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ABSTRACT

Semiconductor optical amplifiers (SOAs) and semiconductor lasers are key
components in optical communication and signal processing. Conventionally, these devices are
electrically-biased to inject the carriers into the active region. However, there is a growing need
for optically-controlled photonic devices to enable an all-optical platform for signal processing.
Optical pumping provides optical-to-optical gain control and thus avoids slower electrical-to-
optical conversion in electrically-biased devices. Since optical pumping doesn’t require a p-n

junction, high-purity (undoped) materials can be employed, which minimizes optical losses.

Optical pumping is a well-established scheme in erbium-doped fiber amplifiers
(EDFASs), where the pump is injected directly along the doped fiber in an end-pumping
configuration. However, the direct end-pumping scheme is highly-inefficient in the case of
SOAs and semiconductor lasers, because semiconductors have a high absorption coefficient.
Therefore, the entire pump power would be absorbed within a short distance from the injection
end, with the latter portion of the active region remaining unpumped. Optical pumping schemes
from the top/side of the semiconductor active region have also been investigated. Since the
cross-section dimensions of the active region are small (typically < 2 um), only a fraction of
the pump power is absorbed. Moreover, due to the requirement of bulk components for light
illumination, such optical pumping scheme through external illumination is incompatible

with photonic integrated circuits (PICs).

This thesis presents our investigation on the development of novel optical pumping
configurations through a transverse waveguide-coupling scheme to achieve efficient and
compact optically-pumped SOA (OP-SOA) and optically-pumped semiconductor laser. In the

proposed waveguide-coupled optical pumping scheme, the optical pump is coupled into the



‘active waveguide’ from an adjacent channel waveguide, called ‘pump waveguide’. Through
numerical analysis, we show that an efficient transfer of the pump power can be achieved in a
directional coupler configuration, which comprises of a lossless input waveguide (pump
waveguide) and a highly absorbing waveguide (active waveguide). An appropriate design of
the coupled-waveguide structure results in efficient optical pumping with a unidirectional
transfer of pump power; further, it is also possible to maintain a desired pump-power transfer

profile in the absorbing waveguide to achieve optimal performance of the device.

The optical pumping in SOA is shown through two different coupled-waveguide
structures: buried channel coupled-waveguide and ridge-waveguide coupler. It is found that by
suitable choice of materials and waveguide design, single transverse-mode operation and low
polarization dependence could be achieved in OP-SOA based on a ridge-waveguide coupler.
The proposed OP-SOA is an In1xGaxAsyP1.y/InP-based heterostructure device with a pump at
1310 nm wavelength and amplification in the C-band wavelength range. The optical pump can
be coupled into the pump waveguide through a separate fiber pigtail, similar to how the signal
is coupled to the active waveguide in a commercially available SOA. Thus, the OP-SOA would
be a stand-alone 3-port integrated optical device. In order to simulate the performance
characteristics of OP-SOA, we suitably modify the well-established Connelly’s numerical
model for conventional electrically-biased SOA. The gain characteristics of OP-SOA are found

to be qualitatively similar to that of conventional electrically-biased SOA.

We also propose an integrated design of an in-plane optically-pumped edge-emitting
ridge-waveguide semiconductor laser without any bulk components. The laser device is based
on In1.xGaxAsyP1.y/INP heterojunction, with a pump at 1310 nm wavelength and lasing around
1550 nm. Since a semiconductor laser is essentially an SOA with optical feedback, the output
characteristics of the proposed laser device are simulated by a modified numerical model of
SOA by incorporating the lasing process. The simulated output characteristics are found to be

\Y



consistent with the laser theory. A high pump power conversion efficiency (ratio of output laser
power to input pump power) is obtained under optimum operating conditions for the chosen
device parameters. The proposed optically-pumped semiconductor laser could be a 2-port fiber

pig-tailed integrated optical device without needing any bias current.

We also explore the optimization of the multi-segment configuration of SOA for
wavelength division multiplexing (WDM) applications. The design and characteristics of a
two-segment SOA are presented, whose segment length and bias current ratio are optimized.
We show that the gain-spread and noise figure can be reduced by tailoring of the longitudinal
carrier density profile. The differential gain among the channels is also reduced due to the

contrasting gain and transmission spectra of the two gain segments.

Finally, we present our experimental studies on the optical pumping of a conventional
SOA. First, we experimentally study the gain and absorption characteristics of SOA. Then, we
setup the co-propagating and the counter-propagating configuration for optical pumping in
SOA, and study the gain characteristics. We also experimentally show that the optical pumping

of SOA through the end-pumping scheme is inefficient.
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QHThsFe AHifeahel TFTIHRI (J3TT) 3R AT ool 3iiftesd TaR 3R

TRasTel WA & Yo e § | TWORRETT &9 8, o1 3YR0T &l Tfshd &7 H dTgeh i Solee

A o T TG T-TaTaTcl foham SITem 8| grefiieh, [aeTer ST & folw Ueh 3itel-3iiceshor

TATHIH I T&TH Fd & [T 3Hitead 7 O FIRT wieifas 3ot fir gear

TGRS & | 3T 4ftar HifCeshdr-C-3iifCeshel amer [A=0T YTeT SHidr & 3 58 TR

Taegd-TaTareiy Suertult # e faegd-g-3iiTCeehel TUIROT & ST ST § | Hieh 3HTcesher

AT o TIT Y-Uet SiereleT dhr TaRTHT wAET gicll &, SHTIT ITar eerdr (3raiferd) areaft

I TN TSI fonam ST HeneT &, ST 3fiTCanel fendTel &l el T B |

3fTfCeerer UTeT 31TITH-3T8 BISE TFIBRRT H Teh 3 dig O T Aetar

&, ST8T 99 &l Ush US-GTUT SIT-hIReAT & TIE 3IT8 hrsa & AT Soide [hdT ST g

gTeTifeh, HITT 3R 3reiarereh dIoRT o ATHS H YcdaT d-IieT At et 3787 g,
Fifeh TEETeTehl H 3T JARAYOT I[0TIeh Il § | SATAT, GY TT T QATehed Sotererel & 3T &
A g & M 3TN g Sweel, aforar 817 & a1g & FEd 1 9 7L fawar srwam|
Yrtersarex afshdr 817 & 39T / fhaty & 3iifCearor 9ftfer Astenait dr off Sirer hr o1$ 81 <ifm

T 81T o hIF-TFeT ITH BIC & (AHAR W < 2 pm), I T HT hdel Teh 39T

3T BT &1 ST 3TcITaT, FehreT URMAT 3 ToIT 2Aieh Geehl Shr TTTHAT & HRUT, S84
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URAEAT o HATETH G $H TG T JHiTCcehel U ATSToAT Bt Ieh Tehishel Hiche o AT ETT

gl

THINT H JiTCeehor 9T &l T HelaT-37019T JHTHI-AGINSS FIAI3 & ATEIH @

fe@rar 3T B: eohet deTel JFTH-Aq9Mss R ReT-dqemss e | Jg qram I g fa @t

3R FaTES TS hr 3UGcl THE H, Teho! STHAH-AIS TV R ot it or et

I RST-399ME8 FTeR & ITYR W TI-THINT H 9red [RIT ST FohdT g | FEATTAT 3-
TH3ANT T In1.xGaxAsyP1.,/INP-3TETRA geleaar f3arsd g, foae 1310 TAUH diaged

IR Teh 9 ¢ 3R A-d5 Ry I 7 va¥ieT &1 3iTfCeahor 99 1 Teh 37191 SR e &

ATEIH ¥ 99 AGINSS H ST ST JehdT &, S o Ama@1Rs &7 & 39y vg3nv & afra

daaNS$s & foIv feTel & AT 81 38 YN, INA-TEHIT Teh F3-3ellel 3-U1E Tehlehel

HifCeehor fSarsd gam| A-THINT T FedieT fAATAIHT T 30T et o T, 57

URYRe [deTd-TaTdTel TH3NT & T 3reedl TR @ TAMUT Hlodoioll o HEATcHD Higel

Y 3G ®T § HMAT I &1 INA-THINT T 787 FAATAT T OMcAD &7 &

URYN [deGT-T&Tarcdl TH3HIT & AT IrT ST g |

&7 fopalY oY 2 geal & f9aT U 5A-Taie 3iTCesholl-Ud U-3cdolsh Rol-dd9Ss

o

YHIREFC oIoN & Uehiehd f3aTTgeT T T ST ahdd 8 | ool 3arsd Iny«GaxAsyP1.y/InP

geUTareT X 3maTRd &, ToaH 1310 TATH JETEE &l Ueh YT § 31T S197979T 1550 UaTuH
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AT &1 Ik U eaTeres o fard &0 @ 3fffCeanel gfafhar & |1 T A3T 7,

TEATIA olor f3ars T 3m3eqe TaATT3iT &l AT TfshaT i ATA ek AT & Teh

NI FEATcHS AISel SaRT T 0T fohT ST & | TAHeIes 3M3eye A3t 1 oo

TR & 3eT&Y UTT ST § | Teh 3T U9 GTa’ KT VT G&TeT (3T3EYC ol ITa & 3eTqe

99 ITaR T H91) IoA §U fSargd ATaEst & forw geeda HTmfear aRfeufazt 4 grea i

ST 1 JEATiad JHifCeshell-uq 3rtaree oo fndY off qaTerg adATeT $r HTaRIHdT &

fS=TT UaF 2-91C FIgeR G3R-YD Tehidhd 3iifoeahel f3arsH g Wehel

maﬁéﬁﬁﬁmmﬁéﬂ(m@nﬂ)w¢%@waﬂv$a§-

QIHT HIHINAT & eJehelel I 8 IAT o9 1 Teh &-@s A3NT & fomrger AR

T3t &t gEge frar ST &, fodenr @s ofarg X qaTarg addre 3edrd 3ejehiod

foram ST 81 g fe@ral & 7o oer-9R 3iR AR 317hsT 3ieieed argeh Hefcd MBS

TS canT F ToRdT ST TohdT & | SI=1T oITH WaT o AU areT 3R TTR0T Tl oh HROT
ATl & ST 3R 19T 8T oA BT ST B
37T #, §H Teh RN Y3TT o HTTCeehol T I AR TAIMcHD EATT TEId

A & | I Ug, &H IR FT & 3T & o1 31T 3ranwor RAQAWansit &1 sreaaeT

T &1 T, 5 TH3NT F 3Tt UM & [T TE-99R 31 FI3cT-TIR HilehIn s



T AHT T &, 3 19T FAATAT3H 7 3reTTA Fid &1 gH TANTcHS & 4 Ig oY ewra

¢ o Ug-ufter QIotar & ATETs & TH3NT &1 HifCeahol Ufter a1 &
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