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1. Introduction

The motivation for writing this chapter is at least threefold: the extremely promising laser
characteristics of GaN quantum dot semiconductor lasers; their vast application potential in
high-power and high-temperature optoelectronic devices like optical communications,
industrial manufacturing, medicine, military uses, sensing and optical coherent
tomography. Low noise is one of the requirements in the wide range of applications that one
hopes to arrive at in the use of optoelectronic devices that deals with QD structures. When
the size of an electron system reaches the nanometer scale, noise becomes a very interesting
problem [2]. Its origin lies in spontaneous emission and shot noise; the last of which is a
nonequilibrium fluctuation, caused by the discreteness of the charge carriers. From the
investigation of shot noise, one can learn additional information on electronic structure and
transport properties. It is directly related to the degree of randomness in carrier transfer
[2,3]. In most experimental studies, it is assumed [4] that the frequency fluctuation processes
are either infinitely fast, leading to homogeneous broadening, or infinitely slow, leading to
inhomogeneous broadening. However, effects of a spectral fluctuation on a picosecond time
scale have been observed in experiments, showing that the frequency fluctuation [4] is not
always infinitely fast or slow. The random forces have no memory and the correlation of
their product function is a delta function. The memory effects [6,7] arise because the wave
functions of the particles are smeared out so that there is always some overlap of wave
functions. As a result, the particle retains some memory of the collisions experienced
through its correlation with other particles in the system.

Quantum dot semiconductor lasers is the subject of intense investigations for the last and
this decades owing to their unique properties that arise from 3-D quantum confinement.
This is due to the expected characteristics like: Low threshold current density, high
characteristic temperature and small linewidth enhancement factor (LEF) [1]. This latter
property should lead to an increased tolerance to optical noise with the perspective of
achieving isolator-free lasers, of particular importance for low-cost lasers in metropolitan
and local area networks [8]. The peculiar property of the semiconductor QDs grown by self-
assembling are: 1) the strong compressive strain inside the QDs which leads to a significant
deformation of the potentials respect to the bulk case [9], 2) the inhomogeneous distribution
of the QD size [10], [11] and 3) the presence of more than one confined energy state inside
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the QDs [12]. The origin of laser fluctuations in intensity and phase lies in the quantum
nature of lasing process itself. These fluctuations are of great importance since they
introduce errors in optical communications. In fact, every spontaneous emission event in the
oscillating mode, varying the phase of the electromagnetic field (quantum noise) is
responsible for the carrier density variation [13].

In this chapter, we report on the RIN performance of GaN/ Alp25Gao7sN/AIN QD laser. The
influence of power and relaxation time, as well as the intensity noise properties of the input
signals, is investigated. It will be shown that improvement in the RIN performance is
possible under certain operating conditions. This paper is organized as follows. In Section II,
the general aspects of our investigation are presented, as well as the derivation of the RIN in
QDs. The results are presented and discussed in Section III. Finally, the current and future
developments are given in Section IV.

In the recent years we have seen an ever increasing number of papers and conferences
dealing with theory and experiments with QD devices. This has produced a huge amount of
information and sometimes contradictory results. As a consequence it can be difficult for
new starters finding the right way for getting a basic understanding of the physics of QD
devices. In this chapter we have therefore introduced several references to those papers we
judged to be fundamental for understanding the basic physics of QD lasers with the hope of
providing a useful guideline for those who start adventuring in this field.

2. Relative intensity noise

Relative intensity noise (RIN) is studied by introducing the Langevin noise terms in the laser
rate equations (REs) as a driving force where the REs of the carrier-number, or -density, for
the active, barrier and SCH layers are used [14, 15]. Here, we modeled the REs by using
occupation probability of carriers in the QD, WL and SCH layers. The QDs used here are
assumed to be in the form of a disk shape. The laser structure studied is illustrated in Fig.(1).
The energy diagram of the QD laser active region is depicted in Fig. (2). QD states are taken
into account here by introducing the excited state (ES) in addition to the ground state (GS).
The WL, which is in the form of a quantum well, is represented by one energy state [16]. The
Pauli-blocking due to state filling is taken into account. The resulting REs system including
noise then becomes,

df:;;h L _ fsch (1 T fwl) + fwl _ fsch + Ffsd, (t) (1)
z-co,sch 2-e,wl Tor
dfwl: fsch +4fES (1_fwl)_ fwl _ fwl (1_fES)_M
dt Tc o,sch Teo,ES z-e,wl 2-co,wl Twr (2)
+F (1)

des:( Ju + Jos J(l_fES)_i(l_fwl)_ﬁ(l_fGS)

dt 4Tco,wl 22-eo,GS Z-eo,ES Z-co,ES (3)
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dfGS — 2fE5(1 _fGS) _ fGS(l_fES) N fGS _UgrgGSSp +Ff (t) (4)
dt Z-co,ES z-eo,GS 7 o
p_ 2fcs
E = UgFgGSSp - —p + ﬂ . + F (t) (5)
AIN
Barrier Y

AlGaN

Wetting Layer

Quantume Disk

Quantume Dots Multi Layers

Fig. 1. Schematic illustration of the QD active layer which consists of an arrays of GaN
quantum disks grown on an AlGaN wetting layer covered by AIN barrier.

The occupation probabilities for the GS and ES are defined as fgs = ngs /2Np and fes= nes /4Np ,
where ngs (1ngs) is the number of electron-hole (e-h) pairs in the GS (ES), Np is the total number
of QDs, gcs is the GS gain while the SCH and WL populations and the photon occupation are
described by the normalized terms: fi;, = 11sss Np , ful = 1wt Np , and S, = n, Np, respectively. n, is
the photon number, I' is the optical confinement factor. In Eq. (5), the last term on the right-
hand side (2ffcs/7;) represents the rate of photons emitted by spontaneous emission coupled
into the lasing mode. Note that, the size inhomogeneity of the dots is included in the
expression of the gain. The capture and escape times; in Egs. (1-4) are given by [1]

c sch (1 fwl)z—co sch
cwl_(1 fES) co,wl
. ES =(1- fcs )Tco ES (6)

eGS_(1 fES) eoGS
eES_(1 fwl) eo,ES
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Fig. 2. Energy diagram of the active layer of the QD laser.

Tesch » Towl , and T gs are the average capture times from SCH to WL, WL to ES and from QD
ES to GS, respectively, with the hypothesis that the final state is empty. The emission times
T.Gs, and T, ks are the escape times from the GS back to the ES and from the ES back to the
WL. 141 is the relaxation rate when the state is unoccupied, i.e., f = 0. As f approaches 1 the
relaxation rate decreases, resulting in the occupation of the upper level. Furthermore, at
room temperature and before reaching stimulated emission the system must converge to a
quasi-thermal equilibrium characterized by a Fermi distribution of the carriers in all the
states. The carrier transport time from the SCH to WL or QD can be expressed as [13],
d:

= (7)
““,,

Where d; is the thickness of the SCH layer, D, and D, are the diffusion coefficients of
electrons and holes, respectively, which can be calculated from the Einstein relation
D, =(KyT/q) My, Where Kp, T, pnp correspond to the Boltzmann's constant, lattice
temperature, electron and hole mobility, respectively. The thermionic emission time in the

QD can be calculated by [15]

27zm* v E
_d e B 8
. { KBT} exp[KBTj ®
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where dy, m.*, E, denote the thickness of the QD, electron effective mass and the effective
barrier energy, respectively. The carrier relaxation time 7, in general, is about 2.8-4.5 ns for
typical quantum well laser [15]. The thickness of the SCH (WL) is 33nm (5nm). In Eqs (1-5)
Ffen, Fro, Fres, Fros and Fi are the Langevin noise forces. Physically Fg arise from
spontaneous emission, while Fge,, Fro, Fs and Fyes have their origin in the discrete nature
of the carrier generation and recombination processes in the SCH, WL, ES and GS region,
respectively. The small-signal analysis [1] (along with the Fourier transform) is used to get
RIN spectra for these systems. It is defined as RIN = Ss(w)/Sg where S (w) =< |§(w)|2 ) is
the spectral fluctuation of photon population around its steady-state value (intensity
noise). The angle brackets denotes ensemble average. The small-signal solution of the REs
(1-5) yields the following expression

ﬂw):A&Au&fwxw)+Aﬂﬂu&ﬁw(wy+Ath)%E&m

9
+ Afcs (w)'ﬁfcs (w) + As(w).ﬁs(w) ( )

where IEf and 135 are the Fourier transforms of the Langevin forces. We recall, however, that
these Fourier transforms do not possess a mathematical existence, where

Ay Anrya
A _ A21037043054 10
qulz (w) D(w) ( a)
Aangale, (A1 + JW
%MMZQ%;“1]) (10b)
(w)
Af (w) = a43a54[ — a0y —(“11 + jw)(ﬂzz - ]w) ] (100)
ES D(w)
‘154[ — O3z (‘111 + ]w) + a0y (‘133 - ]w) +
Ay (W)= (411 + jw)(az = jw)(az = jw) ] (10d)

D(w)

[ 1501 ( _(‘133 - jw)(a44 N ]w) + 340, ) + 303, (‘111 + jw)(a44 - ]w)
—l3403 (“11 + jw)(ﬂzz - ]w) —(au + jw)(ﬂzz > jw)(ﬂee - jw)(a44 > ]w) ] (10¢)

A(w) = D)

The denominator D(w) is given by

D(w) = A, + Ay (jw) + Ay (jw)® + Ay (jw)* + Ay (jw)" + (jw)’

Here A;, Ay As Ay are defined in Appendices A and B. It is clear that the RIN is due to the
contributions of the noise sources Fga, Fro, Fres, Fros and Fg. The Langevin forces satisfy the
general relations [16, 17]

( E(t) )=0
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( E(HE(t) )=2Dys(t~t) (11)

where Dj; is the diffusion coefficient associated with the corresponding noise source.
According to our analysis, we found the following nonzero steady-state diffusion
coefficients D;; given by

fsch
D __ Jsch
fschfs’f” Tll (fsch )
fwl
D | —
Jut fui Tzz(fwl)
Dﬁﬂx:_;&i_ )
T33 (fES ) ( )

chsfcs - vgrgGSSP
Ds fos = Dostos

2

r

Where 1/7; is the carrier lifetime in the SCH, WL and QD regions [1]. Using Egs. (11) and
(12), the spectral density of the intensity noise is given by the following expression

() —L s 2]a, (wf Lo

. 11 (foon) 7 (fur)
2 2
Z‘AfEs (w)‘ Jrs * 2‘Afcs (w)‘ vel'8csSy +
733 (fES) (13)

2A @) 21% S, +4[ Re(A,_(w)).Re(A,(w))

r

+ Im(AfGS (w)).Im(AS(w)) ](—nggGSSp)

Where Re (.) and IM (.) stands respectively, for the real and imaginary parts of the complex
argument.

To see the origin of this RIN model let us compare it with the earlier rate equation models.
Properties including structure dependence, in this model, are to be discussed elsewhere. Its
effect on the modulation response in the carrier transport model is discussed in Ref. [11].
One can see that

1. Setting is 7, ,, =0, 7,, =%, 7, =o equivalent to neglecting the effect of the WL.
This returns it to the three-level carrier transport model as in Ref. [12].
2. After making the assumption described for (1), this returns it to the earlier one where

it becomes only the active region (QD-region here) which is taken in the analysis as in
Ref. [8].

Accordingly, the RIN can be split into six components by make each equation refers to only
force effecting without the correlation with other forces in the system.
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2
(1) RINPsch'E:ch = 2‘Afsch (w)‘ <Fsch'Fsch>

(RIN|, , =2|A, @) (EuF o)
(B)RIN|, . =2|A, (w)\2 (Fys Frs)
Fos 2‘Afcs (w)‘z (Fes-Fas) (14)
B = 2|As(w)|2<FSp.Fsp>
(6)RIN|FGS.PS,7 =4[ Re(A;(w)).Re(A,(w))
+1m(Ag (w))-Im(A,(w)) J(FosFy)

RIN | EoF denotes that the RIN is due to the mixing of the two noise sources, Fgs and Fsp.
GS+tsp

(4)RIN|FGS

(5)RIN

3. Results and discussion

The GaN/ Alp25Gag.7;sN/ AIN QD laser structure is taken as an example for relative intensity
noise study. GaN dots studied here are assumed to have a disk shape with a radius of (14
nm) and (2nm) height. Its maximum gain (1800 cm?) appears at (A=345nm(3.6 eV)). The
differential linear gain and the transparency surface carrier density (the carrier density at
zero gain) values are calculated, respectively, as (3.35x1018 cm? and 1.54x1012 cm-2). The RIN
for GaN/ Alp25Gag7sN/AIN QD lasers has been computed using Eq. (13). The parameters
used in the calculation are listed in Table 1. Fig. 3 shows contributions of RIN components
results due to effect of: SCH (Fscy), WL (Fwnr), ES (Fks), GS (Fgs) and that part results from
photon density (Fsp). These components are listed in Eq. (14). It is shown that the main noise
contribution comes from WL and ES. This also with our conclusion about the chaotic
behavior of QD structures [18]. RIN pronounced peak from relaxation oscillations at
resonance frequency of 5 GHz, Fig. 4 shows ES contribution to noise (Frs) at two ES
recombination times compared with RIN spectrum. Longer recombination time reduces the
noise. Fig. 5 shows the recombination time effect on the WL contribution to noise (Fiz). It is
shown that this time has more pronounced effect on reducing WL contribution. Noise
reduction due to recombination can be attributed to reduction of threshold current which
can reduce noise. Both figures (4and 5) show a different situation when the recombination
time (t33) in the QD region becomes the variable parameter. The larger effect of 133 on RIN
spectra is obvious . At (133 2.8 ps) the relaxation oscillation frequency begins to retard.

Laser parameters

Active region length, L = 900 nm
Active region width, W = 0.1 pm
Number of QD layers, N,, = 10
QD density per unit area, Ng = 5x1012 cm-2
Internal loss, djnt= 3 cm-1
Spontaneous emission factor, p = 104

Table 1. Parameters of the QD material and laser [1]
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Fig. 3. The RIN of GaN/ Alo25Gaop7sN/AIN QD lasers with different contributions of RIN
parts: SCH part (Fsch), WL part (Fur), ES part (Fes), GS part (Fgs). The RIN spectrum for the
structure is referred to by Fio in the inset.
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Fig. 4. The RIN of GaN/ Alo25Gao7sN/AIN QD lasers compared with the contribution of
RIN from ES (Fgs) at two QD recombination times. The RIN spectrum for the structure is
referred to in the inset as Fioui.
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Fig. 5. The RIN of GaN/ Alp25Gao.7sN/AIN QD lasers compared with the contribution of
RIN from WL (Fiz) at two QD recombination times. The RIN spectrum for the structure is
referred to in the inset as Fiya.

Appendix A

All the partial derivatives coefficients a; are real quantities evaluated at steady-state
values fscho ’ fwlo ’ fESo ’ fGSo and SPOS'

an

1 1 1 4

i = (L= fu) iy ==, a3 =—(1- fy)

o1 (fan) T2 ‘ 21 32 )
1-f, 1 1 1 1
_(A-fu) Uy =———————— (1= frg), azy =——(1— frs)
712 o (fu) T T 4

1- 1 1 1

g34:( fES),ﬂ33=_ ——(1_fwl)__(1_fGS)
2743 755(fes)  Tm T34
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2 1 1
a3 =—1—fos) gy =——F7—~——
T34 Ty4 (f GS ) 743

(1= fes) =Gy So

1 2
ay5=—Gy —GgSp, as5 =Gy + G5, S sy =Gy Sy +ﬂr_
p r

Appendix B

Ay = —l110303 044 55 — (11090043034 055 + 0110303705054 + (1109033044055

= 0907134043055 + 01501033044 055 — (1501033045054 — (110770330505,

Ay = 4109303y 55 + Ay A3y — 10330 — 110533055 + 011 lp303) gy
— (4401102055 + 0110 45054 + As50340711043 — 5504403307171 T 33011045054
T A55044 07303 + 4505303054 — As5034 077043 + A55044 03307 — 3307045054
T 19071034043 — 55012071433 — A1201 33044 — A55044012091 + 12071045054

Ay = 1105303 + 11099033 + Ayuf110) + 5501100y — 34001143 + Agyl33011
+ (55033011 + As5011044 — A11045054 — A4407303) + As5Ap303) + A340)0,3
— (4403307 — As50330) — (55044077 T Aply5054 — A55044033 + A550340,3
T (33045054 + A1p071033 + 55015071 T 4401707

Az = =gy — 33041 — (g1 — G550 — Ax303) + 3309 + (g4l + 550

— 045054 — O340y3 + A4l + As5033 + (55044 — A0y
Ay =011 — Ay — 33 — gy — A5

4. Conclusions

Relative intensity noise characteristics in QD structure are studied using The resulting REs
system including noise. This enables us to study relaxation, recombination and emission
processes in the QD region. This is impossible with other models. GaN QDs are taken as an
example for the study. The following points can be stated:

1. Most of the contributions due to carriers in both wetting layer and excited state of QD
have a main contribution in noise. This gives the importance of carrier dynamics in the
QD and WL regions .

2. 133 governs the effects of emission from —and recombination outside QD region, then it
can reduce the intensity noise at some short value.

From these results one can conclude the important effect of the phonon-bottleneck on
intensity noise behavior of these structures. Crystal quality and smaller recombination and
relaxation times inside the dot reduce the noise.
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