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Abstract

Quantum fluctuations play a critical role in determining the steady-state and transient
response of a laser. Such fluctuations can dominate behavior when there is a small num-
ber of particles in the system. Correlations between n discrete excited electronic states
and s discrete photons can create non-Poisson probability distributions and damp the
average dynamic response of laser emission. In this thesis a quantum mechanical treat-
ment of fluctuations and saturable absorption in meso-scale lasers is presented. Time
evolution of the density matrix is obtained from numerical integration and field-field and
intensity-intensity correlations are calculated to obtain steady-state line width and pho-
ton statistics. Inclusion of a saturable absorber in the otherwise homogeneous medium
is shown to suppress lasing, increase fluctuations, and enhance spontaneous emission
near threshold. Methods to connect between quantum, meso-scale and classical systems

is also developed.
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Chapter 1

Introduction- review of semi-classical

laser theory

1.1 Introduction

Coherent electromagnetic radiation in the microwave range was first observed in ammo-
nia in 1954 by Gordon, Zieger and Townes [Ref.[1]]. The idea to extend the concept
to optical frequencies was suggested by Schawlow and Townes [Ref.[2]], creating a
device called the laser (light amplification by stimulated emission of radiation). The
laser essentially consists of an ensemble of excited atoms interacting with electromag-
netic radiation inside a low-loss optical cavity. Only certain distinct frequencies of elec-
tromagnetic radiation attain appreciable intensity inside the optical cavity. The active
atoms are in resonance with one of these cavity modes. An inverted medium converts
energy to the optical field whose intensity can increase greatly. The optical field stimu-
lates transitions in the form of stimulated emission which leads to lasing light. Maiman
demonstrated the first pulsed laser operation in Ruby [Ref.[3]] and the first continuous
wave operation of a He-Ne gas laser was achieved by Javan [Ref.[4]]. Since then, other
systems capable of lasing have been developed. An important example is the semicon-
ductor laser, where the inverted medium is created by electrons in the conduction band
and holes in the valence band. Transitions between these states can produce lasing pho-

tons. Semiconductor laser diodes are employed in diverse and important applications.



They are used in fiber-optic communication systems for the internet, they are essential
for all optical storage, and they enable high-quality low-cost printing.

Widespread use of laser requires low threshold pump powers and high efficiency. The
issue of low threshold can be addressed in part by reducing device size. An important
advancement was made in this field by developing high-Q optical cavities following an
idea by Purcell [Ref. [S]]. He showed that the spontaneous emission rate of a medium
can be enhanced by coupling it to the resonant mode of an electromagnetic cavity. The
reverse is also true, when the medium is out of resonance. This is called the cavity
QED effect in which the radiative property of a medium is strongly influenced by its
surrounding environment. Enhancement of spontaneous emission was experimentally
demonstrated by Drexhage in dye atoms [Ref. [6]]. In the case of a laser, the total
spontaneous emission of the inverted medium is divided amongst the lasing mode and
non-lasing mode by fraction 3 and (1 — ) respectively. Inhibiting emission into optical
modes other than the lasing mode lowers lasing threshold. The cavity QED effect can
also be utilised to achieve this criteria. Minimizing device sizes was accompanied by
development of high-Q microcavities such as microdisk, microsphere, photonic crys-
tal cavities which can lead to lasers with high 3 values [Ref. [7]]. Creating devices of
smaller dimension is a subject of both practical and theoretical interest. Smaller devices
may cost less. These systems may also show new physical effects, different from a bulk
medium. The ultimate microscopic limit is the idea of single atom lasers or masers.
The gain medium in this case consists effectively of a single atom. Coupled to high Q
superconducting cavities, micromasers can be used for studying fundamental atom-field
interactions. Purely quantum mechanical effects like squeezing, production of number
states and trapped states are observed in micromasers. These model systems have been

experimentally realised [Ref. [8, 9]].



Lasing is a specific example among a rich variety of phenomena associated with light-
matter interaction. Other interesting phenomena include bistability, resonance fluores-
cence, inelastic light scattering, etc.. Theoretical treatments of light-matter interactions
have led to the development of several theories, treating the system under different
approximations. The semi-classical theory of lasers developed by Lamb [Ref.[10]]
uses Maxwell-Schrodinger equations. It treats the atoms quantum mechanically and
light classically. This essentially led to continnum mean-field rate equation theories
used widely in the study of large systems. Description of the role of inherent quan-
tum mechanical processes such as spontaneous emission in lasing required extension
of these models to a more complete quantum description. Pioneering work in this area
was done by Lax [Ref.[11]], H. Haken [Ref.[12]] and Scully and Lamb [Ref.[13, 14]].
The quantum theories carry information about particle and phase fluctuations, which are
absent in the continnum mean-field description. For example the Poisson distribution
of coherent light far above threshold and the Schawlow-Townes formula for line-width
was verified by these theories.

The solution to the full quantum theory is either obtained under approximations of large
systems or in the case of a single atom. General solution under any operating condition is
difficult. For large systems with small fluctuations, the equations reduce to the standard
Fokker-Plank equations which is solvable [Ref.[15, 16]]. Hence, the approximations
under which these equations are solved somehow restricts them from explaining the
behavior of meso-scale systems which involves a few particles. An attempt towards an
exact solution was made in the maser case by Elk [Ref. [17]]. Other general treatments
of N emitters requires further approximations which influences the final conclusions
[Ref. [18]]. In this work we have tried to address this intermediate regime of opera-
tion, by developing different theoretical models. We have made an attempt to computa-

tionally solve these problems in a way which is not constrained by the approximations



required for analytical techniques. This work provides a brief review of standard laser
theories and developments of new techniques required for treating meso-scale lasers. A
clear comparison can be made as the equations are solved without the general approx-
imations used in laser theories. The techniques developed follow the density matrix
treatment of Scully and Lamb [Ref.[13, 14]]. An alternate approach using operators in
the Hiesenberg picture [Ref.[11, 15]] is not considered in the current work.

The work in this thesis is organized as follows. The semi-classical theory of laser devel-
oped by Lamb is reviewed in this chapter following the work of Scully and Zubairy
[Ref. [15]]. The atom-field interaction Hamiltonian is derived which is used exten-
sively in the later chapters. All the approximations made in the process of obtaining
the laser rate equations are explicitly considered. The conclusions and the limitations of
the semi-classical model is discussed. The rate equations for the atomic gain medium
is modified to explain the behavior of the semiconductor gain medium in Chapter 2.
The semi-classical nature of the model remains valid. However, discrete levels are
now replaced by band structure, which effectively modifies the rates appearing in the
rate equations. Differences between the semiconductor and atomic theory is reviewed
[Ref. [24]]. Numerical simulation of these rate equations are performed to explain the
static and dynamic characteristics of semiconductor lasers. A discussion of noise pro-
cesses and fluctuations is included to illustrate the limitations of the semi-classical rate
equation treatment in explaining fluctuation-driven phenomena in lasers. Chapters 3
introduces the semi-classical master equations, which are solved numerically to explain
the properties of meso-scale lasers. Both steady-state and transient behavior in the meso-
scale are studied and compared with the results obtained using rate equations. Partic-
ular choices of parameters produce strong bi-stable behavior around threshold in these
meso-scale systems leading to novel effects like lasing suppression, carrier de-pinning

and bimodal distributions. This contradicts the usual threshold properties of large lasers



predicted using rate equations. The difference is explained by accounting for the under-
lying difference between the probabilistic and mean-field continuum rate equation mod-
els. Chapter 4 reviews the quantum theory of atom-field interaction following the work
of Scully and Zubairy [Ref. [15]]. The Jaynes-Cummings Hamiltonian, which is the
starting point of most problems in quantum optics is derived. The idea of open quantum
systems is introduced with a discussion on reservoirs. A brief review of the quantum
theory of the laser is given and a comparison is made with the semi-classical predic-
tions. This review allows us to critically analyze the approximations which break down
in the meso-scale limit of a few emitters. Chapter 5 discusses the full quantum theory
of meso-lasers using a density matrix treatment. Comparisons are made with the semi-
classical predictions of Chapter 3 and the novel predictions of lasing suppression and
carrier de-pinning are recovered by adding a saturable absorber. The physical meaning
of the parameter [, which is solely responsible for producing these new effects in the
semi-classical theory, is realized using the full quantum theory. A summary of the cur-
rent work is presented in Chapter 6 along with discussions on future applications of the
developed theory.

As mentioned above, we present a brief review of the semi-classical theory of laser in
this chapter, which happens to be one of the earliest theories for explaining behavior
of lasers. This theory treats the emitters or atoms as quantum mechanical systems and
light as a classical field. From a quantum mechanical perspective, a classical field is an
approximation for large photon numbers. Surprisingly, the semi-classical theory valid
for large systems is able to theoretically explain the behavior of most small lasers real-
ized experimentally to date [Ref. [7, 40, 49]]. This fact alone makes a discussion of

this theory necessary as one needs to clearly understand the reasons for its validity in



these small systems. We start with the derivation of the Hamiltonian for this emitter-
field system which is used extensively as a starting point in our work. The mathematical

notations are similar to the work of Scully and Zubiary [Ref. [15]].

1.2 Dipole approximation and r.E Hamiltonian

The Hamiltonian describing the interaction of an electron with an electromagnetic field

is given by,

1
H = 2—[p —eA(r,t)* + eU(r,t) + V(r) (1.2.1)
m
where e and m denotes the charge and mass of the electron respectively. p is the canoni-
cal momentum. A and U are the vector and scalar potentials describing the electromag-
netic field. V' (r) is the potential describing the interaction of the electron and nucleus
(located at rg). The dipole approximation, ignores the variation of the electromagnetic

field over the size of the atom. Hence the vector potential can be expanded in the limit,

kr < 1,as

A(rg+r,t) = A(t) explik.(rg + r)]

= A(t) exp(ik.ro)(1 + tk.r + ..) = A(t) exp(ik.rg) = A(ro, ) (1.2.2)

The Schrodinger equation for this problem is,

[—%[V - ZgA(ro, O+ V(r)]w(r,t) = m% (12.3)



U(r,t) =0and V.A =0, in the radiation gauge. Using these properties and by defining

a new wave function ¢(r, )

e
P(r,t) = exp[%A(rO,t).rM(r, t) (1.2.4)
Eq.(1.2.3) is simplified to give,
ihig(r,t) = [Hy — er.E(rg, t)]o(r, 1) (1.2.5)
where
P
Hy=[—+V 1.2.6
o= 12+ V() (126)
is the unperturbed Hamiltonian of the electron and nucleus. The expression, E = —A

is used to write the equation in terms of the gauge independent field EE. The new wave
function ¢(r, t) differs by a phase factor which does not modify the final results.

The total Hamiltonian is

H = Hy+ H, (1.2.7)

with

H, = —er.E(rg, t) (1.2.8)

We shall use this Hamiltonian in our subsequent studies. Solution to this problem for

a two-level atom shows Rabi oscillations involving periodic energy transfer between



atom and field. In this case, in terms of the states |a) and |b), for a two-level atom, the

Hamiltonian (Eq.(1.2.7)) reduces to

Hy = hwala) (af + fiwy [b) (0]

Hy = —exE(t) = —(Pu|a) (0] + Pea b} [a)) E(?) (1.2.9)

where P, = P}, = e (a| x |b) is the matrix element of the electric dipole moment. The

completeness relation |a) (a| + |b) (b] = 1 is used in the above derivation.

1.3 Density matrix

In general, a state vector |¢)) contains all information about a system. The expectation

value of any operator O is given by

<O>Q]V[ = (YO |¢) (1.3.1)

In many situations however, exact knowledge of |¢’) may be missing; only the probabil-
ity Pjy), that the system is in state |¢) is known. Calculation of expectation value of any
operator O in such situations require not only quantum mechanical averaging but also

statistical averaging over similarly prepared identical systems. Thus we have

<<O>QM>ensemble B TT(OIO) (132)

where p is the density operator, defined by

p=>_ Pulv) (¥ (13.3)
P



From the properties of trace we have,
Tr(Op) =Tr(pO) (1.3.4)
For the case of a pure state, all P are zero except the one for a state |¢/) and we have

p = [1bo) (Yol (1.3.5)

From the conservation of probability 7'r(p) = 1. Also, for a pure state, Tr(p?) = 1.
The equation of motion of the density matrix can be obtained using the Schrodinger

equation
. i
M =—zH[Y) (1.3.6)
The time derivative of p (Eq.(1.3.3)) gives

p="> Py(l) (W] + [v) (¥ (1.3.7)
¥

where P, is time independent. Eq.(1.3.6) is used to replace ‘w> and <@/}‘ and we get

i

h

p [H, p] (1.3.8)

Eq.(1.3.8) is called the Liouville or Von Neumann equation of motion of the density

matrix. This equation gives statistical as well as quantum mechanical information.



The finite lifetime of the atomic levels due to excited-state decay can be included by
adding phenomenological decay terms to the density operator equation. This is done by

adding by relaxation matrix [', defined as
(n| T'[m) = Y0 (1.3.9)
The density matrix equation now becomes

p=—rlH.n) ~ (T.p)

(T,p) =Tp+ oI (1.3.10)

For the case of the two-level atom, the state of the system [¢)) can be written as [i)) =

C,|a) + Cy |b). The density matrix operator written in terms of states |a) and |b) is,

p= 1) (¥ = [Cala) + Gy [D)][CF (al + C5 (bl]
= |Cal*[a) (a] + CuC |a) (0] + CuC; 1b) (al + |Cl* |b) (D] (1.3.11)

where the matrix elements for the operator is,

paa = f{alpla) =|Cu(t)”
pay = {a|plb) = Co(t)Cy(2)
Pba = Pup

pw = (B plb) = |Cy(t)]” (1.3.12)
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Paa and py, are the occupation probabilities for state |a) and |b) respectively. The off-

diagonal elements are related to the definition of atomic polarization for an atom.

P(z,t) = (Y|er |¢) = CoCyPha + C;CyPab = pasPoa + PoaPab

(1.3.13)

where Py, = (b| er |a) is the matrix element of the electric dipole moment. The semi-
classical problem of a two-level atom interacting with a electromagnetic field can be
described using the density matrix. Using the Hamiltonian given by Eq.(1.2.9), the
equations of motion for the density matrix elements of the atom can be determined. The

equations are

) )

Paa = —YaPaa + ﬁ[Pabpra - PbaEpab] (1314)
. )

Pob = —VbPbb — ﬁ[PabEPba - PbaEpab] (1.3.15)

?

hpabE[paa — pbb] (1.3.16)

pab = _(Zw + ﬁYab)pab -

where Y, = (74 + 75)/2 with 7y, and v, defined by Eq.(1.3.9) and E(t) = Ecos(vt).

11



1.4 Maxwell-Schrodinger equations

1.4.1 Population matrix for the atoms

The problem of a single atom interacting with a single cavity mode can be extended to
realistic systems like lasers where multiple atoms are interacting with the field. Self-
consistent solution to equations describing matter and field is required in describing
these more complicated systems. In a semi-classical picture, this problem can be solved
in the following way. The classical field induces dipole-moments in the atoms of the
medium which are treated quantum mechanically. The density matrix is required to
perform statistical summations over the atoms, in order to obtain macroscopic polariza-
tion from the individual dipole moments. This induced polarization in turn drives the

electromagnetic field. Such a procedure makes the formalism self-consistent.

The density operator for individual atoms in terms of its basis states (|a), |b)) is given

by (Eq.(1.3.12))
p(z,t,t) =D pas(z,t,t:) @) (3] (14.1)
a,B

where o, = a, b. The coordinate z, denotes the position of an atom at time ¢. ; denotes

the injection time of the i*" atom and is random by nature. At time t;,
0
platit) = Y pigle) (4]
a7ﬁ
tt) = o9 1.4.2
pocﬁ(zv 2y Z) - paﬂ ( ST )

The atoms are pumped into the cavity at rate r,(z,%y) per second per unit volume.
Macroscopic polarization of the medium is obtained by averaging over all atoms. A

population matrix is defined at this point to perform the averaging. The population

12



matrix acts as a density operator for the medium and describes its average behavior.

This is given by,

t
p(z,t):/ dtira(z,ti)p(z,t,t;)

t
=> / dtira(2, ) pap(2, b, 1) ) (6] (1.4.3)
a,f v T®

where the effect of the individual atoms are included by averaging over the inital times.
The slow variation of the pump, r,(z, ) can be ignored. Macroscopic polarization of

the medium, P(z,t) is obtained by adding the effect of all atoms at = at time ¢,

P(z,t) = / dtora(z,t:)Tr[Pp(z,t,t;)]

t
= / dtora(z,ti)pap(2,t, i) Psa (1.4.4)
a,f VT
where P is the dipole moment operator. The expression of p(z,t,t;) from Eq.(1.4.1)
is used for performing the trace. Only the off-diagonal terms exist after the summation
due to parity of the states. Integration over the initial time, ¢; in Eq.(1.4.5) effectively

averages over all atoms. For a two-level atom, with P, = P, = P, we obtain
P(z,t) = Plpap(z,t) + pra(z,t)] (1.4.5)

Similar to the off-diagonal elements of single atoms (Eq.(1.3.13)), the off-diagonal
terms of the population matrix determine macroscopic polarization.

As stated at the begining of this section, interaction with an electromagnetic field
induces polarization in the medium. The equation of motion of the population matrix
of the medium, p(z, t) interacting with the electromagnetic field is obtained using equa-

tions of individual atoms, Eqns.(1.3.14-1.3.16). The atoms are initially incoherently

13



pumped to levels |a) and |b) at constant rate r,,. This sets the initial off-diagonal terms

to zero (p((l%) = pl(,g) = 0). We then have,

) 7

Paa = )\a — YaPaa + ﬁ(Ppra - PEMzb), (146)
. 7

Pob = Ao — VoPob — ﬁ(Ppra —PEpaw), (1.4.7)
pab = — (1w + ¥) pap — ﬁPE(paa — Pw), (1.4.8)

where \, = 7"@,0531) and \, = 7 bpé?

. The equations for the medium are coupled to the
field E. Self-consistency requires that the induced polarization of the medium be the
driving term for the electromagnetic field. In the following section, we introduce the

equations governing the behavior of the classical field from Maxwell’s equations.

1.4.2 Maxwell’s equations for the field

Classical electromagnetic fields in a material medium are described by Maxwell’s equa-
tions. The energy loss processes in realistic systems like lasers is accounted for in this
problem through inclusion of material conductivity ¢ which causes linear losses. Lasing
emission occurs in certain discrete electromagnetic modes of an optical cavity. To sim-
plify the problem the modes of a unidirectional ring cavity is considered. The electric

field E is given by

E(r,t) = E(z,t)% (1.4.9)
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where transverse variations in field are assumed to be small on the scale of an optical
wavelength. The unidirectional running wave nature of the mode at frequency v is

expressed by writing
1 , 4
E(z,t) = 5[5(2, t)e WimkateOl | (5 t)elvti-htol=l) (1.4.10)

Assuming the response of the medium to be linear, the polarization P induced by this

field is
1 . .
P(z,1) = [Pz, t)e Wimhato=0] L p (5 4)elt-hto=]] (1.4.11)

where £(z,t), P(z,t) and ¢(z, t) are slowly varying functions of position and time. The
wave vector, k = v/c. For the laser problem k = v./c , where v, represents the cavity
frequency. E(z,t) is assumed to be real.

For satisfying the condition of self-consistency, the complex polarization P(z,t) can
be related to the polarization of the medium written in terms of the population matrix

elements (Eq.(1.4.5))
P(Z, t) — 27) [pabe’i[l/tszﬁ’(ﬁ(z,t)} + pbaefi[l/tka‘Fﬁb(Z,t)}] (1.4. 12)

The behavior of the electric field and polarization in a material medium is described
by the classical electromagnetic wave equations which can be derived using Maxwell’s
equation. Using the expressions of field £(z,t) and polarization P(z,t) the final form

of the wave equation in the medium is

o 10& 1
Gt oy = —CE — 5o kP (1.4.13)
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where C = 0 /(2¢yc) is the linear loss coefficient. The derivatives of the slowly varying
amplitude (£(z,t), P(z,t)) and phase function (¢(z,t)) are ignored in the derivation
of the final field equations. The medium polarization given by Eq.(1.4.5) enters the
electromagnetic field equations as a source term.

Eqgs.(1.4.6-1.4.8) and Eqgs.(1.4.13-1.4.14) form the self-consistent set of equations.

These equations are applied to construct the semiclassical theory of laser.

1.5 Semi-classical laser theory

The self-consistent Maxwell-Schrodinger equations developed in the previous section
(Egs.(1.4.6-1.4.8) and Eqgs.(1.4.13-1.4.14)) are used to derive the semi-classical equa-
tions describing the operation of a laser.

The frequency of the resonant modes of a ring cavity are given by,

mmc

Uy = S

= kpnc (1.5.1)

where S is the circumference of the ring and m is a large integer, typically of the order
of 105, and k,, is the corresponding wave number. A single mode of a unidirectional
ring cavity with traveling waves of the form exp(ikz) is considered. The Maxwell-
Schrodinger equations are solved under the adiabatic elimination of atomic variables.
The source term, P(z,t), for the field equations Eqs.(1.4.13-1.4.14)) requires solution
of the population density matrix elements p,;, (Eq.(1.4.12)). These are solved assuming
the population difference p,, — ppy and the £(t) do not vary appreciably in the time scale

of 1/, where v = (7, + 75)/2 is the decay rate of the atomic levels. The polarization,
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P(z,1), solved using the values of the population density matrix in the steady state, is

substituted in the equation of the field so that,

P (1.5.2)

: (w—v)
vk = et 2v(1+ En ( )

and
A (7321/’7 Ny
eoh "7+ (w—v)?
2 .2

= (2 A hw (1.5.4)

h? )%ﬁb VA (w—v)? 26V

where V' is the volume of the cavity. Here A is the linear gain parameter and B is the

saturation parameter. The equations are written in terms of a dimensionless intensity,

&2V

5, which corresponds to the number of photons in the lasing mode (€0E?*V/2

n =
is the total energy in the laser beam and /v is the energy of the photon) instead of the
field £. v, is the cavity frequency. In the Eqn.(1.4.13) C has been replaced by «/2c,
where C = 1./Q (Q is the quality factor of the cavity) to account for field losses through

the mirrors of the cavity. Ny is the unsaturated inversion given by A\,7, ' — Ay, ! The

steady state inversion is given by,

No

Paa — Pvb =

where R, = 7,7,/27 and R = (5

3 )QMZ—_V)Q The population difference is N, at zero

field and increases as the intensity of the electric field increases because of the R/Rg

term in the denominator.
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For small excitations (Bn/A < 1) the denominator in Eqs.(1.5.2-1.5.3) may be

expanded to give

n=(A— k)n — Bn? (1.5.6)

vt b=t Y A (1.5.7)
2y

Eqs.(1.5.6-1.5.7) are the semi-classical laser equations and many of the physical char-
acteristics of laser operation are explained by these equations. An important character-
istic is the lasing threshold condition. To understand this note the steady-state solution
(n = 0) to Eqn.(1.5.6), gives n = 0, unless .A > k. The steady state intensity is finite

for A > k and is given by

(1.5.8)

Thus the system switches from zero to finite intensity when A = x and this defines
the lasing threshold. Physically, at threshold the gain is equal to cavity losses. The
frequency determining Eqn.1.5.7 predicts a pulling of the oscillation frequency from the

passive cavity frequency towards line center. In steady-state (¢ =0)

Ve + Lw
— 1.5.
YTTIYL (1.59)

where £ = % The oscillation frequency v is equal to an average value of v, and w is
pulled closer to the atomic frequency w. This is called mode-pulling.

In summary the semi-classical theory of laser, solved under the adiabatic approxi-
mation, explains the threshold behavior of the mean field and accounts for mode-pulling

of cavity frequency. Eq.(1.5.6) requires the presence of photons in the cavity, which can
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be amplified by the gain term .A. It can not evolve from an initially empty cavity. The
quantum mechanical version of this equation contains an extra term .4 which accounts
for spontaneous emission into the cavity mode (see Chapter 4). This term arises due
to vacuum fluctuations appearing in the quantum theory of light and produces the first
photon for amplification. In the following chapter we extend this semi-classical theory
to explain the behavior of semiconductor lasers. The spontaneous emission into the las-
ing mode is included in the rate equations as an additional rate. The predictions of the
equivalent semiconductor rate equations is considered in detail by performing numerical

simulations.
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Chapter 2

Rate equation analysis of

semiconductor lasers

2.1 Introduction

Similar to an excited electron in a free two-level atom, an electron in the conduction
band of a solid can make a transition to an empty state in the valence band emitting a
photon in the process. When coupled to a resonant cavity this type of semiconductor
emitter can produce lasing behavior. Instead of an excited gas of atoms in a cavity, elec-
trons are injected into the conduction band and holes into the valence band by electrical
current. Lasing action was first observed in a current driven GaAs p — n diode main-
tained at liquid nitrogen temperature (77 K) [Ref.[19]]. Room-temperature operation
and other improvements soon followed [Ref.[20]]. The potential use of these devices
in commutation systems led to rapid developments in the field of semiconductor lasers.
Minimizing the size of these devices for low threshold and high efficiency operation led
to the development of microdisk lasers [Ref. [7]] and nano scale lasers [Ref. [40, 49]].

Typically, semi-classical rate equation theories are used to study semiconductor lasers.
Future development of smaller devices with smaller particle number [Ref. [31]] necessi-
tates new theories accounting for fluctuations and finite system size. Just how to extend
the description of lasers to this fluctuation dominated small particle number limit is the

subject of this thesis.
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The theory of semiconductor lasers is reviewed in this chapter [Ref. [24]]. The semi-
classical rate equations used in describing lasers is discussed and numerical simulation
is performed to study the static and dynamic characteristics of these lasers. The origin
of the various rates appearing in these equations is explained along with a comparison
with the rates appearing for the two-level atomic gain medium. Noise is accounted for
by adding noise terms. The limitations of this mean-field model in describing strong
fluctuation driven behavior in meso-scale systems is discussed. These equations form a

starting point for our master equation treatments of meso-scale lasers in Chapter 3.

2.2 Semiconductor rate equations

The semiconductor rate equations can be constructed by accounting for all the processes
occurring in the active region of the gain medium. Instead of active atoms, we have n
excited electrons in the conduction band which can transition to the valence band and
emit photons into the lasing mode. Thus the excited carrier number n and the lasing
photon number s are the quantities of interest and the rate equation for these two quan-
tities are developed. The injection current (pump) [/ supplies electrons. The excited
electrons n can decay to the valence band by radiative or non-radiative processes. The
radiative process, involving emission of photons, can occur by spontaneous or stimu-
lated transitions. Spontaneous emission accounts for both emission in the lasing and the
non-lasing optical modes. Stimulated emission can only occur in a single lasing mode.
Putting all these loss processes together, one can include a term in the rate equation of
the form n/7,,, where 7, is the lifetime of the excited electron. The rate n/7, is equal
to A,,n + Bn? + Cn3, where A, accounts for non-radiative processes like collisions.
Bn? accounts for total spontaneous emission. A fraction 3 of total spontaneous emis-

sion feeds into the lasing mode and produces the first photons in an otherwise empty
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cavity (at 7" = 0 K) to be amplified. C'is a nonlinear recombination constant. Stimu-
lated emission and absorption is accounted for by adding G's, where the rate of optical

gain G for a bulk medium is given by,

G =Ta(n —ng)(1 — es) (2.2.1)

in which the confinement factor I' accounts for the overlap of the field mode with the
gain medium. The differential optical gain with respect to carrier density is a and a linear
gain model is assumed. The gain saturation term es is important at high intensities. The
carrier number at transparency is ny. Putting all these together, the rate equations for the

electrons and the photons are

dn I n

= - 2T _a

dt e T s

ds 9

il Gs+ Bn* — ks (2.2.2)

where x accounts for photon losses due to transmission and absorption and e is elec-
tronic charge.

These coupled equations can be solved using the fourth-order Runge Kutta (RK4)
technique described in Appendix B and transient and steady state behavior can be stud-
ied. Figure (2.1) plots typical steady-state and transient characteristics. Calculated
steady-state behavior shows the standard threshold behavior of large lasers along with
pinning of carriers. The temporal behavior in response to a step change in current shows
relaxation oscillations before steady-state is attained. The photon response follows that

of the electrons.
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Figure 2.1:  Steady state and transient behavior from semiconductor laser rate equations. Steady-
state behavior : (a) electron number, n, as a function of injection current, /. (b) photon number, s, as a
function of injection current, /. System shows carrier pinning and lasing threshold behavior. Transient
response above threshold: Time evolution of (c) electrons, n (d) photons, s to a step change in current.
The current of 1 mA is switched on at 1 ns denoted by t;4,¢. The system performs relaxation oscillation.
Parameters: V = (5 ym x 1 ym x 1 pm), ' = 0.25, ¢ = 2.5 x 1076 ecm? s71, B’ = 10710 cm3 71,
no =108 em=3, a; =10 cm™1, n, = 4, r = 0.999.

2.3 Gain and spontaneous emission in semiconductor

lasers

Typically the different rates used in the rate equations are derived using Fermi’s Golden
rule. The system is treated semi-classically, in the sense that the electrons are treated
quantum mechanically and the light classically. Full quantum treatments involving
quantization of the light field Ref.[[45]] produce similar results for large number of

particles. The photon rate equation can be compared with the rate equations derived
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for the atomic gain medium in the last chapter (Eq.(1.5.6)). The spontaneous emission
term, A, is proportional to the inversion and not n?. The quadratic dependence of the
spontaneous emission rate in a semiconductor comes from the band structure.

In thermal equilibrium, the Einstein relation can be written for two level atoms inter-
acting with radiation. Since steady-state transition rates between two levels 1 and 2 are

equal, we can write,

where N, (/N;) are populations of levels 2 (1), By; and B, are stimulated emission
and absorption rates between the two levels, A is the spontaneous emission rate and
U(w) is the background electromagnetic energy density. Einstein’s relations in thermal

equilibrium are,

BlZ == B21
hw?
where,
B = 2 |2r 233)
= — r .
12 3€Uh2

is obtained by using Fermi’s Golden rule, for an atom interacting with radiation
Ref.[[24]]. Thus the rate of spontaneous emission for two-level atoms is given by ANs,
where A is determined from the above equations.

In contrast, in a semiconductor laser electrons make transitions from the conduction
band to the valence band of a direct band-gap semiconductor. In a direct band-gap

semiconductor, the maxima of the valence band and the minima of the conduction band
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line up. The occupation of the levels in each parabolic band is given by the Fermi-
Dirac distribution function f. So a vertical transition is possible, only if there is an
occupied state (f) in the conduction band and an unoccupied state in the valence band
(1-f). Hence probability of transition is the product Af(1 — f). Also instead of each
state in a two-level atom (being either excited or not), here we will have to sum over
free electron wave-vector states k, in order to get the total transition probability. For an
intrinsic semiconductor, this final summation over states produces the n? dependence in
the expression of spontaneous emission.

For the sake of clarity, this expression is explicitly derived. Assuming a parabolic band,

the energy of an electron in the conduction band measured from the top of the valence

band is Fy = E,; + ';‘2“2 and the energy of an electron in the valence band is E; =
|0l ot

-
2my,

where E; is the band-gap energy, m is the effective electron mass and mj, is
the effective heavy-hole mass. The energy due to a vertical electronic transition from
the conduction to valence band is

Rk? 1 1 B h2k?

E =
2 (m m;h)—'— 9 2m,

hw=FEy — Fy =

+E, (2.3.4)

*
e

where L = (L + -1 ) and m, is the effective reduced electron mass. It follows, that
me m} my,

the 3-dimensional density of states coupled by optical transition of energy hw is

)2 (hw — E,)? (2.3.5)

The same value of % in the valence and conduction band is required for momentum
conservation. This is because the linear dispersion of light is almost vertical (w =
Ckopt /1) compared to the quadratic dispersion of electrons in a band and so the photon

carries off negligible momentum. A clearer explanation can be found by deriving the
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exact form of the matrix elements between the transition states Ref.[[24]]. The Fermi-

Dirac distribution of a band « is

1

Jok = FEa (2.3.6)

where (3 is 1/kgT, the chemical potential is ., electron energy is F, = %’“j for a
band with effective electron mass m,,. If the chemical potential is large and negative,
then E,x — jto, > kgT and in this limit we obtain the Maxwell-Boltzmann distribution,

. 2 . . . . .
fax =~ ePlaePEak Letting ¢ = 27= the carrier density in the band is given by,

2me

& dk eBta o0 2 eBra 9 oo 2
o= 2 fuk? — “M Rk = — —/ ~Mdk) =
" 7r/0 / (2m)3 2 /0 c 72 36( 0 ¢ )
1 2mak’BT 3 Blia
4_1( mh? )2e
2.3.7)

where one makes use of the standard integral

o0 1
/ e~ dp = —\/E (2.3.8)
0 2V a

For total spontaneous emission, we have to calculate,

Tspon—total = /Tspon(hw)dw =To / D3<h("))fefhhdw =Ty Z fekfhhk (239)
k

2 . .,
We let, € = 25 rZ , and calculate the sum of all vertical transitions,

ePreebunn (oo, 1 2m,kgT
_ —€ — /3 e B _ rB
Ek Jexfrnx = — 2 /0 e kTdk = eMee ”hh4(—ﬁh2 )

3
2

(2.3.10)
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From our previous calculation,

h? s
Bra _ 4 m 5 2.3.11
¢ ng(ZkaBT) 2.3.10)
and because, from charge neutrality, n. = n,, = n, we have,
> Jacfunc = (g (23.12)
- ek ke = 2mempnkpT e

from which we may conclude that the total spontaneous emission is proportional to n?.
For low temperatures or high n, the spontaneous emission increases slower than n?,
because the requirement f < 1 becomes important. The expression for optical gain
can be similarly obtained using Einstein’s relations and Fermi’s golden rule. If we con-
sider transition between two discrete levels 1 and 2 in the valence and conduction band

respectively, then the net absorption in presence of photons of energy hiw =(FE, — Ey) is

R — RSP BypP(hw) fi(1 — f2) — BayP(hw) fo(1 — fi)
- P(w)E P(hw) -

Ny Ny

(2.3.13)

The equation is written in analogy with the two-level system and P(fw)-* represents
the net photon flux, where n, is the refractive index. B, is determined by Fermi’s

golden rule in terms of the matrix elements as
(2.3.14)

On summing Eq.(2.3.13) over allowed transition states k, using density of states

D;(hw), one can obtain the expression for semiconductor gain as,

2 1 2mr

peies

2mn,

glhe) = —allw) = = [Wa

=

)2 (hw — By)? (fo + frn — 1) (2.3.15)
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The condition of lasing or positive optical gain requires,

fo — 1 > Eoy (2.3.16)

which is known as the Bernard-Duraffourg condition. The expression of g(fw) can be
plotted against energy, hw. From figure (2.2 b) we see the maxima of the gain increases
with electron density and the dependence is found to be linear. It is this maximum gain
energy which coincides with the cavity mode frequency. This is the reason for using a

linear model of gain the rate equation for electrons, n and photons, s.

3
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(2] (@]
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Q 0]
=4 o
O _1 1 1 O 1 1 1 1
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Photon energy, hw (eV) Electron density (" 107°) (cm %)

Figure 2.2: (a) Behavior of gain function with energy, Aiw for different carrier densities. The factors in
the legend multiplied by 1 x 10*® gives the carrier density. (b) Peak gain versus carrier density. Parameters
me =0.07, mpp, =05, T=300K, E;,=14¢eV.

2.4 Noise in semiconductor lasers

The semiconductor laser rate equations can be modified slightly to Langevin form

dn I n
—_— = — = F.(t
dt e T, Gs + Fe(t)
d
d_j = G's + BBn® — ks + Fy(t) (2.4.1)

28



by adding external Gaussian random noise terms F.(¢) and F;(t), which are described

by the following correlation functions,

(FORW) = (4 2+ Gs)ot — 1)

(F,()Fs(t')) = (Gs + BBn* + ks)d(t — t)

(F,()F,(t)) = —(Gs + BBn?*)d(t — t') (2.4.2)

where the cross-correlation in the last term indicates that the equations of n and s are
coupled and negative sign means they are anticorrelated. The prefactors in front of the
correlations are the variances of these Gaussian noise sources which are Markovian in
nature because of the delta function, (¢ — ¢'). The original rate equations (Eq.(2.2.2))
do not account for noise in the laser output due to fluctuations. Thus noise properties
of the system is studied by imposing external noise. The Fourier transform of the tem-
poral behavior, s(t), shows a peak at a characteristic frequency which increases with

increasing pump, similar to the relaxation oscillation frequency.
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Figure 2.3: Transient response in presence of noise above threshold: Time evolution of photons, s . The
current of 1 mA is switched on at 1 ns. Noise introduced after system attains steady-state. Parameters:
same as in Figure 1.

The approach to the study of noise by adding external Gaussian noise is valid in the

presence of large particle numbers. The treatment is not valid in the presence of a small
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number of photons near threshold. Thus the behavior of fluctuations around threshold in
meso-scale lasers considered in Chapter 3 can not be explained by this technique. Small
systems dominated by fluctuations is the physical scenario where the continnum mean-
field theories break down. To overcome this limitation, we develop a semi-classical
master equation theory in Chapter 3 which accounts for system probabilities and is better

suited to the study of fluctuation-driven behavior in small quantum systems.
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Chapter 3

Semi-classical treatment of meso-scale

lasers

3.1 Introduction

The physics determining operation of a conventional laser is quite well understood in
the thermodynamic limit. In this case there is a large number of excited states in the
system, the fraction of spontaneous emission, 3, feeding into the lasing optical mode
is small (3 ~ 107%), and there is a well-defined threshold between incoherent non-
lasing photon emission and coherent lasing photon emission. The approximate behavior
of these systems may be described using continuum mean-field rate equations. Beyond
these relatively crude models, quantum statistical theories of laser operation exist. When
evaluated in the large particle number limit they successfully reproduce the continuum
mean-field results and may be used to model particle number fluctuations and statistics
in the thermodynamic limit. Well established models of this type include Fokker-Plank
equations developed by Haken [Ref.[12]] and a density matrix approach by Scully and
Lamb [Ref.[13, 14, 15]]. The ensemble averages used in these models cannot be applied
to small systems involving a few particles. However, they do highlight the importance
of quantum fluctuations in relatively large lasers. For example, experiments show that
fluctuations in photon number play an essential role in determining the temperature
dependence of conventional laser diodes [Ref.[55, 56, 57]]. In these devices, and in

agreement with the Landau-Ginzburg theory of phase transitions, fluctuations enhance
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photon emission below threshold and suppress spontaneous emission. This behavior
occurs because the devices are large and operate in the thermodynamic limit. The sit-
uation is expected to be qualitatively different when the laser is small and the discrete
quantum nature of the particles in the system influences device behavior. It is this change
in the physics determining laser operation that we set out to address.

Recently a considerable amount of research has focussed on developing small lasers
with ultra-low threshold values [Ref.[7, 21, 22, 23]]. One idea employs the cavity-QED
effect [Ref.[5]] in which optical emission from an atom may be modified by changing
its electromagnetic environment. The threshold of single-mode lasers may be reduced if
the fraction of spontaneous emission, 3, feeding into the lasing mode is increased. This
is achieved by inhibiting emission into non-lasing optical modes using high-Q micro-
cavities. The limiting case is # = 1 in which all the spontaneous emission feeds into the
lasing mode.

Typically, continuum mean-field rate equations have been employed to describe laser

diode behavior. The equations used are of the form (Eq.(2.2.2))

d(n) B 5, alc I

g = BT = = me))s) 4 (3.1.1)
d<3> ) al'c

i = OB+ n—no))(s) — wls), (3.1.2)

where (n) is the mean carrier number in the active volume V" and (s) is the mean pho-

ton number in the optical cavity. In the equations, 31;0 ((n — ng))(s) is the stimulated
emission term for a bulk active region, c is the speed of light in vacuum, n, is the carrier
number at optical transparency, a is the optical gain slope coefficient, I' is the optical

confinement factor, and n, is the refractive index of the medium. The term —B(n)?
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describes spontaneous emission where B = B’/V and B’ is the spontaneous emis-
sion coefficient. Other contributions to the carrier recombination are often included in
Eq.(3.1.1). For example — A, (n) can be used to describe non-radiative recombination
and —(C/V?)(n)? is a nonlinear contribution to recombination. The term x(s) denotes
cavity loss rate of photons where r = ;= (q; + 2—£Cln( %)), cavity length is L., mirror
reflectivity is 7y = 79 = 7, and «; is the internal optical loss. The injection current is [
and e is the electron charge. As shown in Fig. 3.1, calculations using Eq.(3.1.1) predict

the threshold behavior in mean photon number < s > with injection current / smoothes

with increasing /3 and disappears entirely for 5 = 1.
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Figure 3.1: Continuum mean-field rate equation calculation of mean photon number, < s >, as a
function of injection current, I, for the indicated values of § showing transition to “threshold-less” lasing
in the limit 8 = 1. (a) logyg < s > as a function of logig. (b) < s > as a function of /. Parameters:
V=(0(pmx1pmx1um),I'=0.25a= 2.5%x107 % ecm2s™ 1, B =100 cm3 s, ng = 108 cm 3,
a; =10 cm™!, n, = 4, r = 0.999.

Figure 3.2 shows images of semiconductor lasers where continuum mean-field rate
equations can be applied. Figure 3.2 (a) is a photograph of a conventional Fabry-Perot
laser diode. Cavity length is L. = 300 pum, 3 = 5 x 107>, and the active volume is
15 pm3. The horizontal metal stripe makes contact to p-type semiconductor, the sub-
strate is n-type, and six quantum wells form the active volume at the diode p-n junction.
The device parameters are that of an InGaAsP laser with emission at 1310 nm wave-

length [Ref.[24]]. Figure 3.2 (b) shows a microdisk laser [Ref.[25]] which has an active
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volume approximately 100 times smaller compared to the Fabry-Perot laser. The much

larger value of 3 = 10~ for this device is achieved by reducing optical cavity size.

16KU  %18,80@ 1pm WD11

Figure 3.2: (a) Photograph from the top surface of a typical Fabry-Perot laser diode with L. = 300 pm
and I;;, = 3 mA. Photon cavity round-trip time in the device is 8 ps. The horizontal metal stripe
makes electrical contact to p-type semiconductor. Gold wire bonds connect to the anode of the current
supply driving the laser. The n-type semiconductor contact is made via the backside of the semiconductor
substrate. (b) Scanning electron microscope image of an optically-pumped microdisk laser. Image from
[Ref.[25]]. Disk diameter is 1.6 pm and the photon cavity round-trip time is 0.06 ps.

The continuum mean-field rate equations, useful for large and intermediate-size sys-
tems, is an approximate calculation of the first moment in the distribution of n and s. A
description using only the first moment < n > and < s > is not sufficient to describe the
behavior of lasers scaled to have small active volumes. Any model of very small lasers
should explicitly include fluctuations and be able to calculate higher-order moments in
the distribution of n and s.

In principle, a quantum theory of laser operation can incorporate these higher-order
effects. However, the approximations typically employed constrain them to either large-
scale systems or single atoms. The problem of a single two-level atom in an optical cav-

ity is solvable and has been extensively studied in quantum optics [Ref.[12, 15, 26, 27]].
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In fact, theoretical predictions for light emission from single atoms and single quan-
tum dots [Ref.[30, 31, 32]] in optical micro-cavities exhibit interesting features such
as self-quenching and squeezed light emission. Extension of this approach to include
multi-atom effects requires numerical computation. Unfortunately, the number of sys-
tem states scales as (2")s, where n is the number of two-level atoms present and s is
the number of cavity photons. Thus, the problem becomes computationally challenging
with increasing number of atoms inside the cavity because the coefficient matrix is of
order (4")s x (4™)s. Cases studied so far involve 1 or 2 atoms and solutions are obtained
numerically by truncating the coupled density matrix equations [Ref.[32]]. Treatments
involving arbitrary number of excited states include approximations of a reservoir level,
which excludes important phenomena appearing in the small-scale limit [Ref.[18]]. Sys-
tematic studies have also been performed for micro-masers where bulk and single parti-
cle effects (trapped states) have been investigated [Ref.[17]] but the maximum number
of atoms simultaneously present in the cavity was limited to 5. By modifying the injec-
tion technique [Ref.[33]], up to 100 atoms have been included in the cavity.

In this chapter we develop a description that quantizes particle energy and allows
study of meso-scale systems. Our approach captures the most significant quantum
effects in these small-scale systems. In particular, it allows exploration of quantum
fluctuations and its impact on the behavior of small laser diodes.

This chapter is organized as follows. In Section 3.2 we explore the behavior of small
lasers using a technique based on a random walk method. Description of the method
is followed by calculation of the steady-state characteristics of meso-scale devices.
Convergence with continuum mean-field rate equation results is achieved for large sys-
tems. Section 3.3 discusses the use of master equations to study similar systems. This

approach gives predictions in agreement with those of Section 3.2. Section 3.4 applies

35



the methods of Section 3.2 and 3.3 to the study of transient characteristics. The algo-
rithm used in computation of this problem is discussed in detail. Section 3.5 addresses
aspects of experimental design and Section 3.6 is a summary and describes possible

future directions.

3.2 Random walk trajectory

To capture the physics dominating the meso-scale behavior of laser diode operation
when there is only a small number of excited states in the system we have used a tech-
nique based on a biased random walk or Monte-Carlo trajectory [Ref.[34]]. Quantiza-
tion of n discrete excited electronic states and s discrete photons is achieved by assuming

the system may be described by the state (n, s).
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Figure 3.3: Transition rates in and out of quantum state (n, s). Positive signs indicate flow into the
state and negative signs flow out of the state. B is the spontaneous emission coefficient, —G,s =
(aI'en/V'n,)s is the stimulated emission rate in the system at photon energy 7w, —As = (al'cng/Vn,)s
is the stimulated absorption rate, ng is the transparency carrier number, c is the speed of light in vacuum,
T is the overlap of the optical field intensity with the gain medium, a is the gain slope coefficient, and n,
is the refractive index of the active volume V. The total optical loss rate from the Fabry-Perot cavity is
KS = ni(oq + iln( L_))s, where r; = 7o is the mirror reflectivity, a; is the internal loss, and L. is

1T
the cavity length. [ is the injection (pump) current and e is the electron charge.
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Consider the system at time ¢ = 0 containing n excited two-level electronic states
each separated in energy by /w and s photons each of energy hw. Figure 3.3 illustrates
the transitions in and out of state (n, s). The term —3Bn? describes the spontaneous
emission of photons involving transitions from state (n, s) to state (n — 1, s + 1) where
B = B'/V and B’ is the spontaneous emission coefficient. —sG,, describes stimulated
emission of photons from state (n, s) to state (n — 1, s + 1) where G,, is the stimulated
emission coefficient. —(1 — 3)Bn? is the decay of electrons into non-lasing photons
via transitions from state (n,s) to state (n — 1,s). Current +/ denotes injection of
electrons causing transitions from state (n,s) to state (n + 1,s). —As is stimulated
absorption of photons involving transitions from state (n, s) to state (n+ 1, s — 1) where
A is the stimulated absorption coefficient. —ks describes the decay of cavity photons in
which transitions from state (7, s) to state (n, s — 1) occur, where  is the optical loss
coefficient.

The system evolves by transitioning between neighboring states via the processes
indicated in Fig. 3.3. The time constants, 7;, of all possible independent transi-
tions involving the state (n,s) are calculated. The next time step is calculated using
t; = —7;in(RAND) where the subscript labels the channel and RAND is a uniformly
distributed random number between zero and one. The transition with the lowest ¢; is
chosen and the system makes a move to the new state in time ¢;. The process involves
a series of biased random transitions on a grid whose trajectories sample the continuous
probability function P, ¢ for each state (n, s). Steady-state probability distribution for
a particular injection current is obtained by averaging over multiple trajectories where
each trajectory consists of millions of time steps. The probability of state (n, s) is P, .
This probability is estimated from the relative time spent in state (n, s). This technique

is ideal for parallel computing as it mostly involves repeated sampling without any large
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memory requirements. Each processor can independently perform calculations for each
pump current and produce the entire steady-state characteristic in the end.

Fluctuations and correlations are expected to have a strong effect on the behavior of
small lasers. Figure 3.4 shows steady-state characteristics for lasers with different active
volumes. Continuum mean-field rate-equation results are compared with those obtained
from the biased random walk technique. All the devices considered operate in the limit
where strong coherent effects, such as Rabi oscillations, are absent [Ref.[15, 39]].

Figures 3.4 (a) and (b) show results for a Fabry-Perot laser diode with 3 = 5 x 107°

and active volume V = 33.6 pum?

. The expected classical laser threshold behavior
and carrier pinning above threshold is observed. Total optical output power in mW at
an operating emission wavelength of 1310 nm can be determined by multiplying the
photon number by 5.2 x 1075,

Figures 3.4 (c) and (d) give results for a micro-disk laser with active volume
V = 0.12 ym?®. Optical output power in uW at 1310 nm wavelength is obtained by
multiplying the photon number by 7.1 x 1073, The steady-state characteristics show
that the change in slope of < s > around the phase transition region is considerably
smoothed due to the large value of 5 = 0.1.

Figures 3.4 (e) and (f) give the steady-state characteristics of a laser where the active
volume has been reduced to V' = 107* ym? and 8 = 10~*. Suppression of lasing
is observed along with de-pinning of carriers in the limit of small active volume and
small (3 values. Optical output power in nW at a wavelength of 800 nm is obtained by
multiplying the photon number by 0.186. Increasing /3 for this small cavity as shown in
Figures 3.4 (g) and (h), provides a better agreement with mean-field predictions. The

mean photon number matches closely. The mean carrier number however deviates by a

small amount around the threshold region.
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Figure 3.4: Steady-state characteristics. Mean photon and electron number in the device plotted
as a function of injection current. Continuum mean-field rate equation calculation (dashed line - R.E.)
compared with results from our random trajectory Monte-Carlo technique (solid line - M.C.). (a, b) Fabry
- Perot laser. (c, d) Microdisk laser. (e, f) Laser with meso-scale active volume. Parameters for (a) and (b):
V = (300 pm x 0.8 ym x 0.14 ym), ' = 0.25,a = 2.5 x 1070 ecm? s71, B’ = 10719 cm?s71, A, =
2x108s L, C =107 cmbs 1, ng=10%cm™3, 0, =40cm™ !, n, =3.3,r =0.32, 3 =5 x 107°.
Parameters for (c) and (d): V = (7 x (0.8 um)? x 0.06 ym), I' = 0.25, a = 2.5 x 10716 cm? s71,
B =1009em?s ™ A, =2x108s7,C =102 cmb s7!, ng = 108 em™3, a; = 10 cm ™1,
n. =4, r = 0.999, 3 = 10~!. Parameters for (e) , (f), (g) and (h): V = (0.1 pm x 0.1 gum X 10 nm),
I'=025a=25x1008cm?s 1, B =102 cm?® s, ng =108 ecm™3, 0y, =1l em™, n, = 4,
r=1-107% 3= 10" for (e) and (f) and 3 = 10~ for (g) and (h).
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Carrier de-pinning near threshold may be investigated further by accounting for
spontaneous emission of photons into a non-lasing channel. The (1 — /) term (Fig-
ure 3.3) populates another channel containing s” photons which decay at the same rate
as the cavity photons. This channel does not participate in any stimulated photon pro-
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Figure 3.5: Time evolution of electrons and photons calculated by a random trajectory. (a) Current, I
=9.6nA. (b) I =48 nA. (c) I =72 nA. (d) I =192 nA. The inset shows discrete step changes in photon
number with time. Parameters are as in Fig. 3.4 (e) and (f): V' = (0.1 pm X 0.1 pgm X 10 nm), T' = 0.25,
a=25x10"%cem?s 1, B =100 cm?®s L, ng =108 cm 3, 0, =1lem L,n, =4, r=1—-1075,
B =10"%

Figure 3.5 shows trajectories calculated in the time-domain for different injection
currents for a very small active volume laser with parameters as in Figs. 3.4 (e) and
(f). The spontaneous emission terms are also included in the calculation. The calculated
time-domain data in Figs. 3.5 (a) and (b) show bursts of photons because of the presence

of large fluctuations and the injection current is not great enough to sustain continuous
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lasing. With increasing injection current, longer lasting photon bursts result in a double-
peaked average electron distribution. This is well illustrated by the data in Fig. 3.5
(c). For operation near threshold switching occurs between two different characteristic
system states. Figure 3.5 (d) is an example of strong lasing with quantized photon
fluctuations about a mean value (s) = 136. This trajectory compares closely to the
Langevin trajectories generated by adding Gaussian noise to the continuum mean-field
rate equations (Eq. 2.4.1). This analogy is considered in greater detail in Section 1.5
B. The average output power from both cavity mirrors is around 25 nW at an operating
wavelength of 0.8 ym. In this case s” = 9.5.

There is less noise in carrier number 7 in Fig. 3.5 (a) when there are essentially only
electrons in the system and very few lasing photons. As illustrated in Fig. 3.5 (c), when
both photons and electrons are in the system the electron noise is enhanced because
photon noise couples into the electron distribution. When the cavity empties of photons
the number of electrons increases but the noise decreases. This is because noise coupled
into the electron system from the photons is no longer present.

The Fano-factor, F' may be used to quantify photon fluctuations.

F=072/<s> (3.2.1)

where o is the standard deviation in photon number. The phase transition in a con-
ventional laser is accompanied by large photon fluctuations and this quantity peaks
sharply near lasing threshold, /y;,. For large injection currents, [ >> Ii;,, the Fano-factor
approaches unity, corresponding to a Poisson distribution. For small active volumes
the sharp transition is replaced by a broad peak in the Fano-factor in the vicinity of the

threshold and /' > 1, indicating a non-Poisson distribution.

41



x 10* X 106

@ 10r(2) g % 10_(b) |
g / 5 (i) (i)
g | @ | 3
E R ‘
5 0 5
z (iii) z
0] : ; 0] :
0 5 10 15 0 5 10 15
Current, (I/Ith) Current, (I/1.))
th
A x 10*
9 1 4@ _
me Y
e ) T2 (i)
3 (i) 1 = (iii)
© €1t J
IS = -
5 2/ 0
% 5 10 15 % 5 10 15
Current, (I/Ith) Current, (I/Ith)

Figure 3.6: Comparison of steady-state laser characteristics for three different active volumes. (a)
Normalized mean photon number versus current. (b) Normalized mean electron number versus current.
(c) Normalized Fano-factor versus current. (d) Normalized spontaneous emission photon number versus
current. (i) Results for a large active volume, (ii) an intermediate sized active volume, (iii) a small active
volume (Fig. 3.5). The calculations for the large active volume device matches the continuum mean-field
rate equations data closely. The current values are normalized by dividing by the respective threshold
currents predicted by continuum mean-field rate equations (Iyy—; = 112 pA, Iy = 320 nA, Iy, 55 =
12.8 nA). Normalization constants, N are: Mean photon number, Ns; = 1, Ns; = 350, Ns;; = 800.
Mean electron number, Nn; = 1, Nny; = 607, Nny; = 21594. Mean spontaneous emission photon
number, Ns”; = 1, Ns”;; = 370, Ns”i;; = 855. Fano factor, NF; = 1, NF; = 1, NF; = 10.
Parameters: V; = (5 pm x 1 pm x 1 gm), Vi = (5 pm x 0.1 pm x 10 nm), Vi = (0.1 pm X
0.1 pm X 10 nm), Fi,iii =0.25,T; =0.05, Qi = 2.5 x 10716 cm? Sil, axi = 2.5 X 10~18 cm? Sil,
B =107 cm?3 s, ng = 10 ecm™3, o; = 10 em™! for (i,ii), a; = 1 ecm™! for (iii), n, = 4,
Tiii = 0.999, rii; =1 — 10~% and 0= 10~4.

In Fig. 3.6 the steady-state laser characteristics of (i) a large active volume device
(V = 5 pm?), (ii) an intermediate volume (V' = 5 x 1073 ym?), and (iii) a small volume

(V = 10~* pm3) are shown. The data are normalized to the large active volume device

42



continuum mean-field rate-equation predictions for (n) and (s). Figure 3.6 (a) com-
pares (s) as a function of I between different cavities and convergence with the contin-
uum mean-field rate equations is achieved for the largest cavity. Lasing is increasingly
suppressed with the reduction of active volume. The normalized Fano-factor as a func-
tion of normalized current exhibits a peak around the threshold region. As expected,
the largest active volume device exhibits the sharpest threshold behavior. In general,
the peak identifies the presence of strong fluctuations and non-Poisson photon statistics
around threshold. Carrier de-pinning accompanies photon fluctuations as demonstrated
by Fig. 3.6 (b). Figure 3.6 (d) shows enhanced spontaneous emission across threshold
resulting from the extra carriers contributed by carrier de-pinning. An explanation of
lasing suppression, enhanced spontaneous emission and de-pinning of carriers may be
found in the time-domain data illustrated in Fig. 3.5 (c). The system fails to lase con-
tinuously in this region and switches between the lasing and non-lasing state. Once the
system shuts down, it waits for the next spontaneous emission event to re-initiate lasing.
Lasing, being predominantly a stimulated process, requires the presence of photons in
the cavity. A larger active volume with a larger number of electrons has more sponta-
neous emission events which prevents lasing shut down. A smaller active volume, with
lesser likelihood of such events, experiences suppression of continuous lasing. Lasing
shut down is accompanied by de-pinning of carriers which in turn enhances spontaneous

emission.

3.3 Master equations

The predictions of the biased random walk technique can be verified independently by
use of coupled deterministic differential equations that quantize particle number. Pre-

viously, such master equations have been solved to explore steady-state behavior in the
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limit of cavity quantum electrodynamics for which 3 = 1 [Ref.[36, 16]]. Biased random
walk trajectories in (n, s) space can be used to sample solutions of master equations.
The equation describing time evolution of probability P,  of states (n, s) in a single-

mode semiconductor laser diode with photon emission at energy fw is of the form

dP, s
dt

= - /{<S-Pn,s - (S + 1)Pn,s+1) - (SGnPn,s - (S - 1)Gn+lpn+1,s—1>

— (SAPH’S - (S + 1>Apn71,s+1 - ﬁB(nZPn,s - (n + 1)2Pn+1,s,1)

I
- (1 - ﬁ)B(n2Pn,s - (n + 1)2Pn+1,s) - E(Pn,s - Pnfl,s)

where the active volume is V' and the device is driven by current /. The term
—[Bn*P, 4(t) describes spontaneous emission of photons involving transitions from
state (n, s) to state (n — 1,5+ 1) where B = B’/V and B’ is the spontaneous emission
coefficient. —sG,, P, (t) describes stimulated emission of photons from state (n, s) to
state (n—1, s+ 1) where G,, is the stimulated emission coefficient. —(1— 3)Bn?P, ,(t)
is the decay of electrons into non-lasing photons via transitions from state (n, s) to state
(n—1,s). —1P, s(t) corresponds to injection of electrons causing transitions from state
(n,s) tostate (n+1,s). —AsP, 4(t) is stimulated absorption of photons involving tran-
sitions from state (n, s) to state (n + 1,s — 1) where A is the stimulated absorption
coefficient. —rsP, 5(t) describes the decay of cavity photons in which transitions from
state (n, s) to state (n, s — 1) occur, where & is the optical loss coefficient.

The time evolution of P, ¢ can be solved by integrating Eq.(3.3.1). P, ; may also
be solved under steady-state conditions by truncating the system at values of n and s
which are much larger than the steady-state mean values predicted by the continuum
mean-field rate equations [Ref.[36, 16]]. The equations governing the mean behavior
are derived by averaging the master equations over all possible states, after multiplying

by n and s. This gives
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g = B0 - A ne)s) 4 (3.3.1)
d<8> _ 2 al’c

g = B+ ((n—no)s) — als), (332)

which reduces to the standard continuum mean-field rate equations if the correlations
factorize such that ((n — ng)s) = ((n — ng)){s) and (n?) = (n)2. The second approx-
imation is valid in the case of narrow symmetric single peaked distributions in n. A
system involving a small number of particles, experiences strong fluctuations in parti-
cle number and correlations between n and s are significant. Hence, such mean-field
approximations are not valid, leading to predictions of mean behavior that are different
from a more complete probabilistic picture.

Figure 3.7 illustrates some of the essential differences by showing the results of cal-
culating the steady-state characteristics with master equations (M.E.) and continuum
mean-field rate equations (R.E). The (ns) correlation differs most from its factorized
product (n)(s) around threshold (Fig. 3.7 (d)) and the master equations accounting for
these correlations differs significantly in its predictions. In particular it leads to suppres-
sion of lasing by increasing the apparent threshold current (Fig. 3.7 (a)) and de-pinning
of carriers (Fig. 3.7 (b)). Assuming the value of current at the Fano-factor peak may be
used as a measure of laser threshold [Ref.[39]], Fig. 3.7 (¢) gives a threshold [;;, = 45 nA
which is 4.5 times greater than the value of ;, = 10 nA predicted by continuum mean-
field rate equations. The differences reduce as one scales to a larger number of particles
in the limit of conventional laser operation and this was indeed verified by master equa-
tion calculations performed for a system with parameters similar to Fig. 3.7 but with a
higher value of 3. Figures 3.7 (e) and (f) show the probability distribution of photons F;

and electrons P, for different stages of laser operation. At low injection currents P; is
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Figure 3.7: Steady-state characteristics. (a) Calculated mean photon number as a function of current
showing that master equations (M.E.) predict suppression of lasing threshold relative to continuum mean-
field rate equation (R.E.) calculations. Suppression in lasing is due to quantum fluctuations. (b) Calculated
mean electron number as a function of current. M.E. show carrier de-pinning due to quantum fluctuations.
(c) Fano-factor F' = af / < s > as a function of current, I. (d) Electron-photon correlation and product
of means versus current. (e) Probability of photons for different currents. (f) Probability of electrons for
different currents. Parameters as in Fig. 5.
bimodal with a large probability for occupation of the photon ground-state, s = 0. This
indicates that quantum fluctuations cause lasing emission to turn off. The probability
distribution for P; and P, near [y, is bimodal confirming the existence of the two char-
acteristic system states. Only when I > I, do P; and P,, become single-peaked. The
probability distribution for these injection currents obtained from the master equations
are in agreement with results of the trajectory method shown in Fig. 3.5. In the long-
time limit, trajectories in the (n, s) plane are found to converge to the predictions of the
master equations (Fig. 3.8).

Computational convenience dictates the choice of parameters used for solving the

master equations. Realistic parameters increase number of particles which in turn leads

to a large number of probability states. For total number of particles /V, the number of
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probability states is D = (N + 1)(N + 2)/2 and this grows as N? for large N. For
N = 1000 the probability vector has a length 0.5 x 10° . Matrix inversion for steady-
state calculation and multiplication for time evolution becomes difficult when the size
of the coefficient matrix (D?) increases significantly beyond this value.

Despite the use of small values of n and s, the underlying physics in which quan-
tum fluctuations suppress lasing and carriers are de-pinned remain. This is confirmed by
calculations using the trajectory method which was developed to connect with large sys-
tems described by realistic parameters. The technique verifies master equation results
and predicts similar behavior in small systems with experimentally accessible parame-
ters (see Section 3.5).

Similar to the trajectory method, the master equations can be modified to include
spontaneous emission of photons into a non-lasing channel. The spontaneous emission
channel does not participate in any stimulated processes and so avoids the correlation
effects that strongly influences lasing emission. The master equation for probability
P, s s#(t) is (4) with additional terms (1 — ﬁ)Bﬂ?Pn,S,s// corresponding to decay of elec-
trons into photons of the non-lasing channel, causing a transition from state (n, s, s”)
to (n — 1,s,8" + 1) and ks"P, s ¢» denoting decay of non-lasing photons, causing a
transition from state (n, s, s”) to (n, s, s” — 1). The average value for n and s obtained

using P, s ¢ (t) gives equations Eqs.(3.3.1) respectively. The average for s” is

d<$//>
dt

= (1= B)B(n®) — x(s") (3.3.3)

Large fluctuations and correlations in particle number in the finite sized quantum system
lead to carrier de-pinning near threshold and the increased average number of carriers

results in enhanced spontaneous emission because of the (1 — 3) Bn? dependence. This
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is verified by the trajectory method (Fig. 3.6 (d)). A similar plot using master equation
calculations is avoided for numerical reasons. The system has a larger number of prob-
ability states due to the presence of this additional channel of spontaneously emitted
photons. However a similar idea may be demonstrated by studying the role of 3 in dis-
tributing the total emission between two modes. Larger 3 enhances spontaneous emis-
sion into the lasing mode and prevents lasing shut down. Reducing (3 has the opposite
effect. Figure 3.8 demonstrates this for a small active volume. As (3 is reduced, while
keeping the current constant, the emission switches from being dominated by lasing to
spontaneous emission. This leads to lasing suppression. The peak at higher electron
number in the bimodal distribution corresponding to zero lasing photons gives rise to
enhanced spontaneous emission. The distribution of spontaneous emission as shown in
Figs. 3.8 (c) and (d) is symmetric in the absence of diagonal processes illustrated in the
state diagram shown in Fig. 3.3. The active volumes used for calculations whose results
are shown in Figs. 3.8 (a - d) are chosen for computational convenience. The same
calculations have been repeated using the trajectory method for a larger system and a

similar behavior is observed with change of /3.
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Figure 3.8: Steady-state probability distribution for electrons (), photons (s), spontaneous emission
(s’ for different values of 3 and a fixed current I = 10 electron/ns (= 1.6 nA) for (a), (b), (c), and (d) and
72 nA for (e), (f), (g), and (h). (a) and (e) 8 = 1. (b) and (f) 3 = 10~. (c) and (g) S = 10~2. (d) and (h)
[ = 10~*. Parameters for (a), (b), (c), and (d) are as in Fig. 5 but with V = (1 ygm x 1 nm x 1 nm) and
a; = 0.19 cm~!. Parameters for (e), (f), (g), and (h) are as in Fig. 5. The color (gray) scale is log;.
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3.4 Transient dynamics in small lasers

To solve the transient master equation the entire time-evolution is divided into equal
time intervals, the duration of which is determined by the inverse of the pumping rate.
This allows only a single electron to enter the active volume on average in a given time
interval. If we start with an empty device, i.e. Fpo (t = 0) = 1, the terms which will
be important in the first time interval are [ o, Fp 1, 1 0. This happens because a system
of n electrons and s photons can only undergo processes and make single quantum
transitions as described in Fig. 3.3. In matrix form, the process is described as follows:

The coupled first order differential equations written in matrix form is

POO _é K (1) (1-p6)B1? Poo
Py |=| 0 —k(1)—AQ1) pBB12 Py (3.4.1)
Pl(] é A(l) —B12 P10

We integrate the set of master equations involving these terms using the fourth-order
Runge-Kutta method for the first interval. Only one electron is introduced in this inter-
val. It may be introduced uniformly over the period of this interval starting from the cold
cavity initial condition P,y = 1 and under the influence of the pump as in the current
case. It can also be introduced at a random particular instant in the interval. This method
of injection does not alter the steady state finally attained by this technique and helps in
truncating the infinite coupled set of differential equations into a finite set, containing

variables which are important in the first interval. In the next interval the maximum
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number of particles is 2. So terms such as P 1, [% 2, P» o will be important along with

the terms of the previous interval. So in matrix form we have,

POO
POl
Bo |
POQ
Pll

L P20 .

I ) S 0 o ][]
0 —-k—A-1 5B 2k (1-8)B 0 Foy
L A -B-1 0 K 41=0)B | | P
0 0 0  —2k—A) G +8B 0 P
0 I 0 24 —k—-G, —B 41-p)B | | Py
0 0 L 0 A 41— p3)B Py

-  (342)

At the time of inclusion in the matrix the new terms Py, P;; and Py, have value zero.
They evolve due to their coupling with the existing elements Fyy, Fy; and Py in the
next interval. Note that the probabilities with the maximum number of total particles,
N = n + s in a given interval, is not allowed to transition to a state with another extra
excitation. With the addition of the n'" electron, n + 1 additional probability states are

added and the coefficient matrix grows as D?. In matrix form
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]
Po:
Py
Poz -
P11
| P
[ 1 . (1— 5)B.12 0 0 o || P |
0 —-kl-A1-1f  pB1? .2 0 0 Poy
L Al -B.1? -1 0 0 0 P
0 0 0 —k2— A2 0 0 Po
0 0 0 0 . . (1=p)Bn* | | Py
0 0 0 0 . Al —Bn? P
' (343

The system of equations is such that total probability is conserved in every step
as more electrons enter the system. Iterations are continued by adding more particles
until the system attains a steady-state probability distribution. The steady-state attained
agrees with the one obtained from the truncated master equations solved under steady-
state conditions. For a given interval the process is similar to a continuous-time Markov
process where the allowed states are the states of continuous-time Markov chains. So
in every step the size of the matrices grow. In MATLAB, construction of these matri-
ces, specifically the coefficient matrix in the differential equations is time consuming.

Comparison of the above matrix equations show that certain parts of the matrix remain
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unchanged, few get modified (by addition of extra terms) and completely new terms are
added in the new rows and columns introduced in every consecutive step to accommo-
date an extra particle. For example in Eqn (3.4.1) and Eqn (3.4.2), the term C'; of the
coefficient matrix stays unchanged, Cs3 increases due to addition of the pump term and
new coefficients are added for the new equations in row and column (4-6). Since we are
only dealing single particle excitation or processes, equations of /V particles are related
to those of N 4+ 1 and N — 1. So introduction of a new particle only influences the
very last set of equations. This knowledge is used to make the algorithm faster. The
unchanged part of the matrix or vector is kept the same, and new parts are appended. So

only n + 1 additional rows and columns are added to a matrix instead of constructing
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the total matrix of size D?. The state vectors containing the probability elements are

arranged in the following order,

Po
Py
Py

Py

(3.4.4)

Pn—2,2
Pn—l,l
Pn(]

So we see for IV total particles, there are N + 1 total states, for which N = n + s.
The photon number is reduced from N to zero in steps of 1, and the excitation num-
ber is correspondingly increased, as the probability states F, s are arranged vertically
in a matrix. As mentioned, equations for a system of N particles only connects to the
equation for N + 1 and NV — 1 particles. The specific ordering of the vector elements,
helps in allocating the coefficients in their equations. In allocating the coefficient matrix,
each element P, is considered and the corresponding row is filled with the coefficients

of its equation. The arrangement helps save time in building these matrices instead of
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employing a search algorithm to find the position along the row where the coefficient
should be placed. For example, due to the arrangement, the terms P, 541, I, s and
P41 s—1 are adjacent. Hence, the positions of the coefficients for stimulated absorp-
tion, stimulated emission and spontaneous emission into the lasing mode can be exactly
determined, as the flow of probability in these processes are between the above men-
tioned states only. The cavity loss term, the non-lasing mode spontaneous emission
term and the pump term, which reduces the total particle number N by 1, are located
N—+1 = n+s+1 elements away (left if decreasing, right if increasing) from the element
with n 4+ s = N particles, P,;. Look for example the allocation of the allowed coeffi-
cients of the equation for P;; in Eq.(3.4.2) when the second particle is introduced. The
elements corresponding to the different physical processes influencing P;; are located
in the coefficient matrix in the way stated above.

As mentioned earlier, the terms with the maximum particle number, N, in a given
matrix is not allowed to be pumped any higher. So when the NV + 1 particle is added the
equations for the N particles are modified. The pump loss is included in the equations
for the IV particles, specifically in the self-term. If P, is located in the n'* row then
this the coefficient, C),,, in the coefficient matrix. This term includes coefficients of
loss terms from the state P, representing flow of probability out of the state. A specific
example of this is the case of the 1 and 2 excitation particle case shown previously where
the term C33 gets modified on adding the 2™¢ particle after the 1°¢ one.

The technique for the steady state solution is similar. From Eqn (3.4.3), in steady

state we have
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I

—1 k.1 (1-8)B.12 0 0 0 Pyo
0 —-kl-A1-1f  pB1? .2 0 0 Poy
L Al -B.1? -1 0 0 0 P
0 0 0 —k2— A2 0 0 Pos
0 0 0 0 . . (1=p)Bn* | | Py
0 0 0 0 . Al  —Bn? P
' S (345)

This is a set of linear homogenous algebraic equations in the steady-state probabilities.
The non-triviality of the solution can be fixed by the conservation of probability. We
know that if one equation is removed, the rest are independent. We remove the last

equation and use the condition of probability conservation to calculate the steady-state
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value. Of course the value of n for which the equations are truncated should be much

greater than the steady-state rate equation predictions.

0
0
0
0| =
0
0
L 1 4
= k1 (1—8)B.1? 0 0 o || P |
0 —kl1-Al1-1  pB.1? k.2 0 0 Py
L Al -B.1? -1 0 0 0 Py
0 0 0 —k2-A2 . 0 0 Pos
0 0 0 0 . . (1=8)Bn® | | Puia
1 1 1 1 11 1 Pro
_ (346

Note that the last equation states conservation of probabilities.

Figures 3.9 (a) and (b) show the time evolution of (n) and (s) for a small laser
operating above threshold. Factorization of the correlation (ns) is not appropriate as
reflected by the fact that the continuum mean-field rate equation results do not converge
to the master equation solution. Figures 3.10 (b) and (c) show that at any point in time
the instantaneous probability P, ; carries information about the path taken. In contrast,
averaging in the continuum mean-field rate-equation calculation removes information

about the system’s history.
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Strong correlations and fluctuations affect the average response of a small laser to a
step change in injection current and slows down the system in general. Increasing the
active volume, keeping other parameters fixed reduces the difference with the mean-field

predictions (Fig. 3.9 (¢) and (d)).
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Figure 3.9: Transient behavior of mean electron number and photon number for a step change in current
from I(t < 0) =0to I(t > 0) = 100 electrons/ns (= 16 nA) for (a, b) and I(¢ > 0) = 400 electrons/ns (=
64 nA) for (c, d). (a) Mean photon number as a function of time. (b) Mean electron number as a function
of time. The dot at the last time point denotes the mean calculated from the probability distribution
obtained by the steady-state technique. Parameters as in Fig. 5 but with V' = (0.1 pgm x 10 nm x 10 nm)
and 3 = 10~!. (c) Mean photon number as a function of time. (d) Mean electron number as a function
of time. Parameters as in Fig. 5 but with 3 = 107",

3.4.1 Large signal analysis

A large signal analysis may be performed by starting from the system ground-state and
observing the response to a step change in injection current. The time delay, {4 may
be calculated by starting from an empty device (n,s = 0) and noting the time taken

to reach half the steady-state photon number. The mean time, (t4)™M calculated by
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Figure 3.11: Comparison of time delay, ¢4 between continuum mean-field rate equations and random
walk approach. (a) Transient behavior of mean photon number for a step change in current from (¢ <
0) =0At I(t > 0) = 16 nA. Time delay (¢q) comparison for (b) V = 5 x 107* ym?, (c) V =
5x 1072 ym? (d) V = 5 pm?3. Parameters: (a) V = (0.1 ym x 10 nm x 10 nm), I' = 0.25, a = 2.5 x
1078 em?s 1, B =100 cm?s ,ng=10%cm ™3, 0, =1lem Y, ny, =4, r=1-10"%, 3 =10"1.
1)V = (5 um x 0.01 gm x 0.01 pm), I' = 0.25, a = 2.5 x 1076 cm? s71, B’ = 10710 cm? s,
no =108 ecm=3, a; =10em=t, ny = 4,7 =0.999, 3 =102 (¢) V = (5 pm x 0.1 pm x 0.1 pum),
other parameters same as in (b). (d) V' = (5 pum x 1 gm X 1 gm), other parameters same as in (b).
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averaging, tq, for multiple trajectories obtained using the trajectory method, is found to
be in close agreement with that predicted by master equations. This is denoted by the
dot in Fig. 3.11 (a) which shows the agreement and a mean time-delay (td)MC that is
greater than the predictions of the continuum mean-field rate equation theories, (tq)%E.
These calculations are carried out for injection currents which support continuous lasing
and hence are far away from the fluctuation dominated regime (Fig. 3.5 (c)). The peak
of the Fano-factor for the lasers considered in Fig. 3.11 (b), (¢), and (d) occur around
0.6 nA, 8 1A, and 150 pA respectively and injection current chosen for this analysis
is higher than that. The Fano-factor peak gives an estimate of the threshold for these
small devices [Ref.[39]]. Figures 3.11 (b), (c), and (d) show a comparison of time
delay for three different active volumes and convergence with continuum mean-field
rate equations is achieved for the largest volume (d). The deviation from the mean-field

calculations reduces with increase in active volume size.

60



3.4.2 Small-signal analysis

4 4
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Figure 3.12: (a) Time trajectory calculated using the random walk technique. (b) Time trajectory from
the Langevin equations using correlated noise sources. (c) Relative intensity noise (RIN) as a function
of frequency. Calculation using Langevin equations (dashed line), random walk calculation (solid line).
Calculations are normalized to peak in spectrum. Electron injection current = 400 pA (dark curve), 800
1A (gray curve), 1.32 mA (light gray curve). Parameters same as Fig. 3.11(d).

Above threshold the biased random walk trajectory in the time domain (Fig. 3.5 (d))
appears similar to the trajectories produced by Langevin equations as described in
[Ref.[37]]. The Fourier transform of this data is computed to obtain small-signal rel-
ative intensity noise (RIN) data. Such time-domain analysis is not possible using master
equations.

Figures 3.12 (a) and (b) show the time-trajectories calculated using our trajectory
method and Langevin equations respectively. The fluctuations in photon number is
noticeably larger in Fig. 3.12 (a) compared to (b). Our trajectory calculations show
larger fluctuations and hence larger Fano-factors and this trend is observed in smaller
active volume lasers as well.

The Langevin equations consider correlated noise terms which are artificially forced
to be Gaussian in nature. This gives rise to considerably lower values of Fano-factor
in the threshold region. The Langevin approach arbitrarily assumes near Poisson dis-
tributions which is physically unrealistic in the correlated system we consider. The
distributions obtained from the trajectory technique are not biased to be Gaussian and

are, in fact, super-Poissonian with a much larger Fano-factor even when the system is
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lasing continuously. For example, for a current of 400 1A which is 2.7 times threshold
current, Langevin equations give a Fano-factor of about 12 and our trajectory method
gives a Fano-factor of near 270.

The response in the frequency domain was compared with the RIN data obtained
from Langevin equations with cross-correlated noise sources [Ref.[37]]. The frequency
response calculated using the two models agrees around the RIN peak and when the
system is in the lasing state (Fig. 3.12 (c)). The peak in frequency increases with electron
injection current. There are, however, differences at frequencies below the RIN peak.
These can be brought into closer agreement by increasing the magnitude of the Langevin
noise terms. The calculations involving large data sets of time trajectories required for
the Fourier transforms can be conveniently handled by parallel computing, where each
processor performs calculation on a section of the data set. It integrates that section of
the data for all frequencies and in the end the processors can combine their data to get

the Fourier transform for all frequencies.

3.5 Experimental Design

The behavior of lasers with very small active volumes can be studied using semiconduc-
tor nanowire [Ref.[40]], quantum pillar [Ref.[41]], or other geometries [Ref.[42, 43]].
The active medium may be confined inside a high-Q photonic crystal or other optical
cavity. Reducing the size of the laser is generally accompanied by an increase in [.
However, small (3 is an important factor leading to lasing suppression and might explain
why suppression of lasing by quantum fluctuations has not been observed in experi-
ments.

We have performed calculations to find experimentally accessible conditions where

the impact of quantum fluctuations on laser performance may be observed. Figure 3.13
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(a) and (b) shows calculations for a system of three nano-wires confined in a photonic
crystal medium. Parameters chosen are similar to those considered by [Ref.[40]]. The
lasing suppression is seen to disappear with the increase in 3. The carrier de-pinning
effect however persists longer and can be observed in spontaneous emission. So one of
the key directions for design is to have strong confinement for the single lasing mode
along with significant emission into the non-lasing modes. For a nano-wire system this
would mean strong confinement in the axial direction for the laser mode with sponta-
neous emission in the lateral directions. Reduction in /3 by increasing the optical cavity
length is also considered in Fig. 3.13 (c) and (d). Other than an overall change in the

threshold value, these laser designs show a similar trend with change of .
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Figure 3.13: Comparison of steady-state characteristics for different 3 values. 8 = 1073 (solid),
3 = 1072 (dashed), 3 = 10~! (dot), 3 = 1 (dash-dot). 8 = 10~* (solid - dark line) is included in (c) and
(d) for a larger size cavity. The graphs display random trajectory calculations. Parameters for (a) and (b)
:V=3x(1pm x5nm x5nm), ' =0.01,a=123x10"%cm?s™!, B'=55x 1070 cm?3 s~ !,
Ay =091 x 109871, C =05 % 10722 em® s71, ng = 10'® em ™2, a; = 0.0010 cm ™!, n, = 3.5,
r = 0.997, ¢ = 0.01 x 10718 cm?. Parameters for (c) and (d): V = 3 x (6 yum X 5 nm X 5 nm),
I' =0.004, o; = 5 cm™ L, r = 0.995, others same as in (a) and (b). Net optical output power in W at an
operating wavelength of 1310 nm may be determined by multiplying the photon number by 0.039 for (a)
and (b), 0.0109 for (c¢) and (d).

The threshold current, /Iy, for the laser considered in Fig. 3.13 (c) and (d) is shown in
Fig. 3.14 as a function of cavity length, L.. In this case, changing the cavity length alters
the active volume. The rate equation data is compared with the random walk trajectory
calculation. Only the case with 3 = 10~ is considered. The peak of the Fano-factor is

used to locate the threshold current in the random trajectory calculations. Threshold cur-

rent is larger than the predictions of continuum mean-field rate equations due to lasing
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suppression. The light output characteristics of the laser with L, = 6 pm is considered
in the inset. This has a threshold current around 2 /A and optical output power is in
the W range. As expected, the pinned carrier number has a linear dependence on the

cavity length, L.

N

Output power, (UW)
=Y

Threshold current, Ith (HA)
N

6
Cavity length, LC (um)

Figure 3.14: Variation of threshold current with cavity length. Upper curve (solid) are results of
random trajectory calculations and lower curve (dashed) are results of continuum mean-field rate equation
calculations. 3 = 10~* for main figure. Inset is comparison of steady-state characteristics for different
3 values. 3 = 10~ (solid - dark line), 8 = 103 (solid), 3 = 10~2 (dashed), 8 = 10~ ! (dot), B = 1
(dash-dot). This is the same plot as Fig. 3.13 (c) but in terms of output power for an operating wavelength
of 1310 nm. Parameters same as in Fig. 3.13 (c).

Fig. 3.15 is a plot of steady-state characteristics using a log;o scale. These corre-
spond to the linear plot of Fig. 3.13 (c). Strong quantum fluctuations around threshold
smooth the non-lasing to lasing transition compared to a more abrupt cross-over pre-
dicted by the continuum mean-field theories. This is seen for the small  cases where

the effects of lasing suppression becomes apparent.

3.6 Conclusion and outlook

In conclusion, our calculations illustrate the importance of quantum fluctuations in

determining the steady-state and transient response of a laser when there are a small
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Figure 3.15: Comparison of steady-state characteristics for different 3 values. 3 = 10~ (solid - dark
line), # = 1073 (solid), 8 = 1072 (dashed), 3 = 10~! (dot), 8 = 1 (dash-dot). Thicker lines are results
of random walk calculation, thinner lines are from the continuum mean-field calculations. (a) Intra-cavity
mean photon number, (b) output optical power versus injection current. Parameters same as in Fig. 3.13
(c) and (d).

number of particles in the system. Quantum fluctuations can suppress lasing threshold,
enhance spontaneous emission, and create a non-Poisson probability distribution for n
discrete excited electronic states and s discrete photons. Correlations between n and s
are found to damp the average dynamic response of laser emission. Fluctuations in the
finite sized quantum system behave differently from lasers in the thermodynamic limit.
According to the conventional Landau-Ginzburg theory of phase transitions, fluctuations
in the large particle number limit will enhance lasing below threshold. In meso-scale
systems the opposite is true, quantum fluctuations suppress lasing.

The master equations and the random walk technique generate statistics of the pho-
ton field but do not include phase as they only quantize energy. Phase fluctuations
contain information about line-width of the lasing mode. Inclusion of phase in a fully
quantum mechanical model solved by brute-force methods is challenging due to the
extremely large state-space for the system. A possible approach is to solve for a few
atoms in the optical cavity and then attempt to develop techniques capable of solving

the problem for larger numbers of particles based on the physical insight gained. This

approach is adopted in making a connection with the semi-classical predictions, in the

66



next two chapters. The exact solution of the quantum mechanical problem of a few emit-
ters and photons though cumbersome is manageable computationally. The solutions are
compared with the semi-classical random walk calculations. The novel predictions of
lasing suppression and carrier de-pinning from the semi-classical theory are recovered
in presence of inhomogeneity. New understanding regarding the parameter (3, which
influences the existence of these new effects in the semi-classical theory is obtained
from the full quantum picture. The following chapter consists of a review of the existing
quantum theories of atom-field interaction and the useful Hamiltonians and formalisms

required for the development of our model.
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Chapter 4

Quantum theory of light-matter

interaction - a review

4.1 Introduction

This chapter provides a brief review of light-matter interaction from a fully quantum per-
spective following the work of Sully and Zubairy [Ref. [15]]. Quantization of electro-
magnetic fields starting from the classical picture is discussed. The Jaynes-Cummings
Hamiltonian, describing the interaction of matter with radiation field is derived under
the dipole and rotating wave approximations. This Hamiltonian is analytically solvable
and is widely used in quantum optics. The closed system of matter and radiation field
is generalized to include interactions with external reservoirs in order to describe pro-
cesses involving loss and pumping. The modification of the density matrix equations,
under the inclusion of reservoir terms is discussed. Finally these elements are used to
lay out the basic foundations for the quantum theory of lasers. The approximations
made in this derivation and the final results of the full quantum theory are discussed and
compared with the semi-classical case (see Chapter 1). This chapter explains in detail
the approximations made in developing the theory of meso-lasers in Chapter 5 and helps
us in distinguishing the meso-case from the ordinary large laser reviewed in this chap-
ter. The notations used in the derivations are similar to the work of Scully and Zubairy

[Ref. [15]].
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4.2 Quantization of the electromagnetic field

The classical electric and magnetic fields in free space can expanded in terms of a plane

wave basis as

E(r,t) = Z Gelioyee Rk Z Gl etk (4.2.1)
k k

1 k x € o 1 k x 6 o

H(I‘, t) _ Z kgkake—wkt—i-zk.r + = Z kgkal*{ewkt—zk.r (4.2.2)
Ho Vg Ho 2 Vg

where the summation is over the allowed values of wave vector k = (k,, ky, k). v is

the frequency of mode k, €y is a unit polarization vector, oy is a dimensionless amplitude

and

th
Ep = (—=)1/2 423
k (QEOV) ( )

This form of the expansion is obtained by considering a cavity of side L. Periodic

boundary conditions are used and so

2,
g 2T g 2Ty

; - (4.2.4)

where n,,n,,n, are integers (0, £1,£2...). A set of numbers (n,,n,,n.) defines a

mode of the electromagnetic field. The transverse nature of the field requires

k=0 (4.2.5)
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The radiation field is quantized by replacing the scalar amplitudes, oy and oy with
creation and annihilation operators aL and a) with commutation relation [ay, af] = 1.

The quantized electric and magnetic fields are of the form

E(r,t) =Y Abeae TR 43 " G Bal e (4.2.6)
k k
1 k x € bt 1 k x € b
H(r,t) = — >~ EGFage " tkr ¢ = N 225G faf et=ier (4.2.7)
HFo =~ Vk Ho .~ Pk

The classical Hamiltonian for the field is

1

Hp =3 / dr(eE* + poH?), (4.2.8)
|4

On substituting E and H in the Hamiltonian Hp, the total energy separates out into
the energy of the individual modes. The energy of each mode defined by k resem-
bles the energy of a classical simple harmonic oscillator. To quantize the problem in
the oscillator case, the conjugate variables of position ¢; and momentum p; of the gt
oscillator is treated as operators and the Heisenberg uncertainty condition is imposed
([;, 7] = ihd; ). The operators a and a' are obtained from canonical transformation
of the variables ¢ and p. The energy of the quantized electromagnetic field may now be

written as

1

H = hgk: ne(al a + 5) (4.2.9)
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The quantized electric field operator is generally separated into its positive and negative

frequency parts as

E(r,t) = EM(rt) + ECO)(r,t) (4.2.10)
where
EM (r,t) = Abiae T (4.2.11)
k
EC) (r,t) =Y Gyale T (4.2.12)
k

so that E(Y)(r, ) contains only annihilation operators and E(~)(r, ) conatins only cre-

ation operators.

4.3 Jaynes-Cummings Hamiltonian

The Hamiltonian for the problem of an atom interacting with an eletric field (E) is
H=H,+ Hr —er.E 4.3.1)

where H,4 and Hp are the Hamiltonians of the atom and the radiation field. r is the
position vector of the electron. This is the mimimal-coupling Hamiltonian (Eqns.(1.2.6-
1.2.9)) written for the fully quantum mechanical case where the energy of the field is

included separately. The difference from the semi-classical case arises from the fact that
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E is no longer a simple scalar field but a quantum operator and the energy of the field

needs to be explicitly included. Hp is (as in Eq.(4.2.9)),

1
Hp =Y hilalax + 5) (4.3.2)
k

where aL and ay are the creation and annihilation operators for mode k of the photon
field.
The terms H 4 and er can be represented in terms of the atomic energy eigen states (|7))

as

Hy=Y Eili)(i| =Y Eoi (4.3.3)

and

er=e> i) (i|r|j) (j| =) Pioy (4.3.4)
i3 i,J

where the completeness of the set of eigenstates is utilized (3, |¢) (i| = 1).

o;; is the atom transition operator and P;; = e (i| r|j) is the electric dipole transition
matrix element. Under the dipole approximation, which assumes the field to be uniform
over the entire atom, the electric field E at the position of the point atom located at the

origin is,

E =) ad&(ax+af) (4.3.5)
k
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where & = (hvg/ 260‘/)%. For simplicity a linear polarization basis is considered and
the polarization unit vectors, €; are taken to be real.

Substituting Eq.(4.3.2-4.3.5) into Eq.(4.3.1) we get

H = Z hykaf(ak + Z Eioi + hz Z glijaij(ak + akT) (4.3.6)
k i ij  k

where

ijo_ Pij ey

Ik = 3 4.3.7)

Eq.(4.3.6) does not include the zero point energy and P;; is assumed real for simplicity.

For the case of a two-level atom, since P,, = P,,, we have
g = 5™ = g™ (4.3.8)
Under this simplification the complete Hamiltonian is
H = Z thaLak + (EaO'aa + Ebo'bb) + hz gk(aab + O'ba)(ak + CLL) (439)
k k
The second term in Eq.(4.3.9) can be written as
1 1
(Eadaa —|— Ebgbb) = §hw(aaa — Ubb) + §(Ea + Eb) (4310)

where the substitutions (£, — F,) = hw and o4, + o, = 1 have been made. The

constant (F, + E})/2 is dropped. To obtain the familiar form of the Jaynes-Cummming
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Hamiltonian, Eq.(4.3.9) is rewritten in terms of the atomic creation and annihilation

operators o, and o_. These are given by

02 = Oaa— 0w = |a) {a] = [b) (O]
o = ou=la) |
o_ = o =1b)(a (4.3.11)

where o, 0_ and o, satisfies the spin- 1/2 algebra of Pauli matrices. o, is the inversion
operator.

The Hamiltonian (Eq.(4.3.9)) can now be rewritten as,

1
H= Z hvgal ay + §hwaz + thk(0+ + o )(a +al) (4.3.12)
k k

The interaction energy (Eq.(4.3.12)) consists of four terms. The term, a_af( describes
the process in which an atom looses its energy by making a transition and a photon in
mode k is created. oay describes the reverse process. a+aL describes a process in
which an atom is excited and a photon is created resulting in an energy gain of 2hw.
o_ay similarly describes an energy loss of 2hw. The energy nonconserving terms are
dropped to create what is called the rotating wave approximation. Semi-classically this

corresponds to ignoring the high frequency terms. The resulting Hamiltonian is

1
= ; hyka;r{ak + §hwaz + h; gx(orax + a,aL)

— H,+H (4.3.13)

74



where H, represents the free Hamiltonian and /; represents the interaction term. This is
the Jaynes-Cummings Hamiltonian describing the interaction of a two-level atom with
a multi-mode field. The special case of the single mode field, considered next, is exactly
solvable and is widely studied in quantum optics. This model is also used in our study

of meso-scale lasers and saturable absorbers in Chapter 5.

4.3.1 Single mode Jaynes-Cummings Hamiltonian

The form of the Hamiltonian, (Eq.(4.3.13)) simplifies for a single-mode quantized field

of frequency v and the interaction /5 to

H, = hg(o,a+o_a') (4.3.14)

Generally this problem is solved in the interaction picture and in that case the inter-

action V' is given by

V = etHot/hpp, g=iHot/h (4.3.15)

Using the Baker-Hausdoff relation

2

¢*Be="A = B + a[A, B] + %[A, A, B]] (4.3.16)
it can be seen that
eiuaTatae*iuaTat — aefizzt eiwazt/ZO_Jrefiwozt/Q — O_Jreiwt (4317)

And, using the above equations we have,
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= hg(mraemt + aTU_e_ZAt)

= w—v (4.3.18)

The Schrodinger equation in the interaction picture for the state |¢)) describing the

atom-field system is

5 = V1) (4.3.19)

This problem is analytically solvable and shows Rabi oscillations between the pho-
ton field and the atom. The nature of the oscillation is qualitatively different from semi-
classical predictions and depends on initial conditions. For an initial coherent state
of photons (Poisson distribution), the envelope of oscillation is not constant - it col-
lapses and rebuilds. Also according to the semi-classical theory an atom in the excited
state cannot make a transition to the lower level in the absence of a driving field, as fre-
quency of the Rabi oscillation is proportional to the incident field amplitude. In the fully
quantum-mechanical treatment, the transition becomes possible because of spontaneous
emission caused by vacuum fluctuations.

Figure 4.1 shows Rabi oscillations in 1 and 4 emitter systems coupled to a single
cavity mode. The calculations are performed using techniques discussed in Chapter
5 and the parameters chosen are similar to those of Figure 5.3. In general, emitter-
field system is coupled to external reservoirs and the Rabi oscillations decay with time.
The plots compare these oscillations for different values of the incoherent pump below
and around lasing threshold. For the emitter initially in the excited state and an empty

cavity, the frequency of Rabi oscillations is given by the emitter-cavity coupling g. As
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shown in [Ref. [32]] adding emitters effectively makes the cavity coupling g stronger.
It increases as v/ N., where N, is the number of emitters. For 4 emitters the period of
oscillations roughly doubles as shown by Figure 4.1. With the increase of incoherent
pump, the coherent oscillation dies off. The pump values shown in Figure 4.1 (c) and
(d) are normalized. The actual pump energy flowing is obtained by multiplying with

N,. Normalized pump denotes the energy flowing into individual emitters.
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Figure 4.1: Scaling of Rabi oscillations for multi-emitter systems. Single emitter case. (a) Mean
photon number in lasing mode in log1g scale. (b) Net inversion of emitters. 4 emitter case. (c) Mean
photon number in lasing mode in log;y scale. (d) Net inversion of emitters. The legend shows the
different normalized pump values. Dark solid line (P = 0.1 meV), dashed line (P = 0.5 meV), light dash-
dotted line (P = 2 meV). Initial state of system consists of all emitters in excited state and zero cavity
photons. Parameters: Emitter-cavity coupling, g = 1 meV, spontaneous emission into non-lasing modes,
v = 0.1 meV, photon energy, w = 1000 meV, cavity loss, x = 0.1 meV.
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4.4 General reservoir theory

The emitter-field system considered in the previous section is closed in the sense that
energy remains conserved. This allows the system to perform Rabi oscillations. How-
ever realistic matter-field systems involve loss mechanisms to outside reservoirs. These
reservoirs are treated as large systems of harmonic oscillators. We present here a brief
review of the general reservoir theory. We consider in general a system denoted by S
interacting with a reservoir denoted by R. The combined density operator is psg. The
reduced density operator of the system is obtained by tracing over the reservoir vari-

ables, i.e.,

ps = Trr(psr) (4.4.1)

In presence of system-reservoir interaction V' (¢) the equation of motion for pgp is

ihpsr = [V (1), psr(t)] (4.4.2)

Integration of this equation gives

psnlt) = psalt) — + / V(). psn(t)]dt (443)

where ¢; denotes time when the interaction starts. Substituting pgr(t) back into

Eq.(4.4.2), gives

pnlt) =~ VO, pselt)] = 35 [ VOV psnlONde 4
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The system and the reservoir are independent, when V' = 0, and the density operator pgr
separates into a product psgr(t) = ps(t) ® pr(t;). The reservoir is large and assumed to

be in equilibrium. In the limit of weak interaction, we expect a solution of the form

psr(t) = ps(t) @ pr(ti) + pe(t) (4.4.5)

where p.(t) is of higher order in V. Eq.(4.4.1), requires Trg[p.(t)] = 0
Substituting psr(t) from Eq.(4.4.5) into the integrand of Eq.(4.4.4) and retaining terms

up to order V2, we have

ps = £ TralV(0).ps(t) @ pr(t)] -
1

o [ ), V(). ps(t) @ prlt]ldt 4.46)

The reduced density operator pg(t) determines the statistical properties of the system.
The presence of pg(t’) in the integrand of Eq.(4.4.6) states that pg(t) depends on its
past history from ¢t = ¢; to t’. Typically, the reservoir is an extended open system with
a large number of degrees of freedom (modes, phonons, etc.) and this leads to a delta
function 6(¢ — t’) in the integral. Hence pg(t’) can be replaced by pg(t) and the history
independent process is called Markovian. The assumption is reasonable since damping

destroys memory of the past. Eq.(4.4.6) now becomes

js = =+ TralV(0).ps(t) @ pat)] -
1

e | A, ), ps(t) ® pa(t])de @47)

This may now be applied to the description of spontaneous emission of an atom and

decay of a cavity mode due to partially reflecting mirrors.
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4.4.1 Spontaneous emission

The interaction of an atom with a single cavity mode in a closed environment leads to
Rabi oscillations where the energy is transferred back and fourth between the emitter
and the optical field. However, spontaneous decay of an atom is an irreversible process
where it loses its energy to the field and this situation may be explained by a simple
model in which the atom is coupled to a reservoir of simple harmonic oscillators. The
two-level atom is the system (ps = patom) in this case and it interacts with a reservoir,
R, of simple harmonic oscillators. An oscillator of frequencies v, = ck is described by
creation (annihilation) operators bL (bx) . In the interaction picture and rotating wave

approximation the Hamiltonian is

V(t) = thk[bLgieﬁ(W*lﬁc)t 4 O.erkei(wfuk)t} (4.4.8)
k
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where o = |b) (a] and o, = |a) (b| are the creation and annihilation operators for the

atom. Using interaction energy V', in Eq.(4.4.6), we obtain

patom - _Z Z gk<ler<> [0—7 patom (ti)]e_i(w_yk)t
k

¢
B / dt’ Z 99 ([0 patom (t/) — 20— pPatom (t/)a_ + Patom (t/)O'_U_}
i kK

Xefi(wfyk)tfi(wfuk/)t’ bT bT, + (004 Patorm N — o tom No
kY% +P +P
Xe—i(w—uk)t-i-i(w—uk/)t’<b;r{bk/> i [U+U—pat0m(t,) . U—Patom(t/)g—i—]
Xei(w—l/k)t—i(w—uk/)t’<bkb1l'{/>) +
—1 Z gk<bk> [patom (ti)ﬂ U-l-]ei(w*l/k)t
k

t
B / dt Z gkgk’({patom<t/)a+a+ - 2U+patom(t/)0+ + U—&-U—I—patom(t/)}
i kK

Xei(w—uk)t—i(w—uk/)t’<bk/bk> 4 [Patom(t/)0—0+ B J+patom<t/>a—]
Xei(w—l/k)t-i-i(w—uk/)t’<bL,bk> + [patom(t/)a-i—U— . O-—Patom@/)g—i-]

xe Wtz (L bly)  (4.4.9)
where the expectation values refer to the initial state of the reservoir. The thermal reser-
voir is considered in the problem, with the state of the reservoir described by,

bl
kT

hl/k

pr = [l — eXp(_kB_T)] exp(

) (4.4.10)
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where kg is the Boltzmann constant and 7' is the temperature. The expectation val-
ues required for Eq.(4.4.9), can be obtained using pr. On substituting the expectation

values, we obtain

patom = _/
t.

7

t
dt’ Z 912{([0-*0-+pat0m(t/) - O'+patom(t/)O',]ﬁkefi(wf’/k)(t*t/)
k

+[0--&-0-—patom(t/> - g—patom(t,)0+](ﬁk + 1)6i(w_yk)(t_t/)

Hpatom (' )T_ 04 — 04 patom (t')o_]Tigee™ @) 1)

+[Patom(t)TL0_ — T_patom (t )04 ) (g + 1)e” @E)) (4.4.11)

where the thermal average boson number is

1

vy

_— (4.4.12)
exp(kB—T) —1

nyx =
The sum over k may be replaced by an integral for a continuum of reservoir modes,

V 27 T e’}
Z = ZW / do / d / k2dk (4.4.13)
" 0 0 0

where V' is the quantization volume. The integrations in Eqn.(4.4.11) carried out using
the Wieskopf-Wigner approximation [Ref.[15]] gives

r

patom = —ﬁth—[0—0+patom(t) - 0-+,0atom<t)0'f]

2

r
—(Mgp + 1)§[U+U—patom(t) — 0 Patom(t)0 ]

r

—Nith E [patom (t)O', 04+ — 0+ pPatom (t) U—]

r
_(ﬁth + 1)§[patom(t)g+0— - U—patom(t>0+] (4414)
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where 7y, = 7y, (ko = w/c) and

1 4w*P?,

= Ine, 303 (4.4.15)

is the atomic decay rate. The value of gk (Eq.(4.3.7)) is used in deriving the expression
of I' . The equation for the atomic density matrix elements derived from Eq.(4.4.14) for

zero temperature 1, = 0 is

paa = _F)Oaa
. r
Pab = _Epab
pbb - Fpaa (4416)

Paa + P = 0 implies conservation of probability. Also spontaneous decay being an

incoherent process decays the coherence between the two levels, pgp.

4.4.2 Cavity-mode decay

Cavity-mode decay can be treated in a similar way. A radiation field of frequency v
inside a cavity described by operators a and a' is in interaction with oscillator modes
of a reservoir described by operators by and bL. For transmission losses they actually
represent the field outside the cavity. The interaction Hamiltonian for this problem is of

the form,

V() =1 glbfae 70 4 alpye =) 4.4.17)
k
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and can be solved by assuming the reservoir to be at thermal equilibrium. The equation
for the reduced density operator of the field is obtained by replacing the atomic operators

o_ with a.

p = —ngklaa’p — 2a’pa + paa'] —

(rin + 1)k[a’ap — 2apa’ + pa'a] (4.4.18)

where 74, = Ty, 1s the number of quanta at frequency v in the thermal reservoir and &

is the decay constant. At zero temperature (1, = 0),
S P T T
P kla'ap — 2apa’ + pa'al (4.4.19)

Transmission loss, , is related to the Q factor of the cavity by k = v/Q.

4.5 Laser theory

In contrast to the semi-classical theory of lasers the quantum nature of light is considered
in developing a quantum theory. The density matrix of the coupled atom-field system
is solved under interaction with external reservoirs. The model considered for a single
mode laser is described as follows. Atoms are pumped randomly from the ground state
|g) to the excited state |a) at rate \,. The state |a) also denotes the upper state lasing
transition and it decays to state |b) emitting a lasing photon in the process. Both states
|a) and |b) decay to states |c) and |d) at rates -y, and -, which in turn decay to state |g) at
rates 7. and 4. The rates v, Y4 => Va, V5. To simplify the problem, we set v, =y, = .
The lasing mode is also tuned to resonance with the atomic transition. Damping of the
cavity mode is considered through its interaction with the modes of an external reservoir.

Physically it represents transmission losses through partially transmitting mirrors. The
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pumping and other damping mechanisms are considered in a phenomenological way
similar to the semi-classical theory.
The Hamiltonian describing interaction of the active atoms with the single-mode laser

field is
V=) hglola+do )= "V (4.5.1)

where o' = (|a) (b|)’ is the creation operator for the i atom. The problem is solved
in the interaction picture. The frequency dependent terms in the Hamiltonian dissapear
in absence of detuning. The equation for laser field density matrix, obtained by tracing

out the atomic variables is

) 1
Pnn’ = _ﬁT"natoms [V7 p]n,n/ + (‘Cp)n,n’ 4.5.2)

where from Eq.(4.4.19)

(Lo)nw = —g(n + 1) ppm + C/ (0 + 1) (0! + D)ottt (4.5.3)

Damping of the lasing mode has been included in the above equation following the
treatment in the previous section.

The equation for the lasing density matrix (Eq.(4.5.2)) contains terms like
> i Pamimsn (. 15). t; represents the time of injection of the i atom, as it starts inter-
acting with the field. These elements are analogous to the elements of the population
matrix introduced in Chapter 1. In the case of the quantum theory, the population matrix

1s defined as

Pan,bn+1 <t> = Z pin,bn—i—l (t7 tl) 4.5.4)
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Elements pan.am+1(t) With projections on to the atomic states, (v = a,b..g) can be
solved in the adiabatic approximation which assumes that the variation of the field in
negligible in the atomic lifetimes (1/7). Their values when substituted in Eq.(4.5.2)

yields the equation of motion of the reduced density matrix of the field.

o = —( N A Vo -+ ( vnn'A )
Prn = 1 +Nnn/B/A Prn 1 +Nn717n/718/./4 pn—l,n —1

C
—E(n + 1) s +C/ (0 + 1) (0 + 1) prgin g1 (4.5.5)

where A is the linear gain coefficient and is equal to 2r,g%/~?, B is the self-saturation
coefficient, B = 4¢g>A/~. r, is the effective pumping rate given by v\, /(7 + Ao). N,

and NV, are dimensionless factors given by

, 1 , (n—n')?B
Nnn/ —§(n+1+n +1)+T
1 , (n—n")B

Nnn/ = §(n—|—1+n +1>+W (456)

The linear gain and self-saturation coefficients are similar to the coefficients of the semi-
classical theory considered in Chapter 1 for the case of zero detuning. Eq.(4.5.5) consti-
tutes the basic equation of a laser. The diagonal density matrix elements p,,,, represents

the probability p(n) of n photons in the field. The equation for the diagonal elements is,

N (n+1)A4 nA
o) =~ (o) + (1 eln = 1)
—Cnp(n) +C(n+ 1)p(n+1) 4.5.7)

In these equations, diagonal elements couple to diagonal elements and in general only

off-diagonal elements with the same difference (n — n') are coupled.
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To connect to the mean-field semiclassical result of Chapter 1 (Eq.(1.5.6)), we derive
an equation for the mean number of photons, < n >. For near threshold operation,
B <n> /A< 1, we obtain (after expanding the two denominators on the right hand

side)

(ny = anpd(:) =A-C)<n>-B<(n+1)?*>+A4 (4.5.8)

n=0

In the limit of < n >< 1 and < n? >=< n >2, this equation reduces to Eq.(1.5.6).
Thus, a semi-classical treatment is valid when a large number of photons are present.
In such a situation one may describe the light field in terms of a scalar field and, in this
large number limit, correlations factorize into product of means. The term .4, absent in
the semiclassical equation, represents spontaneous emission into the lasing mode. As
mentioned in Chapter 1 this is caused by vacuum fluctuations and allows the field to
build up from an initial cold cavity state (n = 0).

The full quantum theory of meso-scale lasers is developed in the next chapter, which
essentially uses the Jaynes-Cummings Hamiltonian as a starting point and uses the the-
ory of reservoirs to couple the system to the outside world. However, solutions obtained
are exact in the absence of any adiabatic and large particle-number approximation. This
allows us to connect with the semi-classical predictions of Chapter 3. For example,
adiabatic elimination only retains the information for the light field and hence no infor-

mation on carrier-depinning can be obtained from this method.
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Chapter 5

Quantum theory of meso-scale lasers

and saturable absorbers

5.1 Introduction

Fluctuations due to quantization can dominate predicted behavior of meso-scale lasers.
Using only semiclassical master equations and specific device parameters, it was shown
in Chapter 3 that quantization of particle number, and the fact that a lowest energy state
of the system exists, can suppress lasing and enhance spontaneous emission around
threshold [Ref. [34, 35]]. The conditions under which this happens require treating (3
as a separate variable and giving it a small value 3 < 1. For this semiclassical system,
dynamic switching between two characteristic system states can dominate fluctuations
and correlations between n discrete excited electronic emitter states and s discrete pho-
tons and create a non-Poisson probability distribution.

However, to study the fundamental contribution of field quantization to noise and
fluctuations in meso-scale lasers requires going beyond particle number quantization
and semiclassical master equations. Here, we use a quantum mechanical description of a
meso-scale laser containing s cavity photons and /N, emitters and find solutions by direct
integration of the system’s density matrix. Quantum fluctuations in this finite-sized
dissipative system is found to be sensitive to the number of emitters and the presence

of inhomogeneous saturable absorbtion. This result gives a physical interpretation to
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the use of (3 as a free variable in the semi-classical master equation and the predicted
behavior discussed in Chapter 3.

This chapter is organized as follows. In Section 5.2 a model is developed that
includes NN, two-level (quantum dot or atom) emitters incoherently pumped by an exter-
nal reservoir and a quantized photon field with s cavity photons that can decay into an
external reservoir through finite reflectivity mirrors. The algorithm used in solving this
problem computationally is explained in detail. Section 5.3 describes the calculated
steady-state properties as the number of identical emitters in the cavity is increased.
Section 5.4 considers the case of an inhomogeneous active system consisting of iden-
tical emitters and a saturable absorber. Under these conditions, the quantum model
can predict lasing suppression, enhanced spontaneous emission and the associated emit-
ter excitation number de-pinning, and bi-modal probability distributions. These results
allow interpretation of previously reported predictions found by solving the semiclassi-
cal master equations [Ref. [34, 35]].

Section 5.5 describes the predictions of the quantum model correlation functions

for the production of non-classical light.

5.2 THE MODEL

Figure 5.1(a) is a schematic diagram of a prototype meso-scale laser consisting of mul-
tiple two-level emitters such as quantum dots or atoms coupled to a single cavity mode
in a high-Q optical cavity formed by two partially transmitting mirrors. In our model of
this system, both light and emitters are treated quantum mechanically. The number of
emitters is N, and, for simplicity, they are assumed to be in resonance with the single

cavity mode and so detuning is ignored.
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(a) (b)
|2>! EZ

2 level emitters

\ / Y 1>, E,
hw=E,-E,

Cavity mode

Figure 5.1: (a) Schematic diagram of multiple emitters coupled to a single optical cavity mode with
total mirror loss rate, x. (b) Processes in a single emitter showing incoherent pump transition rate P,
stimulated and spontaneous coefficient g, and loss rate y. Separation in emitter eigenenergy is E'y — E; =
hw, where w is the angular frequency of the high-Q optical cavity resonance.

As illustrated in Fig. 5.1(b), emitter electronic states are continuously incoherently
pumped at rate P by an external reservoir. The stimulated and spontaneous emission
coefficient coupling the ground |1) and excited |2) electronic states of each emitter is
g. The separation in emitter eigenenergy is Fr, — F; = hw, where w is the angular
frequency of the high-Q optical cavity resonance. The emitters are damped at rate y by
a reservoir of oscillators representing incoherent decay via spontaneous emission into
non-lasing leaky modes. Decay of the laser photon field in the single cavity mode is by
coupling to another external reservoir through partially transmitting mirrors with total
loss rate K.

The Hamiltonian describing two-level emitters coupled to a single cavity mode and

interacting with external reservoirs is

H=Hg+ Hgrs + Hp (5.2.1)
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where Hg is the Hamiltonian of the system of emitters and photons, Hp is the Hamilto-
nian for the reservoirs, and Hgg couples the system to the reservoirs. Hg is the Jaynes-
Cummings Hamiltonian [Ref. [15]] coupling a single cavity mode with the emitters (see

Chapter 4). For a homogeneous system, in which emitter properties are identical,

Ne
Hs = wala + Y w2) (2] + glowal + acy!) (5.2.2)
k=1
where h = 1, and the operators o' = |2;,) (1;| and o}, = |1) (2&| couple the ground
|1;) and excited |2;) electronic states of the emitter k& with energies £} = 0 and Ey = w
respectively. The operator a' creates a photon of energy w. The coupling terms are eval-
uated within the dipole and rotating wave approximation [Ref. [15]]. The summation
runs from £ = 1 to the total number of emitters, V..

The Hamiltonian coupling the system to the reservoirs is

HRS = Z KR [abk,, + bR//CLT] + Z )\R[O'kbRT + bRO'kT] + Z /\/R/ [O’kbR/T + bRIO'kT]
R/l R R/

(5.2.3)

The first term causes direct dissipation of cavity mode photons due to incomplete
reflectance of the mirrors and thereby coupling it to the continuum of photonic modes
outside the micro-cavity. The second term is dissipation by direct coupling of the emitter
to harmonic oscillator photonic modes different from the cavity mode. This describes
dissipation of the emitter by spontaneous emission to an external reservoir of photons
created by b;. The last term is due to the incoherent pump that is modeled as an inverse
spontaneous decay process. The pump is a process that couples the emitter with a reser-
voir of inverted harmonic oscillators [Ref. [26, 44]]. The pumping and emission mech-

anisms in H g introduce decoherence affecting the quantum properties of the system.
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The term Hp describes the external reservoirs of harmonic oscillators with bosonic
commutation rules. The coupling constants ;1z and Az depend on the particular mode
of the reservoir. Detailed derivation of these interactions with reservoirs may be found
in Refs.[ [12, 15, 26, 27]]. (See Chapter 4 for details)

To describe the different pumping and loss mechanisms for a single emitter it is
convenient to work in the basis (|1s) ; |2s)) where s is the number of cavity photons and
(1, 2) are the states of the emitter. These are product states between the emitter states
and the Fock states of the cavity mode. Although the theory may include the effects
of finite temperature reservoirs, we consider the special case of zero temperature (T =
0 K) to emphasize the quantum origin of the fluctuations. The reduced density matrix
p for the coupled emitter-photon system is obtained from the total density matrix pp
by tracing out the reservoir degrees of freedom. In the interaction picture for multiple

emitters p satisfies the master equation

d 1 K
d—f = ﬁ[p, Hs| + 5(2apaT —alap — pa'a Z % 20.p01" — oxlowp — poylo)
P
Z 7 (204" poy, — oow' p — pogoy’)
k
(5.2.4)
or
dp -
— =1L 5.2.5
P (5.2.5)
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where L is the time propagator for the density matrix. The master equation is obtained
under the Born-Markov approximation [Ref. [15]] for the interaction between the sys-
tem and the reservoirs. In the chosen basis the matrix elements of the reduced density

operator p are

Prknjm = (kn|p|jm) (5.2.6)

The diagonal matrix elements describe populations of the emitter-photon levels and the
off-diagonal terms quantify the coherence between these levels. Eq.(5.2.4) may be used
to obtain the time evolution of the system. For a single emitter at time ¢ = (0 the evolution

of the density matrix is

dp B Orprsas  OiPiszs—1

i (5.2.7)

atpTS,QS—l atp23,25

where

Orprsis = ig\/g(Pls,25—1 — P1s—1.2s) + VP2s2s — K(Sp1sas — (8 + 1)p1ss1.1s+1) — PpPisiss

(5.2.8)

Oipas2s = 19V 8 4+ 1(p1s2st1 — Prs+1,2s) — VP2s,2s — K(8p2s2s — (5 4 1)pasti2e+1) + Ppisis
(5.2.9)

Oiprs2s—1 = 19V5(prs1s — pas—12s—1) — (v + £(28 — 1) + P)/2)pas1s_1

+r4/S(s + 1)prst1,0s (5.2.10)

93



The interaction parameterized by «, 7, and P couple matrix elements with different
photon occupation number s. This leads to an infinite set of differential equations which
are truncated for numerical integration at a high value of s. The initial state is an empty
cavity (s = 0) with the emitter in its ground state |1), i.e. p1010 = 1. As mentioned
previously, the basis states used for expansion is the product of the Fock states for pho-
tons and the |1) (ground) , |2) (excited) states for the two-level emitter. In this basis the

density matrix p for the single emitter is of the form,

|10) |20y [11) |21) |12y [22) . . [ls+1) [2s+1)
(10[  progo O 0 0 0 0 00 0 0
(20] 0  p22 p2o11 0 0 0O 00
(11 0 0  puz2 pun 0O 0 00 0 0
_ (21] 0 0 pa2r paa2 0 00 0 0
’ (12] 0 0 0  pi221 pzgiz2 0 00 0 0
(22| 0 0 0 0 0 p2oe 0 0 0
(s+1 0 0 0 0 0 0 00 pusiies 0
| @541 0 0 0 0 0 0 00 0  puisen |

(5.2.11)

The first-order equations derived from the density matrix couples terms in a system-
atic way. Since there is no detuning, energy units of photons and emitters are the same.
The terms p15 15, P2s—1,25—15 P1s,25—1 and p1s_1 25 all have the same units of energy, i.e. s.

More importantly the corresponding bra and ket component of an element has the same
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energy. For example, p15_1 2, has the same energy of s units for its (1s — 1| and |2s).
This principle holds for multiple emitters. An example of a density matrix element of a
N, = 4 two-level emitter system is (2121s| p|2221s — 1), where the first four numbers
represent the states of the four emitters. This element is similar to the simple one emit-
ter element, as it has equal energy in its bra and ket components and also couples with
similar equal energy elements. The number of independent terms with equal energy in
its bra and ket grows as 4"<. The equations (5.2.8-5.2.10) can be written in the matrix

format and solved using Euler or RK4 integration. In matrix format

| £10,10 ]
p20,20
pn,zo
P20,11 =
/315+1,1s+1

i P25+1,254+1 ]

[ _p 4 0 0 00|
P —y(1) —1ig ig 0 0
0 —igvl —i(y+k(21-1)+P) 0 0 0
0 igV1 0 —l(v+r(21-1)+P) 00
0 0 0 0 000

| 0 0 0 0 00 0|

The matrix form of L is shown explicitly for the equations that relate equal energy

terms (equal energy in bra and ket). Note the arrangements of the terms in the vectors
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£10,10
£20,20
P11,20

£20,21

Pls+1,1s+1

P2s+1,2s+1 |

(5.2.12)



containing the diagonal and off-diagonal density matrix elements. They are arranged in

the sequence,

P10,10
£20,20
P11,20
£20,11
P11,11

(5.2.13)

P21,21

Pls+1,1s+1

P2s+1,25+1

So the four independent elements for the single two level emitter, 4! are Pls,25—1> P2s—1,1s>
P1s,1s and pos o5, and this is exactly the sequence in which they are arranged in the vector.
Note the first two terms are not allowed for s = 0 and hence not included. The set for
s = 1 is however complete. If we treat this set of 4 elements as a unit cell, then the unit
cell gets repeated for values of s from O to Sy + 1. The terms for the extra photon
Strunc + 1 after sy 1s required for the boundary conditions. The equations for the unit
cell of s photons is connected to the equations for the neighboring unit cells of s + 1
and s — 1 photons because of the nature of the actual transitions. Hence the elements
of the last unit s4.,,c + 1 is required, and their derivatives and initial values are set to
zero, so that their values do not evolve and they truncate the problem. Now the fact that
the unit cell of s photons connect to the unit cells of the neighboring photon numbers
is used in allocating the coefficient matrix L. An element P1s2s—1, has its allowed set

of processes and the elements it connects to can be obtained from the original Master
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equation, Eq.(5.2.4). This problem can be generalized for the multi-emitter case. For
simplicity, lets consider equal energy elements or elements which have equal energy in
their bra and ket. This set of independent equal energy elements form the basic unit cell,
as was written out explicitly for the one-emitter case and their number for the general
case is given by 4™V¢. So in this case, the vectors (Eq.(5.2.13)) are populated by repeating
these basic units for increasing photon numbers (s = 0,1,2, ...., Syrune). For example,
for the two atom case there are 16 independent elements of the form, p115115, P225,225------
Now equations for individual elements in a unit connects to terms within its own unit
and its nearest neighbors. So when an element is allowed a process via a stimulated
emission or absorption, which conserves the total number of excitations, then it connects
to elements within its own unit. However when the total excitation number changes by
one unit, for processes such as pump, P, cavity decay, x, and spontaneous emission, -,
then they connect with elements in the neighboring units. So for every allowed process
we can set up a search space of three units s — 1, s and s + 1 to locate all the elements to
which it connects. For example, in the one-emitter case if s;.,, = 100, then there are
a total of 4 x (100 + 1) + 2 elements. So instead of trying to search in a space of 406
elements for the connecting element, the total search space is reduced to 4 x 3 = 12. This
makes allocation of the coefficient matrix L more efficient numerically. The location of
the pump and the cavity loss elements are returned by the function, operators3 allocating
the coefficient matrix, so that for different pump values, only the particular locations of
the matrix can be updated instead of constructing the whole thing all over. Such an
approach is useful in computing steady state characteristics for multiple pump values.
Also lower pump values have lower photon numbers for s;,.,,.. For a given set of pump
values and for a fixed S;une, the entire matrix, IAJ, is constructed only once for the first
pump value and then the matrix is updated for the other pump values in the series.

Recognizing the independent elements in the unit cell of the density matrix for the
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one emitter case is simple. However expanding this to the multi-emitter case requires
a small algorithm. By using this we build the elements that make each unit cell for a
given number of photons. Lets consider equal energy elements for the two emitter case.
In the code we call this unit cell, state-vector-frame. This frame is a matrix containing
the excitations and the photon numbers for a particular density matrix element in its
rows. For example p;i, 1251, for a two emitter system is allocated a particular row
in the unit cell as [1 1 s 1 2 s — 1], where the excitations and photon numbers are
arranged in the same order as the subscript of the element. In a particular row, for a
general N, emitter system, the first 1 to N, elements denote excitations in the bra. The
(N, + 1)”‘ element denotes the photon number, the next N, 4+ 2 to 2N, + 1 elements
are excitations of the ket and the (2N, + 2)™ element denoting the photon number in
the ket. The first two rows of the unit cell are [0 0 s 00 s] and [1 1 s 1 1 s] which
are the all empty and all filled states. The maximum total emitter excitation, N, in a
N, emitter state is (0,1, 2,..../N.). Now the N, = 0 ([0 0]) and the N, = 2 ([1 1])
states are already accounted. The other possibility is 1 excitation, which gives possible
states [0 1] and [1 O]. So, in general, to obtain k excitations in N, available positions
the number of choices are (]12[) and MATLAB prints out the configuration of these
individual choices using the command nchoosek. In the 2-emitter case the choices are
[01s01s]and[10s 10 s]. Sowe have a set of elements with same bra and ket and
they form the diagonal elements which in general is of number 2¥¢. We also save the
emitter parts of these kets |11) ,|22) ,[12) and |21) for further mixing in a matrix called
vector-store. Now we construct the elements of the unit cell which are asymmetric, but
of equal energy (pa15125). This is obtained by combining the elements of vector-store
amongst each other. If the number of elements in vector-store is given by D, then the
possible choices is given by 2 (Z) since you combine two different elements (bra and

ket) to get a full element and the 2 takes care of the complex conjugate that arises in
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the asymmetric terms. The command nchoosek(1 : 1 : D,2) prints out the possible
combinations between the different rows of vector-store, for example an output [1 2]
means row 1 would make the bra and row 2 would make the ket for an element i.e.
(00s] p|11s’) for the two-emitter case. These possible combination indices are stored
in rows of the matrix photon-diff-states-mat. Each combination row gives rise to two
elements which are complex conjugates of each other. Now we should remember that
the equal energy condition should not be violated in creating these independent density
matrix elements. However for the 2-emitter example considered, (00s| p [11s’), the net

emitter excitation in the bra is 0 and in the ket is 2. This is now made equal in energy
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with the help of the photons s and s’. To compensate in this case s is set to s — 2. Thus

by collecting all the elements we can write the unit cell in the two-emitter case as

Pl1s,11s r .
11 S 1 1 S
P11s,22s
2 2 s 2 2 s
P12s,12s
2 1 S 21 s
P21s,21s
1 2 S 1 2 S
P11s,225—2
11 s 2 2 s—2
P225—2.11s
2 2 s—2 11 s
P11s,125—1
11 S 1 2 s—1
P12s—1,11s
= 1 2 s—1 11 S (5.2.14)
P11s,21s—1
11 s 21 s—1
P21s—1,11s
21 s—1 11 S
P22s,125—1
2 2 S 1 2 s—1
P12s—1,22s
1 2 s—1 2 2 s
P225,215—1
2 2 S 21 s—1
P21s—1,22s
2 1 S 1 2 S
P21s5,12s
1 2 s 2 1 s
P12s,21s B B

This unit cell is stored as state — vector — frame (Right hand side of Eq.(5.2.14)) and
is repeated for photon numbers s equal to O to Sy + 1, in order to get the total
state — vector. After constructing this, rows containing negative photon numbers in
their bra ((N, + 1)) or ket (2(N, + 1)) are eliminated. Locating the diagonal ele-
ments, such as pi1511s, 1S €ssential for calculating expectation values. This can be done
easily. Just subtract the first NV, + 1 elements (bra) from the second N, + 1 elements,

take the absolute values and sum the arrays (row-wise). Only diagonal elements give
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zero. The master equations may be used to compute the dynamics of expectation values
of any system operators. The evaluation of the diagonal elements allows calculation
of steady-state properties and single time averages of operators. The important photon

field-field and intensity-intensity correlation are

g'(t,7) = {a' (t)a(t + 7)) (5.2.15)

G2(t,7) = (a'(t)a'(t + T)a(t + T)a(t)) (5.2.16)
In steady-state these correlations do not depend on time ¢ and can be evaluated using

(al(t)a(t + 7)) = Trlaev[p,a']] (5.2.17)

(a'(t)a' (t + T)a(t + T)a(t)) = Tr[aTaef”[aps a'l] (5.2.18)

which is valid for Markovian systems [Ref. [26]] (See Appendix A for details). Here, p;
is the steady-state solution of the master equation Eq.(5.2.5) and L is the time-evolution
operator of the density matrix.

The coupled density matrix equations, for the single-emitter case, used to obtain the

first-order correlation function ¢'(¢, 7) are

Opist11s = ig(\/gplsﬂgs—l — VS 4+ 1posis) + VP2s+1,2s — Ppisti1s

K
+ 5(2 (s +1)(s 4+ 2)prsto,1s+1 — (25 + 1)prsy1,1s)s (5.2.19)
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Orp2st12s = 19(VS+ 1posii1s41 — V'S + 2P1512,25) — VP2s541,25 + PP1s+11s

K
+ 5(2 (s +1)(s 4 2)pasta,2s+1 — (25 + 1) pasi1.2s),

(5.2.20)

Op2s1s = ’ig(\/gp2s,2s—1 — Vs 4+ 1pisy11s) — (v + 25k + P)/2) pas s

+ k(s +1)pastiiss1

and

(5.2.21)

atpls—i-1,2s—1 = 2.g(\/gpls—i-l,ls — VS + 1,025,25—1) - ((7 + 23/43 + P)/z)pls+1,2s—1

+ KVS(S 4 2)prstos

(5.2.22)

The terms p1s11.15, P2541,250 P25,1s AN p1541.25—1 all have the same units of energy, s and

s 4 1 in their bra and ket components respectively. Similar terms are coupled to each

other and the same principle is obeyed when more emitters are added. The location of

these elements in the density matrix is shown in Eq. (5.2.23),

0 0 0 0 0 0 00 0
£20,10 0 0 0 0 0 00 0
P11,10 0 0 0 0 0 00 0
0 paz pan 0 0O 000 0
B 0 pi220 pr2znn O 0 000 0
. 0 0 0 pa221 paz2i2 0 0 0 0
0 0 0 0 0 0o . . 0
| 0 0 0 0 0 - 0 pasiiast

o o o o o O

0

(5.2.23)
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These terms are different from the terms that we solved using Eqs.(5.2.8-5.2.9). The
current terms are not equal energy elements. Since these terms are initially equal to
zero, their time-evolution should not evolve their values. Eqn 5.2.17, shows the operator
a' acting on p, from the left and the product matrix pa' is time evolved by L. Now the

form of the @ and a' operator, in the given basis is

_00\/10000000_
00 0 /1 0 0 00O0O
00 0 0 v2 0 0000
00 0 0 0 +v20000
. 00 0 0 O 0 0000 (5.2.08)
00 0 0 O 0 0000
00 0 0 0 0 00
(00 0 0 0 0 0 0 |
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0O 0 0 0 00O0DO0GO0O
0O 0 0 0 00O0O0O0O
VI 0 0 0 00O0O0O0O
0 v/1 0 0 00O0O0O0O
G 0 0 v2 0 000000 (5225
0 0 0 2000000
0O 0 0 0 00 00
| 0 0 0 0 00 0 0 |

The density matrix in steady-state is given by Eq.(5.2.11) in the matrix form. This p

when acted upon by a' from the right reaches the form

0 0 0 0 000000 ]

0 0 0 0 000000

Vipiol 0 0 0 000000

0 Vipapr V2p212 0 000000

(pa') = 0 Vipiaor V2p1212 0 0000O00O0
0 0 0 V2p22 0 0 0 0 0 0

0 0 0 0 00 00

0 0 0 0 0 00 0|

(5.2.26)
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which is very similar to the form p given by Eq.(5.2.23). Thus after solving Eq.5.2.11 to
the steady state, we multiply it with a' and that gives us Eq.(5.2.26) which populates the
same elements present in p (Eq.(5.2.23)), and hence the initial value of these elements
from which it can be time evolved using Eqs.(5.2.19-5.2.22). These equations, similar

to Egs.(5.2.8-5.2.10), can be written in the matrix form as

P11,10 —5—P v —igV/1 00 P11,10
£21,20 P —% -7 0 .- 00 P21,20
P21,11 —ig\V/1 0 —%(’7 +£(2.0—-1)+ P) 00 P21,11
P1s+2,1s+1 0 0 0 0000 P1s+2,1s+1
i Dzs+2,2s+1 ] L 0 0 0 0000 1 L P2s+2,2s+1 |

(5.2.27)

Note that the matrix form of L has changed as it is coupling this new set of ele-
ments. Now these elements are also arranged in the same way as before for the elements
in Eqs.(5.2.8-5.2.10). These elements have one unit of energy more in their bra as
compared to their ket. The independent elements for the one emitter case are pis41,15,
P2s+1,25» P2s,1s> And p1s1125—1. These set of elements form a unit cell and the number of
elements in the unit cell is given by 4™V for the general N, emitter case. Now if this unit
is repeated by increasing the photon number s by 1 each time, then we can arrange the
elements in a vector in the same way. This arrangement, and the nature of the physical
processes, ensures that the elements of each unit cell connects to the elements of its own
cell and its nearest neighbors. Hence the search space for allocating the coefficients of a
matrix element (p1541,15) obtained from Eq.5.2.4 is reduced to a great extent. The state

vector of these unequal energy elements can be created from the previous state vector
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by adding a single photon or incrementing the energy by one unit in every element of

the bra, i.e

£10,10
£20,20
P11,20

£20,11

Pls+1,1s+1

P2s+1,25+1

P11,10
P21,20
P12,20

P21,11

P1s+2,1s+1

P25+2,25+1

(5.2.28)

After the time evolution of the product, pa' for time 7, the a operator acting on the

product of pa' brings back the diagonal which is then summed to obtain g'(¢,7). In

matrix form, apaT is

\/ﬁpn,n 0
0
0 0
0 0
0 0
0 0
0 0

0

0 \/?p21,21 V1.2p21 12
V1.2p1201 V22pia1a

0
0
0

0
0
0

@022,22 V2.3p22,13
V2.3p13,22 \/?Pm,m

0

0
0
0

0

0
0
0
0
0

\/3_2,023,23

o o o o o

o o o o o

o o o o o o
o o o o o o

0 0

0 0
(5.2.29)
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Likewise, the operation apa’ produces equations coupling terms similar to Eqs.(5.2.8 -
5.2.10) because of the two operations on the density matrix, p (Eq.(5.2.11)) produces
a similar matrix form (Eq.(5.2.29)). This product matrix is time evolved by L, which
is of the same form as Eq.5.2.12. Eq.5.2.29 produces the initial value starting from
Eq.(5.2.11). The operator a'a is diagonal and affects only the diagonal elements which
are summed over after the product. There is another non-triviality which arises in allo-
cating the initial values in the matrix p used in line-width calculations. While construct-
ing the state-vector the 2V independent basis vectors (|00s) , [11s) , |01s) , |00s), for the
two emitter case), is stored in a matrix called basis — vector — frame. This is a matrix

in which each row represents a basis state. Since p, a and a' are all represented in this

basis, we can create an entire basis set by filling out a matrix (basis-states) with the unit
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basis-vector-frame, repeated sequentially for increasing photon numbers. In the matrix

form,

basis — states =

1

2

o o o O

S

1

2

o o o o

S

(5.2.30)

Now since each row of the state-vector contains the bra and ket component of the ele-

ments of the density matrix that we are solving for, they can be allocated easily in the

matrix form of p which is required for performing the product, pa'. The photon number

in the bra and the ket component of every element of the state — vector is known and

is given by the NV + 1 and the 2(/N + 1) columns of a particular row. For example, in

the 2 emitter case, the coordinates of the element pyo1 100 is stored in a state-vector row

as [0 0 1 1 00]. As the basis states in the matrix basis-states are also arranged in order

of increasing photon number, the search space for finding the location of the element

Poo1,100 in the p matrix form can be confined to the section of basis states from 0 to 1

photons. Once the location is determined, the row information and column information
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of the matrix is stored in the two vectors row-rho and col-rho respectively. An inverse
process is required for allocating the matrix elements of the product matrix pa' in a
vector form for time propagation using Eq.(5.2.27). This is done in the same way. The
new state-vector, shown in Eq.(5.2.28) however contains unequal energy elements. But
since the bra and ket components are similarly given by every row, their values can be
located using the same technique in the product matrix pa’. The row and the column
information of these elements in the product matrix pa' is stored in vectors row-rhol
and col-rhol respectively and can be recalled for future allocations as the element order
in the state-vector is unchanged for a given truncation photon number.

The photon field-field correlation gives information on phase fluctuations and the

frequency spectrum of emitted light, S(v), may be obtained from Fourier transform

1 o
S(y):—Re/ dre" gt (t,7) (5.2.31)
0

™

The intensity-intensity correlation gives information on photon number statistics. Phe-
nomena such as non-classical states or anti-bunching may be investigated using this
correlation. For zero delay (7 = 0) the normalized second-order correlation obtained

from Eq.(5.2.16) is

_ <aTaTaa> _ ZS S(S - ]-)(st,Qs + pls,ls)

G*(1=0) (aTa>2 (D 8(pas,2s + p1sis))?

(5.2.32)

The Fano-factor, or normalized variance, may also be used as a measure of photon

number fluctuations and is given by
2\ 2
F = (%) = {s)” (5.2.33)
where s is the cavity photon number.
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5.3 Scaling of lasers

5.3.1 Single emitter

We begin by analyzing the case of a single two-level emitter in a lasing cavity. Fig-
ure 5.2 illustrates the steady-state behavior of a single emitter for different cavity losses
as a function of the incoherent pump rate. Parameters used scale within a range corre-
sponding to very recent experiments on single quantum dot [Ref. [28]] and single ion
[[Ref. [29]] lasers. The cavity with the highest optical Q stores the maximum number of
photons and two distinct peaks in the Fano-factor are predicted [Ref. [31]]. As shown in
Fig. 5.2(c), the strong photon number fluctuations experienced by the system near las-
ing threshold pump rates gives rise to the first Fano-factor peak at low pump rates. The
second peak appears due to self-quenching [Ref. [31, 32]] at larger pump rates. This
occurs when correlations required for lasing are destroyed by a strong incoherent pump
and the effective gain is insufficient to overcome the cavity losses [Ref. [31]]. Thus, as
the system undergoes self-quenching, the cavity fails to store lasing photons due to the
presence of a strong incoherent pump and the photon field experiences strong fluctua-
tions. Increasing cavity loss reduces the number of cavity photons and the two peaks in
the Fano-factor collapse to a single peak. A value of Fano-factor or normalized second-
order correlation G?(7 = 0) less than unity signifies amplitude non-classical light which
may exist when there is high cavity loss and low pump rate [Ref. [30]].

The inversion of the single emitter shown in Fig. 5.2(b) has a region of low slope
in the presence of large photon number before it saturates completely. This is a signa-
ture of the carrier-pinning process that occurs in large conventional laser diodes when
driven above threshold. However, in a single emitter laser, the onset of self-quenching

due to incoherent pumping destroys the coherence and reduces the effective gain. The
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Figure 5.2: Variation of steady-state properties of a single two-level emitter coupled to a cavity field
with incoherent pump rate, P, for the indicated values of cavity loss rate x (meV). (a) Mean photon
number in lasing mode. (b) Inversion of emitter showing significant signature of inversion pinning for
low optical loss k = 0.1 meV. (c) Fano-factor for photon number, s. Laser threshold corresponds to
broad peak near P = 1 meV for k < 0.8 meV. Peak due to self-quenching occurs for P > 10 meV.
(d) Spectral line width. The pump axis is in log; scale. Dark solid line (x = 0.1 meV), dotted line (k =
0.2 meV), dash-dotted line (x = 0.4 meV), light solid line (x = 0.8 meV). Parameters : ¢ = 1 meV, v =
0.1 meV, w = 1000 meV.

system tries to compensate by increasing its inversion, fails, and dissipates energy by
spontaneously emitting into modes other than the lasing mode.

As is characteristic of lasing behavior, the spectral line width of the photon field
reduces with increasing number of cavity photons. The cavity with the lowest loss can
attain the smallest line width. Far below threshold the line width is large because of
the presence of a non-inverted absorbing medium [Ref. [31]]. As shown in (Fig. 5.2(d))
the line width decreases with increasing number of cavity photons. As the system starts

self-quenching the line width increases, asymptotically approaching the empty cavity

line width.
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5.3.2 Multiple emitters

Results of our calculations shown in Fig. 5.3 confirm a previous suggestion [Ref. [32]]
that adding emitters that act as independent sources coupled by the photon field is equiv-
alent to making the cavity-emitter coupling, g, stronger. Enhanced coupling provides
more emission into the lasing mode and self-quenching occurs at larger values of pump.
As more emitters are added the position of the two peaks in the Fano-factor become
more widely separated in pump rate. In presence of a large number of photons and as
more emitters are added, self-quenching occurs and the position of the two peaks in the
Fano-factor become more widely separated in pump rate. In Fig. 5.3 the steady-state
behavior is plotted against the normalized pump rate (the actual pump energy flowing
into the system is obtained by multiplying the normalized value, P, by the number of
emitters, NV,).

Due to a stronger effective coupling the peak that occurs at a smaller pump rate shifts
to lower pump rate with increasing number of emitters. Also, with increasing number
of emitters, self-quenching occurs at higher values of normalized pump rate because
photons generated by a given emitter induce transitions in other emitters. Similarly for

inversion, the device with the largest number of emitters has the strongest pinning.

5.3.3 Semiclassical rate equations derived from quantum master

equations

We now compare the full quantum calculations with the steady-state values predicted by
semiclassical rate equations. Here, the semiclassical rate equations are derived from
the quantum master equations under an approximation in which correlations between
emitter and photon operators are factorized. This factorization approximation is valid in

the presence of large photon numbers.
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Figure 5.3: Variation of steady-state properties of multiple two-level emitters coupled to a cavity field
with incoherent pump P. (a) Mean photon number in lasing mode. (b) Net inversion of emitters. (c)
Fano-factor. (d) Spectral line width. Laser threshold corresponds to broad peak with P < 1 meV. Peak
due to self-quenching occurs when P > 10 meV. (d) Spectral linewidth. The pump axis is in log;( scale.
Behavior for different number of emitters is compared. Dark solid line (N, = 1), dotted line (N, = 2),
dash-dotted line (N, = 3), light solid line (N, = 4). Parameters are as in Fig. 5.2 : ¢ = 1 meV, v =
0.1 meV, w = 1000 meV, x = 0.25 meV.

For any system operator O, the equation governing its expectation value can be

derived from the quantum master equation, [Ref. [32]]

o)y i
i = {0, H)+Tr(OLp) (5.3.1)
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For system operators s = a'a, a, o}, and o}, the equations are as follows,

d
- ——ng orat) — {ao )] — w(s), (532)

d> .o,
% = hZQQk O'kCL CLO’k ’Y—i‘P ;Uzk +N P '&533)

d
% = —ﬁzi:gk<0'k>_§<a>y (5.3.4)

+
10— K toaa - 2 o (5.35)

where o, is the inversion of the k' emitter. These equations and its complex conjugates
on being solved in steady-state yield mean cavity photon number (s) and net inversion

above threshold (>, 0.x)

() = 5e (P =) =M D, 5:36)
<;Uzk> = % (5.3.7)

As shown in the previous section, more emitters lead to more photons in the cavity
and hence a better agreement is observed with the semiclassical predictions. This is
similar to increasing the cavity-emitter coupling, g, which also leads to more photons in
the cavity.

The parameters in Fig. 5.4 are modified to produce a larger laser threshold com-
pared to Fig. 5.3. This is done by enhancing the spontaneous emission rate 7y into non-
lasing modes. The cavity with a single emitter supports a single peak in the Fano-factor.
Increasing v reduces the effective gain [Ref. [31]], which leads to a smaller number of

photons in the lasing cavity.
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Figure 5.4: Comparison of steady-state properties derived from semiclassical rate equations and the
full quantum theory. (a) Mean photon number in lasing mode. (b) Net inversion of emitters. (c) Fano-
factor. Threshold for N, > 2 corresponds to peak near P = 3 meV and peak due to self-quenching
occurs for P > 20 meV. (d) Spectral line width. The pump axis is in logyg scale. Behavior for different
number of emitters is compared. Dark solid line (N, = 1), dotted line (N, = 2), dash-dotted line (V. =
3), light solid line (V. = 4). The thicker lines denote quantum calculations and the corresponding thinner
lines denote semiclassical calculations. Parameters : ¢ = 1 meV, v = 2 meV, w = 1000 meV, k =
0.25 meV.

There is good agreement between the predictions of the full quantum theory and the
semi-classical rate equations in regions of large photon numbers as shown by Fig. 5.4(a)
and (b). Disagreement is found near lasing threshold and self-quenching because the

factorization approximation fails when average photon numbers are small.

5.3.4 Semiclassical master equations

It is interesting to compare the predictions of the full quantum calculations with those of
the semiclassical master equations developed in [Ref. [34, 35]]. Figure 5.5 shows

transitions out of (n, s) in the n — s state-space where n is the discrete number of excited
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electronic states in the cavity and s denotes the number of photons. Trajectories of a
biased random walk in n — s state-space are used to sample solutions to the semiclassical

master equations.

|
w s+1f ® ®
5 gns \N\I"
e -l
15 sk . . °
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hc? s1} i o

L L | ——

n-1 n n+1
Electron number, n

Figure 5.5: Transition rates out of state (n, s). g is the dipole coupling constant, —gns is the stimulated
emission rate in the system at photon energy fw, —g(N, —n)s is the stimulated absorption rate where N,
is the maximum number of emitters, v is the spontaneous emission rate into modes other than the cavity
mode and x is the total optical loss rate from the cavity. I is the excited state injection (pump) rate.

The random walk calculations are modified in the sense that the number of emitters
or excited states in the cavity is limited. So current can only pump the system if emitter
excitation is possible. The semiclassical master equations account for energy and par-
ticle number conservation but they do not include phase fluctuations and hence cannot
reproduce the effects of self-quenching which occurs due to suppression of coherence.
However, the method predicts enhanced photon fluctuations around threshold quantified
by the Fano-factor after which, with increasing pump rate, the excitation gets pinned and
the cavity photon number increases. Figure 5.6 compares semiclassical master equation
behavior with the full quantum model and shows good agreement near the threshold
region before onset of quenching. The net excitation is partially pinned at similar values
of pump rate predicted by the semiclassical calculations (Fig. 5.6(b)). The location of

the lasing threshold pump rate, as determined by the first peak in the Fano-factor, is also
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in close agreement with the semiclassical calculations (Fig. 5.6(c)). These results val-
idate the assumption that particle number quantization captures much of the full quan-
tum model of multi-emitter meso-lasers [Ref. [34, 35]] for pump rates below the onset
of self-quenching. There is somewhat less agreement for the case of a single emitter
indicating that it is more sensitive to complete field quantization compared to the multi-

emitter case.
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Figure 5.6: Comparison of steady-state properties derived from semiclassical master equations and
the full quantum theory for different numbers of emitters. (a) Mean photon number in lasing mode.
(b) Net inversion of emitters. (c) Fano-factor. Laser threshold for N, > 2 corresponds to broad peak
near P = 3 meV and self-quenching, which is a pure quantum effect, occurs for P > 20 meV. (d)
Spectral line width. The pump axis is in logyg scale. Dark solid line (NN, = 1), dotted line (N, = 2),
dash-dotted line (N, = 3), light solid line (N, = 4). The thicker lines denote quantum calculations and
the corresponding thinner lines denote semi-classical master equation calculations. Parameters are as in
Fig.54:g=1meV, vy =2meV, w = 1000 meV, x = 0.25 meV.

The semiclassical master equation predictions of lasing suppression around thresh-
old and the associated excited electronic state depinning around threshold found in Ref.

[ [34, 35]] is however absent in the full quantum model for N, identical emitters. This is
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because, in a homogeneous quantum system, spontaneous emission into the lasing mode
has the same coefficient as the net stimulated gain term in the presence of one photon
[Ref. [45, 46, 47, 48]]. The semiclassical master equation is not constrained in this
way and the stimulated gain and spontaneous emission into the lasing mode are taken
as independent phenomenological parameters [Ref. [24, 44, 49]]. The effects of lasing
suppression and bimodal probability distributions may be captured in the full quantum
model by including a saturable absorber in the system. This inhomogeneity provides an
explanation of the origin of the phenomenological parameters used in the semiclassical

master equation.

5.4 Saturable absorber

Inhomogeneity is incorporated in the quantum model of the laser by including a sat-
urable absorber. As illustrated in Fig. 5.7, this is achieved by introducing /N, saturable
absorber material elements, each coupled to the photon field by a coupling constant ¢’
and decay rate 4. This material is not incoherently pumped and it absorbs photons cre-
ated in the cavity by emitters. Once saturated, the system may lase. The Hamiltonian
is
Ne
Hg =wa'a + Zw 121) (2| + g(ora’ + aoyt)

k=1
Na

+ Y w2 (2| + ¢ (owa’ + aoy) (5.4.1)
k'=1
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Including the interaction with reservoirs, the master equation is

N
d 7 K ~ Yk
d_’;) = ﬁ[p’ Hs| + 5(2apaT —alap — pa'a) + Z %(QJkpakT — oxlowp — portoy)
k=1
Ne P Nq ~y
+3 20t poy, — owarp — poror’) Y (204 pot — aptowp — portow)
2 2
k=1 k=1
(5.4.2)
P
Plgl |r
it
> P K
Plogl |r g | —

> N N

|1>

Figure 5.7: System of multiple emitters coupled to a single optical cavity mode in the presence of a
saturable absorber. Illustration is for N, = 3 and N, = 1. Itis assumed g < ¢’ and v < 7.
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As shown in Figs. 5.8 and 5.9, with appropriate choice of parameters, results of the
quantum model are similar to the predictions of semiclassical master equations. A linear
scale is chosen in Fig. 5.8 for easy comparison with our previous results in Ref [34, 35].
The horizontal scale is limited to values of pump less than the onset of self-quenching.
The behavior of a meso-laser with a saturable absorber for pump rates that include self-
quenching is shown in Fig. 5.9.

Figs. 5.8 and 5.9 show bi-modal photon distributions (Fig. 5.8(g)) and excited state
depinning around threshold (Figs. 5.8(b) and 5.9(b)). Emitter inversion (or excitation)
de-pins around the lasing threshold to produce the extra photons required to saturate the
absorber before the system can start lasing continuously at which point the excitation
gets pinned. Photon distribution near the depinned region is bi-modal with a strong peak
at zero photon number indicating strong switching (or blinking) between the lasing and
zero photon states of the system.

The Fano-factor shows a peak around the onset of lasing (Figs. 5.8(c) and 5.9(c))
and the linewidth reduces with increasing photon number (Figs. 5.8(d) and 5.9(d)) both
of which are signatures of threshold behavior. With further increase of pump the system
enters its self-quenching behavior and the number of photons in the cavity reduces, the
absorber loses its inversion and the lasing emitters are pinned at the saturation value.
The probability distributions in Fig. 5.8(g) from the quantum model shows that the peak
at s = ( reduces as the pump is increased. It reaches its smallest value at a pump rate
near the linear region of lasing after which it again starts increasing because of the onset
of quenching. The semiclassical behavior however, loses this peak (at s = 0) and a
single peaked distribution remains and the system does not quench. The normalized
second-order correlation G*(7 = 0) increases in this region of bi-modal distribution

before it reaches a value of 1, showing a Poisson distribution as the system starts lasing.
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Figure 5.8:  Steady-state properties of emitter-photon system in presence of a saturable absorber.
Semiclassical master equation calculations (thin lines) and the full quantum theory calculations (thick
lines). (a) Mean photon number in lasing mode. (b) Net excitation of emitters. (c) Fano-factor. (d)
Spectral line width. (e) Excitation of absorbing element. (f) Second-order coherence at zero delay,
G?(1 = 0). (g) Probability distributions across threshold from full quantum theory. (h) Spectrum at
different normalized pump rates (meV). Emitter elements N, = 3, absorbing element N, = 1. Parame-
ters: g = 1 meV, vy = 0.1 meV, w =1000meV, k =0.1meV, ¢ =4 x g, v/ =100 x ~.

With increase in photon number the spectral linewidth shown in Fig. 5.8 (d) initially
increases before it starts decreasing. This is due to the presence of the absorber. Exper-
iments with semiconductor quantum wire and quantum dot lasers whose active region

is likely inhomogeneous also show an increase in spectral linewidth before a decrease

with increasing pump around threshold [28, 40]. At values of pump rate sufficiently
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Figure 5.9: Steady-state properties of two-emitter system in presence of a saturable absorber. (b) Net
excitation of emitters. (c) Fano-factor. Laser threshold corresponds to broad peak near P = 1 meV and
self-quenching corresponds to the peak near P = 20 meV. (d) Line-width. (e) Excitation of absorbing
element. (f) Second-order coherence at zero delay, G?(7 = 0). The pump axis is in log; scale. Number
of emitter elements N, = 2 and number of absorbing elements N, = 1. Parameters: g = 1 meV, v =
0.1meV, w=1000meV, kK =0.25meV, ¢ =4 x g, v =4 x .

large that the system quenches calculations show that the linewidth is greater than that

of the empty cavity. This occurs because absorber occupation is no longer inverted.
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Figure 5.10 shows linewidth behavior with increasing pump rate below and near
threshold for different absorber coupling strength, ¢’. The case with the smallest cou-
pling ¢’ = 1 behaves similar to a conventional laser. Figure 5.10(d) shows that increas-
ing ¢’ produces a greater broadening of linewidth or enhanced phase fluctuations in the
region below threshold. The photon probability distributions are not bi-modal in this
region. However, at greater pump rates large values of ¢’ create bi-modal distributions
and excitation-depinning. This gives rise to a region of enhanced phase fluctuations
and hence increased linewidth before, with increased pump rate, experiencing enhanced
amplitude fluctuations quantified by the Fano-factor around threshold. Decreasing the
value of 7' reduces the range of pump values over which linewidth increases.

Previous studies of lasers incorporating a saturable absorber, such as [Ref. [52, 53,
54]], make use of the large particle number approximation and/or adiabatic elimination.
This previous work contains some features common to our results including lasing sup-
pression and bimodal photon distribution near threshold. However, the previous work
has no results for meso-scale laser excitation depinning or meso-scale laser spectral line
width, and is unable to predict quenching due to quantum decoherence.

Finally random walk calculations can be performed on larger systems, which show the
novel features predicted by our quantum model. The time trajectories clearly show
the existence of bistable behavior around the threshold region. The enhancement of
spontaneous emission with carrier de-pinning is also observed. The effect gets enhanced

for stronger absorber coupling ¢'.
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5.5 Non-classical light

As described in Ref. [30], low pumping and high cavity losses leads to non-classical

states of light. The second-order correlation, G?(7 = 0) at zero delay is used to identify
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non-classical states. Figure 5.12 plots the variation of normalized second order correla-
tion, G*(7) at (r > 0) for 1, 2 and 3 emitters for high values of photon damping and
low pumps using Eq.(5.2.16). The one atom case shows non-classical behavior as pre-

dicted because, G*(7 = 0) is less than 1. The time variation also violates Schwartz’s
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inequality, G*(7) > G*(7 = 0) [Ref. [15]] and is a signature of anti-bunched behav-
ior. Increasing the number of emitters however removes this non-classical behavior. For
multiple emitters the correlation values at zero delay, identifies them as light sources of
thermal behavior, and the time variation identifies bunched behavior of classical sources

[Ref. [31, 32, 50, 51]].

0 4 T
Time, T (meV )
Figure 5.12:  Time evolution of normalized second order correlation G?(7) for the indicated num-

ber of emitters in the cavity. Parameters: ¢ = 1 meV, v = 0.1 meV, w = 1000 meV, & =
2.5 meV, Normalised pump, P = 0.5 meV.

5.6 Conclusion

The fundamental contribution of field quantization to noise and fluctuations in meso-
scale lasers that include inhomogeneity in the form of a saturable absorber has been
investigated theoretically. Quantum fluctuations in this finite-sized dissipative system
can influence spectral emission line width, suppress lasing, increase particle number
fluctuations, and enhance spontaneous emission near threshold. We have presented the
first numerical simulations of static and dynamic properties of meso-scale semiconduc-
tor lasers using a quantum model with no special approximations (such as weak coupling
between the field and reservoir or a single atom emitter approximation). We have applied

this model to an inhomogeneous meso-scale laser containing /V emitters and a saturable
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absorber and demonstrated existence of carrier (excitation) depinning which has pre-
viously either been ignored or adiabatically eliminated. Our results provide an inter-
pretation of empirically determined values of /3 used in semi-classical meso-scale laser
models [Ref. [49]] as being due to the presence of an inhomogeneous medium and we
have successfully established the connection between the semi-classical [Ref. [34, 35]]
and full quantum description of meso-scale lasers. Our work also provides insight into
the role of phase and particle number fluctuations in determining the experimentally
observed spectral and particle correlation behavior of small lasers [40, 28, 29].

Future work might explore the impact of quantum fluctuations in determining the
temperature sensitivity of very small lasers and compare with its known role in deter-

mining temperature dependence of conventional laser diodes [Ref. [55, 56, 57]].
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Chapter 6

Conclusions

6.1 Conclusions

This chapter summarizes significant contributions of this work and discusses possible
directions for future research.

In this thesis we have investigated various aspects of different laser theories and mod-
ified them to explain the behavior of meso-scale lasers. Lasing is just one aspect of
the more general problem of radiation interacting with matter. Other aspects include
bistability, resonance florescence, etc. The general Hamiltonian of matter interacting
with an electromagnetic field is treated under various approximations which leads to
theories ranging from semi-classical to fully quantum mechanical. In this work we have
mostly focused on the lasing problem keeping the broader picture in mind. Just set-
ting up the Hamiltonian or deriving the governing equations is not sufficient. Various
approximations are required to solve these equations. The approximations made from
physical intuition about large systems leads to meaningful solutions to the problem in
most cases. The other limit of a single atom is also completely solvable. It is the inter-
mediate regime of few atoms and few photons that we are set out to address in this
work. General analytical theories developed to address this meso-regime is constrained
by approximations. In order to avoid this, we have chosen methods of numerical com-
putation to solve the problem. This thesis summarizes the previous work and discusses
new results for the meso-scale, such that a comparison can be made between the two.

The key contributions of this work are the following:
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1. To address lasing in meso-scale systems we have developed a probabilistic theory
based on semi-classical master equations which quantizes particle number. This is
required to go beyond continnum mean-field calculations and describe systems strongly
influenced by fluctuations and correlations. Three different techniques are used to solve
the master equation. One is numerical integration using an Fuler or RK4 method,
which gives information about time evolution. The steady-state solution to this problem
may be obtained by a matrix inversion technique. Both of these approaches involve solu-
tions to coupled first-order differential equations and is numerically cumbersome. Thus
a different method based on a random walk approach is developed to extend calculation
to larger systems. Agreement between solutions obtained by the different techniques is
shown for the meso-scale case.

2. Results of calculations using the semi-classical master equations are compared with
continnum mean-field theories and the differences are explained as being due to the
presence of strong fluctuations and correlations incorporated into the more general the-
ory. Certain values of the parameter ( lead to novel predictions of lasing suppression,
carrier de-pinning and bi-modal probability distributions in meso-scale systems around
threshold as compared to the standard phase-transition behavior shown by a bulk laser.
The de-pinning of carriers is directly related to enhancement of spontaneous emission
in non-lasing modes shown by including another mode for spontaneous emission.

3. Calculation of expectation values in the time-domain show relative slowing as com-
pared to mean-field predictions and is explained by the influence of particle correla-
tions. The data from the random-walk trajectories show strong bi-stable behavior around
threshold as the system switches between a lasing and a non-lasing state. Above thresh-
old these trajectories look similar to the ones obtained from mean-field rate equations
by adding random Gaussian noise. The RIN or frequency domain response predicted

by these two theories are compared and agreement is obtained at higher frequencies.
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The agreement can be explained as due to the same choice of rates as we go from rate
equations to the semi-classical master equations.

4. The semi-classical theory quantizes energy and has a ground-state for the system
(n = s = 0). The theory is an improvement from the continuum mean-field theories
in the sense that it can account for fluctuations through probabilities. However the line-
width information due to phase fluctuation of the light field is missing. Phase of the light
field is an important quantity and is the order parameter for lasing light emission. Thus,
to verify the predictions of the semi-classical theory and to account for phase behavior
a full quantum mechanical theory of N emitters and s photons is required. The basic
starting point is the Jaynes-Cummings Hamiltonian with coupling to reservoirs. This is
the standard approach for conventional quantum statistical theories of lasers. However,
the equations are solved by direct numerical integration without any special approxima-
tion on the choice of parameters.

5. Comparison of results with semi-classical master equation theories shows nice agree-
ment around lasing threshold. The standard predictions of laser theories such as thresh-
old and line-width behavior are recovered in the meso-scale case. Predictions of las-
ing suppression and bi-stable behavior are obtained by inclusion of inhomogeneity in
the model in the form of a saturable absorber. This sheds light on our choice of (3 in
the semi-classical theory which was responsible for similar predicted behavior. Semi-
classical theories and experiments treat the parameter 3 as an independent parameter
[Ref.[44, 49]]. However, quantum mechanically the choice of 3 is strongly constrained.
Thus, small values of 3 in a meso-scale system correspond to an inhomogeneous quan-
tum system containing a saturable absorber. In contrast with the treatments of bulk sys-
tems with saturable absorbers where the emitter excitation information is eliminated by

an adiabatic approximation, our quantum theory accounts for particle excitation directly
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and shows emitter de-pinning around threshold. Semi-classical random walk calcula-
tions show strong switching behavior around threshold and enhancement of net sponta-
neous emission in non-lasing modes. Line-width enhancement below threshold is also
predicted in inhomogeneous meso-scale laser systems. This is in direct contrast with
bulk inhomogeneous calculation which shows only line-width narrowing with increase
of cavity photons.

6. Calculations of non-classical effects such as sub-Poisson behavior and antibunching
of the light field is performed in the presence of multiple atoms using the second-order
correlation function, G?(7). Addition of emitters removes the non-classical effects seen

in the case of a single emitter.

6.2 Future directions

The semi-classical model may be used to describe meso-scale systems when the phase-
information is not important. However, the quantum model is more complete in this
sense. The only approximations are the rotating wave approximation - which conserves
energy, Markovian approximation - which is valid for systems in contact with large
reservoirs, dipole approximation - which assumes the field is constant over the emitter
and independent emitter. The dipole approximation can be modified in the multi-emitter
case by choosing different coupling constants for each emitter, thus accounting for spa-
tial inhomogeneity. This is a possible degree of freedom and is utilized in our saturable
absorber model. Other than that, the computational technique allows independent con-
trol over all parameters influencing each emitter. The influence of these parameters in
homogenous multi-emitter system is similar to the one emitter case. However the inde-
pendent choice of parameters in an inhomogeneous system can be utilized in searching

for systems exhibiting non-classical phenomena. The model may be modified to study
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the effects of decoherence of the emitter levels. More complicated systems of multi-level
emitters (> 2) and multi-mode field can be studied by extending the current formalism.
Finite temperature effects can be investigated by using finite temperature reservoirs.
Our current work involves utilizing this quantum model to study an optical link consist-
ing of an emitter, light guide and an absorbing detector. This is the ultimate microscopic
limit of an analog optical link. The work is to focus on studying noise properties of
these systems. Another technique using feedback could be utilized in modifying the
phase and intensity correlation behavior of single mode light fields. This is analogous
to the homodyne detection schemes used in recovering phase-modulated signals. The
classically equivalent problem may be solved using scalar light fields. But the quantum
case involving quantum fields with few photons poses a challenge because of statistical
averaging using density matrix. One might also investigate the effect of feedback on a
quantum field and try to control it to produce non-classical behavior.

Also the techniques employed involve time-evolution to steady-state. Thus, temporal
data for this problem is available and can be controlled to produce non-classical behav-

ior, such as anti-bunching, by time-varying different parameters of the model [Ref. [31]].
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Appendix A

Evaluation of multi-time correlation

functions

The technique for calculating multi-time correlation function for Markovian systems is
reviewed following the work of C. W. Gardiner [Ref.[26]]. Calculation of line-width
(field-field), intensity-intensity correlation require statistical averages of two-time cor-
relation functions of light field operators. In general the correlation function is of the

form

(A(t+7)B(t)) = Trs[Trr[A(t + 7)B(t)ps @ prl] (A.0.1)

The system operators A and B are evaluated in the Heisenberg picture. Showing explicit

time dependence Eq.(A.0.1) can be written as,
(A(t +7)B(t)) = Trg[Trg e HT/h Aem HEAT)heilit/h po—iht/h, @) 1] (AL0.2)

The equation includes reservoir variables and we would prefer to express this in terms

of system variables only. This is done by writing Eq.(A.0.2) as,

(A(t + 7)B(t)) = Trs[ATrr[e " T™/"Bpyora () e/ (A.0.3)
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A is unaffected by the trace operation over reservoir variables and we have used the

cyclic property of trace in the derivation. The equation of motion for a term

X(7,t) = e P Bpora (t)e " (A.0.4)
in terms of 7 is
OX (1.t
ih% = [H, X(r,1)] (A.0.5)
.

Following the derivation of master equations for system density matrix pg, it can be
shown that T'rg[ X (7, t)] also obeys the Master equation (Eq.(5.2.5)) as a function of .

The time evolution operator L for the master equations can now be used to write,

Tre[X(r,t)] = L(t+7,t)Tra[X(0,t)]

= L(t+7,t)[Bps(t)] (A.0.6)

where in this case p(t) is in the Schrodinger picture. The final form of the correlation

function is given by,
(A(t + 7)B(t)) = Trs[AL(t + 7, t)[Bps(t)]] (A.0.7)

The evolution operator acts on everything to its right. As we use the evolution operator
in the interaction picture an additional time dependence due to the free Hamiltonian
of the system should be included. In the case of resonance, this adds an extra time
dependence of e~*T in the field-field correlation as the two operators a(t) and af (¢ + 7)
are seperated in time by amount 7. w is the frequency of the field. However in the

intensity-intensity correlation, this dependence cancels out, as in this case we have the
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product of operator apa’ and time dependent terms from a and a' cancel due to opposite
signs.

The formula for calculation of multi-time correlation of this type is given by [Ref. [26]]

(Ao(50)A1(51) oo Am(832) B (tn) Bur (tn1.ve.. B(t)) =

A~

Trs[fo L7y, To1) froa L1, Toa) oo (1, 70) fop(to)] (A.0.8)
where f;p = F;pif F; is one of the B’s and f;p = pF; if F; is one of the A’s, and
To< T <To < eenneen. < T, (A.0.9)

Here p is the density matrix of the system (emitter-field).
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Appendix B

Runge-Kutta method

The RK4 treatment is reviewed following the treatment in [Ref.[24]]. Most of the prob-
lems studied in this work require solution of coupled first order differential equations of

the form

d
Y0 = filt.y1, 92, - yw) (B.0.1)

where j runs from 1 to V. The equations are time-evolved by numerical integration
from a given initial condition. The formula for time evolution using single step Euler

method is,

Ynt1 = Yn + hof (tn, yn) + O(h3) (B.0.2)

where h is a single step. The derivative information f(¢,y) at the begining of the
interval is used to make an estimate of the solution. The error O(hZ) made in each step
is only one power of hy smaller than the net change ho f (t,,, Yn)-

A better estimate of the derivative can reduce this error. This is done by estimating the
derivative at different points in the interval. The method becomes accurate if the final
estimate of the derivative, f(t,y) leads to cancellation of first order and some higher

order terms. This is achieved using the fourth order Runge-Kutta method which makes
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four estimates of the dervative for each step. The time evolution formula using fourth

order RK4 method is

ky ko ks kg4 5
4+ =40 B.O.
yn+1—yn+6+3+3+6 (ho) (B.0.3)

where

ki = hof(tn, yn) (B.0.4)

is used to make an estimate of the change using derivative at the first point.

h k
@zmﬂm+;%+§> (B.0.5)

is used to make an estimate of the change using the derivative at midpoint determined

by k1/2 and hy/2.

h k
m=mﬂm+§%+§> (B.0.6)

is used to make a better estimate of the derivative at midpoint using k2/2 and ho/2.
ka = hof(tn + ho, yn + k3) (B.0.7)

is used to evaluate the derivative information at the end point using ks.
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