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The electronic states of two donors in a strained quantum dot (QD) under the influence of high magnet-
ic field have been investigated. Numerical calculations are carried out using variational principle within
the single band effective mass approximation by means of magnetic field strength through energy depend-
ent effective mass. Studies on the donor problem in a QD are a useful tool for understanding the electronic
and optical properties of impurities. The study of two donor impurities in low dimensional semiconductor
structures with and without magnetic fields is performed. We will adopt to calculate the binding energy in
zinc blende QD. Our investigations include Zeeman Effect in the Hamiltonian. The magnetic field induced
diamagnetic susceptibility of two donors is computed as a function of QD radius. The variation of two-
donor binding energy as a function of dot radius for different magnetic field strength applied with and
without field is conducted. The results show that the binding energy increases with the decrease of dot ra-
dius, reaching a maximum value, and then decreases when the dot radius still decreases. The contribution
of diamagnetic susceptibility to the donor binding energy is the measure of spatial extension of the ground
state. The inter-donor distance is the measure of Coulomb interaction energy of the two donor systems.
The Coulomb interaction energy is only appreciable when inter-donor distances approach nearby or lesser
than the effective Bohr radius. Our results show that the high magnetic field, the QD radius and Cou-
lombic interaction energy have a remarkable influence on the electronic states of two donors in a strained
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QD. The results seem good and in better agreement with other literatures.
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1. INTRODUCTION

In recent years, III-V wide band gap semiconductors
of nitride groups and their binary and ternary com-
pounds have attracted much attention. GaN and its
related semiconductor alloys are most promising for
potential application in optical, optoelectronic, and
electronic devices [1]. For low-dimensional heterostruc-
tures, many theoretical and experimental investiga-
tions have been performed on the issue of binding en-
ergy of an electron to a donor impurity [2]. The under-
standing of the electronic and optical properties of
impurities in such systems is important because the
optical and transport properties of devices made from
these materials are strongly affected by the presence of
shallow impurities [3]. The nitride-based materials
have good performances, possess high speed operation
and are highly reliable [4]. The properties of wurtzite
GaN based quantum heterostructures are strongly
affected by the built-in electric field [5]. Zinc blend GaN
structure, having less band gap, does not have strong
built-in internal field due to high crystal symmetry.

Understanding the performance of optical devices is
important in this area.

GaN based quantum dots (QD) have also shown to
be a promising candidate for quantum computing [6, 7].
The study of two donor [8] and two acceptor [9] impuri-
ties in low dimensional semiconductor structures with
and without magnetic fields is done.

In the present work, the calculations are performed
by variational method using the single band effective
mass approximation by the magnetic field strength. We
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will adopt to calculate the binding energy in zinc
blende QD. Our investigations include Zeeman Effect
in the Hamiltonian. The effect of magnetic field on
variational parameter and diamagnetic susceptibility
of a strained GaN/AlGaN QD is investigated with and
without the effect of field. The magnetic field induced
binding energy of two donors as a function of quantum
dot radius has been investigated. In Section 2, a theo-
retical calculation of the problem is given. The result
and discussion are presented in Section 3. Finally, the
main conclusions are presented in the last Section.

2. THEORY

The Hamiltonian for two donors in the QD system
within the effective mass approach, when applying
magnetic field, is given by
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where g is the effective Lande factor; up is the Bohr
magneton; S: is the z-component of the total spin, & is
the effective dielectric constant of the QD, and
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Vo for |r|<R and Vp=Vog for |r[>R , Veg(T)
is the barrier height given by Vog(T)=QAE (X). Qc is

the conduction band off-set parameter, which is taken
to be 0.70.
Due to large influence on the electronic energy lev-
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els in a semiconductor QD, we have used the material
dependent effective mass in our calculations.
The energy dependent effective mass is given by:
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where ¢ is the dielectric constant of GaN, Eg is the
energy band gap, A is the spin-orbit band splitting, and
E denotes the conduction band energy of the electron,
m(0) is the conduction band effective mass.
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where m( denotes the free electron mass.
For a zinc blende phase, the band gap difference be-
tween GaN and AliGaixN is given as

E N(x):(l—x)Eg'GaN +ng’AlN +bx(x-1), 4)
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Egaca N Egean and Egny are the AliGaixN, GaN
and AIN band gap energies on the axis which passes
through I' point. The units of length and energy used
throughout the present paper are the effective Bohr
radius R*=h%, / m*e’ and R)=m*e*/2¢2n*, where &
is the static dielectric constant of GaN.

The strain-induced potential for the conduction
band is given by

Vcstrain = ac( Ex t gyy +&, ) (5)

where ac is the deformation potential constant of the
conduction band & = €] =(a0 —a) / a, where gy and a

are the lattice parameters of bulk GaN and AIN, re-

«> Where ¢1; and ¢y are

spectively, and &) = _z(clz] £
Ci1

the elastic constants, the values of which are obtained
from [10].

The strain-induced potential for the valence band
can be written as

b
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where a, and b are the deformation potential constants
of the valences band.
a g™ 4gBS,
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The ground state energy of an electron in a parabol-
ic QD is estimated by the variational method. We have
assumed the trial functions as
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where N1 and N2 are the normalization constants and
oy and S are given by
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Matching the wave functions and their derivatives
at the boundary r = R, the energy eigenvalues are de-
termined by imposing the boundary conditions
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Using equations (4)-(6), we obtain for s-states
R+ pRtan(4R)=0. (11)

The ground state energy of the conduction electron
in a parabolic QD in an external magnetic field, Ep, is
obtained by minimizing the expectation value of Hp
with respect to the trial wave functions given in equa-
tions (4), (5).

The Hamiltonian for two donors situated at the cen-
ter of the parabolic dot in the presence of an external
magnetic field applied along the growth direction, is
written as

Hp=Hp- % ~. (12)

In the presence of a magnetic field, the ground state
energy of the donor is obtained by the variational
method using the trial wave functions,
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where ¢, and ¢, are the variational parameters. The

ground state energy is estimated by minimizing the
expectation value of Hip with 6 and £ as the variational
parameters with respect to the above trial wave func-
tions. For the sake of mathematical convenience, we
consider ry =rq=r.

The ionization energy is obtained as

Eion :ED+7_<I//‘HID‘V/>min' (14)

The confining potential energies of two interacting
donors are calculated using the wave functions (9) for
1s states is obtained by

HIE_<\P15(F1’F2) \Pls(fi’rz)>- (15)
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In the above equation |f—F,| determines the role of

inter-donor distances in the Coulomb interaction ener-
gy of two donor systems.

The diamagnetic susceptibility ydic of the donor im-
purity in the QD is given as

2

Ko = (T-%)), (16)
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where ¢ is the velocity of light, <(F—F0)2> is the mean

square distance between electron and nucleus.
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3. RESULTS AND DISCUSSION

In our calculations, the values of physical parame-
ters pertaining to GaN/AlGaN QDs are mgan = 0.19m,,

£= 9.5, the effective Bohr radius is a*B =26.75 A and the
effective Rydberg is R; =28.644 meV and y= 1 for 90.4 T.

Fig. 1 shows the variation of two-donor binding en-
ergy as a function of dot radius for different magnetic
field strength with and without applied field. In all the
cases, it definitely shows that the binding energy in-
creases with the decrease of dot radius, reaching a
maximum value and then decreases when the dot radi-
us still decreases. This is due to the fact the QD radius
approaches zero, the confinement becomes negligibly
small, and the tunneling comes to play in the finite
barrier problem. Due to the reason, the binding energy
again decreases drastically. This is a well-known result
in quantum well structure and nanostructure [11]. It is
in agreement with the other investigators [12, 13]. The
value of all the magnetic field behavior is observed, and
we notice that the binding energy increases with mag-
netic field for the entire dot radius. There is a “turn
over” at R=15A° where the binding energy is maxi-
mum, this is due to the donor approaches the limit of
effective Bohr radius of the given system. Moreover,
the binding energy is appreciable for smaller dot radius
due to the confinement, and the magnetic field effects
are prominent for small-size dots. For the entire dot
radius, there is an enhancement in the binding energy
with and without magnetic field strengths.

25
y=15T

y

«
& 15
2 = 6T
o
2
S 104
£
[+
y=0T
54
0 T T T T 1
0 20 40 60 80 100
Dot Radius (A")

Fig. 1 — Dot radius with binding energy for different magnetic
field

Fig. 2 shows the variational parameter as a func-
tion of dot radius for different magnetic field strength.
We have adopted the variational method to evaluate
the ground state energy of the given system. Its central
point is the search for an optimum wave-function ¥(r)
that depends on a number of parameters. This is called
the trial wave-function. This variational approach con-
sists in varying these parameters in the expression for
the expectation value of the energy

E [w* Hydr
[y > wdr
until it reaches its minimum value. This value is an up-

per limit of the energy level pursued. The so-called trial
wave function depends on a set of free variational para-
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Fig. 2 — Variational parameter as a function of dot radius for
different magnetic field
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Fig. 3 - Variation of diamagnetic susceptibility as a function
of dot radius for different magnetic field

meters. It is the measure of minimum energy of a sys-
tem. It is observed that the variational parameter is
appreciable only behind the regime of effective Bohr
radius even for high magnetic field.

The variation of diamagnetic susceptibility as a
function of dot radius for different magnetic field
strength is shown in Fig. 3. Diamagnetic susceptibility
is a tool to check the accuracy of the wave function se-
lected in variational method. The contribution of dia-
magnetic susceptibility to the donor binding energy is
the measure of spatial extension of the ground state. It
is observed that there is an increase in diamagnetic
susceptibility when the dot radius decreases for all the
magnetic field strengths. Also it is noted that the dia-
magnetic susceptibility increases with the decrease of
quantum dot size and in the smaller size region, reach-
ing a maximum and then decreases, which is very simi-
lar to the one observed in the donor binding energy with
the dot size. The magnetic field dependence of diamag-
netic susceptibility is not prominent for small dot radii
due to the domination of geometrical confinement.

Fig. 4 displays the interaction energy as a function
of quantum dot radius. The inter-donor distances are
the measure of Coulomb interaction energy of the two
donor systems. The interaction energy of the system is
appreciable when the inter-donor distances reach and
beyond the effective Bohr radius such as when the inter-
action energy starts to decrease. We believe that when
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Fig. 4 — Interaction energy with dot radius
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BiuinB CHJIBHOrO MATHITHOIO II0JIA HA €HEPreTUYHI CHeKTPU JBOX JOHOPIB
y chanepuToBiii KBAHTOBIN TOYILi

D. Prasanna, P. Elangovan

PG & Research Department of Physics, Pachaiyappa’s College, Chennai — 600 030, India

Jlocuire o eJIeKTPOHHI CTaH! JIBOX JOHOPIB y HampyxeHid kBauToBii Tourrl (KT) mix BrmuBom crbHOTO
MATHITHOTO 10Jist. dMcesbHI PO3PAaXyHKU MIPOBOASATHCSA 3 BUKOPUCTAHHSIM BaplalliifHOrO MPUHIIAILY B MeKaxX
OJTHOCMYTOBOTO HAOIMKEHHS e(DEeKTUBHOI MACH 3a JOIOMOIOK HAIPYKEHOCTI MATHITHOTO II0JIS Yepe3 eHepro-
3asexHy edextuBHy Macy. Hocmimxrens mpodiemu monopa B KT e xopucHEM 1HCTPYMEHTOM A1 PO3YMIHHS
€JIEKTPOHHUX 1 OIITUYHUX BJIACTHUBOCTEN JIOMIIIOK. BUKOHAHO JTOC/T/I3KEHHS JTBOX JIOHOPHUX JIOMIIIOK Y HU3b-
KOPO3MIpHHUX HAMIBIIPOBIIHUKOBUX CTPYKTYPAax i3 1 0e3 MarHiTHuX 1moJmiB. JJis pospaxyHKy, OepeThes eHeprist
3B'asry y canepurosiit KT. Hamrl mocmimkeHHs BKIOYAOTh epekT 3eeMaHa y raMUIbTOHIAHI. [HaOyKoBaHA
MATHITHAM II0JIEM [OiaMAarHiTHA CIIPUAHATIIMBICTE OBOX HJOHOPIB o0OumMcimoeTbes Ak (yHKIa pamiyca KT.
3ificHIOETHCST BapiloBaHHS eHeprii 3B'SI3Ky JBOX JOHOPIB K YHKITI pajiyca TOYOK IS PI3HOI HATIPY?KEHOCT1
MATHITHOTO TIOJIA 3 1 6e3 IPUKJIAIEHOro mojsd. Pe3ysibTaT MOKa3yoTh, 0 eHepPris 3B'sS3Ky 3pocTae 31 3MeH-
IIEHHAM PajIiyca TOYKH, JOCATAIOYN MAKCHMAJIBHOTO SHAUEHHS, a MOTIM 3MEHIIY€eThCs IIPU 3MEeHIIeHH] pajti-
yca Toukn. BHeCOK JiaMarHiTHOI CIPUAHATIIMBOCTI ¥ JOHOPCHKY €HEPTil0 3B'S3KY € MIPOI IIPOCTOPOBOTO PO3-
IIUPEHHsI OCHOBHOIO craHy. MIsK/OHOpHA BIJICTAHB € MIPOI eHeprii KyJIOHIBCHKOI B3a€MOJIl TBOX JIOHOPHUX
cucrem. EHeprist KyJIOHIBCHKOI B3a€MO/Ii1 TTIOMITHA JIMIIIE TOJII, KOJIM MIsKJIOHOPHI BiJICTaHI HAOIMKAIOTHCS 400
MeHIm, HixK edpextuBHU pagiyc Bopa. Hamri pesynpraTi nmokasyoTs, o cuiibHe MartiTHe moste, pasgiyc KT
Ta €Hepris KyJIOHIBCHKOI B3aeMOil MaloTh 3HAYHMI BILJIUB HA €JIeKTPOHHI CTAHHU ABOX JOHOPIB Y HAIIPYsKEeHIN
KT. Peaynbratu 30a10ThCsa KOPEKTHUMH 1 J00pe Y3rOMMKYIOTHCA 3 IHIMUMMY JIITePATy PHAMY JAHWMI.

Kmouosi cnosa: Hampyskena kBanToBa Touka, Bapiamiitamit meton, Kysmoniscbka enepris.
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