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1. Introduction

1.1 Introduction

This dissertation investigates the characteristic improvement and performance
of QD SOA. There are 3 parts: 1) “Characteristics-improvement of QD semiconductor
optical amplifier using rapid-thermal annealing process”, published in 2018 SPIE
Photonics West Conference (Section 2), 2) “Optimized design of QD-LD toward QD
SOA to achieve 35-dB maximum chip gain with 400-mA injected current”, published
in Optics Communications Journal, vol. 475, 2020 (Section 3), and 3) “Performances
of conventional SOAs versus QD-SOA in 1530-nm upstream transmission of 40 Gb/s
access network”, to be submitted to Engineering Journal (EJ) (Section 4). To improve
the internal quantum efficiency in QD structure, Rapid Thermal Annealing (RTA)
process is applied during QD growth process, as described in Section 2. Another
important characteristic of QD SOA is gain. Therefore, Section 3 shows the maximum
chip gain of 35 dB by optimizing the stacked QD layers via strain compensation
technique. Finally, two conventional SOAs (SOA1013S, SOA#1 and SOA1117S, SOA#2)
and QD SOA are applied in 40 Gb/s access network to evaluate their effects and
performances described in Section 4. The 3-dB bandwidth, ASE peak wavelength,
small-signal gain, saturation output power, and Noise Figure (NF) are measured. Also,
the response time and data pattern effect are reported, as well as the Input Power
Dynamic Ranges (IPDRs) of conventional SOAs and QD SOA. The performances of 3
SOAs are evaluated by Bit Error Rate (BER) measurement. To increase power budget
more than single SOA, the two-cascaded SOA is implemented in network. Finally,
both computed and experimental BERs are plotted versus SOA’s input power to
confirm the Optical Signal to Noise Ratio (OSNR) degradation and data pattern effect.

Part 1 and 2 were published in the international conference and international
journal, respectively. Part 3 has been prepared to submit to the international journal.
They are fulfillment of the requirements for Degree of Doctor of Philosophy in
Electrical Engineering, Department of Electrical Engineering, Faculty of Engineering,

Chulalongkorn University.



1.2 Background

An optical amplifier is extremely useful to apply in various applications shown
in Figure 1.1. The in-line amplifier is inserted in a middle of network to amplify signal
as shown in Figure 1.1 a). It is generally used in a long-haul system to compensate
for total loss. Also, it is used in Wavelength Division Multiplexing (WDM). Moreover,
multiple amplifiers are applied as cascaded amplifiers to increase the power budget
of network. Figure 1.1 b) shows the preamplifier inserted before an optical receiver to
improve an optical receiver’s sensitivity as well as increase the power budget. The
power booster amplifier is applied after an optical transmitter as shown in Figure 1.1
c). This amplifier increases transmitted power and power budget. Figure 1.1 d)
illustrates the LAN booster amplifier inserted in a middle of network similar to an in-

line amplifier. This ampilifier is generally used in the Passive Optical Network (PON).

Fiber lines

— oy
opticalﬂ-ﬂ Oﬂﬂ [G\ﬂ.ﬂ O nn

TX

In-line amplifier

(a)

Opticall mn O J'lﬂ [ ﬂ.ﬂ Optical

TX T RX |1
- " Preamplifier
! [Optical ﬂﬂ EG\ Eﬂ.ﬂ @ JU1 |Optical
i TX > Long fiber RX
! link

Power (booster) amplifier

Opticall J_I—H- O JUL

TX

Q] _
Receiver
- .
sations

LAN booster Str 1
amplifier coupler

(d)
Figure 1.1 Applications of optical amplifier [1].

There are three main types of optical amplifiers: 1) Erbium-Doped Fiber
Amplifier (EDFA), 2) Raman amplifier, and 3) Semiconductor Optical Amplifier (SOA).
EDFA is doped by Erbium element. It gives high gain and low Noise Figure (NF).

However, EDFA can operate in only C-band (1530 nm - 1565 nm) as shown in Figure



1.2 a). Raman amplifier has very high gain and can operate outside C-band. However,

it is expensive and has high power consumption.

Test example exists
a) Fiber Amplifiers - e
EDFA |
b) SOA
cans —{
InGaAsp - SE— ..

Wavelength (um)

Figure 1.2 Wavelength bands of a) fiber amplifiers and b) SOA [2].

SOA is a good option to be used for several bands. The operating wavelength
ranges depend on doped elements. Figure 1.2 b) shows the operating wavelengths of
GaAlAs and InGaAsP substrates, which can fabricate different SOAs operating in
various wavelength ranges. Furthermore, SOA has lower cost and is more compact
size compared to other amplifiers. Moreover, it can be easily integrated with
semiconductor devices such as laser and modulator. The nonlinear effects of SOA,
such as cross-gain modulation and cross-phase modulation, can be applied for

wavelength conversion [3]. The radiative processes of SOA are described as follows.

Radiative Processes [4]

The energy gap (E;) of semiconductor material is important factor for

emitted wavelength according to equation (1.1) [4].

hc
By =hv=— (1.1)

where h is Plank’s constant (= 6.626 x 10 J-s), V is frequency (Hz), c is velocity of
light (= 3 x 10° m/s), and A is wavelength (nm).

There are 3 radiative processes of SOA as shown in Figure 1.3 [4]. The lowest
conduction band (E,) and highest valence band (E,) are considered. The energy gap

of SOAis equal to E; =hv=E, -E,.



a) b) c)
Spontaneous  Stimulated Stimulated
emission emission absorption
O o000 00000 Q00O®
E,
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o¥ooo¥eo000®000

Hole Electron (carrier)
Figure 1.3 Radiative processes of SOA: a) spontaneous emission, b) stimulated

emission, and c) stimulated absorption or absorption [4].

® The spontaneous emission is displayed in Figure 1.3 a). The electrons in
conduction band are released to valence band depending on carrier lifetime.
Therefore, this process produces background noise that cannot be avoided.

® The stimulated emission process is important for amplification in SOA as
shown in Figure 1.3 b). This process requires the empty states in valence
band. The inducing photons trig electrons from a conduction band to relax to

a valence band, then stimulated photons occur.

® The stimulated absorption or absorption process is shown in Figure 1.3 ¢).
This process requires the empty states in conduction band. The electrons in a
valence band are excited to a conduction band by inducing photons. The

absorption process is important to photodiodes.

Additionally, the current from external current source is injected into SOA to
increase more electrons or carriers in a conduction band. Therefore, the stimulated
photons of stimulated emission process can be increased because of high carriers.

For this reason, it results in the amplification of SOA.

SOA’s Structure [4]

The double-heterostructure SOA shown in Figure 1.4 a) illustrates a basic
structure of SOA. The compound Ill-V semiconductor, such as GaAs and InP, is used
as SOA’s substrate for wavelength emissions in optical communication. Light emits

from the active layer, which is intrinsic semiconductor grown between p-type and n-



type semiconductors. The current is injected into SOA at current stripe, then
electrons spread into active layer to increase carriers. Anti-Reflection (AR) coatings

must be applied at the end of both facets to eliminate high reflectivity.
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Figure 1.4 a) Double-heterostructure SOA and b) carrier & optical confinements in

double-heterostructure SOA [4].

The p-type and n-type semiconductors are cladding layers. The cladding
layers must have higher energy gap and lower refractive index than active layer in
order to have carrier and optical confinements as shown in Figure 1.4 b). Therefore,
the highest light intensity occurs in active region. The width of waveguide has to be
narrow to avoid higher-order transverse mode. SOA has nonlinear effects such as
self-phase modulation and chirp. They are undesirable effects for an access network.
Consequently, Quantum Dot Semiconductor Optical Amplifier (QD SOA) is developed
to reduce those effects.

The QD SOA is interesting device in many researches. This amplifier is
developed from SOA by using Quantum technology. Both structures of SOA and QD
SOA are almost the same. However, QD SOA has the QD layer grown in active layer

as shown in Figure 1.5. QD layer improves some characteristics of semiconductors.



Nano Structure [5]

InGaAs capped layer

p-type InAlAs buffer layer

| InGoalasspacerlaver | '/ !

InAs QD layer

InGaAlAs spacer layer

n-type InAlAs buffer layer

n-type InP(311)B substrate

Figure 1.5 QD layer in QD SOA structure.

Bulk, Quantum Well (QW), Quantum Wire, and Quantum Dot (QD) have the

density of states D(E) as shown in Figure 1.6. First, the bulk structure has three

dimensions (3D) and continuous density of state. Second, the QW structure has two

dimensions (2D). And, its density of state is step function. Third, the Quantum Wire

has one dimension (1D) and density of state shown in Figure 1.6 c). Last, the QD

structure has dimensionless (0D) and discrete density of state. Therefore, the QD

provides better carrier confinement compared to other structures.

a) Bulk:3D

D(E)

b) Quantum Well: 2D

D(E)

c) Quantum Wire: 1D

d) Quantum Dot: 0D

D(E)

Figure 1.6 Density of state D(E) for a) bulk, b) quantum well, c) quantum wire, and d)

quantum dot [5].

Figure 1.7 displays the density of state of QD gain media. Bulk and QW act as

carrier reservoirs. The QD Excited State (QD ES) is additional state. The most

important state is QD Ground State (QD GS), which affects response time of SOA.
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Figure 1.7 Density of state of QD gain media [5].

Dynamic Properties [5]

Two main dynamic processes are intra-band and inter-band processes. The
intra-band process is dynamic carrier within each band, while the inter-band process
has generation and recombination of carriers (electron or hole) between valence and
conduction bands. Moreover, the carrier injection from external current source
causes inter-band process.

The dynamic properties are related to gain recovery time or response time of
SOA. Its response time is important factor for many applications such as burst-mode
transmission, optical signal processing, wavelength conversion, and optical switching.
Therefore, the individual process is necessary to consider SOA’s response time.
According to Ref. [5], they measured the response time by pump-probe configuration.
The pump signal is short and strong pulse to force gain media out of steady-state.
Furthermore, the probe signal is short and week pulse. The probe signal detects gain
and phase change after pump pulse. Then, it traces gain and system recovery back

to steady-state.
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Figure 1.8 Pump-probe curves: a) conventional SOA & c) QD SOA, and the change of
carrier density: b) conventional SOA & d) QD SOA [5].

The pump-probe curves and the change of carrier density (dd—ENC) of

conventional SOA are shown in Figure 1.8 a) and b), respectively. According to this
pump-probe measurement, the pump signal is applied to SOA as gain compression,
which results in carrier depletion or Spectral Hole Burning (SHB). Next, the Auger
scattering or Carrier Heating (CH), which is intra-band process occurs at about 100 fs
to close spectral hole. Furthermore, the carrier distribution has to be equal to Fermi
distribution. After that, the phonon scattering or Carrier Cool Down (CCD), which is
intra-band process, occurs in a few ps for a relaxation of carrier distribution. Last, the
carrier injection from external current source, which is inter-band process, needs 1 ns
to refill carrier density in a conduction band. Consequently, the response time in
conventional SOA is approximately 1 ns.

The pump-probe curves and the change of carrier density of QD SOA are
shown in Figure 1.8 ¢) and d), respectively. The gain media of QD SOA are different
from conventional SOA. They have additional states: Ground State (GS) and Excited
State (ES). According to Figure 1.8 d), the upper band is used for carrier reservoir,

which needs carrier density higher than in QD at least 10* times. First, the gain



compression results in SHB similar to conventional SOA. But, the SHB in QD SOA
occurs only at GS. Next, the reservoir CH results in carrier refilling from reservoir into
GS and ES about 100 fs. After that, the carrier distribution occurs from CCD leading to
closure of spectral hole in GS. Therefore, QD SOA has gain recovery within a few ps
without carrier injection that needs long time to refill carrier density in conduction
band. As a result, the QD SOA has response time less than 1 ns.

At present, the QD SOA has many advantages such as ultra-fast gain response,
low Noise Figure (NF), low data pattern effect, low power consumption, and low cost
[6]. The typical operating wavelengths used in optical communication are O-band
and C-band. The typical substrates of QD SOA are GaAs [7] for O-band and InP [8] for
C-band. The Stranski—Krastanov growth (S-K growth) is applied for QD layer growth
because of ultralow threshold current, temperature stability, high modulation
bandwidth, and low chirp. However, this S-K growth technique cannot be suitable for
more than ten layers of QD. For this reason, the strain compensation technique [9,
10] has been proposed to increase QD layers and QD density. To improve the
characteristics of QD, Rapid Thermal Annealing (RTA) is applied during growth process.
The threshold current of annealed devices is better than as-grown devices. The
external quantum efficiency (7,) and internal quantum efficiency (7)) of lasers under
RTA process are also improved [7, 11].

Nowadays, the number of users in an access network increases every year.
Many applications require large bandwidth and high-speed internet. The optical
access network with high bit rate is installed to support many users and extended
distance. The Passive Optical Network (PON) plays an important role in many
countries to support many users and high bit rate at least 1 Gb/s. Therefore, the
optical amplifier is inserted to increase power budget in PON. The details of Gigabit-
capable Passive Optical Networks (G-PON), 10-Gigabit-capable Passive Optical
Networks (XG-PON), and 40-Gigabit-capable Passive Optical Networks (NG-PON2)
based on ITU-T standards are listed in Table 1.1.
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Table 1.1 ITU-T standards of G-PON, XG-PON, and NG-PONZ2

Standard Name Upstream bit rate Downstream bit rate

ITU-T G.984.1 [12] | G-PON 2488.32 Mb/s@1310 nm | 2488.32 Mb/s@1490 nm

ITU-T G.987.1 [13] | XG-PON 10 Gb/s@1270 nm 10 Gb/s@1577 nm

ITU-T G.989.1 [14] | NG-PON2 | 40 Gb/s@1524-1544 nm | 40 Gb/s@1596-1603nm

First, the G-PON based on [TU-T G.984.1 has upstream and downstream
wavelengths at 1310 nm and 1490 nm, respectively. The bit rates of both upstream
and downstream transmissions are up to 2488.32 Mb/s. And, the number of users is
up to 64 users. The power budget classes are class A (5 — 20 dB), class B (10 — 25 dB),
and class C (15 - 30 dB). According to GPON: Reach extension based on ITU-T G.984.6
[15], the reach extension is up to 60 km by using optical amplifiers or repeaters. Next,
the XG-PON based on ITU-T G.987.1 has upstream and downstream wavelengths at
1270 nm and 1577 nm, respectively. The bit rates of upstream and downstream
transmission are 10 Gb/s. The distance can be extended from 20 km to 60 km by
using optical amplifiers. The power budget classes are N1 class (14 - 29 dB), N2 class
(16 — 31 dB), E1 class (18 — 33 dB), and E2 class (20 - 35 dB). Last, the NG-PON2
follows ITU-T G.989.1. It uses Time & Wavelength Division Multiplexed (TWDM) PON
and Point-to-Point (PtP) WDM to increase bandwidth. The bit rates of upstream and
downstream transmission are up to 40 Gb/s. The upstream and downstream
wavelengths are 1524 - 1544 nm and 1596 — 1603 nm, respectively [16]. The power

budget classes are the same as XG-PON.
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1.3 Objectives

1.

Study the fabrication of a ridge laser diode to be implemented as Quantum
Dot Semiconductor Optical Amplifier (QD SOA) and improve the
characteristics of QD SOA.

2. Study and measure the characteristics of conventional SOAs and QD SOA as
follows: amplifier gain, optical spectrum, output saturation power, and Noise
Figure (NF).

3. Apply amplifiers in an access network, expecting at least 2 times of power
budget above the standard. Measurements are repeated to analyze the Bit
Error Rate (BER) at 10~

1.4 Scopes

1. Study 40 Gb/s bit rate access network at C-band wavelength.

2. Measure the characteristics of 3 optical amplifiers as follows: (1) C-band
conventional SOA1013S (SOA#1), (2) C-band conventional SOA1117S (SOA#2),
(3) C-band QD SOA.

3. Evaluate the performances of 3 optical amplifiers in 40 Gb/s data transmission,

which must achieve 10 BER according to standard. Their results are analyzed

the data pattern effect.

1.5 Benefits and Applications

1.

2.

3.

a.

The internal quantum efficiency of ridge LD increases to be 66.39 % with low
optical loss at 9.36 cm™ by Rapid Thermal Annealing (RTA).

The maximum chip gain is 35 dB with 400-mA bias current. The high gain of
QD SOA is important parameter to increase power budget in a network.

QD SOA successfully gives the fastest response time of 70 ps and less data
pattern effect, which are suitable for burst-mode transmission.

The cascaded SOA#1 and QD SOA can support 128 users and distance at 20
km in 40 Gb/s access network. And, the power budget is at least 2 times

above standard.
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2. Characteristics-improvement of QD semiconductor optical

amplifier using rapid-thermal annealing process
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We investigated the effect of Rapid Thermal Annealing (RTA) process on Quantum
Dot Semiconductor Optical Amplifiers (QD SOAs). The devices are composed of 30-
layer stacks of InAs quantum dot by using strain compensation method. The lateral
size and height of QD are 30 nm and 4 nm, respectively. Our QD SOAs have emission
wavelengths  within 1.5 pm-band. We applied RTA process to improve the
characteristics of internal quantum efficiency (7)) and optical loss (o) of ridge laser
diode for QD SOAs. In this case, the operating temperatures of RTA process were set
at 600 °C, 620 °C, 640 °C and 660 °C for 30 seconds each. In addition, the devices
are cleaved to form a cavity length at 0.06 cm, 0.08 cm, 0.10 cm, 0.12 cm and 0.14
cm. According to the L-I characteristic result of ridge laser diode structure for QD
SOAs at 640 °C, the best minimum threshold current (/y,) is 47.93 mA. Moreover,
according to the plot between n'ld (external quantum efficiency) and cavity length,
we can optimize the internal quantum efficiency and optical loss for a ridge laser
diode structure to be 66.39 % and 9.87 cm’, respectively at 640 °C RTA’s
temperature. Finally, The RTA process helps to achieve 1.4 times higher in internal
quantum efficiency as well as a minimal increase in internal optical loss comparing

to without RTA.
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2.1 Introduction

The number of Internet users is rising every year and their residences are
spreading outwards. Many applications also require large bandwidth. The installed
optical access networks must offer a high bit rate transmission covering a broader
subscribed area with more power budget. The standard G-PON [17] and XG-PON [18]
play an important role in many countries to support bit rates up to 10 Gb/s. But, the
limited power budget prohibit those networks to offer both a large number of
subscribers and long distance. For this reason, an optical amplifier is needed to
compensate for more losses from splitters and fiber attenuation. For example,
Semiconductor Optical Amplifier (SOA) is widely used since it can work at any
wavelength depending on its dopant, unlike Erbium Doped Fiber Amplifier (EDFA)
only works in C-band. However, SOA consumes more power than EDFA at the same
output gain. SOA also has data pattern dependent effect. Hence, Quantum Dot
Semiconductor Optical Amplifiers (QD SOAs) will be used instead because of better
performance, such as lower power consumption and no pattern dependent effect.

The Quantum Dot (QD) semiconductor is applied in many optical devices.
The Stranski-Krastanov growth (S-K growth) is an excellent technique for QD layer
growth. This technique has a lot of advantages such as ultralow threshold current,
temperature stability, hish modulation bandwidth, and low chirp. According to
quantum dot lasers with S-K growth technique, the improvement of a threshold
current density, characteristic temperature, differential gain, linewidth enhancement
factor, and internal quantum efficiency were observed [19]. However, this S-K growth
technique cannot be suitable for more than ten layers of QD. Therefore, the layers
and density of quantum dot will be limited. For this reason, the highly stacked layers
with strain compensation technique [9, 10] has recently been proposed to improve
the performance of quantum dot density. The 30-layer InAs quantum dot grown on
InP substrate at 1.5 pm-band wavelength with high characteristic temperature was
reported [20]. Furthermore, a ridge laser diode with highly stacked layers was already
proposed in [21]. Finally, the QD SOAs can be assembled from a ridge Laser Diode
(LD) structure [8].
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The Rapid Thermal Annealing (RTA) process has been applied to improve
performance in many applications such as Quantum Dot Laser, Quantum Dot Infrared
Photodetector (QDIP) [22, 23], and solar cell [24]. In papers [7, 11, 22, 23, 25-27], the
RTA process on QD laser with GaAs substrate at 1.3 m wavelength was investigated.
Instead, we use InP substrate at 1.5 pm-band wavelength with RTA process, which is
different from those reported papers. This annealing process improves the
characteristic of QD structure. In addition, the threshold current of annealed devices
is better than as-grown devices. The external quantum efficiency (7, and the
internal quantum efficiency (7)) of lasers under RTA process are also improved [7, 11].
Nevertheless, the internal optical loss (o) was slightly increased during RTA in our
case. Then, we suppressed this optical loss by using a better growth condition of
new Broad Area Laser Diode (BA-LD) and ridge LD. The thermal annealing results in
blue-shift effect and a narrower Full Width at Half Maximum (FWHM). During RTA
process, the devices are capped by SiO, sputtering on both sides to protect its
surface substrate [28, 29].

In this paper, we investigate the effect of RTA process on BA-LD and ridge LD
for QD SOAs. The devices are composed of 30 stacked-layer InAs quantum dot
operating at 1.5 m wavelength band for CATV broadcast according to ITU-T G.984.5
G-PON standard [30]. The improvement in characteristics of annealed devices are
compared to as-grown devices. We can achieve a significantly high internal quantum

efficiency and low internal optical loss for BA-LD and ridge LD under RTA process.
2.2 Experiments

There are 4 experiment steps: (1) Quantum Dot growth, (2) RTA process, (3)
laser diode fabrication and (4) measurements. First, we grew 30-layers stacks of InAs
quantum dot on InP(311)B substrate by Molecular Beam Epitaxy (MBE), as shown in
Figure 2.1 (left). Then, this highly stacked QD layer was applied the strain
compensation method. The QD density is 5.24 x 10'° cm? measured by Atomic
Force Microscope (AFM) as shown in Figure 2.1 (right). The average lateral size and
height of QDs are 30 nm and 4 nm respectively. The n-InAlAs buffer layers are
composed of 100-nm thick layer of lattice-matched Si-doped n-type. Also, a 2000-
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nm thick of p-type InAlAs buffer layer was grown. The InAs QDs are separated by 20-
nm thick InGaAlAs as spacer layers. An InGaAs capped layer follows the buffer layer.
Next step, we did RTA process on as-grown samples to improve the characteristics of
QD SOAs. The temperature conditions of RTA process were performed in Ar ambient
at 600 °C, 620 °C, 640 °C, and 660 °C for 30 seconds. During RTA process, the devices
were capped by sputtered SiO, on both sides to prevent In desorption. Later, this

SiO, coating was removed by Buffered Hydrofluoric Acid (BHF).

1pum

InGaAs capped layer

p-type InAlAs buffer layer

InGaAlAs spacer layer

N
1pum

InAs' QD layer

v InGaAlAs spacer layer

n-type InAlAs buffer layer

n-type InP(311)B substrate

Height Sensor 200.0 nm

Figure 2.1 (left) Structure of quantum dot laser and (right) a picture from AFM

measurement.

The 3" step, we fabricated 2 types of laser diode: Broad Area Laser Diode
(BA-LD) and ridge laser diode. In case of BA-LD, SiO, was coated on as-grown samples,
followed by an ohmic contact layer which is Ti-Pt-Au n-type. Likewise, a ridge laser
diode structure consists of the same SiO, and ohmic type, but it has
Benzocyclobutene (BCB) as an insulator layer. The devices were cleaved at 0.06 cm,
0.08 cm, 0.10 cm, 0.12 cm and 0.14 cm cavity lengths. For measurement step, the
optical spectrum of as-grown samples were measured by Photoluminescence (PL),
which was set at 77 Kelvin temperatures. The 514-nm laser diode and InGaAs
photodetector were used in PL measurement. According to L-I characteristics
measurement, the plot shows light output power versus injection current. We can
obtain the threshold current (/) from this L-I relationship. The pulse width and duty
cycle of Laser Diode (LD) tester were set at 1 (ks and 1 %, respectively. In this paper,
we tested three cases: (1) BA-LD, (2) new BA-LD with better conditions of QD growth,
and (3) ridge LD.
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2.3 Results
Figure 2.2 shows the plot of Photoluminescence (PL) intensity and
wavelength of as-grown sample before Rapid Thermal Annealing (RTA) process. The

peak wavelength of PL spectrum was measured to be 1580 nm.

1500 1700 1800 2100

1100 1300
Wavelength (nm)

Figure 2.2 PL spectrum of as-grown sample.

According to the L-I results in Figure 2.3, the significant improvement of
threshold current when using RTA process can be distinctively observed, comparing
to the threshold current of 1366.35 mA for devices without RTA. Figure 2.3 shows the
threshold currents of 650.93 mA for BA-LD and 315.13 mA for new BA-LD, at 640 °C
RTA temperature. In addition, the ridge LD has the lowest threshold current of 47.93

mA, which is better than BA-LDs under the same conditions.
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Figure 2.3 L-I characteristic measurement of BA-LD, new BA-LD, and ridge LD.
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The external quantum efficiency (7),) was derived from a slope of L-I plot in
Figure 2.3. We repeated L-I measurement of many samples, and found the external
quantum efficiencies of LDs at different cavity lengths and RTA temperatures. Figure
2.4 a) - d) display the external quantum efficiency results of BA-LD samples at 600 °C,
620 °C, 640 °C and 660 °C RTA temperatures, respectively. Figure 2.4 e) displays the
results of new BA-LD samples at 640 °C, and Figure 2.4 f) shows the results of ridge
LD samples at 640 °C RTA temperature.
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Figure 2.4 External quantum efficiencies at different cavity lengths and RTA
temperatures: a) BA-LD at 600 °C, b) BA-LD at 620 °C, c) BA-LD at 640 °C, d) BA-LD at
660 °C, e) new BA-LD at 640 °C, and f) ridge LD at 640 °C
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A relationship between external quantum efficiency and cavity length leads

to the internal quantum efficiency (77) and optical loss (o) as given in equation (2.1).

t_1 aiLJH 2.1)

g 7 In (1
R

where L and R are cavity lengths and reflectivity of laser cavity, respectively. In this
case, R is equal to 0.298, and L are equal to 0.06 cm, 0.08 cm, 0.10 cm, 0.12 cm, and
0.14 cm.

Based on all those dot results in Figure 2.4, the dotted line was drawn in
each plot to approximate equation (2.1). Hence, the internal quantum efficiency and
optical loss were extracted and plotted versus different RTA temperatures as
illustrated in Figure 2.5. The solid reference line is also shown for devices without

RTA process as the lower bound.
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Figure 2.5 a) Internal quantum efficiency vs. RTA temperature, and b) Optical loss vs.

RTA temperature.

In Figure 2.5, the results of BA-LD, new BA-LD, and ridge LD are displayed as
circle, square, and triangle, respectively. The internal quantum efficiencies of
annealed devices are higher than devices without RTA. Clearly, this efficiency is
highest at 640 °C due to the reduction of non-radiative recombination and density of
defects. However, a too high RTA temperature at 660 °C caused dislocation of
quantum dots. According to Figure 2.5 a), the improvement of internal quantum

efficiency jumps from 24.71 % (BA-LD without RTA) to 58.92 % for BA-LD, and rises
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from 50.36 % (without RTA) to 67.16 % for new BA-LD, both at 640 °C RTA
temperature.

In Figure 2.5 b), the internal optical losses at different RTA temperature are
shown. Again, these losses of annealed devices are higher than devices without RTA.
The highest loss at 600 °C RTA temperature was caused by a too low annealing
temperature, which is unsuitable condition for QD structure in annealed devices.
Consequently, the optimized internal optical losses at 640 °C RTA temperature are
42.56 cm™ for BA-LD and 18.80 cm™ for new BA-LD.

In case of ridge LD at 640 °C RTA temperature, its internal quantum efficiency
rises from 46.13 % (without RTA) to 66.39 %. And in Figure 2.5 b), the internal optical
loss also increases from 2.24 cm™ (ridge LD without RTA) to 9.87 cm™. Comparing
these results of internal quantum efficiency and optical loss, the ridge LD

outperforms BA-LD.
2.4 Conclusion

We successfully fabricated 30-layer stacks of InAs Quantum Dot
Semiconductor Optical Amplifiers (QD SOAs) by using strain compensation method.
The devices have emission wavelengths within 1.5 pm-band. The Rapid Thermal
Annealing (RTA) process at 640 °C temperature can improve the characteristics of
internal quantum efficiency (7) and optical loss (o) for a ridge laser diode structure
equal to 66.39 % and 9.87 cm™, respectively. The RTA process helps to achieve 1.4
times higher in internal quantum efficiency as well as a minimal increase in internal

optical loss comparing to without RTA.
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3. Optimized design of QD-LD toward QD SOA to achieve 35-

dB maximum chip gain with 400-mA injected current
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We measured the characteristics of Quantum Dot Semiconductor Optical
Amplifiers (QD SOA) with 25 stacked layers of InAs/InGaAlAs QDs grown on InP(311)B
substrate. The temperature dependence of threshold current and lasing peak
wavelength in C-band of QD-Laser Diode (QD-LD) were analyzed over its operating
range of 15 — 80 °C. The chip gains of 3 device lengths (1.5, 2 and 2.4 mm) were
compared under varied injected currents up to 500 mA. To avoid overheat and chip
damage during measurements, the pulse current source with 1 % and 10 % duty
cycles was used. Based on our best results of 2-mm long QD SOA with 25 stacked QD
layers, the 1 % pulse is preferable because of its lower heating and additional chip
gain of 11.9 dB. Hence, the highest chip gain of 35 dB was achieved at 400-mA
injected current, as well as the highest 3-dB saturation output power at 20.9 dBm.
According to the plot of chip gain versus wavelength, it shows 3-dB gain spectrum
over 20 nm and the highest peak at 1570-nm wavelength with 500-mA injected
current. In addition, the results of another QD SOA module showed 15.4-dB Input
Power Dynamic Range (IPDR), faster response time due to less pattern effect and

error-free transmission of 40 Gb/s data over 20-km Single Mode Fiber (SMF) link.
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3.1 Introduction

The Quantum Dot technology has become more interesting in R&D mainly in
optical communication. Many devices integrate QD, such as QD-LD since 1997 [19],
QD SOA [6] and photodetector [31]. In case of QD-LDs, some techniques are applied
to improve performances. For example, the Rapid Thermal Annealing (RTA) process
can increase lasers’ internal quantum efficiency (7)) with low optical loss (o) [32].
This efficiency also increases with the higher number of stacked QD layers [33].
However, the number of QD layers must be optimized because of the self-heating
effect that occurs under too many QD layers [34].

In case of QD SOAs, they are attractive due to many advantages, such as
ultra-fast gain response, low noise figure [6], and high efficiency of Four Wave Mixing
(FWM) or Cross Gain Modulation (XGM) for wavelength conversion [35-38] as well as
Cross Phase Modulation (XPM) for all-optical signal processing, e.g. logic (XOR & AND)
gates [39, 40], 2x2 switch [41], and D flip-flop [42]. Plus, the QD SOAs can be applied
in very high bit-rate up to 40 Gb/s [35-38, 43] in various applications using different
modulation formats, such as QPSK, 8-PSK [36], 16-QAM [36, 43], and PAM-4 [37, 38].
Similar to QD-LD [44], the extremely stable temperature characteristic of QD SOA can
be achieved by proper growth conditions of QD layers. The key parameter of QD SOA
is amplifier gain, which can be increased by the number of stacked QD layers, for
instance, QD SOA operating at O-band [45, 46] and C-band [43, 47]. Based on prior
work [47], the highest chip gain of 1550-nm QD SOA (with 20 stacked InAs/InGaAlAs
QD layers) is 35 dB at 500-mA injected current. In this paper, we can reach the same
gain, but at a lower current and higher stacked QD layers, which are very
complicated to fabricate. To the best of our knowledge, the maximum gain is 41 dB
around 1480-nm wavelength as reported in [48], from the QD SOA applied in 16-QAM
amplification; but it required very high injected current of 1.85 A.

Here are the benefits of SOAs and QD SOAs. They can be applied in fiber
networks to amplify any wavelength depending on their doped semiconductor
elements. They are very compact and consume less power as compared to Erbium

Doped Fiber Amplifier (EDFA). The QD SOAs have better performance of frequency
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chirp as well as less data pattern effect than conventional SOAs [49, 50]; and thus
they are more suitable for the burst-mode upstream transmission in Passive Optical
Network (PON) as well as for optical signal processing. The QD SOA can increase link
distance and splitting ratios in access networks, such as in Ref. [51] that applied QD
SOAs as stand-alone wunits in 1.3-pm upstream and 1.5-um downstream
transmissions of GPON [17] to extend fiber distance up to 60 km. Moreover, the QD
SOAs can be integrated together with pin- or QD-photodiode for their higher
responsivities of receiver modules [52, 53].

In this paper, we initially investicate 4 different stacked QD layers of QD-LD:
10, 14, 20 and 25 layers. The plots of injected current versus output power, so called
I-L plot, at various temperatures are measured. Then, their lowest threshold currents
are reported to be related to temperature according to its equation. These QD-LDs
can operate at high temperature up to 80 °C. Secondly, after optimizing the structure
of QD-LD and the best number of stacked QD layers was found, we apply these
profiles to the structure of QD SOAs in order to obtain very high gains over C-band.
Three device lengths of QD SOA are evaluated at room temperature: 1.5, 2 and 2.4
mm. To investigate QD SOAs’ potential, the simple chip state is typically used with a
pulse current source to measure chip gain. Without mounting those chips on heat
sink as in assembled modules, the self-heating effect will occur under a high DC
operation. For this reason, the pulse current source is set at 1 % and 10 % duty
cycles to avoid heating and chip damage during measurements [9, 10, 44, 54-56].
Finally, due to its higher gain results, only the 2-mm QD SOA chip is chosen for more
tests of maximum gain’s conditions, saturation output power, and 3-dB gain
spectrum in C-band. Furthermore, another QD SOA chip with almost same design,
which was assembled into a module, is evaluated for its dynamic properties, such as
Input Power Dynamic Range (IPDR), pattern effect, and 40 Gb/s data transmission
over 20-km Single Mode Fiber (SMF).



24

3.2 Experiments

3.2.1 Experimental setup of QD-LD & QD SOA chips

Our QD devices were fabricated using a simple ridge structure as shown in
Figure 3.1. The active layer consists of InAs QD layers separated by 20-nm thick
InGaAlAs spacing layers. All layers were grown on InP(311)B substrate in Molecular
Beam Epitaxy (MBE). One of the most important feature of our design is the strain
compensation technique based on previous works [10, 57], such that we can
fabricate the highly stacked QD-LD & QD SOA with tensile strain-induced spacer layer.
From the profile of QD devices in Figure 3.1, the thickness and doping concentration
of n-InAlAs cladding layer are 150 nm and 8 x 10'" cm™, respectively. The thickness
and doping concentration of p-InAlAs cladding layer are 1.6 — 2 lm and 5 x 10" cm?,
respectively. The BCB (Benzo Cyclo Butene) is an insulator layer. The top p*-InGaAs
layer is 100 nm thick with a doping concentration of 2.4 x 10" cm™. Both p- and n-
contact electrode layers are made of Ti-Pt-Au. The typical QD sheet density is
estimated to be 7.0 - 9.5 x 10'® cm™?, whereas the average lateral size and height of
QDs are approximately 35 nm and 3 nm, respectively. The width and height of ridge
waveguide are 2.5 um and 1.4 - 1.8 pm, respectively.

InGaAs
\

BCB —»
p-InAlAs -7
n-InAlAs-T

n-InP(311)B sub.

Figure 3.1 Structure of QD devices.

The first part focuses on QD-LD chips. Their temperature characteristics were
observed via I-L plot measurement at different temperatures from 15 to 80 °C. There
are 4 cases of stacked QD layers: 10, 14, 20 and 25 layers. All QD-LD chips are 800
pm long. Also, the lasing spectra of 25 stacked-layer QD-LD were recorded as
temperature increased.

The second part focuses on QD SOA chips. Their structures are almost the

same as QD-LD chips, but only the 25 stacked layers were used in QD SOA. Both
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facets were cleaved 6° tilted from its ridge waveguide structure by the conventional
photolithography and dry etching. In addition, the Anti-Reflection (AR) coating with
TiO, and SiO, was applied on both facets by sputtering process to reduce their
reflectivities less than 0.1 %. We evaluated three lengths of QD SOA chips: 1.5, 2 and
2.4 mm.

The characteristics of QD SOA, such as chip gain and saturation output power,
were tested by our setup in Figure 3.2. A Tunable Laser Diode (TLD) generated an
input power, P, gm, into a bare QD SOA chip, here called a Device Under Test (DUT).
The power level of input and polarization were adjusted by Variable Optical
Attenuator (VOA) and Polarization Controller (PC), respectively. The Polarization
Dependent Gain (PDG) of DUT is roughly 5 — 10 dB based on prior work [58]. Our
design aims for extremely high gain, leaving the PDG not optimized. Of course, it can
be reduced by the strain-controlled columnar QDs (SC-CQDs) technique [59]. All QD
SOA chips were individually set on base in optical fiber alignment machine to

measure their characteristics.

p DUT
in,dBm
(-0 Pout_soa,dsm
VOA PC
ling | Coupling loss
ToaprE 15dB/facet
—
Pin_SOA,dBm Paut,dﬁm

Figure 3.2 QD SOA chip’s experimental setup.

According to those parameters shown in Figure 3.2, the chip gain of QD SOA
can be estimated from equation (3.1) — (3.3) at any input wavelength from TLD;
where G, is chip gain of QD SOA, Pout soadsm IS output power of SOA, P, soadsm is
input power of SOA, Pyt qsm is output power of SOA after including the coupling loss,
CLfacer, at each facet, and Py, ggm is input power before PC. The pulse current source

injected current into QD SOA chip with its Pulse Duty Cycle, PDC, of 1 % and 10 %.

Gchip = Pout_SOA,dBm - Pin_SOA,dBm (3.1)
Pout_SOA,dBm = I:)out,dBm +CLfacet,dB _10 IOglO(PDC) (3'2)
I:)in_SOA,dBm = Fin,dBm _CLfacet,dB (3.3)
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3.2.2 Experimental setups of QD SOA module

o [ S ]
VOA

TOBPF VOA
QD-SOA

b) | T DO ) DCA
) (1B O i B o] P > Pspea]

Conventional SOA/

QD-SOA
QD OO >
© ZO—kmSMFA PC A

QD-SOA

Figure 3.3 Block diagrams: a) IPDR, b) pattern effect, and c) 40 Gb/s data

transmission over 20-km SMF.

To prove its application, one QD SOA chip was assembled into a module and
evaluated for Input Power Dynamic Range (IPDR), pattern effect, and error-free
transmission over 20-km SMF. Their block diagrams are shown in Figure 3.3. The
transmitter (Tx) consists of a tunable laser set at 1530 nm, 4 channel Pulse Pattern
Generator (PPG) & Multiplexer to generate 40 Gb/s data, PC, and Mach-Zehnder
Modulator. The PPG was programed to generate 3 patterns: Pseudo-Random Binary
Sequence 2%*-1 (PRBS23) for IPDR, 64 consecutive bits of ‘1’ followed by 64
consecutive bits of ‘0’ for pattern effect, and 2*'~1 (PRBS31) for 20-km transmission.
The receiver (Rx) consists of Photodetector, Clock Recovery, Demultiplexer, and Error
Detector. The 2-nm Tunable Optical Band Pass Filter (TOBPF) was added in IPDR test,
but not in latter two tests to observe worse performance. VOA and PC help adjust
optical power and polarization, respectively. Digital Communication Analyzer (DCA)

can capture the data patterns and 40 Gb/s eye diagrams.
3.3 Results & Discussion

The 1° part reports results of QD-LD chips: I-L plot, threshold current and
temperature characteristic. Once the structure of QD layers was optimized in QD-LDs,
the same was applied in QD SOA’s fabrication. Then, the 2" part reports results of
QD SOA chips: chip gain of 3 device lengths, saturation output power and 3-dB gain
spectrum at different injected currents. The last part reports results of QD SOA
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module: IPDR, response time of data pattern effect, and eye diagram of 20-km SMF

transmission.

3.3.1 Results of QD-LD chips

The I-L plots of QD-LDs (800 pm long) with 10, 14, 20 and 25 stacked QD
layers were measured at 15, 20, 25, 30, 40, 50, 60, 70 and 80 °C temperatures. Next,
their corresponding threshold currents were plotted in Figure 3.4. Evidently, these
threshold currents increase with temperature. And, the best number of stacked QD
layers is 25 due to its lowest threshold currents across all temperatures. The higher
QD density gives more carriers to reach threshold. Thus, the threshold current is
lower at higher QD layers or QD density [9, 33, 55]. For this reason, all results

afterwards will focus on 25 stacked QD layers.
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Figure 3.4 Threshold currents of QD-LDs (800 ym long) with 10, 14, 20 and 25

stacked QD layers at different temperatures.

A closer look at I-L plot of 25 stacked-layer QD-LD in Figure 3.5 a), the
threshold currents are 42.8, 43.8, 44.4, 44.2, 45.8, 48.3, 52.1, 56.7 and 64.2 mA at 15,
20, 25, 30, 40, 50, 60, 70 and 80 °C, respectively. In this paper, all threshold currents
are lower than 78 mA (at room temperature) as reported in prior work [21]. At 25 °C,
the threshold current density is 2,220 A/cm?, computed from 800-im length and
2.5-pm width of ridge waveguide. So, each QD layer of 25 stacked-layer QD-LD has
the threshold current density of 88.8 A/cm?. Moreover, this laser can operate over a

wide range of temperature up to 80 °C.
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From equation (3.4) [60], Figure 3.5 b) shows the temperature dependence of
threshold current as 2 dash lines. The characteristic temperatures (T,) over lower (15
- 30 °C) and higher (40 - 80 °C) temperature regions are 473 K and 118 K,
respectively, which is higher than 102 K in prior work.

I, =1,exp(T /T,) (3.9)
25 ! ! : : : : ! 100
a) ——T=15°C b) sl
e T=20°C
T=25°C 80}
2 {e——T=30°C 70k
———T=40°C - - 4
—T=50°C < 6of e
——T=60°C = P
=15 = -~
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Figure 3.5 a) I-L plot of 25 stacked-layer QD-LD at different temperatures, and b)

temperature dependence of threshold current.

The output lasing spectra of 25 stacked-layer QD-LD were repeatedly
recorded as shown in Figure 3.6 a) at 15, 20, 25, 30, 40, 50, 60, 70 and 80 °C
temperatures. As temperature increases, its peak wavelength linearly shifts to longer
wavelengths at the rate of 0.56 nm/°C, estimated from Figure 3.6 b), due to the
reduction of bandgap energy of laser. Also, the peak amplitude of each spectrum

slightly decreases owing to more heat accumulation inside a laser.

Peak wavelength (nm) vs Temperature (°C) at 0.08-cm device length
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Figure 3.6 a) Lasing spectra of 25 stacked-layer QD-LD at different temperatures, and

b) plot of peak wavelength versus temperature.
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3.3.2 Results of QD SOA chips

Based on the results of QD-LD chips from part 1, 25 stacked QD layers
showed the lowest threshold currents across its temperature range. Hence, the QD
SOA chips with 25 stacked QD layers were fabricated having 2-mm and 2.4-mm
device lengths. One more sample is 1.5-mm long, but with 20 stacked QD layers.
After AR coating process of 3 samples, the chip gains, saturation output powers, and
3-dB gain spectra at different injected currents were measured using a pulse current
source with duty cycles of 1 % and 10 %. Due to self-heating effect, a constant DC
source cannot be used here because the injected current and power consumption of
QD SOA are much higher than QD-LD, despite the high characteristic temperature (T,)
of QD-LD. To effectively reduce this self-heating effect, the QD SOA chip must be
mounted on a heat sink with the Thermo Electric Cooler (TEC) and a temperature
control circuit in order to remove the amount of accumulated heat. The input
wavelength, input power, and injected current of QD SOA chips were set at 1580 nm,
+6 dBm, and 200 - 500 mA, respectively. The chip gain was estimated by those
equation (3.1) - (3.3), and plotted in Figure 3.7 for the case of 2-mm long QD SOA.
Noticeably, the 1 % pulse has 11.9-dB higher chip gain than 10 % pulse due to its

lower heating. Thus, it was applied in all later tests.
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Figure 3.7 Chip gain versus injected current of 2-mm long QD SOA with pulse duty
cycle of 1 % and 10 %.
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Figure 3.8 shows the chip gain versus current of 3 QD SOA samples using 1 %
pulse cycle, +6-dBm input power and 1580-nm wavelength. Clearly, these gains
increase with currents. The maximum gains of 1.5-mm and 2.4-mm lengths occur at
500 mA to be 22.6 and 24.8 dB, respectively, whereas the 2-mm length gives higher
maximum gain of 30.2 dB at 400 mA. The lower gain of 1.5-mm length is due to its
shorter device length and a lower number of stacked QD layers. Next, comparing
between 2-mm and 2.4-mm lengths with the same number of stacked QD layers, we

expected a longer device should have more gain but we found the opposite.

30.2dB
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Figure 3.8 Chip gain versus injected current of 1.5-mm, 2-mm, and 2.4-mm long QD

SOAs at +6 dBm input power.

Their I-L plots in Figure 3.9 reveals the reason. The 2-mm length behaves like
a conventional SOA because of no clear threshold current, but the 2.4-mm length
behaves like a laser based on its ascending line. A root cause was the manually
improper positioning of these devices during their AR coating process, which causes
the reflectivity of some areas over both facets of QD SOA chips to be above a
desired 0.1 %. Consequently, the 2-mm QD SOA chip having a better AR coating can
provide the highest maximum chip gain. So, we will focus on this 2-mm device

length from now on.
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Figure 3.9 I-L plot of 2-mm and 2.4-mm long QD SOAs.

Besides the injected current, two more parameters that effect the chip gain of
QD SOA are studied. The first parameter is its input power, which was reduced from
+6 dBm down to -2 dBm at 1580-nm wavelength. The chip gains of 2-mm long QD
SOA at 5 injected currents (100, 200, 300, 400 and 500 mA) are plotted in Figure 3.10
a). These gains increase as the input power is reduced. The maximum chip gain is 35
dB (exactly at 34.4 dB) occurring at the injected current of 400 mA and at such a high
input power of =2 dBm. In summary, this QD SOA chip can achieve the same gain as
in prior work [47] but consume less current.

Next, in order to find the saturation output power of QD SOA chip, we
replotted those results in Figure 3.10 a) again in Figure 3.10 b), which is chip gain
versus output power at 3 injected currents: 300, 400 and 500 mA. To properly
identify the 3-dB saturation output power, more results of lower input powers should
be added. However, due to the difficulty of measurement setup of fiber alignment
machine, only the -3.19 dBm input power is included to become 5 data points per
current. At this lower input, the results of 300-mA and 400-mA currents do not give a
constant high gain as expected, owing to the highly sensitivity of fiber aligner setup
and input polarization that cause more losses. After neglecting such lower input data
points and focusing on the remaining high input data points in Figure 3.10 b), the
saturation gain occurs at higher input powers and as the injected current approaches
500 mA as shown in Figure 3.10 a). According to curves in Figure 3.10 b), the highest
3-dB saturation output power is 20.9 dBm at 400-mA injected current.
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Figure 3.10 Characteristic of 2-mm long QD SOA: a) chip gain versus injected current
at different input powers, b) chip gain versus output power at different injected

currents, and c¢) chip gain versus wavelength at different injected currents.

Another parameter that effects chip gain is the input wavelength of QD SOA.
Instead of the previous 1580-nm input, others wavelength were also tested: 1560,
1570 and 1590 nm, as in Figure 3.10 c). The input power was set at +6 dBm. The
results show gain peaks between 1570 nm to 1580 nm for all injected currents.
Consequently, the 3-dB gain spectrum is over 20 nm wide having its highest peak at
1570-nm wavelength and 500-mA injected current.

Finally, Noise Figure (NF) is the most important parameter of all optical
amplifiers. But, in this case, it cannot be measured as being in chip state. Instead, we
measured this NF using the QD SOA module to be 5 dB at 400-mA injected current
via Optical Spectrum Analyzer (OSA) with 0.1-nm resolution bandwidth. Figure 3.11
shows the NF and Amplified Spontaneous Emission (ASE) noise floor at —36.05 dBm
together with its amplified output at +2.74 dBm when the input of QD SOA module
is —13.91 dBm.
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Figure 3.11 ASE and NF of QD SOA module at 400-mA injected current with —13.91-
dBm input power and +2.74-dBm output power.

3.3.3 Results of QD SOA module

The IPDR of QD SOA module at 10™° BER is 15.4 dB as shown in Figure 3.12,
which is the plot of Bit Error Rate (BER) versus input power of QD SOA. The bias
current of QD SOA module was 320 mA while the received power at Rx was fixed at
-4 dBm for all BER measurements. According to Figure 3.12, the input power of QD
SOA at -13.91 dBm gives the lowest BER. The rising BERs on left & right sides are due
to Amplified Spontaneous Emission (ASE) noise and severe pattern effect,
respectively. Hence, we can identify the optimum input power and IPDR of QD SOA

module for its proper operation in a fiber link.

9+
\IPDR of QD-SOA @320 mA = 15.4 dB

Logl0(BER)

. .
-30 -25 -20 -15 -10 -5 0
Input power (dBm)

Figure 3.12 IPDR of QD SOA module at 320-mA injected current.
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In Figure 3.13, we compare the data pattern effect between conventional
SOA and our QD SOA module. Their bias currents were 308 and 320 mA, respectively,
to give the same 14.5-dB gain. In this case, their input powers were fixed at -2.17
dBm (much higher than its optimum input power), in order to operate in the
saturation regime and cause pattern effect. This effect is significant if the SOAs are
applied in optical signal processing. Based on our testing data sequence (64
consecutive bits of ‘1’ and 64 consecutive bits of ‘0’), we measured the response
time at 37 % from its peak according to a decay exponential equation. As a result,
the conventional SOA and QD SOA module have response times of 98 ps and 84 ps,
respectively. Plus, the Signal to Overshoot ratios of conventional SOA and QD SOA
module are 0.75 and 1.15, respectively. Obviously, our QD SOA has faster response
time and lower overshoot than conventional SOA. Therefore, our QD SOA module
has less data pattern effect than conventional SOA, making it more suitable for the
burst-mode upstream transmission in PON as well as for optical signal processing

with fast response.
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Figure 3.13 Pattern effect of a) conventional SOA at 308-mA injected current and b)
our QD SOA module at 320-mA injected current. (DCA scale: 7.5 mV/div with an
offset of 15 mV)

The last test is 40 Gb/s PRBS31 data transmission over 20-km SMF and QD
SOA, as shown in Figure 3.3 ¢) block diagram. The bias current of QD SOA was 400
mA. Its input power was reduced by 1°' VOA to be —16 dBm, assuming to include 12-
dB loss from 1:16 splitter and 4-dB loss from 20-km SMF with an output from Tx at 0

dBm. This chosen input is close to the optimum input power found earlier. As a
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result, the measured eye diagram in Figure 3.14 shows a clear eye opening, even
after a long SMF and at high bit rate. Consequently, this error-free transmission

proves the applications of our QD SOA module for high-speed fiber networks.

Figure 3.14 Eye diagram of 40 Gb/s data over 20-km SMF. (DCA scale: 4.8 mV/div
with an offset of 16 mV)

3.4 Conclusion

We investigated the characteristics of QD-LDs in order to choose the best
conditions for QD SOA’s fabrication. Both QD-LDs and QD SOAs consist of InAs QD
layers grown on InP(311)B substrate. The QD-LD with 25 stacked QD layers gives the
lowest threshold current as compared to 10, 14 and 20 layers. Its characteristic
temperatures over lower (15 — 30 °C) and higher (40 - 80 °C) temperature regions are
473 K and 118 K, respectively. Also, the peak wavelength of lasing spectrum shifts
linearly with temperature at the rate of 0.56 nm/°C over 15 — 80 °C and within C-
band. Then, 3 QD SOA chips were evaluated: 2-mm & 2.4-mm device lengths with 25
stacked QD layers, and 1.5-mm device length with 20 stacked QD layers. The 1 %
pulse duty cycle was applied in all measurements of QD SOA chips to have more
chip gain and avoid self-heating effect. The 2-mm long QD SOA reports higher chip
gains than 1.5-mm and 2.4-mm lengths due to its longer device length, higher
stacked QD layers, and better AR coating. Thus, it is chosen for more tests of the
maximum gain’s conditions, saturation output power, and 3-dB gain spectrum in C-
band. The highest 3-dB saturation output power is 20.9 dBm at 400-mA injected

current. Plus, its 3-dB gain spectrum is over 20 nm wide with the highest peak at
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1570-nm wavelength. Finally, our QD SOA chip can achieve the highest chip gain of
35 dB at —2-dBm input power and 400-mA current, lower than prior work of 500 mA.
In addition, another QD SOA chip with same design was assembled into a module to
be able to measure its dynamic properties. The IPDR is 15.4 dB at 107° BER and its
optimum input is —=13.91 dBm. Also, the QD SOA module shows less pattern effect
than a conventional SOA with faster response time of 84 ps and higher Signal to
Overshoot ratios of 1.15. Moreover, the measured eye-diagram proves that our QD

SOA module can be applied in high bit rate of 40 Gb/s over 20-km SMF transmission.
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SOA is the key device for burst-mode upstream transmission of 40 Gb/s access
network to extend distance and increase a number of users. We evaluate two
conventional SOAs and our QD SOA in networks, consisting of 20-km Single Mode
Fiber (SMF) and splitters (1:8, 1:16 & 1:32). First, their characteristics are reported: 3-
dB bandwidth, ASE peak wavelength, cain, saturation output, and Noise Figure (NF).
QD SOA gives the lowest NF of 4.59 dB at —20-dBm input due to its highest Optical
Signal to Noise Ratio (OSNR). It also has the fastest response time (70 ps) with less
data pattern effect when operating in saturation region. Besides the measurement of
Input Power Dynamic Range (IPDR) of 3 SOAs, their performances of single versus
two-cascaded SOA transmissions are evaluated by Bit Error Rate (BER) in many cases
of SMF and splitters. In case of having 1:8 splitter between two cascaded SOAs, the
performance of 2"%-stage QD SOA has lower BERs than 2"-stage conventional SOA
due to its higher saturation output and less pattern effect when operating at high
input. Finally, both experimental and computed BERs are plotted versus SOA’s input

to confirm the OSNR degradation and data pattern effect.
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4.1 Introduction

The optical amplifiers, such as Erbium-Doped Fiber Amplifier (EDFA) and
Semiconductor Optical Amplifier (SOA), can be applied in Passive Optical Network
(PON) to extend distance and support a large number of users. The advantages of
SOA over EDFA are lower cost, less power consumption, more compact size, and
simpler integration with other components and electronic boards. Plus, it can amplify
any wavelength range depending on doped elements. To improve characteristics of
SOA, the Quantum Dot SOA (QD SOA) has been developed with superior properties,
e.g., low Noise Figure (NF), less chirp, fast response time, and less pattern effect [6].
The faster response of QD SOA is beneficial to many applications, such as all-optical
signal processing [61, 62] and wavelength conversion [35-38]. The QD features are
improved by some techniques. For example, the Rapid Thermal Annealing (RTA) in
Ref. [32] helps to obtain a high internal quantum efficiency of 66.39 % and low
optical loss of 9.87 cm™ in QD-laser. Using the strain compensation technique, the
35-dB highest chip gain was achieved in QD SOA with 25 stacked QD layers at 400-mA
bias current [63] based on previous works [10, 57]. In addition, QD SOA can operate
at very high bit rates up to 40 Gb/s and support several modulation formats, such as
8-PSK [36], 16-QAM [36, 43] and PAM4 [37, 38]. Also, the nonlinear effects like Cross
Gain Modulation (XGM) and Four-Wave-Mixing (FWM) were applied in wavelength
conversion up to 40 Gb/s bit rate [35-38], while the Cross Phase Modulation (XPM)
effect was used in all-optical signal processing such as logic XOR & AND gates, 2x2
switches, and D flip-flop. Besides, the input polarization dependence of QD SOA was
resolved by using the strain-controlled columnar QDs technique to be a polarization-
insensitive QD SOA as in Ref. [59].

According to the burst-mode upstream transmission in NG-PON2 [14], SOA can
be placed between Optical Network Unit/Optical Network Terminal (ONU/ONT) and
Optical Distribution Network (ODN) to increase the power budgets of access links as
well as a trunk line in between ODN and Optical Line Terminal (OLT). Ref. [64]
demonstrated the configurations of a bi-directional SOA at OLT: single SOA per

downstream channel as a booster amplifier and a preamplifier SOA followed by
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avalanche photodiode, to give the best signal performance. In Ref. [65], QD SOAs
were applied in T-band (1000 - 1260 nm) WDM/TDM access network, as path
switches for self-restoring system because of fast response and power loss
compensation. Also, QD SOAs were used in GPON with 1.5-ium downstream & 1.3-
pm upstream transmissions to increase distance of 60 km and 32 users [51]. To gain
more budget, the cascaded SOAs were proposed. In Ref. [66], a non-gated parallel
cascade of linear SOAs was set up in long-reach-high-split PON to support 100 km
and 2048 users. Moreover, the cascaded SOAs were used in PAM4 transmission of
PON uplink with 1024 splits & 70 km [67]. In case of QD SOA, the performance of 11-
cascaded QD SOAs were evaluated in recirculating loop as in [68], showing the Q-
factor less than 10 BER.

In this paper, we compare the performances of our QD SOA versus 2
conventional SOAs (SOA#1 & #2) in 40 Gb/s per channel of upstream transmission for
future access network. Based on NG-PON2 [69], the 1530-nm wavelength is chosen
for all setups. First, we measure their characteristics: 3-dB bandwidth, ASE peak
wavelength, small-signal gain, saturation output & input, and NF, including the
response time and data pattern effect. Next, we evaluate the performance of single
SOA transmission by BER measurements in 6 combination cases: splitter 1:8, 1:16 &
1:32, and with & without 20-km SMF. The BER plot versus SOA’s input reveals its
Input Power Dynamic Range (IPDR). Also, the two-cascaded SOA transmission is set up
in 4 cases: splitter 1:32 +40-km SMF, 1:128 +20-km, 1:32 +20-km, and only 1:128
splitter. SOA#1 is fixed as the 1°-stage SOA due to its highest saturation output.
Either SOA#2 or QD SOA is placed as the 2"-stage SOA to compare their
performances. Finally, we compute the BERs according to theoretical equations and
compare to experimental results in BER plots versus SOA’s input, in order to confirm

the Optical Signal to Noise Ratio (OSNR) degradation and data pattern effect.
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4.2 SOA’s Characteristics

All parameters of SOA#1, SOA#2 and our QD SOA are measured as shown in
Table 4.1. For a fair comparison, their bias currents are set at different values as
listed in the 2" column of Table 4.1, since they will be later applied in different
transmission cases for their exact same gains: a lower gain of ~14.5 dB and a higher

gain of 17 dB.

4.2.1 Experimental Setup

Figure 4.1 shows our block diagram. A Laser Diode (LD), which is a tunable
Distributed Feedback (DFB) laser, emits 1530-nm wavelength without data
modulation. The SOAs’ input power and polarization are adjusted by a Variable
Optical Attenuator (VOA) and a Polarization Controller (PC), respectively. The SOAs’
output spectra are recorded by an Optical Spectrum Analyzer (OSA) with 0.1-nm
resolution bandwidth, and then all parameters are found. In case of the 3-dB

bandwidth measurement, no input is needed.

o b O >

VoA Conventional SOAs/
QD-S0A

Figure 4.1 Block diagram of characteristic measurement.

4.2.2 Experimental Results

Table 4.1 Characteristics of 3 SOAs: SOA#1, SOA#2, and QD SOA

Saturation i
Small | Saturation | Saturation Noise

Optical Bias 3-dB ASE Input Fi
Signal | Output Input P sure

Amplifier | Current | Bandwidth | Peak A Power P =

Gain Power Power

(Mod.) 20dBm)
SOA1013S | 308mA 72nm 1521nm | 14.8dB | 9.2dBm -2.6dBm -6.0dBm 7.10dB
360mA 72nm 1516nm | 17.0dB | 9.8dBm —4.2dBm —7.0dBm 6.70dB
SOA1117S | 285mA 59nm 1546nm | 14.3dB | 5.6dBm -5.6dBm -9.0dBm 9.92dB
332mA 60nm 1551nm | 17.0dB | 6.5dBm —-7.5dBm -12.0dBm 9.58dB
QD SOA 320mA | 42nm 1504nm | 14.5dB | 7.3dBm —4.2dBm -8.5dBm 4.87dB
400mA | 43nm 1500nm | 17.0dB | 8.0dBm -6.0dBm -10.8dBm 4.59dB
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Table 4.1 lists all parameters of 3 SOAs. Their details will be discussed in the
following sub-sections. In addition, the saturation input powers without and with 40
Gb/s data modulation are included in the 7" and 8" columns, respectively. By a
definition, the saturation input/output is power level that causes its gain to reduce
by 3 dB from the highest small-signal gain. Any input/output above it will be in
saturation operation. In this case, the higher saturation inputs without data
modulation are used to compare SOA’s characteristic, while the lower saturation
inputs with data modulation are used in Section 4.3 SOA’s Response Time & Data

Pattern Effect.

4.2.2.1 ASE Peak Wavelength & 3-dB Bandwidth

All SOA’s output spectra have their operating ranges covering 1530 nm. The
3-dB bandwidth and ASE peak wavelength are given in the 3 & 4™ columns,
respectively. Clearly, SOA#1 has the widest bandwidth of 72 nm. Figure 4.2 shows
our QD SOA’s ASE spectra at 320 and 400-mA currents. Its 3-dB bandwidths are the
narrowest (43 nm), but still wider than 35 nm of typical EDFAs. In this case, the QD
structure is almost homogeneous QDs, resulting in its high gains but with a narrow
bandwidth. The design of our QD SOA aims to amplify wavelengths outside the C-
band (1530 — 1565 nm) of EDFAs.

Power (dBm)

-60

. . . . . . . . .
1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure 4.2 ASE spectra of QD SOA at 320 & 400-mA.
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4.2.2.2 Gain, Saturation Output & Input Powers

More gain and higher saturation output are the keys to boost a link’s budget.
Table 4.1 column 5 - 8 list the small-signal gain, saturation output, and saturation
input powers (without & with Mod.). Among all saturation outputs, SOA#1 has the
highest power of 9.8 dBm at 360-mA current. Figure 4.3 plots the gain curves of QD
SOA at 320 and 400-mA currents, showing both small-signal gain and saturation
output (Pout, sat). Its 8-dBm saturation is in between those outputs of 2
conventional SOAs. However, this saturation output of QD SOA can be increased up

to 23 dB [70] by the tapered gain section [4].

QD-SOA Wavelength=1530nm

Gain=17dB

Pout, sat=8dBm
Gain=14.5dB

Gain (dB)

Pout, sat=7.3dBm

9t

—— [=320mA
—@— [-400mA
6 : .

-20 -15 -10 -5 0 5 10 15
Output Power (dBm)

Figure 4.3 Gain and saturation output power of QD SOA.
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4.2.2.3 Noise Figure (NF)

NF of SOAs
12 : :
1nr |
SOA#2
10 | I=285mA ]
=332mA
9 |- -
)
2 g
o SOA#1
Z
5| 1=308mA
=360mA
6
QD-SOA
St 1=320mA

I=400mA

25 20 -15 -10 -5 0
Input Power (dBm)

Figure 4.4 NFs of 3 SOAs at lower & higher bias currents.

Last column of Table 4.1 lists all NFs measured by OSA at —20 dBm input of
SOA. Both NFs of SOA#1 & #2 are close to 8 & 10 dB, reported in their data sheets
[71, 72]. When the input of SOA increases above saturation, its NF gradually rises as in
Figure 4.4. Evidently, our QD SOA gives the lowest NF across all inputs due to its
higher OSNR at output as plotted in Figure 4.5. For example, in case of SOA#2 at 332-
mA current, two insets in Figure 4.5 shows the lowest OSNR,,; of 18.21 dB at —30.09-

dBm input and the highest OSNR,; of 46.11 dB at —1.07-dBm input, respectively.

55

—O— SOA#! @I=308mA
—@— SOA#! @I=360mA
50 [| —A— SOA#2 @I=285mA
—A— SOA#2 @I=332mA
—H— QD-SOA @I=320mA
45 | —@— QD-SOA @I=400mA

|} osNR+18.21dB

-35 -30 =25 -20 -15 -10 -5 0
Input Power (dB)

Figure 4.5 Output OSNRs versus input power of 3 SOAs.
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Here is our analysis. The NF strongly depends on input power of SOA, P;,, and

OSNR,,; following equation (4.1) without a shot-noise term originated from [73].

F-_2h L (a.1)
hvB,, | OSNR,,

where h is the Planck’s constant (= 6.626 x 10°* J-s), v is frequency of SOA’s input
wavelength, and B, is frequency band converted from an OSA’s resolution
bandwidth. When operating under the small-signal gain region, the output OSNR is
linearly proportional to input power as shown in Figure 4.5, resulting in almost a
constant NF. In contrast, as input increases across saturation region, the OSNR slightly
tapers off, causing a slow rise of NF. Plus, the lower current has little lower OSNR
due to less gain and Amplified Spontaneous Emission (ASE) noise. From equation

(4.1), it causes slightly higher NFs as seen in Figure 4.4.

QD-SOA I=400mA Pin=-20dBm

10 OSNR= OSNR= OSNR= OSNR= -
34.31dB 34.64dB 34.4dB 3427dB |

Power (dBm)

NF= NF=
5.22dB 5.81dB|

"*‘ﬂ“l " rrr‘mm

1525 1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Figure 4.6 Input and Output spectra of QD SOA.

In addition, we examine the wavelength dependency of NF by measuring
input and output spectra of 3 QD-SOA at 1530, 1540, 1550 and 1560 nm, in order to
find OSNRs and corresponding NFs. For instance, Figure 4.6 shows the input and
output spectra of QD SOA at 400-mA current and —-20 dBm input. As a result, NFs

provide low wavelength dependency in this wavelength range.
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4.3 SOA’s Response Time and Data Pattern Effect

The SOAs are well-known to have faster response times than those fiber-
based amplifiers, like EDFA. Thus, they are suitable for burst-mode applications, for
example as amplifiers in upstream PON transmission. However, when operating as
boosters with high input powers (aka. in saturation region), the unwanted overshoots
due to data pattern effect may occur. And, this will affect the length of overhead
bits in time-slot sharing of upstream PON. In this study, we compare the response
times of SOA#1, SOA#2, and QD SOA at lower & higher bias currents in both small-
signal gain and saturation regions.

4.3.1 Experimental Setup
(P65 oo i

t1 v ‘0 consecutive 64 bits  ______ Electrical line
MUX

Optical line
' Pin
A=1530nm ' .
VOA VOA

Conventional SOAs/
QD-SOA

Figure 4.7 Block diagram to measure the response times.

In Figure 4.7, data pattern is generated by 4 Ch x 10 Gb/s Pulse Pattern
Generator (PPG), 4 to 1 Multiplexer (MUX), 1530-nm LD, and Mach-Zehnder
Modulator (MZM), to be the long consecutive 64 zeros and 64 ones alternatively.
Later, this same setup was used for the BER tests of 40 Gb/s Pseudo-Random Binary
Sequence (PRBS) data in Section 4.4 Bit Error Rate (BER). The input polarizations of
MZM and SOA are adjusted by PCs, while the input powers of SOA and Digital
Communications Analyzer (DCA) are varied by VOAs. The SOA’s output waveforms is
detected by a photo-detector (PD) and an electrical port of DCA. Based on the
saturation input (Mod.) in Table 4.1 column 8, each SOA’s input is set accordingly at
a lower power for the small-signal gain operation, and at a higher power (4 - 5 dB

above) for the saturation operation.



4.3.2 Experimental Results

Small-signal gain region

Lower bias current in saturation

Higher bias current in saturation

SOA#1

1=360mA, Pin=-15.45dBm

a)'

1=308mA, Pin=-142dBm, T =89ps

5/0=0.663
Overshoat

ISJQUU[
b) ~

1=360mA, Pin=-2.17dBm, t =79%ps
5/0=0.667

)

SO0AH2

1=332mA, Pin=-19.95dBm

d)

1=285mA, Pin=-4.89dBm, t =114ps
$/0=0.656

e)

1=332mA, Pin=-7.47dBm, 1 =108ps
5/0=0726

0

QD-S0A

1=400mA, Pin=-18.57dBm

8)

1=320mA, Pin=-4.17dBm, T =89ps
5/0=1415

h)

I=400mA, Pin=-6.32dBm, T =70ps
§/0=1.567

i)
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Figure 4.8 Output waveforms of 3 SOAs: small-signal g¢ain, and saturation at lower &

higher bias currents.

Figure 4.8 compares output responses of 3 SOAs. The 1* column (small-signal
gain operation at higher current, omitting same results at lower current), has no
overshoot and thus no pattern effect. But, they are prominent under saturation
operation as in the 2" & 39 columns. So, we focus on them to determine the
response time. Figure 4.8 b) illustrates the amount of Signal versus Overshoot that
we define as Signal to Overshoot ratio (S/O). The higher S/O in QD SOA reflects less
pattern effect, while both SOA#1 & SOA#2 show strong effect.

The response time, T, can be approximated by a decay exponential equation
as in equation (4.2) and Figure 4.9, where y is voltage, Vi is steady-state voltage, A is
peak amplitude, and t is time in picosecond.

-t

y=Vg +Ae 4.2
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Voltage (mV)

Voltage (mV)

Vss

Time (ps)

Figure 4.9 Parameters of a decay exponential curve.

All response times and S/O under saturation are listed in Figure 4.8. QD SOA
gives the fastest response of 70 ps and the highest S/O =1.567 at higher bias current.
For a better view, Figure 4.10 plots the decay exponential curves estimating 3
waveforms in the last column of Figure 4.8. Clearly, the QD SOA has a lower
overshoot and faster recovery than conventional SOAs due to the Ground State that
gives ultra-fast recovery time within a few picoseconds, while a typical recovery time
of SOA is longer than 10 ps [74]. In this case, our results display the overall response
time without separating the ultra-fast or fast parts from slow response, unlike a clear

picture shown in [5].

50 T

" I I
= = SOA#I, [=360mA.t=79ps, S/0=0.667
""""" SOA#2, I=332mA, t=108ps, §/0=0.726
QD-SOA, I=400mA, =T70ps, S/0=1.567 ||

Voltage (mV)

-----------------------------------------------------

0 300 600 900 1200 1500
Time (ps)

Figure 4.10 Estimated decay exponential curves of 3 SOAs at higher bias currents.
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The overshoot responses of 3 SOAs under saturation at different input powers
and bias currents are also studied. For example, Figure 4.11 compares the outputs of
SOA#1. In Figure 4.11 a) & b) at same input, the higher current gives a lower response
time owing to more carrier density injected to an active layer, and thus higher
population inversion and faster refilling carrier density [75]. In Figure 4.11 ¢) & d) at
same current, the response time reduces as input increases because of higher

stimulated emission rate [76].

a) SOA#1, Pin=-5.11dBm, 1=308 mA, 5/0=1.340, T=144ps b) SOA#1, Pin=-5.11dBm, I=360 mA, 5/0=1.099, t=109ps

€) SOA#1, Pin=-6.32dBm, 1=360 mA, 5/0=1.321, t=134ps d) SOA#1, Pin=-4.17dBm, I=360 mA, 5/0=0.936, t=104ps

Figure 4.11 Outputs of SOA#1: a) lower & b) higher current at —5.11 dBm input, and
c) lower & d) higher input at 360-mA (higher) current.

A high overshoot is related to frequency chirp [49], which depends on the

linewidth enhancement factor, &, as in equation (4.3) [77],

4z (n/oN)

A TA

a= (4.3)
where n is refractive index, N is carrier density, Ais wavelength, T is confinement
factor, and A, is differential gain (Agzag/aN, ¢ is material gain). When operating in
saturation region, this o is positive due to carrier depletion (AN < 0) [77] that causes
a change in refractive index. The overshoot or pattern effect gets worse under high
input power and bias current as seen in Figure 4.11. In Ref. [78], the o of QD SOA is

lower than conventional SOA.
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4.4 Bit Error Rate (BER)

The performances of 2 conventional SOAs and QD SOA in a network link are
evaluated by BER tests in 2 cases: single SOA and two-cascaded SOA. Also, a Back-to-
Back (B-B) case is included as reference. Link#1 and Link#2 both consist of 20-km
Standard Single Mode Fiber (SSMF) and Dispersion Compensation Fiber (DCF) to
remove Chromatic Dispersion (CD). Their total losses are 6.69 and 8.43 dB,
respectively. The BER performance depends on SOA’s input power, and thus the
IPDR of 3 SOAs are found. Lastly, to verify experimental results, the theoretical

equations are presented to compute BERs.

4.4.1 Experimental Setup

a) pRBS15&23  TTmm==s= Elec'trlr:a-l line

Optical line

Driver Driver
MUX EDFA Amplifier#2 _ Amplifier#3
]

Lmk#l/ b ’ - > DEMUX EEE
Link#2  VOA#1 f’ ,,,,,,,,,,,

10-dB Driver
coupler Amplifier#l
b) PRBSZS
MUX Driver Driver
2-nm EDFA Amplifier#2  Amplifier#3
Pl .
DEMUX f==
A -
Driver
Amplifier#1
c)
MUX - Driver Driver
Splitting 2-nm EDFA Amplifier#2 Amplifier#3
ratios: N TOBPF
N
DEMUX ==
e S
S0As/ 10-dB Driver
QD-S0A coupler Amplifier#i
) PRBSIS
. Driver Driver
Mux Splitting splitting 2-nm EDFA Amplifier#2  Amplifier#3
H ratios 1:8 TOBPF ___ ]
) b -
/) DEMUX [-1 ED
Link#l yoagy  PCE2 Link#2 . ’ _____________ -
VOA#3 VOA#1
S0A#1 SOA#2 or 1008 Driver
QD-50A coupler Amplifier#i1

Figure 4.12 Block diagrams: a) link w/o SOA, b) single SOA w/o link, c) link w/ single
SOA, and d) Link#1&2 w/ two-cascaded SOA.
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Figure 4.12 shows 4 block diagrams using same transmitter as in Section 4.3.
All 40-Gb/s data are PRBS23, except in Figure 4.12 d) using PRBS15 for better BERs
[79]. The input of receiver (Rx) is varied by VOA#1 and split by 10-dB coupler to be
clock & data signals in upper & lower paths, respectively. The upper path with less
power needs an EDFA. Next, both clock & data signals are detected by 2 PDs and
amplified by Driver Amplifiers before entering 1 to 4 Demultiplexer (DEMUX). The 40
GHz clock is retrieved by a Clock Recovery (CR) for BER measurement at Error
Detector (ED). Figure 4.12 a) studies only CD effect in Link#1 & #2. Figure 4.12 b)
focuses on BER and IPDR of either SOA#1, SOA#2 or QD SOA without a link. The ASE
noise of SOA is limited by a 2-nm Tunable Optical Band Pass Filter (TOBPF). Figure
4.12 c) combines SOA with Link#1, so called the single SOA transmission, and uses
VOA#2 as 1:N splitter (N = 8, 16 and 32). Figure 4.12 d) adds Link#2 in the two-
cascaded SOA transmission: SOA#1 followed by SOA#2 or QD SOA. Here, VOA#3 acts
as 1:8 splitter between 1" & 2™ stage SOAs, while VOA#2 reduces its splitter down to
4 and 16 due to budget limit.

4.4.2 Chromatic Dispersion (CD) Compensation in Link#1 & Link#2, and BER

Performances of 3 SOAs

Based on Figure 4.12 a) and b), the BER results of Link#1, Link#2, and single
SOA (SOA#1, SOA#2 or QD SOA) are plotted in Figure 4.13, with B-B cases of PRBS15
& 23. Since Link#1 & #2 have different losses, the budget limits BER results below
the received powers of -6.67 & -8.12 dBm respectively. The partial curve of Link#1
case still follows B-B curves, proving the DCFs can compensate CD of SSMFs. All SOAs
are set at higher bias currents and same input of -16.94 dBm. In Figure 4.13, the
power penalties of SOA#1, SOA#2, and QD SOA at 10% BER are 0.14, 1.51 and 1.23
dB, respectively. SOA#1 has the least penalty owing to its highest saturation output
of 9.8 dBm as in Table 4.1, and thus having lower data pattern effect.
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Figure 4.13 BER curves of different cases: B-B (PRBS15 & 23), Link#1, Link#2, SOA#1,
SOA#2, and QD SOA.

4.4.3 Single SOA Transmission & Input Power Dynamic Range (IPDR)

As in Figure 4.12 ¢), we evaluate the 40 Gb/s upstream transmission of each
SOA with access Link#1. Also, the BER results versus SOA’s input is plotted to identify
its IPDR. All SOAs are set at higher bias currents, with & without Link#1, and 3 splitting
ratios: 1:8, 1:16, and 1:32. These ratios have different Insertion Losses (IL) that will
vary the input of SOA. Here, there are 6 cases: i) 8 splits, ii) 16 splits, iii) 32 splits, iv) 8
splits with Link#1, v) 16 splits with Link#1, and vi) 32 splits with Link#1.

4.4.3.1 SOA#1 Transmission & IPDR

Figure 4.14 a) shows the BER curves of B-B using PRBS23 and 6 cases with
different SOA’s input powers due to IL of splitter and total loss of Link#1. Case i) - v)
have their penalties of 1.16, 0.32, 0.1, 0.15 and 0.68 dB at 10 BER, respectively. But,
in case vi), no BER below 107 could be measured due to a high IL of 32 splits. So, it
shows 0.48-dB penalty at 10" BER instead. Based on these BER curves, they rely on
the SOA’s inputs. Then, using the setup in Figure 4.12 b) to find IPDR, we measure
BERs at many SOA’s inputs, while the received power at receiver (Rx) is kept at -4
dBm by VOA#1. Figure 4.14 b) shows the lowest BER of 3.9 x 10 at SOA’s input of —
15.11 dBm, and the IPDR of 18.36 dB at 10” BER. On the left side of BER curve, they

get worse due to OSNR degradation as shown in Figure 4.5 [80]. However, on the right
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side, they get worse owing to data pattern effect. Notice that the BER results in
Figure 4.14 a) with 6 different inputs are related to the BER curve in Figure 4.14 b).
Therefore, case iii) to vi) are dominated by OSNR degradation, while case i) and ii) are

dominated by pattern effect.

“4 SOA# : : ) IPDR of SOA#1
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Figure 4.14 SOA#1 at 360 mA: a) BER curves of 6 cases and b) BER plot versus SOA’s
input showing IPDR.

4.4.3.2 SOA#2 Transmission & IPDR

SOA#2 is evaluated under the same conditions as SOA#1. All BER curves are
displayed in Figure 4.15 a), being worse than those of SOA#1 due to inferior
characteristics: NF and saturation output power. Case i) - v) have higher penalties of
2.55, 1.84, 1.61, 1.52, and 2.32 dB at 10 BER, respectively. Again, in case vi), no BER
below 10® could be measured. So, it shows 1.45-dB penalty at 10" BER. In Figure
4.15 b), the SOA’s input of ~17.47 dBm gives the lowest BER of 7.7 x 10", Its IPDR at
107 BER is 12 dB, which is less than 18.36 dB of SOA#1, indicating the worse OSNR
degradation and data pattern effect. Hence, case v) to vi) are dominated by OSNR

degradation, while case i) to iii) are dominated by pattern effect.
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Figure 4.15 SOA#2 at 332 mA: a) BER curves of 6 cases and b) BER plot versus SOA’s
input showing IPDR.

4.4.3.3 QD SOA Transmission & IPDR

Similar to SOA#1 & #2, the same conditions and 6 cases are set for QD SOA.
Its BER curves are given in Figure 4.16 a). They are slightly better than those of SOA#2,
and much lower BERs over high received powers (> -5 dBm). However, SOA#1 has
the best BER curves because of its high performance. In fact, there are several
techniques to improve SOAs to be high performance [81]. The penalties of case i) - v)
are 1.5, 1.39, 1.03, 1.24, and 1.61 dB at 10" BER, respectively. Again, in case vi), no
BER below 10°® could be measured. So it shows 1.3-dB penalty at 10" BER. Similar to
SOA#2, case V) to vi) are dominated by OSNR degradation, while case i) to iii) are
dominated by pattern effect. In Figure 4.16 b), the input power of -17.69 dBm gives
the lowest BER of 3.0 x 107, The IPDR at 10” BER is 17.73 dB, close to 18.36 dB of
SOA#1. When this input of QD SOA is higher than -8 dBm, its BERs are better than
those of SOA#1. In other words, our QD SOA can operate over high input powers

with less pattern effect as compared to conventional SOAs.
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Figure 4.16 QD SOA at 400 mA: a) BER curves of 6 cases and b) BER plot versus
SOA’s input showing IPDR.

4.4.4 Two-cascaded SOA Transmission

Any access network will require the higher budget to support more users
(splitter) and longer distance. Thus, the two-cascaded SOA is proposed to raise such
budget. Its block diagram for an upstream transmission is already presented in Figure
4.12 d). Link#1 acts as an access link connecting ONU/ONT to ODN, whereas Link#2
acts as a main link connecting ODN to OLT. In this case, our ODN consists of a fixed
1:8 splitter in between 1% & 2"%-stage SOA, and a 1:N splitter (N = 4 or 16) locating
after Link#1. SOA#1 is chosen as the 1°-stage SOA because of higher saturation
output and superior BER results. Its current is set at typical 500 mA (higher than in
Table 4.1) for more gain of 19 dB. The 2"%-stage SOA is either SOA#2 or QD SOA, both
at higher bias currents. Since this 2-cascaded SOA transmission has worse ASE noise,
PRBS15 is used instead of PRBS23 in 4 cases: i) 32 splits with Link#1 & #2, i) 128 splits
with Link#2, iii) 32 splits with Link#1, and iv) 128 splits. Case i) is common, while case
i) removes access Link#1 to have more users (N=16). In contrast, case iii) & iv)
remove main Link#2 as if OLT is placed nearby ODN, and the 2"-stage SOA acts as a
preamplifier. Based on the minimum BER in a BER plot versus SOA#1’s input at 500-
mA current (excluding here, but similar to Figure 4.14 b), the input of 1°-stage SOA#1
is fixed at —14.02 dBm. With 19 dB gain, its output is about 5 dBm. After 1:8 splitter
(IL = 9 dB), the input of Z“d—stage SOA#2 or QD SOA is about -4.84 dBm. Later, in
Section 4.4.4.3 Verify Performance of 2"%-stage SOA, the 1:8 splitter is replaced by
1:16 & 1:32 to vary input of 2”d-stage SOA, resulting in 6 combination cases: SOA#2



55

with 8, 16 & 32 splits, and QD SOA with 8, 16 & 32 splits. All BER curves are measured
to report the corresponding power penalties of different splitting ratios (8, 16 & 32),

as well as the output powers of 2"%-stage SOA.

4.4.4.1 Two-cascaded SOA#1 & SOAH2

Two-cascaded SOA#1 and SOA#2
- <3 - B-BPRBSIS

==©— 1:32 splits + Link#1 &#2
o 1:128 splits + Link#2 |

—=fe— 1:32 splits + Link#1
—— 1:128 splitts

10(BER)

Log

9 8 7 6 5 4 3
Received Power (dBm)

Figure 4.17 BER curves of 2-cascaded SOA#1 & SOA#2.

Figure 4.17 plots BER curves of B-B (PRBS15) and 4 cases. Due to budget limit,
the highest received power is -3 dBm, and so the power penalty is read at 10 BER
instead. For case i) to iv), their corresponding penalties are 3.88, 3.53, 2.76 and 2.69
dB, respectively. Case i) has the most penalty due to its longer 40-km SSMF despite
CD compensation by DCF. When Link#1 is removed for more splits (1:128) in case ii)
& iv), its total loss (6.69 dB) is almost equal to an extra IL (~6 dB) of replacing 1:4
splitter by 1:16. So, the input of 1st-stage SOA#1 is unchanged, resulting in similar
BER curves. However, when Link#2 is removed in case iii) & iv), their penalties reduce
about 1 dB, possibly as a result of less perfect CD compensation than Link#1.
Focusing at -4 dBm received power, all BER results are between 10" and 10° BER,
which are in agreement with the BER in Figure 4.15 b) read at SOA#2’s input of -5
dBm (close to —4.84 dBm input power of 2"%-stage SOA).
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4.4.4.2 Two-cascaded SOA#1 & QD SOA

Two-cascaded SOA#1 and QD-SOA
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Figure 4.18 BER curves of 2-cascaded SOA#1 & QD SOA.

Likewise, Figure 4.18 shows the BER curves and power penalties at 10 BER
for case i) to iv) to be 2.45, 2.31, 2.31 & 2.14 dB respectively. Again, case i) has the
most penalty, while case iv) with only splitters has the least penalty. In case iii) & iv),
the imperfect CD compensation of Link#2 shows little penalties. Noting at -4 dBm
received power, all BERs are between 10® and 107 BER, which are close to the BER
in Figure 4.16 b) at —4.84 dBm input of QD SOA.

The performance of 2-cascaded SOA#1 & QD SOA is better than 2-cascaded
SOA#1 & SOA#2, because QD SOA gives lower BERs than SOA#2 according to Figure
4.15 b) & Figure 4.16 b) when operating at high input as 2"%-stage SOA. Plus, it has
higher saturation output and less pattern effect when operating in saturation as
shown in Section 4.3. Based on our experiments, we achieve either 40-kmn SSMF with
32 splits or 128 splits without a long SSMF. Thus, this scenario of 2-cascaded SOAs

can be implemented to increase the power budget of upstream transmission.

4.4.4.3 Verify the Performance of 2"%-stage SOA

We verify the performance of 2"%-stage SOA (SOA#2 or QD SOA) by varying a
splitting ratio between 1% & 2™-stage SOAs as 8, 16 & 32, while the input and output
of 1%stage SOA#1 are fixed at -14.02 & 5 dBm respectively. So, the inputs of 2"-
stage SOA are -4.84, -7.91 & -10.87 dBm for 8, 16, and 32 splits, respectively. Two
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parameters of 2"%-stage SOA are focused. First, the higher output (P,,) with same

input reflects more power budget. Second, the lower penalty represents better

performance, depending on SOA’s input. Consequently, we define (P,; — Penalty) @

107 BER to compare the performance of 2"%-stage SOA; of course, the higher the

better. Table 4.2 lists all parameters. According to its higher saturation output in

Table 4.1, our QD SOA gives a higher output P, than SOA#2 when operating at high

input, corresponding to a lower split 1:8. Figure 4.19 shows BER curves of 6 cases. All

Penalty @ 10" BER in Table 4.2 are measured relative to the reference case: QD

SOA+8split. For example, the case of SOA#2+8split has 1 dB more penalty than the

reference. But, the case of SOA#2+16split has 0.4 dB less penalty than the reference

(a negative value in Table 4.2).

Table 4.2 All parameters and values for 2"-stage SOA.

Amplifier | Splits Pout Penalty at 107 BER | P, — Penalty @10 BER
SOA1117S |8 5.61 dBm 1 dB 4.61 dB
16 3.93 dBm -0.4 dB 4.33 dB
32 2.78 dBm -1dB 3.78 dB
QD SOA 8* 6.23 dBm 0dB 6.23 dB
16 4.32 dBm -0.9 dB 5.22 dB
32 2.75 dBm -1 dB 3.75dB
*Reference case
A = vl
-3 = SOA#2 N=32
=i QD-SOA N=§
4F —fe— QD-SOA N=16| -
—@— QD-SOA N=32

Logl0(BER)

L
-10 -9

8 -7 6 5

Splitting Ratios

4 3

Figure 4.19 BER curves of 2™-stage SOA with N splits.




58

From the last column of Table 4.2, the QD SOA with 8 & 16 splits have very
high (P,.+ — Penalty) as expected, because of higher outputs and less penalties when
operating at high input as compared to SOA#2. Especially, in another scenario of 2-
cascaded SOAs without any splitter in between them, a high output of 1°-stage SOA
will demand 2"%-stage SOA to support such a high input with less signal degradation.

Hence, the QD SOA will give the best performance at high input (in saturation region).

4.4.5 Theoretical Equations

This section lists the equations to compute BERs. Starting with 5 noises, all
parameters related to our experiments are applied to approximate the Signal-to-

Noise Ratio (SNR), Q-factor, and finally BERs of 3 SOAs.

4.4.5.1 Noise Terms

At a receiver (Rx), there are 5 noises [82]: shot, signal-ASE beat, ASE-ASE beat,
thermal, and dark current. All parameters and their values are declared in next

section Table 4.3.

2 2
<fomz‘> =Oghor = qu:iR [Pr +PA§E]B¢>] (4.4)
Pysp =S 456 % Bo (4.5)
P

S asE = —;BU;;OSA (4.6)

0SA

2 2 2
<ZS—ASE> =05 asp 4N DS 4988, (4.7)

2 2 202

<ZASE—ASE> =0 sp-asE = 4R S5 Bo B, (4.8)

4k, T
<z%>=0%=[ “ ]Be (4.9)

NG

<Zd > =0, =24I,B, (4.10)

4.4.5.2 BER Calculation
The BER is calculated from SNR in egaution (4.11), which is a ratio of signal
power of photo-current from PD, <i,> in equation (4.12), over the noise summation

scaled up by NF of electrical amplifier, £, [83].
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SNR = (4.11)

sh

(i2)=(%p ) (4.12)

To include both OSNR degradation and pattern effect, we introduce the
Ratiopsyg and Ratiopauern to reduce signal power, such that the BERs in its plot versus
SOA’s input as in Figure 4.14 b) will rise accordingly. So, those BER points on the left

side of minimum BER will be scaled up by Ratiogsyr defined as in equation (4.13),

AGosnr
AOSNR +AGpsnn

where AGpsyg is gain difference between such point and the minimum BER, and
AOSNR is OSNR difference between such point and adjacent point. Moreover, the
right side of minimum BER will be scaled up by Ratio,que, defined as in equation

(4.14),

A G pattern
AP, +AG

pattern

Rati0 sy = (4.14)
where AGpgpern has same definition as AGosys, and AP, is input difference between
such point and adjacent point.

Finally, the Q-factor & BER are related to SNR by equation (4.15) & (4.16),

where erfc is complementary error function.

0 :%Jﬁ (a.15)
BER %mﬁ[%} (4.16)

In the B-B case, its BER is calculated from SNR equation without ASE noise
terms. In next Section, all computed BER points are plotted along with experimental

results in the BER plot versus SOA’s input of 3 SOAs.



60

4.4.6 Computed BER Results of SOA#1, SOA#2, and QD SOA

From the equations in Section 4.4.5 and parameters in Table 4.3, the BERs are
computed at fixed -4 dBm received power of each SOA biased at high current and
with same setup as in Figure 4.12 b). This power is same as experimental cases in

Section 4.4.3 that shows IPDR.

Table 4.3 Parameters and values for BER computation.

Parameter Symbol Value Unit
Electron Charge o] 1.6021x10™" C
Responsivity R 0.65 A/W
Electrical Bandwidth B, 40 GHz
Dark Current ly 200 nA
Boltzmann Constant kg 1.38054x10% J/K
Temperature T 298 K
Load Resistance R, 50 Q
Electrical Amplifier’s NF Fr 3.98

Wavelength A 1530 nm
OSA’s Resolution Bandwidth RBWsa 0.2 nm
Optical Bandwidth Bo 2 [84] nm
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4.4.6.1 Computed and Experimental BERs of SOA#1

SOA#1 at I=360mA
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Figure 4.20 Computed and experimental BERs of SOA#1.

Figure 4.20 is the BER plot of SOA#1, showing computed and experimental
results. As mentioned earlier, the OSNR degradation and pattern effect cause worse
BERs on the left and right sides of minimum BER, respectively. Thus, either Ratiopsys
or Ratiopattem is multiplied in equation (4.11). For example, Ratiogsyg at A point and
Ratiopaiern at B point are calculated by those values shown in Figure 4.20. Based on
the experiment of SOA#1, its gain is 16.6 dB at minimum BER. According to equation
(4.13), AGosyr is 1.138 (17.16 — 16.6 = 0.56 dB) and AOSNR is 0.783 (41.9 - 43 = -1.06

dB). So, Ratiopsyg is 0.592. Also, Ratiopauen is 0.159 calculated from AGpgstern = 0.237
and AP;, = 1.253. As a result, the trend of computed and experimental BERs are

almost the same with OSNR degradation and pattern effect.

4.4.6.2 Computed and Experimental BERs of SOA#2

The BER plot of SOA#2 is shown in Figure 4.21 with same calculations of
Ratiopsyg and Ratiopattem as in SOA#1. The gain of SOA#2 is 15.79 dB at minimum BER.
The AGosng, AGpattern, AOSNR and AP;, are 1.081, 0.22, 0.653 and 1.23 respectively,
resulting in the Ratiopsys at A point and Ratiopaern at B point of 0.623 and 0.152. In
Figure 4.21, the computed BERs at lower inputs show high BER due to its high Pase osa

that causes such high signal-ASE noise term. In this case, we use the minimum BER
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point according to experiment. But, the minimum BER from computation does not
match it, because of the Ratiogsys and Ratiopae Multiplication that depend on each

BER point.

SOA#2 at I=332mA
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Figure 4.21 Compute and experimental BERs of SOA#Z2.

4.4.6.3 Computed and Experimental BERs of QD SOA

Figure 4.22 shows the BER plot of QD SOA, with same calculations as in 2
conventional SOAs. The gain of QD SOA is 16.05 dB at minimum BER. The AGposys,
AGpatterns, AOSNR and AP;, are 1.14, 0.228, 0.82 and 1.256 respectively. So, the
Ratiopsyg at A point and Ratiopaten at B point are 0.582 and 0.153. Similarly, the trend

of computed and experimental BERs are almost the same.
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QD-SOA at I=400mA
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Figure 4.22 Computed and experimental BERs of QD SOA.
4.5 Conclusion

We evaluate the performances of two conventional SOAs (#1 & #2) and our
QD SOA in 1530-nm Upstream Transmission of 40 Gb/s access network over two 20-
km SSMF with DCF (Link#1 & #2) and splitters (8, 16 & 32). Among the characteristic
results of 3 SOAs, QD SOA gives the lowest NF of 4.59 dB at -20-dB input, as well as
the fastest response of 70 ps and highest S/O of 1.567. Hence, it is more suitable for
burst-mode amplification. Based on the single SOA transmission in 6 combination
cases (3 splitters with & without Link#1), the BER curves of 3 SOAs depend on their
inputs, proven by BER plots versus SOA’s input showing IPDR. SOA#1 has superior
BER results and higher saturation output, and thus is applied as 1*-stage SOA. In 2-
cascaded SOA transmission using either SOA#2 or QD SOA as 2"%-stage, there are 4
cases: 32 splits with Link#1 & #2, 128 splits with Link#2, 32 splits with Link#1, and
128 splits. All BER results of QD SOA are lower with less power penalty than SOA#2
due to its higher saturation output and less pattern effect. Also, we verify the
performance of 2"%-stage SOA with different splitters (8, 16 & 32) between 1% & 2"-
stage SOA. The 2"%-stage QD SOA with 8 & 16 splits have very high (P, — Penalty) @
10" BER, owing to its higher outputs and less penalties when operating at high input
as compared to SOA#2. Finally, we compute the BERs of 3 SOAs and compare to

experimental results. In a BER plot versus SOA’s input, the left side of minimum BER
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gets worse by OSNR degradation, whereas the right side of minimum BER gets worse

by data pattern effect.
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5. Conclusion

This thesis demonstrates the characteristic improvement of QD SOA. The
performances of conventional SOAs and QD SOA are evaluated in an access network.
The high internal quantum efficiency of QD SOA can be achieved at 66.39 % by
Rapid Thermal Annealing (RTA) process. The strain compensation technique is
applied to increase maximum chip gain at 35 dB. The characteristics of 2
conventional SOAs and 1 QD SOA are measured. QD SOA gives the lowest NF of 4.59
dB at -20-dBm input power and 400-mA bias current. Moreover, the response times
and data pattern effects of 3 SOAs are measured. QD SOA provides the fastest
response time of 70 ps and lowest pattern effect with Signal to overshoot ratio (5/0)
at 1.567. Therefore, QD SOA is suitable to apply in burst-mode upstream transmission.
The performances of conventional SOAs and QD SOA are evaluated in 40 Gb/s access
network. The single SOA transmission and Input Power Dynamic Range (IPDR) are
measured. QD SOA gives 17.73-dB IPDR, which is slightly lower than SOA1013S
(SOA#1). Moreover, the BER curves of 3 SOAs depend on their input powers.
According to a plot of Bit Error Rate (BER) versus SOA’s input power, BERs get worse
due to the Optical Signal to Noise Ratio (OSNR) degradation when SOA operates in
low input power; while BERs get worse owing to data pattern effect when SOA
operates in high input power. After that, the two-cascaded SOA transmission is
applied to increase power budget more than single SOA transmission. Consequently,
the cascaded SOA1013S & QD SOA provides lower BER than cascaded SOA1013S &
SOA1117S, because QD SOA has higher saturation output power and lower pattern
effect than SOA1117S. The two-cascaded SOA transmission can provide splitting
ratios up to 128 splits (more than 64 splits compared to standard) and distance of 20
km. Finally, both experimental and computed BERs are plotted versus SOA’s input

power to confirm the OSNR degradation and data pattern effect.
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Research Limitation

Author needs to conduct this research at higher bit rate than 10 Gb/s.
Therefore, it is necessary to do the researches and experiments of 40 Gb/s bit rate
with  many expert researchers at National Institute of Information and

Communications Technology (NICT) in Japan.



6. Appendix

6.1 As-grown structure
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As-grown structure is shown in Figure 6.1. Plus, the parameters and values are

shown in Table 6.1.

InGaAs capped layer

p-type InAlAs buffer layer

nGaAlA nacerlaver
YS-Spacer-tayer

TnAs QD layer

J

InGaAlAs spacer layer

n-type InAlAs buffer layer

n-type InP(311)B substrate

Figure 6.1 As-grown structure

Table 6.1 Parameters and values of as-grown structure

Parameter

Value

InAs QD layers

10 - 30 layers

QD density 5.24 - 9.5 x10'% cm™
Lateral size of QD 30 - 35 nm

Height of QD 3-4nm

Spacer layer: InGaAlAs 20 nm

Substrate: InP(311)B

Cladding layer: n-InAlAs 100 - 150 nm

Cladding layer: p-InAlAs

1600 — 2000 nm

Contact layer: InGaAs

100 nm
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6.2 Fabrication process

The fabrication processes of Broad Area Laser Diode (BA-LD) and ridge laser
diode are investigated. To focus on the fabrication process, as-grown sample shown

in Figure 6.1 is applied in this section.

6.2.1 Broad Area Laser Diode (BA-LD)

1. SiO, deposition

: Chemical Vapor Deposition (CVD) is
used to deposit SiO,. After SiO,

deposition process, we need to check a Si0,
As-grown sample

thickness of SiO, by using a

spectroscopic ellipsometer.
Equipment: CVD machine and

spectroscopic ellipsometer.

2. Photolithography (for BA-LD)

: This is an UV exposure process. We

IR resist
use a glass mask with the Image S10,
Reversal (IR) resist. After UV exposure As—gro:;m sample
uim

process, resist will be removed with 50 [ IR Resist | [ R Resist |

pum width on SiO, surface. Si0,
As-grown sample

Equipment: Mask Aligner (MA) and a

glass mask

3. Remove SIiO, of selected area

: This process is a wet etching process.

We use the chemical liquid to remove

SiO, in selected area and resist. After Si0, | [ Si0,
As-grown sample

that, we do arching to perfectly remove
SiO, by using O, gas.

Chemical liquid: Buffered Hydrofluoric
Acid (BHF), Acetone, and Ethanol
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Equipment: Arching machine

4. Photolithography (for lift-off)

: After UV exposure process, resist will
be removed with 500 um width on SiO,
surface.

Equipment: MA and a glass mask

IR resist
S10, I I Si0,

As-grown sample

B 500um N
R | T IR
S10, | [ S10,

As-grown sample

5. Metal deposition (top side)

: Ti (Titanium), Pt (Platinum), and Au
(Gold) are deposited, one at a time, on
SiO, layer.

Equipment: Electron-beam (e-beam)

machine

IR IR
1 1

As-grown sample

6. Lift-off

: We use the resist remover to perfectly
remove resist.

Chemical liquid: Resist remover, IPA
(Isopropyl Alcohol, (CH5),CH(OH)),

Acetone, and Ethanol

S10 S10
As-grown sample

7. Metal deposition (back side)

: Repeat step 5

Equipment: E-beam machine

S0 Si0
As-grown sample

8. Cracked and cleaved

: We crack and cleave wafers to be a piece of samples with various cavity lengths.

Equipment: Crack and cleave machines

Cavity length: 600 um, 800 um, 1000 pm, 1200 ym, and 1400 um
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1. SiO, deposition

: Chemical Vapor Deposition (CVD) is
used to deposit SiO,. After SiO,
deposition process, we need to check a
thickness of SiO, by using a
spectroscopic ellipsometer.

Equipment: CVD machine and

spectroscopic ellipsometer.

810,

As-grown sample

2. Photolithography (for ridge LD)

: This is an UV exposure process. We
use a glass mask with the Image
Reversal (IR) resist. After UV exposure
process, resist will be removed with 3
um (for ridge LD) and 8 pym width on
SiO, surface.

Equipment: Mask Aligner (MA) and a

glass mask

IR resist

Si0,

As-grown sample

3um
<«

IR Resist | |

r 8um=| IR Resist

Si0,

As-grown sample

3. Remove SIiO, of selected area

: This is a dry etching process using an
etching machine to carefully remove
SiO, and resist, respectively.
Equipment: Inductively Coupled
Plasma-Reactive lon Etching (ICP-RIE) by
Fluorine (F) source

Chemical liquid: Resist remover

IR Resist

IR Resist

S10,

S10,

As-grown sample

510, | [

[ S0,

As-grown sample

4. Remove InP surface of selected area

: This is a dry etching process to
carefully remove InP. In this process, we

use Chlorine (Cl) source, instead of F

510,

Si0,

As-grown sample
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source, because InP cannot be removed
by F source.

Equipment: ICP-RIE by Cl source

5. Remove SiO,

: SiO, can be removed by the acid

iqui I [ |
liquid. As-srown sample
Chemical liquid: Buffered Hydrofluoric
Acid (BHF)
6. SiO, deposition S10,

| [ |

Equipment: CVD machine

As-orown sample

7. BCB coating

: This process is coating
Benzocyclobutene (BCB) on SiO, layer.
Equipment: Spin coater, and Baker

machine

Si0, BCB
I-I I-I '

As-grown sample

8. Remove BCB in selected area

: This is a dry etching process to remove S10,
. . . | BCB [ ] BCB
BCB by using an etching machine. As-grown sample
Equipment: ICP-RIE by F source
9. SiO, deposition N
Equipment: CVD machine | As_grlown .‘!amnle !
10. Photolithography
: After UV exposure process, resist will IR Resist 10um IR Resist

be removed with 10 pm width on SiO,
surface.

Equipment: MA and a glass mask

Si0, Si0
| FBEB! | | FBCBY |

As-grown sample

11. Remove SiO, of selected area

: SiO, can be removed by acid liquid.
Chemical liquid: BHF

IR Resist IR Resist

Si0, Si0
| FBCB! [ | /BCBY |

As-grown sample

Si0, Si0,

| "BEBI [ ] rBCBI |

As-orown sample
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12. Photolithography (for lift-off)

. After UV exposure process, resist will
be removed with 500 um width on SiO,
surface.

Equipment: MA and a glass mask

IR Resislg >00um »IR Resist
Si0, Si0,
| 'BCBY | | FBEB |

As-grown sample

13. Metal deposition (top side)

: Ti (Titanium), Pt (Platinum), and Au
(Gold) are deposited, one at a time, on
SiO;, layer.

Equipment: E-beam machine

% Metal :810
O R [0

As-grown sample

14. Lift-off

: We use a resist remover to perfectly
remove resist.

Chemical liquid: Resist remover, IPA
(Isopropyl Alcohol, (CH5),CH(OH)),

Acetone, and Ethanol

Sip, M— Metal Si0,

As-orown sample

15. Polishin

: Cleaning surface of back side

Equipment: Polishing machine

Si0, Metal Si0,

16. Metal deposition (back side)

: Repeat step 13

Equipment: E-beam machine

o o ey —

Metal

17. Cracked and cleaved

: We crack and cleave wafers to a piece of samples with various cavity lengths.

Equipment: Crack and cleave machines

Cavity length: 600 pm, 800 pm, 1000 um, 1200 pm, and 1400 um




ACRONYMS

AFM Atomic Force Microscopy

AR Anti-Reflection

ASE Amplified Spontaneous Emission
BA-LD Broad Area Laser Diode

B-B Back to Back

BCB Benzocyclobutene

BER Bit Error Rate

BHF Buffered Hydrofluoric Acid

CATV Cable Television

CcD Chromatic Dispersion

CR Clock Recovery

DCA Digital Communications Analyzer
DCF Dispersion Compensation Fiber
DEMUX Demultiplexer

DFB Distributed Feedback

DUT Device Under Test

ED Error Detector

EDFA Erbium-Doped Fiber Amplifier
FWHM Full Width at Half Maximum
FWM Four Wave Mixing

G-PON Gigabit-capable Passive Optical Networks
IL Insertion Loss

IPDR Input Power Dynamic Range

LD Laser Diode

MBE Molecular Beam Epitaxy

MUX Multiplexer

MZM Mach-Zehnder Modulator

NF Noise Figure

NG-PON2 40-Gigabit-capable Passive Optical Networks



ODN
OLT
ONT
ONU
OSA
OSNR
PAM-4
PC

PD
PDC
PDG
PL
PON
PPG
PRBS
PSK
PtP
QAM
QD SOA
QDIP
QD-LD
QPSK
RTA
SC-CQD
S-K growth
SNR
SSMF
TEC
TLD
TOBPF
TWDM
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Optical Distribution Network

Optical Line Terminal

Optical Network Terminal

Optical Network Unit

Optical Spectrum Analyzer

Optical Signal to Noise Ratio

Pulse Amplitude Modulation 4-level (PAM4)
Polarization Controller
Photo-Detector

Pulse Duty Cycle

Polarization Dependent Gain
Photoluminescence

Passive Optical Network

Pulse Pattern Generator

Pseudo Random Bit Sequences
Phase Shift Keying

Point-to-Point

Quadrature Amplitude Modulation
Quantum Dot Semiconductor Optical Amplifier
Quantum Dot Infrared Photodetector
Quantum Dot Laser Diode
Quadrature Phase Shift Keying

Rapid Thermal Annealing
Strain-Controlled Columnar QD
Stranski-Krastanov growth
Signal-to-Noise Ratio

Standard Single Mode Fiber

Thermo Electric Cooler

Tunable Laser Diode

Tunable Optical Band Pass Filter
Time and Wavelength Division Multiplexed



VOA
WDM
XGM
XG-PON
XPM
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Variable Optical Attenuator

Wavelength Division Multiplexing

Cross Gain Modulation

10-Gigabit-capable Passive Optical Networks

Cross Phase Modulation



Symbol

v > =2 > =z 53 Q > < A

out
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PARAMETERS

Parameter

Internal quantum efficiency

External quantum efficiency

Internal optical loss

Threshold current

Device’s length

Chip Gain

Coupling loss at each facet
Characteristic Temperature

Signal to Overshoot ratio

Planck’s constant (=6.626x10° J-s)
Frequency of SOA’s input wavelength
Frequency band converted from an OSA’s resolution
bandwidth

Response time

Steady-state voltage

Peak amplitude

Linewidth enhancement factor
Refractive index

Carrier density

Wavelength

Confinement factor

Differential gain

Output power

Electron Charge (=1.60218x10™ C)
Responsivity (=0.65 A/W)

Electrical Bandwidth (=40x10° Hz)
Dark current (=200x10 nA)

Boltzmann constant (=1.38054x10%* J/K)



Symbol Parameter

T Temperature

R, Load resistance (=50 Q)

RBWgsa OSA Resolution bandwidth at 1530 nm
Bo Optical bandwidth at 1530 nm
P, Received power

Pase ASE power of SOA

Sase Spectral density of ASE noise
Pase osa ASE power measured by SOA

Fr Noise figure (electrical ampilifier)
O-szhot Shot noise

O e Signal-ASE beat

Orse nse ASE-ASE beat

o-T2 Thermal noise

o-j Dark current noise

<|,§> Signal power

Q Q-factor
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