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Disk-shaped Quantum Dots
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Abstract; Within the framework of the effective-mass approximation, the binding energy. optical
transition energy, oscillator strength, and radiative lifetime of ionized donor bound exciton (D" X) in a
Quantum Dot (QD) were calculated, assumed that the ionized donor was located at the disk axis, the
disk-shaped QD consisted of a finite length cylinder of ZnO material surrounded by Mg,Zn, , O. The
calculations were performed by using a suitable variational wave function for finite confinement potential
at all surfaces, including the strong built-in electric field effect due to the spontaneous and piezoelectric
polarizations. Calculated results reveal that the disk structural parameters (height and Mg composition in
the barrier) and the donor position have a strong influence on the binding energy, optical transition
energy, oscillator strength, and radiative lifetime of (D" X) complex. As the disk height increases, the
binding energy. optical transition energy. and oscillator strength both decrease, whereas the radiative
lifetime increases. The influences of disk height on the binding energy, optical transition energy,
oscillator strength, and radiative lifetime become more prominent for the QDs with higher Mg
composition. The binding energy (the optical transition energy) has a maximum (minimum) when the
donor is located in the vicinity of the left interface of the QDs. On the contrary, the binding energy (the
optical transition energy) has a minimum (maximum) when the donor is located in the vicinity of the right
interface of the QDs.
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0 Introduction

ZnO s

photoelectric material because of the large band gap of

widely investigated as a potential
3.37 eV and large exciton binging energy of 60 meV at
room temperature. Moreover, doping Mg, Co, and
Mn, etc. in ZnO and studying the properties of ZnO
alloy is an interesting subject” . For example,
extensive experimental work has been devoted to the
subject of fabricating and studying ZnO/Mg,Zn,, O
superlattices because of the novel properties compared
to GaN/Al,Ga,_,N superlattices"™® . Optical properties
of Wurtzite ( WZ) ZnO/MgZnO Quantum Wells
(QWs) have been investigated extensively™*. Also,
it was reported that there exists a large built-in electric
field (BEF) due to Spontaneous (SP) and Piezoelectric
( PE) WZ 7ZnO/MgZnO QW

structures”'"", Morhain, et al'*'",

polarizations in
reported on the
determination of a value of 0. 9 MV/cm for BEF in
Zn0/7Zn, ;s Mg, ,, O QWs, and led the BEF by linear
interpolation to a maximum field of 4. 1x for ZnO/
Mg.Zn, . O QWs. Therefore, optical properties of
[0001 J-oriented WZ ZnO/MgZnO strained QWs are
strongly affected by the BEF due to the Quantum-
Confined Stark Effect (QCSE). Furthermore, it was
found that ZnO Quantum Dots ( QDs) have much
higher photoluminescence quantum efficiency than their
bulk counterpart”™*,  Therefore, WZ ZnO/MgZnO
QD is expected to have more possible advantages in
optoelectronic devices. Lately, the excitonic states and
the interband transitions in WZ ZnO/MgZnO QDs have
been investigated theoretically with the inclusion of
internal electric field by means of a variational approach
within  the

framework of the effective-mass

approximation'’ ),

It is well known that impurity states play a very
important role in some semiconductor optoelectronic
devices. Without impurities, there would be no diode,
no transistor, or any semiconductor science and
technology. A deep understanding of the effects of
states of semiconductor

impurities on exciton

nanostructures is a fundamental question in
semiconductor physics, because their presence can
dramatically alter the performance of quantum devices.
Recently, the optical transitions due to donor bound
exciton (D°X) (D" X) and acceptor bound exciton
(A"X) (A X) in ZnO epitaxial layers have been

observed at low temperature™ . Therefore, studying
bound exciton states and related interband optical

transitions in the metal oxide-based nanostructures is

an issue of great importance in the understanding of
optical properties and practical applications of these
oxides. To the best of our knowledge, there is little
theoretical and experimental work on the bound exciton
states in the WZ ZnO/Mg,Zn, , O QD so far.
Consequently, it is necessary and imperative to
investigate the bound exciton states confined in WZ
ZnO/Mg,Zn, O QDs in detail. In this paper, we are
going to focus on the simplest bound exciton system
(D" X) confined in strained WZ ZnO/Mg,Zn, ,O disk-
shaped QDs, consisting of an electron and a hole bound
to an ionized positively charged donor. We investigate
the luminescent properties of the (D" X) complex as
functions of the disk structural parameters (height,
radius, and Mg composition in the barrier) and the
donor position, within the framework of the effective-
mass approximation and by means of a variational
method. Moreover, the effect of the strong BEF due to
the SP and PE polarizations is also included.

1 Model and theory

We consider an isolated WZ ZnO disk-shaped QD
with radius R and height L, surrounded by large energy
gap materials WZ Mg, Zn, , O in both radius and =z-
direction, in which the origin is taken at the center of
the disk-shaped QD and the = axis is defined to be the
growth direction (Fig. 1). For simplicity, we assume
that the width of the barrier is much larger than the
disk height (i, e., LY¢*-0 > %) Here, adopt a
cylindrical coordinate

system, the coordinates of

electron, hole and donor are denoted by (p.s ¢@.s z.) s

X

L

[ zn0 [ ] MgZn, 0O
Fig.1 A diagram of a WZ ZnO disk-shaped QD embedded
in an infinite WZ Mg, Zn;_,O matrix
Consens =) s and (0, 0, 2,0, respectively. Within the
effective- mass approximation, the Hamiltonian of (D"
X) complex in a strained WZ ZnO/Mg,Zn,_, O disk-
shaped QD can be written as

by K [loa( o
H(U X _1%/»{ 27)1,’: |:‘O, 8,0, <{OJ a(OJ >+
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where E, ,,, is the band gap energy of the WZ ZnO
material, r., r,, and r, are the position vectors of the
electron, hole, and donor, respectively. m, is the

electron (hole) effective mass, ¢, is the permittivity of

free space, and e is the effective mean relative dielectric
constant of the embedding material between the
electron and hole. V (p;, z;) is the electron Chole)
confinement potential due to the band offset (Q,) and is

given by
JV(‘OJ) = <%
Vi .2)= L@
IQ/[EQ.M;:‘Zn ‘()7Eg-Zn()] ’ ‘Zj ‘ >?4
0.0, <R
V<p,):{ o= . (3)
QJ [E’g..\/lg Zn, ‘()_Eg.zm)] »0j >R

In this paper, the ratio of the conduction band to the
valence band offset is assumed to be 653507,

The strength of the BEF due to the SP and PE
polarizations along the growth direction is given by"*!

Zn0) Zn0 __ pMg Zn_ O
JP‘Zn(): _PSP + Pr Py

ZnO
e e 4)
FVeZ 0,

where F*(yv=17n0 or Mg,Zn,_,0O) denotes the BEF of

layer v, P% is the SP polarization in the equilibrium

lattice, P} is the PE polarization, and ¢ is the
electronic dielectric constant of material v, which is
different from the static dielectric constant of layer y.
Generally speaking, the direction of the BEF depends
on the orientation of the piezoelectricity and SP
polarization, and also the BEF is determined by both
the polarity of crystal and the strain of disk-shaped QD
structures.

The wave function of the uncorrelated electron
(hole) confined in our WZ ZnO/Mg,Zn, , O disk-
shaped QD potentials Egs. (2) and (3) can be written
as
G oy sz) = f(o)h(z))e™ sm=0,+1,£2,- (5)
where m is the electron (hole) z-component angular
momentum quantum number. The radial wave function
S (o) and the corresponding confinement energy
equation of the electron (hole) can be obtained using
the m-order Bessel function J,, and the modified Bessel
function K,,. For the z-axis motion of the electron
(hole), the wave function h (z;) and the related
confinement energy equation can be expressed by means
of the Airy functions Ai and Bi.

Here, we adopt the wvariational approach to
estimate the ground-state binding energy of (D' X) and
wave function. As in the previous works, we choose a
trial wave function of the following form"***"

Dy, (1, ’rh)zsl)e((()e » Pe ’Ze)sbh(ph N vzh)ewp"“ ei"%‘)" (6)

where pfh :pf +pf, —2p.oncos (@.—¢,) s =z, — )"
In Eq. (6), the variational parameter « is responsible
for the in-plane correlation, and g accounts for the
correlation of the relative motion in the z-direction.

The ground-state energy of (D" X) E,x, in the
WZ 7ZnO/Mg,Zn, , O disk-shaped QDs can be
determined by

E(D © :min<®(f) X) | ﬁl([) X) ‘é(f) X)>
a.f (Dp' v |@<D 07
The binding energy of (D" X) E, and the optical
transition energy E,; can be defined as follows,
E,=E.+E,+E,.o—Eux ()
E,.=E.+E,TE, ,..—E, 9
where E, (E,) is the electron (hole) confinement
energy in the WZ ZnO/Mg,Zn, ,O disk-shaped QDs.
The oscillator strength of (D" X) state fp: v

0

with energy E.yv, and envelope wave function

By, (rosry) is calculated as™"*"!

farn = 2
(D X)) —
E(D X)

where the Kane energy of ZnO is E, =28. 2 ¢V, The
oscillator strength not only defines the strength of

| Jdrudrhqpu) o (rosr)8(r. —r ) ‘2 (10

absorption lines, but also relates to the radiative
lifetime T[SS 367

_ 2me;myc’ K’
771()’2 Eih f( D X

where &, m,, ¢» kh, and e are fundamental physical

T 1D

constants with their usual meaning and »n is the

refractive index.

2 Results and discussion

In order to clarify the influences of the disk
structural parameters (height L, radius R, and Mg
composition x in the barrier) and the donor position on
the (D" X) states confined in strained WZ ZnQ/
Mg, Zn, ., O disk-shaped QDs, we have calculated the
binding energy of (D' X), optical transition energy,
and oscillator strength, considering the strong BEF
induced by the SP and the PE polarization. Moreover,
we have further calculated the radiative lifetime of
(D" X). In the following numerical calculations, we
ignore the effect of the complicated valence band
structure of ZnO and Mg, Zn, , O. All material
parameters used in the present article are the same as
in Ref. [22].

Fig. 2 shows the binding energy of (D" X) E, and
the optical transition energy E,, calculated as a function
of the disk height L in strained WZ ZnO/Mg,Zn, , O
disk-shaped QDs with radius R =10 nm for different
Mg compositions when the ionized donor is located at
the center of the disk-shaped QDs. From Fig. 2(a), we
note that as the disk height L decreases the binding

energy of ( D" X ) grows up to a maximum and then

0116001~ 3
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Fig.2 Variations of the binding energy and optical

transition energy as a function of disk height L when
the donor is located at the center of the disk-shaped
QDs
slowly drops if Mg composition is low (x=0.08 and
0.15),
decreasing the disk height if Mg composition is high
(x=0.25 and 0. 3). Further, it is noticed that the
variation tendency of the binding energy with the disk

however, it increases monotonically with

height is more prominent for the disk-shaped QDs with
higher Mg composition. For the same disk height, E,
increases with the increasing Mg composition if the disk
height L < 3. 8 nm,
increasing Mg composition if the disk height L >

whereas E, decreases with
4.4 nm. As we know, the binding energy of (D" X) is
an indication of the electron-hole Coulomb interaction
when the donor is located at the center of the disk-
shaped QDs. The well-known behavior of the increase
in the binding energy of (D' X) is associated with the
reduction of mean relative distance in the z-direction
between the electron and hole with decreasing the disk
height. However, when Mg composition in the barrier
is low (x = 0. 08 and 0. 15),

potential barrier confinement is weak for smaller disk

the contribution of

height, the electron (hole) wave function tunnels
through the barrier, the Coulomb interaction between
the electron and hole is reduced which ultimately causes
the decrease in binding energy. Furthermore, as Mg

composition increases: 1) the increase in the potential

barrier height induces that the electron and hole wave
functions are more strongly localized inside the QDs,
this leads to an increase in the binding energy of
(D" X); 2) the intensity of the BEF in the strained
ZnO layer is strengthened, the strong BEF induces the
remarkable spatial separation of electron and hole, and
leads to a reduction of the binding energy. When the
disk height is small (L <C3. 8 nm), the first effect
prevails, so the binding energy increases with the
increase in Mg composition. On the contrary, the latter
prevails if the disk height is large (L>>4. 4 nm), thus
the binding energy decreases with increasing Mg
composition. The results indicate that any quantum
device depends on the composition of the barrier
material and the spatial confinement of geometrical
size.

From Fig. 2 (b), we can see that the optical
transition energy E, decreases monotonically as the
disk height L increases. The reason is that the electron
and hole confinement energies in ZnO/MgZnO strained
disk-shaped QDs are decreased with the increase in the
disk height. Further, the decreasing trend of E,, with
the increase of disk height is more obvious for the disk-
shaped QDs with higher Mg composition, when Mg
composition x increases to 0. 3, the scope of optical
transition energy is broadened and E, comes to
2.869 eV with L =6 nm which is far below the bulk
WZ ZnO energy gap 3. 37 eV. Mg composition in the
the

increasing the confinement potential of the electron and

barrier affects optical transition energy by
hole and increasing the electric field. Moreover, it is
noticed from Fig. 2 (b) that the incorporation of the
ionized donor in the disk-shaped QDs can obviously
reduce the optical transition energy, especially for the
larger disk height. For example, at L. = 2 nm, the
optical transition energy of ionized donor bound exciton
is E,,=3.471 5 eV, whereas we obtain 3.499 9 eV for
free exciton state withont the The
deference is AE,,= 28.4 meV. The difference AE,, =

174. 3 meV increases 6. 14 times when L increases from

ionized donor.

2 to 6 nm.

In Fig. 3, we present the variations of the binding
energy of (D" X) E, and the optical transition energy
E,, as a function of disk radius in strained WZ ZnO/
Mg, Zn, O disk-shaped QDs with height L=2 nm for
different Mg compositions when the donor is located at
the center of the disk-shaped QDs.
Fig. 3(a) that as the disk radius increases, the binding

It is seen from

energy of (D" X) decreases monotonically in all case.
This is due to the increase of the in-plane mean relative
distance between the electron and hole and weakening
of the Coulomb

Furthermore, Fig. 3 (a) also show that the binding

interaction when R increases.

0116001~ 4
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energy of (D' X) increases with increasing Mg
composition for any disk radius when the disk height
L=2 nm. The main reason is that the increase in the
potential barrier height due to the increasing Mg
composition induces that the electron and hole wave
functions are more strongly localized inside the disk-
shaped QDs which ultimately causes the increase in the

binding energy.
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(a) The binding energy(L=2nm)
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(b) The optical transition energy(L=2nm)
Fig.3 Variations of the binding energy and optical

transition energy as a function of disk radius R when
the donor is located at the center of the disk-shaped

QDs
In Fig. 3 (b), we can find that the optical
transition energy decreases quickly if R(<(5 nm) is
increased and decreases slowly if R is further increased
(R>5 nm), and it is insensitive to the disk radius
when R>7 nm. This is due to the total confinement
energy of the electron and hole carriers decreases
rapidly when R(<(5 nm) is increased and decreases at a
slower rate if R is further increased (R>>5 nm) (see
Fig. 4). Moreover, we also find from Fig. 3(b) that in
the disk-shaped QDs with L = 2 nm, the optical
transition energy has a blue-shift for any disk radius
when Mg composition increases from 0. 08 to 0. 25
because of the strong localization of the electron and
hole wave functions in the disk-shaped QD. However,
the optical transition energy has a red-shift if Mg
composition x further increases from 0. 25 to 0. 3.
Also, Fig. 3(b) indicates that the incorporation of the

ionized donor in the disk- shaped QDs can obviously
reduce the optical transition energy for any disk radius

when L=2 nm, which is consistent with Fig. 2(b).

240

200

160

120

Carrier confinement energy/meV

F:70J) PO TP TP PR NP EPU NP PR |

R/mm

Fig. 4 The carrier confinement energy as a function of disk

radius R when the donor is located at the center of
the disk-shaped QDs

Fig. 5 presents the variation of the binding energy

of (D" X) E, and the optical transition energy E,, as a
function of the donor position z, in strained WZ ZnO/
Mg,Zn, ,O disk-shaped QDs with height L=2 nm and
radius R=10 nm for three different Mg compositions:
0.15, 0.25 and 0. 3. It is observed from Fig. 5 that in
all case the binding energy of (D" X) (the optical
transition energy) firstly increases (decreases) when
the ionized donor is moved from the left barrier to the
right barrier along the growth axis of the disk-shaped
QD, and reaches its maximum (minimum) when the
donor located in the vicinity of the left interface of the
disk-shaped QDs, and then reduces (increases) to the
minimum (maximum) values when the donor located in
the vicinity of the right interface of the disk-shaped
QDs. and again increase (decrease). The physical
reason can be understood as follows. The strong BEF
breaks the parity of the disk-shaped QD potential. The
electron wave function h(z,.) is localized inside of the
disk-shaped QD, close to the left

Correspondingly, the hole wave function h (z,) is

interface.

located close to the right interface (Fig. 2 of Ref.
[227]). The Coulomb interaction between the electron
(hole) and the donor is strongly influenced by the
position, which, in turn, has a large influence on the
interband optical transition. The Coulomb attractive
interaction between the electron and the ionized donor
enhances if the ionized donor is moved from the left
barrier of the disk-shaped QD to right along z-direction
(2, << (L/2 nm). The electron probability has its
maximum approximately at the left interface of disk-
shaped QD. As a result, the binding energy increases,
and the optical transition energy decreases. As the
donor is continuously moved toward right in the disk-
shaped QD along z-direction ((L/2 nm < z, < L/2

0116001-5
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nm), the coulomb attractive (repulsive) interaction
between the electron (hole) and the donor decreases
(increases). Hence the (D" X) complex has higher
ground-state energy, which will lead to the decreasing
of the binding energy and the increase in the optical
transition energy. Correspondingly, when the ionized
donor is further moved from the right interface to the
right barrier of the disk-shaped QDs (2, >L/2 nm),
the binding energy is dominated by the donor-hole
Coulomb repulsive interaction, which causes the optical
transition energy reduces. We thus have the important
conclusion that the optical properties of (D" X)
complex sensitively depend on the donor position in the
WZ ZnO/Mg,Zn, O disk-shaped QDs. Moreover, we
also observe from Fig. 5 that the influence of Mg
composition on E, is more remarkable when the donor
is localized in the vicinity of the left interface of the
disk-shaped QDs, the of Mg

composition on E,; is more prominent when the donor is

whereas influence

localized in the vicinity of the right interface of the disk-
shaped QDs.

70
65
> 60
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£
=85
50
45 A ] " :I " 1 i i L L 2
-3 -2 il 0 1 2 3
z,/nm
(a) The binding energy(L=2nm, R=10nm)
3.48 : :
3.47
>
<
2
3.46
3.45
z,/nm
(b) The optical transition energy(L=2nm, R=10nm)
Fig.5 The binding energy and optical transition energy as a

function of the donor position z, in the disk-shaped

QDs
We plot in Fig. 6 the curves of the oscillator
strength versus disk height L and disk radius R when
the donor is located at the center of strained WZ
ZnO/Mg,Zn, O disk-shaped QDs for different Mg

compositions, From Fig. 6 (a), it is found that the
oscillator strength reduces with the increasing disk
height L in all case, especially for the disk-shaped QDs
with higher Mg composition (x=0. 25 and 0. 3), and it
comes to zero when the disk height approaches to
The with
increasing Mg composition. Fig. 6 (b) shows that the

5.5 nm. oscillator  strength  reduces
oscillator strength is insensitive to the disk radius for
all Mg composition. For all we know, the oscillator
strength is sensitively dependent on the confinement of
the electron and the hole and the overlap between
them. Moreover, the BEF affects the confinement of
the electron and the hole and the recombination rate of
the electron and the hole. These factors lead to the

variation of the oscillator strength.

12

x=0.08

10 |

Oscillator strength

L/nm
(a) Disk height L(R=10nm)
9k
—_ !
sk x=0.08
<=
on L
5 —
5 TF f
g x=025 =0.15
= 6}
o x=0.3
F ¥
Al )

R/nm
(b) Disk radius R(L=2nm)

Fig. 6 The oscillator strength as functions of disk height L
and disk radius R when the donor is located at the
center of the disk-shaped QDs

The calculated lifetimezof (D" X)
complex is plotted in Fig. 7 as functions of disk height

L and disk radius R when the donor is located at the

center of strained WZ ZnO/Mg,Zn, ., O disk-shaped

QDs for different Mg compositions x. As an important

radiative

physical quantity, the radiative lifetime is inversely
proportional to the oscillator strength and the square of
the optical transition energy (refer to Eq. (11)). We
can see from Fig. 7 (a) that the radiative lifetime
increases with increasing the disk height L. It is

worthwhile to note that the radiative lifetime increases

0116001~ 6
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very smoothly with the increasing of the disk height for
the disk-shaped QDs with low Mg composition (x =
0.08), and it increases four orders of magnitude when
the disk height L increases from 1 nm to 5 nm for the
high Mg composition QDs (x=0. 25 and 0. 3). For
instance, for x=0. 08 case, the net enhancement of Ar
is of 83 ps with percentage of 63. 8% for the two cases
of L=1 nm and 5 nm. The corresponding difference is
of 80.7 ns (3.8X10"%) for the x=0. 3 case. The
reason is attributed to the reductions of the oscillator
strength of (D" X) complex and the optical transition
energy due to a strong BEF induced by the PE and SP
polarizations. Fig. 7 (a) also demonstrates that the
radiative lifetime increases with increasing Mg
composition for a given L, and the increment tendency
is more prominent for larger disk height. For example,
when Mg composition increases from x=0. 08 to 0. 3,
at L=2 nm, the deference of the radiative lifetime is
At = 156 ps, whereas the corresponding difference
Ar=80.7 ns increases 517. 3 times when L increases
from L=2 to 5 nm. The reason is associated with the
competition effects between the quantum confinement
and the strong BEF. Moreover, we can see from Fig. 7
(b) that the radiative lifetime is insensitive to the disk

radius for all case . This is mainly because the optical

10°
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F 10F
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(b) Disk radius R(L=2nm)
Fig. 7 Variations of the radiative lifetime as functions of

disk height L and disk radius R when the donor is
located at the center of the disk-shaped QDs

transition energy and the oscillator strength are both
insensitive to the disk radius (see Fig. 3(b) and Fig. 6
(b)). Fig. 7(b) also indicates that the radiative lifetime
increases with increasing Mg composition for any disk
radius when L =2 nm. We have thus conclusion that
the disk height and Mg composition have significant
effects on the optical properties of (D" X) complex in
strained WZ ZnO/Mg,Zn, ,O disk-shaped QD.

3 Conclusions
Within the

approximation, we have presented a calculation of the

framework of the effective-mass
binding energy, the optical transition energy, the
oscillator strength and the radiative lifetime of ionized
donor bound exciton (D" X) in a strained WZ ZnO/
Mg,Zn, ,O quantum dot (QD), assumed to be in the
form of a disk, with finite potential barriers at all
surface, for the case of a ionized donor located on the
axis of the disk. The calculations have been performed
by using a suitable variational wave function, which
take into account the confinement of the carriers in the
disk (axial and radial ), and the influence of the
Coulomb interactions between the donor and the
electron (hole) and between the electron and the hole.
Moreover, the strong BEF induced by the SP and PE
polarizations is considered. The results show that the
( height L and Mg

composition x in the barrier) and the donor position

disk structural parameters
have a strong influence on the binding energy E,,
optical transition energy E,, , oscillator strength [,y »
and radiative lifetime 7 of (D" X) complex. As the disk
height increases, the binding energy, optical transition
energy, and oscillator strength both decrease, whereas
the radiative lifetime increases. The influences of disk
height on E,, E,. fox-
prominent for the disk-shaped QDs with higher Mg

and 7 become more

composition. The binding energy of (D" X) complex
decreases with increasing disk radius, whereas the
optical transition energy, oscillator strength, and
radiative lifetime are both insensitive to the disk radius
for different Mg compositions. E, (E,,) has a maximum
(minimum) when the donor is located in the vicinity of
the left interface of the disk-shaped QDs. On the
contrary, E, (E, ) has a minimum (maximum) when
the donor is located in the vicinity of the right interface
of the disk-shaped QDs. Therefore, in order to obtain a
short-wavelength optical device, we should choose the
suitable disk height, Mg composition in the barrier and
the ionized donor position. It is hoped that the results
on the optical properties of ionized donor bound exciton
in Mg based ZnO semiconducting material will kindle

more outcomes in experimental aspects in future.
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