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Abstract—We review the development of a new class of high-
power, edge-emitting, semiconductor optical gain medium based
on the slab-coupled optical waveguide (SCOW) concept. We re-
strict the scope to InP-based devices incorporating either InGaAsP
or InGaAlAs quantum-well active regions and operating in the
1.5-μm-wavelength region. Key properties of the SCOW gain
medium include large transverse optical mode dimensions (>5 ×
5 μm), ultralow optical confinement factor (Γ ∼ 0.25–1%), and
small internal loss coefficient (αi ∼ 0.5 cm−1 ). These properties
have enabled the realization of 1) packaged Watt-class semicon-
ductor optical amplifers (SOAs) having low-noise figure (4–5 dB),
2) monolithic passively mode-locked lasers generating 0.25-W av-
erage output power, 3) external-cavity fiber-ring actively mode-
locked lasers exhibiting residual timing jitter of <10 fs (1 Hz to
Nyquist), and 4) single-frequency external-cavity lasers produc-
ing 0.37-W output power with Gaussian (Lorentzian) linewidth of
35 kHz (1.75 kHz) and relative intensity noise (RIN) <−160 dB/Hz
from 200 kHz to 10 GHz. We provide an overview the SCOW de-
sign principles, describe simulation results that quantify the per-
formance limitations due to confinement factor, linear optical loss
mechanisms, and nonlinear two-photon absorption (TPA) loss, and
review the SCOW devices that have been demonstrated and appli-
cations that these devices are expected to enable.

Index Terms—External-cavity lasers, mode-locked lasers, noise
figure, optical waveguides, power amplifiers, quantum-well de-
vices, semiconductor optical amplifiers, single-frequency lasers.

I. INTRODUCTION

WATT-CLASS, low-noise optical amplifiers are required
for a variety of applications including free-space opti-

cal communications, laser radar and imaging, high-performance
microwave photonic (MWP) links and analog signal processors,
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and low-noise mode-locked lasers for photonic analog-to-digital
converters and optical metrology based on optical frequency
combs. Historically, applications requiring Watt-class optical
amplifiers have utilized solid-state or doped-fiber gain media.
For example, in the 1.5-μm-wavelength region, erbium-doped
fiber amplifiers (EDFAs) generating greater than 150 W have
been demonstrated [1] and 50-W EDFAs are available commer-
cially [2]. Additionally, much of the work to develop low-noise
femtosecond laser combs has utilized Ti-sapphire or other solid-
state gain media, and EDFAs [3]–[5]. In addition to high-power,
lasers based on solid-state and doped-fiber lasers have exhibited
superior noise performance relative to semiconductor lasers due
to their larger intracavity powers, smaller intracavity losses,
and negligible gain/index coupling [6]. The main limitations of
fiber and solid-state lasers is that their size and weight can be
relatively large, and their power conversion efficiency is low
(typically <10%) due to optical pumping inefficiencies.

A number of these applications could benefit from the use
of semiconductor optical gain media if these media could have
power and noise properties comparable to solid-state media.
Benefits of semiconductor optical amplifiers (SOAs) relative to
solid-state amplifiers include smaller size and weight, higher
electrical-to-optical conversion efficiency, larger gain band-
width, wavelength designability, and potential monolithic in-
tegration of SOAs with other components (e.g., lasers, modula-
tors, detectors).

Traditional SOAs have been limited in both output power
and noise performance. The primary factors limiting the output
power of an SOA are the dimensions of the optical mode, the
volume of the active region, the optical confinement factor Γ,
which quantifies the spatial overlap between the optical mode
and the active region, the electrical series resistance, and the
thermal resistance which limits rate at which heat can be re-
moved. The noise performance of SOAs has been limited by the
internal loss coefficient αi and large coupling loss.

In this paper, we review the physics and development of
the slab-coupled optical waveguide (SCOW) gain medium, and
describe SCOW-based emitters that have been realized in the
1.5-μm-wavelength region using InP quantum-well (QW) ma-
terials (see Fig. 1). The primary performance advances of the
SCOW gain medium relative to previous waveguide SOAs are
related to its large symmetric optical mode, small Γ, and small
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Fig. 1. Demonstrated applications of the slab-coupled optical waveguide
(SCOW) gain medium: (a) traveling-wave SCOW amplifier (SCOWA),
(b) colliding-pulse mode-locked SCOW laser (CPM-SCOWL), and (c) single-
frequency SCOW external-cavity laser (SCOWECL).

αi [7], [8]. We begin Section II with a review of three waveguide
SOA architectures, including the SCOW amplifier [SCOWA,
Fig. 1(a)], introduce several SOA performance parameters, and
compare the reported performance parameters for the different
SOA architectures. We then describe the SCOWA design princi-
ples and numerical simulations of steady-state SCOWA opera-
tion that have been developed to optimize SCOWA performance
and to investigate performance limitations. Specifically, we sum-
marize our discovery of the impact of nonlinear two-photon ab-
sorption (TPA) on the output power and efficiency of high-power
SOAs. These simulations are directly compared to measure-
ments of SCOWA gain, output power, and efficiency. SCOWA
noise figure measurements and analysis are also discussed. In
Section III, we describe the demonstration of SCOW-based
mode-locked lasers. Passive mode-locked operation is obtained
from monolithic devices using either fundamental or colliding-
pulse mode-locking (CPM) geometries [Fig. 1(b)]. We also de-
scribe external-cavity actively mode-locked lasers incorporating
SCOWA gain media with ultralow timing-jitter performance. In
Section IV, we describe single-frequency SCOW external-cavity
lasers [SCOWECLs, Fig. 1(c)] comprising double-pass, curved-
channel SCOWAs and narrow-bandwidth fiber Bragg gratings
(FBGs). We conclude the paper with discussion of potential
applications and future directions.

II. SCOW AMPLIFIERS (SCOWAS)

A. SOA Steady-State Performance Metrics

The steady-state performance of high-power SOAs is de-
scribed by several parameters, including the small-signal gain
(G0), saturation output power (Po,sat), maximum output power
(Po ,max ), electrical-to-optical conversion efficiency (ηe-o ), and

noise figure (NF). The small-signal gain is the net device gain
when the input power is small enough so that the SOA operates
in the unsaturated or linear region. It can be expressed as [9]

G0 = exp [(Γg0 − αi) L] (1)

where Γ = Γxy is the transverse optical confinement factor,
g0 is the unsaturated active-material gain coefficient, αi is the
internal loss coefficient, and L is the length of the SOA. The
saturation output power, defined as the output power where the
amplifier gain G has decreased to half of the small-signal gain
(i.e., G = G0 /2), can be written [9]

Po,sat =
(

G0 ln 2
G0 − 2

) (
w d

Γ

)(
hν

a τ

)
(2)

where w and d are the width and thickness of the active material,
respectively, hν is the photon energy, a is the differential gain,
and τ is the carrier lifetime. We note that (2) is an approxi-
mation that includes the following assumptions: 1) the material
gain coefficient is linearly proportional to the carrier density,
g0 = a(no – nT R ), where no is steady-state carrier density un-
der small-signal conditions and nT R is the transparency carrier
density, 2) a and τ are independent of the carrier density, and
3) αi = 0. We note that a more realistic quantum-well gain
model having a logarithmic dependence on carrier density is
used in the numerical simulations described in Section II-D.
The maximum output power Po ,max of an SOA does not have
a simple analytical expression as it depends on the gain satura-
tion characteristic and the amount of input power available to
drive the SOA. Obviously, the usefulness of an optical amplifier
decreases as its net gain approaches 1.

The electrical-to-optical conversion efficiency ηe-o of an SOA
is defined as the added optical power divided by the input elec-
trical input power and can be written as

ηe-o =
POUT − PIN

PELEC
=

ηc,outPo (1 − (1/ηc,inηc,outG))
Ibias Vbias

(3)

where Po is the optical power at the device output facet, G is the
saturated device gain, ηc,in (ηc,out) is the input (output) coupling
efficiency, Ibias is the dc-bias current, and Vbias is the dc-bias
voltage. We note that ηe-o does not include the electrical power
of any thermoelectric cooler (TEC) used to remove heat from the
SOA. At a fixed electrical input power PELEC = IbiasVbias , (3)
shows that the maximum ηe-o occurs when Po is large, but before
the saturated gain becomes too small. This occurs when Po is
slightly larger than Po, sat as will be shown later. To achieve high
ηe-o , the coupling efficiencies should be large and G0 should be
large enough to ensure that ηc, inηc,outG0 � 1 since G ≤ G0 .

The noise figure (NF) of a SOA is given by [10]

NF =
1

ηc,in

2nsp(G − 1)
G

Γg

Γg − αi
+

1
ηc,inηc,outG

(4)

where nsp is the population inversion factor, and g is the
saturated active-material gain coefficient. Low-noise figure is
obtained through high coupling efficiency, high population
inversion (nsp ∼ 1), and low relative optical loss (Γg � αi).
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Fig. 2. Transverse cross-section and top-view schematics of waveguide semi-
conductor optical amplifiers (SOAs): (a) conventional rib-waveguide amplifier,
(b) tapered-output amplifier, and (c) slab-coupled optical waveguide amplifier
(SCOWA).

As expected, the NF is directly impacted by the input coupling
loss 1/ηc, in . In the limit, the minimum is NF ∼ 2nsp = 2 (3 dB).

B. SOA Architectures

A number of waveguide SOA architectures have been demon-
strated [11]–[14]. Fig. 2 shows cross-section and top-view
schematics of three classes of quantum-well waveguide SOA:
(a) a conventional rib-waveguide structure, (b) a tapered-output
amplifier, and (c) a slab-coupled optical waveguide amplifier
(SCOWA). The primary differences between these waveguide
SOA classes are the dimensions of the transverse optical mode,
the transverse optical confinement factor Γ, the internal loss
coefficient αi , and the length L of the SOA.

The design of the conventional rib-waveguide SOA [Fig. 2(a)]
is a direct reflection of the design of high-gain, high-speed di-
rectly modulated semiconductor lasers that were developed for
the telecommunications industry [9], [15]. Indeed, early SOAs,
also referred to as semiconductor laser amplifiers (SLAs), were
simply telecom laser structures incorporating anti-reflection
(AR) coated and/or angled facets to suppress lasing [11], [13].
In these SOAs, optical confinement in the vertical and lateral
directions is obtained using a separate confinement heterostruc-
ture (SCH) region and an etched rib-waveguide, respectively.
To maintain single-transverse-mode operation, both the SCH
region thickness and the rib-waveguide width are kept fairly
small and the resulting mode dimensions are on the order of
1 × 3 μm. High-speed laser modulation is obtained with a short
length L and large Γ [9]. Therefore, these laser-based SOAs
have typical lengths of L < 1 mm and Γ = 5–20%. Since Γg
is large in these structures, fairly large losses can be tolerated

(αi = 3–10 cm−1) before significantly impacting G0 , ηe-o , and
NF.

Equation (2) shows that the saturation output power Po, sat of
an SOA can be increased by a combination of 1) increasing the
area wd of the active region, 2) reducing the optical confinement
factor Γ, and 3) reducing the differential gain a. The tapered-
output SOA [Fig. 2(b)] is one approach to increase Po, sat by
increasing the width w of the active region [see (2)] [16], [17].
Tapered InGaAsP QW SOAs, with w of a few hundred microns,
have been reported with output powers of 0.3 W at 1.5 μm (1%
duty cycle) [18] and 0.75 W at 1.3 μm [19]. Although capable
of high power, tapered SOAs are limited by beam instability
associated with gain guiding dynamics, filamentation, and by
complex optics required to efficiently couple to single-mode
optical fibers. Typical tapered-SOA to single-mode-fiber cou-
pling efficiencies are about 50%. Tapered-output SOAs usually
have Γ and αi similar to rib-waveguide SOAs.

A second approach to increase Po, sat is to decrease Γ. It has
been shown that both Γ and αi are reduced by increasing the
thickness of the optical waveguide [20]–[22]. By reducing Γ to
∼1%, Po, sat = 0.25 W and small-signal gain G0 = 13 dB was
obtained from an InGaAsP quantum-well (QW) SOA device at
1590 nm [23]. Other groups have reported InGaAsP QW SOAs
having Po, sat ∼ 0.1 W through the use of low-Γ structures [24],
[25]. In a conventional SOA or semiconductor laser structure,
the maximum waveguide thickness is limited by the generation
of higher-order transverse modes that compete for gain with the
desired fundamental mode.

The SCOWA geometry [Fig. 2(c)] represents a significant ad-
vance over prior low-Γ SOA designs due to its larger optical
mode size, smaller Γ, and smaller αi . The SCOW concept is
based on Marcatilli’s observation that a multimode waveguide
can be made to operate single mode by coupling the multi-
mode waveguide to a slab waveguide [26]. By choosing the
appropriate dimensions and coupling between waveguides, the
fundamental mode will propagate with minimum loss while the
higher-order modes will radiate away into the slab with high
loss. We initially combined this waveguide concept with mod-
ern quantum-well technology to develop a new class of semi-
conductor laser, referred to as a slab-coupled optical waveguide
laser (SCOWL) that supports a large fundamental transverse
mode and has low optical loss (<1 cm−1), allowing it to be
long, thereby enabling efficient heat removal. The low internal
loss coefficient is achieved by designing the structure to have
small overlap between the optical mode and the lossy p-doped
cladding layer. The initial demonstration of the SCOWL concept
was reported by Walpole et al. at a wavelength of 1300 nm [27].
We have since demonstrated SCOWL operation at a variety of
wavelengths (915, 980, 1060, 1550, and 2200 nm) with CW
output powers ranging from 0.6 to 1.8 W and laser-to-fiber butt-
coupling efficiency in excess of 80% [28]–[31].

For SOAs, (1) and (2) reveal a Γ-dependent tradeoff between
G0 and Po, sat . The amount by which Γ can be reduced to in-
crease Po, sat is limited by the decrease in modal gain that also
occurs as Γ is reduced. The net gain coefficient of a waveguide
SOA can be written as gnet = Γg − αi(cm−1). To obtain useful
optical gain from a low-Γ SOA, αi must be kept smaller than
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Γg and the SOA length must increase as gnet decreases. Several
loss mechanisms contribute to αi , including free-carrier ab-
sorption (FCA) associated with carriers in the doped waveguide
and cladding regions, FCA associated with injected carriers in
the active region, waveguide scattering losses, and two-photon
absorption (TPA) and FCA associated with TPA-generated car-
riers. By centering the optical mode in a relatively low-doped
n-type InGaAsP waveguide and grading the p- and n-doping pro-
files, we have been able to achieve αi ∼ 0.5 cm−1 in InGaAsP
QW SCOWLs at threshold current conditions [30].

The tradeoff between G0 and Po, sat , can be quantified by
defining a gain-power (G•P) product that is independent of
Γ. An approximate G•P product with units of W-dB can be
obtained by 1) combining (1) and (2) with (2) expressed in
decibels, 2) assuming that G0 � 1, and 3) setting αi = 0 [32]

G • P = G0,dB · Po,sat ≈ 3hν

(
ηd

o Ibias

q
− w dL

τ
nT R

)
(5)

where ηd
o is the internal differential efficiency [33], Ibias is the

dc-bias current, and q is the electronic charge. In deriving (5), we
have substituted in the linear expression for g0 and the steady-
state carrier-density n. We note that G•P is also independent
of a. The G•P product allows the tradeoff between Po, sat and
G0 to be evaluated in terms of device design and operating
parameters. For the SCOWA-relevant example when Ibias =
5 A and λ = 1540 nm, the maximum value that (3) can attain
(i.e., ηd

o = 1, nT R = 0) is 12 W-dB. This implies that if Γ is
adjusted to obtain Po, sat = 1 W, the maximum achievable gain
under these conditions is G0 = 12 dB. We note that (5) is only
approximate and tends to underestimate the G•P product due to
the simplifying assumptions in its derivation.

In all of the above discussion, the SOA architectures uti-
lized QW active regions. We note that the use of semiconductor
quantum-dot (QD) active regions would likely benefit low-Γ
SOAs such as the SCOWA. SOAs based on InAs/InP QDs have
demonstrated device Po, sat = 0.37 W at 1.5 μm [34], [35]. To
our knowledge, these QD results represent the highest output
powers from fundamental-mode SOA devices reported by other
groups. The high value of Po, sat in QD SOAs is due to a com-
bination of small confinement (Γ < 1%) and small differential
gain at high-injection current [36].

C. SCOWA Design and Fabrication Details

The SCOW amplifier designs are based on the SCOW laser
designs that were initially demonstrated [27], [28]. Figs. 3 and 4
show a transverse cross-section and a generic material structure,
respectively, that are common to most of the 1.5-μm QW SCOW
emitters that have been demonstrated. To date all of our 1.5-μm
SCOW emitter structures have been grown via organometallic
vapor-phase epitaxy (OMVPE) on an n-type (100) InP sub-
strate. With the exception of some early work where a h = 4 μm
waveguide was investigated [30], all of the structures have used
a h = 5 μm lightly n-type doped InGaAsP waveguide (5 ×
1016 cm−3 , λg = 1.03 μm). Both InGaAsP and InGaAlAs QW
active regions have been explored with the number of QWs
ranging from 3 to 5. The well layers have been compressively

Fig. 3. Transverse cross-section of an InGaAsP/InP quantum-well slab-
coupled optical waveguide amplifier (SCOWA) showing critical device
dimensions.

Fig. 4. Generic material layer structure for 1.5-μm InP-based SCOW gain
medium. Schematic conduction-band energy diagram also shown.

strained (+1%) and the barrier and bounding layers have been
tensile strained (−0.3%). Due to the weak confinement in the
SCOW structure, Γ is strongly dependent on the effective in-
dex of the QW region. This effective index is determined by
the composition of the QW and barrier layers, the number and
thickness of the QWs, the thickness of the barrier layers, and
the composition and thickness of the bounding layers. Some
of the structures incorporated a thin (15 to 25 nm) p-doped In-
AlAs electron-blocking layer to minimize the impact of carrier
leakage from the QW region into the p-InP cladding layer. We
note that we did not observe a significant difference in perfor-
mance for devices with an InAlAs electron-blocking layer rela-
tive to devices without the layer. The QW region and waveguide
layer are sandwiched between p- and n-InP cladding layers with
graded doping. To minimize the optical loss associated with
FCA, the doping of the cladding layers was graded from ap-
proximately 2 × 1017 cm−3 near the waveguide to 1018 cm−3

away from the waveguide. A p+InGaAs layer was grown on the
top of the p-InP buffer layer to enable low contact resistance.
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Lateral optical confinement was obtained by reactive-ion
etching a strip-loaded rib waveguide (w ∼5.5 to 6 μm) to an
appropriate depth of ∼0.5 μm into the 5-μm-thick InGaAsP
waveguide layer below the quantum wells. A SiO2 layer was de-
posited for electrical isolation. The p- (Ti/Pt/Au) and n-contacts
(Ni/Ge/Au) were deposited via e-beam evaporation and simul-
taneously alloyed at 450◦C for 30 s. For amplifier structures, the
facet reflectivity was minimized by a combination of 5◦-oriented
(110) angle cleaving followed by anti-reflection coating. The
typical cleaved device length was 10 mm.

D. SCOWA Simulations

To understand and optimize the performance of the low-Γ
SCOWA architecture, we have developed a numerical simula-
tion based on a steady-state SOA model [37]. In the simulation,
the SOA is divided into M sections along its length. A propor-
tional fraction of the total bias current is injected into each sec-
tion. In each section, rate equations are solved self consistently
to determine the carrier density and optical signal power as a
function of injection current and input optical power. The carrier
lifetime τ has the standard form 1/τ = A + Bn + Cn2 . For the
InGaAsP QWs modeled here we used the parameters [38], [39]:
A = 1.1 × 108 s−1 , B = 2.2 × 10−10 – (4 × 10−29)·n cm3s−1 ,
and C = 1 × 10−28 cm6s−1 .

In the model, the single-QW material gain coefficient is
g(n) = gi ln [(n + nS ) / (nT R + nS )], where n is the injected
QW carrier density, gi = 415 cm−1 , nT R = 1.65 × 1018 cm−3 is
the transparency carrier density, and nS = −1.43 × 1018 cm−3

is an additional fitting parameter [38]. The values of gi , nT R ,
and nS were determined from the measured small-signal gain
of a packaged SCOWA [8] at 1540 nm at several bias currents.
Estimation of the carrier density n from the injected current den-
sity was obtained by solving the carrier-density rate equations
under the small-signal, steady-state condition. The simulated
optical mode was a 2-D Gaussian distribution with 1/e2 -intensity
mode widths of 5 and 7 μm in the vertical and lateral directions,
respectively. Other important SCOWA simulation parameters
are the optical confinement factor Γ = 0.5%, waveguide width
w = 5.7 μm, active region thickness d = 40 nm = 5 × 8-nm
QWs, length L = 10 mm, and fiber-to-waveguide coupling effi-
ciency ηC = 90%.

The diode turn-on voltage and series resistance used in the
simulation were 0.89 V and 0.12 Ω, respectively, which are typ-
ical values for a 10-mm-long SCOWA as determined from a
four-point current-voltage (I-V) measurement. The series resis-
tance is comprised of the resistance of the waveguide layer,
the cladding layers, and the metal-semiconductor contact resis-
tances. The dominant component is attributed to the resistance
of the p-InP cladding layer, which has a graded doping profile
to minimize the optical loss due to FCA (see above). The trade-
off between series resistance and optical loss due to the doping
of the cladding and waveguide layers is more pronounced in
the SCOWAs relative to conventional SOAs due to the inherent
requirement of low optical loss in the low-Γ SCOWA design.

Comparison of the simulated and measured gain saturation
characteristics of 1.5-μm SCOWAs has led us to discover that

Fig. 5. Band-diagram schematic of multiple quantum well (MQW) p-i-n
SCOWA structure depicting electronic carrier injection, stimulated emission
of fundamental (1540 nm) signal, generation of carriers in the waveguide re-
gion via two-photon absorption (TPA), and 1040-nm radiative recombination
of TPA-generated carriers.

the CW output intensity of low-Γ SOAs and lasers can be limited
by nonlinear optical loss due to two-photon absorption (TPA)
and the FCA associated with the TPA-generated carriers [40].
The SCOWA band-diagram schematic in Fig. 5 summarizes
our interpretation of the TPA and TPA-generated FCA physics.
Under forward-bias, electrons and holes are injected into the
SCOWA’s QW region from the n-doped waveguide and p-doped
cladding region, respectively. When the QW carrier density is
large enough to provide gain, optical signals injected into the
SCOWA at wavelengths within the gain bandwidth are ampli-
fied through stimulated emission. In the SCOWA design, most of
the optical mode is confined to the waveguide region and it has
only a small overlap with the QW region. When the amplified
signal power becomes large, electron-hole pairs are generated
via TPA in the waveguide where the mode intensity is largest.
This TPA mechanism acts to directly deplete the optical field.
The TPA-generated carriers, primarily the holes, introduce an
additional loss mechanism through FCA. The TPA and TPA-
generated FCA optical loss mechanisms limit the maximum
intensity that can be produced by the amplifier. We have con-
firmed the presence of the TPA-generated carriers in a SCOWA
by observing photoluminescence at the wavelength correspond-
ing to the bandgap wavelength (∼1040 nm) of the waveguide
material [40]. The photoluminescence power has a quadratic de-
pendence on the amplified SCOWA output power of an inband
signal (λ = 1540 nm) as expected for a TPA process. We note
that the photoluminescence is not due to the often-cited car-
rier spillover effect [41]–[43], since it is not present when the
SCOWA optical input power is zero, even at high-bias current.

The impact of TPA and TPA-generated FCA is incorporated
into the simulation through the internal loss coefficient, which
is dependent on both the injected carrier density and the optical
intensity

αi = α0 + αQW + α2 + α2FCA (6)
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Fig. 6. Comparison of measured (symbols) and simulated (dotted lines) char-
acteristics of a packaged InGaAsP/InP QW SCOWA as a function of output
power at several bias currents: (a) fiber-to-fiber gain, (b) electrical-to-optical
conversion efficiency.

where α0 is the carrier-independent loss, αQW = ΓσIVBA p is
the intervalence-band absorption (IVBA) loss due to injected
holes in the QW layers, σIVBA = 7.5 × 10−17 cm2 is IVBA
cross-section, p is the hole density in the QWs (assume uniform
distribution and n = p), α2 is the TPA absorption coefficient
given by

α2 = βTPA · IS (7)

where βTPA = 60 cm/W is the TPA coefficient, IS is the effective
optical signal intensity, α2FCA is the absorption coefficient due
to TPA-generated FCA which can be written in steady state as

α2FCA = σ2FCA ·
(

βTPA I2
S τ2

hν

)
(8)

where σ2FCA = 7 × 10−17 cm2 is the FCA cross-section of
the TPA-generated carriers, hν is the photon energy of the fun-
damental optical signal, and τ 2 = 2.3 ns is the lifetime of the
TPA-generated carriers. The values of βTPA and σ2FCA agree
with values derived from ultrafast pump-probe measurements
performed on a SCOWA [44]. The value of τ 2 was chosen to
obtain agreement between the simulated and measured values
of Po, sat at a 5-A bias current.

Comparisons of the simulated and measured gain and effi-
ciency characteristics of a packaged SCOWA amplifier [8] are
provided in Fig. 6. The only parameter that was varied in gener-
ating the five simulated curves in each of these plots was the dc-

bias current. All other simulation parameters were held fixed.
The data of Fig. 6(a) reveal excellent agreement between the
simulated and measured gain-saturation characteristics. We ex-
pect good agreement between the small-signal gain values since
the simulation’s material-gain coefficient expression is derived
from measured small-signal gain data. The strong clamping of
the small-signal gain versus bias current is likely due to in-
creased IVBA associated with holes either confined in the QWs
or thermalized into the barrier or cladding layers [41], [45].
The effect of this gain clamping is incorporated into the sim-
ulation through the material gain coefficient g(n) that was de-
termined from measured small-signal gain versus current data
as described above. In addition to the agreement between the
simulated and measured small-signal gain values, both the sat-
uration output power Po, sat values and the roll-off shapes of the
gain-saturation curves are almost identical. When the effects of
TPA and TPA-generated FCA are not included in the simula-
tion [32], we were not able to obtain the correct roll-off shape
at high output power. From the simulation, we estimate that
the TPA and TPA-generated FCA coefficients are α2 = 0.18
and α2TPA = 0.72 cm−1 , respectively, at 5-A bias current and
at Po = Po, sat = 0.8 W. These results show that the nonlinear
loss due to TPA-generated FCA is larger than the direct TPA
loss. We also note that TPA effects are more evident in SOA
structures like the SCOWA that have low intrinsic losses (i.e.,
α0 and αQW ).

Excellent agreement is also obtained between the simulated
and measured efficiency versus output power characteristics
[Fig. 6(b)]. The efficiency is small for small output power and
peaks at output power slightly greater than Po, sat . The maximum
difference between the simulated and measured peak-efficiency
for the different biases is about 1.7%. The maximum efficiency
occurs for a 2-A bias and then decreases with increasing bias.
We attribute the decrease in efficiency at higher-bias current to
increased Auger recombination, and increased internal loss due
to a combination of carrier-density-dependent FCA and optical-
intensity-dependent TPA. We observe that the simulated peak
efficiency at 5-A bias increases from 11.5% to 19.5% if the
losses due to TPA and TPA-generated FCA are neglected.

Having established the validity of the steady-state SCOWA
simulation, we can use it to predict the impact of varying
both Γ and αi on the performance of low-Γ SOA structures.
Fig. 7 shows the simulated Po, sat and maximum electrical-
to-optical conversion efficiency ηe-o,max of a 10-mm-long
InGaAsP/InP SCOWA (Ibias = 5 A) as a function of Γ and
the carrier-independent loss coefficient α0 . The results reveal
that Po, sat initially increases as Γ decreases as predicted by
(2), but reaches a maximum and then begins to decrease with
further decrease in Γ. This maximum and subsequent decrease
in Po, sat is a direct result of the limit due to TPA. We note
the excellent agreement between the maximum value of Po, sat
predicted by the simulation (∼0.8–0.9 W) and the value mea-
sured for a SCOWA having Γ ∼ 0.5% and αi ∼ 0.5 cm−1 [see
Fig. 6(a)]. When TPA effects are not included in the simulation,
Po, sat increases without bound in direct accordance with (2).
The maximum efficiency ηe-o,max is initially relatively inde-
pendent of Γ and then begins to decrease as the output power



1704 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 17, NO. 6, NOVEMBER/DECEMBER 2011

Fig. 7. Simulated (a) saturation output power Po ,sat , and (b) maximum
electrical-to-optical conversion efficiency ηe -o ,m ax as a function of optical
confinement factor Γ for different carrier-independent loss coefficients α0 .

becomes limited by TPA and the gain decreases [see (1)]. Once
again, the simulated efficiency value agrees well with the mea-
sured value [see Fig. 6(b)]. When TPA effects are not included,
ηe-o,max increases from 12% to more than 18% for Γ ∼ 0.5%
and αi ∼ 0.5 cm−1 . Multisection contacts can be used to in-
crease the efficiency (see Section II-E below), but they do not
mitigate the impact of TPA. The simulation results also show
that both Po, sat and ηe-o,max decrease with increasing optical
loss.

E. SCOWA Demonstrations

The initial bench-top demonstration of an SOA based on the
SCOW concept, performed at a wavelength of 1.5-μm, showed
that more than 0.63 W of output power could be coupled into
an SMF-28 optical fiber using simple butt-coupling [7]. The
coupling efficiency between the SCOWA having a 5◦-angled
facet and the angled-facet SMF-28 fiber was measured to be
∼55%.

Fig. 8 shows a comparison of the measured near-field mode
profiles of a SCOWA and an SMF-28 fiber. Typical 1/e2-
intensity mode widths of the 1.5-μm SCOWAs are 4 to 6 μm
in the vertical direction (perpendicular to the growth plane),
and 7 to 8 μm in the lateral direction (parallel to the growth
plane). Thus, the SCOWA mode area is 10 to 15 times larger
than a conventional SOA having mode dimensions of 1 × 3 μm.
Overlap integrals of measured mode profiles predict SCOWA
to SMF-28 coupling efficiencies of 70–75%, while they have
been measured to be 55–60%. We were also able to achieve
SCOWA-to-fiber butt-coupling efficiency greater than 80% by

Fig. 8. Measured near-field intensity mode-profiles of (a) 1.5-μm SCOWA,
and (b) single-mode optical fiber (SMF-28).

Fig. 9. Top-view photograph of junction-down-mounted SCOWA packaged
using lensed-fiber pigtails. SCOWA length = 10 mm. SCOWA facet angle = 5
degrees. SCOWA soldered to Cu-W submount. Lensed-fiber parameters: fiber =
SMF-28, spot size = 6.5 μm, working distance = 25 μm.

using an optical fiber (HI1060 Flex) having a smaller mode size
(1/e2 diameter = 6.5 μm).

The SCOWA-to-fiber coupling efficiency was increased to
more than 90% by using conical lensed SMF-28 fibers hav-
ing a focus spot diameter of 6.5 μm. In addition to providing
a near-optimal mode overlap, the lensed fibers have a 25-μm
working distance, which allows the SCOWA-to-fiber separa-
tion to be optimized during the fiber alignment process. Fig. 9
shows a top-view photograph of a packaged SCOWA that was
pigtailed using lensed SMF-28 fibers [8]. The SCOWA was
mounted junction-side down to a Cu-W submount using AuSn
solder. The submount was mounted to a Cu baseplate that was
temperature controlled using a thermoelectric cooler. The input
and output facets were coupled to the lensed fibers and affixed
using laser welding. Prior to packaging, the 1/e2 widths of the
SCOWA near-field mode profile (Fig. 8) were measured to be
5.6 and 7.5 μm, perpendicular and parallel to the growth plane,
respectively.

Fig. 10 shows the measured small-signal gain spectra of the
packaged SCOWA. For these measurements, the input power
was approximately 1 mW. At a bias current of 5 A and T =
16 ◦C, the peak fiber-to-fiber gain was 14.9 dB at 1500 nm and
the 3-dB bandwidth was greater than 100 nm. The TE/TM gain
ratio was measured to be 17–18 dB and was nearly independent
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Fig. 10. Small-signal gain spectra of a packaged SCOWA for several bias
currents. Baseplate temperature = 16 ◦C.

Fig. 11. Noise figure of a packaged SCOWA as a function of wavelength for
several bias currents measured, using the optical source subtraction technique.
Baseplate temperature = 16 ◦C.

of wavelength. We observe that the gain does not change appre-
ciably as the current is increased from 4 to 5 A and attribute this
clamping to increased IVBA losses, as described above.

Noise figure spectra (Fig. 11) of the packaged SCOWA were
measured using the optical-source-subtraction method [10],
[46]. A low-power tunable CW laser was injected into the pack-
aged SCOWA. The SCOWA output was attenuated and then
measured using an optical spectrum analyzer. Calibration factors
measured and included in the NF calculation were: the source-
spontaneous-emission spectral density, the optical losses, and
the polarization extinction of the SCOWA. At 1540 nm and 2-A
bias, a noise figure of 4.6 dB was obtained. We attribute this very
low NF of the packaged SCOWA to: 1) its low internal loss co-
efficient, 2) the high-coupling efficiency between the SCOWA
and the input lensed fiber, and 3) low-population inversion factor
(nsp ∼ 1) due to low carrier heating [see (4)]. As the current is
increased from 2 to 5 A, the NF increases due to a combination
of increased loss due to IVBA, increased nsp due to carrier heat-
ing, and decreased coupling efficiency at shorter wavelengths
due to the presence of higher-order transverse modes [10]. At

Fig. 12. Gain saturation characteristics of 10-mm-long packaged
InGaAsP/InP quantum-well SCOWAs having confinement factors (Γ) of 0.5%
and 1%. Bias current = 5 A. Submount temperature = 16 ◦C.

5-A bias, the NF at 1540 nm increased to 5.5 dB, which is still the
lowest that has been achieved to date for a fiber-coupled SOA.
At biases less than 2 A, the inversion of the amplifier drops sig-
nificantly, especially towards the shorter wavelengths, resulting
in a larger noise figure. The accuracy of the optical-source-
subtraction NF measurements was confirmed by independently
measuring the NF using an electrical technique [10]. At 5-A
bias, the agreement between the two NF measurement tech-
niques was better than 0.1 dB over the tested wavelength range
(1460–1580 nm).

Initial optical communication system tests were performed
using an early-generation packaged SCOWA that incorporated
butt-coupled, angle-cleaved SMF-28 fibers [47]. In these exper-
iments, we compared the performance of the SCOWA power
amplifier and a high-power commercial EDFA. The results of
these measurements showed that the SCOWA did not introduce
any receiver power-penalty relative to the EDFA for several
modulation formats (binary PPM, OOK, DPSK) at bit rates
above 1 Gb/s. However, for amplitude-modulated signal for-
mats with data rates less than 1 Gb/s, the SCOWA output pulses
became distorted and the transmitter efficiency decreased due
to the short upper-state lifetime (∼250 ps) of the quantum-well
gain medium. The measured noise-figure of this early SCOWA
(9 dB) was degraded by an input coupling loss of 4 dB between
the SCOWA and the angle-cleaved SMF-28 fiber. This loss has
been reduced to 0.5 dB by using lensed fibers as described
above.

Fig. 12 shows the gain saturation characteristics of two
packaged SCOWAs with nearly identical design parameters
(5 InGaAsP QWs, 25-nm p-InAlAs blocking layer, 5-μm-thick
waveguide, 10-mm length). The primary difference for the two
SCOWAs is the value of Γ, estimated to be 0.5% and 1%, which
results in G0 of 14 and 30 dB, and Po,sat of 0.8 and 0.4 W, re-
spectively, at a bias current of 5 A. We note that the G•P product
is approximately constant (11–12 W-dB) for the two SCOWAs
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Fig. 13. Multicontact SCOWA concept and performance: (a) top view of a
multicontact SCOWA showing isolated input and output sections, and (b) fiber-
to-free-space output power, gain, and efficiency at the saturation output power
versus the input-section current density. Fixed output-section current density
Jout = 8.9 kA/cm2 . Section lengths: LIN = 7.5 mm, LOUT = 2.5 mm.

as is expected for SOA structures differing only in Γ [see (5)].
The saturated gain of the high-Γ SCOWA is 20 dB at 0.5-W out-
put power, implying a required input power of only 5 mW. At
5-A bias, the maximum electrical-to-optical conversion effi-
ciency for the low-Γ and high-Γ packaged SCOWAs is 11%
and 8%, respectively.

One technique that has been demonstrated to increase the
SCOWA electrical-to-optical conversion efficiency is to inde-
pendently bias multiple sections of the SCOWA along its length
[Fig. 13(a)] [48]. The efficacy of this multicontact technique
depends on the manner in which the material gain saturates
as a function of current density. To achieve large Po, sat , the
gain medium must be driven deep into saturation where the
differential gain a = dg/dn is small [see (2)]. Therefore, the
output of an SOA needs to be operated at high current den-
sity to achieve strong saturation. However, the input of an SOA
needs only enough current to provide optical gain. By sepa-
rating the bias electrode of an SOA into two sections, differ-
ent current densities can be applied to the input and output
sections.

Fig. 13(b) shows data that demonstrate the use of the mul-
ticontact technique to increase the ηe-o of a SCOWA. For this
demonstration, electrical isolation between the input (LIN =
7.5 mm) and output (LOUT = 2.5 mm) sections of the contact
was obtained by wet etching both the p+ -InGaAs cap and metal
contact. Separate diode drivers were used to supply constant
current to each contact and separate sense probes were used to

Fig. 14. Comparison of the small-signal gain versus saturation output power
performance of 1.5-μm SOAs, including: pigtailed QW SCOWAs (stars), pig-
tailed QW SOAs (closed circles), QW chips (open circles), QD chips (dotted
circle), and tapered QW chip (inverted triangle).

accurately measure the bias voltage of each section. The width
of the waveguide ridge was w = 5.8 μm. A constant current
of 1.25 A was injected into the output section, corresponding
to a current density of JOUT = 8.9 kA/cm2 . Fiber-to-free-space
gain-saturation characteristics (gain versus input optical power)
were then measured at several input-section bias current den-
sities JIN . The measured gain-saturation characteristics were
then used to determine Po, sat , the gain at saturation Gsat = G0
– 3 dB, and the efficiency at saturation ηe-o, sat . The data in
Fig. 13(b) show that maximum Po, sat = 28.5 dBm (0.7 W) and
Gsat = 10.1 dB both occur when JIN = JOUT . At this input
bias, ηe-o, sat = 9.4%. As JIN decreases, ηe-o, sat increases to
a maximum of 14.3% at JIN = 3.6 kA/cm2 . For this same de-
crease in JIN , Po, sat and Gsat decrease by 0.6 dB and 3.5 dB,
respectively. This tradeoff between increasing ηe-o, sat and de-
creasing Po, sat and Gsat depends on how the gain saturates as
a function of current density. As described above, the SCOWA
efficiency at high-current density (e.g., JOUT = 8.9 kA/cm2) is
limited by increased nonradiative recombination, and increased
optical losses due to carrier-related FCA and intensity-related
TPA.

The improvement in Po, sat of pigtailed 1.5-μm SCOWAs rel-
ative to other reported 1.5-μm pigtailed SOAs and SOA chips
is summarized in Fig. 14 [23], [24], [34], [49]–[53]. All of the
SCOWAs contained InGaAsP QWs and had a length of 10 mm.
The maximum reported Po, sat of fixed-waveguide-width QW
pigtailed SOAs and SOA chips is 0.04 and 0.25 W [23], re-
spectively. A QD SOA chip having Po, sat = 0.28 W has been
reported [34]. The use of a tapered-output (w ∼ 200 μm) SOA
allows both large Po, sat = 0.4 W and large G0 = 35 dB to be
achieved simultaneously [49]. The pigtailed SCOWAs used both
high-Γ (∼1%) and low-Γ (∼0.5%) designs. The Po, sat of the
high-Γ and low-Γ SCOWAs were in the range of 0.35–0.4 W
and 0.6–0.8 W, respectively.
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Fig. 15. Sampling-scope trace of detected pulse train generated by a 1.5-μm
monolithic passively mode-locked SCOWL. Gain-bias current = 3 A. Absorber
reverse-bias voltage = 1.8 V.

III. MODE-LOCKED SCOW LASERS (ML-SCOWLS)

A. Monolithic Passively ML-SCOWLs

Passively mode-locked SCOWLs have been realized by di-
viding the waveguide into gain and saturable absorber sec-
tions using a multicontact electrode similar to that described
above [54], [55]. The gain and absorber lengths were 9.5 and
0.5 mm, respectively. The isolation between sections was en-
hanced by using proton implantation in addition to etching the
p+ InGaAs cap layer and the metal contact. Dielectric coatings
were evaporated on the facets to achieve 95% reflectivity on the
facet adjacent to the absorber and 5% reflectivity on the out-
put facet. The laser was mounted junction side up on a CuW
submount with AuSn solder.

Passive mode-locking was achieved by injecting current into
the gain section and applying a reverse bias voltage to the ab-
sorber section. At a 3-A gain-section current and 1.8-V absorber-
section reverse bias, the laser produced a train of 10-ps pulses
at a repetition rate of 4.3 GHz (Fig. 15). The pulse width was
determined using an autocorrelator and assuming a Gaussian
pulse shape. The average power was 0.25 W, implying that the
peak power and pulse energy were 5.8 W and 58 pJ, respec-
tively. To our knowledge, this demonstration represented a 10×
increase in average power and a 100× increase in pulse en-
ergy relative to previously demonstrated semiconductor mode-
locked lasers operating in the 1.5-μm wavelength region. Since
our first demonstration another group has reported both passive
and hybrid mode-locking of a monolithic SCOWL cavity with
comparable output power and pulse energy [56], [57].

The optical spectrum was centered at 1544 nm and had a 3-dB
bandwidth of 5.7 nm, implying a time-bandwidth product of 7.5.
Temporal pulse compression was performed using lengths of
SMF-28 fiber and the shortest pulse width obtained was 4 ps.
This implies that the pulses contain nonlinear frequency chirp
that inhibits further compression. It is likely a major contributor
to the nonlinear chirp is the transient index change associated
with the TPA-generated carriers that are created by the high-

Fig. 16. Detected RF spectrum of a 1.5-μm CPM-SCOWL. Gain-bias cur-
rent = 5 A. Absorber bias = 1.5 V.

peak intensities of the optical pulses [44], [58]. TPA also limits
the pulse energy and peak power of the optical pulses.

B. Monolithic Colliding-Pulse Mode-Locked
(CPM) SCOWLs

The simplest way to increase the repetition rate of a passively
mode-locked laser is to reduce the laser’s cavity length. How-
ever, for high-power monolithic semiconductor mode-locked
lasers, it is advantageous to have a long cavity to facilitate
the removal of heat. We have also observed that a minimum
length of about 4 mm is required to maintain single-transverse-
mode operation in InGaAsP/InP SCOWLs of the present
design [30].

Another method to increase the repetition rate of a monolithic
passively mode-locked semiconductor laser is to use a colliding-
pulse mode-locking (CPM) geometry [59]. In a CPM laser, the
absorber section or sections are placed inside the cavity instead
of on one end of the cavity. Appropriate choice of the absorber
position creates a condition where it is favorable to have multiple
pulses propagating in the cavity. By positioning the absorber in
the center of the cavity [Fig. 1(b)], the laser mode-locks at twice
the fundamental cavity rate so that 2 pulses counter-propagate
in the cavity and collide in the absorber section.

We have realized a second-harmonic CPM-SCOWL by po-
sitioning a 0.5-mm-long absorber section in the center of a
SCOWL cavity having a total length of 10 mm [60]. The gain
and saturable absorber sections were electrically isolated us-
ing the same approach as described above (see Section III-A).
The facets were not coated so the facet reflectivities were both
about 28%. The laser was mounted junction side up on a CuW
submount with AuSn solder.

By injecting current into both gain sections and applying a
reverse bias to the absorber section, the CPM-SCOWL gen-
erated pulses at a repetition rate of 8.6 GHz, which is twice
the rate obtained from a 10-mm-long SCOWL operated at the
4.3-GHz fundamental cavity rate (see above). The RF spectrum
of the detected CPM-SCOWL pulse train (Fig. 16) shows a
strong component at the 8.6-GHz second-harmonic frequency
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Fig. 17. Gain-section bias current and absorber-section bias voltage condi-
tions (shaded area) for achieving mode-locked operation in a CPM-SCOWL.
Average single-facet output power (triangles) and corresponding bias conditions
(squares) also shown.

with more than 60-dB suppression of the 4.3-GHz fundamental
frequency component. This suppression implies that both the
energy and shape of the counter-propagating pulses are highly
correlated.

Fig. 17 summarizes the current and voltage bias conditions
over which CPM operation was achieved. The bias current was
split between the two gain sections by electrically connecting
the contacts in parallel. In general, the required reverse-bias
voltage applied to the saturable absorber increases as the gain
bias-current increases. A maximum average mode-locked out-
put power of 0.24 W per facet was achieved at a bias current of
5 A and an absorber voltage of 1.2 V. At this bias condition, the
measured pulse width was 11 ps and the time-bandwidth prod-
uct was about 10, indicating that the pulses are again highly
chirped.

The impact of the bias conditions on the pulse width, pulse en-
ergy, and time-bandwidth product were also investigated. Pulse
widths ranging from 8 to 14 ps were obtained over the bias
conditions explored. At a fixed bias current, the pulse width
decreases with increasing reverse bias voltage. Increasing the
reverse bias also caused the pulse energy to decrease at a fixed
bias current. Pulse energies ranging from 22 to 28 pJ were ob-
tained. The time-bandwidth product increased from 4 to 14 as
the peak power of the pulses increased.

C. External-Cavity Fiber-Ring Actively ML-SCOWLs

In addition to monolithic passively mode-locked SCOWLs
and CPM-SCOWLs, external-cavity actively mode-locked
SCOWLs have been realized by incorporating packaged
SCOWAs into fiber-ring cavities developed at the University
of Central Florida [61]–[64]. The use of a long external-cavity
reduces the phase noise and timing jitter of a mode-locked laser
by increasing the quality factor (Q) of the cavity [65]. However,
when external-cavity lasers are harmonically mode-locked to
achieve high repetition rates, additional cavity components are
often required to suppress supermode noise. Fig. 18 shows a
fiber-ring cavity containing a lensed-fiber pigtailed SCOWA

Fig. 18. Low-noise SCOWA-based fiber-ring external-cavity actively mode-
locked laser. Cavity components: MZM = Mach-Zehnder modulator, OSC =
microwave oscillator, FILTER = optical filter, PC = polarization controller,
ISO = optical isolator, OC = output coupler, DCF = dispersion compensating
fiber, and LF = lensed fiber.

Fig. 19. Measured single-sideband residual phase-noise spectrum and corre-
sponding integrated timing jitter of a SCOWA-based fiber-ring actively mode-
locked laser.

gain medium, a LiNbO3 Mach-Zehnder modulator (MZM)
mode-locking element, an optical filter, a length of dispersion
compensating fiber (DCF), an optical isolator, a 10% output
coupler, and two polarization controllers [63]. The MZM is
driven by a 10.24-GHz ultralow-noise Poseidon oscillator. The
fundamental cavity frequency is ∼8 MHz.

At a SCOWA bias of 4 A, the harmonically mode-locked laser
produced a train of 27-ps pulses at a 10.24-GHz repetition rate.
The average output power was 0.05 W implying an intracavity
power of 0.5 W after the SCOWA. Fig. 19 shows the measured
single-sideband residual phase-noise spectrum, revealing a cor-
ner frequency of 100 kHz and relatively small supermode power
levels (∼155 dBc/Hz) without any intentional supermode sup-
pression techniques. The residual timing jitter integrated from
1 Hz to 1 MHz is 0.38 fs. To our knowledge, this is the lowest
residual timing jitter reported to date from an actively mode-
locked laser. A conservative estimate of the residual timing
jitter integrated from 1 Hz to the Nyquist frequency (5.12 GHz)
is only 7.3 fs. These results reveal the low noise and high power
that can be obtained from SCOWA-based external-cavity ac-
tively mode-locked lasers.
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IV. SCOW EXTERNAL-CAVITY LASERS (SCOWECLS)

Single-frequency slab-coupled optical waveguide external-
cavity lasers [SCOWECLs, see Fig. 1(c)] have been realized by
combining double-pass, curved-channel (CC) SCOWAs with
narrow-bandwidth fiber Bragg gratings (FBGs) [66]–[68]. The
coupling between the CC-SCOWA and FBG was performed
using either an angle-cleaved fiber or a lensed fiber. An optical
isolator having 60-dB isolation was spliced after the FBG to
minimize backreflections into the cavity.

The active section of the demonstrated SCOWECLs consisted
of a 10-mm-long CC-SCOWA. The QW active region contained
four 7-nm-thick compressively strained (1%) InGaAlAs wells
with tensile-strained (0.3%) InGaAlAs barrier and bounding
layers, and a 15-nm p-InAlAs blocking layer. The Γ of the
CC-SCOWA estimated to be about 0.25%. A curved-channel
waveguide geometry was used to provide both a high-reflectivity
flat facet and a low-reflectivity 5◦-angled facet. Due to the very
low transverse index contrast (Δn/n = 7 × 10−4) of the CC-
SCOWA, a large radius of curvature (R = 100 mm) was used to
minimize the waveguide bend loss. The bend loss for this curved
waveguide was estimated to be less than 0.1 dB. After depositing
appropriate facet coatings, the estimated reflectivity of the flat
and angled facets was R > 95% and R < 10−5 , respectively. The
SCOWA was mounted junction-side down to a Cu-W heatsink
and temperature controlled using a thermo-electric cooler.

The first demonstration of a SCOWECL used a FBG writ-
ten in Flexcore 1060 fiber and having a center wavelength of
1556 nm, a FWHM bandwidth of 50 pm (6.2 GHz), and a re-
flectivity of R = 50% [66]. The mode diameter of the Flexcore
1060 fiber is 6.5 μm, making it well matched to the SCOWA
mode. The FBG was cleaved near one end of the grating at an
11◦ angle to allow maximum coupling when the SCOWA and
FBG facets are parallel. The CC-SCOWA and FBG were then
aligned, butt-coupled, and fixed in position using a laser-welded
fiber-pigtailed assembly process. The 2-A threshold current of
the pigtailed SCOWECL was much larger than the 1-A threshold
obtained on the bench, indicating a coupling misalignment dur-
ing packaging. This initial SCOWECL achieved stable single-
longitudinal-mode operation for only several small current win-
dows (ΔI ∼ 20 mA) spaced between I = 2.5 and 3.5 A. The line
shape was measured to have a Voigt distribution using the self-
heterodyne linewidth measurement technique with a differential
delay of 250 μs. The Voigt line shape has a Lorentzian (white
noise) tail that is spectrally broadened by 1/f noise to produce
a Gaussian central component. At an output power of 88 mW
(I = 3.18 A), the Gaussian FWHM linewidth was estimated to
be Δν = 130 kHz.

Several modifications were made to the SCOWECL cavity
to dramatically improve its performance [67], [68]: 1) reduced
the number of longitudinal modes within the FBG reflection
band by decreasing the FWHM bandwidth of the FBG from 50
to 20 pm, 2) decreased the FBG reflectivity from 50% to 20%
to increase the output power, 3) increased the SCOWA-to-FBG
coupling efficiency by using a lensed fiber (6.5-μm spot size)
instead of an angle-cleaved fiber, and 4) reduced the linewidth
enhancement factor by red-shifting the bandgap wavelength of

Fig. 20. Line shape of a packaged SCOWECL at 4-A bias current. Laser
output power = 0.37 W. Lorentzian line shape (ΔνL = 1.75 kHz) also shown
(dashed).

the QW active region from 1530 to 1565 nm so that the 1550-nm
lasing wavelength set by the FBG was on the short-wavelength
(“blue”) side of the SCOWA gain peak. The lensed fiber and
FBG were fusion spliced to create the passive section of the
external-cavity laser. Care was taken to minimize the length
of the lensed-fiber section to minimize the free spectral range
(FSR) of the laser cavity. The lensed fiber was cleaved to a length
of ∼3 cm, which is the minimum length necessary for handling
in our fusion splicer. Prior to splicing, an optical backscatter
reflectometer was used to identify the beginning of the FBG
index profile so that excess fiber could be removed from the
FBG as well.

The threshold current of the modified SCOWECL was 0.9 A
and a maximum output power of 0.37 W was attained at I =
4 A [67]. The laser exhibited much better single-longitudinal-
mode stability than the initial version for bias current I < 4 A.
The power-current (L-I) curve (not shown) exhibited a jagged
characteristic due to longitudinal-mode hopping. The electrical-
to-optical conversion efficiency at 4 A was calculated to be
ηe-o = 7%. The observed rollover in the L-I characteristic is
attributed primarily to increased optical losses associated with
TPA as described above. Before deciding to use a FBG having
R = 20%, we determined that higher output power could be
obtained with R = 10% (PO = 0.46 W at I = 4 A) at the expense
of degraded laser noise performance [68].

The spectral lineshape of the modified SCOWECL at I = 4 A
(Fig. 20) was determined to have a Voigt distribution by using the
self-heterodyne measurement technique. The Gaussian FWHM
linewidth was ΔνG = 35 kHz and the Lorentzian linewidth
was ΔνL ∼ 1.75 kHz. To our knowledge, this is the smallest
Lorentzian linewidth from a semiconductor laser having Po >
0.1 W.

The measured relative intensity noise (RIN) spectrum of the
modified SCOWECL at I = 4 A (Fig. 21) was shot-noise limited
(IPD = 5 mA) at −162 dB/Hz from 0.2 to 10 GHz. The RIN was
measured using a 40-GHz photodiode, high-gain amplifier, and
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Fig. 21. Relative intensity noise (RIN) spectrum of a packaged SCOWECL
at 4-A bias current. Laser output power = 0.37 W. Shot-noise limited RIN of
photodiode also shown (dashed).

Fig. 22. Relative intensity noise (RIN) spectra of SCOWECL and commercial
SECL: (a) without amplification, (b) amplified by a SCOWA, and (c) amplified
by a high-power EDFA. Fixed detected photocurrent = 7 mA.

electronic spectrum analyzer. Note that there is no evidence of
either a relaxation oscillation resonance or residual sidemodes
above the shot-noise floor. This implies that the sidemode sup-
pression ratio (SMSR) exceeds 80 dB. Calculations predict that
the relaxation oscillation should be below this shot-noise level
for the SCOWA gain medium and cavity used here.

We also measured the RIN spectra of a second modified, pack-
aged SCOWECL and compared it to that of a commercial semi-
conductor external-cavity laser (SECL) under both unamplified
and amplified conditions (Fig. 22). The unamplified SCOWECL
and SECL output powers were 330 and 10 mW, respectively.
Two amplifiers were compared: 1) the packaged high-Γ SCOWA
characterized in Fig. 12, and 2) a commercial 2-W EDFA with
a specified NF of 5 dB. For the MOPA-configuration measure-
ments, the amplifier input power was fixed at 10 mW by using the
direct SECL output or the attenuated output of the SCOWECL
operating at 330-mW output power. The amplifier gains were
then adjusted to obtain 400-mW output power. In all cases, the
optical signals were attenuated to obtain a fixed photocurrent of

7 mA, which is below the saturation current of the photodiode
used.

The data of Fig. 22 reveal that the RIN of the unamplified
SCOWECL is smaller than that of the SECL or either of the
MOPA configurations. The SCOWECL RIN is approximately
equal to the shot-noise level (∼163 dB/Hz) with no visible
relaxation oscillation. The SECL RIN is 5-dB above the shot-
noise floor at low frequencies and shows evidence of a relaxation
oscillation in the 7–10 GHz region. The EDFA RIN is at least
10 dB larger than the SCOWECL RIN for similar output powers.
The SCOWA RIN is lower than the EDFA RIN and exhibits RIN
suppression at low frequencies as has been observed previously
in saturated SOAs [69]. We note that the commercial high-power
EDFA tested here was not optimized for low RIN or low NF.
It is possible that lower EDFA noise can be obtained through
appropriate design.

V. DISCUSSION

The SCOW geometry has enabled the realization of a vari-
ety of high-power semiconductor optical amplifiers and lasers.
Using the InP quantum-well material system at an optical wave-
length 1.5-μm, we have demonstrated fiber-pigtailed power am-
plifiers (SCOWAs) having saturation output power ranging from
0.4 to 0.8 W, monolithic mode-locked lasers (ML-SCOWLs)
operating at 4.3- and 8.6-GHz rates and producing 100s of
milliwatts average output power, external-cavity mode-locked
lasers having <10 fs residual timing jitter, and high-power,
single-frequency external-cavity lasers (SCOWECLs) with nar-
row linewidth and low RIN. The SCOWA is a strong candidate
for the replacement of Watt-class EDFAs for some applications
because of its relatively small size, wide optical bandwidth, and
high electrical-to-optical conversion efficiency. The reported
low-noise figure of the SCOWA is also comparable to that of
conventional Watt-class EDFAs. Although beyond the scope of
this paper, we also note that the large-mode, low-Γ attributes
of the SCOW geometry are also beneficial to the realization of
high-current waveguide photodiodes [70].

The output power and conversion efficiency of InP-based
SCOWAs are limited by the optical losses associated with TPA
and TPA-generated FCA in the InGaAsP waveguide where the
mode intensity is largest. These TPA-induced limits are ob-
served more readily in SCOWA structures than in conventional
SOAs because of the larger impact of the internal loss coef-
ficient (αi) on low-Γ gain media. However, it is likely that
TPA-generated FCA has limited the CW gain and output power
of previously reported SOAs and semiconductor lasers, espe-
cially those having small Γ. Our results also provide evidence
that nonlinear gain compression, which describes the reduction
in material gain at high optical intensity, is partially due to TPA.
The large mode size of the SCOWA (∼5.5 × 7.5 μm) acts to
reduce the transverse mode intensity and enables a maximum
output power on the order of 1 W.

Several techniques may be applied to mitigate the effect of
TPA on the output power of low-Γ SOAs and lasers. First, the
size of the optical mode could be increased to decrease the
optical intensity, thereby decreasing α2 . Second, the waveguide
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could be designed from a material having a bandgap energy
that is at least twice the photon energy so that TPA would
be effectively eliminated. Third, non-radiative recombination
centers could be introduced into the waveguide through low-
temperature growth or proton bombardment. These recombina-
tion centers would reduce the lifetime τ 2 of the TPA-generated
carriers, thereby decreasing the associated FCA [see (8)]. And
fourth, the waveguide could be designed so that the peak of
the optical mode was in the high-field region of a p-i-n diode.
Sweepout of the TPA-generated carriers would again reduce τ 2 .

In addition to mitigating the TPA-induced limits, the SCOWA
gain medium will likely benefit from additional design improve-
ments including variable-confinement and the use of QD active
regions. In a fixed-Γ SOA, a tradeoff exists between gain and
output power (see Fig. 12). To simultaneously obtain high gain
and high output power, Γ can be varied along the length of the
waveguide. In a variable-Γ SOA, the input section has high Γ
(large G0 , small Po, sat) and the output section has low Γ (small
G0 , large Po, sat). Although all of our SCOWA work to date has
involved the use of QW active regions, it is possible that in-
creased Po, sat may be obtained using a QD active region due to
the small differential gain at high-injection current [36]. Other
benefits of the use of QDs in SOAs relative to QWs include in-
creased gain bandwidth, and ultrafast gain recovery to minimize
patterning effects in optical communication systems [35].
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