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Exploiting the spatial extension of impurity for regulation of
a few electrical properties of GaAs quantum dot: Role of noise
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The study uncovers the role of delicate interplay betwsgsatial dispersion of impuritgndGaussian white noisen a fewelectrical proper-

ties of thedopedGaAsquantum dot (QD)The electrical properties invohstatic dipole polarizability (SDP)Xynamic dipole polarizability

(DDP), quadrupole oscillator strength (QO®)nd static quadrupole polarizability (SQPYhe interplay between noise and the impurity
spread depends on the pathway (additive/multiplicative) by which noise is applied. It has been found that, a gradual modulation of impurity
spread, in conjunction with the mode of entry of noise, can effectively regulate the above electrical properties.
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1. Introduction els and the various matrix elements of the QD are profoundly
altered leading to noticeable change in the various physical

All low-dimensional nanostructures such asantum wells ~Properties.
(QWLs) quantum wires (QWRs)quantum well wires

(QWWSs)and quantum dots (QDshImost invariably con- the physics of low-dimensional nanostructures. The electric

tain impurities. The presence of |mpur|t|es S|gn|f|gantly " field causes a shift of the energy states of these systetask(
fluences the various physical properties of semiconductor

nanostructures. Specifically, doping of shallow impurities toShIft) thereby changing the energy spectra. Such change is

. . accompanied by polarization of the carrier distribution and
these nanostructures is characterized by remarkable changes .

. . ) ) d consequent loss in the symmetry of the system. As a result,
in their electric, magnetic, thermodynamic, transport and op:

tical properties. Utilizing the capability of the modern fab- it becomes possible to clearly understand the features of the

L ; . o T carrier distribution.
rication techniques to dope impurities in a controlled way,
the physical properties mentioned above can also be tuned Dipole polarizabilities (DPs)of a system indicates its

in a desired manner thereby providing important insight§oyest-order response to an external electric field that results
into manufacture of advanced quantum devices. In consgptg the distortion of electron cloud [57,58]. In presence of
quence, a plethora of research works have been dedicated igy external electric field the center of negative charge dis-
wards understanding the impurity effects in these nanostrugyipytion is shifted and induces an electric dipole moment.
tures [1-23], giving sufficient importance on théionlin- pingle polarizability links the dipole moment, thus gener-
ear optical (NLO)properties [1,3-5,7, 8,10, 16-19,24-53]. 5164, to the electric field strength. For a time-independent
Among the other important works on the NLO properties, 8g|ectric field we call it thestatic dipole polarizability (SDP)
few deserve special mention. Restrepo et al studied secongs 5 jinear response property, mathematically defined as the
a}nd th|rd harmonic generation associated to mfrared' transkecond differential coefficient of total energy with respect to
tions in a Morse quantum well under applied electric and,p, external homogeneous electric field. Physically, SDP acts
magnetic fields [54]. Yesilgul et al examined the linear and,g o, indicator of changes in the charge distribution, achieved
nonlinear optical properties in an asymmetric double quang,ough the distortion of the electronic density because of the
tum well under intense laser field [55]. Duque et al exploredsiatic electric field. SDP depends on the attributes of the
the intense laser effects on donor impurity in a cylindrical\yave function of the system [59, 60]. The studies of DPs
single and vertlcally coupled quantum QOts undgr C_Omb'”e%ear immense significance in understanding the pressure ef-
effects of hydrostatic pressure and applied electric field [S6]fects on the system, various interactions operating inside the
Thespatial spread of impuritgirectly regulates the QD- system, scattering phenomenon, optical properties, dielectric
impurity interaction as it governs the proximity of the elec- constant, ion mobility in gas, the van-der-Waals constant, the
tron to the impurity location. Therefore, a change in thelong range electron-atom interaction etc. [58, 61]. On the
spatial dissemination of impurity brings about a consequentther hand, if the system is subjected to a time-dependent
change in the degree of QD-impurity overlap and hence in theadiation field of frequencyy), one obtainglynamic dipole
confinement potential. As a natural outcome, the energy levpolarizability (DDP)[59, 60, 62—64].

External electric field £') bears important implications in
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Quadrupole oscillator strength (QO®) a highly impor- A = (By,0,0) in Landau gauge wher8 is the magnetic
tant quantity for understanding the optical properties that aréeld strength].H|, then appears to be
connected with the electronic quadrupole allowed transitions.

2 2 2
A large value of QOS points to high quadrupole moment ex- Hj) = A (82 + 32>
pectation values and exhibition of substantially large NLO 2m* \ Oz dy
response. The QOS involves the quadrupole moment oper- 1 9o 1 0o 9
ator (x r2) [65,66]. Naturally, a few studies have been de- T gmwWpTT + om 0y - ’hwcyafcv @)
voted to exploring the QOS in low-dimensional nanostruc-
tures [67—69]. wherew, andQ(= /w? + w?) are the cyclotron frequency

Static quadrupole polarizability (SQR)enerates owing 2and the gross confinement frequency inghdirection. Thus,
to the quadrupole moment induced by an external electriéh_e pontrlbutlon of the magnetic field strength is contained
field gradient [67]. SQP plays anchoring role in the calcu-Within w..
lation of the ionic contribution to the electric field gradientin  The three dopant parameters, namely, the dopant poten-
solids [65, 70, 71]. The work of Yakar et al explores SQP oftial strength {4), the dopant locatioriz, o) and the spa-
spherical QD [67]. tial extension of the dopant/( '/2) constitute the Gaussian

It now appears relevant to elucidate the focus and the novMpurity potential ¥;,,,,) [cf. Eq. (1)] which can be alge-
elty of the current work. The work conducts a scrupulousPraically expressed as:
monitqring of how a phange in t@atial width of impurity Vo e=l@—m0)? +Hw-v0)?] @)
can tailor a fewelectrical propertiesof GaAs QD under the vmp 0 ‘
active presence afoise Slr_uce both |mpur|'ty anq noise are A |arge (small)y value suggests spatially squeezed (ex-
known to affect the properties of the low-dimensional nanospanded) impurity potential.

tructures, simultan_eous presence 01_‘ both of them \_/vould UN- The termle|F(z + y) [cf. Eq. (1)] represents the contri-
doubtedly be very interesting. Now, it would be the interplay ption coming from the static electric field of magnitusle
between them which would be the governing factor. A grad-q operating along andy axes.

ual change in thg s_patial width qf the dopant causes a parallel The function¢ (z, y) [cf. Eq. (1)] carries the features of
change in the said interplay paving the way for harnessing thge-mearandspatial 5-correlationand stands for the Gaus-
electrical properties in delicate ways. sian white noiseg(z, y) is a second function, associated with

Specifically, present investigation explores the GaAs QDg(%y)' and gives a mathematical description of the above
that has been doped wiaussian impurityinder the simul-  5its as outlined below:

taneous presence Gfaussian white noiseThe QD confine-

ment involves lateral parabolic potential (which spatially re- (g(x,y)) =0, (5)
stricts the electronic motion to the— y surface), a vertical

magnetic field, the impurity potential and noise. Inclusion ofand

noise invites greater complexity that stems from its pathway N ro

of application (additive/multiplicative). The study explores 9(z,9)9(@',9)) = 20 (@, y) = (9], ©)
SDP, DDP, QOSandSQPas the electrical properties of con- respectively, with noise strength Box-Muller algorithm
cern and analyzes their modulations under the joint influencproducesg(x,y) obeying Gaussian distribution. The highly

of changing spatial spread of impurity and noise. fluctuating termg(x,y) is calledwhite noisebecause of a
flat spectrum in space, similar to the white light. Spatially
2. Method d-correlated Gaussian white noise suggests a signal whose

components consist of series of spatially uncorrelated ran-

Under the effective mass approximation, the QD Hamiltoniardom disturbances. This makes noise absolutely random in
consisting of the lateral parabolic confinement, impurity, ver-nature with zero memory effect. In other words, noise at any
tical magnetic field, lateral electric field and noise turns outdiven spatial location remains unperturbed by its magnitude
to be at any other locations. The noises strengtiefines the inten-
sity of fluctuation. The zero-mean guarantees that, each sam-
Hy = H) + Vipp + le|F(z + y) + &(z, ). (1)  ple/component belonging to the signal maintains a Gaussian
distribution with zero meane. the disturbance is uniformly
The dopant-free Hamiltonian vizH;, consists of the basic as well as randomly spread over space. Box-Muller algo-
parabolic confinementyfm*wj(2? + )] and the effect of  rithm produces random deviates having a normal (Gaussian)

the magnetic field: distribution. It is a random number sampling method for pro-
1 e 12 1 ducing pairs of independent, standard, normally distributed
H) = 5 [fmv + fA} + im*wg(ﬁ +v%), (2) (zero mean) random numbers, from a source of uniformly

m C

distributed random numbers [72]. One may consult pages
with wy, m* and A denote the confinement frequency, the 279-280 of the reference [72] where the algorithm (subrou-
electronic effective mass, and the vector potential [given bytine) is given.
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The pattern of linkage betweeltiz, y) andg(x, y) deter-  wherehv and f;, are the photon energy and the oscillator
mines the diverse ways of applying Gaussian white noise tatrength corresponding to th@ — |;) transitions. The os-
the QD, viz. Additive white noiseand multiplicative white  cillator strength for the dipole allowed transitions can be ex-
noisewhich read pressed as [59]:

2
£(x,y) = Mgl ), fio = 30Bjol(w;” | + ylu”)

for additive white noise (NSADD) ~ (7)  where, "’ and ¢/§”’ are thelj)-th and |0)-th eigenstates
in absence of the electric field, alﬁo) and E(()O) are the

and associated energies. Current study computes DDP for the
|0y — |1) transition owing to its substantially large value
E(z,y) = dag(z,y)(z +y), of transition dipole moment. DDP possessagjular points
0 0 . . .
for multiplicative white noise (NSMLT) (8) athv = B — E which are responsible for itsign-
inversion

where)\; and ), are the two constants. These constants take Following the absorption or emission of photons for the
care of the influence of surrounding environment for additivetransition between the statg$ and| ), the QOS P(*)] can
and multiplicative noise, respectively. In effect, the magni-be written as [67]
tudp (.e. the impact) of these\-s are absorbed within the p@ —o (Fl22 + 210) |2 (Bf — E;), (12)
noise strengtly. Therefore, no separate values of thase
are needed. A change in the noise strength becomes actual§fere £; and E; being the initial and final state energies,
meaningful from a physical perspective. respgct|vely.

Linear variational principle has now been invoked for an ~ Finally, SQP can be expressed as [67]

approximate solution to the time-independent $dimger P@
equation. For this purpose, the ordinary product of the har- Qsqp = Z 7@ _ El)z» (13)
monic oscillator eigenfunctions has been chosen as the trial f>i S !

functiony.(z,y). The normalized eigenvectors and the en-whereP(? is the QOS as outlined before.
ergy eigenvalues can thus be subsequently generated.

SDP, for confined systems, can be given by [59] 3. Results and discussion

In general, for the doped GaAs QD, the various physical pa-
rameters take on following valuesa* = 0.067mg, where
myg IS the vacuum electron mass,= 12.4 is the dielectric

. . constantjiwg = 100.0 meV,B = 5.0 T, FF = 100 kV/cm,
where,e, ¢j(_0) and¢60) are the electronic charge and thig- Vo = 200.0 roneV, ro = 0.0 nm andc = 1.0 x 10—4, respec-

th and|0)-th eigenstates in absence of the electric field, re'tively. The effects of the constants and \, that appear in

;pectivgly.Ej(O) aan(SO) are the associated energies. Presenk 7y and Eq. (8) are absorbed inside the noise strength

inspection takes into account the first five eigenstaites (e - value is so chosen that the noise contribution remains

j) = [1) to [5))in the above summation. This is due qera|| rather small so that the numerical stability is not com-

to the fact that the transition dipole moment values among, . ica

these states are much larger than other states. Consideration

of more terms in the above summation does not possess any1.  Static dipole polarizability

meaningful significance but unnecessarily hikes the compu-

tational labour. Figure 1 displays the static dipole polarizability (SDP) plots

While considering DDP, the QD is exposed to an electricas a function of the impurity spread without noise and with

field of magnitudeF’ which oscillates with a frequency. NSADD and NSMLT, respectively. The plots reveal steady

The QD experiences an electrically introduced perturbatiorenhancement of SDP with increase in impurity spread, both

which is a function of both frequency and time and is givenin presence and absence of noise.

by [60,62] An increase in the spatial spread of impurity reduces the
system confinement. In consequence, the system gradually

V(v,t) = F [exp(—2mivt) + exp(2mivt)],  (10)  gets expanded and SDP increases [59, 61, 63]. Moreover,

presence of NSADD (NSMLT) raises (lowers) SDP with re-

0 0
o W |z + ylp )2
ap = 2e g

s (9)
0 0

j=1

and DDP is given by the following expression [59] spect to the noise-free ambience over a wide range of im-
purity spread. This suggests that applied NSADD (NSMLT)
ap(v) = fio (11) enhances (depletes) the expansive nature of the system from

that under the state without noise. Thus, the SDP profiles

2
=1 (B9 — EY) — (hv)? e .
=t ( J 0 ) (hv) quantitatively depend on the noise mode. It can be further
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FIGURE 1. SDP plots against impurity spatial stretefi ¢/2): (i)

10 15 20

-1/2
Y " (nm)

without noise, (ii) under NSADD and (iii) under NSMLT.

(horizontal) behavior. This may be due to the fact that, in the
regime of very large value of impurity spread, the system’s
expansion settles to some sort of steady value. And no further
expansion of the system occurs even if the spatial dispersion
of the impurity is enhanced further. This is reflected through
approximately constant values of the SDP in the large impu-
rity spread domain.

3.2. Dynamic dipole polarizability

Figures 2a)-2c) show the dynamic dipole polarizability
(DDP) profiles against the oscillation frequeney for dif-
ferent values of impurity spread, with and without noise. It
comes out that, regardless of presence of noise, for a given
value of impurity spread an increase in the incoming fre-
quency enhances the DDP [59, 64]. Moreover, with increase
in the impurity spread, the singular point makes a shift to-
wards the lower photon energy. Furthermore, it can also be
noticed that DDP takes on positive (negative) values as the in-
cident photon frequency lies to the left (right) of the singular

noted that, with increase in the spatial spread of impuritypoint. This happens since the incoming photon frequency has

the SDP function seems to take on an approximately constabeen varied in the immediate vicinity & Fy; = E:fo) —E;
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FIGURE 2. DDP diagrams againdtv for different values of impurity spatial stretch {*/2): (i) 1 nm, (i) 3 nm, (iii) 5 nm, (iv) 10 nm, (v)
15 nm and (vi)20 nm: a) without noise, b) with NSADD and c) with NSMLT. d) Profiles of DDPs'/2 at hv = 50 meV: (i) without
noise, (i) with NSADD and (iii) with NSMLT.
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interval. The frequency range has been chosen looking at the 10

|0y — |1) transition which makes the most substantial con- (l)
tribution in the summation of Eq. (11). g S— (ll)
Figure 2d) exhibits the DDP profiles as a function of the — (1)

impurity stretch at a given value of the impinging photon
energy ofhvr = 50 meV. The plots reveal that, irrespec- ~
tive of presence of noise, the DDP steadily enhances follow- z
ing the enhancement of impurity spread. The finding sug- ;
gests a fall of the effective confinement of the system with O
increase in the impurity stretch. The reduced confinement &

decreases the energy interval between the eigenstates lear

ing to enhanced oscillator strength and thereby augments the (i)

DDP [59, 64]. Quantitatively, DDP registers lowest value in 1

presence of NSMLT. However, the magnitudes of DDP with- 0 . , ’ :

out noise and in presence of NSADD make a crossover in the \5 10 15 20
vicinity of y~1/2 ~ 10 nm. The DDP exhibits higher values 112

nm
without noise than in presence of NSADD inside the regime v (om)
v~1/2 < 10 nm whereas the situation exactly reverses as thé1GURE 3. QOS plots against impurity spatial stretejt(/2): (i)
impurity spread exceeds the above value. Thus, once agaigxcluding noise, (ii) including NSADD and (iii) including NSMLT.
the applied NSMLT happens to enhance the system confine-
ment from the noise-free ambience. However, the modifi- ] )
cation of system confinement (with respect to the noise-fre@QC'ForS’ namely, the quadrupole matrix elemeft|=* +
environment) by NSADD noticeably depends on the extent o/~ [9)| and the energy intervdl; — E;) between the eigen-
spatial spread of impurity. Whereas for low-to-medium im- §tates_. In the present stud.y, the QOS profiles plotted agal!flst
purity spread{—'/2 < 10 nm) NSADD increases the system Impurity spread show noticeable dependence on the noise
confinement over the noise-free state, it does just the reverggode. The steady decline of QOS under noise-free state and
within high impurity spread regime,(/2 > 10 nm). in presence of NSMLT can take place if both the above fac-
The overall magnitude of DDP depends on the relativdOrs decrease with increaseym'/2. Alternatively, it is also
dominance of the factors such as the energy separation pRossible that one of the above factors increases with increase
tween the eigenstates, the relevant oscillator strength and tifathe impurity stretch while the other factor decreases. Now,
incoming photon frequency. A varying impurity spread pres_lf the decreasing factor dominates over the increasing factor
ence of noise and the mode of application of noise, in comtnen there will be an overall drop in the QOS as spatial spread
bination, affect the said energy intervals and the oscillatoPf Impurity increases. Emergence of minimization in QOS in
strength and therefore design the features of the DDP prd2résence of NSADD indicates kind of opposing behaviour
files. The study makes it conspicuous that DDP of dopedaetween the above two factors and a shift in the relative dom-
) i i icini 1/2
QD can be regulated through the effective manipulation of@nce between them in the vicinity of” /2 ~ 10 nm.

the confinement (achieved through the variation of impurityhus: the features of the QOS profiles depend on the pres-

spread and applied noise in a given mode) as well as by turgnce/absence _of noise and_ also on the noise m_ode. Further-
ing the incoming photon frequency. more, over a wide range of impurity stretch, applied NSADD

It needs to be mentioned that, both SDP and DDP profile§NSMLT) lowers (raises) the QOS from the noise-free value.

manifest qualitatively similar features as a function of the

electric field strengthK’) as observed with impurity spread. 3.4. Static quadrupole polarizability

This is because, quite similar to the impurity spread, an in-

crease inF also diminishes the overall confinement of the Figure 4 describes the static quadrupole polarizability (SQP)

system. We, therefore, refrain from elaborating the profilegrofiles pursuing the change of spatial dispersion of impurity,

of SDP and DDP againgt for the brevity of the manuscript. both considering and ignoring noise. In absence of noise and
under NSADD the SQP plots manifest distinct maximization

3.3. Quadrupole oscillator strength in the neighborhood of ~!/2 ~ 5 nm andy~1/% ~ 8.5 nm,
respectively. However, in presence of NSMLT, the SQP de-

Figure 3 delineates the quadrupole oscillator strength (QOS)icts a nearly steady behaviour consisting of minor fluctua-

profiles following the variation of spatial stretch of impu- tions with variation of impurity spread. The magnitude of

rity, both including and excluding noise. Without noise andSQP is guided by the quadrupole oscillator strength and

in presence of NSMLT the profiles display a regularly de-the energy separatioi’; — E;) between the eigenstates.

creasing trend as the spatial stretch enhances. In presencehigwever, theP®) term itself depends on the energy differ-

NSADD, the decreasing trend persists but now it consists ognce(E; — E;) and also on the quadrupole matrix element

aminimum around—'/2 ~ 10 nm. QOS is governed by two |Mi(?)| = |(f|z? + %?|i)|. The SQP could increase (with
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the noise-free system usually in rather small amount. On the
other hand, NSMLT makes a strong coupling with the sys-
tem and usually causes large deviation of system’s properties
from the noise-free state. In the present enquiry, presence of
NSMLT produces steady SQP over the entire range of im-
purity stretch comprising of frivolous undulations. Thus, it
can be argued that the presence of NSMLT affects the con-
finement in such a way so that a continuous balance persists
among the various factors that govern SQP. In consequence,
the overlap between the eigenstates becomes quite stable over
the entire range of impurity stretch leading to steady SQP.

SQP (a.u)

5] (ii)

0 4. Conclusion

5 10 15 ' 20 . . . . L
. The interplay between the spatial dispersion of Gaussian im-

vy “(nm) purity and Gaussian white noise delicately regulates the elec-
trical properties of GaAs QD. The electrical properties con-
FIGURE 4. SQP curves as a function of spatial dispersion of impu- sidered are SDP, DDP, QOS and SQP. Gradual change in im-
rity (7—1/.2); (i) ignoring noise, (ii) considering NSADD and (jii) purity spread, coupled with the pathway of application of
considering NSMLT. noise, can regulate the said electrical properties. Under all

L . . B(2) i : conditions, a gradual increase in impurity spread enhances
variation of the impurity spread) iP"* increases associated SDP and DDP. Without noise and in presence of multiplica-

with a fall of energy interval. However, sind&? itself con- > , : 2 S

. . . . tive noise, QOS monotonically falls with increase in impu-
tains the energy separation term, a fall of the said separat|ont ; . .
will also lower P(2). This needs to be noted that, whereas' _strgtch, Whergas, In presence of additive noise, the QOS
SQP depends inversely on the square of energy separatiorrrl1|n|rn|zes atan impurity spread of 10 nm. The SQP, on

P® has a linear dependence on energy difference. Thuéhe other hand, manifests maximization at impurity spread

it will be the resultant impact 0P, the energy gap and of ~ 5 nm and~ 8.5 nm under noise-free atmosphere and

2) ) ) under additive noise, respectively. However, application of
|Mif | which ultimately shapes the enhancement of SQP. B¥nu|tip|icative noise leads to a steady SQP over a wide range

virtue of similar argument the decline of SQP can also beOf impurity stretch.

envisaged. Emergence of maximization in absence of noise It needs to be mentioned that the present study consid-

and under NSADD indicates a competitive behavior between _ : : . .
: e - ers only on-center doparnits. the impurity position has been
the above parameters and accompanying shift in the relatlvl§e t fixed . . .

. ; . . pt fixed at the origin. However, the impurity may be placed
dominance among them as the impurity spread Q|sperses qvg{ centers away from origin (the off-center impurities). For
arange. In presence of NSML.T’ a steady SQP |nd|cgtes I(Inoff—center impurities, because of the enhanced separation be-
of compromise among these diverse factors over a wide ran

e ! o
of impurity stretch. Yeen QD confinement center and the dopant, it is expected

. : - . that th fil f the electrical i I i-
Physically, rise and fall of SQP indicate greater spreadlnt atthe profiles of the electrical properties would be quanti

) ; Qatively affected. However, no major qualitative change can
and squeezing of wave function [67] due to reduced gnd e expected. The study with off-center impurities will be an
hanced effective confinement of the system, respectively,

) . ) ) a5ntirely separate one and we hope to explore this in near fu-
the impurity spread varies over a range under different cong

ditions. On the other hand, a steady SQP suggests a some-

what fixed spread of wave function owing to sort of stable

effective confinement potential. In this case, even a changfcknowledgements
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