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ABSTRACT

Noise and modulation response behavior in quantum dot semiconductor lasers under
the influence the nonlinearity studied theoretically in this paper. The present rate
equations model consists of five equations for the carriers density and one equation for
photons density. The nonlinearity effect was added in two rate equations namely the
photon density rate equation and the ground state rate equation. Two equationswere
derived to calculate the noise and modulation response. Calculations in this paper focused
on the effect of each of the nonlinear effect and carrier transport inside and outside
guantum dots on the laserbehavior. The results indicate the weak effect of the
nonlinearity on the behavior of the laser noise because of inability of the present formula
to represent the nonlinear gain parameter. Also, results indicated the strong effect of the
carriers relaxation from the wetting layer to the continuous state in comparison with other
relaxation lifetimes in low energy states.
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INTRODUCTION

n comparison, with other nanostructure lasers such as quantum well laser and

quantum wire laser, quantum dot lasers (QD-LASERS) are expected to have the

advantages of large gain, low chirp, high temperature stability and low threshold
current. Therefore, QD-LASERS in particular GaAs-based 1.3um wavelength range, are
favorite as next-generation light sources in the metro/access optical fiber communication
networks. The generation/absorption processes in the receiver and transmitter lead to a
weak optical signal. So, the optical signal plays an important role in optical
communication networks. Furthermore, quantum nature of photon and fluctuate in
photons number are important in case of weak optical beam.Expermentaly, performance
of optical communication networks is limited by the quantum nature of photon
generation/absorption processes. The effect of such fluctuations can be described by shot
noise when we consider the system performance. Phase fluctuations and amplitude
fluctuations of semiconductor lasers affect the performance of optical communication
networks. Phase fluctuations affect the line-width which is a very important factor for
coherent communication networks. Amplitude fluctuations appear in both the total output
and the output levels of individual longitudinal modes. Historically, there are three
theories for quantum noise for finding the statistical properties of the laser cavity internal
field, namely, the density matrix master equation, the Fokker- Planck equation and the
Langevin equation [1-3]. Study the performance of these lasers is very important when
the noise sources take into consideration. This is necessary to evaluate the actual
performance of these devices in communication networks.study the performance of these
lasers is very important when the noise sources take into consideration. This is necessary
to evaluate the actual performance of these devices in communication
networks.Langevin noises have common features observed not only in semiconductor
lasers, but also in all other lasers and they are formulated as the same equations [4].
Analysis of laser noise by using the rate equations modelincluding Langevin noise
sources can be done in three ways. Namely, small signal analysis, direct numerical
integration to avoid the limitations of the small-signal analysis and Fourier transforms [5-
18]. In real lasers, it is sometimes difficult apply the linear stability analysis for direct
injection current modulation if the modulation Is not a small or the effect of spontaneous
emissions is not negligible.So, the rate equations model must be solved numerically. In
this paper, we will use the small signal analysis to study the laser noise in QD-LASER
under the effect of both carriers transport and nonlinear properties.Several theoretical and
experimental works had been published about the intensity noise behavior in QD-
LASER [19-23]. This paper present a small signal analysis in six-levels rate equation
model. The main result of this analysis is an analytical equation to calculate laser noise in
QD-LASER. Also,from this equation the modulation response behavior can be
calculated.Present model consist of several regions, some of these regions have been
neglected in previous studies [21]. Rate equations model describes the carrier dynamics
depending on carriers escape/relaxation lifetime between these regions. These lifetimes
can be controlled by some factors such as doping, temperature and energy level values.
One of the advantages of small signal analysis of the rate equations model is the
possibility to predict the behavior of noise because of its dependence on the modulation
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response.This advantage not available in direct numerical integration and Fourier
transforms.

This paper is organized as follows. In Section 2, we present the six level rate equations
model, including Langevin noise sources, five equations for carriers and one equation for
photons, underlying our analysis and the main assumptions for QD laser. In Section 3,
Small signal analysis of the rate equations model is obtained. Section 4 illustrates the
results of simulations for QD laser. Finally, section 5 gives the main conclusions.

Six levels rate equations mode (6lrem)

As in [24], beginning with a description of the parameters in five levels rate equations

model. These regions are, optical confinement layer (OCL), wetting layer (WL),
continuous state (CS), excited state (ES) and ground state (GS). Because of the difference
in energy between (WL) on the one hand and all of (ES) and (GS) on the other hand, the
transfers of all kinds are forbidden. Therefore, escape\ relaxation lifetimes, not appear on
the model. This description is repeated with the region (OCL) on the one hand and each
of (GS), (ES) and (CS) on the other hand.The movement of carriers in the model can
explain as follows, firstly, the carriers are directly injected into OCL region, and then
they are captured in the first carrier reservoir (WL) within related time constant (t¢,p).
Secondly, the carriers are captured into the CS within time(z,, ). We can consider the CS
as a second carrier reservoir to the ES and GS. Then, within time tccandr.grespectively,
the carriers in the CS are captured into the ES and GS.t;gandty are the carriers
spontaneous recombination lifetime and diffusion lifetime in OCL respectively.
The carrier relaxation lifetime and carrier escape lifetime, respectively, between ES and
GS are given by 7.4andz,, . The carrier can also be thermally remitted from WL to OCL,
CS to WL, ES to CS and GS to CS with the scape lifetimes 7sc,Tcw,Tec aNd T4
respectively. The carrier spontaneous recombination lifetime in the (GS) and (WL) is
T4r and 7,,p respectively. Since the hole has a larger effective mass in comparison with
the electron effective mass and the small energy difference between hole energy levels,
we are neglecting the hole dynamics effect. Fig. 1 shows the schematic of the carrier
dynamics in the present model.

Figure(1) The present carrier dynamics model with all relaxation/escape lifetimes [20].
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Figure(1) The present carrier dynamics model with all relaxation/escape lifetimes [20].
Based on [24], present model for carrier dynamics in the conduction band, including
Langevin noise sources is consisted of the following set of six coupled rate equations for
carriers in the OCL, WL, CS, ES, GS,and photons

. *NQ No(1—-f,) No N
1v0=e]—b+fT ¢ "(T ) T—O—£+F(t) - (D)
esc cap N
f' _ NO(l _fw) + cfc(l fw) fw(l fc) _ fwATQ _f_w
v ZDWIVQTcap Dy Tew Twe 2DWI\TQTesc Twr
+ F,(t) - (2)
_DufeA—f) fQ=f) (A=)  Defe A =f) fe(1-fo)
fe= D Ty Tew Teg D Tec Tee
Dyfy (1 — fc)
—D o + F.(t) ..(3)
- clc 1 e e 1- c 1- e e 1-
£ = fD(T f) [ (T f) jil;)(T fo) e (T fg)+Fe(t) )
ce ec ge
_Defe(1-fy) fo (=1 Defe (1-1f) f (1 f fg
9 Dytey Tge Dyteq Tge TgR
3 Vg9m(2fg — 1)S(1 — €5)
ZDQIVQ + Fy(t) ..(5)
2DyNQBf,

S =v,9m(2f; —1)S(1 —&S) — . + F,(t) .. (6)
p gR

Where J is the injection current, fw, f.f,, and f;, are the electron occupation
probabilities corresponding respectively to WL, CS, ES, and GS. e is the electron charge
and b is the OCL thickness. N,is 1the carrier density in OCL,Sis the photon density and ,
b is the thickness of the WL.NQ is the effective volume density of the QDs which
usually be defined asNQ = NQ/I,,.Nonlinearities arise from inhomogeneous spectral
hole-burning, stimulated emission carrier heating and free carrier absorption. These
effects contribute to the phenomenological gain compression factor leading to the gain
multiplication term(1 - €S) in egs.(5-6).The factor (1 - €S)is important when the photon
density is high. ¢ is called the gain suppression coefficient. gnis the maximum modal
gain, which depends on the confinement factor of each QD, the surface density of QDs,
and the number of QD layers.The final term of each equation, F,(t),E, (t), F.(t),F,(t),
F,(t)andF(t),is the effect of Langevin noise sources in the rate equations model. The
photon lifetime is given by

1
= vg(am + a;) - (7)

P
Where v,is the group velocity of the mode of interest, including both material, «; is

the internal cavity losses and waveguide dispersion, a,,is mirror loss which usually be
defined as
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1l ! 8
Where L is cavity length, ryis the front mirror reflectivity, and r,, the back mirror
reflectivity. The itradot relaxation/ escape lifetimes between CS, ES and GS, can be
expressed as [24]

. D; (AEU> . y i )

i Diexp %7 ) i i=ce ;j=eg;i#] - (9)
Where 7;; is the phonon-dominated relaxation time, and AE;;is the energy separation
between the ith state and the jth state in the conduction band of QDs. D, is the
degeneracy of the corresponding electron state. K is the Boltzmann's constant and T is the
room temperature. The electron relaxation/ escape lifetimes between WL and CS can
be expressed as [24]

AE
Tew = Twe €XP ( WC) .. (10)

KT
Wheret,,. is the electron capture lifetime, 7., is the electron escape lifetime,
AES, . is the energy separation between the WL bandedge and the CS in the conduction
band of QDs.

Small-signal analysis and evaluate the lanegvin noise
In present paper, the Langevin noise sources are calculated based on the same
procedure in [25] as a method to simplify the rigorous quantum description of noise in
semiconductor lasers. Semiconductor laser noise is coming from shot noise associated
with the discrete random flow of particles (carriers/photons) into and out of the
reservoirs. To evaluate the Langevin noise density (F;F;), we simply sum over all rates of
particle flow into and out of reservoir (i). Also, To determine cross-correlation
strength(F; F;) between two reservoirs (i) and (j) we sum only over particle flow which
affect both reservoirs simultaneously.
fwNQ

esc

(E,E,) =2 ] = 2D, .(11a)

_ NO(l _fw) Dcfc(l _fw) _

(F,F,) =2 [ZDWIVchap = ] = 2Dy ..(11b)
_ _Dwfw(l _ﬁ:) Defe (1 _ﬁ:) Dgfg (1 _fc) _

(FF)=2 Do + R + Derye ] = 2D, ..(110)

—Dcfc(l _fe) Dgfg (1 _fe)]

F,E) =2 + =2D,, .. (11d

) =2 D(erw | De(rge | (11d)
_ Dcfe(1— fg D.f. (1 _fg _

(F,F,) =2 Dt b ] = 2ngi ..(11e)

(F.'S'F;'> =2 vggm(zfg_l)Nph(l + SNph) + ZDgiV—Qﬁfg] = 2Dgs (11f)

gR
(FsFy) = (FsF,) = (FF.) = (KF,) = (F.'S'F:g> = (@Fe> = (E;;E:) = (F.F)
= (F:an) = (F:qu) = (F.F,) = (F.F,) = (E,F,) = (F.Fy) = (FRE,) =0 ..(119)
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To begin the small signal analysis, we must transform to the frequency domain in
Egs.(1-6) by the following relation
+0

SP(w) = f SP(t) el®tdt .. (12)
Now, in order to study the (QD-Laser) noise by using present model, we need to set the
following equation as a solution for Egs. (1-6) as follows,

NO = NO,O + (SNoeth e (13 - a)
fw,c,e,g = fw,c,.e,g,o + 5fw,c,e,geth (13 - b)
S =55+ 8Set . (13=0¢)

where Ngg, Ny, Neos Neos Ngo, and Sq are the solutions of the rate equations at the
steady-state. Using Eqgs. (13a-c) in Egs. (1-6) we obtain:

Ci1 Ciz Ci3 Ciy G5 Cig[0no]  [Fa(w)]
C1 Gy Cy3 Cyy Cus Cyel|Ofw Ey(w)
C31 C3p (33 (34 (35 Cs6ll 6fc _ F.(w) (14)
Ca1 Cay Cu3 Cuy Cus Cuel| 6fe F,(w)
Cs1 Csz Cs3 Csa Css Csell Sfy Fy(w)
[C61 Co2 Ces Cos Cos C66J os | Fs(w) |
Where
1-— 1 1
C11 =j(x) +( fWO) +— ...(15a)
_ cap Ta Tsr
N N,
Cip = —[ 4 OO] .. (15b)
Tesc  Tcap
1 —
21 = —[ (1~ i) ] .. (15¢)
ZDWNQ‘Ecap
N, D 1-— 1 1
Cpp = joo + 0 Defeo 1= oo +— . (15d)
ZDWNQ T(,‘ap DWTCW Twe 2DwTesc TwRr
_Dc(l _wa) fwo]
Cry=—|—"-"+— ...(15e)
23 | DWTCW Twe
—Dw(l - fCO) ch
Cy3p=—|————+— . (15)
32 | DCTWC TCW
1 _fWO 1- feO 1 _fgo Dwwa DefeO Dgng
C33 =jw + + + + + + ..(159)
33 TCW Tce TCg DCTWC DCTQC DCTgC
_De(l _fco) ch_
C3p = —|—————+— .. (15h
3 | DcTec +Tce_ ( )
D, (1 —
Cyo = — | Pt fvo)J,@] . (150)
| Dctge Teg
—Dc(l _feO) feO_
Cpo = — |5~ 71697 78 ... (15§
3 DeTce +Tec_ ( ])
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1- 1- D D
ch+ fq0+ cfco+ gfgo

Cos = jw + ... (15k)
44 TeC Teg DeTce DeTge
D (1 .
Cus = —[(8 2 Se0)  feo . (151)
| DeTge Teg |
(1 — :
| DyTeg Tgc!
(1 — :
op = — [Pl I) | foo ...(15n)
Dyteq Tgel
D 1- D 1- 1 v3gmSo(1+ €S
CSS =jw— cfco + ch+ efeO + feO +— 4+ ggm O(A 0)."(150)
Dytey Tye Dytey Tge TgR DyNQ
vy gm(2f; — 1)(1 + 2&S,)
Csg = 220 gzu = ..(15p)
gNQ N
2D ,NQ
Cos = ~2UggmSo(1 — £S0) = ——— . (15¢)
TgR
. 1
Coo = j© — Vggm(2f; — 1 — 4efy Sy + 2&5p) + — .. (157)
p
Ci13 = €14 = C15 = (16 = (o4 = (o5 = Cp6 = (31 = C36 = (41 = C4p = Cys
=051 =C52=0=0Cg1 =Cg2 =Ce3=0C64=0 .. (159)

As in [24] the modulation response in quantum dot laserH (w) can be calculated from

Eq. (14) as follows
2

WR
Where
Ci1—jow Cp Ci3 Ci4 Cis Cie
Cr1 Cpp—jw Gy Caa Czs Ca6
C31 C3; (33— jw Cz C3s C36
Y=l €y G G Cu—o G G -7
Cs1 Csz Cs3 Css Css—jw  Cse
Ce1 Cez Ces Cea Ces Cos —Jjw
it is clear that, a),% is the vreal part of the determinant
Ci1 Ci2 Gz Gy G5 Gy
Co1 Gy Ca3 (g Cps Gy
C31 C3p (33 (34 (35 C36
8 cn Co G G Cis Cig - {18
Cs1 Csz Cs3 Csa Css Cse
Co1 Cez Co3 Coa Cos Cee

Now, to calculate the relative intensity noise (RIN) we must begin with calculating the
photon number fluctuations(ds) as follows

1669



AL I G VRVl RIS Ta A (SYMN (X PPA0R=Y| Nonlinearity and carriers transport effects on the
modulation response and relative intensity
noisespectra in quantum dot lasers

os

Cii Cp G5 Cu (5 F(w)
Co1 Gy Coz3 Gy G5 Fy(w)
G31 C3p C33 C3y G35 F(w)
Cyv Cap Ciz Caa Cys Fy(w)
Cs1 Cs; Cs3 sy Gy F:q((‘))
Co1 Coz (o3 Cou Cos F(w)

= ..(19)
A
With aid of Eq. (16), we can rewrite Eq. (19) as follows

H(w
8s = % [Hn(w)F, + Hy(w)Fy + He(w)F4He(w)F, + Hy(w)Fy + Hg(w)F] ... (20)
R
Where
Hy(w) = €31C52C44Cs3C65 — C21C35C43C54Cgs - (21a)
Hy, (W) = C11C32C43C54Co5 — C11C32C44C53Cq5 .. (21b)
He(w) = C11C22C44Cs3C65 — C11C22C43C54Cq5 + C12C21Ca3C54C65
— C12051C44C53C65 - (21¢c)
H.(w)
= (11022033C54C5 — C11C22C43C53C65 — (11023032054 C65 — C12021C33C54C¢5
+ 12021 C43C53Cq5 .. (21d)
Hg (W) = C11C32C43C34Co5 — C11C22C53C44Co5 + C11Co3C35CaaCo5 — C12C21C34C43C65
+ 1202133044 Cg5 ..(21e)

Hs(w) = 611C22C33C44C55 - C11CZZC33C45C54 - C11C22C34C43C55
+ (1105203405053 + €11 055 C35C43Cs54 — C11053C35C44Cs3
- 611623632644655 + 611623632645654 - 612621633644655
+ (1205103305054 + 21012043034 Cs5 — C12051C34C45Cs3
+ C12621C35C4-3C54 - ClZCZIC35C4-4-C53 (21f)
In term of spectral density of the noise accompanying the signal, the (RIN) per unit
bandwidthis define as, the ratio between the photon number fluctuations and the mean
photon numberP as follows [21]
(RIN) _Sp(@) _ 1. 1 ) . .
T =—pz = ﬁ%l_rgof [8s(w)] (single — sided) ..(22)
Now, the RIN can be expressed by using Egs.( 20-22) as follows

(RIN) _ [H(w)[?
Af  (wd)?
+ 2Dy |Hg(@)]” + 2D Hy () 2] /P? ..(23)

[ZDnann(w)|2 + 2Dy | Hy (@) 1% + 2Dcc|He(@)? + 2Dee | He (w) |

As is well known, each of photon lifetime, spectral hole burning, carrier heating, and
carrier transport has an effect on the direct modulation of semiconductor laserH (w).
From Eg. (23), we can see that the RIN also affected from these physical processes. The
present study is focused only on the carrier transport in/out quantum dot.
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Results and discussion
Figs.2,3, 4, 5 and 6,shows the effect of nonlinearity and carriers transport on the
small signalmodulation response.

Table (1) Symbols values used in present simulation [24]

NQ 5x10"%m-2 D, 10
Im 19.5 cm™ De 3
Tp 1ps Dy 1
b 2x10°cm Dw 250
e 1.6x10™C AES, 134.565 meV
B 10° AES, 111.077 meV
Tyr 0.4 ns AEg, 51.836 meV
Tyr 0.4 ns Vg 9.1x10° cm/s
/25 - N\
20 +
15
- eps.=0
<10 eps.=7E-16 cm”3
2
8
gs
0
5 0 5 10 15 20 \5
\'10 - Frequency GHz Y,

Figure(2) Effect of nonlinearity on the small signal modulation response.
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-5 T 5 \\10\ 15 20
-10
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o %
/50 r ™\
40
m30 e tcap=1
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a
520
o
3
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0 1 1 1 1 1 J
0 15 20 25 T4
10 0 5 0 5 0 5 0
Frequency GHz
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Figure (3) Effect of 14 and t¢,p 0n the small signal modulation response.
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4 ™
30 -
25
20 + e tSR=0.1 ns
e tSR=0.4 ns
@ 15 w=tSR=0.8 ns
s
S 10
Q
3
x 5
0
S0 5 10 20
_10 L
\_ Frequency GHz Y,
/50 N
a0 | ”
30 tesc=0.01ps
[aa]
©
a
20
Q.
o
o
10
0
0 10 20 N‘o\\u\so
\-10 Frequency GH )

Figure (4) Effect of t4g and T, 0N the small signal modulation response.
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Figure (5) Effect of T, and t.4 on the small signal modulation response.
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Figure (6) Effect of 1. and t.4 on the small signal modulation response.
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From figure 1,we cannot see any effect for nonlinear gain parameter € on the present
response behavior, we will see the same results in noise figures. This comes from the
capture time in quantum dots be slower in comparison with QW (1 ps), since the change
in modulation response is inversely proportional to this time. Also, the traditional formula
for representing the effect of nonlinear gain parameter € in present model is needed to
improve by modifying & to include injection heating, non stimulated recombination
heating, stimulated recombination heating, and free-carrier absorption heating separately.
In this case, fig. 2, we can improve the modulation bandwidth by decreasing the photon
lifetime or by increasing the modal differential gain.In figures 3,4,5 and 6, the results
show the modulation response fordifferent (capture, diffusion, escape,spontaneous
recombination and relaxation in quantum dot states) times. The escape time and capture
them in the present simulation calculated at capture cross section equal to 10™*'cm?. In all
these figures, an increase in the time leads to increase the damping rate, also cause a
significant low-frequency roll-off, note that the impact of the increase in time, weaker
inside the dot. Our results give a good agreement with the experimental results [-]. Two
solutions have been proposed and implemented to increase the modulation bandwidth in
QD lasers: tunneling injection (T1) and acceptor (p) doping of the dots [6-13].In order to
get more accurate results, both electron and hole transport must be considered together
since the capture of holes is faster than that of electrons.From figures, we can see the
effect of relaxation times 7,,. and z4 in comparison with other times on the band width
of modulation response. Therefore, we can decrease these times to increase the
bandwidth.The main increase in nonlinear gain parameter is coming from the increase in
transport times outside the active region (QD), Therefore, the transport times (capture,
diffusion, escape, spontaneous recombination ) must be improve to increase the
modulation bandwidth.Figs.7, 8, 9, 10 and 11, shows the effect of nonlinearity and
carriers transport on the relative intensity noise.

/7190 r N\
2192
-194 /
-196 |
198 |
o
F200 F
=2
202 |
204 |
206
-208 |

_210 1 1 1 1 J
\_ 0 5 16requency GHa5 20 25 )

—eps:O
e 0ps=7E-16 cm”3

Figure(7) Effect of nonlinearity on the relative intensity noise.
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This is the same result in a figure (2). The effect of nonlinearity on long wavelength
quantum dot lasers such as InAs/GaAs is very weak in comparing other short wavelength
guantum dot laser such as I11-Nitrides lasers because of the high photon intensity in the
latter. Therefore, the correct formula for noise and modulation must be derived based on
the density matrix formalism which includes relaxation
electrons in the valence band and the conduction band. Figure 8 Figure 1 shows the effect
of tqand t,p, ON the relative intensity noise. It is clear that the effect of transport time
has strong effectsat high frequencies. In general, in all figure we have the following

times for both holes and

formula for the noise spectral power density S(w)~%faster transport time leads to

decrease noise spectral power density because of the all carriers will be injected into the

lower states and finally in radiative recombination process.
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In escape time case,we have one curve, this is because of the small contribution for this
time in noise equation, see eq. (11a).Noise has a constant value at different escape time
values when the occupation probability value for the wetting layer close to zero.
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CONCLUSIONS

Putting things altogether, we can conclude that: the mathematical analysis indicates that
the nonlinearities not affect on the laser noise in a similar way to its effect on the
modulation response and vary according to carrier transport and relaxation/escape
lifetimes outside or inside the quantum dots in long wavelength (low photon density)
quantum dot lasers. photons density in present paper is about 104 cm3. So, it is not
necessary to calculate the impact of this factor on the behavior of semiconductor lasers as
sources of light in communication network systems because of weakness of the suggested
nonlinearity formula in the present analysis to detect the noise behavior. Therefore, the
present formula for representing the effect of nonlinear gain parameter € is needed to
improve by modifying € to include injection heating, non stimulated recombination
heating, stimulated recombination heating, and free-carrier absorption heating separately.
The carrier transport (outside dots) and time relaxation (inside dots) has a strong effect
on the noise calculation and modulation response. So, the carriers transport must be
improved to increase the modulation response bandwidth and decrease the noise value In
this study, the present model of the rate equations includes many affecting factors on the
noise properties, which used to be are neglected in previous theoretical papers, therefore,
this is the origin of the difference between the present results and the other ones.
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