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ABSTRACT

Semiconductor quantum dots (QDs) are nano-strustwigh three-dimensional
spatial confinement of electrons and holes, reptesg the ultimate case of the
application of the size quantization concept to isenductor hetero-structures. The
knowledge about the dynamic properties of QD sendactor diode lasers is essential to
improve the device performance and understandhkisigs of the QDs.

In this dissertation, the dynamic properties of @Btributed feedback lasers
(DFBs) are studied. The response function of QD ®lBder external modulation is
characterized and the gain compression with phatensity is identified to be the
limiting factor of the modulation bandwidth. Thehamcement of the gain compression
by the gain saturation with the carrier densityQDs is analyzed for the first time with
suggestions to improve the high speed performarcdieo devices by increasing the
maximum gain of the QD medium.

The linewidth of the QD DFBs are found to be mdrant one order of magnitude
narrower than that of conventional quantum well (QIDFBs at comparable output

powers. The figure of merit for the narrow linewidss identified by the comparison
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between different semiconductor materials, inclgdoulk, QWs and QDs. Linewidth
rebroadening and the effects of gain offset are ialgestigated.

The effects of external feedback on the QD DFBs amapared to QW DFBs.
Higher external feedback resistance is found in [QHBs with an 8-dB improvement in
terms of the coherence collapse of the devices2@dB improvement in terms of the
degradation of the signal-to-noise ratio under @dps modulation. This result enables
the isolator-free operation of the QD DFBs in reainmunication systems based on the
IEEE 802.3ae Ethernet standard.

Finally, the chirp of QD DFBs is studied by timesoéved-chirp measurements.
The wavelength chirping of the QD DFBs under 2.5&mmodulation is characterized.
The above-threshold behavior of the linewidth emleament factor in QDs is studied, in
contrast to the below-threshold ones in most ofgbblished data to-date. The strong
dependence of the linewidth enhancement factohenphoton density is explained by
the enhancement of gain compression by the gauratan with the carrier density,

which is related to the inhomogeneous broadeninigspectral hole burning in QDs.
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Chapter One. INTRODUCTION

1.1. Properties of QDs. expectation and reality

It is very natural for quantum dots (QD) to becoaitactive after the success of
quantum well (QW) hetero-structures. The develogmeih quantum well devices
confirms the functionality of the quantum confinerhef carriers in semiconductors and
fosters the concepts and tools which are esseattdsign, fabricate and characterize QD
devices. Theoretically, QD lasers represent amali case of the application of the size
quantization concept to semiconductor hetero-siradasers [1].

The advantages of quantum dots compared to quantllsm stems from their unique
density of states resulted from the 3-dimensiomalfioement of carriers. As shown in
Fig.1.1, the energy levels of quantum dots are dessolved with each other. After the
creation of the first QD lasers in 1993 and eaf94 [2,3], various potential advantages
of QDs have been verified on actual devices, inolwdhe low transparency current [4],
increased material and differential gain [5], lemsperature sensitivity [6] and reduced
linewidth enhancement factoi (parameter) [7]. Furthermore, QDs can extend the
achievable wavelengths on given substrates sireehtiee dimensional structure of the
nanometer dots helps to relax the strain from #iBceé mismatch while minimizing
dislocation formation. One of the real applicatiaighis is the growth of 1.gm InAs
QD lasers on GaAs substrates. Finally, as QDspmatiadly separated and the carriers are
localized once they get captured into the dots, gaih media are more resistant to

defects than QW structures [8,9].
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Fig. 1.1 Ideal density of states for charge easrin structures with different dimensionaliti&éf].

However, quantum dots in the real world are nohieal to the ideal ones people
based their predictions on. The energy barriecéorier confinement is not finite in QDs,
first of all, indicating an imperfect confinementdathe impact of continuum or unbound
states. The size and shape dispersion of QDs, vidn@dden the carrier distribution in k-
space, still seems insurmountable for the growthrtelogy nowadays. Due to the large
effective mass of holes, the energy separatioroleshin the strained dots is less than the
thermal energy of the typical temperature of openatCarrier dynamics are very
different in QDs, compared to QWSs, due to the ifisigihcy of the optical phonons with
the right energy to facilitate the carrier relamatibetween energy states. All of those

realities compromise the advantages of QDs merdigneviously.

1.1.1. Gain andlossin QD media

Very low threshold current densities (26 A €rin 3 stacks of dots-in-a-well
(DWELL)), very low internal losses (~ 0.5-1.5 ¢jnare found in QD lasers [4]. In a
guantum dot laser emitting at 1.u6n, with an internal quantum efficiency of 98%, its
transparency current was measured to be 6 Afen quantum dot layer [11], compared

to 50 Alcnf in typical QWs [12]. The maximum modal gain of tgeound state is



measured to be 2.4 €m3.6 cm® and 5.7 crit for a single sheet of INAs#aGay.sAs (dot
density 4x16° cn), InAs/Ing 15Ga ssAs (dot density 3.2x18 cnt) and InAs/In ;Gay gAs
(dot density 3.7x18 cnr), respectively [13]. Although different groups cefed quite
similar values of the gain, the published valueshef differential gain in QDs are very

scattered, varying from 2x16[14], 1.7x10™ [15] to 3.1x10"° cn? [16], due in part to

the lack of agreement on the confinement factorctvins related to the shape of quantum
dots and cannot be measured accurately. Sincentited number of available states in
QDs, gain will saturate, and thus the correspondiffgrential gain will decrease rapidly

as the carrier density approaches the dot density.

1.1.2. Temperature insensitivity

Though QD lasers demonstrated high characterigmperature (>300K) in a
temperature range below 150-180 K [17]Was reported to be 120K, not much superior
compared to commercial GaAs-based QW devices, noean temperature [18]. Ideally,
the To value should be infinite, but the non-ideal DOSQiDs prevents this [19]. In
practice it is found to vary depending on the paitir size, shape, and number of
electron and hole levels [20]. The key points fohiaving improved high-temperature
operation were proposed to be large volume denddgp potential and high quantum
efficiency [21]. The T could also be artificially higher from the undesie non-
radiative recombination processes in the dots erdptical confinement layer [22]. P-
type modulation doping was used to compensatehi®rctosely spaced hole levels in

QDs and showed aBf about 200 K between 0 to 80 [19].



1.1.3. Linewidth enhancement factor

Typically linewidth enhancement factors are measursing the Hakki-Paoli
technigue which requires a delicate control of tdraperature of testing. The published
results range from negative to about 2 [23,24]. i8.teported by Newell [7] in single
stack of QDs and a minimum of about 1.0 is measbyedkhanov [16]. It is found that
the excited states and the continuum state in W& Qave severe effects on the alpha
factor of the ground state [25]. In tunneling-irtjen QD devices, alpha is measured to
0.15 [26] and 0.7 [15,27]. As one of its drawbadks, Hakki-Paoli method is applicable
only under threshold and in F-P lasers. As we knibnvere is still no systematic study
about the alpha factor in a real QD laser operatibgve threshold. Gain compression
can make the alpha strongly dependent on the plu®nsity. The above-threshold alpha

and gain compression effects will be investigatethis dissertation.

1.2. Current status of selected quantum dot devices

1.2.1. QD Amplifiers: high saturation gain, low noise, high speed, pattern
effect free, XGM, XPM and four wave mixing.

QD semiconductor optical amplifiers (SOAs) are amtme best successful applications
of QDs and have been exposed to a thorough inadistig It is instructive to review the

QD SOA research to help understand some of thdtsesescribed for DFB lasers later in
this dissertation. Although QDs have a smaller nhgdén than QWs due to a smaller
physical volume, or smaller confinement factorpagler waveguide can generally result
in more available gain as long as the gain is mptificantly saturated. Therefore, the
most fundamental issue in a SOA is the gain saturggower which sets a limit on the

maximum extractable power out of the SOA [28]. Phgsics of this gain saturation here



is due to the competition between the carrier rdgoation time and the stimulated
emission time, as a result of the steady statdisolof rate equations. It is notable here
that this gain saturation is different from thergaompression effect resultant from the
competition between the carrier equilibrium timedahe stimulated emission time as
indicated by the steady state solution of mastaatons. Since the gain saturation power
is inversely proportional to the differential gawhich gets saturated much easier in QDs
than QWs, it is expected that QDs will have a Veigh gain saturation power [29,30].
Experimentally, a gain-saturation power over 20 dBnachieved in QD SOAs [31].
High amplification (>18 dB) of 200-fs pulses washi@wved in a quantum-dot (QD)
semiconductor amplifier over a spectral range ediogel00nm without pulse distortion
[32]. The noise of an SOA is from the spontaneaussgions and the figure of merit is
the noise figure, defined as the degradation ofrthat and output signal to noise ratio. It
is well known that the noise figure is proportiot@lthe population inversion factatsy,
which is believed to be smaller in QDs due to theupt density of states [30]. A noise
figure of 5 dB is demonstrated in QD SOAs [33]. Gifieche most significant features of
QD SOAs is the high-speed performance. In typicdk lor QW SOAs, the whole gain
spectrum is typically within the gain homogeneousadening width. Therefore, the
carriers will respond as a whole unit and carmombination lifetime will determine the
high-speed performance. In QDs, however, the homage broadening is found to be
narrower than the inhomogeneous one and signifispetctral hole burning can be
observed. In this case, only the carriers withia tarrower homogeneous broadening
respond as a whole unit and the carriers outsidei®homogeneous broadening act as a

reservoir [34,35]. This physical phenomenon hasvagice to the operation of QD lasers



as well and will be discussed later in the the&isr the QD SOA, the outcome is that the
carrier dynamics are determined by the carrierldéguim time (1~10 ps), instead of the
carrier recombination time (~1 ns). In this ser@Bs are much faster gain media than
QWs. Experimentally, people have shown that théepateffect is much weaker in QD
SOAs than QW SOAs [36-39]. This ultrafast respoisealso proven in cross gain
modulation due to the same carrier dynamics [40-KB] experiments about cross phase
modulation have been reported by now in QDs.

Four wave mixing has been studied by different geoin quantum dot amplifiers
[36,41,43-46]. FWM is a well-established techniqoeharacterize the carrier dynamics.
The efficiency of FWM in QDs, which is proportiortalx(3)/g (g is gain) in QDs is found
comparable to QWSs, not enhanced by the three-dimmaisconfinement as theoretically
predicted [47], probably due to the non-ideal feaguof the QD medium. Appendix 2

discusses in the FWM in QD DFB lasers.

1.2.2. FPlasers. High power and filamentation free

Besides the low threshold, high efficiency and terafure insensitivity mentioned
previously, high power is demonstrated in QD devid@aAs-based QD-lasers emitting
at 1.3 um exhibit output power of 5 W and single transvensede operation up to
300mW. An output power of 5 W has been obtainetl.ium QD lasers. Furthermore,
single-mode lasers at 1.46n and 1.31m show no beam filamentation and a reducéd M

which is believed to be related to the low linewignhhancement factor [48].



1.2.3. External cavity tunable lasers. wide tunable range and low threshold

A grating-coupled external-cavity quantum dot lagertuned across a 201 nm range

around 1200 nm at a maximum bias of 2.87 k&X/come order of magnitude less than the

bias required for comparable tuning of quantum vasers[49]. Tuning range from

1.095 to 1.24%um, extended from the energy levels of the grouatedb excited states,
is achieved in QD external tunable lasers withrashold density less than 1.1 kAfcat
any wavelength. This large tunable range and loestiold are the product of the rapid
carrier filling of the higher energy states unddow pumping current and homogeneous

broadening in the QD ensemij&0].

1.2.4. QD Mode-locked lasers: ps pulse generation

Intuitively, the broad spectrum in QD gain medidigates a narrow pulse from QD
mode-locked lasers. The low spontaneous emissiose nas discussed in previous
sections also suggests low amplitude and frequawtse in QD pulse sources. More
importantly, the absorption in quantum dots is meesily saturated than in QWs.
Passive mode locking was achieved at dn8 in oxide-confined, two-section, bistable
quantum dot (QD) lasers with an integrated intratgaQD saturable absorber [51]. One
of the sections is forward biased to provide gainile the other one reversed biased as a
saturable absorber. Fully mode-locked pulses atpetition rate of 7.4 GHz with a

pulsewidth of 17 ps were observed without self-atids.



1.2.5. Distributed feedback lasers (DFB): Threshold, efficiency, SMSR,
temperature performance, high speed performances, linewidth, feedback
resistance and chirp

Single mode lasers with sufficient output powes amdamental building blocks for
optical communication systems. InAs/GaAs QD DFBsfabricated mainly with a loss-
coupled grating deposited laterally to the ridgevegaiide. No index-coupled InAs/GaAs
QD DFBs are reported by now. In 1999 Kamp [52]att. reported complex coupled
distributed feedback lasers at 980nm based on glesiayer of InGaAs/GaAs self-
organized quantum dots grown by molecular beanaepitA threshold current of 14 mA,
differential efficiency of 0.33 W/A and a side-masigppression ratio (SMSR) of > 50 dB
have been obtained in these devices. Single modsatpn was observed for
temperatures from 20 to 2P8. In 2001, Klopf achieved single-mode operationl &
um InAs/GalnAs QD DFBs with a SMSR of up to 55dBreghold currents as low as
17mA and CW output powers of up to 8mW at room terajure [53]. The InAs/GaAs
QD DFBs studied in this dissertation are providgdZia Laser, InC. More than 5 GHz
small-signal modulation bandwidth was observedhesé first devices indicating the
potential for high-speed operation of quantum a@asets [54,55]. The linewidth-power
product of the QD DFBs is measured to be 1.2 MHz;noWé order of magnitude lower
that the typical value of QW DFBs [56]. The same @&ices shows an improvement of
external feedback resistance: 8 dB on the crittiohlerence collapse feedback level and
20 dB in term of signal-to-noise degradation [57hese devices will be discussed in

detail in this dissertation.



1.3. Carrier dynamicsin QDs

It has been controversial for a long time whethBrs@re a fast or slow gain media. This
is a fundamental question for applications suclnigh-speed light sources, high-speed
amplifiers, all-optical gates and switches usingsQRR was proposed that the carrier
relaxation between different levels could be hiededue to the lack of phonons with the
large energy corresponding to the level spacingQiDs, the so called “phonon
bottleneck” [58-63]. The phonon bottleneck is oledrin quantum dots occupied with
just one electron without a hole, and without a apon in the wetting layer [64].
Meanwhile, recent proposals invoke fast mechanisther than the phonon-assisted
process in QDs, such as, electron-hole scatte6by [Auger process [66,67], phonon
spectrum broadening by the QD itself [68], and supfast carrier dynamics in QDs.

The carrier dynamics is characterized by three mpaters: dephasing time, electron
relaxation time and hole relaxation time. The depimgtime,T,, is basically the time
scale within which the carrier is coherent to its€inceT; is inversely proportional to
the homogenous linewidth, it can be the intringiitl of the 6-function of the DOS in
QDs. The electron and hole relaxation times (mesksas recovery times in pump-probe
experiments)z. andz,, are the time constants for electrons and holesdch their intra-
band equilibrium. Measurements of carrier dynanhese been carried out on QD
materials from different groups as listed in Tablélhe results vary broadly due to the
structural difference of the QD sampl&s. was measured to be about 150 fs (~9 nm
homogeneous broadening width) in 1.25n MOCVD-grown QDs under normal
operating conditions of lasers at room temperd®®§. This result is consistent with the

spectral width 13 nm (10.5 meV) of homogeneous deoang derived from the gain



behavior of the 1.28m DWELL tunable laser built at CHTM with an extefrmavity
[70]. SinceT, in QWs is about 30-50 fs for the intra-band traoss [71] , it suggests
that the width of homogeneous broadening of QD$ b@labout 3 times narrower than
that of QWSs. The explanation could be that oncectimeiers get relaxed into the QDs,
they are localized and the energy barrier reduoeis thance to be scattered by phonons
and carriers, a similar mechanism underlying thet fdat the excitonic transition
generally has a longer dephasing time than tha-lvind one [71].

For the carrier relaxation or capture time in thBsQ Table.1 shows that the carrier-
carrier scattering provides a fast intradot relexaon the order of 0.1-1 ps [47,69,72,73]
while the carrier capture from the surrounding QWe QDs by phonon scattering takes
about 1-10ps[33,47,69,73,74]. The phonon bottleneck with aetioonstant of 95@s is
observed only at low temperature ( < 40 K ) and pawnp level ( less than one e-h pair
per dot) [64]. From the loss recovery pump-probpeexnents, the escape time constant
of the holes in QDs is measured to be 1.25 psrfdlsan the 5.9 ps of the electrons [72].
The recombination lifetime of the carriers in QDs #ound to be 140 ps[33], 660 ps [69]
and 900 ps [74]. The carrier heating is found ondig severe in the only study of its kind,
resulting from the low total carrier densityirDum QDs even under gain saturation [75].
The data given in Table 1.1 are quite scatterecdtatige differences between the material,
structure, barrier height and measurement technidube experiments. The details of
those experiments are given in Table. 1.1.

As a conclusion, the phonon bottleneck is not prese the devices under room
temperature or high pump, which is the case of nrmastest for semiconductor lasers.

However, even though the carrier-carrier scattecag improve part of the capture time,
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the carrier dynamics in QDs is relatively slow cargd to QWs due to the 1 — 10 ps
phonon-scattering relaxation time. The slow cardgnamics (1 — 10 ps) is comfirmed
by the performance of the QD optical amplifiers][A®n the other hand, since thgis
large in QDs, a narrow homogeneous broadeningserebd in QDs. The combination of
those time constants indicates a strong gain casjme effect, considering the gain
saturation powePs is given as [77]

2 2
P = h g,ng
S 2
|/u| Ep(Te + Th)TZ

(1.1)

- %

STy

where7 is the Planck’s constardy is the permittivity of vacuummy is the group index,
|44 1s the dipole momenkE, is the photon energ, is the optical power, 1, and T, are
the intraband relaxation times for electrons, hakesl phase, respectively.

Another consequence of the slower dephasing Tgnie QDs is the spectral hole burning
[70,75,78], which makes the dynamics of the casrimuch different from QWs. Since
homogeneous broadening dominates the gain spectr@iVs and all the carriers react
to external modulation homogeneously, the charattertime constant will be the
recombination lifetime which is typicallt ns but experiment is more in line with
diffusion limited gain recovery, even though thé&ranband relaxation is in the order of
100 fs. In the case of QDs, the characteristic tworestant will be the gain recovery time
of the spectral hole burning which is in the ordet-10 ps. Therefore, QDs can be much

faster than QWs as demonstrated in the QD SOAs in ré{3[1].
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The strong gain compression and spectral hole bgraiso introduces interesting
behavior in the linewidth enhancement factor. Th&n gompression itself can increase

the effective alpha by

au =a,1+P/P,) (1.2)
At the same time, since the gain at the lasing Veaggh is clamped in a laser above
threshold, the spectrum hole burning will resulamincrease of the carrier density on the
energy levels outside of the spectrum hole burnexral the lasing wavelength,
especially the excited states, which in turn furtimereases the alpha factor [81]. This
effect becomes more severe if the ground state igastose to being saturated with the
carrier density. Investigating these effects in QEB lasers is one of the major subjects

of this dissertation.
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Table 1-1. A review of some experiments on the carrier dynamics in QDs.

Author | Year| Sample and device Techniques Major results
D. Gammon | 1995 GaAs bulk, Ta
[71] GaAs/AlsGa 7As (20nm) QW Exciton transition:
190fs in QW, 270fs in bulk
Intraband:
(30-70)fs (carrier scattering)
P. Borri, 1999 MOCVD pin 1.08um Dephasing time (Room Temp.): T
D. Bimberg InAs/InGaAs (1.08m) 140fs fourier
[82] 21nm GaAs spacer transform limit 290t80fs (SHB) (~10nm homogenous
120nm GaAs pulse width)
Al /Ga sAs cladding 300KHz repetition | 26Q+20fs (FWM)
Waveguide: §x400um (tilted) rate <70fs for high pump (carrier-carrier
scattering)
P.Borri, 2000 MOCVD pin 1.08m Room Temp.
D. Bimberg InAs/InGaAs (1.08m) 140fs fourier OmA (absorption):
[72] 21nm GaAs spacer transform limit 1.25ps (h), 5.9ps (e) (escape time)
120nm GaAs pulse 4mA: transparent
Al /GasAs cladding 13nm spectral 10mA: ground state saturates
Waveguide: §x475um (tilted) width 20mA: ground state gain recovery:
300KHz repetition 11510fs (SHB) (comparable to QW)
rate Carrier heating: 2ps recovery time
P. Borri, 2001 INnGaAsP/InP bulk SOA (1.h81) 1.08m 0.2 T
D. Bimberg Waveguide: 3x25@m. (tilted) pump probe 00 o Qo ]
[75] — ffw« ~bulk (x0.14)
Same QD structure as the last ong.OPA pumped by a " LY )
) nAsQDs | Ti:S g 0 K;’ 1
p-Gads e S < 06 1
P-AGads e Tunable 0.9-2.5m [ ]
s 150 fs pulse o8 St ]
n-AlGads | 300KHz repetition s -+ ]
— rate z [ c) \ :
i T 4 bulk {x0.14) ]
LR oo
o anp A
-2 .
-4 L 1 1 i 1 1 !
-1 4] 1 2 3 4 5 B
delay(ps)
Room temperature
SHB: spectrum hole burning
CH: carrier heating
CH is much less severe in QDs due to the
reduced free carrier absorption resulted
from the lower total carrier density in QDs
even under gain saturation.
P. Borri, D. 2001 InAs/InGaAs pin (1.2apm) 1.25pm 4
Bimberg INAs in 5nm Inp 138G & g7/AS QW Fourier limit 130fs .l RIS
[69] 3 stacks 76MHz repetition ona € | sossosson

30nm Be-doped GaAs spacer
AlGaAs cladding
Waveguide:am x 1000um
(tilted)

Ground state lasing threshold
150A/cnf in 525 x 625um
Lase at excited state for narrower|
waveguide

Transparency current: 23mA
Large confinement energy

rate

(for improved SNR
with balanced
detector)

pump: 0.2pJ
probe: 1/30 pump

=380+30fs ~ o o0 1
! ) %, (Ps)

AG (dB)

2l ' L L .
0 2 4 6
T, (ps)
change vs pump-probe delay time at different
lid lines are fts o the data, and the correspond-

in ated. In the inset, an expansion up to | ns of the
mea ¢ bias current is shown

Room temperature:
OmA (loss recovery):
0.38 0.03 ps: escape to excited

10

state

1
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55+ 8 ps : escape to the wetting
layer

0.66 ns : recombination lifetime

B:220+ 10fs

40mA (gain recovery):
0.14 + 0.03 ps: carrier-carrier
scattering
(faster than undoped GaAs spag

)

5.7+ 0.3 ps: phonon-assisted
relaxation
T:150+ 10fs
K. Kim, 2002 MBE In.4Ga.6As (QD 975nm) 85fs .
P. Four stacks 3.5u ~
Bhattacharya 2.5nm GaAs barrier 250KHz st ey
[73] 100nm GaAs wetting layer Teadss
500nm AlGaAs carrier confiment | pump: 10nm ~ 2f — T35
grown at 520C, other 620C bandwidth filter of © FT o Y
dot size: height 7nm, base 14nm | the Ti: Sapphire X
dot density: 5 x 18 cm? white light source E Ty =
0 Fal
MBE InAs (QD 1000nm) 14ps delay with W "
2nm GaAs barrier respect to the gain . S .
Five stacks pulse 0 e %60 %00 1020
Wavelength (nm)
FIG. 2. DTT spectra measured with @ 970 nm pump and a braadband
Optically iNJECON | wmrextusd 1= 1o et 1ot P et
by 800nm gain
pulse Measurement T=8-15K
Slightly higher at room temp.
Burn a hole in ground state first, after
~130ps hole in excited state occurs and ¢
localized
INo.4Gav eAS:
0.13ps intradot carrier-carrier scattering
1ps carrier capture into dot
InAs
0.18ps intradot carrier-carrier scatterin
1.8ps carrier capture into dot
Less than one pair per dot:
5.2ps for electrons
0.6ps for holes
J. Urayama, | 2001 MBE Iny/Gay 6As (QD 975nm) 100fs 250KHz
P. Same as the last one 10nm filtering T= 40KHz
Bhattacharya pump with less than one e-h pair per dot.
(64]

For excited state:

Relax to ground state,=7ps

Capture from barrier: geminate 2.5 ps
Nongeminate B

Bottleneck time constant: 750ps

For ground state:
Capture from barrier: geminate 30ps
Nongeminate 180p
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T. Akiyama 2001 Pump-probe
Fujisu Four-wave-mixing LA
™
[78] o8| ® 3
e TES o
: E o0 o O 0.1 Z9ps
ool e 04 [ <) >
a Dapt ‘w]~ 0.2 P N D‘alay;:inua:’[;m]A
s i — - Instantaneous
InAs QDs 1150nm Ty 1 2 s .
Delay time [ps]
At 50mA
Gain saturates at ground state
Intra-dot carrier relax: 90fs
Phonon scattering: 260fs
Capture from wetting layer: 2ps
Gain recovery 97% with 4ps, no slow
component (>50 ps in QWs) observed.
D. A. 2002 | omeas - AN /NN Ultrafast STM s =
Yarotski e monpeene SIS TR Pump-probe 51 o Eicrons -
CHTM o0 Gats 024 Resolution: 0.2ps ot
[74] - Time solved THz = 50] R
Si-doped substrate i spectroscopy E 254 &
© 204 4
Uncovered QDs 2 15
Dot density: 2.7x1H cmi? 810 . .
Dot size: height ~3nm, base 40nm )% R * e
7’0‘0;5'3‘;0'52;3 B30 840 850 860 870 880
Wavelength (nm)
9@\ Fig. 3. Dependence of the ecapture time on the pump- ,mh.
wavelength, obtained by fitling the curves presented in Fig. 2(b)
€]
o faor | ossev Room Temperature
Auger capture from wetting layer: 1-2ps
oy ® Lifetime in WL: 350ps
Lifetime in GaAs: 2.3ns
Lifetime in QDs: 900ps
Z. Bakonyi 2003 1300nm InAs/InGaAs DWELL Pump: 1.25GHz 130 ma
CHTM Amplifier 12ps 1300nm -
[33] MBE 001GaAs & e T froo ma
6 stacks Probe: 1.25GHz- 8 o
Dot density: 1.3x18 cm?per 125Hz 1.5ps 0s 2
Sheet 1296nm ] 200 400 600 800 1000
Waveguide: 4m x 2.4 mm (tilted) e
ELO
-5

fast component: ~ 10 ps

slow component: ~140 ps

Not dependent on gain saturation
compression

and gai
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1.4. Motivation for this dissertation

As shown in previous reviews, much research has deee in QD devices. However,
the dynamic properties of the QD DFBs have not metematically studied, including
the high-speed performance, linewidth, externaldii@ek effects and wavelength
chirping. The advantage of QD DFB, compared to QD I&sers, is the single mode
operation that makes the photon-carrier interactietier fitted to the standard rate
equations and easier to study. From the physicst pdi view, the motivation of this
dissertation is to investigate the effects of thereasing optical power on the basic
parameters of the devices. For example, as thwiilile enhancement factor (or alpha
parameter) is measured mostly under threshold; itnportant to understand how the
alpha factor behaves above threshold. Gain comipresshich is expected to be strong
in QD devices as discussed in Section 1.2, wilh &le characterized in this dissertation
by the dynamics of QD DFBs.

The remaining part of this chapter will be a gehdrscussion of the fabricated QD
DFBs, including their material design, light-currdhl) curves, optical spectrum, and
temperature performance.

Chapter 2 will be devoted to the high speed peréoree of QD DFBs. The
modulation bandwidth, bandwidth saturation, lingtifiactors and gain compression
effects are investigated in QD DFBs.

Chapter 3 will focus on the static linewidth issneQD DFBs. Narrow linewidth is
demonstrated, while the linewidth re-broadeningolserved at low photon density,
suggesting a strong gain compression. The effegaof offset, defined as the spectral

distance between the DFB lasing mode and the pkegkoand state gain, is presented.
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Suggestions for narrow linewidth QD devices areegiafter analyzing the experimental
data.

Chapter 4 will present the experiments investigathne external feedback resistance
of QD DFBs by studies on the effects of externatifeack on optical spectra, LI curves,
CW linewidth, CW intensity noise, and the signahtmse ratio (SNR) and jitter under
2.5 Gbps modulation. A significant improvement ime texternal feedback will be
demonstrated with a discussion about the factotermdning the external feedback
resistance.

Chapter 5 will investigate the frequency chirp loé tQD DFBs under large-signal
modulation, simulating the operation condition imeal communication system. Time-
resolved chirp measurement is carried out and xperanental result will be discussed.
The wavelength chirping of the QD DFB under extemadulation will be measured.
The dependence of alpha parameter on the photositglen the devices will be
characterized and the gain compression coeffieihbe determined.

The last chapter will summarize this dissertatind make some suggestion for future
work on QD devices.

In Appendix one, the effects of the gain saturatiath the carrier density on the
dynamic properties of QD DFBs will be modeled, ua# the limitation on the
modulation bandwidth and the dependence of alphenpeter on the output power of the
QD devices.

In Appendix two, the four wave mixing effects in QDFBs will be discussed.
Wavelength conversion is demonstrated with an iefficy from -15dB to -30dB for a

spectral detuning from 0.33nm to 8nm. The cavigprence effect is also characterized.
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1.5. Structure and basic performance of QD DFBs

1.5.1. fabrication

The DWELL laser structure is grown by solid soungelecular beam epitaxy on a
(001) GaAs substrate using conditions similar toséhpublished previously [83]. The
DWELL structure has led to a single layer dot dgnsi 1.3 to 2.4 x 18 cm?, as shown
in Fig. 1.3. These values are about 5-10 timesdnighan what has typically been
achieved in the past for INnAs/GaAs QDs emittinghis wavelength range. A multi-stack
DWELL structure with aggregate dot density of ~ &0k* cm® was used in most of the
QD DFBs studied here. Room temperature photolurnerese (PL) measurements show
a ground state peak varying from 1295-1325 nm witypical spectral FWHM of 89 nm.

The structure of the devices is presented in F4.[13]. The details of MBE growth
and functionalities of each epi-layer can be foundef. [83]. Device fabrication begins
with the formation of 3 to 3.fim ridges, followed by the e-beam lithographic paitey
and liftoff of the lateral absorptive metal gratitm form laterally-loss-coupled (LLC)
DFB laser diodes. The period of the first ordettigrpis roughly 200 nm. The LLC-DFB
structure has the advantages of a gain-couplec@levithout requiring re-growth [84].
After surface planarization, Ti/Pt/Au is depositeat the p-type contact. Finally, a
Au/Ge/Ni/Au n-type contact is deposited after tobsrate has been polished. The wafer
is cleaved into laser bars with cavity lengths @ Bm and the facets are asymmetrically
HR/HR coated to lower the lasing threshold andthetoutput dominantly out of one

facet. The layout of a typical QD DFB is given iig.FL.5.
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1.5.2. Optical spectra

The DFB lasers emitted single-mode with SMSR ofatge than 50 dB in a
wavelength range from 1295-1328 nm, depending ergthting period. Fig. 1.6 shows
the typical optical spectra of the QD DFBs. Althbugp pure stop band is observed, a
side-mode about 4nm away presents might rise flemresidual index-coupling of the
metal grating. As the pump increases up to abotit7Zlmes of the threshold, depending
on different devices, the excited states aboutr@Caway from the ground state start to
lase limiting the single-mode to this pumping levehis result indicates that the total
carrier density is not clamped above threshold,ctvlian be explained by the narrow
width (~20 nm) of the homogeneous broadening amt shrrier relaxation time in QDs

discussed in Chapter 1.

1.5.3. LIV and temperature performance

The typical threshold of QD LLC DFBs is less than/ with a slope efficiency of
about 12-17%, while the FP lasers fabricated onséimee wafer show a lower threshold
and a slope efficiency about 25%. The turn-on gates 1.1 Volt. As shown in Fig. 1.7,
the turn-on is not abrupt and further reductionnadified grading of junction barriers in
the device will improve the carrier injection.

The detailed study of the temperature performanteose QD DFBs can be found in
ref. [55]. The temperature shift of the DFB mod@.i6 nm/K, determined by the thermal
effect on the refractive index in GaAs-based malkeriThe gain peak of QDs is found to
shift at a rate of 0.25 nm/K, compared to the @alfi0.4 nm/K of QWSs. Therefore, QD
DFBs are shown to have a wider range of temperaipegation [52]. The temperature

performance of the DFBs depends on the sign anditan of the gain offset: whether
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the gain peak is moving toward or away from the DR8de. In a negative gain offset
device (the DFB mode on the shorter wavelength siflgive to the gain peak),oTs
found to be around 50K, while in a position gaifsef, for a low pump level, threshold is

independent of the ambient temperature as showigirl.7 and Fig. 1.8.
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Fig. 1.2 Atomic force micrograph image of the INBWELL active region showing

an average 1.3x1tbcm? single-layer dot density.

60 nm GaAs capping p-doped 3x10" em™

2 um Al,Ga;As upper cladding 10°" em™

115nm undoped GaAs waveguide
|, —>
115nmundoped GaAs waveguide

2 wm Al +GasAs lower cladding 10" em™

300nm GaAs buffer n-doped 10* em™

n+ Gads

Fig. 1.3 A typical QWELL laser structure. 2.4 MELInAs is deposited into a 10nm
width InGaAs well for dot formation. The quantumt @od well are grown
at 590°Cwhile the other layers at 6£CQ. For multi-stack structures, GaAs
spacers of 10-40nm width are deposited betwee@WELL layers. Data
and figure is from Ref. [13]
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Fig. 1.4 The structure of a typical QD DFB.
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Fig. 1.5 A typical optical spectrum of QD DFBs.
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Fig. 1.6 LIV curves of a QD DFB shows a threshml@mA, a slope efficiency

about 17% and a turn-on voltage of 1.1 V.
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Fig. 1.7 Temperature performance of a QD DFB witfain offset about -8.4 nm
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Fig. 1.8 The LI characteristics at various tempees for a DFB laser with a gain-
offset of 8.5nm [55].
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Chapter Two. HIGH SPEED PERFORMANCE OF QD
DEBs

2.1. Introduction

High-speed semiconductor lasers are compact, leliabd inexpensive coherent
sources for high-bit-rate optical communicationtegss. Among all the properties of
high speed lasers, modulation bandwidth is the ingsbrtant one. Efforts have been put
on QD devices to improve the high speed performamespecially since the lasing
wavelength of QDs on GaAs covers 8, the zero-dispersion window of commercial
communication systems. By now, however, most of lilgh speed performance is
measured in QD FPs [85,86]. The high speed perfocmaf QD DFBs was reported
very briefly in ref. [54] without giving physicahalyses. A systematical study of the high
speed performance of QD DFBs will be presentedigdhapter.

The advantages of using QD DFBs, rather than EPstudy high-speed properties
are obvious. First of all, DFBs are more directglated to the real applications in
communication systems. Secondly, the single mod®FkBs eliminates the effect of
multimode dynamics of FPs, including mode hoppimgl anode competition under
external modulation. Finally, since the DFB wavelknis associated with the junction
temperature of the device, it can be fixed at dagewvalue by adjusting the heat sink
temperature so that the thermal effects will baiced and even eliminated in this high-

speed measurement.
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The high-speed performance of semiconductor lasetgpically characterized by their
response to external small-signal modulation. Sittee amplitude of the external
modulation is small, the consequential optical oese can be linearly tracked back to
the driving force, that is, the modulation on therent injection. In dots-in-a-well QD
structures, the carriers are injected into the ¥t &nd then relax into the QDs. The
slow relaxation corresponds to the slow carriengpmrt from the QW into the ‘active’
levels and can limit the high-speed performanca parasitic RC constant. Based on this
simplification, the dynamics of QD lasers can becti&ed by a similar set of equations
applied to SCH QW lasers considering the carremgport from the SCH to QWs [87].
There are three rate equations in this model: on¢hk carriers directly involved in the
lasing process, one for the carriers functioningaaseservoir outside of the lasing
wavelength and another one for the photon denssige the laser cavity. By this model,
the optical modulation response M(f) of a QD lasegiven as [85]:

1
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The relationship between the resonance frequgranyd the damping factgrdefines the

K-factors as:
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where 7. is the carrier transport time which includes captu.y is the effective carrier lifetimeyy is the
group velocity,ag the differential gain without gain compressi@®the photon density? is the output
power measured at the facet of the devidke pump currenty, is the threshold current,is the photon
lifetime, x=1+T.sdT. is the modification factor due to the carrier spart witht the carrier capture time
andTescthe carrier escape timg,ande, are the gain compression coefficients relatechtatgn density and
output power respectively. The introduction gfiBnd Ly is for the convenience to estimate at what output
power or DC pump current the gain compression besosignificant. The gain compression facégrcan
be calculated using Eqn. (2.3)dk andS can be experimentally obtained. TKefactor will give us the
ultimate limit of the 3-dB modulation bandwidth, iwh is 8.89K. The carrier transport time,, gives rise
to the parasitic-like low frequency roll-off in Eqi2.1). Ther, must be extended to include various
parasitic effects, such as the equivalent RC catssta the p-n junction and the measurement cirsuite

they are indistinguishable from the transport dffec

2.2. Experimental setup

The experimental setup is presented in Fig.2.1. fAigh-speed performance was
measured using a HP8722D network analyzer and a Remus 1014 detector with a
bandwidth of 25GHz. An optical isolator is usedawoid external feedback into the
device. The heat sink temperature is fixed durhng first part of the measurements. In
the second part of the experiment, as a compariben DFB wavelength is fixed to

isolate the thermal effects inherent in the firsttp
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Fig. 2.1 Experimental setup for high speed measens

2.3. Modulation bandwidth and its limiting factors. K-factor,
effective carrier transport time and gain compression

Firstly we carry out the measurement with the Is@gt temperature fixed at 2&. The
responses under different DC biases are plottdeign2.2 with their curve-fitting based
on Egn. (2.1). The curve fittings are much bett@ntthe ones with the carrier transport
time ignored (that ist: is fixed to be zero). The roll-off in the regimeltw 500 MHz
arises from the detector itself rather than the[@HB. As the pump current increases, the
resonance frequency and damping factor saturatthesn in Fig. 2.3 and the 3-dB
bandwidth is saturated at about 5 GHz until thetegcstates start lasing. This saturation
can be attributed to the gain compression indichteBqgn. (2.3), as long as the emission
from the excited states is ignorable so that theetmate-equation model still applies
(without an additional equation for the excitedtestiasing). For the pump currents up to
40 mA, the amplitudes of the FP modes around tgegkstates are still not greater than

those of the side modes near the DFB mode. Theretbe three-rate-equation model
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should apply up to at least 40 mA. The optical spee at 40 mA is shown in Fig. 2.4
compared to the case of excited-state lasing atA%s illustrated in Fig. 2.5.

In Fig. 2.6, we curve-fit the square of the resagaftlequency as a function of output
power and find that the characteristic output pofeegain compressioBsy;, is 3.40.4
mW. The definition of Byis given in Eqn. (2.4). With this value of the maompression
factor, the maximum resonance frequency is estun@teéoe 4.9 GHz. The curve fitting
range can be extended up to 50 mA (still belowttiteshold of excited-state lasing) as
shown in Fig. 2.6, confirming that the applicalyiliaf the rate equation model without
considering the excited state lasing.

Given the facet reflectivity and modal volume of BFB laser, we can calculate the gain
compression coefficient, to be 3-410™"° cm®, which is more than 30 times higher than
the typical value of QWs and is consistent with vakie of 410"° cm® measured by D.

Bimberg et. al. in QD FPs with the same techniff8@]. A modified nonlinear gain

coefficient expression has been derived to explais large enhancement ef in QD

lasers. The novel theory is detailed in AppendixThe important result is

£ — g max

seff =
gmax - gth

£ (2.5)

S

with gmax the maximum gain supplied by the QD active reggnthe threshold gain and
&s_erfthe effective gain compression factor. This enkament is unique to QD lasers due
to the abrupt gain saturation with carrier density.these particular DFB lasersy.gis
estimated to be 15 ¢ and g, is about 12 cm. This makes the enhancement factor

Omax (OmaxOmn) about 5.
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Fig. 2.4 Optical spectrum of the quantum dot DEBGmMA. The amplitude of the
excited states is roughly equal to that of the-smbele of the DFB.
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Fig. 2.5 Optical spectrum of the quantum dot DEBZmMA pump. As a comparison

to Fig. 2.4, lasing at excited states can be oleskeand the three-rate-

equation model is not applicable anymore.
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Fig. 2.7 Curve fitting based on Eqn. (2.2) to detthe K factor and effective carrier
lifetime of the QD DFB.
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The damping factor is plotted in Fig. 2.7 as a fiomc of the square of resonance
frequency. Curve fitting based on Eqn. 2.2 shows factor of 0.23 GHZ and an

effective carrier lifetime of 590 ps. It is notalileat the linearity can be extended to 50
mMA pump, suggesting that the three-rate-equatiodainapplies as long as no lasing
occurs at the excited states. When the pump tggréhan 55 mA, the excited-states
start to lase, and the linear relation betweerddraping factor and resonance frequency
fails. In these cases, an additional equationdsired for the lasing mode at the excited
states. The effective carrier lifetimey, is curve-fit to be 590 ps in the QDs, about half

of the typical value in the QWs [87].
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Fig. 2.8 The carrier transport time as a funcbbthe pump current derived from the

small signal modulation response of the QD DFB. &her bar increases
dramatically after the excited states lasing fpuenp larger than 55maA.

The carrier transport timeg,, can also be determined from the curve fittingsthod

modulation responses. The monotonic decrease otdhger transport time with the
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increasing pump is demonstrated in Fig. 2.8 withdifferential resistance derived from
the I-V curve of the device. The drop rfbelow 20 mA could result from the decrease
of the differential resistance and thus the RC gticatime constant. However, for the
pump current greater than 20mA, the decrease af.tiseelatively much more compared
to the change of the differential resistance, iatig a carrier-density dependent
relaxation time constant. This is the first obsape of this effect in the high-speed
response of QD lasers and could be attributed tdwger dominated carrier relaxation
process [66,67]. At high pump levels, the carrfansport time reaches about 10ps and
the corresponding parasitic bandwidth is 16 GHzeWthe excite states start to lase, we
can see a large error bar on the carrier trandpod suggesting that the three-rate-
equation model is inapplicable.

Since the maximum 3-dB bandwidth £0.23 (GHz)' andz.= 10 ps correspond to 38
and 16 GHz, much larger than the 5-6 GHz maximumdbélth actually measured in
these QD DFBs, it can be concluded thatKhfactor and the carrier transport time are
not the limiting factors. The most possible reasamesstrong gain compression in the QD

DFBs.

2.4. Temperature effects on the modulation-bandwidth of QD DFBs

To make sure that the bandwidth saturation deatiilb@revious section is not due to
thermal effects, the small signal modulation is suead with a fixed DFB wavelength by
controlling the heat sink temperature. This wilegethe junction temperature constant,
since the DFB wavelength is directly associatedhwiiie refractive index which is

sensitive to the junction temperature. Table 2.twshthe corresponding heat sink

34



temperature and DFB wavelength under different D@\ levels. The DFB wavelength
differs less than 0.01nm as we increase the pumrprdurom 6mA to 40mA. The SMSR

is still greater than 50dB in the DFB pumped at AOrith a heat sink temperature of 6.7

°C.
Pump current (mA)| Heat Sink TemfCj | DFB wavelength (nm)
6 20.2 1319.61
10 19 1319.62
15 17.3 1319.62
20 15.2 1319.61
25 13.4 1319.62
30 11.1 1319.61
35 9 1319.61
40 6.7 1319.61

Table 2-1. The variation of DFB wavelength under different pumps is controlled
to be less than 0.01nm, indicating a small change of the junction
temperature.

The resonance frequency and damping rate at a gl wavelength are presented in
Fig. 2.9, showing a difference less than 10% frdm tase with fixed heat sink
temperature as presented in Fig. 2.3. The efiecrrier transport time at high pump is
10 ps, the same as the value without the DFB wagéhecontrol. This indicates that
carrier transport time at high pump is not sensitiv the junction-temperature change
originating from the current injection. A curvetiiig based on Eqn. (3.3) is shown in Fig.
2.11 andsa is found to be 15 3 mA with an effective threshold current about 2.0.7
mA. Since the variation of the slope efficiency lwitemperature can be ignored as
indicated in Fig. 1.7 and Fig. 1.8, a gain-compmssutput powerPsy, of 2.5 - 3.5 mW
can be found corresponding to the 48 mA current. Compared to the 3.3 — 4.1 mW

value determined without the junction-temperatwstol|, we can conclude the thermal
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effects do not significantly affect the gain congsien coefficient measured in previous

section.

2.5. Conclusion

In conclusion, the high-speed performance of QD ®H8 measured and the 3-dB
modulation band width is found to saturate at atll@Hz in the case of ground state
single mode lasing. The curve-fittings of the snsadinal responses give the resonance
frequency and damping factor under different puregels, from which the gain
compression coefficient is determined to be 8-20'° cm® in QD DFBs. This strong
gain compression makes the modulation bandwidtiraatd at about 5 GHz. It is also
found that neither the K factor nor the carriemsgport time limits the modulation
bandwidth of the QD DFBs. Finally, by fixing the BRvavelength, the thermal effects
from the junction temperature changing are alsalo to have an ignorable impact on
the gain compression coefficient determined by lingh speed measurement. Therefore,
reducing the gain compression effects is cruciairtprove the high speed performance
of QD devices. A new physical origin for the enbeath gain compression, abrupt gain
saturation, has been proposed and quantified isetf@D DFB lasers. Analytical
expressions have been derived to explain the phlypitcenomenon making rapid and

simple device characterization possible.
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Chapter Three. LINEWIDTH OF QD DFBs

3.1. Introduction

Since the invention of the first laser, the speéqiaity of the lasing mode has always
been one of the most central interests. Althougitally gas- and solid-state lasers show
a narrower linewidth than semiconductor lasers,fthemer are inferior when their cost,
size and reliability are considered. Much reseaneas been conducted on narrow
linewidth semiconductor lasers. Different devicesiges, such as the external cavity
configuration [88-90] and chirped grating DFBs ], have been proposed to achieve
narrow linewidth. Meanwhile, new semiconductor mats, for instance, strained QWs
[93] and finally QDs, have been proposed for narimewidth operation because of
their the low internal loss and small linewidth anbement factor. Therefore, studies of
the linewidth of QD lasers are important. In reabrid applications, single-mode
distributed feedback (DFB) lasers at w8 with narrow spectral linewidth are essential
for various applications, such as coherent sowanddocal oscillators for communication
systems [94].

As discussed in the previous chapter, 1.3 um dewesed on InAs/InGaAs “dots-in-a-
well” (DWELL) technology have become promising attatives to lasers built on InP-
based materials, due to their low substrate castllent temperature performance, low
threshold current and small linewidth enhancemaatof. Theoretical calculations also
show that the population inversion factog, s lower in QDs than in QWs [30]. These
advantages of QDs over QWs suggest that QD lasamshave narrow linewidth,

considering
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Fg,v,a,hv
p=—=— 0

n. (1+a? 3.1
P, o ) (3.1)

wheredv is the linewidth gy, is the threshold gair is the optical output power; is
the confinement factory, is the group velocityp, is the mirror loss, anttv is the
photon density [87].

Theoretically, narrow linewidth is always obtainbg increasing the laser power as
indicated by Eqn. (3.1). In real cases, howeveg, tfinimum achievable linewidth is
typically limited by the linewidth rebroadening fioor due to the mode instability [95],
existence of side modes [96], spatial hole burr[@b97] and the gain compression
[98,99].. The first three effects are mostly retate the device structure and can be
minimized or eliminated by optimizing the devicesdm. The gain compression is
fundamentally related to the time scales for theiea equilibrium dynamics in the
semiconductor gain media and is enhanced in QD m&dia. Therefore, to understand
the pros and cons of QDs device for narrow linelvidtessential research that motivates

the experiments described in this chapter.

3.2. Devices and experimental setup

The linewidth of three loss-coupled QD DFBs withfetient gain offsets and a
commercial 1.3um index-coupled QW DFB from Mitsubishi, Inc. areidied in this
chapter. The gain offset is defined as the diffeecbetween the DFB wavelength and the

gain-peak wavelength. The cavity length of the Qid W DFBs is 30Qum. The static
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characteristics of those devices are presentesbie 8.1. The optical spectra of at 10mA
injection current are shown in Fig. 3.1. FP modas be clearly observed in the loss-

coupled QD DFBs, while a stop band is clearly obseiin the index-coupled QW DFB.

Device # A B C S\éVB

lih (MA) 3 5 6 7.8
Slope efficiency) (mW/mA) | 0.16 0.20 0.12 0.2

A at 10 mA (nm) 1297 1309 1324 1305
Gain peak at 10 mA (nm) 1309 1309 1305 N.A
SMSR at 10 mA (dB) 57 48 41 44.6
SMSR at 45 mA (dB) 56 53 45 50

Table 3-1. The performance of QD DFB A, B and C and the commercial QW DFB
at room temperature.
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Fig. 3.1 (a), (b) and (c) are the spectra of cke, B and C at 10 mA, respectively.
(d) is the spectrum of the commercial QW DFB atrid.
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Fig. 3.2 The experimental setup for the self-hoymedinewidth measurement of
QD DFBs.
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commercial 1.3 um QW DFB.
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The linewidth is measured with the self-homodyeehhique [100] using a fiber
interferometer with a 3.fs delay. The experimental layout is shown in Fig. &n ILX
lightwave LDP-3620 ultra-low-noise current sourseused to avoid excess noise from
the pump source. When a current source withoutenoastrol, ILX lightwave 3811, is
used, the linewidth is measured to be 40 MHz, adstef the sub MHz when the low-
noise current source is used. The heat-sink temper# controlled to be 20C. To
avoid the external feedback into the DFBs, two aded isolators are applied for
isolation better than 60 dB. In addition, the filmsrd in the coupling system is angle
polished. The absence of sensitivity to externatiback is confirmed by the fact that the
measured linewidth does not change even when lted @ingle of the coupling fiber is

varied by about 3 degrees.

3.3. QDsfor narrow linewidth operation

The self-homodyne spectra of deviBebiased at different pump levels are shown in
Fig. 3.3 with their Lorentzian curve-fits. Althoughe spectral tails at high pump levels
fall off faster than the fitted Lorentzian functgmnthe parts of the spectra within 3 dB
from the peak still deviate less than 1% from id&dlis suggests that there are small
non-Lorentzian components in the noise of the dmvi€or the case of the QW DFB, the
non-Lorentzian tale is not observed as illustrated-ig. 3.4. The origin of the non-
Lorentzian linewidth in these QD devices is unckgpresent.

Fig. 3.5 shows the linewidths and SMSRs of theegh@® DFBs as a function of the
optical output power. The linewidth-power produttievicesA andB is about 1.2 MHz-

mW for the output power less than 2 mW, which isrenthan an order of magnitude
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smaller than the value of 16 MHz measured in theroercial QW DFB at 2 mW output
with the same setup, while the typical linewidthweo product in QW DFBs is tens of
MHz — mW depending on the cavity length [87]. Tresult is physically consistent with
the properties of the QD gain media discussed enirttroduction section, as well as the
implementation of the loss coupled grating, whigduces the adverse spatial-hole-
burning effect [13], and the HR/HR coatings thatédo the threshold gain. In devi€g
due to its larger gain offset and therefore larggr a wider linewidth at low power

compared to devicA andB is observed.

Table 3-2 Estimating the figure of merit for narrow linewidth in QD DFBs

Mirror Loss: am:iln( 1 )=47cm™
2L R

2

Internalloss: a, =2cm™

Slopeefficiencyof QD FPs: 77, =0.25mW/mAL po Zma
. a
Slopeefficiencyof QD DFBs: 77, =0.14mW/mAL =
ai + am + agrating

011 _
grating =m(ai + am) =53cm 1

DFB thresholdnodalgain: g, =12cm™

DFB gratingloss: a,

Outputcouplingfactor :F =1,sincemostof thelight is outputfrom onefacet

Linewidth - powerproduct

_ thhVSFamhv

(AV)enian P = i N, (L+a*) = 08MHz -mW atlmWoutput

n,(1+a?)=23
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To understand the narrow linewidth of the QD DFBseshold modal gain, mirror loss
and rgp(1+0(2) is estimated and compared to the values of tyQ&s DFBs. By knowing
the internal loss, mirror loss and the slope efficy of the QD FPs with the same facet
coatings on the same wafer processed for QD DFsthreshold DFB modal gain and
nsp(1+a2) are estimated to be 12 érand 23, respectively, from the fact that devideas
a linewidth-power product of 800 KHz-mW at an outgower of 1mW. For a
comparison, Fig. 3.7 shows the valuesg(gﬁ]ﬁaz) in different semiconductor gain media.
Since both small 5;,‘{1+0(2) and low threshold gain are required for narromewwidth
operation, QDs are advantageous compared QWs. 3Hgsuggests that the narrow-
linewidth operation is improved by a factor 4-5guantum dot DFBs due to the unique

material properties of QDs.

3.4. Linewidth re-broadening in QD DFBs. gain compression

As the output power is further increased, we casepke that a linewidth floor of 500-
600 kHz is achieved in devid® for optical outputs of 3-10 mW. Although deviée
shares the same property of low linewidth-powerdpod in deviceC, its linewidth re-
broadens instead of reaching a floor. Those phenamee presented in Fig. 3.5. In each
device, it is notable that the linewidth rebroadensminimizes even as the SMSR is
improving and greater than 50 dB as demonstratdéign3.5. Thus, the origin of the
broadening is not related to the mode competitamsed by the degradation of SMSR.
Since the loss-coupled grating reduces the noroumify of the optical power
distribution along the cavity compared to th&l phase-shifted quantum well DFB,

spatial hole burning cannot underlie the linewidéhavior of these QD DFBs. As shown
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in Chapter 2 from the small-signal response, thie gampression is strong in these QD
devices. For the QD DFBs, the linewidth floor stad occur at an output power of 2-4
mW, approximately the same as the value of the gaiaration power we derived from
the small signal modulation. For the output powe2@d mW, at which the linewidth
nonlinearity becomes significant in these deviaas,inside-cavity photon density of
1.2-2.410 cm?® is found using Eqgn. (2.33) in [87] for which a neodolume of 440
um? and a mirror loss of 4.8 chare calculated for these lasers. From Sislue, the
gain compression coefficient of these QD devicesstamated to be 440 cm®, which

is more than 30 times higher than the typical vati®@Ws and is consistent with both
the value of 410"° cm® published by D. Bimberg et. al. [9] and value e43.0"° cm®
from the high speed measurement in Chapter 2 wbish mentioning that no significant
linewidth re-broadening or floor is observed in tbemmercial QW DFB with an
improving SMSR as shown in Fig. 3.6, clarifying ttii@e linewidth re-broadening is not
from the testing setup.

As discussed in Chapter 2, the amplitude of FP m@deund the excited states keeps
increasing as the output of the QD DFBs rises trrucial to investigate if the amplified
spontaneous emission (ASE) of the excited statestribpates to the linewidth
rebroadening or floor mentioned above, since thiehsenodyne technique collects all
the light from the DFBs. Therefore, an opticaldiilis introduced to filter out the excited
state emissions and repeat the linewidth measuitenWwhen the bandwidth of the filter
is varied from 0.5 to 10 nm, the measured linewdiffers less than 3% as shown in Fig.
3.8. This excludes the possibility that the linetidebroadening and floor result from the

increasing ASE of the excited states.
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3.5. Effects of gain offset on the linewidth rebroadening

It was noticed by G. P. Agrawal that the alpha ungan compression changes
differently as a function of the gain offset [98]at is, the position ofprg relative to the
gain peak. From the master equations describingntieeactions of the photon-carrier
system and carrier thermal equilibrium dynamicg dffective linewidth enhancement

factor was derived to be:

by =apires+—— (98 s+ es)/(2+e5) (3.2)
g(a{)rin da)

here ap is the linewidth enhancement factor without gaamepression effectsg is the
gain compression coefficierfis the photon densitg(c) is the small signal gair is
the lasing frequency ang}, is the carrier dephasing time. Eqns. (3.1) and) (§how that
the linewidth can re-broaden, reach a constanorflar narrow down faster than 1/P
with increasing power, depending on the signl@iJ/dw as determined by the offset of
the DFB mode relative to the gain peak. The effettgain offset indicated by Eqn. 3.2
are found applicable to the linewidth floor in deviB (dg(w)/dw~ zero) and the
rebroadening in devic€ (dg(w)/dw positive), but not to the rebroadening in device
which has a blue-shifted gain offset. Theoretically(cw)/dw should be negative in this
region of the gain spectrum and a linewidth narngwfaster than a 1/P dependence
should occur if the QD ground state is sufficiensiglated from other states. However, it
is believed that the blue-shifted offset of devias subject to the homogeneous and
inhomogeneous broadenings from the excited stat@hweauses an increase of the alpha
[16], and that the gain spectrum does not haventhexted parabolic shape that would be

expected for an idealized QD ground state.
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3.6. Conclusion

Linewidths of QD LLC DFBs with different gain offsse from QD gain peaks are
investigated and compared to a commercial QW DR linewidth-power product of a
QD DFB with a 30Qum cavity is measured to be less than 1.2 MHz-mWHeroutput
power less than 2 mW, more than one order lessttiatypical value of the QW DFB.
Small internal loss, low mirror loss and |0\%(ﬂ+(12) are the contributing factors for this
significant improvement. Thesm1+0(2) is estimated to 23 in QDs with a modal gain
around 12 cm. It is unique for QDs to achieve this low modaingand low R{1+0?)
simultaneously, while much higher modal gain isuiezd for this low gp(1+0(2) in QWSs.
Therefore, QDs are advantageous for narrow lindwigiteration compared to QWs. On
the other hand, due to the strong gain compressiQbs, the linewidths are found to re-
broaden or floor at much lower photon density. aitgh the floor for the output power
of 3-10 mW is 500 KHz, still small compared to gl QW DFBs, the gain compression
is the limiting factor for the further reduction lfiewidth at high output power. At the
same time, the excited-state ASE is found not tdrdmute to the measured linewidth by
applying an optical filter with variable bandwidit the output of QD DFBs. Finally, the
effects of gain offset of the QD DFBs are discus3étese results suggest that QD LLC
DFBs with a larger mode volume to reduce the effégain compression and zero gain

offset will have improved narrow linewidth perfornce.
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Chapter Four. QD DFBSUNDER EXTERNAL FEEDBACK

4.1. Introduction

A major problem with semiconductor lasers, bothafid DFB types, is that they are
highly sensitive to the laser light which re-entdrs laser cavity after being reflected by
an external reflector. External optical feedbackhef laser light usually causes instability
of operation of a laser diode and generates exeaesgiise in optical communication
systems [102,103]. A variety of optical elements¢luding lenses, fiber ends and
integrated external cavities, can be the sourcasafanted optical feedback. For these
reasons, costly and bulky optical isolators arecsjfy required in most applications to
protect semiconductor lasers from optical feediadkced noise.

One of the consequences of the external feedback laser is coherence collapse.
When the external feedback excesses a certain knelaser becomes instable and the
coherence of the laser output is dramatically redu@he linewidth vs external feedback
level is plotted in Fig. 4.1 from ref. [102], showi a narrowing of the linewidth as a
function of external feedback before the coherenckapse point and a dramatic
linewidth rebroadening after. Associated with timewidth broadening is the increase of
noise, which is demonstrated in Fig. 4.2. Avoidecawherence collapse is essential for

real-world applications.
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The effects of external feedback can be explaineig. 4.3. The external feedback
is coupled into the laser cavity through the oufipcet and causes a perturbation on the
photon density. As described by the rate equationghe small signal modulation, this
perturbation leads to a fluctuation of the cardensity and thus the optical gain. The
variation of gain itself changes the output powsd aonsequently the external feedback
strength. These processes form an intensity flictudoop that is effectively a self-
intensity modulation and not sufficient to cause ¢bmplex dynamics of the laser system.
On the other hand, since the fluctuations of opticdex and gain are coupled by the
linewidth enhancement factor, the external feedbeak also introduce the phase
fluctuation loop as indicated in Fig. 4.3. The midion of the intensity and phase loop
essentially makes the dynamics of the laser systaher external feedback very complex

and results in the system instability and even shao
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Fig. 4.3 also indicates the possible approachemdease the external feedback
resistance. First of all, to reduce the couplingheflaser diode to the external cavity will
effectively reduce the external feedback strengf.coated facets will help to diminish
this coupling. Secondly, if the laser dynamics laeavily damped, the gain fluctuation
introduced by the photon-density variation canlggsessed. Therefore, a large damping
factor will increase the external-feedback resistanf the laser. Thirdly, we need to
decouple the interaction between the intensity phdse loops by minimizing the
linewidth enhancement factor (or alpha parameténally, longer cavities have less
change of the lasing wavelength for the same amaluplhase fluctuation caused by the
external feedback.

Petermann introduced a parameter to charactereexternal feedback sensitivity:

the critical external-feedback level for cohereockapse [102]:

_ iy 1+a’
critical 1qce‘2 0’4

4.1)

where 1 is the round trip time of the laser caviyyis the damping factor of the laser, C
is the cavity coupling factor amal is the linewidth enhancement factor, i€ related to
the facet reflectivity and is equal to (1-R)/{ZRin the case of FP lasers. Compared to
QWs, we can expect the improvement of externallfaekl resistance in QDs, since the
much stronger damping and possibly smaller alphdissussed in previous chapters.
From the device point of view, the loss coupledtigga which is less subject to the
spatial hole burning due to the more uniform dusttion of the optical intensity along the
cavity compared to conventional quarter-wavelersjift index coupled gratings, and the

HR coated facet are also beneficial to improve eéRkternal feedback resistance. The
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motivation of this chapter is to investigate thehdaor of the device under external
feedback and demonstrate the improvement in therreadt feedback resistance in LLC

QD DFBs.

4.2. Experimental setup

The setup for the feedback experiment is shownigdH. The laser output is coupled
into a 3 dB optical fiber coupler. The feedbackoras controlled by a variable optical
attenuator, which gives attenuation from 1.5 dB8@ dB. A film of 5000A Au is
evaporated onto the flat fiber end of one arm efdbupler and functions as a reflective
mirror. The distance between the laser and theredteeflector is about 7 meters. It is
noteworthy that the critical external feedback lef@ coherence collapse does not
depend on the distance between the external reflecd the output facet of the device.
To avoid excess uncontrolled feedback, the coupéng is AR coated and the fiber ends
are angle-polished in all connections. The extefleadback ratio, which is defined as the
ratio of the power reflected back to the laser tfacel the single-facet output power of
the device, is calculated as follows:

Mgg= P1(dBm) — Po(dBm) +Cgys (4.2)
where the Pis the reading from the power meter in Fig. 4 #isRhe output power of the
laser and ggis the -3.4 dB coupling loss from the semicondutaser to the fiber. The
coupling loss Gsis determined by the ratio between the total poatir the 3dB optical
coupler (assumed loss-less) and the output powecthyi measured at the facet of the

DFB. The polarization controller is adjusted toadbtthe maximum feedback effect to
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guarantee the same polarization of the feedbackn kead the DFB cavity mode. The

device is epoxy-mounted on a heat sink and the aeatypre is controlled at 2.

DC 2.5Gbps
Current pattern OSA
S t L
ource generator Polarization Isolator RIN
Controlle . .
Linewidth
Measuremel
— > — .
“& | Eye-diagran
QD DFE
Lens
2x2 3dB Variable / Flat fiber end
Power Fiber optical "7 € coated with
Metel Coupler attenuator 50008 Au

Fig. 4.4 Schematics of the experimental setup.Zl&esbps pattern generator was

used only for the eye-diagram measurement.

4.3. Spectrum stability under external feedback: OSA spectrum and
linewidth

Optical spectra of the QD DFB under two differeaedback levels are shown in
Fig.4.5. For a feedback ratio of -14 dB, the lasgmgctrum peak is slightly shifted.
However, the spectral width is unchanged within @A resolution limit of 0.06 nm.
As a comparison, the spectrum of a commercial L8 InGaAsP/InP QW lambda/4
phase-shifted DFB with and without external feed#bscpresented in Fig. 4.6. In the
case of the QW DFB, the -20dB spectrum width isadiemed about 50% due to the -
14dB external feedback. Therefore, the QD DFB shawsigher external feedback

resistance considering the degradation of the alpgjwectrum.
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For a higher resolution measurement, the linewaditne DFB laser is determined by
self-homodyne technique [104] with a fiber inteoi@eter having a fixed delay of 3.5.
The linewidth with an external feedback ratio bel®® dB is 650 kHz at 5 mW output.
As the feedback ratio increases, the linewidth avesrdown quickly until the feedback
ratio reaches -14 dB, where the linewidth rebroadgmccurs due to the coherence
collapse. However, the laser linewidth under -14fd&lback is still less than 20 kHz,
much less than the 650 kHz free-running linewidthis result confirms the unchanged
spectrum measured by OSA. For comparison, thecakitoherence collapse feedback
ratio of an index-coupled QW DFB is typically betme-20 and -30 dB [1, 11], which we
also confirmed in Fig. 5.8 by a measurement of cbemmercial QW DFB. For the
802.3ae 10 Gbps Ethernet standard, the laser wiesate up to -12 dB feedback from
the network. For typical coupling losses of 4-6 idBfiber-pigtailed lasers, a feedback
ratio of -14 dB at the laser facet correspond2tto--6 dB feedback from the system.
Thus, the QD LLC-DFB has the potential to operateana isolator-free light source in

fiber-optic communication networks.
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Fig. 4.5 The optical spectra of the QD LLC DFBwii4 dB and less than -60 dB
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4.4. DC Noise of QD DFBsunder external feedback

The noise of the QD LLC DFB is also investigatedhwaxternal feedback. At weak
external feedback, low frequency noise (<1 GHz)fdand dominate in the noise
spectrum of the QD LLC DFB as shown in Fig. 4.9isTik consistent to the observations
reported in ref. [103]. As the external feedbacKuigher increased into the coherence
collapse regime, spikes at the integer multiplesthef relaxation frequency become
significant in the spectrum in Fig. 4.10. This is iadication of the complexity of the
laser dynamics. This noise measurement also casfinat the critical external feedback
level for coherence collapse is -14 dB. In Fig.14.the noise spectra of the QD LLC
DFB and index-coupled QW DFB under -14 dB exteffieedback are compared. The
RIN in the QW DFB is about 7 dB higher than in #@® DFB, indicating a higher

resistance to the external feedback in the caQDoDFBs.

4.5. Degradations of signal to noise ratio and jitter under external
feedback

It is possible, however, that the degradation efdlgnal to noise ratio (SNR) would
limit the laser performance under feedback at @llevgnificantly less than what is
required to induce coherence collapse [102,103,18B%¢ diagrams under 2.5 Gbps
modulation are shown in Fig. 4.12 for the QD DFBdeack of (a) -60 dB, (b) -20 dB
and (c) -14dB respectively. Both of tHé and‘0’ levels are appreciably broadened when
the feedback changes from -60 dB to -14 dB dubecekcess intensity noise induced by
the external feedback. The signal to noise ratiothef eye diagram with different
feedback ratios is shown in Fig. 4.13. We use amncemially-available QW DFB as

reference. Both the lasers have an output powsmdW and an extinction ratio of 6.6 dB.

64



The QW DFB has a higher SNR at low levels of fee#tlithan the QD DFB although we
believe that this is not an inherent feature of @2 technology since a RIN as low as -
146 dB at an output power of about 4 mW was medsur¢hese devices. It is obvious
that the commercial QW DFB signal to noise ratiblR} starts to degrade at a feedback
ratio of -50 dB, which is the same value reportedhie literature for the feedback that
causes excess noise in typical QW DFB’s [108).contrast, the SNR of the QD DFB
starts to degrade at a feedback level around -30TdB result amounts to about 20 dB
improvement of the feedback resistance in the QB.Ofe shoulder near -22 dB on the
QW DFB curve in Fig. 4.13 is due to the cohereratapse. The signal to noise ratios of
the QD LLC-DFB under -20 dB and -14 dB externaldiesck are 8.3 and 6.0, and the
bit-error-rate (BER) are theoretically calculatedoe 4x10" and 10 respectively [1086].
For the typical fiber coupling efficiency mentionatiove, the QD DFB should still be
able to tolerate network feedback in terms of naanimg sufficient SNR without an

isolator.
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Fig. 4.12. The eye-diagram of the QD DFB underG@dips modulation with
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Chapter Five. CHIRPOF QD DFEBs

5.1. Introduction

To explore the potential of QD DFBs for communicatsystems, knowledge of the
optical spectrum of the devices under modulationrigcal. The optical spectrum of a
modulated laser typically gets broadened due tadtrext intensity modulation and the
resulting frequency chirp. Chirp has two major meéntal outcomes in a typical
transmissions system. The first is that the chap imteract with the fiber dispersion to
create a power penalty, which ultimately limits thember of channels or the distance
over which the signal can propagate in today’'s wWemgth division multiplexed (WDM)
systems. The second is that chirp can broadenré#msrhitted spectrum limiting the
channel spacing by interfering with adjacent ch#&eeen in a short-haul ultra-dense
WDM environment. Therefore, low chirp semicondudésers have been of interest for a
long time [107-112]. The development of quantum tsters has been expected to
improve the chirp characteristics considering theals linewidth enhancement factor
[113,114].

QD lasers with a frequency chirp one order of miagia lower than that of QW lasers
were demonstrated in ref. [113]. Grown by MBE, @B lasers are designed for high
aspect ratio (height/base diameter), so that tbengt state is well separated from the
first excited states by about 70 meV, which is darthan the room-temperature thermal
energy. The gain medium consists of three InAs @iers but the gain is still low.
Therefore, 97% HR coatings on both facets and @yclngth of 970um are necessary

to lower the threshold gain. This low thresholdngeén reduce the adiabatic chirp of the
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devices [115]. Although these devices show a gdudp cperformance, they are less
desirable for practical applications in terms e thsing wavelength (142m), low output
power (~0.1 mW) and low slope efficiency (0.01 mVm Furthermore, due to the
limitation of the device performance and experimensetup, the authors only
gualitatively compared the chirp of QD to QW FP elss and no quantitative
measurement is carried out to investigate the alfsttdor and gain compression
coefficient in the QD devices.

Due to the relatively low modal gain of the QDrganedia, multiple stacks of QDs are
necessary for good high-speed performance. Thei-gtattk structure increases the
inhomogeneous broadening and thus the linewidttamcgment factor [16]. The alpha
factor also becomes larger when the excited stgopulated [16], which is severe
considering the typical spacing between the grostate and the first excited state is
around 45 meV for 1.3im QDs as shown in Chapter.1. Moreover, the stroaig g
compression in QDs demonstrated in previous chapterkes the alpha factor power-
dependent and become large at elevated outputsadibbatic chirp is also expected to
be large due to the gain compression. It is crumalinderstand the effects of these
factors on the chirp performance of QD lasers. @ndther hand, a quantitative time-
resolved-chirp measurement is possible [116] &saltrof the single-mode operation and
several mWs output power of the QD LLC DFBs. Thifers, for the first time as we
know, an opportunity to study the alpha factor gath compression in a device above
threshold, which can be much different from theiealmeasured below threshold [7,16].

The motivations of this chapter are to measurectiigp and thus estimate the alpha
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factor and gain compression coefficient of the QICLDFBs. The definition of the gain

compresson coefficient is given in Eqn. (2,4).

Chirp is the drift of the optical wavelength ofasér under direct intensity modulation.
The rate equations describing the photon densitlyfeaquency of a laser are given as

following:

d_S:(rVgg

= (s GS*R, (5.0

U, U, on a a
Av=v-u, = _ﬁhAn = __rt]h@(g ~On) = Ervg(g ~On) = E(rvgg -G,) (5.2)

where /" is the confinement factoxy is the group indexg is the material gainS the
photon densityg is the gain compression factor associated withpti@on densityGi,
is the temporal threshold gails, the spontaneous emission rate,the linewidth

enhancement factow is the lasing frequencw, is the frequency at threshold. After

solving Eqn.(5.1) for'vyg and putting it into Eqn. (5.2), we can have:

a ds (L+&SR
Av=—I1 S)— S X s7/ sp
v 4 [( +£s )Sdt+£s Gh S ]
_afi+ gss)[ dS, &£5G,

A Sdt (1+£SS)]

_ a(1+£PP)[ dP , &PG,

47 Pdt (1+£PP)] (5-3)
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with P is the output power of the devicg, the gain compression coefficient associated
with the output power. The spontaneous emissian terignored since the laser operates
well above the threshold. Since the gain comprassianot severe in most of the QW
lasers, that ig,P << 1, people typically approximate Eqn. (5.3) into:

a dP «a
V= arpd  antePC (5-4)

with the first term, proportional to the derivatigéthe optical power, dubbed as transient
chirp and the second term, proportional to thecaptpower itself, as adiabatic chirp

[115]. Compared Egn (5.3) and (5.4), the effecalgha considering the effects of gain

compression can be expressed as:

Qo = a1+ €,P) (5.5)

with the transient chirp is the dominant componemhost of the QW lasers. It is notable
that the adiabatic chirp is directly related to thain compression coefficient and
threshold gain of the lasers.

Equation (5.4) is well known for the measurementatgha and the compression
coefficient in QW lasers [115,117]. Since the gaampression effect is stronger in QDs
than QWs, we use Eqn. (5.3), instead of Eqn. (504describe the chirp in QD DFBs. It
is remarkable that Eqn. (5.3) can apply to lasadeularge signal modulation. To obtain
a large signal to noise ratio, the laser sourcesome communication systems are
digitally modulated with an extinction ratio of alialO dB for a large separation ‘af

and’0’ levels. The chirp can be still well modeled by E¢n3) [118].
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5.2. Timeresolved chirp: Experimental setup and technical
background

The time-resolved chirp (TRC) is a technique to snea the wavelength chirping
directly in the time domain. The wavelength chigw, of a laser under external
modulation is measured in real time, while the attpf the laserP, is also recorded
simultaneously. Based on the relation betwAenP and dP/dtexpressed in Eqn. (5.3),
the alpha factor and the gain compression coeffficdan be extracted.

The experimental setup for TRC is given in Fig..5The pseudo-random pattern
generator (PRPG) generates a 2.5 Giga-bit-per-ge(@bps) pseudo randoi® and‘l’
data string with a length of 2. The optical filter in the OSA, originally desied for the
monochromatic output, is used as a wavelength idigtator which transfers the
wavelength chirping into optical intensity variatioThe band pass of the optical filter is
adjustable and has a minimum resolution of 0.04that,is, 7.12 GHz at the wavelength
of 1.3 um. If the band pass is set to be much larger th@&nspectral width of the
modulated light, the OSA will transmit all of thpextral components and just convey the
same output from the modulated DFBs, without spéctitering, to the digital
communication analyzer (DCA). Then the DCA recotlls un-filtered and filtered
optical signals from the OSA with the informatiohtbe variations of the output power
and wavelength chirping, respectively, in time dom&ince the PRPG and DCA are
synchronized by the trigger output from the PRR@®, ¢hirp and the optical intensity of
the laser output can be aligned up in time domam,that alpha factor and gain

compression can be obtained based on Eqgn. (5.3).
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Fig. 5.1 The experimental setup for TRC measuréfid6]. The QD DFB is
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translated into optical intensity variation andrtiiecorded by the DCA.
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Fig. 5.2 A schematic drawing of the measuremeth®fvavelength chirping with
the optical filter built in to the OSA [116].
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The wavelength chirping is measured by the wavéltedigcriminator method [119]
utilizing the very low dispersion monochromatotttoé 86146B OSA. Referring to Fig
5.2, the monochromator filter is step-tuned throtighmodulated laser wavelength. The
lowest wavelength)i, and the highest wavelengity, are set to fully tune through the
chirped spectrum to achieve a 30-dB amplitude dropach side of the filter response.
At each wavelength, an intensity vs. time recorenfth M is measured on the DCA.
The resulting collection of data contains the clirfprmation in an N by M matrix as
shown in Fig. 5.2. For each row in the matrix, aghieed-average wavelength value of
0A(t) can be calculated based on the following algorittith f(x) the transfer function of
the optical filter.

Since the transfer function is symmetric about ¢eater wavelength),, and the

transmission for the wavelength far away frdgnis vanishedf(x) can be expressed as:
f (Ao, A) = F (A= A) O BIT - O (5.6)

with A the wavelength of the light input to the filtethén the matrix elemer; given in

Fig. 5.2 can be calculated from ti{) as:
A=A As) = f(‘/‘o,i _At=j‘) (5.7)
with Ao, denotes the center wavelength atitttestep-tune of the optical filter antl;

the wavelength of the modulated DFB laser at finTdnerefore, the wavelength chirp can

be obtained from the matri:

N

2 AMA-A)

) =12 (5.8)
A

based on the following property of the matrix A:

73



i=N ®

Ado = [ 1(

Ao = Ac DAty

i=0 -

= [ (A=A =A)d (A = A)) + Ay j f (A = ADd(A = A))
- = (5.9)
=/]t:j f (|/]t _/10|)d(/]o -A)

—00

i=N
=At:jZA,j
i=0

The LIV curves of the QD DFB tested are shown ig. F.3. The threshold of the
device is 5 mA and the slope efficiency is appratety 0.1 mW/mA. The resistance of
the device is calculated to be 20.6 Ohms in thgeai 10 mA — 40 mA DC bias. As the
output of the pattern generator is designed todiage, the resistance is used to convert
the voltage modulation-amplitude approximately iatourrent one. The device has a side
mode suppression ratio of about 50 dB with a DFBelength of 1320 nm. All the
testing is done with the heat sink temperaturerotiatl to be 20C. Two 30-dB isolators

are cascaded to avoid unintended external opeealdack.

5.3. Chirp with afixed extinction ratio of modulation.

The extinction ratio of a digitally modulated si¢ms defined as the ratio between the
power levels at th&l’ and'0’ states. For communication systems, a large ekimcatio

is preferred to overcome the penalties of the trassion loss and noise. In this part of
the experiment, we measure the chirp of the QD DBiBsed at different DC currents
with the amplitudes of the digital modulations ad@d to keep an extinction ratio of

about 10 dB. The eye diagram of the DFB outputOatmA is presented in Fig. 5.4 with
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an extinction ratio of 9.48 dB and shows no toughim the 2 Gbps internet standard
mask. Since the rise time is estimated to be 12@npsthe fall time about 180 ps based
on Fig. 5.2, we can conclude that the interferdmetgveen the twdl’ bits separated by
a0’ bit is ignorable. This helps to eliminate the degence of the measured chirp on the
modulation pattern. Another significant featurette# eye diagram is that no overshoot is
observed at the rising edge, indicating a reducaasient chirp. This is consistent with

the strong damping rate from the high-speed meamnepresented in Chapter 2.

Optical ouptut (mW)
(A) @Be)oA

Current (mA)

Fig. 5.3 LIV curves of the QD DFB for the TRC mes=ment.
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Fig. 5.4 The eye diagram of the output of the niateéd QD DFB biased at 20 mA
with an extinction ratio of 9.5 dB.

The measured time-resolved chirp and optical paiéne QD DFB are given in Fig. 5.5.
The output power of the QD DFB at 20mA is 1.4 m\WeTotal coupling loss of the fiber
optical isolator and monochromator in OSA is meedguo be - 12 dB. The power in Fig.
5.5 is the power output from the monochromator. fline resolved chirp of the QD DFB
shows weak spikes at the rising edges of the mtatulaptical signal, and, significantly,
the transient chirp does not dominate over thebadii@a chirp. As a comparison, a TRC
result of a QW DFB is shown in Fig. 5.6, showing thiominance of the transient chirp
over the adiabatic chirp. In QD DFBs, the transigmtp is suppressed due to the large
damping factor discussed in Chapter 2 and the ati@abhirp is enhanced due to the
strong gain compression.

Table 5.1 gives the results of TRC measurement thighextinction ratio around 10

dB. The peak-to-peak voltagesspMis the voltage modulation depth on the QD DFB for
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the 10dB extinction ration (ER). The effective aph defined in Eqn. (5.4) with the gain
compression effect included. The average chirp her¢he difference between the
average chirps ofi’ and‘0’ levels. For the chirp is positive at ‘1’ levelsdanegative at

‘0’ levels, the alpha parameter here is a positratie. For large-signal modulation,
higher order harmonic and nonlinear effects carsigrificant and cause a shift of the
average optical frequency of the modulated ligkdtiee to the un-modulated one [120].
The freq_shift in Table 5.1 gives this parameter, which is an drntgmce factor

determining the cross-talk strength between diffesthannels in WDM communication

systems.

Bias | Power| Vpp (V) ER | Effective| Avg chirp | freq_shift
(mA) | (mW) (dB) Alpha (GHz) (GHz)

15 0.912| 0.57 9.34 5.52 7.55 -0.75
20 1.39 0.84 | 9.48 6.34 12.65 -1.35
25 1.85 1.15 | 10.16 7.20 13.83 -1.44
30 2.26 1.4 9.92 7.94 16.03 -1.72
35 2.67 1.64 | 9.73 8.31 23.06 -2.71
40 3.04 1.93 | 9.82 9.48 24.54 -2.75

Table. 5-1 The experimental results of the TRC of the QD DFB with the
extinction ratio kept around 10 dB.
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Fig. 5.5 The chirp and corresponding power measonethe QD DFB biased at 20
mA. The chirp at0’ levels are noisier thdt’ levels as a result of the

increased measurement error for lower power.

Fig. 5.6 TRC measurements of the chirp and power QW DFB as given in ref.

[121].
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For an extinction ratio of 10 dB, we have [§&)/(SAS)=10, therAS/S=9/11. The output
power is proportional to the injection current d@hds the voltage, sopy O (I-1w). Since
the adiabatic chirp dominates the average chigpatierage chirpl AS 0 SO (I-1y,) for a
fixed extinction ratio. The linear dependence @&f Yh, and average chirp on the DC bias
is shown in Fig. 5.7. The value of the chirp-pgg¥ ~ 13 MHz/mV. Considering the 20
Ohms of resistance of the QD DFB, the change irckig with current is estimated 260
MHz/mA, comparable to the typical value of QW lasfi22].

The shift of the average optical frequency of thedolated light relative to the un-
modulated one is given in Fig. 5.8. The shift cé ttenter frequency is -1.4 MHz/mV,
approximately 10% of the total chirp. This shifttbeé center frequency could be related
to the higher order harmonic response of the detac¢he large signal modulation,
including the non-perfect linearity on the L-I amd/ curves and the higher order
behaviors of gain compression.

The effective of alpha parameter, defineda@k+&-P) in Egn. 5.5, is given in Fig. 5.9.
The curve fitting results show that the alpha ig¢ at threshold and doubles once the
output power is increased by ~ 2 mW. This is cdastswith the linewidth re-broadening
that occurs at about 2-4 mW output in the QD DFBsussed in Chapter 2.

As a conclusion of this section, the chirp of the QFB is measured to be 13 MHz/mV
with a shift of the center frequency of about -WBz /mV for a fixed extinction ratio of
10 dB. These results show that these QD DFBs hasendar chirp performance as
typical QW DFBs for real communication systems. algha at threshold is determined

to be around 4 and doubles when the output poveehes 2 m\W.
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Fig. 5.7 The average chirp and the peak-to-peatumaton voltage under different
DC biases of the QD DFBs with the extinction ra&tapt around 10 dB.
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Fig. 5.8 The shift between the center frequenei¢be modulated and un-modulated
output from the QD DFB as a function of currenthatlie extinction ratio
fixed at ~ 10 dB.
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Fig. 5.9 The measured effective alpha and its miggece on the output power of the
QD DFB under modulation with the extinction ratixefd at ~ 10 dB.
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5.4. Chirp with a fixed modulation depth V,

In the previous section, a large signal modulati@s used and the alpha measured was
the average over a large range of DC bias. To dtuglyelationship of the dependence of
alpha on the output power, smaller modulation isde€l. In this part of experiment, the
time resolved chirp is measured under differensdsawith the peak-to-peak voltagey,V

of the modulation fixed at 250mV, correspondin@tourrent modulation with a peak-to-
peak amplitude of about 12 mA. Therefore, thdnalmeasured here will be an average
value over the (-6mA, 6mA) vicinity of the bias. &lexperimental results are given in
Table 5.2 with the same definitions for the effeetalpha, average chirp and frequency
shift given in Table 5.1.

Fig. 5.10 gives the measured chirps at 15 mA, 25anéd 35 mA with their curve-fits.
Compared to the chirp under large modulation dsedsin the previous section, the
adiabatic chirp still dominates the overall chirpil the transient chirp spikes are further
weakened because of the smaller modulation depin clirve fittings based on Eqn. (5.3)
are quite good as demonstrated in Fig. 5.10.

The effective alpha is plotted in Fig. 5.10. Thehal factor at threshold is found to be 2.6
+ 0.4 andg, 0.7 + 0.2 mW" by curve-fitting the measured effective alpha admear
function of the output power.based on Eqgn. 5.5. dlpka factor is lower ang}, is larger
than the values we got from the modulation withiretion ratio fixed at 10 dB. This can
be explained by the fact that the measured alpti&gare averaged over a smaller range
of the DC bias and that their dependence on thpubytower is significant. The alpha
factor without the gain compression effects is €ltusthe results in Ref. [16] and doubles

when the output power is 1-2 mWs.
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Fig. 5.12 gives the gain compression coefficienthef QD DFBs. The curve-fitting error
bar comes from the large signal modulation andstresitivity of the derivativelP/dtto

the measurement noise. The gain compression facestimated to be 02 0.1 mW*
from the curve-fitting based on Egn. 5.3. Thereforeughly speaking, the gain
compression becomes significant for an output pavfef mW, comparable to the 2-5
mW estimated from the linewidth and high-speed grpents, and the gain compression
photon densitygs, is still one order of magnitude lower than thpitgl value of QWs.
However, the gain compression coefficiept= 0.2 + 0.1 mW" determined here is
smaller than the value @f = 0.7+ 0.2 mW" determined from the dependence of alpha
factor on the output power. This could be explaiibd enhancement of the gain
compression by the gain saturation with the carensity in QD devices. Since the
homogenous broadening is 10 - 20 meV [70], thremedi narrower than the
inhomogeneous broadening, spectral hole burningoedur in QDs at elevated powers.
As the gain at the lasing wavelength is clampethéothreshold value, the consequence
of the spectral hole burning is the increase in dhgier density at the energy levels
outside of the homogeneous broadening of lasingeleagth, especially the higher
excited states, as shown in Fig. 5.13. Theretbeemagnitude of the alpha factor in QDs
is further increased as a result of the globabdisin of the gain spectrum in addition to
the local one purely from the spectral hole burni@mce the homogeneous broadening
dominates the gain spectrum of typical QW lasdtsha carriers behave homogeneously
[123]. In this case, the increase of the effectiijgha in QWs is dominately from the gain
compression with the overall profile of carriertdizution considered to be clamped at

threshold as presented in Fig. 5.14. The detailedeindescribing the alpha dependence
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on the output power in QD lasers is given Appertito explain the effects observed
here.

Fig. 5.16 shows the decrease of the chirp withiticeease of the DC bias. Since the
adiabatic chirp dominates the average chirp, tbesef

ES+AS)G, £(5-AS)G,
1+£S+AS) 1+£©-AS)
2AS
D 2 2
(1+&S)” - (&AS)

Averagechirpd

AS can be approximated constant since the Vpp &dfito 0.25mV. Therefore, the
average chirp will decrease with tBer pump current increase. The change of chirp per
mV modulation is roughly 17 MHz /mV, slightly langthat the 13 MHz /mV in the cases
of modulation with the extinction ratio fixed, whiccould be explained by the

nonlinearity of the V-I curve of the QD DFB.

Bias | Power Vp, (V) | Effective Avg chirp freq_shift
(mA) | (mW) Alpha (GHz) (GHz)

15 0.912 o025 4.9 4.81 -0.57

20 1.39 0.25 6 4,58 -0.57

25 1.85 0.25 7.1 4.45 -0.56

30 2.26 0.25 9.1 4.20 -0.52

35 2.67 0.25 10.1 4.10 -0.53

40 3.04 0.25 10.5 3.77 -0.50

Table 5-2. TRC results of the QD DFB with a fixedag-to-peak voltage modulation
depth
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Fig. 5.10 The measured and curve-fitted chirppefQD DFB under 15 mA, 20 mA

and 35 mA DC biases with a peak-to-peak modulatatage fixed at
250mV.
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Fig. 5.11 The effective alpha and its dependemcthe output power measured in
the QD DFB.
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Fig. 5.12 The gain compression coefficients ded#nt DC output powers of the QD
DFB.
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Fig. 5.13 The distortion of the gain spectrum &f @ain media due to the

inhomogeneous broadening and spectral hole bugifegts.
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— DFB loss

Wavelength

Fig. 5.14 The overall profile of QW homogeneousigadened gain spectrum is

clamped and kept unchanged even under a stronggaipression.
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Fig. 5.15 The threshold gain of the QD DFB from the curve-fitting of the chirp
measured at different biases.
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Fig. 5.16 The average chirp of the QD DFB witlixad V,,=0.25V under different

DC current biases.
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Chapter Six. CONCLUSIONS AND SUGGESTIONS

FOR FUTURE WORK

In this dissertation, the dynamic properties of QBBs are studied, including high-
speed modulation, linewidth, external feedback atéfeand chirp performance. The
above-threshold linewidth enhancement factor armhgtgain compression effect in QDs
are characterized and discussed.

Firstly, the optical response function of the QDHBEDEnder direct modulation is
measured. The modulation bandwidth is found to dterated at 5 GHz. The possible
limiting factors for the bandwidth are investigatadcluding the K-factor, effective
carrier transport time and gain compression. Stigaig compression is found to be the
limiting factor and the effective gain compressamefficient is determined to be 4@R4
x 10"® cm? which is about 30 times higher than the typicalue in QWs. The
suggestion to overcome this problem is to avoid gam saturation by increasing the
maximum gain of the QD active region. A novel gtiaél expression is derived to
account for the enhancement of the nonlinear gakfficient due to this hard gain
saturation in QDs.

Secondly, the linewidth of the QD DFBs is studiewl a&ompared to that of a QW
DFB. The linewidth-power product of 1.2 MHz-mW iguihd in QD DFBs, more than
one order of magnitude lower than the typical valu@W DFBs. The figure of merit for
the narrow linewidth, ga(1+0(2), is found to be 3-4 times lower (you never said back
in Chapter 3) in QDs than QWSs given the same tlmdsbain. At the same time, the

linewidth rebroadening and floor are found in thi2 QFBs at relative low output powers,
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from which the effective gain compression factoessimated to be 4-8 x ®cm?. The
effects of gain offset on the linewidth performamee also investigated and compared to
Agrawal’s theory.

Thirdly, the effects of external feedback on the QBB are compared to that of a
typical QW DFB. The optical spectrum is shown to tbehanged within the 0.06nm
resolution of the optical spectrum analyzer, whil60% broadening of the 20-dB width
in the spectrum of the QW DFB is present. More igeemeasurement of the linewidth of
the QD DFB shows the critical external feedbacleldar coherence collapse is found to
be -14 dB, about 8 dB improvement from QW DFBs godd enough for the isolator-
free operation in 10 Gbps Ethernet applicationse Tféative intensity noise in the QD
DFB under -14 dB external feedback is found to w8 1ower that of the QW DFB with
the same output power of 6 mW. Under 2.5 Gbps aligitodulation, although the
degradation of root-mean-square jitter behaveslailyiin both QD and QW DFB, the
SNR degradation of QD starts to degrade at -30atBut 20 dB improvement from the
QW DFB. The origins for these improved resistarcexternal feedback in the QD DFB
stem from the strong damping oscillation, HR caatmd the loss coupled grating in the
studied QD DFBs.

Finally, the chirp of a QD DFB is studied by theé-resolved-chirp measurement. In
the first part of this experiment, the extincticatio of the digital modulation is fixed
around 10 dB. The chirp strength is found to beMk&/mV, compared to the value in
typical QW DFBs, with a center frequency shift abdu4 MHz/mV. The effective alpha

parameter is measured to #e3.9t0.2 at threshold and increase with the output ppwer

P, asoo(1+e,P) with gp= 0.46:0.05 mW, corresponding to a effective gain compression
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coefficient of 6-8 x 18° cm®, more than one order of magnitude higher thanith@ws.

In the second part of this experiment, with smahleodulation depth, the alpha is
measured to be=2.6t0.5 at threshold ane,= 0.7#0.2 mW®. The gain compression
coefficient, ep, determined from the curve-fitting parameter ie @diabatic chirp term
with the same TRC data, however, shows a valuexb0l mW-, corresponding to 1.6-
3.2 x 10* cm?, still one order of magnitude higher than the dgpivalue of 13’ cm® of
QWs. The discrepancy betweenande can be explained by the gain saturation and the

resulting carrier accumulation in the excited stattthe QDs.

About the future work on QDs, the topic most dilectlated to this dissertation is to
reduce the gain compression and gain saturati@ctsffn QDs. Large maximum gain is
preferred since it can keep the operation poir@bflasers away from the gain saturation
and less carriers in the excited states. Thismwike the QD more ideal and give better
performance in temperature, high speed and frequstability.

Another promising application of QDs is mode-locKaders. Although significant
results always have been obtained by Zia Laser,dnd X. D. Huang etc., the potential
of QDs for ultrashort pulses are not fully explaréithe wide gain spectrum, strong
gain/loss saturation indicates sub-ps pulses. ®pesion of the gain, loss and reflective
index needs to be understood first for a betteigde§he group index dispersion can be
measured by the variation of the FP mode spacinh campensated by an external
chirped Bragg grating cavity, so that the intrinpioperties of the QD mode-locked
devices can be investigated. The other basic physce is whether or not the fast and

slow carrier dynamics in QDs discussed in Chaptéelp to stabilize the quantum dot
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mode locked lasers and lead to less instabilityatos self-pulsation and Q-switching
mode-locking. and reduced amplitude and phase ndises also notable that QD

semiconductor saturable absorber mirror (SESAM)icctme important for the ultrafast

pulse generation in solid state lasers, considetiegfast and slow carrier dynamics in
QDs. Undistorted 18 dB amplification of femto-sedgoulses have been shown in QD
amplifiers [32].

Very little knowledge about the nonlinear opticegerties in QDs is known by now.
The speed of the nonlinearity in QDs is much fattan the QWSs due to the same reason
for the high speed QD optical amplifiers discusise@hapter 1. Although the IR®)/g is
measured by a Japanese group to be comparable $na@id QWs, theoreticalty® is
more enhanced in QDs. The difficulty of the measwaet is the small confinement factor,
which also effectively limits the application of @In nonlinear optics. The application
of the QDs in mid-IR nonlinear optics seems intings By analog to the strong second
harmonic generation by the resonant transition eetwthe mini-band in quantum
cascade lasers, the energy-level structure of Qs gimilar physics.

Besides these, the importance of the QD crystawtjrocan never be over-
emphasized. To get more uniform dots and more gasnwell as QDs at various
wavelengths on different substrates, are essdatitthe future of the self-assembled QDs

discussed in this dissertation.
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Appendix A.  GAIN COMPRESSION AND GAIN SATURATION IN QD

LASERS

Unlike QWSs, QDs are more subject to gain saturatioe to a limited number of
energy states. The small confinement factor and tihe small material gain usually force
QD lasers to be operated near the gain saturadigime. The saturation of the ground-
state gain inevitably leads to the decrease ofliffierential gain at the lasing wavelength
and the carrier filling in the exited states in QO3n the other hand, since gain
compression is strong in QDs, gain saturation aaadgravated when the laser is above
threshold. In this section, the effects of the gaaturation and gain compression on the
dynamics of QD lasers will be derived.

The rate equation of the photon density in a lesgiven as

dS:( g
dt  1+&S

—0n)S*R, (AL.1)

where the S is the photon denstyjs the gain compression coefficient related tg &
the gain, g is the threshold gain andRs the spontaneous emission rate. For a steady
state well above the threshold, the pure gaineailaking wavelength should be equal to
the threshold loss,

9=9,@1+&5) =g, 1+&P) (&)
with P the output power and the gain compression coefficient related to thgpuou
power. Eqn. (Al.2) predicts that higher gain isuieed for higher output power.

Eqgn. (A1.3) is used to describe the gain of QD mdali its simplicity,.
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n2(N -1

J=0mll-€ " ] (AL3)
where thegmax is the maximum gain for the ground-state lasMgs the carrier density,
Nir the transparency carrier density and the factdn®fis used for the equality of the
maximum gain and maximum loss in QD gain media. Aif.1 plots the gain versus

carrier density normalized to the transparencyi@adensity in QDs.
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10/ Gain of QDs for maximum gain=15cm’ |

15 | | | |
0 1 2 3 4 5

N/N

tr

Fig. A1.1 The gain vs. normalized carrier dengitaiQD gain medium. The
maximum ground-state gain is set to 15'mvhich is typical in the

devices studied in this dissertation.

When the laser is above threshold, Egn. (Al.2) @m8)) give the expression of the

differential gain at the ground state:

d In2 In2
89 g = 0) = (G — A+ £, P)D,) = B (L —2

as >t
dN Ntr Ntr gmax - gth

E-P)

(Al.4)

where the @is the differential gain at threshold.
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The decrease of the differential gain given by H@..4) is directly related to the

response of the QD devices under external modulalibe resonance frequency is give

as.
_Vy9pnaP V,0,3,P (ALS)
R — - .
1+¢,P 1+ O max £.P
gmax - gth

where the yis the group velocity. Eqn. (1.7) indicates tleg gain compression effect is

enhanced by the gain saturation by

g
Eeﬁ - max
gmax - gth

Ep (Al1.6)
For typical QD DFBs discussed in this dissertatimpayxand g, are about 15 cthand 12
cm’ respectively. The gain compression effect is enbdrby a factor 5 in those devices

and causes a severe limitation on the modulationlwalth. It is also suggested by Eqgn.

(1.8) that larger maximum gain could improve thadwidth by a factor of 2.

Another consequence of Eqn. (1.8) is the dependehtiee alpha parameter on the
output power due to the gain compression. Typicapgople describe the gain
compression causing an increase of the effectpleagbarameter by [117]

Aoy =a1+e,P) (A1.7)
wheredes is the effective linewidth enhancement factor ads the alpha parameter
clamped at threshold. Since the refractive indeth@atiasing wavelength can be affected
by the carriers in energy states far away fromrésenance frequency, a clamp of the

means a fix of a wide range of spectrum, whichoisthe case for QDs. As shown in Fig.

5.13, although the net gain at the ground statdaimped at threshold, the carrier density
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at the excited states still keeps growing due ¢ostpectral hole burning. Experimentally,
lasing at the excited states is observed in thed®ices under high injection. Therefore,
Eqgn (Al1.7) is not applicable to the gain comprassaffects in QDs. To model the
effective alpha parameter in QDs, we simply divikle energy levels into ground states
and excited states. The gain compression occurallyoevithin the homogeneous
broadening of the ground states. The index chantiedasing wavelength can be caused

by both of the gain variation at the ground states excited states.

N=0,8, + 0,8, = (@, +a,)d, =ad) (AL8)

g
wheredn anddg, are the changes of the gain and refractive intléixeaground statey is
basically the alpha parameter which is measurenh ftke device, @and g are the
differential gains at excited and ground statepaetively,a. describes the change of the
ground-state index caused by the excited state @aghn, describes the ground-state
index change caused by the ground-state gain MariaWhen the laser is above
threshold,oy will increase asug(1+€P) since it is from the energy levels within the
homogeneous broadening. By putting Eqn. (Al.4) @id7) into Eqn. (A1.8), we will

have the dependence of the alpha parameter opticalgpower as

a(P)=a, a ra, 1+ £,P) (A1.9)
a,([1- LEF, P)
gmax - gth I

Filling of excited states  Ground-state gain compression

The decrease of differential gain effectively meamsre carriers in the excited states.

Therefore, Eqn. (A1.9) includes the effects of gjagn compression at the ground states
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and the carrier filing of the excited states aksitated in Fig. 5.13. Further

simplification leads to:

aeae gth +
-g,@A+&.P)  °
alP)=a, @+ % gmaxa gm( £0P) £.P) (A1.10)
e-e + ag
a,

In the case of strong gain saturationogeO when the DFB mode is close to the
ground-state gain peak, Eqgn. (1.12) can be furtiheplgied into:

ay,
G

gmax - gth

a(P)= (A1)

@-
indicating the dependence of the alpha parameteh@mwptical power is enhanced by a
factor of gv/(OmaxQmn). Eqn. (A1.10) also predicts that the increasalpha parameter
with the output power can be reduced if the thrishyain is less than a half of the
maximum gain. Therefore, a larger maximum gainls® a&ssential for a lower alpha
parameter in QD gain media and the linewidth aeduency noise performance of the

QD devices.
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Appendix B.  NON-DEGENERATE FOUR-WAVE MIXING IN QUANTUM
DOT DISTRIBUTED FEEDBACK L ASERS

Abstract: We present wavelength conversion using non-degendpur-wave-mixing

(FWM) in loss coupled distributed feedback laseDdH) based on InAs/AlGaAs
quantum dots (QD). The conversion efficiency is suead for to be -15dB to —30dB,
with a cavity resonance bandwidth about 9GHz, fergaal-pump detuning range from

0.33nm to 8nm.

Introduction: Four-wave mixing (FWM) is a promising techniquer fwavelength
conversion in communication systems [124] . Typjc&WMs in semiconductors are
realized in semiconductor optical amplifiers (SGéd require external pumping sources
[124]. Single mode laser is used as simplified emegrated alternative with its counter-
propagating lasing modes functioning as internanps [125-127]. Considering the
uniformity of the wavelength conversion, FWMs inrgar loss coupled DFBs suffer less
from stop-band effects but more from the strongtgaresonance compared to those in
index coupled DFBs [128]. In real communication tegss, fortunately, wavelength
channels are discrete and wavelength conversiorbeaenhanced by cavity resonance
when the wavelength channels match the cavity modes the other hand, QDs have
some fundamental advantages over quantum wells ([@¥¥onlinear optics applications
considering thex® enhancement by the quantum confinement in moreemtions
[128,129], ultrafast carrier recovery [47] and wighen spectrum [50]. Though FWM's in

quantum dot (QD) SOAs have been reported by difteggoups [130,131], no FWM
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experiment in QD DFBs has yet been published. Tdtier reports the FWM and its

cavity effects in a laterally loss-coupled (LLC) QIFB.

lens i=olatar II[] lers :_:at;p:.;erred-end QIS4
Qb DFB single polarization
) mocle caortroller Q0 DFE

Fig. A2. 1. The experimental setup for four-waveimg in a laterally-loss-coupled QD DFB (DeviBg

Spectrum (dBm)
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)
N
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Fig.A2.2 Cavity resonance effect on the FWM wavelength conversioringékis the FWM spectrum with the
pump @p), nine fine-tuned signald ) and corresponding conjugate wavelengths.
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Experimental setup and QD DFB characteristiGéie experimental setup is presented in
Fig. 1. Two LLC QD DFBs, Devic& andB, are used as a signal source and a FWM
nonlinear medium respectively. Two cascaded isdaémd angle-polished single mode
fibers are employed to avoid the external feedbattk DeviceA. A fiber polarization
controller is used to match the polarizations @& fignal from devicé and the DFB
mode of devicd8. The FWM outputs are collected by a tapered-enek fiollowed by an
optical spectrum analyzer (OSA). The QD DFB is iedied on an InAs/InGaAs QDs
structure with a first order grating deposited riallg to the etched waveguide ridge.
Except that the DFB mode is selectively enhancedhleygrating implemented in the
devices, the QD LLC-DFB spectrum shows cavity-resme bumps (cavity modes)
similar to typical Fabri-Parot amplifiers. Based e amplitude variation of the cavity
modes of devic®, we find a weak stop-band about 4nm wide on tletshwavelength
side of the DFB mode. This could be due to thexngedulation associated with the loss
grating in the DFBs. The details of the materialvgth, processing and performance of
the laterally loss coupled QD DFBs can be foungri@vious publications [57]. In this
experiment, both devices are biased above threstraldhave a side-mode-suppression-
ratio (SMSR) better than 50dB. Devidecan be wavelength-tuned for about 8nm by
different control sets of heat-sink temperature gmamp current. DeviceB is
asymmetrically high-reflectivity (HR) coated on tfeeets of the 6Q@m cavity. During
our measurements, the wavelength and output pofveéevice B is fixed. Knowing the
output power and facet reflectivity of deviB we estimate the pump power for the

FWM inside the cavity to be about 36mW at 1307nm.
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Results and discussionAs shown in the inset of fig.2, a strong cavityeef on the
wavelength conversion is observed when we tunestpeal wavelength around the
second cavity mode counted from the DFB mode. Timwersion efficiency is plotted as
function of the detuning from the pump in fig.2 kvt maximum at the wavelength of the
cavity mode. To estimate the 3dB bandwidth duééoctavity resonance, we curve-fit the
data to a Lorenztian function and the full widthtleé half maximum (FWHM) is found
to be 0.05 nm, corresponding to a conversion badftiveibout 9GHz at 1307nm.

We also investigate the FWM in device B over a wilgectrum range as shown in fig.3.
For each data point, the wavelength of signal iefady tuned so that the FWM
conversion efficiency is maximized by lining up thenjugate beam with the cavity
resonances. The locally maximized conversion efficy varies from -14 dB to -30 dB
with the detuning increases from 0.33 nm to 8nrat th, from 60 GHz to 1.4 THz, with
an inside-cavity pump power fixed at 36mA in deviBe These efficiencies are
comparable to the reported data in an index-cou@¥d DFB with much higher carrier
density [126]. As the conversion efficiency is pdak in fig.4 in log scales, we find two
different regimes of the slope of the conversioficiehcy relative to the signal-pump
detuning: for 0.3nm to 3.3nm the slope is abou wihile for 4nm to 8nm about -2.4.
Theoretically, the slope should close to -2 singé| is a Lorentzian function of
frequency detuning. In our case, cavity resonahoeld be taken into account. Applying
the Haiki-Pioli technique [132] to the lasing spaat of deviceB, we find that the net
round-trip gain, defined asrsexp(2gL) with g the gain, L the cavity length,and p the
reflectivities of the facets, has a positive slap¢he regime from 0.3nm to 3.3nm and a

negative one from 4nm to 8nm. Larger gain indicatesronger cavity enhancement and
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this explains the slope difference in fig.3. Tharconstant distribution of the net gain in
the device is resultant from the stop-band (abauh 4vide as observed in lasing
spectrum) and also could from the spectrum hol@ibgreffect which is believed to be
significant in QDs [79]. The discontinuation arouddm could be attributed to the

crossing-over of the stop band.

Conclusion:The FWM in a quantum dot LLC DFB laser at 1307 ismeported in this
paper. The conversion efficiency is found to chaings -14dB to -30dB for a detuning
range from 60 GHz to 1.4 THz. The conversion egficly is found proportional ta\})
12 in the detune range of 0.3nm to 3.3 nm whila)?* of 4nm to 8nm, which can be
contributed to the cavity resonance and the net gan-uniformity due to the residual
stop-band from the loss grating and probably treegpm hole burning effect in the QD
DFB. Cavity enhancement of the wavelength convars® characterized with a

bandwidth about 9GHz.
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Appendix C. MATLAB CODE FOR THE

THRESHOLD

AND

YIELD

CAL CULATIONSOE DEBS

1. dispersion_relation.m

clear all;

%Kfb=input(input Kfb: *);

%Kbf=input('input Kbf: ");

rl_facet=input(input rl: ");

r2_facet=input(input r2: ");

m=30; LL=50; JL=50;

index1=1;index2=1;

s_stat_index=0;

options = optimset('Display','off'); % Turn off Display

for Kb=0.5:0.5:5

Kbf=-Kfb; %minus for index coupled, plus for gain coupled

for k=0:m
Kbf
k
tic;
forn=0:m

rl=r1_facet*(cos(pi*2.0*k/m)+i*sin(pi*2.0*k/m));
r2=r2_facet*(cos(pi*2.0*n/m)+i*sin(pi*2.0*n/m));

index1=1;index2=1;

for L=0:LL
%pp=L
for J =0:JL
p = (0.2*L)+(0.2*J-5)*;

if abs(threshold1(p,r1,r2,Kfh,Kbf))<1
if index1==1
SS1(1)=p;
index1=2;
else
if abs(p-SS1(index1-1))>1
SS1(index1)=p;
index1=index1+1;
end
end
end

if abs(threshold2(p,r1,r2,Kfb,Kbf))<1
if index2==1
SS2(1)=p;
index2=2;
else
if abs(p-SS2(index2-1))>1
SS2(index2)=p;
index2=index2+1;
end
end
end
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end
end

%index
sl _index=1;
for s_index = 1:(index1-1)

[s_value,f_value] = fsolve(@threshold1,SS1(s_index),options,rl,r2,Kfb,Kbf);
if (abs(f_value)<0.0001)
if(s1_index==1)
Solutions1(k+1,n+1,s1_index)=s_value;
sl index=sl_index+1;
else
for loop_filter=(1:s1_index-1)
if(abs(s_value-Solutions1(k+1,n+1,s1_index-loop_filter))<0.01)
solution_match=1;
break;
else
solution_match=0;
end
end
if(solution_match==0)
Solutions1(k+1,n+1,s1_index)=s_value;
sl _index=sl_index+1;
end
end
end
end

for s_index=1:(sl_index-1)
Solutions1(k+1,n+1,s_index)=sqrt(Solutions1(k+1,n+1,s_index)"2-Kfb*Kbf);
Solutions1(k+1,n+1,s_index)=real(Solutions1(k+1,n+1,s_index))+2*i*inwgi(Bns1(k+1,n+1,s_index));
if (imag(Solutions1(k+1,n+1,s_index))<0)

Solutions1(k+1,n+1,s_index)=-Solutions1(k+1,n+1,s_index);

end

end
%change the solution to Beta
%Solutions1(k+1,n+1,s_index)=sqrt(Solutions1(k+1,n+1,s_index)"2-Kfb¥Kbf)

% the gain is doubled when considering the gain of amplitude
%Solutions1(k+1,n+1,s_index)=real(Solutionsl(k+1,n+1,s_index))+2**@wgijonsl(k+1,n+1,s_index));

s2_index=1;f value=1;
for s_index = 1:(index2-1)

[s_value,f_value] = fsolve(@threshold2,SS2(s_index),options,r1,r2,Kfb,Kbf);
if (abs(f_value)<0.0001)
if(s2_index==1)
Solutions2(k+1,n+1,s2_index)=s_value;
s2_index=s2_index+1;
else
for loop_filter=(1:s2_index-1)
if(abs(s_value-Solutions2(k+1,n+1,s2_index-loop_filter))<0.01)
solution_match=1;
break;
else
solution_match=0;
end
end
if(solution_match==0)
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Solutions2(k+1,n+1,s2_index)=s_value;
s2_index=s2_index+1;
end
end
end
end

for s_index=1:(s2_index-1)
Solutions2(k+1,n+1,s_index)=sqrt(Solutions2(k+1,n+1,s_index)"2-Kfb*Kbf);
Solutions2(k+1,n+1,s_index)=real(Solutions2(k+1,n+1,s_index))+2*i*inwgiBns2(k+1,n+1,s_index));
if (imag(Solutions2(k+1,n+1,s_index))<0)
Solutions2(k+1,n+1,s_index)=-Solutions2(k+1,n+1,s_index);
end
end

s_min_1(k+1,n+1)=1000*(1+i);
s_min_2(k+1,n+1)=1000*(1+i);

for s_index=1:s1_index-1
if(@bs(Solutions1(k+1,n+1,s_index))<le-5)|(abs(s_min_1(k+1,n+1)-@wfk+1,n+1,s_index))<le-4)
break;
end
if(imag(s_min_1(k+1,n+1))>imag(Solutions1(k+1,n+1,s_index)))
s_min_2(k+1,n+1)=s_min_1(k+1,n+1);
s_min_1(k+1,n+1)=Solutions1(k+1,n+1,s_index);
else
if(imag(s_min_2(k+1,n+1))>imag(Solutions1(k+1,n+1,s_index)))
s_min_2(k+1,n+1)=Solutions1(k+1,n+1,s_index);
end
end

end
for s_index=1:s2_index-1

if(abs(Solutions2(k+1,n+1,s_index))<le-5)|(abs(s_min_1(k+1,n+1)-@@Afk+1,n+1,s_index))<le-4)
break;
end

ifimag(s_min_1(k+1,n+1))>imag(Solutions2(k+1,n+1,s_index)))
s_min_2(k+1,n+1)=s_min_1(k+1,n+1);
s_min_1(k+1,n+1)=Solutions2(k+1,n+1,s_index);
else
if(imag(s_min_2(k+1,n+1))>imag(Solutions2(k+1,n+1,s_index)))
s_min_2(k+1,n+1)=Solutions2(k+1,n+1,s_index);
end
end

end

s_stat_index=s_stat_index+1;

s_stat(s_stat_index)=imag(s_min_2(k+1,n+1)-s_min_1(k+1,n+1));
end

toc
end

hold on;

h=cdfplot(s_stat);
newz = 1-get(h(1),"Ydata");
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set(h(1),"Ydata',newz,'Color','red");

result_file=["yield_' 'Kfb' num2str(Kfb) '_Kbf num2str(Kbf) '_rinum2str(abs(rl)) '_r2_' num2str(abs(r2)) .mat’]
save(result_file);

end

2. thresholdl.m

function y = threshold1(x,r1,r2,Kfb,Kbf)
y = F21(x,Kbf)*r1+F22(x,Kfb,Kbf)-r2*(F11(x,Kfb,Kbf)*r1+F12(x,Kfb));

function y = F11(x,Kfb,Kbf)
y=cos(x)-i*sqrt(x"2-Kfb*Kbf)*sinc(x/pi);

function y = F22(x,Kfb,Kbf)
y=cos(x)+i*sqrt(x"2-Kfb*Kbf)*sinc(x/pi);

function y = F12(x,Kfb)
y=Kfb*sinc(x/pi);

function y = F21(x,Kbf)
y=-Kbf*sinc(x/pi);

3. threshold2.m

function y = threshold2(x,r1,r2,Kfb,Kbf)
y = F21(x,Kbf)*r1+F22(x,Kfb,Kbf)-r2*(F11(x,Kfb,Kbf)*r1+F12(x,Kfb));

function y = F11(x,Kfb,Kbf)
y=cos(x)+i*sqrt(x"2-Kfb*Kbf)*sinc(x/pi);

function y = F22(x,Kfb,Kbf)
y=cos(x)-i*sqrt(x"2-Kfb*Kbf)*sinc(x/pi);

function y = F12(x,Kfb)
y=Kfb*sinc(x/pi);

function y = F21(x,Kbf)
=-Kbf*sinc(x/pi);
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Appendix D.  HiGH GAIN QUANTUM DOT SEMICONDUCTOR

OPTICAL AMPLIFIER FOR 1300 NM

Abstract— Using an AlGaAs/GaAs waveguide structure with &-ssack
InAs/InGaAs DWELL gain region having an aggregatd density of approximately
8 x 10" cm?, an optical gain of 18 dB at 1300 nm has beenimédain a 2.4-mm long
amplifier at 100-mA pump current. The optical bamdtv is 50 nm, and the output
saturation power is 9 dBm. The dependence of thplifsen parameters on the pump

current and the gain recovery dynamics has also steelied.

1. DEVICE STRUCTURE AND EXPERIMENT RESULTS

A six-stack InAs/InGaAs “dots-in-a-well” (DWELL) apfifier structure was grown
by solid source molecular beam epitaxy on a (004A$substrate using conditions and
design criteria similar to those published previpli4,13]. The average dot density in a
layer is about 1.3 x 6cm The amplifier was fabricated using tilted ridgaveguide
geometry. The 4-micron ridge was formed with indigdy coupled plasma etching using
BCls; to remove part oAlGaAs cladding. Self-alignment of the ridge wasiaged by
protecting it with SiNx during a wet oxidation dfet remaining AlGaAs cladding layer.
Ti/Pt/Au was evaporated for the metal contact ® hGaAs cap layer. The substrate
was lapped and polished to a thickness of 100 parAaise/Ni/Au was deposited for the
n-type contact. The waveguide length is 2.4 mm. dlkaved facets with a tilt angle of
6.8° were left uncoated and provided a sufficieldly level of back reflection and thus

of spectral ripples. Since available lensed fibeese used for coupling without any
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optimization, the coupling losses were quite higd all the parameters reported below
are given for the amplifier with these fiber-comglilosses de-embedded.

Electroluminescence measurements of the struckige 0.1) show a ground state
peak at 1305 nm with a spectral FWHM of 65 nm, éating good homogeneity of the
qguantum dots. The origin of the ASE power decreaseirrents above 100 mA is due to
heating from the parasitic series resistance.dtss possible that a gradual misalignment
of the collection optics with temperature could tcitnute to the decrease in measured
power. Nevertheless, the important point is_that position of the ground state does not
change appreciably with different pump levels. Agble explanation is that the thermal
red shift of the band gap is balanced by a cab@rd-filling effect. The spectrum shape
doesn't change because it is determined primamlydbt inhomogeneity, which is
temperature independent and the excited state gtigulis not significantBecause of
the saturation of the ground state energy levelelatively low pump levels and the
resulting occupation of excited energy levels Withher state densities, the blue shift in
the QD emission due to band filling could be magmigéicant than in a quantum well.
Similar behavior has also been observed in expetsneith the QD-SOA chip. The
results obtained demonstrate the potential of Q€hrtelogy for devices with high
temperature stability because blue-shifting andstatting can be balanced.

A typical spectrum of the ASE in the QD-SOA is meted in Fig. D.2. The ASE
maximum (disregarding spectral ripples) is at 1886and the FWHM is 50 nm. The
different peak wavelengths and FWHM’s between t&A%nd the electroluminescence
are probably due to material differences acros&timeh wafer. The Fabry-Perot spectral

ripples at operating currents are quite low, < 2 d8th their period of ~0.1 nm
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corresponding to the chip length. It is noted ti& slow amplitude modulation in the
ripple in Fig. D. 2 is an intrinsic chip featuredars not caused by interference effects
from the lensed fibers used for the coupling, beeaueither the position nor the
amplitude of the ripples are fiber tip position dagdent. The slow ripple is most probably
due to wavelength dependent backreflection becallg® mode conversion on the tilted
facet [133] andcoupling with substrate modes due to the transpgrefthe GaAs wafer
substrate at 1300 nm [134The onset of lasing at 1304.5 nm ultimately limikse
maximum QD-SOA gain. This indicates that probabhgre higher gain and obviously
lower ripples could be obtained if the chip facstse AR-coated. In Fig. (D. 3) the ASE
spectra for no signal and in saturation are preserfor the case where a 1300-nm CW
signal is injected, it is seen that the spectrahbening is quasi-homogeneous in a wide
spectral range around the gain maximum. This ceimmtuis supported by the fact that
the reduction in the ASE power occurs in a broad/elngth region around the
saturating signalSuch a wide homogeneous bandwidth is rather usuadderation of
electrically pumped QD-SOA at room temperature wihendephasing time is very short
as discussed in Chapter one. In our case of C\Watperthe inhomogeneous broadening
due to dot size distribution is additionally masksdthe carrier transport effects, which
play an essential role there as could be conclirded the fact that saturation of the ASE
power is significantly stronger on the red sidentba the blue one.

The dependence of the QD-SOA chip small signal gawavelength 1300 nm on the
current is presented in Fig. (D.4). The gain wassnesd by comparing the device gain
to that at transparency current (~30 mA), which wiasermined by monitoring the

saturation of the device transmission at high powefeinput signal. As the waveguide

110



losses are low, <2 cMhit gives only a small, maximum 2 dB correctiorthe gain value.
The results show a good agreement with the on&ff (~40 dB) and the values obtained
from the fiber-to-fiber gain minus the coupling des (~12 dB per facet), which were
estimated by comparing the ASE power coupled irfitiex to the total ASE power. The
high loss value is mainly because spherical filbpets were used while the light beam
had 3:1 ellipticity. The coupling could be improvading, for example, biconic lensed
fiber tapers. At currents in the vicinity of thesilag threshold (135 mA) the gain reaches
the value of ~18 dB (17 cf), which is consistent the data on the ground staterated
gain in a Fabry-Perot laser grown under similarditbons [135]. In QD lasers, gain
saturation is usually determined by the completeufadion of the quantum dot ground
state. However, as already mentioned heating calglol cause the gain saturation effect
(Fig. D.1). The gain has strong, at least 20-dBapzdtion dependence. It is due to the
QD gain polarization dependence — the TM gain marims significantly blue shifted
either because the light-hole energy levels are cmtfined within the heavily
compressively strained QD or because of the pdati@hape of the dot. Only if the dot
had a symmetric cross-section in the directionigitl propagation, the TE and TM
ground state gain would be equal. The problem mingt polarization-dependent gain
could be relaxed using a double pass with poladaattation or polarization diversity
configurations. In Fig. D.4 the current dependentehe 3-dB gain saturation power
(chip output) for a CW signal at 1300 nm is alsmwsh together with the typical
dependence of the QD-SOA gain on the output poweatues of ~9 dBm output
saturation power are achievable. It is comparalile that of common bulk- and MQW-

SOA'’s but it is essentially lower than the valuétained in numerical simulations [30].
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Due to the onset of the lasing and heating, stiowgrsion of the QD ground state and
the extremely low differential gain desirable fagih saturation power could not be
reached. The carrier capture time was also ababater of magnitude longer than that
assumed in the simulations as it will be shownhteirt The linewidth enhancement factor
has been estimated by the shift of the ASE spegpyales in gain saturation as illustrated
in Fig. D.5. As it is typical for QD devices, thadwidth enhancement factor is very low
- ~0.1. It is essentially lower than the typicaluaof ~5 for MQW-SOA, which was also
measured in the same set up for a common commigraiadilable 1300-nm MQW-SOA.
From the ASE spectral density the noise figurehef QD-SOA was estimated to be
~8 dB taking into account that the ASE is polarized

The gain recovery dynamics of the QD-SOA sample w0 studied. The
measurements were based on the beating of two paiss with close pulse repetition
frequencies. A 1.25-GHz train of 12-ps pulses with center wavelength of 1300 nm
served as the pump. The probe pulse train of 1.pytses at 1296 nm had 1.25 GHz-
125 Hz repetition frequency. The maximum tempordhy is set by the pulse repetition
frequency to ~800 ps. The QD-SOA gain dynamicsdiffierent currents is shown in
Fig. D.6 together with the results obtained forammon 1300-nm MWQ-SOA. In a
conventional MQW-SOA (Fig. D.6 b), for pulses longhan a few picoseconds the
relaxation dynamics can be well described by alsiegponent and the recovery time is
strongly dependent on the carrier density. On trerary, the recovery dynamics of the
QD-SOA gain can be characterized by two time caristaThose were found to be
11~9 ps1,~140 ps by fitting a double exponent to the logamitof the gain recovery

profile. It is worth noting that the relaxation entonstants were found to be practically
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independent of the driving current in the studiadge. The dependence of the relaxation
time constants on the input pulse energy was disdiesl. It was found that for up to
4 dB pulse gain saturation there are no pronourc®ghges in the gain recovery
dynamics.

The initial fast incomplete gain recovery with damation time ~9 ps could be
attributed to several effects. On one side it cdiddan extensively discussed relaxation
bottle neck but usually the carrier relaxation timeethe QD ground state is ~1 ps,
significantly shorter than the observed one. On dtieer side it could be an interdot
(“tunneling”) relaxation between the lateral coupldots in a QD layer, which could
become possible for room temperature at high QBitdes, when coupling can lower the
barrier between the QD [136,137]. The longer rdiaxatime constant corresponds to the
relaxation of the total carrier density. More dietdi investigations, are necessary to
clarify the physics of the gain recovery dynamigst it is out of the scope of the present
paper. Especially the second, total carrier denglgxation process with 140-ps time
would be an inhibiting factor for high bit ratensanission similar to the case of common
bulk and MQW-SOA. Probably the effect might be el by optimization of the
structure and especially by increasing the pumpeoui{37]. In our case the maximum
pump current was limited by the onset of lasing.

2. CONCLUSIONS

Parameters of a 1300-nm quantum dot semiconduptarab amplifier built using a
2.4-mm long structure of six InAs/InGaAs DWELL lagewith very high dot density
(8 x 10" cm?) have been studied. A gain as high as 18 dB witmrs bandwidth has

been reached at low current (100 mA). The outpturaaon power for a CW signal is
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~9 dBm. The linewidth enhancement factor is belotv The polarization dependence of
the gain is more than 20 dB, the noise figure isual8 dB. Gain peak wavelength and
bandwidth are practically temperature independent.

The obtained parameters are better than or comlpai@ithat of a common SOA. It
shows prospects of QD-SOA deployment in opticaivoets because of the ultra-fast
gain recovery and the low linewidth enhancementofaavhich allow to decrease the

signal distortions by cross-gain modulation andpgheneration in high bit rate systems.
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