DX RELT Zo 48, 453 I RRETE 10~65 GHz 3 Bl Z ] I H A
BHHTTE 47~42Q Z A2 4k. B 8(b) 2 AR Y S i 4. Sy /N T — 15 dB, RIBH BTV HE B0 T . 4l 984
65 GHz. i 1k BE 32 BLETAS . 56 42 RE % 1l A2 52 P 255K

48 -10 0
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-20
8 o) m
g = =
3B = =
g 44 + 5%} A
g -30
42
-40
40 L L L L 1 Il 'l
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Fig. 8 Characterization of input/output and transition electrodes
3 BHFES

Ry A1 45 B0 UE AT L7 VA A RO . 7E n B InP AP 6148 1A [6) RS Y 3 i 3 S AL i 2k vl il 11 9 i ]
JEoR A H 1 G-S-G oG B A, b i & S B B 290 1. 3 mm. HUAR il 45 T 206046 & Se (i
PECVD # % (Oxford Instruments Plasmalab 80 Plus) 7E InP #}Ji&_E YT 2~4 pm JE K SiO, o LAYk /I i A
AR TR B A i ARG SRS R AR HE 48 AP 2 T 20 e v Al P 58 B 5 SRR S Ti/ Au 45 & @ i il Herp T
M Au JZEE 58 15 nm A 400 nm.

13 AR ke ' - Agilent N5230A M 458 73 A% Cle KA 20 GH2) AT I8, JF R 22 [ GGB
S B 1 TSR TR A R A ) AN o CERL 9O T 10 Sk R AT D R AR T A B R b s AR 1)
A B850 XA 5 L S S8R 50 pm(4 pm) , H G-S-G LR BC & (A1 B% R 46 pm. B 10Ca) 7R i S 5 R 8K
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Fig. 9 Measurement setup for a TW electrode
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Fig. 10 Comparison between measured and simulated results of electrodes
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Fig. 11 Comparison of measurements for the electrodes with various w,
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Fig. 12 Measurements of the input electrodes with different parameters
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