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Quantum Injection Dots

Eliade Stefanescu
Center of Advanced Studies in Physics of the Romanian Academy
Romania

1. Introduction

In optoelectronics, quantum dots are essential elements for coupling a device to an
electromagnetic field in the infrared domain of the frequency spectrum. Such a dot is a small
semiconductor region, with a forbidden band specific to a given application, embedded in
the active i-region of the p-i-n junction of a laser structure (1), or in the sensitive i-region of
the p-i-n junction of a photovoltaic structure (2). These quantum dots have the advantage of
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Fig. 1. Quantum injection dot with the energy levels E; and Ey, in a Fabry-Perot resonator
with transmission coefficients of the mirrors 7y = 0 and 7 > 0. By quantum transitions
between these levels, a super radiant electromagnetic field with two counter-propagating
waves of amplitudes G and /1 — 7 G is generated.

being feasible for a large class of applications (transition frequencies). However, they have
the disadvantage that, being embedded in a bulk region, any injection or photovoltaic process
includes transport processes through the active (sensitive) region, which are very dissipative.
In such a system of quantum dots, an injected electron in the bulk active region of a laser
structure has a large probability to recombine with an electron hole before reaching a quantum
dot, where this electron becomes an active one, contributing to the laser field generation.
Similarly, an optically excited electron in a quantum dot of a photo-voltaic bulk active region,
has a large probability to meet another quantum dot, and to decay in the ground state of this
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quantum dot before reaching the quasi-neutral zone of the n-region, where this electron brings
its contribution to the generated current.

In this chapter, we deal with a different kind of quantum dots (figure 1), as basic elements of a
new class of power optoelectronic devices, devoted to the conversion of the environmental
heat into usable energy (3-6). Such a quantum dot is substantially different from a bulk
quantum dot (1; 2). These dots are deployed in double arrays of donor-acceptor pairs of
impurity atoms placed in quantum wells at the two sides of the i-region of an n-i-p junction.
The quantum dot density has an appropriate value to include the whole internal field of the
semiconductor junction in the quantum dot region, i.e. between the two impurity arrays
forming this region. Otherwise, spatial or mobile charge layers arise at the external sides of
the two quantum wells, altering the distance E; — Eg between the two ground energy levels
of these wells. Thus, in a process of current injection, or of an optical current generation, the
electrons traverse the internal field region by quantum transitions between the two levels of
interest (see figure 1).

In section 2, we derive explicit expressions for electric potentials, energy levels in these
potentials, wave-functions, the quantum dot density, and transition dipole moments,
which determine the strength of the coupling of a quantum dot to a quasi-resonant
electromagnetic field, and to the dissipative environment. We obtain operation conditions
for the characteristics of the separation barriers.

In section 3, we consider the dissipative couplings of a quantum injection dot. We describe the
dissipative dynamics of such a quantum dot by a master equation for a system of Fermions,
coupled to a complex environment of other Fermions, Bosons, and the free electromagnetic
field (7). This equation depends on analytic dissipative coefficients, describing correlated
transitions of the system particles with the environmental particles, transitions stimulated
by thermal fluctuations of the self-consistent field of the environmental Fermions, and the
non-Markovian dynamics induced by these fluctuations. We derive explicit expressions of
the dissipation coefficients as functions of universal constants and physical properties of the
semiconductor structure: effective masses of electrons and electron holes, concentrations of
donors and acceptors in the conduction regions, transition frequency, dipole moments, crystal
density, elasticity coefficient, geometrical characteristics of the semiconductor structure, and
temperature.

In section 4, we consider the dissipative dynamics of an electromagnetic field interacting with
the quasi-free electrons of a semiconductor structure. By a method previously used in (7), we
obtain a master equation with coefficients depending on frequency and the effective masses,
transition dipole moments, and densities of states of these electrons. We derive field equations
coupled to the polarizations of the system of active Fermions, with explicit expressions of
the coupling and absorption coefficients, as functions of the physical properties of the active
quantum dot system, and characteristics of the dissipative environment.

In section 5, we derive equations for the density matrix elements of a quantum injection
dot interacting with a quasi-resonant electromagnetic field. We obtain equations for the
amplitude mean-values of the forward and backward electromagnetic waves, propagating
in a Fabry-Perot cavity which includes a system of such quantum dots. We derive optical
equations for a system of quantum injection dots in a resonant Fabry-Perot cavity, with
an additional term in the population equation, for describing a current injection in the
semiconductor structure (3-5).
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In section 6, we present the concept of quantum heat converter, as a device based on systems
of quantum injection dots. This device is conceived in two versions: (1) longitudinal quantum
heat converter, where the electromagnetic field propagates in the direction of the injected
current, i.e. perpendicularly to the semiconductor chip (3; 4), and (2) transversal quantum
heat converter, where the electromagnetic field propagates perpendicularly to the injected
current, i.e. in the plane of the semiconductor chip (3; 5). Any of these versions could be
preferred in specific applications. We derive analytical expressions of the super radiant power,
as a function of the injected current, dissipative coefficients, coupling coefficient, number of
super radiant transistors, transmission coefficient of the output mirror, and the geometrical
characteristics of the device. We get operation conditions for these parameters. We describe
the super radiant dissipative dynamics of a quantum injection dot, when a step current is
injected in the device.

In this chapter, we present an analytical model depending only on material and geometrical
characteristics, temperature, and universal constants.

2. Physical model

The essential problem of any optoelectronic device is the coupling of an electric current to
an electromagnetic field. As a function of the roles played by these physical quantities into
the input-output characteristic, one can conceive two kinds of devices. In the conventional
optoelectronics, a device with the electric current as an input and the electromagnetic field as
an output, if this field is not coherent, is called LED. If the output field is coherent, it is called
laser. Conversely, if the electric current is the output, depending on an input field, the device
is called photodiode, or photovoltaic cell if it is a power device, devoted to the electric energy
production.

The new field of the heat conversion optoelectronics, includes two similar kinds of device. In
this case, the radiant device is called quantum heat converter (3-5), while the photovoltaic
device is called quantum injection system (6). Both kinds of such devices are based on an
electron-field interaction with a potential V in the total Hamiltonian

H=H; +H 1V, 1)

including a term for an electron with the electric charge —e in an electromagnetic field with
the vector potential A,

P+ eA)?
1S 1l (P > D)
V=" UM, @
and the Hamiltonian of this field which, for the system represented in figure 1, is of the form
Hf = hw(atay +ata_ +1), (©))
where a4 — ai, a_ — at are the creation-annihilation operators of the two

counter-propagating waves. In equation (2), we distinguish the Hamiltonian of the
electron in the potential U(7) of an active quantum dot

72

s_ P 2
Hy = o+ UuQ) = Zi:eic;rci, (4)
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and the interaction potential
e —
V=—pA
AP (5)

while the term in A2 is negligible in the non-relativistic approximation. This potential depends
on the electron momentum

p=iM Zw,-j?i]-c;’c]-, (6)
if
and the vector potential
7S ZK <a+€ikx e ai—eikx> , @
of the electric field
E= ih%dlz <a+eikx - aie_ikx +a_e ai’eikx) . (8)

In these expressions, M is the electron mass, cj’ —cj are Fermion operators, wjj are transition
frequencies of the active electron, 7;; are dipole moments, w is the frequency of the field, and

= — A
K—ly\/ocv 9)

is a vector in the y-direction of this field, depending on the wavelength A, the fine structure
constant o = #zohc =~ 117, and the quantization volume V.

From (5) and (6), we notice that the electron-field interaction of the system depends on the
transition dipole moment

71 = Pig = /V ¥, 7, d°F, (10)

where
Yi(x,y,z) = P1(x)p1(y)x1(2) (11a)
Yo(x,y,2) = Po(x)Po(v)x0(2) (11b)

are eigenfunctions of the Hamiltonian (4), for the ground states of the two quantum wells.
For the potential U(7), we distinguish seven regions, of four GaAs quantum wells, and three
AlGay_,As potential barriers, determined by the impurity concentrations of these regions
(see figure 1). For the two thick conduction regions with the potentials U, and U,, we use a
three-dimensional model, with a quantization volume V;, = 1/Np for the n-region of donor
concentration Np, and V,, = 1/Ny4 for the p-region of acceptor concentration N,. In these
quantization volumes, for an electron with the effective mass M;, and an electron hole with
the effective mass M, we consider the densities of states (8)

2M:731/2
g (Eq) = Vn VM, 2 5 VEa (12a)
T%h
V2M3/?
T2h
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and the occupation probabilities of these states with the kinetic energies E,:

n _ 1 o (U+E)/T
U (Bx) = e(UAE)/T 41 7 e : (13a)

_ 1 o —(—U,+E)/T
FP(E,) = Tyl ok ( /T (13b)

where approximate expressions are taken into account for the usual case of a non-degenerate
semiconductor. Considering the integral of the number of particles occupying the states of a
quantization volume, one gets the two potentials

3
U.(T) = Tln %DT) N(T) =2 <7thT/2”> (14a)
3
Uy(T) = —Tln %{? Ny(T) = 2 (7%;/2”) . (14b)

For the very thin layers of the quantum wells and potential barriers, we use a two-dimensional
model. For a quantization area A., in n and p regions, one gets the densities of states

g = A, fi’; (15a)
M
¢ = A, ﬂh’;. (15b)

By using the Fermi-Dirac distribution in the particle number integral, we obtain expressions
similar to (14) for the potentials of the two GaAs quantum wells, as a function of the surface
quantum dot density N,

n'thg
Ui(T) = —Tln <e MaT — 1> (16a)
mhNe
Up(T) = Tln <e M 1> . (16b)

Similar expressions are obtained for the separation barriers, as functions of the donor and
acceptor arrays with concentrations N3, Ny embedded in the very thin Al,Ga;_,As-layers of
these barriers,

mh? Ny
Us(T) = —Tln (eMnT - 1) (17a)
2N,
Uy(T) =Tln | e™T — 1], (17b)

and for the potential barrier U between the two quantum wells,

Up(T) = —Tln (e™T —1), (18)
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with a slight donor concentration Ny, controlling this potential. For these wells, we consider
harmonic wave-functions with exponential tails in the neighboring barriers

P1(x) = Aqcos {kl(xo — x) — arctan % , x1<x<xg (19a)

1x) = Al ue_’xl(x_xw’ X0 S X S Xo (19b)
4 Uy — Uy

1(x) = Al ue_“?;(xl_x), X3 S x S X1 (19C)
¥ Us — Uy

and
Po(x) = Apcos {ko(x — Xxp) — arctan i—o} , xp<x<xy (20a)
0
o(x) = Ag ﬁe‘“m‘”, X0 <x < xp (20b)

—E
o(x) = Ag %6_0‘4(9{_9{4), xy < x < x5, (20c)
| Uz — Uy

while the tails beyond these barriers are neglected. These wave-functions depend on the
wave-numbers

1

ki = E\/2MH(E1 —uy) (21a)
1

ko = = 1/2M, (Uz — Eo), (21b)

attenuation coefficients

1

m1 = 2 /2Ma(Uo — Eq) (222)
1

xp = %\/ZMp(Eo — Ugo) (22b)
1

a3 = 2 \/2Mu(Us — Eq) (220)
1

ag = =/2My (Eo — Uy), (22d)

and normalization coefficients

-1/2
A =V2 [xo — X1 f ( ! ! )] (23a)

+ +
V2My \VUy—E1 U3z —E4
h 1 1 2
Ag= V2 |xg—x2 + ( + ) , (23b)
[ V2M, \ VEo — Ug E,— U,
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while the energy eigenvalues are given by the equations:

2
h? Uy — Eq Us — Eq
Ei—U = t t 24
1 1 2M (10 — 11)2 (arc an E =1, + arctan E — U (24a)
h? ETAY
Up — Eg = t t 0 =4 . 24b
> 0 2Mp(x4 ) (arc an Uz — EO 0 4 arctan U — Eo) (24b)

We take the two energy eigenvalues as E; = U;, Eg = Uyp. In this case, the whole internal
potential of the n-i-p junction is included on the distance d between the two charge layers of
the quantum dot region, which means a quantum dot surface density

E1 —Eo
while this distance can be approximated as
1
d= E(xz—xo+X4—x1). (26)

The energy levels E; = U, and Ey = Uy can be obtained from (14), as functions of the donor
and acceptor concentrations Np and N4 of the conduction regions. By choosing appropriate
values for the separation and quantum dot barriers, from (17) and (18) one gets the surface
concentrations N3, Ny and Ny of these barriers. With the widths x; — x3 and x5 — x4, the
separation barrier must have a higher penetrability P than the necessary value to provide the
injected current I through the device area Ap, which means that the density of this current
must be smaller than the thermal current %eN pouTP emergent from a unit volume with the

thermal velocity vt = /T /M, and crossing the barrier. We get the conditions

1 eNpA T

az(x) —x3) < 5 In (% ﬁ) (27a)
n
1 eNjgA T

ay(x5 —x4) < §In< 21 D ﬁ) . (27b)
p

Thus, a quantum injection dot is a two-level system, with the energy levels Epand E{, in a
quantization volume shaped as a parallelepiped with the basis area A = 5 and the height

x5 — x3. In this volume, we consider the two wave-functions (19)-(20) for the coordinate x,
while, for the coordinates ¥ and z in the plane of the quantum dot array, we consider the
wave-functions ¢1(y), ¢o(y) and x1(y), xo(y), describing a thermal motion with an energy
mean-value T. For a longitudinal device, when the electromagnetic field propagates in the
direction x of the injected current, the electric component E, of this field is coupled with the
component yg; of the transition dipole moment of the system between thermal states. For a
transversal device, when the electromagnetic field propagates in a direction y perpendicular
to the direction x of the injected current, i.e. in the plane of the quantum dot array, the electric
component Ey of this field is coupled with the transition dipole moment x(; between the two
states (19)-(20) of the system. These dipole moments also determine the dissipative couplings
of the quantum dot. They essentially depend on the width x; — x of the quantum dot barrier
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of height Uy, which determines the overlap of the two wave-functions 1 (x) and g (x). When
this width is chosen for reasonable values of the electron-field and dissipative couplings, and
N3, Ny for reasonable values of the separation barriers satisfying the conditions (27), from
equations (16) and (24)-(26) the geometrical characteristics xgx1, X2, x3, x4 are obtained.

As an example, for a concentration Np = N4 = 3.16 x 10'® cm~2 of a super radiant junction,
working at temperature T = 10 0C, we get a transition frequency E; — Ep = 0.1866 eV. A
quantum dot Aly37Gag g3 As-barrier of Uy = 0.5 eV is obtained for a surface concentration of
Ny = 6.4243 x 10° m—2 donors, and separation barriers of Uz — U, = Uy, — Uy = 0.05 eV
are obtained for the surface concentrations of these barriers N3 = 8.01 x 1013 m~2 and N; =
2.552 x 10'3 m~2. For a width x, — xo = 5.5 nm of the quantum dot barrier, we get a quantum
dot surface concentration N, = 1.476 x 10'® m~2 and the widths of the two quantum dot
wells xg — x; = 4.189 nm and x4 — x = 1.576 nm, while separation barriers with widths
x1 — x3 = 10 nm and x5 — x4 = 3 nm satisfy the conditions (27) for an injected current I = 45 A
in a device with an area Ap = 4 cm?.

3. Dissipative dynamics of quantum injection dots

We consider a quantum injection dot with two energy levels Eq, Ey, coupled to a super radiant
tield and a complex dissipative environment of a semiconductor structure as it is represented
in figure 1: (1) the quasi-free electrons of the n-conduction region x < x3, (2) the quasi-free
holes of the p-conduction region x > x5, (3) the phonons of the crystal at temperature T, and
(4) the photons of the free electromagnetic field existing at temperature T (see figure 2). In (3)

n-region quantum -region

- quasi—frege electrons q% - quagi—fr%e holes

Vi t%: VP
k
------------------------------------ El /3
Ry Eo ~
. Krep -

v, Ee (0| V") (Ro) |1) (a0| V(P (Ry)|B1) By,

Eg B

~L,/2 0 Ly/2

Fig. 2. Dissipative couplings of a quantum injection dot to the environment. A decay

|1) — |0) of the active electron is correlated with: (1) a transition |8) — |«) of a quasi-free
electron in a quantization volume V), (2) a transition |) — |«) of a quasi-free hole in a
quantization volume Vp, (3) a phonon creation with a wave vector kp, and (4) a photon

creation with a wave vector EFEP
we showed that, for a semiconductor structure with the characteristics mentioned at the end of
the preceding section, the decay rate corresponding to the phonon environment is dominant,

the decay rate due to the conduction electrons and holes is smaller, while the decay rate given
by the free electromagnetic field is negligible.
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We consider a system of interest, including a system of Fermions S with the Hamiltonian Hg
and an electromagnetic field F with the Hamiltonian H', in a dissipative environment with
the Hamiltonian HE. Taking into account a potential of interaction V between the Fermion
system S and the field F, and a system-environment potential VE the dynamics of the total
system is described by an equation of motion of the form:

2RO = —1 V() +eVE (), (1)) 28)

In this equation, tilde denotes operators in the interaction picture, e.g.

7(t) = ot (HE+Hg+HF)tX(t)ef%(HF+H5+HE)t. (29)
According to a general procedure disclosed in (9), we take a total density of the form

() =R pt) +ex V() + 272 (1) + ..., (30)

where p(t) is the reduced density matrix of the system of interest, while R is the density matrix
of the dissipative environment at the initial moment of time, t = 0, the time-evolution of the
environment being described by the higher-order terms {1 (t), §(2)(t), .... The parameter ¢ is
introduced to handle the orders of the terms in this series expansion, and is set to 1 in the final
results. The reduced density of the system is

p(t) = Tre{x(t)}, (31)
while the higher-order terms of the total density have the property:
Tre{xW} = Tre{x¥} = .. =0. (32)

If initially the environment is in the equilibrium state R, the density matrix of the total system
is of the form x(0) = Rp(0). We suppose that at time + = 0, due to the interaction V of the
system of Fermions with the electromagnetic field, or due to a non-equilibrium initial state
p(0) # pr, a time-evolution begins, while the reduced density satisfies a quantum dynamical
equation of the form

d S(1) 7~ 5(2)/ ~

00 =B (@p(1),8) +EBD(p(1), 1) + .. . (33)
From the dynamic equation (28), with expressions (30)-(33), we obtain the quantum master
equation

%p(t) —~ —%[H,p(t)] —i)_Gijleiej (1))
ij

+ LAl (), e ] + e} ¢ p(t)e i) -~
)

t . / 1 / : / 1 /
+Z€ij€kl/t T[cjcj,eﬂ[‘i’(t)*ﬁHg(t*t)][c]jcl,p(t’)]el[‘?(fHﬁHg(t*t Mar,
ijkI -

where the coefficients

Gij = ;M Ylp /(a)<wi|(VF)2\wj>f£ (ea)8% (a)dea (35)
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describe transitions stimulated by the thermal fluctuations of the self-consistent field of the
YF environmental Fermions in a certain quantization volume - hopping potential (10), ¢(t') is
a phase fluctuation operator, while the coefficients

Aij = AL+ AL+ (36)

describe correlated transitions of the system Fermions with environment particles, including
explicit terms for Fermions, Bosons, and photons of the free electromagnetic field. These terms
depend on the dissipative two-body potentials V¥, VB, the densities of the environment states
¢F (ex), g% (e4), the occupation probabilities of these states fF(e,), f?(e4), and temperature T.
For a rather low temperature, T < ¢ jis j > i, these terms become

MG = 2 il VEIB) 201 — 7 (ejo) )" (e (372)
MG = 21 il VEIB) 27 (eji)g" (e, (37)
for the Fermion environment,
AB = 21wl VB IB]) P+ £ (e g e (38a)
/\ﬁ = E|<0‘i|VB|,Bj>|2fB(5ji)g§(€ji) (38b)
for the Boson environment, and
Vij = Ci;‘l?, 7ij 25}2(1 + esf/;—l) (39)

for the Boson environment of the free electromagnetic field, where 7;; are the transition dipole
moments. The dissipative terms of the master equation (34) with coefficients (36)-(39) describe
correlated transitions of the system and the environment particles, with energy conservation,
€ji = €q4p, In agreement with the quantum-mechanical principles and the detailed balance
principle (11). The non-Markovian part of this equation takes into account the fluctuations of
the self-consistent field of the environment Fermions, with the coefficients (35).

A significant component of the dissipative dynamics comes from the Coulomb interaction of
the active electrons, mainly located in the interval (x3, x5), with the conduction electrons and
holes in the conduction regions (—oo,x3) and (x5, +0c0), respectlvely (figure 1). We use the
notations 7 for the position vector of an active electron, and Ry + R for the position vector
of a dissipative electron (hole), where Ry is the position vector of an arbitrary n (p) cluster,
and R = T,X + TyY +1,Z is the position of an electron (hole) in this cluster (figure 3). In
this case, the Coulomb potential in a first-order approximation of the two-body term RF =
Xx+Yy+Zzis

VE(R,7) =

ahc __ ahc (1+Xx+Yy+Zz>' (40)

[Ro+R =7 |Rol R
From this expression, only the second term, bilinear in the coordinates of an active electron

and of an electron (hole) of the environment, yields contributions in the two-body transition
matrix elements of the decay (excitation) rates (37):

VE(Ry, R, 7)=V"(Ry, R, 7) = —VP)(Ry, R, 7) = ahe S (Xx + Yy + Z2). (41)

Rol?
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n-dissipative clusters p-dissipative clusters
/ i / /
/ / ,/ /
/
// /| //
Quantum dot y 4
4 /
N 1 >
—Rpx3 /’0 X5 R4 y /
- / A /
R, - . ’
b
R /
// /| //
/
// /| //
-1/3 -1/3
IN51/3) N,

Fig. 3. The electron of a quantum injection dot is coupled to the quasi-free electrons of the

n-dissipative clusters (n-region) and quasi-free holes of the p-dissipative clusters (p-region)
by an electric dipole-dipole interaction: vE (Eo, R, 7) = |"1i{h|c3 R7.
0

From the wave-functions derived in the preceding section, we obtain the dipole moment of a
quantum dot:

¥ x) [ X2 — Xp 1

=y (250 ) (422)
¥ ¥ x h

y((n) = Z((n) = C((”)Z\/M—nT (42b)

(F) _ (%) _ (0 ]
Yie' =%l = Gy 2 /M, T’ (42¢)
as a product of the overlap function
(x) | AlAO (El - Ul)(U2 1 EO) —le(xz—xo) —060(3(2—.’)(0)
Cyy = e —e . 43
ot “O_“l\/(uo_ul)(UZ_uOO)< ) )

and a quantity that we call the state separation distance. At the same time, with the initial and
the final energies E g = T/2, E, =E g+ €10, We obtain the dipole moments for the n-zone

(n) () ) h 2e10+ T N 2h
Xep = Yop =Zup = 810\/ M, \ Muwy’ (44
and for the p-zone,
(P _ ) _ ) _ R [20+T | 20
Xap = Yop' =Zap = o) M, T\ Mpwo’ @)
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where we used the notations ejp=hwo=E; — Ey. With the quantum dot dipole moments
(42), and the environment dipole moments (44)-(45), we calculate the matrix elements of the
two-body potential (41). With these matrix elements, from (37) with the densities of states (12)
and the occupation probabilities of these states (13), one obtains the dissipative coefficients
for the coupling of a quantum dot with a dissipative cluster. By integration over all clusters of
both hemispheres of the n and p conduction regions, with the quantization volumes V;, = ]\}D

and V), = N, as differential volumes in these integrals, we obtain the dissipation coefficients
3):
N (*)2,,2
a2c2\/2My (e10 + %) lcgy 121 (46a)
; (NDm . ) €32 (¢~ (Uete0)/T 4 1)
1202 (*)2,,2
o?c2\/2My (e10 + %) |cgy’ 121 (46b)
2 (NDzl/s > 3(/)2(6(UC+£10)/T +1)
W22 M (e (x)12,2
c \/7( 10+ 7)leg) (46¢)
3 (NAzm ) £1° (e (Hhrrenl/ T4 1)
4022 /2y (e10 + §)Icl}) i3
\/7 (e10 + 3 )lcor 14y , (46d)
1 3
3( / +x5> efq” (el ~tetan)/T 4 1)
where
2 X2 — X 1 f 2% ! "
) - B , 47
Kol < 2 040—061+ M,J)( 2 wo—“1+\/m )

is the square of the separation distance of the two states ¥ (7) and ¥1 (7). From (35), by similar
calculations we obtain the fluctuation coefficients of a quantum dot in the self-consistent field
of dissipative clusters:

)12 e2EMY/2T3/2 _ NF3A%(xd — 23) + -] (482)

) = 3607/ 27tH° Si/3 5 ?
NgNC < — x3 + xo‘;"“)

L2 _ CEMYPTYE  NYPIAT (R — ) + i)

i = 360727 N3 5 (48b)
NgNz; ( A2 + X5 - XO§X1>

Cm12 a2EMY2T32 NEP[AR (6] — x3) + ) .

0] = Seomvaa® N1/ 5 (48¢)
NN ( D— — x5+ —x4§x2>

Q?_ CEMPTR  NPIAR ) ¢ )

[é'oo ] T 360720 N-1/3 5° (48d)

NgNy < AZ + x5 - —X4-5X2>
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The Markovian dissipative coefficients (46) describe a very strong, exponential decrease of
the decay rate with the width x; — x( of the quantum dot barrier, given by the square of the
overlap function (43), and a strong decrease with the distances x3 and x5 of the quantum dot
separation from the two conduction regions, which enter at the denominators with power 3.
The non-Markovian coefficients (48) describe a very strong decrease of the fluctuation rate
with the separation distances x3 and x5, which enter at the denominators with power 5.

The coupling of a quantum dot electron with a vibrational mode « is described by the potential
matrix element (3):
My 1
VEP _ VEP 1 _hw3/2 01 Lo | 49
0la 10« 0 /Mh/2 ( )
where M is the mass of the phonon quantization volume Vp. For the density of phonon states
of energy fiwy, we obtain an expression similar to (12):

\/§ M3 /2
gp(hwy) = Vp——=—/hwo. (50)
th
We consider the sound velocity v from the phonon wavelength expressions
v 2mv  2mho 27 2mth
Ap=-—=""= , Ap=""+— = ———, 51
Py w €10 "= kp V2Meyg oy
and the crystal density
22 h?
_ M _ 2wt -
VP Vp)\Pelo
With (49)-(52), from (38) we obtain the decay (excitation) rates
2.5 (*)12,,2
prog lZeem e 1P (53a)
nh®c4v3D 1 —eew/T
()12, 2
Lo EZed ) o1 "1 (53b)

kb3 D  ee/T — 17

where E, = Mc? is the rest energy of the electron, and v is the sound velocity, which can be
calculated from the Young elasticity coefficient E and the crystal density D:

E
~4 —. 54
v/ (54

We notice that both systems of dissipation coefficients (46) and (53) are proportional to the
squares of the state separation distance and overlap function. Expressions (53) describe a very
strong dependence of the decay rates on the transition energy ¢1g, being proportional to this
energy with power 5. However, they are valid for phonon wavelengths much larger than the
distance between the atoms of the crystal lattice. Otherwise, the number of the density modes
can no more be treated as a quasi-continuous function of frequency, and the probability of any
non-resonant interaction vanishes (Mosbauer effect). We also found that for the rather low
transition energies specific to the quantum injection dots, the decay rate due to the phonon
coupling is rather low, e.g. for the structure presented at the end of the preceding section
with e19 = 0.1866 eV, we got Agl = 2 x 107 s71. As we found by direct calculations (3), for
the quantum injection dots, which are separated by potential barriers from the conduction
electrons, the decay rate due to these electrons is much lower than the decay rate due to the
coupling to the phonons of the crystal lattice vibrations.
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4. Dissipative dynamics of electromagnetic field

The operation of a semiconductor device with quantum dots interacting with a quasi-resonant
electromagnetic field is based on the transparency of the host semiconductor structure, with
a band to band transition frequency much higher than the quantum dot transition frequency.
That means that this electromagnetic field is absorbed by the host semiconductor structure
mainly by intra-band transitions, essentially depending on overlap functions of thermal states
with excited states populated (depopulated) by these transitions.

The dynamics of this electromagnetic field, with a potential V (¢) of interaction with a quantum
dot and a potential VE(t) of interaction with a conduction electron (hole), is described by a
system of equations of the form (28), (30), (31) (33), which, in the second-order approximation,
provides

L 5(0) = BV [p(1), ] + BO[p(1) (552)
BU[a(1), 1] = — £ Tr V() + VE (), R@ p(1)] (55b)
W) = /Ot {— % V() + VEW),R2p(f)] — R BV[p(t), )] } dt’ (55¢)
BOp(1), 1] = = Tre V(1) + VE (), 2V (1). (55d)

The interaction potential V() is obtained from (5)-(6), while the dissipative potential V' (t) is
given by the similar expressions

E_ €37
vE = MPA (56)
and B .
P =iM) wapRupcy cp. (57)
ap

From (5)-(7) and (56)-(57), we derive expressions of these potentials depending only on the
positive transition frequencies wj;(j > i) and w,g(a > B), and take into account the so called
"rotating-wave approximation", which includes only conservative processes, when an electron
excitation is correlated only with a photon annihilation, while an electron decay is correlated
only with a photon creation:

V=i) hw;K; {c]*ci <a+eik" + a,e_ikx) — ¢ (aie_ikx + a“_Leikxﬂ (58)

j>i

VE =i ) ha)“ﬁlzﬁaﬁ [cjcﬁ <a+eikx + a_e_ikx) - cgca (aie_ikx + afeikx)} : (59)
a>p

We consider the time-dependent expressions of these operators in the interaction picture,

a(t) = ae ¢, at(t) =atelt (60)
& ()E(t) = cfeje i, & (H)e(t) = cf cie it (61)
5E(t)~m(t) = c;“c,xe_i“’“ﬁt, &f (H)ep(t) = cff cpe e, (62)

and take equations (55) for the mean-values of the electron operators. We retain only the
slowly time varying terms, obtained from the resonance condition w, p=w, while the rapidly
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varying terms are neglected. We consider the summations over the environmental states as
integrals over a quasi-continuum of states, with the densities g(e.) and g(eg) and occupation
probabilities f(ey) and f(eg), and neglect the thermal energies eg ~ T in comparison with the
transition energy fiw. We obtain the quantum master equation

d .
5P = —iwlalar +ala_, p(t)]
+ Zwﬁﬁaj [(cj*ci) (a+eikx + a_e’ikx) — <c;rcj>(aie’ikx + afeikx),p(t)] (63)
j>i

A {[arp(8),aT] + [ar, p(B)at] + [a—p(8),a*] + [a—, p(B)a*]},
with the dissipation coefficient
A= nhwzg(hw)(ﬁﬁaﬁ)z, (64)
depending on quantities which, according to (9), (44), and (12), are of the form

A

2h
Rap = \| 375 (66)

glw) = vs Y2MZ

= Viw. (67)

Unlike the master equation for an electromagnetic field mode derived in (12), we considered
explicit expressions of the electron-field potential of interaction, and neglected the thermal
energy in comparison with the transition energy. With (65)-(67), the dissipation coefficient
(64) takes a form

VS
AN=Q
S (68)
depending on the quantity
2
QO = 4a ZM; @ (69)

and the two quantization volumes, V of the electromagnetic field and V° of the dissipative
electron system. We consider a quantization volume VS =V, = NLD for an n-type region,
or V° = Vy, = NLA for a p-type region. From physical point of view, a quantization volume
of the electromagnetic field VV means a measuring process corresponding to a confinement in
this volume. The electromagnetic field can not be quantized in a volume VS, but in a much
larger one, with much larger dimensions than the field wavelength A. For an electromagnetic
field, we consider a unit quantization volume V = 1y = 1% = 1m3, because, in this case,
the radiation density is equal to the electromagnetic field density times the light velocity, S =
wee [W/m?], where wg = # [J/m3] is calculated with this quantization volume in the
expression (8)-(9) of the field.

We notice that the master equation (63) describes an electromagnetic field quantized in a unit
volume V = 1m? in interaction with an electron system occupying a much smaller volume

VS = v, v(p), Asystem of N dissipative electrons can be taken into account by multiplying
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the dissipative coefficient A with N. However, in such a description, the electromagnetic
tield is considered of a constant amplitude inside the quantization volume V = 1y, while,
in fact, this amplitude undertakes a spatial variation due to the interaction with the system
quantized in a volume V° < V), i.e. propagation characteristics as the absorption coefficient
and the refractive index inside the field quantization volume are not taken into account. We
take into account the spatial variation of the electromagnetic field by considering this field
as being given by an x dependent density matrix, as product of density matrices for the two
counter-propagating waves, p(x,f) = p4(x,t)p—(x,t), and taking the dissipative terms as
integrals over the paths traveled by these waves. Considering a distribution of Np dissipative
clusters over the the thickness Lp of the device, from the master equation (63), we get

d _ . . B
aPJr(x, t)=—iwlalar,p+(x,1)]+)_ w;iK; [(Cfci>ﬂ+€lkx—<cfcj>ﬂi€ " 04 (x, t)} (70a)
j>i

Q X —i _ Al
—|—1—f/0 {lasp (X' ¥),at] + [ar, p4 (¥, ¥)at]} e HO=) gy

d . 2o —i i
Ep,(x,t) = —1w[afa,,p,(x,t)]+§wji1<ri]~ [(cj*cl)a,e kx—<C;rcj)(afe kx,p,(x,t)} (70b)
] 1

Q L (!
+1—LD /x 0 {la_p—(x', "), a7 + [a_, p— (, ¢")at]} e %) gy,

depending on the dissipative coefficient

12 L L
L2 -0f, (71)
17 1p

Qp=0Q

obtained by summation over the dissipative clusters with the volume 12 L in the quantization
volume 13. The exponential factors in the integrals describe the delay of the field propagating
from the coordinate x’ of a dissipative element to the coordinate x of the density matrix of
this field at this coordinate. These equations describe the dissipative dynamics of a forward
electromagnetic wave, propagating from x' = 0to x’ = x, and of a backward electromagnetic
wave, propagating from x’ = Lp to x’ = x < Lp. With these equations, we calculate the
mean-values of the field operators

0 (5,8) = (02) = Tr {aspe (x,8)} = A (x, e (722)
a_(x,t)={a_)=Tr{a_p_(x,t)} = A_(x,t)e ¥ (72b)

For an array of two-level systems with the coordinate x, interacting with the electromagnetic
field with the frequency w =~ wp, we define the time slowly-varying amplitude of the
polarization S(x, t) by the relations

1 .
(cf7ej) = pjilx, t) = 58 (x, )e ™, (73)
S(x,t) = Sy (x, )™ +S_(x,1)e 1, (74)

where S (x,t),S—(x,t) are slowly-varying in space and time amplitudes of the polarization
induced by the two counter-propagating waves of the field. Having in view Heisenberg’s

uncertainty principle

1
AkAx > L
= 2

AwAt > (75)

N[~
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we notice that, in equations (70), this relation selects only the close terms, with x' ~ x, while
the farer terms in x — x’ are washed up by the uncertainty Ak in the oscillating functions under
the x’-dependent integrals. By definition, these x-dependent integrals describe the attenuation
of an electromagnetic wave squeezed in the x-domain, Ax = 0. We take into account a finite
uncertainty Ax, in the vicinity of x, by extending these x'-integrals with the half-width Ax/2.
We obtain the field equations

. x—Ax/2 . / !
5A+(x,t) = —1w01<701s+(x,t) _ / Ay (xf, e k=) —w(t=t)gy" (76a)
dt 2 11 Jo

_@/x+A"/ZA+(x/, {)e=ilk(x =)~ (t=)] g
1p Jx—nax/2
d R Qp (Lo 1 ,—ilk(x —x)—w(t—t)] 3./
At = = SRS (1) + 2 / A dx' (76b)
L O /”A"/Z A (2, )oK =) —w(t=1)l gy
1 x—Ax/2

We notice that these are non-local in space equations including retarded contributions of the
dissipation processes along the distance |x — x’|, and absorption processes in the vicinity Ax of
the coordinate x. We consider the quantities under these integrals as spectral lines integrated
over half-widths, kAx — wAt = (k+ Ak)Ax — (w+ Aw)At = AkAx — AwAt = F +Z > L 4+ 1.
By integrating the first integral of the first equation two times by parts, for a large distance
x — x’ we obtain
—Ax/2 _
/" x/ A (! 1Yo ikr—x) —w(t=t)] g — lk A (o, ) e ilk(x=x)—w(t=1) ¥=Ax/2
0 1
1 rx—Bx/2 4
ik Jo dx’
i 1d kAx — wAt .. [ kAx —wAt
[ )] o (S8 i (15t

~ 1+4iv3 V3-id

N 2k 2k dx
while, taking into account that on a vary short distance Ax the field amplitude is practically
constant, the second integral of this equation takes a simple form

0

.A+ (x// t/)e—i[k(x—x’)—w(t—t/)]dx/
(77)

A+(x,t)—|— A+(x,t),

x+Ax x+Ax/2
/ e /2A+(x', )eilk(r=x)—w(t=1)] gy — lA+(x/’ ¢ )eilk(x—)—w(t=t)
EThE2 A x—Ax/2 - (78)
2 (kAx—wAt 1
= EAJr(x,t) sin (f) = E.A+(x,t).

These terms describe a slight variation of the wave-vector k, k' = k 4+ x, which means that the
amplitude of the mean-value of the field operator takes a form

Ap(x,t) = Ay (x, t)e™, (79)
Taking into account that Ci%—’i < 1, while x = % < k, we get a field equation
\@QD
$A+(x, t)+c aAJr(x,t) +a' Ay (x,t)| = —§w0K7013+(x, t), (80)
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with an absorption coefficient

20c [2M Lp

/

_ 2ac [2MLp 1
“ 1 L hw 1 L (8 )
In the following calculations, we are interested in a form of this equation in a cavity with the

length Lp,

d 1 -,
g A ) = —p A (x,t) — S woKin S+ (x, 1), (82)
with a field decay rate
. 2ac® [2M 2ac® [2M
=ca' = /2L lpyp==""1/==L
Ll 12V hw Dy OF ALYE =77\ fiw D" ®3)

which we call field decay velocity. In section 6, it will be shown that the field decay velocity
11y describes the field loss by dissipation, as the quantity 7 ¢ describes the electromagnetic
energy loss by radiation through the output mirror with the transparency 7. We notice that
the decay rate of an electromagnetic field in a cavity is proportional to the length of this cavity.
For a semiconductor chip with the thickness Lp = 2 mm, we considered in our calculations
in (3), from (83) we get a field decay rate yr = 2.05 x 107 s~1, which is in agreement with
the empirical values yr = 107, 10% s~1, we considered in these calculations. It is interesting
that, in this model, the decay rate does not depend on the concentration of the dissipative
clusters, since an increase of this concentration means a decrease of the density of states in
every cluster, which, in this way, becomes smaller. These two variations cancel exactly one
another in the final result. By taking into account the spreading of a dissipative electron
wave-function beyond the the boundaries of its cluster due to the thermal motion, one obtains
a lower value of the decay rate, but with an increase with the concentration of these clusters.

5. Optical equations for a system of quantum injection dots

From the quantum master equation (34), we derive optical equations for a two-level system.
In the approximation of the slowly varying amplitudes, we consider the non-diagonal matrix
elements

p10(t) = pin (1) = 5 [S+ (06 + S (1) ] =5, (54)

and the population difference
w(t) = p11(t) — poo(t), with the normalization condition (85a)
1 = p11(t) + poo(t)- (85b)

Calculating the matrix elements of the two-level system, and averaging over the field states,
from the master equation (34) we get:

%Pm(t) = —[Ao1 + Ao +i(wo + C11 — Coo)]o10(t) (86a)
+K [(<ﬂ+> + (aT))e + ((af) + (a—>)€_ikx} wor10[00(t) — p11(t)]
+(C11 — oo )? /tt p1o(t')e~ilor(t)Fwlt=H)] g4/

d d

%pn(t) - —@Poo(t) = 2[A10000 — Ao1011] (86b)

+K [(<ﬂ+> + (af))e* + ((af) + (ﬂ—>>efikx} wor10[e10(t) + po1 ()]
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From the expression (8) of the quantized electric field E in the plane-wave approximation, and
mean-values of the annihilation operators of the form

(ay) = ay(t)e ! (87a)
(a_) =a_(t)e ', (87b)
we get the mean-value of this field,
r 11z —iwt | & iwt
(E) = 5 [E(Bet 4+ £ (e, (88)

with the time slowly-varying amplitude
E(t) = EL ()™ + & (1)e k%, (89)

while the amplitudes of the two counter-propagating waves are

(t) = 217Kc‘z+(t) (90a)
E_(t) = 21%“’12@@). (90Db)

In this description we neglect the variation of the amplitudes inside the cavity, by taking into
account these two amplitudes only as mean-values over the space coordinate, related by the
boundary condition for the output mirror of transmission coefficient 7

E(H)=—-V1I-TE.(t). (91)
With the notations p
g= 5710 (92)
for the coupling coefficient,
YL = Ao+ Ao (93)
for the dephasing rate,
7 = 2(Ao1 + A10) (94)
for the decay rate,
Yn = |C11 — Qoo (95)
for the fluctuation rate of the self-consistent field, and
Ao1 — Mo
! Aot + Ao

from (84)-(91) we obtain equations for the slowly-varying amplitudes

d

S+ = —lro +ilwo+7n — w)|S4(H) + ig€ (t)w(t) (97a)
42 /tt.( S+(t/)efi[zplo(t’)+w(t7t’)]dt/
d " -
Tty = —ylo(t) —wr] + @~ Tigy [E1(08.(0) - E.(0S; ()] . ©m)
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In equation (97b) we have taken into account that the term

O (1) = ig; EAOEROREAOCAN] (98)

is a particle flow due to the forward electromagnetic wave propagating in the cavity, while
1z 7
(1) = ig; [5,(t)5_(t) ~E (t)Si(t)} (99)

is a particle flow due to the backward electromagnetic wave, which means that the two flows
satisfy the boundary condition for the energy flow of the electromagnetic field

O_(t) = (1-T)P(1). (100)

At the same time, calculating the mean-value of the field operator g, averaging over the states
of the two-level system, and taking into account the relation

(cfcj) = pji(t), (101)
from equation (34) we get the field equation

2 (as) = —iwlay) + Regholprolt) — por (D) (102

Thus, with (84), (87) and (90), we get a field equation for slowly-varying amplitudes

d = . hw o o,
%f,;(t) = _1WOTK(K"10)S+(’5>- (103)

We consider this equation for the components u(t) and v(t) of the polarization amplitude

S+ (t) = u(t) —io(t), (104)
and F(t) and G(t) of the electromagnetic field

Eq(t) = F(t)+iG(¢), (105)
and take into account the field dissipation described by the dissipation rate yr. We get

d th

g7 (1) =—7rF(t) — 85550

h
260 = 70 (0) — ghe0u(r) (106b)

(1) (106a)

We consider these equations for the electromagnetic energy in the quantization volume V, and
introduce the energy flow through the surface A of this volume:

d 1 1 h

T [Visfz(t)} = —Tcis]-"z(t)A — v VeF2(t) — g%]—"v(t) (107a)
d 1 1 h

o [Visgz(t)] = —Te5eG? (1) A — 7rVeG(t) - g$ u(t). (107b)
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At the same time, from (97b) with (104) and (105), we derive the equation for the population
difference (85a), and introduce the particle flow 7 in a two-level system, due to the electric
current I = eApN,Z injected in the device:

%W(t) = —7rlw(t) —wr] + 27+ (2= T)g[F (t)o(t) + G(¢)u(t)] (108)

From (107) and (108) with (85), we get an equation of energy conservation:

14wt

T = {mopna(t) + 2 = TV 3620 + G201 | + 7 [pua () -

T } th

(109)
H-T)(Teh + 20V 2l P20 + 6]

This equation describes the transition power fiwpZ of the active system providing the energy
transfer processes involved in the dissipative super radiant decay: (1) the energy variation of
the electron-field system, (2) the dissipative decay of the electron energy, proportional to 7,
(3) the radiation of the field energy, proportional to the light velocity ¢ and the transmission
coefficient 7 of the output mirror, and (4) the dissipation of the field energy, proportional to
. In this equation, both waves leaving the quantum system and propagating in the cavity,
the forward wave with an amplitude coefficient 1 and the backward wave with an amplitude
coefficient R = 1 — 7T, are taken into account with the coefficient1 + R =2 — 7.

From the polarization equation (97a) with (104) and (105), the population equation (108), and
the field equations (107), we obtain the equations of the slowly varying amplitudes of the
system:

Sut) = —yLlu(t) ~ swo(t)] - G (1) (t (1102)

[l coslpn(t) + (@ = wo) (= )]+ () sinlgn(F) + (w0 — ) ¢ — #)]
%v(t} = —v 1 [o(t) + dwu(t)] — gF (H)w(t) (110b)

7% [ o) coslpn(t) + (@ = wo)(t = )]~ u(¥) simlgu(¥) + (c — o) (¢t~ )]}

() = —yylw0(t) —wr] + 22+ 2~ T)glG(Du(t) + F(t)o(s) (1100)
%}"(t) _ —%Tcé]—“(t) CpF () — gzs—a;gv(t) (110d)
26() =~ Te6(0) — 75G(1) - gesu(t), (1100

where ¢, (t') = ¢o1(t') = —p10(t') is the phase fluctuation with a fluctuation time 7, = 1/,

and
W —wo—Yn

TL
is the relative atomic detuning. In these equations, the coupling of the electron system to the

electromagnetic field is described by a coupling coefficient for the dipole interaction g = §1f.
These equations also describe a dissipative decay of the electron system by the coefficients 1

S — (111)
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and v |, non-Markovian effects by time-integrals proportional to the fluctuation coefficient 2
in the polarization equations (110a) and (110b), a decrease of the electron-field coupling due to
the field radiation by the term proportional to the coefficient (2 — 7") in (110c), and a decrease
of field by the radiation terms proportional to the product ¢7 in (110d) and (110e), and by the
terms proportional to the decay rate yr.

6. Superradiant quantum injection dots and heat conversion

The dynamic equations (110) take a simpler form in a stationary regime when the derivatives
with time become zero and the polarization variables can be taken out from the integrals.
Considering an integration over a fluctuation time 7, = 1/, we get a time oscillating term,
generated by the fluctuations of the environment particles. In the Markovian approximation,
when these oscillations are neglected, we get the steady-state equations:

v [u—dwv] —gGw =0 (112a)
—y v+ dwu] —gFw =0 (112b)
—y(w —wr) + 2T+ (2—T)g(Gu + Fv) =0 (1120)
—TrF - Go=0 (112d)
—TrG —Gu=0, (112e)
where
- ha)()
1. A

From the system of equations (112), for the resonance case (6w = 0), we calculate the flow
density of the electromagnetic energy radiated by the device:

= Tele( 1 07, a1y
We get
iy 1 A
~ 3Tcy +
_ DA N\ 2Ty T (115)
1 _|_ 27FV 2 g th
TcA YLY)|EV

This expression of the flow density S has a nice physical interpretation, being proportional to
the product of the transition energy fiwy, divided to the radiation area of a quantum dot A,
with the difference between the particle flow Z and a threshold value depending on coupling,
radiation, and dissipation coefficients. This expression is valid when the quantization volume
V of the field corresponds to the electromagnetic energy delivered by the whole system of
N, N; quantum dots to a volume unit, which means

B 1
 Ne[m=2Ng[m 1]’

V[m?] (116)

where N,[m 2] is the number of quantum dots per area unit, and N;[m~!] is the number of
super radiant junctions per length unit.
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In a first approximation, we neglect the temperature variation due to the heat transfer through
the semiconductor structure. To take into account this temperature variation, one has to make
corrections of the parameters, to obtain the same transition frequency on the whole chain of
super radiant junctions.

Such a device can be realized in two versions schematically represented in figure 4: (a) a
longitudinal device, with the two mirrors M; and M; made on the two surfaces in the plane
of the chip, of transmission coefficients 7y = 0 and 7 > 0, which form a Fabry-Perot cavity
coupling a super radiant mode that propagates in the x-direction of the injection current; (b) a
transversal device, with the two mirrors M; and M; made on two lateral surfaces of the chip,
of transmission coefficients 7o = 0 and 7 > 0, which form a Fabry-Perot cavity coupling a
super radiant mode that propagates in the y-direction, perpendicular to the injection current.
While in version (a) the roles of the mirrors M; and M, and of the injection electrodes £1 and
&, are played by the same metalizations, made on the two surfaces in the plane of the chip, in
version (b) the mirror metalizations M; and M,, which are made on two lateral surfaces, are
different from the electrode metalizations £ and &.

The two devices have the same structure, including layers of GaAs, with a narrower forbidden
band and a heavier doping, for the quantum wells, and layers of Al,Ga;_,As, with a larger
forbiddenband and a lighter doping, for the potential barriers. The margins of these bands are
determined by the concentrations of the donors (acceptors) embedded in the semiconductor
layers. For a longitudinal device (figure 4a), the N; (dimensionless) quantum dots in the

x-direction, radiate through an area , which means

N, [m—2]
A = — L (117)
Ne[miz] Nt
while for a transversal device (see figure 4b), the \/N,[m—2]Ap[m?] quantum dots in the
L . Lp[m] 1 .
-direction, radiate through an area —= , which means
¥ & Nt /N,[m=2]
L

Ar[m?] = |} (118)

Ne[m=2]Nyy/Ap[m?]

With the radiation area A (A7) of a quantum dot, from (115) we derive the flow density Sy
(Sp), and the total flow of the electromagnetic field radiated by the device in the two versions:

(DL = ADSL (119&)
&1 = Lp\/ApSt. (119b)
We obtain

N, hw
Py = (I~ Ior) (120a)

2-T)(1+24K%) ¢

N h

o7 = t =21 = Ior), (120b)

1 Al/Z
@70+ 2 )
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(a) Longitudinal super radiant device with the Fabry-Perot cavity oriented in the x-direction of the injected
current | = I, = Ij, i.e. perpendicular to the semiconductor layers.
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(b) Transversal super radiant device with the Fabry-Perot cavity oriented in the y-direction, perpendicular
to the injected current I = I, = Ij,, i.e. in the plane of the semiconductor layers.

Fig. 4. Dissipative super radiant n-i-p device with two injection electrodes £1 and &, and a
Fabry-Perot cavity with the mirrors M; and M, of transmission coefficients 7o = 0 and 7,
respectively, in two possible versions (a) and (b).

as a function of the injected current I and the threshold currents

1 [ £y
Io; = —eN,A —wr+ ———"—(Tc+2-1 121a
oL = eNeADY| _ T g%hwoNeNt( L')’F)] (121a)
or = LeNoapy |- IS AR T R ST (121b)
0T — 2 e D’YH T g%thNeNt AlD/Z L’YF ’
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which depends on the field decay velocity (83). The threshold current is proportional to the
threshold population, which includes three terms for the three dissipative processes that must
be balanced by current injection for creating a coherent electromagnetic field: (1) a term —wr,
for a population inversion, (2) a term proportional to the light velocity c and the transmission
coefficient 7, for the field radiation, and (3) a term proportional to decay rate -y, for the field
dissipation.

From (112c) and (120), we notice that when the injection current I = eN,ApZ is under the
threshold value Iy; (IpT), the radiation field is / 4 iG = 0, while the population difference
w increases with this current. When the injection current I reaches the threshold current Iy,
(Io1), the population difference w reaches the radiation value

. TC% + 2’)/1:
o ghwy
v1eV

WR (122)

Increasing the injection current I beyond the threshold value Iyp (Ipr), the population
difference keeps this value, while the super radiant field and the polarization (1 =

— & wrG,v = —AwrF) increases. However, the polarization (1#,v) can not increase

TL
indefinitely, being constrained by the condition of the Bloch vector length (2 — 7)(u? +

) +w? < w% For the maximum value (s, vp) of the polarization, while u%w + v%w =
(wg[ —w%)/(2 — T), the super radiant field reaches its maximum flow density
W wh
SM = TCS w% g2 gzg(z) — ﬁ
— 2 2
22-T) (Tcé + 2’)’1:) 8

(123)

From this equation with equation (115) for S = Sp;, we get the value Ip; = eN.ApZy of
the injection current producing the maximum flow of the electromagnetic energy. Increasing
the injection current beyond this value, the polarization (u,v) will not increase any more,
but the population will increase, leading to a rapid decrease of the polarization. Neglecting
the current increase from I to the value I}, when the polarization vanishes, from equation
(112c) with w = —wr and u = v = 0, we get a simple, approximate expression Iy ~ I}, =
%eNeA DY| (—wt — wr), which can be compared with (121). From the operation condition
Ior, Ior < Ip1, we get conditions for the coupling, dissipation, and radiation coefficients:

€0 L

wip=—5———(Tc+217F) < —wr =1 (124a)
g%hCOoNeNt( )
€0 L Lp
wiT = — (TC —{—21L’)/1:) < —wr =~ 1. (124b)
g2hwoN, Ny AE/Z

From equations (46) and (53), with (47) and (43), we notice that the dephasing and decay rates
(93) and (94) strongly depend on the i-layer thickness x; — xp. In figure 5a, we represent
the decay rates ’yﬁ) , 'yﬁ,'yﬁM for the three dissipative couplings, with the phonons of the
crystal vibrations, the conduction electrons and holes, and the free electromagnetic field,
v = ’)/ﬁ) + ’)/ﬁ + 'yﬁM . We also represent the fluctuation rate (95) with the components (48)

: : : : 2 (m)]? (p)]? ,
for the two neighboring conduction regions n and p, 7; = [’yn } + [7,1 ] . In figure
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5b, we represent the coupling coefficients for a longitudinal and a transversal structure.
For all these coefficients, we get quasi-exponential variations with the i-layer thickness
xp — xg. We notice that, in these structures, the phonon decay rate ,Y|I|J , which is unavoidable,

dominates the electric decay rate ’yﬁ, which depends on the separation barriers, while the

electromagnetic decay rate 'yﬁM is negligible. It is remarkable that the decay rate of a quantum
‘ ‘ 10!
Yn
10107
- 4 z
v 10°) i S
E
10° ﬁm\
5 é : : é 10 0 é 7 8 9 10
X,=X, [nm] X,=X, [nm]
(a) (b)

Fig. 5. (a) The dependence of the dissipative coefficients on the i-zone thickness; (b) The
dependence of the coupling coefficients on the i-zone thickness, for a longitudinal and a
transversal structure.

injection dot, with a value around 10”s~!, is significantly lower than the decay rates of other
GaAs structures, which are at least somewhere around 10'2s~! (13). From figure 5b, we
notice that, although the two coupling coefficients are calculated with completely different
dipole moments, g; with (42b)-(42c), and gr with (42a), the values of these coefficients are
approximately equal for small values of x, — x, and keep near values for thicker i-zones.

[A]
[A]

Fig. 6. The dependence of the threshold currents on the thicknesses of the i-zone for two
values of the transmission coefficient of the output mirror: (a) 7 = 0.1; (b) 7 = 0.5.

From equations (121), we notice that the dissipative rates -y, v, and the coupling coefficient
g1 (g1), determine the threshold current Iy, (IpT). In figure 6a we represent the dependence
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of these currents in comparison with the maximum current I, for two values of the output
transmission coefficient 7. We notice that the operation condition Iy, Iy > Iy is satisfied
for both values of these coefficients. This property can be understood from the analytical
expressions (121) or (124), having in view that the dephasing rate v, and the square of
the coupling coefficient g; (¢7) are proportional to the square of the dipole moment, which
means that the operation condition does not depend on this moment. Since the quantum

Rear electrode
Front electrode output mirror

Transistor 2 IEERERRERANTN

Heat absorbent

Fig. 7. Quantum heat converter, as a packet of super radiant transistors, thermally coupled to
a heat absorbent. While a current I is injected in the device, an electromagnetic flow is
obtained, mainly on the account of the heat absorption.

dot density N, is determined by physical conditions, according to (25), the threshold current
(121) can be controlled only by the number of super radiant transistors N; in the structure.
In our calculations we considered a number of superadiant transistors N; = 1045. While
the heat propagates from the heat absorbent (see figure 7) throughout the semiconductor
structure, a portion of this heat is absorbed by every super radiant transistor, producing a
temperature decrease from the front electrode to the rear one. In figure 8a we represent the
electric power and the radiation power as functions of the injected current, for a longitudinal
and a transversal configuration of the device. A radiation power arises only when the
injection current exceeds a threshold value. From (121a) and (121b), we notice that, due to

the factor % in the radiation term of the population inversion, the threshold current of a

transversal (ievice is lower than that of a longitudinal one. However, due the same factor at
the denominator of (120b), the increase of the radiation power with the injection current is
lower for a transversal device than for a longitudinal one. In figure 8b the total temperature
variation in the semiconductor structure is represented. We notice that a rather high power
of 200 W, that means 0.500 MW from an active area of 1 m?2, can be obtained at a rather low
temperature difference of about 7 °C.

The radiation power of a transversal device becomes much higher by increasing the
transmission coefficient from 7 = 0.1 to 7 = 0.5 and the transition dipole moment by
diminishing the thickness of the i-zone from x; — xg = 6.5 nm to x, —x9 = 6 nm as is
represented in figure 9. In this case, the threshold current of the transversal device becomes
significantly lower than that of the longitudinal one. The threshold current of the longitudinal

www.intechopen.com



326 Fingerprints in the Optical and Transport Properties of Quantum Dots

device is sgnificantly lowered by decreasing the transmission coefficient from 7 = 0.5 to
T = 0.2 as is represented in figure 10.

250 T T T T T T T 7

2001

150

w1

°c1

1001

501

Fig. 8. (a) The radiation powers ®; and ®1 and the electric power Pr as functions of the
injection current I, for x; — xg = 6.5 nm, T = 0.1, and yr = 107 s 1; (b) The temperature
variations ATy, ATt as functions of the injection current I.
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Fig. 9. The radiation powers ®; and @7, the electric power Pf, and the temperature

variations ATy, ATt as functions of the injection current, for x, — xg = 6 nm, 7 = 0.5, and
7 o—1

YE = 107 s7°.

It is remarkable that in the three cases represented in figures 8-10 the electric power dissipated
in the device by the injection current I is much lower than the super radiant power. This is
because, as one can notice also from (120), the super radiant power produced by the injected
current corresponds to the high transition energy fiw( between the two zones n and p, while
the power electrically dissipated by this current corresponds to a very low potential difference
Ue — Uy, necessary for carrying this current through the two rather thin highly conducting
zones n and p (figure 7b). The difference between these two powers is obtained by heat
absorption, when the electrons are excited from the lower potential of the p-zone to the higher
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Fig. 10. The radiation powers ®; and ®7, the electric power P, and the temperature

variations ATy, ATt as functions of the injection current, for x, — xg = 6 nm, 7 = 0.2, and
7 «—1

yr =107 s .
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Fig. 11. The radiation powers ®| and @7, the electric power P, and the temperature
variations ATy, ATt as functions of the injection current, for x, — xg = 5.5 nm, 7 = 0.5, and
ve =108 571,

potential of the n-zone of the base-collector junction. In figure 11 we consider a much larger
decay rate of the electromagnetic field, yr = 108 s~ instead of YE = 107 s71, when the
operation conditions (124) are also satisfied. In this case, we also obtain a high radiation
power, but with a higher injection current, which, however, does not produce an important
electrical power Pg, dissipated in the device.

We study the time evolution of a quantum heat converter, by solving the time dependent
system of equations (110), for a step current injected at the initial = 0, and a fluctuation that
arises at a certain time ¢ > 0. Non-Markovian fluctuations are time-evolutions of polarization,
population and field due to the self-consistent field of the environment particles that, in our
case, are the quasi-free electrons and holes in the conduction regions of the device. In figure
12, we represent the dynamics of a longitudinal device with a thickness of the i-zone x; —
xg = 5.5 nm and a transmission coefficient of the output mirror 7 = 0.1, while the threshold
current is Ip;, = 24.1149 A and the maximum current is Ij; = 46.0995 A. We consider a step
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current | = 45 A injected at time ¢ = 0. In the Markovian approximation, the super radiant
power @ (t) of a longitudinal quantum heat converter is generated as in figure 12a, while the
population w(t) and polarization variables u(t), v(t) have the time-evolutions represented
in figure 12b. The sudden jumps of the polarization variables in figure 12b, are detailed in

2500 T T T T T 1

w(t)

2000 4 Fluctuaion

I

I

! 0.5 u() l
1500 ! .

I I

1 I
10001 ! 1

i v(t) A

Non-Markovian
fluctuatlon

(W]

<
<

Markovian evolution
500

0 -0.5
0 0.5 1 1.5 2 2.5 3 0.5 1 15 2 2.5 3
t[s] x107 t[s] x107
(a) (b)
1
Fluctuation
0.51

u(t) /

w(t)

v(t)

03176 19177 19177 19178 19178 19179 1.9179
t[s] x107

(0)

Fig. 12. Dynamics of a longitudinal super radiant device with x, —xg = 5.5 nmand 7 = 0.1
when a step current of I = 45 A is injected in the device: (a) super radiant power; (b)
polarization and population; (c) polarization fluctuation in a short timescale.

figure 12¢, in a short timescale. At t = 0, the population increases from the equilibrium value
wr for the temperature T, to w(0) = wr + 21/ (eNeAp7y|) and, after that, while the radiation
field increases, the population decreases tending to an asymptotic value. With an appropriate
choice of the phase of the initial polarization, v(0) = 0, u(0) takes a value corresponding

to the maximum value —wr of the Bloch vector, which is u(0) = \/ [w? — w2(0)]/(2—=T).

In the Markovian approximation, the electromagnetic power is growing to a certain value,
and after a short oscillation tends to the asymptotic value that according to (120a) is & =
1.2843 x 103 W. However, in the non-Markovian approximation, random fluctuations of the
polarization, population, and field arise. These fluctuations are described by the time integrals
in the polarization equations (110a) and (110b) depending on the time-dependent phase term
¢n(t'), with a mean-value of the fluctuation time 7, = 1/,. From figure 5a, we notice that the
fluctuation rate 7y, is four orders higher than the decay rate Y| corresponding to the timescale
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of the Markovian processes. In equations (110a) and (110b), we take a positive fluctuation with
a duration tn T, = 2.6305 x 10125, followed by a negative one with the same duration. In
figure 12c such a fluctuation is represented in a short timescale, specific to the non-Markovian
fluctuations, while in figures 12a and 12b it is represented in a long timescale specific to the
Markovian processes. We notice that, while the polarization variables u(t) and v(t), which
depend on the transition elements of the density matrix, undertake considerable variations in
a fluctuation time, for population and super radiant field these variations only initialize long
time oscillations.

350 : : ‘ : 1

300 ] 0.81
Fluctuation

0.6f u(t)

Non-Markovian
150+ fluctuation

100} Markovian evolution

0 0.5 1 15 2 2.5 o 0.5 1 1.5 2 2.5
t[s] x10~ t[s] x107

(a) (b)

Fig. 13. Dynamics of a transversal super radiant device with x, —xg = 5.5nmand 7 = 0.1
when a step current of I = 45 A is injected: (a) Superradiant power; (b) Population and
polarzation.

In figure 13, we represent the dynamics of the transversal device with the same semiconductor
structure and injected current, while the threshold current takes a lower value Iy =
23.4528 A. This decrease of the threshold current for a transversal device, in comparison
with a longitudinal one with the same semiconductor structure, is obtained due to the field
amplification on the longer path of the field propagation in the plane of the quantum dot

layers, which is described by the term c7 ALlf}z in equations (121). However, this small

D
difference is not very significant, since, according to equation (83), a longer propagation
path leads also to a higher decay rate of the field, i.e. to an increase of the dissipative term
11vr. We notice that, while the radiation power is lower, this device is much less sensitive
to the thermal fluctuations described by the non-Markovian term. This decrease of the

radiation power for a transversal device, in comparison with a longitudinal one with the same
1/2
semiconductor structure, is obtained due to the factor % at the denominator of equation

(120b). An essential advantage of a transversal quantum heat converter, in comparison with
a longitudinal one, consists in injection electrodes as zero-transmission mirrors, i.e. these
electrodes are thick metalizations, providing an uniform current injection in the device. For
an uniform current injection, a longitudinal quantum heat converter needs a special output
structure, as a high transmission output Fabry-Perot cavity (4). Although for a transversal
device we obtained a lower radiation power than a longitudinal one, it could be advantageous
for some applications: for instance to obtain a powerful radiation device, as a stack of many
transversal quantum heat converters. Another application could be an electric generator with
the three semiconductor devices of the system, transversal quantum heat converter, quantum
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injection system, and total quantum injection system, in the same plane, eventually stuck on
the same pad.

In figures 12 and 13, we considered a positive fluctuation followed by a negative one, which
means an integration over a first interval of time 7, = 1/, with a phase ¢, = 0 followed
by an integration over a second interval of time T, with a phase ¢, = 7 in the polarization
equations (110a) and (110b).
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Fig. 14. Dynamics of a longitudinal super radiant device with a negative fluctuation
(¢pn = m), followed by a positive one (¢, = 0).
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Fig. 15. Dynamics of a transversal super radiant device with a negative fluctuation (¢, = 7),
followed by a positive one (¢, = 0).

Changing the phases of the fluctuations, i.e. taking a negative fluctuation followed by a
positive one (figures 14 and 15), we get similar evolutions but with opposite signs. Obviously,
the realistic evolution of a device is the result of the random phases ¢, arising during the
whole evolution of the system. Thus, the system dynamics takes a noisy form, with the
polarization undertaking rapid variations during a fluctuation time, while the population and
the super radiant field are only initialized into slow oscillations.
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7. Conclusions

We presented a new kind of quantum dots, with a quantum well for electrons in the n-region
of an n-i-p heterostructure, and a quantum well for holes in the p-region of this structure.
These quantum wells are separated from the two n and p conduction regions by transparent
potential barriers, and separated from one another by the potential barrier of the i-region.
Such a quantum dot, we call "quantum injection dot", can be compared with a conventional
quantum dot, as a small semiconductor region with a narrower forbidden band in a much
larger i-region of an n-i-p semiconductor structure. Quantum injection dots have mainly been
conceived for conversion of environmental heat into usable energy, while the conventional
quantum dots are mainly used in information technology. A quantum injection dot differs
in many respects from a conventional quantum dot, where the quantum well for holes
is placed under the quantum well for electrons, as conduction and valence bands of the
same semiconductor region: (1) while a quantum injection dot is supplied with electrons
and holes from the two conduction regions by quantum tunneling through the n and p
separation barriers, without any energy increase, a conventional quantum dot is supplied
with electrons and holes only by providing a substantial energy, necessary to raise these
electrons and holes from the n and p conduction regions to the conduction and valence bands
of the i-region, from where they fall in the two potential wells of the quantum dot; (2) a
quantum injection dot provides the electron transfer from the n-region to the p-region only
by quantum transitions, while the electron transfer provided by a conventional quantum dot
includes additional transport processes from the two n and p regions to the i-region where
this quantum dot is located; (3) a quantum injection dot is a one-electron normalized two-level
quantum system, while a conventional quantum dot is a confinement semiconductor region
where many electrons and holes are simultaneously present to provide a larger probability
for the super radiant transitions. In comparison with a conventional quantum dot, a quantum
injection dot is much less dissipative, and, due to its simpler structure, enables a much higher
packing degree in a semiconductor structure.

We studied a system of quantum injection dots by using the available means of quantum
mechanics: (1) we calculated wave-functions, dipole moments, and eigenvalue equation for
energy; (2) we derived equations for the dissipative super radiant dynamics of the system; (3)
we obtained analytical coefficients depending only on physical characteristics and universal
constants, without any phenomenological parameter. In the dynamics of a quantum dot
system, we distinguish five dissipative processes: (1) correlated transitions with phonons
of the crystal lattice vibrations, which is the dominant dissipation process (2) correlated
transitions with quasi-free electrons and holes in the conduction regions, (3) correlated
transitions with the quasi-free electromagnetic field, which are negligible, (4) transitions
stimulated by the thermal fluctuations of the self-consistent field of the electrons and holes in
the conduction regions, (5) non-Markovian processes induced by these fluctuations. However,
we found that the fluctuation time is much shorter than the decay time, which means
that the system is in fact quasi-Markovian, while the non-Markovian fluctuations manifest
themselves only as a noise. For the propagation of the electromagnetic field throughout the
semiconductor structure, by taking into account the dissipative interaction with the quasi-free
electrons an holes in the conduction regions, we obtained an analytical expression of the field
decay rate as a function of effective masses, frequency, and propagation path.

We studied a device converting environmental heat into coherent electromagnetic energy
in two versions: (1) longitudinal quantum heat converter, with the electromagnetic
field propagating in the direction of injected current, i.e. emerging from the surface
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the semiconductor structure, and (2) transversal quantum heat converter, with the
electromagnetic field propagating in a perpendicular direction to the injected current, i.e.
emerging from a lateral surface of the semiconductor structure. We found operation
conditions for the physical characteristics of the semiconductor structure. We studied the
dependence of the dissipative rates, coupling coefficients, and threshold currents as functions
of the i-region thickness, which enables the control of these quantities in a large field of
values. We found that the operation conditions do not depend on the i-layer thickness. When
this thickness is decreased, the injected current and the corresponding super radiant power
increase. However, these quantities of interest can not be indefinitely increased, especially
due to the temperature variation induced by the heat propagation throughout the structure,
which tends to produce an atomic detuning of the quantum dot layers. We highlighted the
super radiant dissipative dynamics under a step current injection, and thermal fluctuations of
the conduction electrons and holes.
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