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AT THI-V/Si KIFAELER GBI IZ M 72 Chip-on-wafer FFEAEHE G HMTIZBI T 28748 (Study of chip-on-wafer
heterogeneous bonding technology toward I11-V/Si large scale photonic integration circuits)] &REL ., FiL 6 NSRS N TN 5,

H1E ¥ CiE, A oOEREMERNEZR Lz, ROICESOBEFT 7 4 v 7#BRICER LR T o—A
~OEH « RE AR & AREE B MO ERICOWTER, P RE/ Vv VERECY ) ar 7y h=s 2 & noic
PER D BB RHEIT & AW T A A ADOFRE A Uiz, $£7z. Z OB 2020tk & LT UV B bEa il
eV ar7x b= A0NAT Y v RERBENTIZ OV TR, Chip-on-wafer #4 (/N HEENZ X 5 T-V/Si KIFFERE
[ B AR R AT DTS 2 Am LD B & LT 72,

%52 7 MI-V/Si O N 7 v o — SR O AR /A T O e EIE#RRRF ) Tk, £73° 10 Tbps BIZEIZ T/ h 7 o=
B OMRRE AR Lo, ARERUT, L —Ph, AFsstt. ZIERAIO 3 HANC 84O BEE 27 (Semiconductor optical amplifier:
SOA)%& /3 HRBLIE T2 Z & TRVFRMZIGHIIRZIT 5, TNARGET 57280, [EIENAFTONME A L, % SOA IZHEREh
DRI LN E RIS & & bi, SR E ORI A RN D & SOA T L7E 2 et Lz, £ ofkR, HmEzhFR
LR EFIOMHNIL L — FA 7 OBRICH Y | TEMEEH CIADIRE & & FTIF 2BARITINE <20 Safe K&
72D e wMR LT, Fio, Riiakdt L7z SOA OHELEIZ L > T, L—¥F B LU SOA DHEEIOAFHEL., L—VH
BEEHIE LT25ER0, SOA DA S LT 1 DU OFIfGEHR Lcha it LT, 3 BIREREEE I banD
L EFHAENOHEE LT, TNODORERND . AR TIRET DGR ARERIL, 10 Tops BZEL R L L7 h T v i—
NEEEOFEBL L Z DIREBREBEINMUICEETH L Z L ER LTz,

3w [T N EEREITEZ WY v OB Ty FL—YO/ERL] Tld, Wafer-to-wafer D4 2 W 725 34 A /El
ATV, Uy VBIANA T Yy RL—YPOEBMRFEAZ 1T 272, NS, InP RAMFEROMNGC, BT — S S 2/ L
TV 7T — R S RE S S 7 7 7 U 21— (Fabry—Perot: FP) L — W & {EfL L, 2D L WEEH A S, InP
SRAIFRHENIE & Si B IR O HAE BN 80%LL LA BTN D Z & MR Lz, I, ERMEAMNRT o1 —7 17—
RWRET 2—=V TRAOFT NI 77 4 VBRI S SiokEE EIC, L—38 L0 SOA AD 2 SRS E#H
Shiz SOA MR AL — 2 ER L, ERTEBEL SOA (T X D LHEEEL SERE Lz,

354 % [InP/Si BN HES BN OME] Tld, BRI S ~OEERN/ NSV UV A LB A W= BUK b G & 3272
LA TIEL LTERIRL, Zi% Pick-and-place & #lAE 15 Z & T, Silicon-on-insulator (SOI) 7 =/~ E~D@EHEE D O
InP /NG ZFBL LTz, Fio, #26H%O InP IEBFREICEL T, Y=y b=y F U VREOES R ~DOHIEFRZA 2 84 5
T2, PRAEIIC L AEA R OWE & (LFHBIFEIZ X 5 InP EWNERBE AR DT e A ERE L, ZNHOD
FEICLY, SiEEE EAfix O EX X v VERFZHT 5 InP /M1 (0.5 mm x 1.8 mm)Z @EEICHEA L, ERREE
@ PL (Photoluminescence)a Al (2 33\ Y C/NT AR 2 H 20k & L7z ¥)— e B3 5 7z,

%5 W UG HINZ AW eT S ZERYRBSERbIZ T 72 255 Tk, Bt/ s 7 e X &2 Aot
FS AEEIEZ(T o 12, RIS FP L—F 2R L, 20-85°C DOIEJEIKIZH TS CW (Continuous-wave) R iE & . fitskd
GalnAsP/InP % L —¥ & RS ORI 67 K) 2B Lz, £72. 250 FP L—VOSHEMMGEE L Crilm BB 21T
VN FEAEEE 9.1 kA/em? DZAFIZE W TEE 3,000 B 85°C/2,000 KR, TEE 110°C/1,000 FFR)FRIE # ORI R
RSN ENT L 2R LTz, I, U o ZRIRERRIOKRE WA L—FA2/ER L. 55 nm 0 AV AT 28 R #iPH (R &
— RHIEL 50 dB B R) & ZOEMITIBNT 70 kHz L F DO ALY MURIEZ R LT, &%, 1 7 U v F SOA & {Eil
U7c, SEMERFIEZREAMN L 72/ & AVD S WHEEIZ L SOA RGN A L, bV ICRE Rt ARG oND LS| 5
2BEOFE RSN 2 FIL L7, £72, ¢ 22% L b/ SV EZ AT 5 SOA IRV TIE, & AT 16.1dBm D K&
AR ARG BT, BLEORERND, 28 X Uy VERENR R D P /N &R —D SOL 7 =/ RIZHEA L, 73
A AT U TRISRED R 72 5 SOA ZAFIARETH D Z L FEFE L 1=,

06 [fam) T, Lido@mama s L,
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This thesis, entitled “Study of chip-on-wafer heterogeneous bonding technology toward I1I-V/Si large scale photonic integration circuits,”
consists of six chapters in Japanese.

In chapter 1, the background and the objective of this thesis are described. Firstly, requirements of high-speed operation and low-power
consumption to optical transceivers due to the recent increase of data traffic are explained, thus problems of single material technologies
such as InP-based monolithic integration and silicon (Si) photonics are indicated. Next, the III-V/Si hybrid integration technology is
presented as a promising solution to overcome these problems, and the establishment of chip-on-wafer (CoW) heterogeneous bonding
technology toward III-V/Si large scale photonic integration circuits is defined as the objective of this thesis.

In chapter 2, a configuration of III-V/Si hybrid optical transceiver circuit towards 10 Tb/s-class transmission is proposed, and the design
of semiconductor optical amplifiers (SOAs) for various part in the circuit is investigated. In the proposed configuration, SOAs are
distributed in three positions in the circuit, such as after the laser, after the modulator, and before the receiver, for an efficient optical
amplification. After that, required characteristics of each SOA is defined from an optical power diagram of the circuit, and appropriate
design for each SOA is discussed, using numerical calculations for optical amplification characteristics. Results of the calculation indicate
that the wall-plug efficiency and the suppression of gain saturation are in trade-off relation, and higher saturated optical output power can
be obtained with smaller optical confinement factor in active layers (&). Additionally, it is confirmed that the summation of electrical power
consumption for a laser and SOAs in the proposed configuration is approximately 30% lower than that of other configurations, in which
the number of SOAs is reduced with increased gain of each SOA or an output power of the laser.

In chapter 3, characteristics of hybrid lasers with InP-based ridge structure is investigated using a wafer-to-wafer bonding process. Firstly,
Fabry—Perot (FP) lasers with InP-based gain and Si waveguide regions are fabricated. From the threshold current of the lasers, it is
confirmed that high optical coupling efficiency of over 80% is obtained at the interface between InP-based gain and Si waveguide regions,
via a two-step taper structure. Moreover, wavelength tunable lasers which are comprised of a Si cavity with a loop mirror and double ring
filters and InP-based gain regions with laser and SOA sections are demonstrated, utilizing this hybrid structure.

In chapter 4, high-yield bonding of InP chips on a silicon-on-insulator (SOI) wafer is realized using UV-ozone treatment, which offers
enough surface hydrophilization without the increase of surface roughness. Additionally, regarding the InP substrate removal after the
bonding, a side-wall covering for InP chips using protection films and a chemical mechanical polishing are combined, to suppress the
influence of the lateral etching at the bonding interface. Utilizing these methods, high-density integration of various types of InP-based
epitaxial structures (chip size: 0.5 mm x 1.8 mm) on a Si waveguide circuit is demonstrated, and uniform photoluminescence intensity over
the whole region of each chip is confirmed.

In chapter 5, the fabrication of optical devices using the CoW bonding process is demonstrated. Firstly, FP lasers are fabricated, and
continuous-wave (CW) operation is achieved at a temperature from 20°C to 85°C. The characteristic temperature of the threshold current
is 67 K, which is almost the same as the typical value for GalnAsP/InP-based lasers. To investigate the reliability of these lasers, an aging
test with the injection current density of 9.1 kA/cm? for 3,000 hours in total (temperature: 85°C/2,000 hours and 110°C/1,000 hours) is
performed, and no significant degradation is observed in lasing characteristics after the test. Next, wavelength tunable lasers with Si double
ring filters are fabricated. A wide wavelength tuning range of 55 nm (with sub-mode suppression ratio over 50 dB) is obtained, and a narrow
spectral linewidth of less than 70 kHz are realized in the entire wavelength tuning range. Finally, hybrid SOAs are fabricated. Measured
optical amplification characteristics indicate that the gain of the SOA decreased with smaller optical confinement factor in active layers (&),
and higher saturated optical output power is obtained. These results agree with the trend of the theoretical calculation in chapter 2. A high
saturated optical output power of 16.1 dBm is obtained for SOA with the smallest & of 2.2%.

In chapter 6, all discussions of this thesis are summarized.
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