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Abstract In this paper, amplified spontaneous emission (ASE) in quantum dot semicon-

ductor optical amplifier (QDSOA) is investigated and analyzed theoretically. The pre-

sented model is based on a set of rate equations that consider all possible carriers

transitions including the second excited state (ES2). This assumption is possible, if the

QDSOA’s active region is grown in such a way that the presence of ES2 becomes dis-

tinguishable from upper states and wetting layer. Optical gain of QDSOA is calculated

using density matrix approach. The coupled rate equations are solved numerically along

with propagation equations. It is shown that in the presence of ES2, QDSOA performance

can be improved and an ultra-high bit-rate signal amplification without wave distortion is

possible. Furthermore, it is illustrated that the obtained ASE spectrum has three peeks

which are related to ground, first excited and second excited states. Moreover, noise

figure (NF) is calculated numerically using ASE power. It is shown that considering the

effect of ES2 in the band diagram of quantum dots (QDs) decreases the NF of amplifier.

The effect of increased input power on the reduction of NF is illustrated, too. It is shown

that ASE and NF of amplifier can be ignored in the modeling QDSOA at high input

powers.
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1 Introduction

Quantum dots (QDs) based semiconductor devices such as QD laser and QD semicon-

ductor optical amplifier (QDSOA) have characteristics like low injection current, weak

temperature sensibility and wide bandwidth gain (Akiyama et al. 2005; Sugawara and

Usami 2009; Arakawa and Sakaki 1982; Bimberg 2005; Bakonyi et al. 2003). These

characteristics are due to three dimensional confinement of carriers in the QDs which

results in quantum size effect. Therefore, discrete energy states are appeared in the QDs.

Using these semiconductor nanostructures in SOAs results in unique features like fast gain

recovery, high saturation power, high optical nonlinearity, low noise figure (NF), free

pattern performance, ultrahigh-speed and widely tunable wavelength conversion (Bakonyi

et al. 2003; Sugawara et al. 2002; Dommers et al. 2007; Matsuura et al. 2011). Therefore,

QDSOA can be a good replacement for bulk and quantum well SOAs, which are not able to

process high bit-rate signals because of low gain recovery time (Sugawara et al. 2004).

These features make QDSOA an ideal candidate for next generation of all optical

networks.

Recombination processes in direct bandgap semiconductor devices are generally divi-

ded into two categories: radiative and non- radiative recombination. There are two types of

radiative recombination which are stimulated emission (SE) and amplified spontaneous

emission (ASE). ASE is one of the effective factor in low power amplification regime in

SOAs. This type of emission occurs due to spontaneous recombination of electrons in

conduction band (CB) and holes in valence band (VB). ASE and gain saturation are two

important mechanisms that degrade the signal quality in the SOAs (Akiyama et al. 2005).

Furthermore, small signal gain of SOA can be directly related to the ASE (Miao et al.

2005). Moreover, NF of SOA can be calculated numerically by analyzing ASE spectrum

(Sugawara et al. 2004; Xiao and Huang 2008).

Using coupled rate equations for the carriers along with propagation equation of the

input signal is one of the conventional methods to model and analyze QDSOA perfor-

mance. One approach considers electrons in the CB and holes in the VB as excitons and the

rate equations are written for the carriers (Bilenca and Eisenstein 2004; Sugawara et al.

2002; Daraei et al. 2013; Kolarczik et al. 2015; Nielsen and Chuang 2010). Another

approach includes separate rate equations for the electrons and holes (Poel et al. 2005;

Wegert et al. 2011; Zajnulina et al. 2017). In this paper, in order to involve homogeneous

and inhomogeneous broadening of optical gain in the QDSOA model, an electron and a

hole act as an exciton and the rate equations are written for the carriers of the CB.

Furthermore, density matrix approach is used to achieve the optical gain (Sugawara et al.

2000, 2002; Sugawara 1999).

Based on the experimentally room temperature lasing report of second excited state

(ES2) as well as ground state (GS) and first excited state (ES1) at high injection currents

(Chen et al. 2012, 2013; Zhang et al. 2010) and structural similarity of QD laser with

QDSOA, it can be assumed that ES2 be involved in the energy band diagram and rate

equations of QDSOA (Izadyar et al. 2017; Razaghi et al. 2017). It can be expected that if

the structure of QDSOA’s active region be similar to the device structure of (Chen et al.

2012, 2013), the ES2 presence in the optical gain and ASE spectrum can be distinguished
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from the upper states and WL. In this paper, for the first time, to the best of our knowledge,

role of ES2 inclusion in the ASE spectrum and NF of QDSOA is studied theoretically. First

result is depicted the improvement of QDSOA performance in the presence of ES2. It is

shown that ultra-fast gain recovery time can be achieved, if QDs grown in such a way that

the presence of ES2 could be observable in transition processes. Furthermore, propagation

equation of ASE has been involved in the modeling QDSOA. ASE spectrum and NF of

QDSOA are investigated by taking into consideration of ES2 in the rate equations. It is

shown that in the presence of ES2, ASE spectrum has three peaks which are related to GS,

ES1 and ES2. It is assumed that ES2 as well as ES1 and continuum state (CS) acts as

carriers reservoir. Homogeneous and inhomogeneous broadening of optical gain spectrum

are considered in the presented model, too.

This paper is organized as follow: Sect. 2 includes the theory of QDSOA based on a set

of rate equations, propagation equation and calculated optical gain using density matrix

approach. Furthermore, modeling method is described in this section. In Sect. 3, simulation

results is illustrated and analyzed. Finally, in Sect. 4, a brief conclusion is presented.

2 Theory and modeling method

The active region of QDSOA is formed by several layers of self-assembled InAs QDs

grown on GaAs substrates. Each layer is sandwiched between AlxGa1�xAs cladding layer.

The operational wavelength of this QDSOA is 1.3 lm (Nakata et al. 2000; Liu et al. 2004;

Mukai et al. 2000; Schmidt et al. 1996). In this paper, it is assumed that ten layers of self-

assembled QDs are in the active region of the amplifier (Sugawara et al. 2004). The self-

assemled QDs can be grown via the Stranski–Krastanow growth mode under highly

mismatched molecular beam epitaxy (MBE) (Kovsh et al. 2003) on a substrate called

wetting layer (WL). They form dot-in-well (DWELL) structures (Kovsh et al. 2003; Stintz

et al. 2000). The grown procedure of the QDs results in size distribution of dots and

therefore, an inhomogeneous broadening of optical gain spectrum (Bilenca and Eisenstein

2004; Sugawara et al. 2005; Chow et al. 2015; Asryan and Suris 1996).

In order to model QDSOA, a set of rate equations is written for the carriers in the GS,

upper states and WL (Sugawara et al. 2002, 2004, 2005; Xiao and Huang 2008). Fur-

thermore, propagation equations of the input signal and ASE are coupled with the rate

equations. Therefore, these equations should be solved to investigate ASE spectrum in the

QDSOA. In the modeling ASE spectrum and NF of QDSOA, for the first time, to the best

of our knowledge, the effect of ES2 inclusion is investigate in the rate equations (Izadyar

et al. 2017; Razaghi et al. 2017). The band diagram of QDs in different group dots and

related transitions of the carriers are depicted in Fig. 1. It is assumed that QDs are spatially

isolated. In other words, each dot can exchange carriers only with WL. The homogeneous

and inhomogeneous broadening of the optical gain have been considered in the model by

grouping dots based on interband transition resonant frequency of GS between the carriers

of CB and VB. The homogeneous broadening is due to the intrinsic gain of a single dot.

The inhomogeneous broadening is due to the size distribution of QDs arisen from growth

method. QDs and photon modes are divided into 4M þ 2 groups to include the entire

frequency range of ASE spectrum. The QDSOA is modeled based on the following

equations. In the following equations, the indexes of w, c, e2, e1 and g are related to WL,

CS, ES2, ES1 and GS, respectively.

The resonant frequency of jth group dots is given as:
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xs
j ¼ xs

cv � ðM � jÞDx ð1Þ

where xs
cv is the central resonant frequency of the inhomogeneous broadening for the GS,

ES1 and ES2. The index of s is related to g, e1 and e2. M is an integer number and is

chosen to be 400 (Izadyar et al. 2017). Dx is the frequency space between the groups and

j ¼ 1; 2; . . .; 4M þ 2. The optical gain of the QDs in the jth group, which is calculated

using density matrix approach (Sugawara 1999), is given by:

gsm;jðt;xs
m;N

s
j Þ ¼

2pe2NDjPr
cvj

2

e0cneff m2
0�hx

s
cv

GjDsBðxm � xs
j Þð2Ps

j � 1Þ ð2Þ

where gsm;jðt;xs
m;N

s
j Þ is the optical gain of the QDs in the jth group at frequency of xs

m for

the GS, ES1 and ES2, e is the elementary charge of electron, jPr
cvj is the transition matrix

element for r polarization (Sugawara et al. 2000), e0 is the permittivity of vacuum, c is the

speed of light in vacuum, neff is the effective refractive index of the active region, m0 is the

free electron mass and �h is the reduced Planck constant. Gj is a normalized inhomogeneous

broadening function with Gaussian distribution (Sugawara et al. 2000; Izadyar et al. 2017).

Bðxm � xs
j Þ is the homogeneous broadening function with a Lorentz shape (Sakamoto and

Sugawara 2000). Two dimensional coverage of dots which is related to the QDs density,

ND, and their volume, VD, by n ¼ NDVD is considered to be 0.1 and 0.15 (Sugawara et al.

2000, 2002). The optical gain of ASE, gssp;jðt;xs
sp;N

s
j Þ, is considered to be equal with

gsm;jðt;xs
sp;N

s
j Þ expect ð2Ps

j � 1Þ replaced by ðPs
j Þ

2
. The occupation probability of the jth

dots in the s state, Ps
j , is determined by the balance between the rates of carrier relaxation,

carrier excitation and photon emission. According to Pauli’s exclusion principle, the

probability of P is related to the carrier density of N as:

Ps
j ¼

Ns
j

2DsNDGj

ð3Þ

where Ds is defined as the degeneracy of GS, ES1, ES2 and CS.

The propagation equation of the input signal as a function of reduced time, s, and
propagation direction, z, for the mth photon mode is given as:

Fig. 1 Band diagram of self-assembled QD’s conduction band (CB) in different group dots based on the
interband transition resonant frequency of GS between CB and VB
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dSsmðz; sÞ
dz

¼ C
X2Mþ1

j¼1

gsm;jðs;xs
m;N

s
j Þ � aloss

" #
Ssmðz; sÞ ð4Þ

where aloss is the internal loss of the cavity and s ¼ t � nrz
c
. The propagation equation has

been written for a single-pass travelling-wave SOA (Agrawal and Olsson 1989; Sugawara

et al. 2004; Radziunas et al. 2015).

The optical gain and ASE spectrum in the QDs are strongly polarization dependent. For

simplicity, the spontaneous emission of transverse-magnetic (TM) polarization is ignored.

Because, ASE with TM polarization is much smaller than that of transverse-electric (TE)

polarization (Xiao and Huang 2008). The propagation equation of ASE with TE polar-

ization at xsp frequency obeys the following equation:

dSsp

dz
¼ C

X2Mþ1

j¼1

gm;jðz; s;xmÞ � aloss

" #
Ssp þ C

X2Mþ1

j¼1

gspðz; s;xmÞSvacðxspÞ ð5Þ

where photon flux density of the vacuum field, SvacðxspÞ, with a frequency between xsp

and xsp þ Dxsp is given as:

Svac ¼
Dxsp

2pD
ð6Þ

D is the cross section area of the QDSOA’s active region and Dxsp ¼ 2pDfsp is the

frequency mode spacing of the ASE spectrum.

The rate equations of the carriers in the WL and CS are given, respectively, as:

dNwðz; tÞ
dt

¼ J

ed
� Nwðz; tÞ

swc
� Nwðz; tÞ

swr
þ

P
j

Nc;jðz; tÞ

scw
ð7Þ

dNc;jðz; tÞ
dt

¼ GjNwðz; tÞ
swc;j

þ Ng;jðz; tÞ
sgc;j

þ Ne1;jðz; tÞ
se1c;j

þ Ne2;jðz; tÞ
se2c;j

� Nc;jðz; tÞ
scg;j

� Nc;jðz; tÞ
sce1;j

� Nc;jðz; tÞ
sce2;j

� Nc;jðz; tÞ
scw

� Nc;jðz; tÞ
sr

ð8Þ

The rate equations of the carries in the ES2, ES1 and GS are given, respectively, as:

dNe2;jðz; tÞ
dt

¼ Nc;jðz; tÞ
sce2;j

þ Ne1;jðz; tÞ
se1e2;j

þ Ng;jðz; tÞ
sge2;j

� Ne2;jðz; tÞ
se2c;j

� Ne2;jðz; tÞ
se2e1;j

� Ne2;jðz; tÞ
se2g;j

� Ne2;jðz; tÞ
sr

� c

nr
C
X

m

ge2m;jðt;xe2
m ;Ne2

j ÞSe2m ðz; tÞ

� c

nr
C
X

m

ge2sp;jðt;xe2
m ;Ne2

j ÞSe2spðz; tÞ

ð9Þ
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dNe1;jðz; tÞ
dt

¼ Nc;jðz; tÞ
sce1;j

þ Ne2;jðz; tÞ
se2e1;j

þ Ng;jðz; tÞ
sge1;j

� Ne1;jðz; tÞ
se1c;j

� Ne1;jðz; tÞ
se1e2;j

� Ne1;jðz; tÞ
se1g;j

� Ne1;jðz; tÞ
sr

� c

nr
C
X

m

ge1m;jðt;xe1
m ;Ne1

j ÞSe1m ðz; tÞ

� c

nr
C
X

m

ge1sp;jðt;xe1
m ;Ne1

j ÞSe1spðz; tÞ

ð10Þ

dNg;jðz; tÞ
dt

¼ Ng;j0ðz; tÞ � Ng;jðz; tÞ
seff ;jðz; tÞ

� c

nr
C
X

m

g
g
m;jðt;xg

m;N
g
j ÞSgmðz; tÞ

� c

nr
C
X

m

g
g
sp;jðt;xg

m;N
g
j ÞSgspðz; tÞ

ð11Þ

where J is the current density, d is the WL thickness, scw is the carrier escape time from CS

to WL and C is the optical confinement factor. sge1;j, sge2;j, sgc;j, se1e2;j, se1c;j and se2c;j are
the carrier excitation lifetimes of the jth group dots from the lower states to the upper states

(Izadyar et al. 2017). First index refers to the lower state and second index refers to the

upper state. swr and sr are recombination lifetime of the carriers in the WL and QDs,

respectively, which are due to the radiative, non- radiative and Auger recombination

processes (Sugawara et al. 2002). swc;j, scg;j, sce1;j, sce2;j, se2g;j, se2e1;j and se1g;j are the

carrier relaxation time from the upper states to the jth group dots of the lower states. First

index refers to the upper state and second index refers to the lower state. Because the

carrier relaxation is prevented by the state filling according to the exclusion principle, the

relaxation rate is defined as s�1 ¼ ð1� PsÞs�1
0 , where s0 is the relaxation rate when the s

state is unoccupied (Izadyar et al. 2017). The relaxation lifetimes of the different states are

assumed to be equal and defined as scg;0 ¼ sce1;0 ¼ sce2;0 ¼ se2g;0 ¼ se2e1;0 ¼ se1g;0 ¼ sd.
The carrier relaxation lifetime in the self-assembled QDs is usually obtained based on the

Auger effect (Adler et al. 1996; Uskov et al. 1997). In this study, the effect of Auger-

related relaxation processes is summarized in relaxation lifetime, sd, which can be between
0.5 and 100 ps (Sugawara et al. 2002). The carrier density of the GS in the steady state

condition is defined as:

Ng;j0 ¼
Nc;jðz; tÞ
scg;0

þ Ne2;jðz; tÞ
se2g;0

þ Ne1;jðz; tÞ
se1g;0

� �
seff ;jðz; tÞ ð12Þ

where seff ;j is the response time of the gain saturation and is given as:

seff ;jðz; tÞ ¼
Nc;jðz; tÞ

2NDGjscg;0
þ Ne2;jðz; tÞ
2NDGjse2g;0

þ Ne1;jðz; tÞ
2NDGjse1g;0

�

þ 1

sgc;j
þ 1

sge2;j
þ 1

sge1;j
þ 1

sr

��1 ð13Þ

The NF of QDSOA based on the ASE spectrum is defined as:

NF ¼ 1þ 2goutSspðL; s;xmÞ=SvacðxmÞ
gingoutGð1ÞðsÞ ð14Þ

where gin and gout are the input and output coupling coefficient, respectively and Gð1ÞðsÞ is
the linear amplifier gain.
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In order to model and analyze the QDSOA, the set of carrier’s rate equations (Eqs. 7–

11) along with the propagation equations of the input signal and ASE (Eqs. 4 and 5) in

the cavity should be solved simultaneously. An analytical solution of these equations is

extremely complicated and hardly possible. Therefore, rate equations and propagation

equations should be solved numerically. Carriers in each state have 2M þ 1 rate equa-

tions and 4M þ 2 resonant frequency mode (Eq. 1 and related equations). Therefore,

8M þ 5 rate equations with 4M þ 2 propagation equations should be calculated numer-

ically to analyze QDSOA performance. It is assumed that signal amplification is due to

the carrier recombination in GS of CB and VB. Upper states act as carrier reservoir. For

simplicity, the length of QDSOA is divided into smaller sections to vanish the spatial

dependency of the optical gain and carrier density in Eqs. 4 and 5. In this case, the

propagation equation of the input signal takes an exponential form in each section to

amplify the signal through the cavity length. Therefore, numerical solution of the rate

equations with the fourth-order Runge–Kutta method is used in each section for all

cavity modes simultaneously to evaluated the ASE spectrum in the QDSOA. In other

word, exponential amplification of output signal in one section is considered as input

signal for the next section and therefore, rate equations are solved numerically in this

section. The number of these time-dependent rate equations with M ¼ 400 is 3205.

However, the numerical solution method for these number of rate equations is complex

and extremely time consuming. Some parameters used in the calculations are listed in

Table 1.

Table 1 Parameters which are
used in the calculation and
simulation

Parameter Symbol Value

Internal loss of cavity aloss 5 cm�1

Active region length L 1200 lm

Active region width w 1.5 lm

Band gap Eg 0.8 eV

Central transition energy of GS Eg
cv 0.9493 eV

Central transition energy of ES1 Ee1
cv

1.0221 eV

Central transition energy of ES1 Ee2
cv

1.0763 eV

Input coupling coefficient gin �2 dB

Output coupling coefficient gout �2 dB

Number of QDs layers Nl 10

Optical confinement factor C 0.10

Carrier recombination lifetimes in dots sr 1 ns

Carrier recombination lifetimes in WL swr 0.4 ns

frequency mode spacing Dfsp 100 GHz

FWHM of homogeneous broadening function Ccv 10 meV

Degeneracy of GS (Sugawara et al. 2004) Dg 1

Degeneracy of ES1 (Sugawara et al. 2004) De1 3

Degeneracy of ES2 (Sugawara et al. 2004) De2 6

Degeneracy of CS (Sugawara et al. 2004) Dc 10

Temperature T 295 K
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3 Simulation results

First result has been obtained to show the improvement of QDSOA performance in the

presence of ES2. Figure 2 shows the optical gain, amplified signal and normalized output

signal as a function of time for a Gaussian pulse train in three cases: without ES2 at

relaxation lifetime of sd = 10 ps and with ES2 at two different relaxation lifetimes of

sd = 5 and 10 ps. Input pulse width is 500 fs and peak power is 40 mW, which give the

average power of 21.3 mW. At this input power, QDSOA works in the nonlinear regime

under spectral hole burning (SHB) (Sugawara et al. 2002; Izadyar et al. 2017). This pulse

train has the bit-rate of 450 Gbps. Simulation parameters are the same as Table 1 expect

De1 ¼ 6, De2 ¼ 9, Dc ¼ 20, C ¼ 0:15 and n ¼ 0:15 (Sugawara et al. 2002). As it can be

seen in Fig. 2a, maximum optical gain is 520 cm�1, which is in good agreement with the

experimental results (Hatori et al. 2000).

As it has been illustrated in Fig. 2a, gain saturation and recovery time have decreased in

the presence of ES2. The ES2 inclusion in the QDSOA improves the signal amplification

(see Fig. 2b) and reduces peak shift of the amplified signal (see Fig. 2c). Furthermore, by
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Fig. 2 Amplification of input Gaussian pulse train. a optical gain, b photon density and c normalized output
power of one pulse, as a function of time. Bit-rate is 450 Gbps
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reducing the relaxation lifetime, sd , the gain recovery time and the gain saturation have

decreased and the signal amplification and peak shift have improved further. Therefore,

ultra-high bit-rate signal amplification up to 450 Gbps without wave distortion becomes

possible.

In order to show peaky behavior in the ASE spectrum, it is supposed that the SOA is

biased by a high level injection current density of 24 kA/cm2, before the input signal is

entered to the cavity. Then, the injection current is decreased to 1 kA/cm2 in the beginning

of the amplification process. This case is called as high-to-low injection regime. In this

regime, due to high level injection, the upper states are filled completely before the

amplification process. Therefore, due to high optical and ASE gain at J = 24 kA/cm2 at the

central resonant frequency of ES2, the output signal and ASE of ES2 peak powers are

considerably high.

Figure 3a illustrates the ASE power of QDSOA in the presence and absence of ES2 at

high-to-low injection regime. The case without ES2 has been depicted just for comparison.

Figure 3b shows the ASE spectrum for two cases: low-to-high and high-to-low injection

regimes. In these figure, J = 1 kA/cm2, sd ¼ 10 ps and n ¼ 0:10. Other parameters are the
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same as those listed in Table 1. As it can be seen in Fig. 3a, in the presence of ES2, there

are three peaks which are related to GS, ES1 and ES2. The central resonant frequency of

GS, ES1 and ES2 are related to the peaks at wavelength of 1306, 1213 and 1152 nm,

respectively. As mentioned before, it is assumed that signal amplification is only due to the

recombination of carriers in the GS of CB and VB. Upper states act as carrier reservoir.

Therefore, input signals which are propagated at the wavelength of 1306 nm is amplified.

As it can be seen, ASE power of ES2 peak is very high (about 52 dBm). The main reason

of such a high ASE power at high-to-low injection regime is due to the ES2 related QD’s

parameters like its resonant energy and degeneracy. The effect of these parameters appear

in the optical gain equation (Eq. 2). Therefore, optical gain and ASE gain are increased

drastically and therefore, ASE power is increased intensely (see Eqs. 2 and 5). Although, in

the low-to-high injection regime (0–1 kA/cm2), the upper states are not filled and there-

fore, the optical gain and ASE gain are decreased due to the reduced occupation probability

(see Eqs. 2 and 3). Therefore, output and ASE power are decreased intensely. The results

shown that in this case can be verified through comparison with experimental results (Xiao

and Huang 2008).

In order to compare the obtained results with previous works, the NF of QDSOA in the

case without ES2 is calculated using the obtained ASE power spectrum with the param-

eters listed in Table 1. The NF is calculated at the wavelength of 1306 nm and at low input

powers. For J = 1–16 kA/cm2 the NF in the linear region is approximately constant and

equal to 5.68 dB which is the same as (Sugawara et al. 2004). But in the presence of ES2,

the NF decreases to 4.67 dB for the same current densities which is comparable with the

experimental results reported in (Akiyama et al. 2005).

Figure 4 shows the NF of QDSOA as a function of wavelength at low-to-high injection

regime. In this figure, the NF spectrum is depicted for the input continuous wave (CW)

powers of - 10, - 6.66, - 3.33 and 16.67 dBm at J = 1 kA/cm2. The NF of GS resonant

wavelength are changed slightly at low input powers, but at high input powers (nonlinear

working region of QDSOA), the change in the NF becomes distinguishable. As it can be

seen, by increasing the input power, the NF of QDSOA is decreased at short wavelength

side, which is in good agreement with (Xiao and Huang 2008). The NF spectrum has one

peak at wavelength of 1152 nm which is related to ES2 resonant wavelength. Although, at
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Fig. 4 Noise Figure (NF) of
QDSOA as a function of
wavelength. Input CW powers
are Pin = - 10, - 6.66, - 3.33
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been depicted at low-to-high

injection regime (0–1 kA/cm2)
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resonant wavelengths of GS and ES1, there is no peak. Because upper states act as a carrier

reservoir. Therefore, in this case, upper states are not filled completely and various

behavior of NF in these states are due to their different inversions. On the other hand, the

peak of ES2 is due to intensely increased ASE power because of degeneracy parameter,

De2, (see Fig. 3a). The NF of 1306 nm wavelength at high-to-low injection regime at input

power of - 3.33 dBm is about 4.67 dB and at input power of 16.67 dBm is decreased to

3.6 dB.

In order to show the effect of input power on the ASE spectrum, the output power and

ASE spectrum are depicted in Fig. 5. In this figure, J = 1 kA/cm2 and the input powers are

- 3.33 and 16.67 dBm. This figure is obtained at high-to-low injection regime. As

expected, increasing input power results in an increase of the output power (see Fig. 5a),

but high input power results in a decrease of ASE power (see Fig. 5b). In other words, as it

can be seen in Figs. 4 and 5, at high input powers, the effects of ASE and NF can be

ignored in the modeling of QDSOA due to negligible ASE and NF of the amplifier.

4 Conclusion

In this paper, a theoretical model was presented to investigate and analyze the ASE

spectrum and NF of QDSOA. This model was based on a set of rate equations and density

matrix approach along with the propagation equations of the input signal and ASE. For the

first time, to the best of our knowledge, ASE spectrum in QDSOA was obtained by

considering the effect of ES2 inclusion in the band diagram of QDs and the optical

transitions of the carriers. This assumption was due to the experimentally three-state lasing

report of QD laser in the room temperature. It was assumed that if the structure of

QDSOA’s active region is similar to this QD laser, presence of ES2 in the gain spectrum

could be distinguished from the upper states and WL. It was shown that QDSOA per-

formance could be improved in the presence of ES2. It was illustrated that ultra-high bit-

rate signal processing up to 450 Gbps was possible in the presence of ES2 without wave

distortion. Furthermore, it was shown that ASE spectrum has three peaks which are related

to resonant frequency of GS, ES1 and ES2. It was obtained that NF could be decreased in

the presence of ES2. NF of 4.67 dB was calculated in the presence of ES2, while NF

without ES2 was calculated 5.68 dB. NF spectrum was depicted to show the wavelength
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Fig. 5 Output power and ASE spectrum at J = 1 kA/cm2 for input power of - 3.33 and 16.67 dBm.
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dependency of NF. It was shown that the NF of QDSOA was decreased by increasing input

CW power. At resonant wavelength of GS, increasing input power resulted in minimizing

the NF of the amplifier. Furthermore, at high input powers, ASE power was decreased

further. Therefore, it could be conclude that ASE and NF were reduced at high input

powers. In other words, ASE and NF could be ignored in the modeling of QDSOA

performance at high input powers which QDSOA works in nonlinear region.

References

Adler, F., Geiger, M., Bauknecht, A., Scholz, F., Schweizer, H., Pilkuhn, M., Ohnesorge, B., Forchel, A.:
Optical transitions and carrier relaxation in self assembled InAs/GaAs quantum dots. J. Appl. Phys.
80(7), 4019–4026 (1996)

Agrawal, G.P., Olsson, N.A.: Self-phase modulation and spectral broadening of optical pulses in semi-
conductor laser amplifiers. IEEE J. Quantum Electron. 25(11), 2297–2306 (1989)

Akiyama, T., Ekawa, M., Sugawara, M., Kawaguchi, K., Sudo, H., Kuramata, A., Ebe, H., Arakawa, Y.: An
ultrawide-band semiconductor optical amplifier having an extremely high penalty-free output power of
23 dbm achieved with quantum dots. IEEE Photonics Technol. Lett. 17(8), 1614–1616 (2005)

Arakawa, Y., Sakaki, H.: Multidimensional quantum well laser and temperature dependence of its threshold
current. Appl. Phys. Lett. 40(11), 939–941 (1982)

Asryan, L., Suris, R.: Inhomogeneous line broadening and the threshold current density of a semiconductor
quantum dot laser. Semicond. Sci. Technol. 11(4), 554–567 (1996)

Bakonyi, Z., Su, H., Onishchukov, G., Lester, L.F., Gray, A.L., Newell, T.C., Tunnermann, A.: High-gain
quantum-dot semiconductor optical amplifier for 1300 nm. IEEE J. Quantum Electron. 39(11),
1409–1414 (2003)

Bilenca, A., Eisenstein, G.: On the noise properties of linear and nonlinear quantum-dot semiconductor
optical amplifiers: the impact of inhomogeneously broadened gain and fast carrier dynamics. IEEE J.
Quantum Electron. 40(6), 690–702 (2004)

Bimberg, D.: Quantum dots for lasers, amplifiers and computing. J. Phys. D Appl. Phys. 38(13), 2055–2058
(2005)

Chen, S., Zhou, K., Zhang, Z., Childs, D., Hugues, M., Ramsay, A., Hogg, R.: Ultra-broad spontaneous
emission and modal gain spectrum from a hybrid quantum well/quantum dot laser structure. Appl.
Phys. Lett. 100(4), 041118 (2012a)

Chen, S., Zhou, K., Zhang, Z., Wada, O., Childs, D., Hugues, M., Jin, X., Hogg, R.: Room temperature
simultaneous three-state lasing in hybrid quantum well/quantum dot laser. Electron. Lett. 48(11),
644–645 (2012b)

Chen, S., Zhou, K., Zhang, Z., Orchard, J.R., Childs, D.T., Hugues, M., Wada, O., Hogg, R.A.: Hybrid
quantum well/quantum dot structure for broad spectral bandwidth emitters. IEEE J. Sel. Top. Quantum
Electron. 19(4), 1900209–1900209 (2013)

Chow, W.W., Liu, A.Y., Gossard, A.C., Bowers, J.E.: Extraction of inhomogeneous broadening and non-
radiative losses in inas quantum-dot lasers. Appl. Phys. Lett. 107(17), 171106 (2015)

Daraei, A., Izadyar, S.M., Chenarani, N.: Simulation and analysis of carrier dynamics in the inas/gaas
quantum dot laser, based upon rate equations. Opt. Photonics J. 3(01), 112–116 (2013)

Dommers, S., Temnov, V.V., Woggon, U., Gomis, J., Martinez-Pastor, J., Laemmlin, M., Bimberg, D.:
Complete ground state gain recovery after ultrashort double pulses in quantum dot based semicon-
ductor optical amplifier. Appl. Phys. Lett. 90(3), 033508 (2007)

Hatori, N., Sugawara, M., Mukai, K., Nakata, Y., Ishikawa, H.: Room-temperature gain and differential gain
characteristics of self-assembled ingaas/gaas quantum dots for 1.1-1.3 lm semiconductor lasers. Appl.
Phys. Lett. 77(6), 773–775 (2000)

Izadyar, S.M., Razaghi, M., Hassanzadeh, A.: Quantum dot semiconductor optical amplifier: role of second
excited state on ultrahigh bit-rate signal processing. Appl. Opt. 56(12), 3599–3607 (2017)

Kolarczik, M., Owschimikow, N., Herzog, B., Buchholz, F., Kaptan, Y.I., Woggon, U.: Exciton dynamics
probe the energy structure of a quantum dot-in-a-well system: the role of coulomb attraction and
dimensionality. Phys. Rev. B 91(23), 235310 (2015)

Kovsh, A., Maleev, N., Zhukov, A., Mikhrin, S., Vasil’ev, A., Semenova, E., Shernyakov, Y.M., Maximov,
M., Livshits, D., Ustinov, V., et al.: Inas/ingaas/gaas quantum dot lasers of 1.3 lm range with enhanced
optical gain. J. Cryst. Growth 251(1), 729–736 (2003)

 5 Page 12 of 13 S. M. Izadyar et al.

123

Downloaded from https://iranpaper.ir
https://www.tarjomano.com/order



Liu, H., Sellers, I., Badcock, T., Mowbray, D., Skolnick, M., Groom, K., Gutierrez, M., Hopkinson, M., Ng,
J., David, J., et al.: Improved performance of 1.3 lm multilayer inas quantum-dot lasers using a high-
growth-temperature gaas spacer layer. Appl. Phys. Lett. 85(5), 704–706 (2004)

Matsuura, M., Raz, O., Gomez-Agis, F., Calabretta, N., Dorren, H.J.: Ultrahigh-speed and widely tunable
wavelength conversion based on cross-gain modulation in a quantum-dot semiconductor optical
amplifier. Opt. Express 19(26), B551–B559 (2011)

Miao, Q., Huang, D., Liu, D., Wang, T., Zeng, X.: Rapid evaluation of gain spectra from measured ASE
spectra of travelling-wave semiconductor optical amplifier. Chin. Opt. Lett. 3(8), 483–485 (2005)

Mukai, K., Nakata, Y., Otsubo, K., Sugawara, M., Yokoyama, N., Ishikawa, H.: 1.3 lm cw lasing char-
acteristics of self-assembled ingaas-gaas quantum dots. IEEE J. Quantum Electron. 36(4), 472–478
(2000)

Nakata, Y., Mukai, K., Sugawara, M., Ohtsubo, K., Ishikawa, H., Yokoyama, N.: Molecular beam epitaxial
growth of inas self-assembled quantum dots with light-emission at 1.3 lm. J. Cryst. Growth 208(1),
93–99 (2000)

Nielsen, D., Chuang, S.L.: Four-wave mixing and wavelength conversion in quantum dots. Phys. Rev. B
81(3), 035305 (2010)

Radziunas, M., Herrero, R., Botey, M., Staliunas, K.: Far-field narrowing in spatially modulated broad-area
edge-emitting semiconductor amplifiers. JOSA B 32(5), 993–1000 (2015)

Razaghi, M., Izadyar, S.M., Madanifar, K.A.: Investigation of amplified spontaneous emission in quantum
dot semiconductor optical amplifier in presence of second excited state. In: 2017 International Con-
ference on Numerical Simulation of Optoelectronic Devices (NUSOD), IEEE, pp. 37–38 (2017)

Sakamoto, A., Sugawara, M.: Theoretical calculation of lasing spectra of quantum-dot lasers: effect of
homogeneous broadening of optical gain. IEEE Photonics Technol. Lett. 12(2), 107–109 (2000)

Schmidt, K., Medeiros-Ribeiro, G., Oestreich, M., Petroff, P., Döhler, G.: Carrier relaxation and electronic
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