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Abstract: Current inspection analyzes the role played by Gaussian white noise on intraband transition
lifetime (ITL) of quantum dot (QD) containing an impurity. In this regard, the ITL profiles are
scrutinized following the variation of several pertinent physical quantities with and without noise. Two
different avenues viz. 'additive’ and 'multiplicative’ have been explored by which noise may be
introduced to the system. Often, the presence of noise happens to alter the attributes of the ITL profiles
(steady rise, steady fall, and maximization) from that under a noise-free state. And such alterations also
prominently depend on the additive/multiplicative nature of noise. The present study clearly manifests
the attainment of enhanced ITL of QDs containing dopants under applied Gaussian white additive noise
having strength in the neighborhood of a typical value. The findings seem to have important bearings
in designing and manufacturing QD-based optoelectronic devices where the role of noise needs to be
acknowledged.
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1. Introduction

Quantum dot (QD) is a renowned member of low-dimensional semiconductor systems
(LDSS) family where the movement of electrons and holes suffers from complete spatial
confinement. Above confinement has come out to be the driving force behind the exhibition of
enhanced optical features of QD that are intimately linked with optical transitions, oscillator
strengths, and light-matter interactions. In consequence, we have come across extensive
application of QDs in various microelectronic and optoelectronic devices [1]. It is the effective
confinement potential (ECP) of QD that actually guides the characteristics of optical properties.
Thus, the fine-tuning of ECP of QD is of utmost relevance and can be accomplished by
harnessing its shape, size, and composition.

QD containing dopant impurity is a well-known means to alter and tune its ECP. Such
alteration and tuning affect the spatial distribution of QD energy levels, which, in turn,
influences the various optical properties of QD. Quite naturally, there are a plethora of
investigations involving dopant-related aspects in LDSS [2-18] with special focus on their
nonlinear optical (NLO) properties [19-50]. The application of external noise is a viable route
to modify the ECP of QD. The presence of noise invariably affects the output of devices where
QD appears to be an essential ingredient. Hence it is absolutely pertinent to address the
consequences of external noise on NLO properties of QD.

https://biointerfaceresearch.com/ 8639


https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC112.86398653
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1884-2439
https://orcid.org/0000-0002-9607-6290
https://orcid.org/0000-0002-0506-9731
https://orcid.org/0000-0002-5790-6976

https://doi.org/10.33263/BRIAC112.86398653

The Quantum theory of radiation assumes that light is absorbed during the promotion
of electrons to a higher energy level. However, photon emission takes place as the electron
relaxes with a transition lifetime () t0 a lower energy level and looses its excess energy. Thus,
7 is the lifetime of the excited state before the spontaneous emission of the photon occurs. In
other words, the emission corresponds to the process in which a photon with energy AE is
released simultaneously, satisfying the conservation of energy requirement viz. AE = hv. T iS
influenced by various physical parameters such as pressure, temperature, electric field, and also
by the size of the QD structure. The reciprocal of 7 also bears some physical relevance as it
denotes the total rate of spontaneous emission from a higher level to a lower level with the
emission of a photon having energy 4E = hv [51, 52]. Apart from being relevant in the
fundamental physics of LDSS, z also assumes importance from a technological perspective
involving LDSS-based devices.  affects the performance of these devices and may serve as a
sensitive tool for assessing the processing cleanliness and material quality, thereby making the
control of 7 an important task [51]. We can, therefore, find several important works that deal
with the control and modulation of z in LDSS [51-55].

In the present work, we perform an extensive exploration of intraband transition
lifetime (ITL, t) of doped QD for a transition between |¥,) and |¥;) states in light of the role
played by Gaussian white noise. The present study envisions 2-d QD (GaAs) containing one
electron and subject to lateral parabolic confinement such that the electronic motion becomes
restricted to x - y plane. A magnetic field orthogonal to the x - y plane is also applied. The
doped impurity potential is described by a Gaussian function. Moreover, the doped QD is
subjected to an external static electric field (F) applied through x and y axes. Two different
pathways, namely additive and multiplicative, have been invoked for the entry of noise into the
system. Based on the mode of entry, noise interacts differently with the system leading to
diverse features in the NLO properties, which are not observed under a noise-free state. The
Present work examines the features of ITL profiles following the variations of several
important physical parameters such as electric field (F), magnetic field (B), confinement
potential (wo), dopant location (ro), dopant potential (Vo), binding energy (BE), aluminium
concentration (y) (considering doped AlyGaiyAs QD) [19], noise strength ({), position-
dependent effective mass (PDEM) [56-64], position-dependent dielectric screening function
(PDDSF) [56, 58, 65], geometrical anisotropy [66-69], hydrostatic pressure (HP) [6, 8, 23, 25,
33, 36, 70, 71] and temperature (T) [70, 71]. The study elucidates the impact of noise in
fabricating the ITL profiles of doped QD when different physical quantities undergo
progressive change.

2. Materials and Methods

The complete Hamiltonian representing the system, taking into cognizance the dopant
(impurity), the electric field and noise, may be written as

Ho =Ho +Vin, e[ F (x+y)+&(x,Y) (1)
Invoking effective mass approximation, it seems that Hgstands for impurity-free,
single-electron QD where the electronic motion is restricted to the x —y plane owing to lateral
parabolic confinement V(X,y)=%m*w§(xz+y2)- @o,can be viewed as the harmonic

confinement frequency and m" is the effective mass of an electron. Hcan be given by
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Hy = ——|-inv +2 K]Z +-mr w3 (x? + y?) @)
0= ome - 2 0 y
The perpendicular magnetic field (B) makes its presence in the above equation through
the expression zi using Landau gauge [A = (By, 0, 0)], 4 being the vector potential. @,
mc

is the cyclotron frequency which can be regarded as manifesting the role of the magnetic field.
Above Hamiltonian can also be written as

2 2 2
/ —h—* a_2+a_2 +Em*a)§x2+£m*92y2—iha)cyi. (3)
2m \ox® oy ) 2 2 oX
Where, Q(= «/a)g +a’)is the overall confinement frequency in the y-direction.

The impurity (dopant) potential Vimp of eqn. (1) is delineated by a Gaussian function
ViZ. Vi = Voo V(=20*+6=v0°] 1t comprises three major dopant parameters, namely (xo,yo),
Vo, andy. They stand for the location of dopant incorporation, the dopant potential and a
measure of the spatial extension of impurity effect, respectively. y is related to the dielectric
constant (&) of the medium.

&(x,y) of eqgn. (1) takes care of noise characterized by zero-average and spatial o-
correlation. We introduce a function g(x,y) which mathematically describes above mentioned
physical characteristics of noise such that

(9(x.y))=0 (4)

and
(g(xy)a(x.y)=2¢5[(xy)=(x.y)] )
respectively, where £ is the noise strength. The function g(x, y) has been produced by

invoking the Box-Muller algorithm and g (X, y)follows a Gaussian distribution. &(x,y) is

called 'additive' noise or 'multiplicative' noise based on its mode of interactions with the system.
To be precise, for additive white noise (AWN) we write

§(,y) = Ag(x,y). (6)
And with multiplicative white noise (MWN) it becomes
§(,y) = A9(x,y)(x +y), (7)

where 4, and A, are two arbitrary parameters.

The time-independent Schrodinger equation has been solved using a variational recipe.
The trial function [ (x, y)] has been expressed as a linear combination of product of harmonic

oscillator eigenfunctions ¢, (px)and ¢, (qy)so that

Vet ) = D Camin @D (@), ®
nm
where C  are the linear combination coefficients and p = M % and q= m_hQ . The

matrix elements of various terms of eqn(1) have been calculated using the above trial function.
Calculation of said matrix elements helps us construct the Hamiltonian matrix for H,

[cf. egn. (1)] followed by its diagonalization leading to the attainment of the energy levels and
the normalized eigenfunctions.
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Following the density matrix formalism, r between the ground and the first excited
state is given by [54, 72, 73]
o 3c’he,
167°AESN, M, [*

where ¢, h, e, AE,, n,and M, are the speed of light in vacuum, Planck's constant, vacuum

9)

permittivity, transition energy between the ground state and the first excited state, refractive
index, and the transition dipole moment integral between the ground state and the first excited
state, respectively.

3. Results and Discussion

In the present work, the values of dielectric constant and electronic effective mass are
chosentobe e=12.4, m" = 0.067m,, respectively, where mo is the electronic mass in a vacuum.

The above values of ¢ and m"are suitable for GaAs QDs. Unless otherwise mentioned,
throughout the study we have used %o = 250.0 meV, F =100 kV/cm, B =10.0T, Vo =280.0

meV, ro = 0.0 nm and ¢ =1.0x107*. In all the plots discussed below, the ITL profiles are

inspected as various physical parameters vary over a range under noise-free conditions (i) and
in the presence of AWN (ii) and MWN (iii), respectively. And the physical explanations behind
various ITL profiles have been given after describing all the plots.

3.1. Role of the electric field (F).

Fig. 1 depicts the ITL profiles as a function of electric field strength. Both without noise
and with MWN, ITL displays steady enhancement with F. However, the outcome changes in
the presence of AWN whence ITL displays prominent maximization at F ~ 70 kV/cm.

201
—a— (i)
- - (ii)
164 --4 - (iii) Vi \

T (ps)
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Figure 1. Plots of ITL vs F: (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.

3.2. Role of the magnetic field (B).

Fig. 2 delineates the ITL profile as a function of magnetic field strength. The ITL
profiles display a regular increase with an increase in B without noise and with MWN.
However, under applied AWN, ITL decreases steadily as B enhances and finally saturates at
large B.
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Figure 2. Plots of ITL vs. B: (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.

3.3. Role of confinement frequency (wo).

Fig. 3 exhibits the ITL profiles following the variation of confinement energy hw, . The
plots divulge the emergence of maximization without noise and under applied AWN at ha, ~
70 meV and at hw,~ 80 meV, respectively. In contrast, under applied MWN, the ITL plot
reveals a feeble minimization at ha,~ 30 meV, followed by steady enhancement with further

increase in ha, .

© (ps)
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Figure 3. Plots of ITL vs he, : (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.
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Figure 4. Plots of ITL vs. Iy : (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.
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3.4. Role of dopant location ().

Fig. 4 depicts the variation of ITL profiles as a function of dopant location. The profiles
appear quite similar without noise and in the presence of MWN as in both the cases, the said
profiles show a steady increase with an increase in r,, i.e., with the gradual shift of dopant

from on-center to more and more off-center locations. However, in the presence of AWN the
ITL profile exhibits maximization around ry~ 17 nm.

3.5. Role of dopant potential (Vo).

Fig. 5 delineates the variation of ITL with an increase in the strength of the dopant
potential. This plot carries specific importance as we can monitor how ITL changes as we
proceed from QD without any impurity to QD infused with a certain amount of impurity. The
plot reveals that, regardless of the presence/absence of noise, ITL undergoes steady
enhancement with an increase in Vo.

20

T (ps)

0 40 80 120 160 200 240 280

Figure 5. Plots of ITL vs. Vo: (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.
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Figure 6. Plots of ITL vs. BE: (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.

3.6. Role of binding energy (BE).

The ground state binding energy Es may be represented as
E,=E,-E, (10)
Where E and Eo are the ground state energies of QD containing impurity and dopant-free QD,
respectively. Fig. 6 depicts the ITL profiles as a function of BE of the system. The findings are
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considered analogous to that of the previous ITL vs. Vo plots [fig. 5]. We, therefore, abstain
from elaborating these plots.

3.7. Role of aluminum concentration (y).

We now examine the role of aluminum concentration (y) on ITL profiles upon
considering AlyGai-yAs QD system whose effective mass is given by m* = (0.067 +0.083y)m,
[19]. Fig. 7 exhibits the pattern of variation of ITL profiles withy. The ITL vs. y profiles exhibit
a similar trend under noise-free state, and with AWN as in both the cases, we find a regular
increase in ITL as y increases. However, under applied MWN, ITL displays noticeable
maximization aty ~ 0.6.

—a— (i)
- - (ii)
“ - -4 - (iii) s

Figure 7. Plots of ITL vs. y: (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.
3.8. Role of the position-dependent effective mass (PDEM).

The effective mass becomes dependent on the dopant site (r,) in the case of PDEM.

The present study involves the expressions of PDEM given in the studies done by Rajashabala
and Navaneethakrishnan [56] and Peter and Navaneethakrishnan [58]. Fig. 8 presents the ITL

profiles following the variation of m™(r,) . The ITL profiles display a similar trend under noise-
free state and with MWN. In both these cases, ITL manifests a moderate increase as m'(r,)
increases. However, under the influence of AWN, the said profile exhibits maximization at
m’(r,) ~ 0.6.
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Figure 8. Plots of ITL vs. m*(ro) : (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with
MWN.
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3.9. Role of position-dependent dielectric screening function (PDDSF).

Similar to PDEM, in this case, the dielectric screening function becomes dependent on
the dopant coordinate. The current investigation explores Hermanson's PDDSF, as discussed
in the studies made by Rajashabala and Navaneethakrishnan [56], Peter and
Navaneethakrishnan [58] and Deng et al. [65]. Fig. 9 depicts the ITL profiles against PDDSF
denoted by £(r,) under different conditions. It is observed that irrespective of the presence of

noise, ITL shows noticeable enhancement with an increase in &(r,) . The enhancement appears
to be most prominent in the presence of AWN.

184 —a—j) 1
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Figure 9. Plots of ITL vs. &(I,) : (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with
MWN.
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Figure 10. Plots of ITL vs. #: (i) under noise-free condition, (ii) in the presence of AWN, and (iii) with MWN.
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Figure 11. Plots of ITL vs. hydrostatic pressure: (i) under noise-free condition, (ii) in the presence of AWN, and
(iii) with MWN.
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3.10. Role of geometrical anisotropy ().

As per Xie, the quantity77=£[cf. egn (3)] could be viewed as the geometrical
Wy
anisotropy parameter [66, 67]. Fig. 10 evinces the ITL profiles against » under different
conditions. Without noise and under the aegis of AWN, the ITL profiles display a steady
decline with an increase in #. On the other hand, in the presence of MWN, the said profile
reveals a gentle rise with an increase in 7.

3.11. Role of hydrostatic pressure (HP).

The role of HP and temperature can be included upon considering the pressure and
temperature-dependence of m“and & . For GaAs QD these dependencies are given in the work
of Lu et al. [71]. Fig. 11 shows the ITL profiles with a change of HP under various conditions.
The ITL profiles exhibit moderate enhancement with an increase in pressure without noise [54]
and under MWN. In the presence of AWN, the ITL profile displays noticeable maximization
at P ~ 30 kbar.

3.12. Role of temperature (T).

Fig. 12 demonstrates the ITL profiles as temperature varies over a range. In this case,
we can clearly distinguish the trend of the said profiles without and with noise. Whereas
without noise, the ITL profile reveals a gentle drop with an increase in temperature [54], the
trend exactly reverses in the presence of noise regardless of its mode of application. In the
presence of noise, the ITL profiles exhibit persistent enhancement with an increase in
temperature.

-t
B e

’.’-
(ii) ,r" = (i)

P s - o= (ii)

T & - (iii)
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-
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34 72 & A -
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(iii)
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Figure 12. Plots of ITL vs. temperature: (i) under noise-free condition, (ii) in the presence of AWN, and (iii)
with MWN.

3.13. Possible explanation of observed ITL profiles.

Different patterns of ITL profiles under different atmospheres can be explained on the
basis of the productAEf2|M12|2present in its defining equation [cf. eqn (9)] [54]. The ITL

profiles delineated so far (when different physical parameters undergo steady variation) have
exhibited steady growth, steady decline, maximization, and saturation. These features depend
upon the given physical quantity involved, the range over which it varies, existence/non-
existence of noise, and obviously the noise-mode (additive/multiplicative). An increase
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(decrease) in the above product will reduce (enhance) the ITL. The term |M12| of the product

will be large (small) if there is a substantial (marginal) overlap between the concerned
eigenstates. On the other hand, a large (small) energy separation between the eigenstates will
make AE,, large (small). However, both of these two quantities may or may not

increase/decrease simultaneously as different physical quantities are varied under various
ambiances. Thus, the change in the overall magnitude of the above product is not at all
straightforward. Depending upon the particular physical quantity undergoing variation,
presence/absence of noise and the choice of the noise mode (if noise is present), the aforesaid
product may decrease steadily, may increase steadily, may be minimized or may itself remain
steady leading to steady rise, steady fall, maximization and saturation in the ITL profiles,
respectively. For convenience, the results found are summarized in Table 1.

Table 1. ITL profiles during variations of different physical quantities.

SI. No. | Physical parameter being Condition Behavior of T with an increase in the
varied physical parameters
1. F noise-free increases
additive noise maximizes at F ~ 70 kV/cm
multiplicative noise increases
2. B noise-free increases
additive noise decreases
multiplicative noise increases
3. @ noise-free maximizes at ha, ~ 70 meV
0 additive noise .
AR . maximizes at hg, ~ 80 meV
multiplicative noise 0
increases
4, r noise-free increases
0 additive noise maximizes at r, ~ 17 nm
multiplicative noise .
increases
5. Vo noise-free increases
additive noise do
multiplicative noise do
6. BE noise-free increases
additive noise do
multiplicative noise do
7. y noise-free increases
additive noise do
multiplicative noise maximizes aty ~ 0.6
8. PDEM noise-free increases
additive noise maximizes atm’(r,) ~ 0.6
multiplicative noise .
increases
9. PDDSF noise-free increases
additive noise do
multiplicative noise do
10. n noise-free decreases
additive noise do
multiplicative noise increases
11. P noise-free increases
additive noise maximizes at P ~ 30 kbar
multiplicative noise increases
12. T noise-free decreases
additive noise increases
multiplicative noise increases

3.14. Role of noise strength ({).

We now inspect the role of noise strength on the ITL profiles. Fig. 13 describes ITL
profiles against —log (¢) both under applied AWN and MWN, respectively. The plot reveals the
distinct maximization of ITL at ¢ ~ 10° under applied AWN. However, in the presence of
applied MWN, the ITL profile exhibits an overall decreasing trend with an increase in the noise
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strength consisting of gentle minimization and maximization at ¢ ~ 107°and ¢ ~ 10%,
respectively. It goes without saying that for vanishingly small values of noise strength, the ITL
approaches its noise-free limit both under applied AWN and MWN. Thus, the application of
AWN of strength ¢ ~ 10 seems to be conducive for the achievement of a large intraband
transition lifetime of doped QD.

—a— (i)
-~ (i)

| (Noise-free value)

2 4 6 8 10 12,
~log(©)

Figure 13. Plots of ITL vs. —log(¢): (i) in the presence of AWN and (ii) in the presence of MWN.

4. Conclusions

Intraband transition lifetime (1TL) of QD contaminated with dopant has been examined
in conjunction with the active presence of Gaussian white noise. Two different routes (additive
and multiplicative) have been conceived through which said noise could ingress the system.
And the influence of noise has been carefully and delicately monitored as several significant
physical quantities are varied. On several occasions, the presence of noise alters the features of
the ITL profiles from that under a noise-free state. Furthermore, the aforesaid additive and
multiplicative nature of noise also bring about diversities in the ITL profiles. The ITL profiles
comprise of important features like steady rise, steady fall, and maximization that heavily
depend on the presence of noise and its mode of application. On the whole, the present study
proclaims the achievement of large ITL of doped QDs in the presence of Gaussian white
additive noise having strength in the vicinity of ¢ ~ 10°. The above findings may serve as
prerequisites for the fabrication of optoelectronic devices containing QD as an essential
component where the role of noise must be duly acknowledged.
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