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Abstract
Semiconductor optical amplifiers (SOAs) often exhibit pronounced phase noise owing to their
inherently high linewidth enhancement factor (LWEF). The signal to noise ratio of a SOA is
often decreased due to refractive index fluctuations in the gain medium causing distorted phase
relationship between the generated photons, which is quantified by the LWEF. A simple and
precise theoretical model that offers a prescription for minimizing the LWEF in SOAs is
unavailable in the literature. In this study, we have developed an inclusive yet simple
algorithmic model that aims to both represent the variation and to provide a strategy for
minimizing the LWEF in multiple-quantum-well (MQW) based SOAs. The results of the
presented model were verified via a reasonable agreement with experimental results. This
study provides a theoretical description of how to adjust the LWEF through tuning of the most
critical MQW SOA parameters in the design stage.

Keywords: semiconductor optical amplifier, linewidth enhancement factor, multiple quantum
well, intraband collision, FDML

(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor optical amplifiers (SOAs) are compact pho-
tonic devices for light amplification based on the stimulated
emission phenomenon. SOAs typically provide an optical gain
factor up to 30 dB within a gain bandwidth of 10 to 30 THz
in the near infra-red region (around 1300 nm) [1, 2]. They
are very useful in integrated photonic devices that are applied
in optical communications and optical data processing. This
is attributed to their compactness, rapid optical response, and
relatively large gain-bandwidth product [3–10]. Appreciable
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research has been done to enhance the gain-bandwidth prod-
uct of SOAs [4–11]. The gain of SOAs is known to be inter-
twined with linewidth enhancement (LWE) due to refractive
index fluctuations within the gain bandwidth, which is quan-
tified by a parameter called the linewidth enhancement factor
(LWEF) [12–25]. Therefore, in the context of enhancing the
gain-bandwidth product of SOAs, taking the LWEF of SOAs
into consideration is a must to account for the enhanced phase
noise that distorts the output signal [18–25]. One example is
the case of Fourier domain mode locked lasers where SOA
partakes as the most critical element, and the sharp variation
of the LWEF introduces significant phase noise in the output
intensity pattern [3, 26, 27]. Currently, the LWEF of SOAs
ranges from 1 to 8 for multiple quantum-well (MQW) based
SOAs, and from 5 to 20 in SOAs with bulk active media, which
leads to a drastic decrease in signal to noise ratio due to the
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enhancement of the phase-noise [11–15]. Prominent results in
the literature of SOA–LWEF are mostly experimental, espe-
cially for MQW based gain media [28–38]. It is not known
for sure how the LWEF of SOAs can be precisely and accu-
rately decreased via a precise tuning of the SOA parameters
in a particular manner. There is also disagreement among dif-
ferent experimental observations and among the few available
theoretical studies [8–41]. It is widely accepted that the gain
enhancement in MQW-based active media (via carrier confine-
ment) decreases the LWEF. However, a convenient algorithmic
model that accurately quantifies the variation of the LWEF
with respect to the variation of the SOA parameters is lacking.

To minimize the LWEF, its main culprit, which is the fluc-
tuations of the refractive index, must be minimized [37–41].
Therefore, in this study, all parameters that influence the
refractive index are investigated to provide a systematic
approach in decreasing the LWEF of MQW SOAs. Concern-
ing the effect of carrier confinement, both the SOAs with a
bulk active region and the ones with a MQW based active
region are investigated for comparison. Emphasis is put on the
influence of the intraband collision rate under quantum con-
finement, which is believed to be a major determinant of the
LWEF [39].

For an efficient stimulated emission process, the phase rela-
tionship between the generated photons must be precise and
free from distortion. On the other hand, to achieve a high gain
factor, the carrier concentration must be high, which makes
the refractive index fluctuate more and inevitably induce phase
distortion, thereby decreasing the efficiency of the stimulated
emission process. Hence, the attainment of a higher SOA gain
factor via an increase of the electrical pump current is associ-
ated with a higher phase noise due to greater refractive index
fluctuations [9–15].

To reduce these refractive index fluctuations, carrier con-
finement is essential. Due to the energy levels being discrete
in quantum wells (QWs), carriers can be effectively confined.
The confinement of carriers means a higher rate of intraband
collisions, leading to the spatial distribution of the electrons
and holes becoming more deterministic. Conversely, a lower
intraband collision rate means more impactful collisions and
the spatial distributions becoming more randomized. This ran-
dom spatial distribution of the electrons/holes induces fluctu-
ations in the refractive index as the spatial distribution evolves
over time [42–45]. For this reason, the intraband collision rate
is of particular importance in the evaluation of the LWEF and
will be a subject of focus in this study.

To model the LWEF of SOAs, firstly, the semiconductor
electron dynamics is modeled using the rate equations for the
electron and photon densities, along with the distribution of
energy levels and the corresponding occupation probabilities
for conduction and valence bands. The instantaneous photon
density, carrier concentrations, and the SOA small-signal gain
are determined by solving the rate equations. As the instanta-
neous electron/hole concentrations are evaluated, fluctuations
in the refractive index can be computed through the formula-
tion of the permittivity term based on the distribution of energy
levels and the corresponding occupation probabilities, which
influences the LWEF and the SOA dynamics through inducing

fluctuations in carrier lifetime, optical confinement factor, and
the intraband collision time. The next step involves the evalua-
tion of the real and imaginary parts of the electric susceptibility
and their derivatives with respect to the carrier density. The
ratio of the derivatives of the real and imaginary parts of the
electric susceptibility yields the LWEF [37, 42]. Since the eval-
uation of the electric susceptibility requires the knowledge of
the density of states and the occupation probabilities, a pre-
cise determination of the conduction and valence band Fermi
energies is needed in quasi thermal-equilibrium based on the
electron and hole concentrations. The density of states natu-
rally depends on whether the SOA gain medium is a bulk or
an MQW-based active medium, which, in the case of an MQW-
based gain medium, also depends on the width of each well.
Once the LWEF is evaluated for a given set of SOA parameters,
its variation will be computationally investigated as a function
of the intraband collision time, carrier density, and the lasing
frequency. Finally, an ultimate scenario on the minimization of
the LWEF will be derived from these computations for MQW
SOAs along with a comparison with bulk SOAs.

2. Methods

The LWEF (α) of a laser is approximated as the ratio of the
change in the refractive index of the gain medium to the change
in carrier density, divided by the ratio of the change in the gain
factor to the change in carrier density. This is mathematically
expressed as [44]

α ≈ −4π
λ

∂nr
∂N
∂g
∂N

= −4π
λ

Δnr

Δg
, N : carrierdensity, g : gain,

nr : refractiveindex, λ : wavelength.
(1)

Equation (1) simply states that the cause of the LWE is the
change in the refractive index of the gain medium. This change
in refractive index depends on the dispersion characteristics
of the gain medium, mainly the resonances of absorption and
emission, and their associated bandwidth. During the ampli-
fication of a laser beam, fluctuating changes in the refractive
index randomizes the phase relationship between the emitted
photons and warps the coherence of the stimulated emission
process. A critical process that strongly affects the LWEF of a
laser is the intraband collision of the carriers. When the intra-
band collision rate is low, the phase relationship between the
generated photons is more intensely and more instantaneously
disturbed. This is because the carriers have more time to accel-
erate due to electrical and/or thermal excitation, causing each
collision to occur at a greater speed. As the intraband collision
rate gets higher, carriers have less time to accelerate between
subsequent collisions and the collisions occur at a lower impact
or momentum, rendering them less critical [43]. Therefore,
in a gain medium where the intraband collision rate is high,
phase distortion is largely prevented, which leads to a lower
LWEF [39].

The LWEF defined in equation (1) can also be expressed in
terms of the ratio of the derivatives of the real and imaginary
parts of the electric susceptibility with respect to the carrier
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density [13]

α (ωL, N, Tc) = −
∂XR
∂N
∂XIM
∂N

. (2)

The real and imaginary susceptibility terms can be con-
cisely expressed in terms of the density of states and the
occupation probabilities as [39]

XR =

∫ ∞

−∞
ρ (ω) A [Pc (N,ω)

− Pv (N,ω)]
ωL − ω

(ωL − ω)2 + Tc
−2 dω (3)

XIM =

∫ ∞

−∞
ρ (ω) A [Pc (N,ω)

− Pv (N,ω)]
Tc

−1

(ωL − ω)2 + Tc
−2 dω (4)

ρ (ω) : density of states, ω : angular frequency,

N : carrier density

Pc : occupation probability of electrons in the conduction band

Pv : occupation probability of holes in the valence band

ωL : angular lasing frequency

Tc : intraband collision time,

A : dipole matrix element dependent coefficient.

(5)

If one computationally examines equations (2)–(4), one can
see that there is a strong dependency of the LWEF (α) on
the intraband collision time Tc. Figure 1 illustrates the vari-
ation of the LWEF for a bulk InP–InGaAsP SOA based on
the parameters given in [44]. It is evident that the decrease in
the intraband collision time leads to a sharp decrease in the
LWEF. This is expected, as the intraband collisions of the car-
riers lead to phase interruptions for the propagating laser beam
inside an SOA waveguide (WG) that would generate phase
noise through refractive index fluctuations [37–39]. Due to this
strong effect of the intraband collisions on the LWEF, the next
subsection is dedicated to a more detailed investigation of this
phenomenon.

2.1. Intraband collision time

One of the most critical parameters that is involved in the com-
putation of the LWEF is the intraband collision time, which is
the duration between two subsequent carrier collisions. The
intraband collision time Tc is known to be inversely propor-
tional to the density of electrons/holes in the active region for
bulk SOAs, TC,bulk =

K
N , where N is the carrier density and K

is a constant [46–48]. This suggests that under the same exci-
tation parameters and number of carriers, a bulk SOA with
a large active medium cross-section (see figure 2) will have
a higher carrier collision time compared to an SOA with a
smaller active medium cross-section.

For MQW-based SOAs, an elaborate analysis on the intra-
band carrier collision time is available using Fermi’s golden
rule, based on which it is found that the carrier collision time
in a QW is inversely proportional to the carrier density within
the wells [47, 48]

TC =
K

NQW
. (6)

Based on this relation between the carrier density and the
collision time, it can be useful to partition the overall active
region into smaller active regions using quantum dots, quan-
tum wires, or QWs (figure 3) to minimize the intraband colli-
sion time. Because the carrier collision rate for each partitioned
active region is expected to become greater due to quantum
confinement, which would yield a lower LWEF for the overall
active region across which the beam propagation takes place,
as will be shown later. It has indeed been shown by previous
experimental studies that quantum confinement based SOAs
display a smaller LWEF [18–21]. In the upcoming section we
will investigate and explain why this decrease in the LWEF
occurs in the case of quantum confinement, and the mechanism
through which the partitioning of the active area using QWs
influences the LWEF variation in relation to reduced intraband
collision time.

2.2. Carrier lifetime

Another parameter that strongly affects the LWEF variation
is the carrier lifetime. The carrier lifetime is computed by
considering both radiative and nonradiative processes. The
radiative recombination rate depends on the carrier density. As
the carrier density increases, the radiative recombination rate
increases linearly up to a very high degree of carrier concen-
tration, thereby increasing the internal quantum efficiency. The
nonradiative recombination rate may either depend weakly or
very strongly on the carrier density according to the internal
structure of the gain medium. The default nonradiative recom-
bination mechanism is based on defect centers or impurities in
the gain medium, which are usually independent of the carrier
concentration. This is known as trap-assisted recombination.

When the carrier density is very high, nonradiative recom-
bination starts to dominate over radiative recombination via
Auger recombination and leakage recombination. These addi-
tional nonradiative recombination processes usually occur at a
much lower rate unless the carrier density is very high. Leak-
age recombination in particular, is usually present for very
thin, buried active regions such as QWs.

The Auger recombination is proportional to the cube of the
carrier density and the leakage recombination is proportional
to its power of 5.5 [44]. Since the homogenous broadening
dominates over inhomogeneous broadening for SOAs [49, 50],
the total interband transition linewidth can be computed as [44]

γtotal = γradiative + γnonradiative = A + BN + CN2 + DN4.5 (7)

γtrap = A, γradiative = BN, γAuger = CN2,

γleakage = DN4.5
(8)
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Figure 1. Plots of the LWEF against lasing frequency for various values of the intraband collision time Tc.

Figure 2. SOA with large/small active medium cross-section (active medium signified by light-red color).

where A, B, C, and D are the recombination constants of a gain
medium. The carrier lifetime is computed as

τc =
1

γtotal
=

1
A + BN + CN2 + DN4.5

. (9)

If the carrier density is not extremely high, the Auger and
leakage recombination terms can be removed and the carrier
lifetime can be approximated as

τc =
1

γtotal
≈ 1

A + BN
, γtotal ≈ A + BN. (10)

In gain media with low impurity concentrations, under
moderately high carrier densities one can make the additional

assumption that

γtotal ≈ BN, τc ≈
1

BN
. (11)

In this case, radiative recombination becomes dominant,
and the internal quantum efficiency is nearly equal to 1.

2.3. Computation of the LWEF

To compute the LWEF instantaneously via equations (2)–(4),
one should start with the SOA rate equations to solve for the
electron and hole concentrations, and then proceed to compute
the instantaneous value of the refractive index, carrier life-
time, intraband collision time, and the photon lifetime within
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Figure 3. (a) An SOA cross-section with an active region that is based on multiple quantum-wires. (b) An SOA active region that is based
on MQWs.

the cavity (figure 4). The initial electron/hole concentrations
within the SOA WG are due to thermal excitation, which can
be obtained from the intrinsic carrier concentration at room
temperature.

As the electrons and holes are created in pairs, under
electrical bias, their densities in time are given as

η (t) = η0 + N (t) , ρ (t) = ρ0 + N (t) (12)

η0 : initial electron density via thermal excitation

ρ0 : initial hole density via thermal excitation

N : additional electron/hole density via electrical excitation.

An SOA active region can be of bulk-type or MQW-based.
MQW SOAs are used for enhancing the confinement of elec-
trons and photons within the active region, which consists
of MQWs that are useful for capturing and trapping elec-
trons via the potential difference that forms at their junction
with the barrier layers that separate each well. The QW-
barrier sequence is terminated by separate confinement het-
erostructures (SCHs) to enhance the optical confinement of the
amplified beam. Figure 5 shows an MQW SOA active region
that is sandwiched between the n-doped/p-doped cladding
layers.

Given that the electrical excitation is strong enough, one can
assume that N (t) � η0, N (t) � ρ0, therefore, throughout the
analysis it is assumed that η (t) = ρ (t) = N(t). To obtain the
time variation of the electrically generated electron–hole pair
concentration (N (t) ), the subsequently outlined procedure is
followed step by step:

2.3.1. Computation of the photon lifetime. The photon life-
time in an SOA active region changes based on the instanta-
neous value of the refractive index. The initial value of the
refractive index can be chosen as the value in the dispersion-
free range of the emission spectrum of the gain medium (e.g.
3.6 for GaAs)

τp =
nrL
c

, Photon lifetime (13)

L: length of the SOA active region, c: speed of light, nr:
refractive index.

2.3.2. Computation of the electron and photon densities in the
active region. Using the rate equations for an SOA active
layer (bulk or QW), the instantaneous electron and photon den-
sities are computed for evaluating the instantaneous values of
the carrier lifetime, photon lifetime, intraband collision time,
and the refractive index (equations (14) and (15)) [42]

S : photon density, N : carrier density,

τp : photon lifetime, τc : carrier lifetime,

Γ : optical confinement factor

G : spectral small signal gain function,

vL : lasing frequency,

Acs : cross sectional active medium area

Ω : gain linewidth, n : refractive index,

I : pump current, e : elementary charge

v0 : bandgap transition frequency, W : beam spot size,

λ : wavelength, dAc : active layer thickness

ξi : injection efficiency, dwg : wave guide thickness,

ζ : optical power, h : Planck’s constant

τr : radiative recombination time,

nclad : refractive index of the cladding,

h̄ : reduced Planck’s constant

nac : refractive index of the active region,

Tc : intraband collision time,

Nth : threshold carrier density

5



J. Phys. B: At. Mol. Opt. Phys. 55 (2022) 115401 Ö E Aşırım and C Jirauschek

Figure 4. (a) Bulk SOA WG structure. The area in red signifies the electron confinement (active) region of the SOA, while the light-blue
region signifies the cladding layer. The refractive index and the thicknesses of the active and cladding layers jointly determine the optical
confinement ratio of the amplified laser beam. (b) MQW SOA where each well is a separate electron confinement region.

Figure 5. MQW SOA active region involving four QWs that are separated by barrier layers, followed by SCHs for enhanced optical
confinement.

dN
dt

=
ξiI

eAcsL
− N

τc
− Γ (vL) G (vL) S (14)

dS
dt

= Γ (vL) G (vL) S − S
τp

+
N
τr

, ζ =
hvLAcsL

τp
S.

(15)
The gain function G (vL) in equations (14) and (15) has a

Lorentzian dependence on the lasing frequency [49, 50]

G (vL) =
(N − Nth) ×

(
λ2

8πτr

)
× (Ω/2π) ×

(
c

nac

)
(vL − v0)2 + (Ω/2)2

, (16)

where Ω = ( 1
τc
+ 1

Tc
) is the gain linewidth and Nth

is the threshold carrier density of the gain medium
[50].

The optical confinement factor Γ (vL) depends on the beam
spot size, ratio of the thickness of a given active region to
the total WG thickness, and also to the refractive indices of
the active and cladding regions. It is expressed as the
ratio of the beam intensity in the active region to the total
beam intensity in the WG [51]. Assuming a Gaussian
intensity profile, the optical confinement factor is expressed
as

Γ (vL) =

∫ z1/2
−z1/2n (z, vL) exp

(
−
(

z√
2W

)2
)

dz

∫ z0/2
−z0/2n (z, vL) exp

(
−
(

z√
2W

)2
)

dz
, WG range :

−z0

2
< z <

z0

2
, Active layer :

−z1

2
< z <

z1

2
. (17)

2.3.3. Computation of the instantaneous change in refractive
index. In order to solve for the instantaneous values of the
carrier lifetime, photon lifetime, and the intraband collision
time, one needs to evaluate the change in the refractive index
based on the instantaneous change in carrier density. To do
this, the relative permittivity is updated by solving for the

real and imaginary parts of the electric susceptibility using
equations (3) and (4). The real and imaginary susceptibility
terms involve the computation of the density of states ρ (E) and
the conduction/valence band occupation probabilities Pc (n,ω)
and Pv (n,ω). For bulk semiconductors, the density of states
can be calculated using the following expressions [49]
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ρ (E) =
(2mc)3/2

2π2 h̄3

√
E − Ec, E > Ec,

ρ (E) =
(2mv)3/2

2π2 h̄3

√
Ev − E, Ev > E

(18)

in which case, the energy level (E) is regarded as a continuous
variable.

For SOAs with a MQW based active region, assuming that
the wells are ideal and identical, based on the thickness of each
well (d1 ), E can only take the following values

for MQWs : E = Ec + Eq + Ekin = Ec +
h̄2q2π2

2d1
2mc

+ Ekin,

q = 1, 2, 3, . . .
(19)

Ec : conduction band energy, mc : electron effective mass

Ev : valence band energy, mv : Hole effectiven mass.

In the case of QWs, the density of states is constant for
each quantum number (q), and the total density of states can
be stated as the sum of all densities of states via a staircase
function

ρ (E) =
∞∑

q=1

mc

π h̄2d1
u(E − Eq), where u (E) is the unit step function.

(20)
The conduction and valence band occupation probabilities

are expressed as:

Pc (E) =
1

exp
(E−Efc

kT

)
+ 1

(21)

Pv (E) = 1 − 1

exp
(E−Efv

kT

)
+ 1

(22)

k : Boltzmann constant, T : temperature,

Efc : conduction band Fermi level,

Efv : valence band Fermi level.

2.3.4. Solve for the conduction and valence band Fermi ener-
gies (Efc, Efv) via an iterative rule. Once the carrier con-
centration is evaluated using the rate equations, the cor-
responding conduction and valence band Fermi levels are
determined using any simple iterative method (such as
the Secant method) according to the following root-finding
problems

Efc = arg min

{∣∣∣∣∣N −
∫ ∞

Ec

ρ (E)
1

exp
(E−Efc

kT

)
+ 1

dE

∣∣∣∣∣
}

(23)

Efv = arg min

⎧⎨
⎩
∣∣∣∣∣∣N −

∫ Ev

−∞
ρ (E)

⎛
⎝1 − 1

exp
(

E−Efv
kT

)
+ 1

⎞
⎠ dE

∣∣∣∣∣∣

⎫⎬
⎭ .

(24)

2.3.5. Compute the LWEF. Finally, revisiting equations
(2)–(4) and using equations (14)–(24), the LWEF can be
computed as

α (ωL, N, Tc) = −
∫∞
−∞ρ (ω)

[
dPc(N,ω)

dN − dPv(N,ω)
dN

]
ωL−ω

(ωL−ω)2+Tc
−2 dω∫∞

−∞ρ (ω)
[

dPc(N,ω)
dN − dPv(N,ω)

dN

]
Tc

−1

(ωL−ω)2+Tc
−2 dω

.

(25)
For the re-evaluation of each parameter at the next time-

step, the value of the active layer refractive index nac =
n(−z1/2 < z < z1/2) is updated as

nac = Re

⎧⎨
⎩
√√√√1 + χ+

{
Ne2

mε0

ωL
2 − ω2 − iΩω

}⎫⎬
⎭ (26)

χ : background susceptibility,

ε0 : free space permittivity, m : electron mass.

The modified value of the refractive index updates the
confinement factor based on equation (17).

2.3.6. Computation of the carrier lifetime and the intraband
collision time. As discussed in the previous subsection, the
carrier lifetime and the intraband collision time are modified
by the change in the carrier density of an active medium, which
is represented by the relations

τc =
1

γtotal
=

1
A + BN + CN2 + DN4.5

,

Tc =
C1

N
(For bulk SOAs),

Tc =
C2

NQW
(For MQW SOAs)

N : carrier density, NQW : QW carrier density,

C1, C2 : constants.

2.3.7. Parameter update and reiteration. Finally, each of the
computed parameters at a given time step, is inserted back
into the rate equations, and the whole procedure is repeated
throughout the operation time of the SOA. After a certain dura-
tion, the SOA operation reaches a steady state and all param-
eters converge to certain values including the LWEF. In the
upcoming computations, the steady state value of the LWEF
will be computed for each given set of SOA parameters. For the
sake of a simplified description of the whole process, figure 6
illustrates the summary of LWEF computation in terms of the
aforementioned variables.

2.4. Active region carrier density versus QW carrier density

Concerning MQW SOAs, the active region consists of a
sequence of QWs and adjacent barrier layers, which are alto-
gether sandwiched between the SCHs. Some of the electrons
are captured by the QWs while others tunnel through the bar-
rier layers. This causes a sharp variation in the carrier density
within the active region. Considering both the optical and the

7
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Figure 6. A simple illustration of the whole outlined process for LWEF computation.

Figure 7. Active region of a MQW SOA. Red layers represent the
wells and violet regions represent the barriers.

electron confinement within a single well, and also over the
entire active region, the QW carrier density and the active
region carrier density can be separately evaluated from the
following rate equations [42, 52]

dNQW,i

dt
=

ξiI
eAcs,QW,iL

− NQW,i

τc,QW

− ΓQW,i (vL) GQW,i (vL) SQW,i (27)

dSQW,i

dt
= ΓQW,i (vL) GQW,i (vL) SQW,i

− SQW,i

τp
+

NQW,i

τr,QW
(28)

dNAc

dt
=

I
eAcsL

− NAc

τc,Ac
− ΓAc (vL) GAc (vL) SAc (29)

dSAc

dt
= ΓAc (vL) GAc (vL) SAc −

SAc

τp
+

NAc

τr,Ac
. (30)

In MQW SOAs with numerous wells, often most of the
electrons are captured by the wells. Therefore, one can make
the approximations τ c,Ac ≈ τ c,QW, τ r,Ac ≈ τ r,QW.

Here, one has to distinguish between the QW carrier den-
sity and the active region carrier density, due to the difference
in the cross-sectional area (Acs, Acs,QW), electron confinement
ratio (ξi), optical confinement factor (ΓAc,ΓQW,i), and the small

signal gain (GAc, GQW,i), where

ΓQW,i (vL) =

∫ z′′

z′ n(z, vL) exp

(
−
(

z√
2W

)2
)

dz

∫ z0/2
−z0/2n(z, vL) exp

(
−
(

z√
2W

)2
)

dz
,

ΓAc (vL) =

∫ z1/2
−z1/2n(z, vL) exp

(
−
(

z√
2W

)2
)

dz

∫ z0/2
−z0/2n(z, vL) exp

(
−
(

z√
2W

)2
)

dz

(31)

Active layer :
−z1

2
< z <

z1

2
, Well range : z′ < z < z′′,

Waveguide range :
−z0

2
< z <

z0

2

GQW,i (vL) =
(NQW,i − Nth) ×

(
λ2

8πτr

)
× (Ω/2π) ×

(
c
n

)
(vL − v0)2 + (Ω/2)2

,

GAc (vL) =
(NAc − Nth) ×

(
λ2

8πτr

)
× (Ω/2π) ×

(
c
n

)
(vL − v0)2 + (Ω/2)2

.

(32)
When most of the electrons are captured by the wells, it

can be assumed that the carrier density is nonzero only within
the wells. This allows us to solve the rate equations only for
the active region carrier density, and then infer about the QW
carrier densities through the following relation

NAc ≈
1

dac

M∑
i=1

NQW,idi, M : number of wells,

di : well width, dac : active layer thickness.

(33)

For MQW SOAs with identical wells, one can make the
further approximation

N ≈ NQW
M × dwell

dac
. (34)

Equations (33) and (34) are useful in the computation of
the LWEF of MQW SOAs, as the QW carrier density affects
the intraband collision time and the active region carrier den-
sity affects the propagation of the optical beam. Based on
equation (25) and the definition of the intraband collision time
in equation (6), it can be concluded that in order to shrink the
LWEF, an MQW SOA should be designed so that the QW car-
rier density is maximized and the active region carrier density
is minimized (with an imposed lower bound by the intended

8
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Figure 8. Variation of the LWEF against the lasing frequency for a bulk GaAs based SOA.

small-signal gain). As evident from equation (34), this neces-
sitates the active medium design which employs the narrowest
wells, and requires only a few wells for efficient electron con-
finement. Most importantly, equation (34) suggests that with
MQW SOAs, one can have control over the LWEF through the
engineering of the MQW structure (mainly the well widths),
such that the QW carrier density is increased, and therefore
the intraband collision time is decreased. For bulk SOAs how-
ever, as there is no electron confinement, one has little control
on the LWEF (figure 7).

3. Results

3.1. The case of bulk SOAs

Firstly, a bulk GaAs based SOA with an undoped active layer
is considered. The corresponding parameters for this SOA
configuration are typically given as follows [44]

Acs = 5 × 10−13 m2, I = 400 mA,

A = 13.5 × 108 s−1, ng0 = 3.6, Γ0 = 0.35

B = 5.6 × 10−16 m3 s−1,

C = 1.5 × 10−40 m6 s−1, D = 5 × 10−100 m13.5 s−1
.

We will compare the results of our analysis with the exper-
imental results in [39], which had investigated the variation of
the LWEF for an undoped bulk GaAs–SOA at room temper-
ature, under moderate pumping. The parameters of the SOA

that is used in the experiment are as given below

L = 0.3 mm, Tc = 0.2 ps, Nth = 1.55 × 1024/m3,

Ebandgap = 1.424 eV, 344.5 THz < v

< 353 THz (SOA bandwidth).

The intraband collision constant K is taken as 3 × 1011,
which yields the typical intraband collision time for a GaAs
based SOA (Tc = 0.2 ps ) [39]. Using the procedure in
section 2.3, based on all of the parameter values defined above,
the LWEF is computed and plotted in figure 8 with respect to
the lasing frequency (the yellow curve). The computation is
repeated for the same SOA configuration for different colli-
sion times (0.05 ps < Tc < 0.8 ps) via tuning the constant K
and keeping the carrier density as constant, as a hypothetical
investigation. The LWEF is observed to be decreasing with a
lowering of the intraband collision time. The computational
results are in agreement with the theoretical and experimental
results in [39] for a GaAs based undoped active layer within
the gain bandwidth (344.5 THz < v < 353 THz). Here it is
important to note that the practical value of the intraband col-
lision time is rarely below 0.1 ps, unless the carrier density is
drastically increased. The constant K depends on various fac-
tors, the most prominent being the SOA temperature. But it is
practically very challenging if not impossible, to decrease K so
sharply such that the intraband collision time gets below 0.1 ps
and the LWEF can be considerably decreased further.

The intraband collision time is inversely affected from the
variation of the carrier density as described in section 2.1.
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Figure 9. Variation of the LWEF for a bulk GaAs based SOA for different carrier densities.

Figure 10. Computational and experimental LWEF values for the
InP–InGaAsP MQW SOA.

Therefore, it is more meaningful to investigate its variation
together with the corresponding variation of the carrier density
in the SOA active region.

In practice, the intraband collision time can only be sig-
nificantly tuned for a certain gain medium by changing the

carrier density within the active region, which can be con-
trolled by tuning the pump current. After tuning the carrier
density, it is observed that a decrease in the intraband col-
lision time via an increase of the carrier density leads to a
higher LWEF (see figure 9), which is the opposite of what
was aimed. In figure 9, one can see that the LWEF attains the
lowest values when the carrier density is minimum and the
intraband collision time is maximum. As the carrier density
is increased and the corresponding collision time is decreased,
the values of the LWEF at each frequency steadily increases,
eventually reaching to its maximum, for the highest carrier
density and the associated minimum for the intraband colli-
sion time. This means that for bulk SOAs, the carrier density
has a stronger effect on the LWEF compared to the intraband
collision time. Obviously, the only way to decrease the LWEF
for a bulk SOA, is to reduce the carrier density, which would
restrict the SOA gain. Hence, for bulk SOAs, there is a trade-
off between achieving a high SOA gain and the reduction of the
LWEF.

3.2. Evaluating the LWEF for MQW SOAs

The LWEF of an MQW InP–InGaAsP SOA that is fabri-
cated via liquid phase epitaxy growth technique, is inves-
tigated under room-temperature-based operating conditions
and moderate optical pumping, according to its given exper-
imental parameters and the corresponding results in [41]. The
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Figure 11. LWEF versus lasing frequency under various QW carrier densities for an MQW SOA with four wells and three barriers, each
with a thickness of 15 nm.

experimental parameters of this SOA are given as [41]

dwell = 15 nm (Quantum well thickness),

dbarrier = 15 nm (Barrier thickness),

M = 4 (Number of wells),

B = 3 (Number of barriers),

Acs,sheet = (dwell) × (0.5 × 10−6 m),

dactive = 105 nm (Active layer thickness)
Nth = 1.2 × 1024 m−3, L = 0.25 mm,

I = 0.15 A, 223 THz < vL < 231 THz.

The remaining parameters are chosen as typical SOA values
that are provided in [44], which are given as

n0 = 3.6, Γ0 = 0.35.

For an accurate comparison, these parameter values are
also used in our computations. Assuming that the electrons
are totally confined within the wells, the active region car-
rier density is computed via equations (29) and (30) as
N = 1.45 × 1024 m−3, and the corresponding QW carrier
density is calculated based on equations (27) and (28) as
NQW = 2.51 × 1024 m−3. The LWEF of the active region is
obtained via equation (25). The computational results are
shown in figure 10. They are in fair agreement with the exper-
imental results in [41]. Part of the slight difference between
the computational and experimental results might be due to
the fact that the limits of the integrals in equation (25) go to
infinity, yet we have taken the limits on the order of 1015,

beyond which there is very low contribution to the correspond-
ing Riemann sum for both the numerator and the denominator.
Other reasons for the difference might involve possible fluc-
tuations of the optical confinement factor due to variations in
the beam spot-size, and a slightly higher/lower intraband col-
lision time due to a slightly higher/lower SOA temperature in
the experiment.

Figure 11 illustrates the scenario, where the pump current
and the active region length are simultaneously increased (at
the same proportion). However, the well widths and the num-
ber of wells are kept constant to increase the QW carrier den-
sity based on equation (34). Consequently, the carrier density
of the active region remains relatively constant, but the QW
carrier density increases proportionally. This increase in the
QW carrier density (NQW) leads to a corresponding decrease
in the intraband collision time and the LWEF. The coincid-
ing variation of the LWEF with respect to the QW carrier
density is illustrated in figure 11. Here, one can see that the
LWEF is maximum at a given frequency for the lowest value
of the QW carrier density. As the QW carrier density increases,
the corresponding LWEF decreases for an arbitrary frequency.
The LWEF is maximum for the lowest frequency within the
gain-bandwidth (which is around the transition frequency) and
gradually decreases for higher frequencies. Beyond a certain
frequency within the gain-bandwidth, the LWEF attains a sin-
gle value for all QW carrier densities and eventually converges
to 1 for the given parameters.

The computation is repeated for an arbitrary MQW SOA
with a longer active region and with fewer wells, this time
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Figure 12. LWEF vs lasing frequency for various well carrier densities of an MQW SOA with three wells.

under the parameters given below

dwell = 20 nm, dbarrier = 25 nm, M = 3,

Nactive = 1.3 × 1024 m−3,

B = 2, dAc = 250 nm (Active region length)

Acs,well = (dwell) × (10−6 m),

Nth = 1.1 × 1024 m−3, L = 0.3 mm,

ng0 = 3.6, Γ0 = 0.3, 223 THz < vL < 231 THz.

The resulting variation of the LWEF is shown in figure 12.
A decrease in the LWEF is evident for higher NQW. Once
again it is observed that the LWEF gradually decreases for
higher frequencies within the gain-bandwidth and the differ-
ence between each LWEF value (at a certain frequency), cor-
responding to each QW carrier density, gradually decreases as
the frequency is increased. The maximum value of the LWEF
is 8 for a QW carrier density of 2 × 1024 m−3. Notably, it
decreases to 3.5 under a QW carrier density of 6 × 1024 m−3.
Based on this variation of the LWEF, it can be projected that
the LWEF can be further decreased to super-low values for QW
carrier densities on the order of 1025 m−3 under ultra-thin well
thicknesses. In fact, a maximum LWEF value below 2 has been
suggested to prevent significant noise formation in frequency-
swept lasers where the frequency variation of the LWEF is of
critical importance [27]. Hence, this study indicates the impor-
tance of employing MQW based SOAs with ultra-thin well
thicknesses in frequency-swept lasers, to improve the signal
to noise ratio and to prevent the formation of unwanted arti-
facts and instabilities in the output laser signal pattern. This

can greatly improve the quality of imaging and detection in
many applications.

Figures 11 and 12 show that higher QW carrier densities
enable the attainment of lower LWEFs. Therefore, an MQW
SOA can be designed to operate at a relatively high active
medium carrier density (thereby offering higher small signal
gain), while inducing low-level refractive index fluctuations.
This is achievable in MQW SOAs as most carriers can be con-
fined within narrow QWs, so that the intraband collision rate
can be maximized and the resulting LWEF is minimized for a
given set of parameters in the design stage.

4. Conclusion

For an SOA with a bulk active region, one has little to no
control on refractive index fluctuations, which occur naturally
within the gain bandwidth of an SOA active layer. Although a
high carrier density is desirable for improved small signal gain,
this makes bulk SOAs susceptible to a high LWEF, which is
often aggravated by a low carrier collision rate via stronger
phase distortions. Since the intraband collision rate and the
carrier density are completely interdependent in a bulk SOA,
these parameters are not separately tunable, and the only way
to reduce the LWEF in a bulk SOA is to decrease the carrier
density, thereby compromising the SOA gain.

MQW SOAs enable the confinement of electrons within
narrow wells. By designing MQW SOAs that operate under
relatively large pump currents, and have relatively longer
active layers, one can achieve a higher optical gain. Yet, for
a given active layer carrier density, if most of the electrons in
the active region are confined within the ultra-narrow wells, the
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QW carrier density can be engineered to become quite high
and the corresponding intraband collision rate can be maxi-
mized. This yields to a sharp decrease in the LWEF, which
quantifies the refractive index fluctuations within the active
region. The ideal scenario is to design an MQW SOA with a
large optical confinement region that employs only a few wells,
which are ultra-narrow in thickness and have a high electron
confinement ratio, that enable an efficient confinement of all
the electrons within the active region. This way, a high optical
gain and a low LWEF can be simultaneously achieved.
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