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Abstract In recent years, effects that are concerned with quantum nature of light have attracted too attention. The more
the devices become smaller, the quantum effects become more apparent. Single photon sources are the essential devices in
many quantum information processes, such as quantum key distribution. One way for realization of single photon sources
is to exploit quantum dots. Single quantum dot has the ability of single photon emission, which can be analyzed by
quantum electrodynamics. Emission from quantum dots under special circumstances has non-classically effects. In present
paper, first we extract a novel relation for computing optical absorption coefficient in k.p framework and three dimensional
carrier confinements. Then with this relation, we analyze an electrically driven single photon source that its wavelength is
more tunable in the fabrication process. This tunability is a consequence of exploiting a quantum dot surrounded by a
quantum well. Eight-band k.p modeling is used for extracting of energy levels and spectral analyzing of quantum dot. In
this work, we investigated theoretically, the emission from an InAs/InxGal-xAs quantum dot. Using InxGal-xAs alloy
around the InAs provides us a freedom for tuning the source in a wide range of wavelengths. Eventually it is shown that for
x=0.53, the peak gain occurs in 1.3um wavelength which is used widely in fast fiber optic communication.

Keywords Single Photon Sources (SPSs), InAs/In,Ga;,As Quantum Dot (QD), Optical absorption, Optical gain,
Eight-band k.p modeling

carrier confinement in QDs[1], they have many amazing
1. Introduction features, which have turned them to the center of attentions
in many applications. Fabrication of QDs was one of the
objections, which has solved in new technologies.
: 5 s - Y Nowadays QDs are usually grown in self-assembled form,
the mforma.mon trgnsportahon in classical commumcatl.on by MBE method in Stranski Krastanov (SK) mode. In this
networks, is obtained by software programs and coding mode, after depositing several layers, islands begin to form.

methods. (Ilf we require a hlghly.sec.ure mi::hod,d\ye have to Single QD have the potential of emitting only one photon in
g0 t.owar s quaptum communications. ccording 00 M0 och time; this property is the consequence of non-zero
cloning theorem in quantum electrodynamics, if the state of electron excitation time in QDs from ground state to the

a system is measured, the if/stem does not no longer stay in . iq sate. This promising feature of QDs is exploited for
own previous state and collapse to measured state. We can i oo eqpag

now exploit this feiam.re of quantum nature of light by using Another problem that is faced in realization of SPSs with
for example polarlzatlon. of.photons as a que.lntum statg. In QDs is the excitation method. The excitation can be
this wonderful communication worlq, we WI.H need Single gjocprical or optical. Electrical excitation has some
Photon Sources (,S P,SS) .for generatmg of single photqns. advantages that distinguish it from optical ones, due to its
Single photon emission is a non-classically feature of light controllability. Also in more cases, we need electrical
that is described by quantum electrodynamics. modulation of signals

The most promising things, which are capabl.e of t?emg All the simulations and analyses in this paper based on
SPS, are Quantum Dots(QDs).Because of three-dimensional k.p modeling. Depending on the size of QDs, we can use six

or eight band approximation. k.p modeling gives us very
hsnkato@aut.ac.ir (Hassan Kaatuzian) gooq results spec1a11y aroupd the band minima qf dlref:t
Published online at http://journal.sapub.org/optics semiconductors  which is a favorite region in
Copyright © 2014 Scientific & Academic Publishing. All Rights Reserved optoelectronics.

In our fast developing communication world, the thing
highly demanded, is the security. Nowadays, the security of
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The rest of the paper is organized in the following
manner: In section 2, we describe the theory of k.p that is
used for collecting the results. In section 3, we extract a
novel relation for optical absorption coefficient in k.p
framework and three dimensional carrier confinements. In
section 4, we discuss about InAs/GaAs QDs and collect the
results obtained from simulations. Our proposed structure
and its results are then introduced in section 5.

2. Modeling by k.p Theory

The basic equation that should be solved in quantum
mechanics problems is well-known Schrddinger equation.
Energy levels and wave functions are obtained after solving
of Schrdodinger equation. Time independent Schrodinger
equation is as follows:

HY¥ (r)=E¥ (r) (1)

In this relation, is Hamiltonian of the system and is wave
function. For a particle, Hamiltonian is defined as:

P+0O =S R
-s" P-Q 0
e R’ 0, P-0
0 R’ s’
-5t /2 20" B/2s
V2RT 37287 20!

Where elements are as follows:

ﬁ——ﬁV2+V(r) @)
C 2m

= (WST’V/si’l/jhhT’V/hhi Wit Vind Vot Vol ) 3)

With these modifications, the simple one band
Schrodinger equation is turned into a matrix eigenvalue
problem. In wide bandgap semiconductors, that the coupling
between electrons and holes is negligible, we can neglect
conduction-valence band coupling, and therefore conduction
band wave function can be obtained easily from the effective
mass theory[2] by solving of the following equation:

o,
o VY, (r)+V ()P, (r)=E¥,(r) @

e

*
m, is the electron’s effective mass that varies from

material to material and subscript ¢ means that the wave
function belongs to electrons in conduction band. Valence
band wave functions are obtained by solving of below matrix
equation[3]:

0 -S/2 2R
R 20 3/28
s /ast 20
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Moreover, 2 is the amount of spin orbit split-off energy, which depends on material. T stands for Hermitian conjugate. The

parameters used in above relations are defined as follows:

!
Vi S material dependent Luttinger constants,

my : free electron mass,

k: wave vector operator. In the cases, that confinement is in three directions, wave vector operator obeys below relation:
k=-iV (7

V is gradient operator and subscripts in & indicate the direction of wave projection vector.
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Small size of QDs causes coupling of conduction and valence bands. Then finding of wave functions and energy levels
reduces to the problem of diagonalization of an eight-order kohn-luttinger Hamiltonian[4], of the below form:

y 0 v 0 V3w Nw v o
0 4 w0 v o U
v —J2u -P+o -S§ R 0 3/25s =20
b, - 0o -3r - -P-Q 0 R 2R 1/28 ®©
N4 R 0 -P-0 S /28" 2R’
v 0 R S  -P+0 20 3/28
-U N2t B/2st —2RT 1728 V20 -P-4 0
Var v 2o Vi/2st 2R B/2s 0 P-4
Parameters that their name is the same as previous are defined as before. Additional parameters are defined as follows:
hz 2 2 2
A=E; —%(ax +0) +62),
P=-E, —yli(ai +02 +62),
2m yos
0 ©)
ljzv%aﬁp
V=jigﬁg—mﬁ
6
P, is coupling between conduction and valence bands, it is convenience to define another parameter Ep :
EP::%ggfﬁ (10)

Ec, Ev are conduction and valence band energies, respectively. As it can be seen, we added subscripts to Hamiltonian,
which means that this Hamiltonian is in unstrained case. In presence of lattice mismatch between heterojunction materials,
because of the strain, an additional matrix should be added to the Kohn-Luttinger Hamiltonian as in the following is

shown[5]:

a.e 0
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Where

p = al-' (E‘:ﬂ' + E‘.".-' + e‘22 ) ¥

) (12)
5= —d(exz —ze,rz)J
-lpYeo
=Ry,
I .
v=ghl (ey ~1ey)2,
i
Parameters that are used are as follows:
e;; : strain tensor elements,
b and d : the shear deformation potentials,
a, : hydrostatic valence band deformation potential,
a. : hydrostatic conduction band deformation potential.
Therefore total Hamiltonian for diagonalization is:
H=H, +H, (13)

If we approximate derivatives by finite differences, and repeat this procedure for all points in the system space, we will
obtain an 8Nx8N sparse matrix which N is the number of points in each direction. Therefore, the problem is reduced to
diagonalizing of a sparse matrix, which there are some fast algorithms such as lanczos algorithm[6] .

3. Absorption Calculation

A useful quantity in optoelectronics is absorption or gain spectra of device. The optical absorption coefficient can be
extracted from the below relation:

1 "
a(h0)=C, L3 T fow [ 8(5. - £, 10) 1, ) 0
where:
2
Co=—"g (1s)
n,CEyNy @

O stands for Dirac delta function. The parameters used in the above relations are:
V: volume of the considered structure;

€ : unit vector in direction of polarization of incident light;

P., : Momentum matrix elements;

Ec, Ev: energy levels in conduction and valence bands, respectively;
fc, fv: Fermi Dirac distribution function in conduction and valence bands, respectively;

e, n,.,c, &, m,:Electron charge, refractive index of material, speed of light, vacuum permittivity and free electron mass,

respectively.
If we write wave functions in the form of complex linear combination of basic wave functions then we have:
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8
:ZF;, r)u; (¥
=1
18
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i=1

Where subscripts ¢ and v stand for conduction and valence bands respectively; F's are envelope functions and u;'s are basic
wave functions. We can write momentum matrix elements according to our previous work in[7]:

(16)

(17

v (’”)uj (’”)> , because of slow varying
envelope function over unit cells, we can approximate the aforementioned term by:

CAGMGIAGING)
:IE:(”)“j(r)(vaj(r)“j(V))d3r (18)

I ()pF (7)) () + [ i (r)pu; (r)dr

In this stage of manipulation, we use an approximation that can be proved in the following manner: If we have two
functions F and G, so that F'is a slow varying envelope function and G is a fast varying function over a unit cell, then for the
integration of multiplication of two functions we have:

[F(r)G( dv~ZF ) [ 6( =Zi:Fi(r)Q.é | G(r)dv=J.de.é [Gav o

In the above relation we encounter to the term like this: <FC, (” ) u; (’” ) |P F

On the above relation Q stands for volume of a unit cell and all the integrations are over the whole volume.
If we use this appropriate approximation in equation (18), we will have:

<Fci(r)ui r |p|F r u(r)>
I d3r— I r+I r)puj (r)d3r

(20)
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ucC
= (Fulpl oy )0 + (Rl ) (ol
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Where, the é‘ij

means unit cell. In extractions of above equation, we use the
orthonormal property of basic functions, in bellow form:

2 u

We named <U,- |p|uj>

is the Kronecker Delta function and UC

)d3r =5, 1)

ve a8 P, ; which is known for all

crystals[8]. With these approximations momentum matrix
elements are seen in the form of’

po =2 (Fl0lF,)+ (7,

Fybpy. @)

i=1 i,j=1
where:
P, =(u [l ), 23)
The term <F:;, ij> is the overlap integral of envelope

and can be calculated diagonalizing of k.p Hamiltonian.

4. Single Photon Emission

The structure that is usually used as electrically driven
single photon emitter is PIN diode and an array of
self-assembled QDs are grown inside the intrinsic region.
The existence of intrinsic layer is necessary for generation of
excitons[9], which their recombination leads to generation of
photons. Since fabrication of single QD is difficult, therefore
we must use a thin insulating Al1Oy aperture to select one QD
among many of them for electrically excitation by current
injection. In an experimental work, QDs in form of InAs
surrounded by the GaAs alloy have been reported[10].
However, in this paper we are theoretically suggesting a new
structure for improving the absorption spectra of the
fabricated device reported in[10]. A simple scheme for the
whole structure is depicted in figure 1. As it is shown, the
whole structure is made of GaAs. InAs islands are grown in
intrinsic region. Parameters of materials used in the
simulations are tabulated in table 2. In All simulations in this
work, we assume the temperature is set to 15K.

d
n-GaAs
C i-InGaAs
i-InAs a ¢
Wetting Layer
+—>
p-GaAs

Figure 1. a simple schematic m SPS, that is used in our simulations

First we simulated a structure shown in figure 1 with the
parameters gathered in Table 1 except for the c¢,—which is
¢=0 for this primarily study. In section 5, we will study our
proposed structure with nonzero value of ¢ parameter.

After simulation of this structure by using the extracted
absorption relation, we obtained the absorption spectrum of
structure for both TE and TM polarization as shown in figure
2. This figure shows that the peaks occur around 1um and
1.1pum that are dramatically matched with the results of the
experimental work in[10] having similar parameters. The
first peak is consequence of recombination in GaAs region
and the second peak is due to the QD.

25- 5
—TE

S —TM| 2
i— 2 4 =
-~
= -
Z 15- 3 E
£ £
o R
Z0s- 1 2

(). r r .:

09 1 11 12 13 14 k)

Wavelength ( pum )

Figure 2. absorption spectrum of InAs/GaAs QD

With this structure—i.e. the ¢ parameter is equal to zero, we
cannot achieve wavelengths greater than 1.1pum and thus we
cannot use this single photon emitter in fiber optic
communications utilizing the common single mode fibers. In
the following section, we introduce a new modified structure
in which the wavelengths can be greater than 1pm.

5. The Proposed Structure for Single
Photon Emitter

We know that the strain affects the bandgap of
semiconductor such that compressive strain increases
bandgap and tensile strain reduces it[11]. Thus, we exploit
this property of strain for modifying the bandgap of InAs dot.
In InAs/GaAs, heterojunction according to lattice constants
in table 2, we have about 7% compressive strain, and
therefore increasing of InAs bandgap and this by itself
reduces the wavelength of emitted photons. For decreasing
of bandgap, we need to reduce the compressive strain in
heterojunction. For inclining to this important target, we
proposed using of a strain reducing In,Ga,  As layer around
the InAs QD.

Therefore transition between InAs QD and GaAs substrate
is graded by structure which is depicted in figure 1, by
lengths tabulated in table 1. All needed physical parameters
are listed in table 1. It is worth noting that physical
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parameters of InyGa;(As alloy are calculated by
interpolation, such that if G is a parameter then we have[12]: a ) 0,75

G(InxGal_xAs)
=xG (Inds)+(1-x)G(Gads)—x(1-x)C;

0.7+

24)

Where Cg is bowing parameter related to G. For lattice
and stiffness constants, we use simple linear interpolation.
And temperature dependent energy gap is calculated from
varshni’s model.

In figure 3a, variation of InAs bandgap as a function of In
fraction (x) of alloy is sketched. As it is expected, the slope
of curve is negative. Figure 3b, shows variation of bandgap 0.45-
with respect to InGaAs layer height. As it is shown,
increasing of this height leads to decreasing of bandgap; this 04, 02 04 06
is because of the fact that increasing of the height leads to In lloy fraction
reduction of strain. When the height of this layer exceeds the
QD height, variations become slower. Figure 4, shows band
diagrams of structure in different cases with or without
doping and strain reducing layer along vertical direction that
goes through the apex of QD.

So far, we have not applied any voltage across the diode
and all of the results are about unperturbed structure. Here,
we apply a voltage of 1.45 Volt across the diode for
perturbing the structure. The existence of voltage is
necessary for current injection to QD and therefore its
excitation. Alternatively, for convenience it is possible to
inject current into the diode for applying disturbance. In this
circumstance, the gain spectrum is calculated for several
values of different In alloy fraction. Eventually we find that

N
N

n

Optical BandGap (eV)

c

Optical BandGap (eV)

for the case that In fraction is 0.53, the peak gain occurs at 0595 3 4 5 6

1.3um. Results are shown in figure 5, for both cases of QW height (nm)
existence and nonexistence of InGaAs layer and also for both Figure 3. variations of InAs bandgap as a function of a) In alloy fraction b)

TE and TM mode. These results are completely reasonable [nGaAs height

because any perturbation leads to energy level repulsion, and
therefore energy difference between levels increases and
leads to blue shift.

Table 1. Structure parameters

a(nm) b(nm) c(nm) d(nm) e(nm) wetting layer(nm) doping concentration(cm™*)

5.5 6.66 6 36.66 85.5 0.6 10®

Table 2. Physical parameters of materials used in simulations. These parameters is calculated in 15K

GaAs InAs Ings3Gag7As GaAs InAs Ing53Gag 4748

a!C(A) 5.6422 6.051 5.8589 m, 0.067 0.026 0.043
Eg(eV) 1.518 0.416 0.815 a.(eV) -7.17 —5.08 -7.79
Ago(eV) 0.341 0.39 033 a,(eV) -1.16 -1 -1.08
12 6.98 20 11.01 b(eV) -2 -1.8 -1.9

V2 2.06 8.5 418 d(eV) 48 -36 —4.16

V3 2.93 9.2 4.84 C,1(GPa) 1221 8329 1015.3
Ep(eV) 288 21.5 253 C5(GPa) 566 452.6 505.9
VBO(eV) -0.8 —-0.59 —0.594 C44(GPa) 600 395.9 491.83

13
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Figure 4. band structure of system for a) absence of InGaAs layer (QW) and no doping b) existence of InGaAs layer but no doping c¢) absence of InGaAs
layer but materials are doped d) existence of InGaAs layer and materials are doped
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Figure 5. gain spectra of QD a) with and b) without InGaAs layer. In both of cases, voltage drop across diode is 1.45 volt
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6. Conclusions

In this paper, first of all and in continuation of our
previous work in[7], we extracted a novel formula for
calculating of optical absorption coefficient in the k.p
multiband framework with three dimensional carrier
confinements. Next using this formula, we computed the
absorption and gain spectra of a quantum dot single photon
source. First, we simulated the InAs/GaAs quantum dot. We
saw that in this case applying voltage across diode causes a
peak gain at 950nm wavelength. It is not a suitable
wavelength for common single mode fiber optic
communications. Therefore, we modified the structure by
exploiting of an In,Ga; (As layer around the quantum dot.
Simulation of this structure showed that for x=0.53, the peak
gain occurs at 1.3um.
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