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Screening effects on the optical properties of II-VI wurtzite ZnO/MgO quantum dots
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The screening effects on the light emission characteristics of wurtzite (WZ) ZnO/MgZnO quantum dots (QDs)
were investigated as a function of carrier density. These results were compared with those without the screening
effect. The light emission intensity is shown to be significantly affected by the screening effect. The difference
of the light intensity between cases with and without screening effect gradually increases with increasing carrier
density. This can be explained by the fact that the overlap between the electron and hole wave functions, and
therefore the optical matrix element, is enhanced due to the increase in the screening effect with increasing carrier
density. Also, the peak wavelength for the self-consistent solution is observed to be blueshifted with increasing
carrier density because the optical matrix elements corresponding to transitions from the conduction subband to
higher valence subbands become dominant at a higher carrier density. We observe that the screening effect is
enhanced rapidly with increasing dot size. In the case of the ZnO/MgO QD grown on MgO substrate, there exist
a large potential due to the strain-induced piezoelectric polarization, in addition to the spontaneous polarization.
As a result, its light emission intensity is shown to be much smaller than that of ZnO/MgO QD grown on ZnO

substrate.
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I. INTRODUCTION

Short-wavelength gallium nitrite (GaN) quantum dots
(QDs) have recently attracted much attention as promising
nanostructures for optoelectronic, electronic, and spintronic
applications [1—4]. On the other hand, ZnO and related oxides
have also been proposed as other wide band-gap semiconduc-
tors for short-wavelength optoelectronic applications because
they have several advantages over III-V nitrides [5-7]. Ex-
perimental results showed that ZnO quantum dots (QDs) are
promising for device applications and their photoluminescence
quantum efficiency is much higher than their bulk counterparts
[8-11].

Recently, several groups theoretically investigated elec-
tronic and optical properties such as the exciton binding
energies, the optical gain, and interband optical transition of
wurtzite (WZ) ZnO QDs, ZnO/MgZnO QDs, and coupled
QDs [12-15]. These results showed the optical and electronic
properties of the QDs can be affected by several structural
parameters such as dot height and the barrier thickness. In
particular, we expect that the optical properties will be signifi-
cantly affected by the built-in electric field due to piezoelectric
(PZ) and spontaneous (SP) polarizations [16,17]. However,
there has been very little work done on screening effects
by injected carriers on optical properties of WZ ZnO/MgO
QD structures with the built-in electric field. This will be
very important as a design guide for optoelectronic device
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applications such as laser diodes (LDs) and light-emitting
diodes (LEDs) related to ZnO-based QD structures.

In this paper we investigate screening effects on light
emission characteristics for WZ ZnO/MgO quantum dots
with PZ and SP polarizations using an effective mass the-
ory. ZnO/MgO quantum dots are commonly synthesized in
a wet-chemical process and exhibit spherical or core-shell
shape [18,19]. Real quantum dot is well approximated by
a simplified quantum dot structure of the same volume and
shape [20]. Here we consider a cubic QD structure (ZnO) of
a length d, instead of spherical quantum dot with a diameter
d, which is embedded in MgO cladding material with a size
of 200 x 200 x 200 A3. Also, we used a six-band model for
the holes as an approximation because the coupling between
electrons and holes is relatively weak due to large band gap
energy for ZnO [21]. The self-consistent eigenvalues and wave
functions are obtained by solving the Schrédinger equation
for electrons, the 6 x 6 Hamiltonian for holes, and Poisson’s
equation iteratively [22,23].

II. THEORETICAL MODEL

A. Hamiltonians for electrons and holes

The effective-mass Hamiltonian for the conduction band
can be written as [23,24]

2
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where m, is the electron effective mass. The band edge energy
is given by

El = Ay + Ay + Eg + P, (@)
which includes a hydrostatic energy shift
Pee = ac(exx + €yy + €22), 3)
|
F —K*
—-K G
—-H H*
H(k,e) = — 0 0
0 0
0 A

where

F=A+A+21+6,
G=A—Ar+ A+,

h2
A= m [Alkzz + Az(k§ + ki)] + Dlezz + Do(€xy + Eyy),
h2
6 = . [A3kz2 + A4(k§ + ki)] + Ds€; + Da(ers + €,),
2
K = As(ky + iky)*,
2m, :
2
= 2m, Aslhy + iky)kzv
A= \/§A3. (5)

Here the A;’s are the valence-band effective-mass parameters
and the D;’s are the deformation potentials for wurtzite
crystals. The bases for the Hamiltonian are defined as [22]

1
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B. Strain and static electric potential
The strain tensors and built-in potential are obtained by [25]
0ij = Cijm€ij — exji Ex,
D; = €&, Ej + Pi + Py, (7)

where o are vectors of the stress and D is the electric
flux, which are related to the strain € and electric field E

where a. is the conduction-band deformation potential, E,
is the band-gap energy, A, is the crystal-field split energy,
A;(i = 2,3) account for spin-orbit interactions, k; is the wave
vector, and ¢;; is the strain tensor.

The Hamiltonian for the valence-band structure can be
derived by using the k - p method and the c-plane Hamiltonian
for the (0001)-oriented wurtzite crystal can be written as
[22,23]

0 0 0\ U
0 0 A |ty

o A 0 |y
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H* —H A/ |Us),

vectors. Here Cijim, Pi, €, and Py, are the elastic moduli,
the piezoelectric polarization, relative dielectric constants,
and spontaneous polarization, respectively. The strain-induced
piezoelectric polarization P; is given by [20]

P; = e;jr€ji, (8)
where ¢;; is the piezoelectric coefficient. The total polarization
in the right-hand side of Eq. (7) is given by [20]

2e5€13
2e15€23
e31(€11 + €2) + e33€33 + Py

P= ©)

The elastic strain and built-in potential were calculated by
using COMSOL Multiphysics based on the theory of contin-
uum elasticity [26]. The QD is initially strained by € in all
three directions. The misfit strain ¢y of the QD is taken with
respect to the surrounding matrix and is assumed to be equal
to (e, + €oc)/3, where €, is the misfit strain in the x-y plane
and €, is the misfit strain along the z plane [20].

C. Self-consistent calculation

The total potential profiles for the electrons and holes
are [27]

Ve(r) = Vep(r) + V(r) — le|o(r),

V(1) = Vip(r) — V(r) + le|g(r), (10)
where V,;, and V,,, are the square potential for the conduction
band and valence band, respectively, V is the static electric
potential induced by the piezoelectric and spontaneous polar-
izations, and ¢ is the screening potential induced by the charged
carriers, which satisfies Poisson’s equation

V- [e(m)Vo(r)] = —le|[p(r) — n(r)], 11
where € is the dielectric constant. The density of state for a
quantum dot is given by p(E) = 6(E — E,, ,,)/V, where V is
the volume of the QD. Then, the quasi-Fermi levels for a given
carrier density are calculated from the charge neutrality using
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the following relations [25]:

-2y
pzéz

where E;. and E, are the relevant quasi-Fermi levels. Here
we assumed that carriers are injected into the QD and the
contribution from continuum states is negligible in Eq. (12).
The electron and hole concentrations p(r) and n(r) in Eq. (11)
are related to the wave functions of the nth conduction subband
and the mth valence subband by [25]

1
1 4 exp [(E —Eye) ]
1

12
1+ exp [ Lo Erd]” 12

) =2) |p.(x) — (13)
=2 e
and
1
p(r) = g ()| ——, (14
; ; 1 +exp [(EkaEfU)]

where v refers to the bases for the Hamiltonian, and ¢,(r) and
gW(r) (v =1,2,3,4,5, and 6) are envelope functions in the
conduction and valence bands, respectively.

D. Optical matrix element and spontaneous emission coefficient

The optical momentum matrix elements M for the QD are
given by [23]

&M = |(w" e p|lwp)|, (15)

where W, and ¥, are the wave functions for the conduction and
the valence bands, respectively. The indices n = {nn,n3} and
m = {mympms} denote the electron states in the conduction
band and the subband states in the valence band, respectively.
The polarization-dependent interband momentum-matrix ele-
ments can be written as [24]

TE polarization (&€ = cos ¢X + sin ¢§) :

e M = cos¢{_%P<g<l>|¢n>+k <<2>|¢,,>}

2
+ sinq&{—i%P( (1)|¢n> \/5 Plg (2)|¢n>} )
(16)

e MV2 = cos¢{%P<gm)|¢n> 7 Pg <5>|¢n>|¢n)}
2
+sin¢{—i%Px(gf:>|¢n)— 7 <<5>|¢,,>} ,
(17)

TM polarization (& = 2):

e-M'P =[PP9, (18)
e M2 = |P.eDg)| . (19)
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FIG. 1. (a) TE(y)-polarized spontaneous emission spectra,

(b) peak intensity, and (c) peak wavelength as a function of a carrier
density for wurtzite ZnO/MgO QDs grown on ZnO substrate without
and with the screening effect. The length d of cubic QD is set to be
40 A. The self-consistent results for the spontaneous emission spectra
were calculated at the carrier density of N3; = 2 x 10" cm™3.
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The spontaneous emission coefficient for the quantum dot

is [17]
2 Ho 1 N n |2
o\ < 2 v Ml

% Fl/l’in
(EZ’,’” - ha)) + () Tn)?

where m,, is the free-electron mass, w is the angular frequency,
W, 1s the vacuum permeability, and 7, is the intraband relax-
ation time, which is assumed to be 1 x 10~!3 s. The material
parameters for ZnO and MgO used in the computations were
taken from Ref. [28]. Also, we used values of —0.034 and
—0.135 C/m? for spontaneous polarizations of ZnO and MgO
[29].

(20)

gsp(hw) =

(fn f:l)a (21)

III. RESULTS AND DISCUSSION

Figure 1 shows (a) TE(y)-polarized spontaneous emission
spectra, (b) peak intensity, and (c) peak wavelength as a
function of a carrier density for wurtzite ZnO/MgO QDs
grown on ZnO substrate without and with the screening
effect. The length d of cubic QD is set to be 40 A. The
self-consistent results for the spontaneous emission spectra
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FIG. 2. Peak spontaneous emission coefficient for each subband transition of wurtzite ZnO/MgO QDs grown on ZnO substrate without and

with the screening effect.

were calculated at the carrier density of N3z = 2 x 10" cm™3.
We observe that the light emission intensity is significantly
affected by the screening effect. The spontaneous emission
coefficient at N3y = 2 x 10! cm™3 is about three times larger
than that without considering screening effect. Also, the peak
wavelength for the self-consistent solution is shown to be
blueshifted, compared to that without the screening effect, and
the peak wavelength difference between two cases gradually
increases with increasing carrier density. This can be explained
by the fact that, in the case of the self-consistent solution, the
optical matrix element corresponding to transitions from the
first conduction subband to higher valence subbands becomes
dominant at a higher carrier density, as discussed below.
Figure 2 shows a peak spontaneous emission coefficient
for each subband transition of wurtzite ZnO/MgO QDs grown
on ZnO substrate without and with the screening effect. The
self-consistent results were calculated at the carrier density
of N3z =2 x 10" cm™3. The x or y coordinate indicates
the subband index in the conduction or valence band. For
example, (x,y) = (1,4) means the peak spontaneous emission
coefficient corresponding to the transition between the first
subband in the conduction band and the fourth subband in

i

(a) No screening

the valence band. We observe that the emission intensity is
dominated by the transition related to the first subband in the
conduction band. The light intensity by the transition from
the second or higher subbands in the conduction band is
negligible. Also, the peak spontaneous emission coefficients
with the screening effect are much larger than those without
the screening effect. In the case without band-mixing effect, the
first six subbands in the valence band are degenerate. However,
these subband energies are splitted with the inclusion of the
band-mixing effect, which will affect spatial distribution of
wave function.

Figure 3 shows a normalized optical matrix element for
TE polarization of wurtzite ZnO/MgO QDs grown on ZnO
substrate without and with the screening effect. The self-
consistent results were calculated at the carrier density of
N3z =2 x 10! cm™3. The x or y coordinate indicates the
subband index in the conduction or valence band. In the
case without screening, we observe that the matrix elements
corresponding to the transition between the second or third
subband in the conduction band and subbands in the valence
band are dominant. However, the light intensity by the tran-
sition between the second or third subband in the conduction

0.004] T

_ 19 -3 3
N3D—2x10 cm |

(b) Screening

FIG. 3. Normalized optical matrix element for TE polarization of wurtzite ZnO/MgO QDs grown on ZnO substrate without and with the

screening effect.
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FIG. 4. Screening potential ¢(r) along x and z axes for wurtzite
ZnO/MgO QDs.

band and subbands in the valence band is relatively low, as
shown in Fig. 2. This can be explained by the fact that the
electron population in higher subbands is relatively low. On
the other hand, in the case of the self-consistent case, the
matrix element corresponding to the transition between the
first subband in the conduction band and subbands in the
valence band is shown to be dominant. Simultaneously, the
matrix elements with the screening effect are much larger than
those without the screening effect. Hence, the peak wavelength
for the self-consistent solution is shorter than that without the
screening effect because the transition energy of the former is
larger than that of the latter.

Figure 4 shows the screening potential ¢(r) along x and z
axes for wurtzite ZnO/MgO QDs grown on ZnO substrate.

We observe that the screening potential rapidly increases
with increasing carrier density. Also, the screening effect along
the z axis is larger than that along the x axis because there
exists the internal field along the z axis. The increase in the
screening potential will affect the optical matrix elements. For
example, the matrix element between the first subband in the
conduction band and the third subband in the valence band is
greatly enhanced by the screening effect, as shown in Fig. 3
. Its value was mainly determined by the matrix element |é -
M*|? of the lower block. Thus, we can analyze these results
by calculating overlap integrals in |& - MV |?.

Figure 5 shows the overlap integral for (g'|¢;) and
(g,(,f)|¢1) (m = 3) asafunction of the carrier density. In Eq. (17)
we see that the y-polarized matrix element is given by the
difference between overlap integrals (g¥|¢;) and (g%|¢).
The overlap integral for (g¥|¢,) is shown to be nearly
independent of the carrier density while that for (g|¢,)
gradually decreases and shows sign change at the carrier
density of N3z = 1.2 x 10" ¢cm~3. Thus, the matrix element
is enhanced because two overlap integrals have the same sign.
On the other hand, in the case without screening effect, the
absolute values of (g§4)|¢1) and (g§5)|¢1) are similar to each
other and thus the matrix element becomes very small. The
increase in optical matrix elements for the other transitions
could be also explained by similar analysis. As a result, we
know that the consideration of the screening effect is very

function of the carrier density.

important in predicting optical properties of WZ ZnO-based
QD devices.

Figure 6 shows (a) potential due to piezoelectric and spon-
taneous polarizations along the z axis, (b) screening potential
along the z axis, and (c) spontaneous emission spectra for
wurtzite ZnO/MgO QDs grown on GaN substrate with several
dot size (d = 20, 40, and 60 A). The potential along the z
axis increases with increasing dot size because it is given by
the product of the dot size and the internal field. Also, the
screening potential is enhanced rapidly with increasing dot
size. In the case of relatively small dot size (d = 20 10\), the
screening effect is shown to be negligible. Thus, the peak
wavelength is not nearly affected by the screening effect and
the peak intensity with the screening effect is rather smaller
than that without the screening effect. On the other hand, in
the case of a large dot size (d = 60 A), the blueshift of the
peak wavelength is greatly increased due to a large screening
potential. However, the increasing rate in the light intensity
due the screening effect is smaller than that for the case with
smaller dot size (d = 40 A). Thisis mainly attributed to the fact

0.6 04
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O E 02\ oox0®em® 40
= S ® 60
S 2 00 ,
2 a0
) 2 -
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FIG. 6. (a) Potential due to piezoelectric and spontaneous polar-

izations along the z axis, (b) screening potential along the z axis, and
(c) spontaneous emission spectra for wurtzite ZnO/MgO QDs grown
on GaN substrate with several dot size (d = 20, 40, and 60 A).
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FIG. 7. (a) Potential due to piezoelectric and spontaneous polar-
izations along x and z axes, (b) screening potential along x and z
axes, and (c) spontaneous emission spectra for wurtzite ZnO/MgO
QDs grown on MgO substrate (d = 40 A).

that the quasi-Fermi level is decreased with the inclusion of the
screening potential due to the reduction in carrier confinement
in potential well.

Figure 7 shows (a) potential due to piezoelectric and
spontaneous polarizations along x and z axes, (b) screening
potential along x and z axes, and (c) spontaneous emission
spectra for wurtzite ZnO/MgO QDs grown on MgO substrate
(d =40 A). The self-consistent results were calculated at
the carrier density of N3; =5 x 10" cm™3. The ZnO/MgO
QD grown on MgO substrate shows that there exists a large
potential due to the strain-induced piezoelectric polarization,
in addition to the spontaneous polarization. That is, there exists
the large potential along the x axis. As a result, the light
emission intensity is observed to be much smaller than that
of ZnO/MgO QD grown on ZnO substrate. Also, the light
intensity is greatly enhanced by the screening effect because

of a larger screening potential along the z axis, similarly to
that observed for QD structure grown on ZnO substrate. On
the other hand, we observe that the screening potential along
the z axis is much smaller than that along the z axis, despite
the potential magnitude of the former being comparable to
that of the latter. This may be explained by the fact that the
carrier confinement is enhanced due to a triangular conduction
(valence) band shape along the z axis.

IV. SUMMARY

In summary, the screening effects on light emission charac-
teristics of WZ ZnO/MgO QDs were investigated as a function
of carrier density. These results were compared with those
without the screening effect. The light emission characteris-
tics are shown to be significantly affected by the screening
effect. The difference of the light intensity between cases
with and without screening effect increases with increasing
carrier density. This can be explained by the fact that the
optical matrix elements are enhanced due to the screening
effect with increasing carrier density. The peak wavelength
for the self-consistent solution is blueshifted with increasing
carrier density because the optical matrix elements related to
transitions to higher valence subbands become dominant at
higher carrier density. We observe that the screening effect
is enhanced rapidly with increasing dot size and, as a result,
the blueshift of the peak wavelength is greatly increased with
increasing dot size. In the case of the ZnO/MgO QD grown
on MgO substrate, its light emission intensity is observed to
be much smaller than that of ZnO/MgO QD grown on ZnO
substrate.
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