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Size and temperature effects on electric properties
of CdTe/ZnTe quantum rings*
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The electronic properties of CdTe/ZnTe quantum rings (QRs) are investigated as functions of size and temperature

using an eight-band strain-dependent k-p Hamiltonian. The size effects of diameter and height on the strain distributions

around the QRs are studied. We find that the interband transition energy, defined as the energy difference between

the ground electronic and the ground heavy-hole subbands, increases with the increasing QR inner diameter regardless

of the temperature, while the interband energy decreases with the increasing QR height. This is attributed to the

reduction of subband energies in both the conduction and the valence bands due to the strain effects. Our model, in

the framework of the finite element method and the theory of elasticity of solids, shows a good agreement with the

temperature-dependent photoluminescence measurement of the interband transition energies.
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1. Introduction

Among nanoscale semiconductor heterostructures
of varying shapes and sizes, quantum dots (QDs)
and quantum rings (QRs) have been attractive low-
dimensional semiconductor structures for both the
fundamental physical property study and the poten-
tial applications in optoelectronic devices. QRs have
recently received much attention due to unique phys-
ical properties, such as the Aharonov-Bohm effect, !
the existence of a negative excitonic permanent dipole

(2]

moment,“) and their practical applications in quan-

[l and terahertz devices.!!

tum information processing

As candidate substances for nanoscale semicon-
ductor heterostructure fabrication, the II-VI materi-
als have recently attracted increasing attention due to
their large band gaps and their potential applications
in short-wavelength optoelectronic devices. Among
them, the CdTe/ZnTe material system is interest-
ing for the fabrication of QDs and QRs, because the
lattice mismatch between these two constituents is
similar to that in the InAs/GaAs system, which is
the most widely studied system in the context of
QDs.5~7 In addition, wide-bandgap CdTe QDs and
QRs with higher excitonic binding energies are ex-
tremely advantageous for potential applications in op-
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toelectronics devices operating in the green region of
the spectrum.®?) Advances in the growth technology
of II-VI semiconductors now permit the growth of
high-quality CdTe/ZnTe QDs[®*~13 and QRs.['*

On the theoretical side, understanding how the
structural elements of the semiconductor heterostruc-
ture, such as the capping and the wetting layers, af-
fect the strain distribution and subsequently the elec-
tronic and optical properties is an interesting issue.
We recently analysed the electronic and optical prop-
erties of QDs based on the linear elasticity theory
of solids and the eight-band k - p Hamiltonian,!*>-16]
and studied how the three-dimensional strain fields
induced around the CdTe/ZnTe QDs affect the con-
duction and the valence subband energies.[!516] Tt was
demonstrated that for a fixed capping layer thickness,
the transition energy between the ground states in
the conduction and the valance subbands decreased
with the increasing wetting layer thickness. On the
other hand, the transition energy shifted upward as
the capping layer thickness was increased, regardless
of the thickness of the wetting layer.['>16] The QD
structure and the mole fraction of the QD were shown
to strongly affect the optical gain of the CdTe/ZnTe
QD.[17=20] We expect similar structural effects to oc-
cur in the electric and the optical properties of the
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CdTe/ZnTe QRs.

In this paper, based on our numerical model for
QD systems,'5=20 we study the size effects of the
structural parameters including the diameter and the
height of CdTe/ZnTe QRs on the strain distributions.
Then, we investigate how the structural parameters
and the temperature of the system affect the inter-
band transition energy of the QR, which is defined as
the energy difference between the ground electronic
subband and the ground heavy-hole subband,"* while
fixing other system constituents including the wetting
and the capping layers. We show that the transition
energy increases with decreasing QR size, regardless of
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the temperature of the QR. Furthermore, we demon-
strate that the interband transition energy decreases
with increasing QR temperature, which is in good ac-
cordance with those obtained from the temperature-

dependent, photoluminescence (PL) measurement. 4]

2. Theory

The energy levels and the wave functions of
bounded electron and hole states are calculated with
the eight-band k- p model. The effective-mass Hamil-

tonian Hy is given by!2!l
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Here, P is the coupling between the conduction and
the valence bands, 71, 72, and 3 are the Luttinger
parameters, and A is the spin-orbit split-off energy.
= E. - Ey,
where FE. and E, are the unstrained conduction- and

The band gap energy is given by Eg

valence-band energies, respectively. The electron po-
tential Ve (z,y, z) and the hole potential V; (z,y, z) are
respectively defined as

0, inside ring,
Ve(w,y,2) = , (4)
Veo, otherwise,
and
0, inside ring,
Vh(:v,y7z) = (5)

Vho, otherwise.

The strain part of the Hamiltonian is given by
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where ¢;; is the symmetric strain tensor, b and d are
the shear deformation potentials, a, is the hydro-
static valence-band deformation potential, and a. is
the conduction-band deformation potential. All rele-
vant parameters for the model are summarized in Ta-

ble 1.

Table 1. Physical parameters used in the calculation.

Parameters ZnTe CdTe
Lattice constant[22]
a/A 6.08  6.48
Energy parameter
Eg[23]/ev 2.7 1.496
A4 /ey 0.93 091
Valence band effective-mass parameters(2°]
a1 4.789  4.67
Y2 1.201 1.314
3 1.873 1.880
Deformation potentials[24]
ac/eV -5.83 -3.96
av/eV 0.79 0.55
b/eV -1.26 -1.1
d/eV —4.6 -4.8
Conduction bandoffset ratiol23]
0.75
Elastic modulus!26:27]
C11/GPa 72.2 53.8
Ci12/GPa 40.9 37.4
Cu4/GPa 30.8 20.1
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According to the theory of linear elasticity, the

stress—strain relationship (the constitutive equation)
for linear conditions including initial stress and strain

is given as
Uij - Cijkl<€kl - (Eo)kl>7 iaj7 k7l =x,Y,z, (8)

where C;;1; is the component of the fourth-order elas-
tic moduli tensor.28) We adopt the finite element
method (FEM) procedures?=31 to find how the
strain fields under the boundary values due to the ini-
tial mismatch strains between the ZnTe substrate and
the CdTe wetting layer and between the CdTe QR
and the ZnTe capping layer distribute through out
the whole QR system. The initial mismatch strains
are taken as

g — aq 2012
(50)$a: = (€O)yy = aq y €zz = _0711

(€0)zz, (9)

where ag (6.08 A) and aq (6.48 A) are the lattice con-
stants of the substrate, the capping layers (ZnTe) and
the wetting layer, the QR (CdTe), respectively. Ini-
tial mismatch parameters (eg)qzz, (€0)yy, and (€o):-
are considered as the initial normal strains in the z,
y, and z directions, respectively. The presence of ini-
tial (€p).. is due to the Poisson effect: the compressive
strains from the lateral directions (e, and €, ) are so
dominant that the strain along the z axis turns out to

be tensile.[32]

3. Results and discussion

Figures 1(a) and 1(b) show cross section plots for
strain distributions €;, and €., respectively in the
y—z plane of the QR with the following structural
parameters. The thickness of the capping layer is
he = 1000 A, the inner and the outer diameters of
the QR are R, = 327 A and R, = 650 A, respectively,
and the height of the QR is h, = 42 A. By taking
the QR size reported in Ref. [14], the substrate thick-
ness is hs = 1000 A, and the wetting layer thickness
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is hy = 4.5 ML (1 ML=2.6 A for CdTe). These pa-
rameters are indicated in Fig. 1(a). In the rest of this
paper, we set the spatial coordinates in the angstrom
unit. We notice from Fig. 1(a) that €, is compressive
inside the QR and tensile around its vicinity denoted
by blue and red colours, respectively, and is tensile in
the wetting layer. The maximum values of compres-
sive and tensile strains are shown to occur around the
interfaces between the CdTe QR and the ZnTe barrier,
i.e., at R = Ry and R = R,. For the case of €., shown
in Fig. 1(b), the maximum tensile strain is observed
around the top area of the QR (R = R;), meanwhile
the completely compressive strain is found in the wet-
ting layer. Figure 1(c), for example, shows €5, €y,
and e,, distributions at the top of the wetting layer,
i.e., at z = 0 along the y axis. Inside the QR area, i.e.,
R; < R < Ry, for the case of ¢,, (dot-dashed line),
the strain is compressive, since the compressive strain
in the wetting layer influences the QR. On the other
hand, for the cases of €, (dotted line) and ¢, (solid
line), both strains abruptly change from compressive
to tensile once across the QR region.

0.01

-0.01

Fig. 1. (colour online) Cross section plots of (a) ey, and
(b) €~ in the y—z plane. (c) Plots of strain distributions
at z = 0 along the y axis. The vertical dotted lines in-
dicate the inner and the outer diameters of the QR. The
structural parameters are specified in panel (a).

Figure 2(a) and 2(b) show cross section plots
for hydrostatic en = €z + €yy + €. and bi-axial
€ = €z
are related to the conduction and the valence sub-
band potentials in Eq. (7). The bi-axial distribution
shows the maximum tensile strain at R = R; near
the top of the QR. For the hydrostatic strain case, it
is compressive both in the QR and the wetting layer,

— (€ge + € 2 strains, respectively, which
vy

while it is surrounded by the tensile strain distribu-
tion with the maximum tensile strain at R < Ry. It is

clearly seen in Fig. 2(c) that €, at z = 0 along the y
axis is mostly compressive inside the ring and tensile
outside of the QR, while €, changes from compressive
to tensile at Ry < R < Rs. These nontrivial strain
distributions strongly affect the conduction and the
valence subband energy structures, which can be seen

below.
0.02
200 |(a) & Joo2 200 |(b) n l
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Fig. 2. (colour online) Cross section plots of (a) hydro-
static e, and (b) bi-axial €, strains in the y—z plane. (c)
Plots of hydrostatic and bi-axial strains at z = 0 along the
y axis.

We now turn to the size effect of the QR on
the strain distributions. It was previously demon-
strated for CdTe/ZnTe QD heterostructures!'®=2%
that the size and the material constituents of
the wetting, the capping, and the substrate lay-
ers strongly influence the strain distributions and
Figures 3(a)
0 along the
y axis respectively for different QR heights with

subsequently the energy structures.
and 3(b) show €, and ¢ at z =

the same structural parameters as those in Fig. 1.
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Fig. 3. Plots of (a) e, and (b) €, strains at z = 0 versus
QR height along the y axis.
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As shown in Fig. 3(a), the hydrostatic strain increases
as the height of the QR increases from 42 A to 100 A.
On the other hand, the bi-axial strain inside the QR
shown in Fig. 3(b), which is closely related to the
heavy hole subband energy, becomes compressive in
the whole region as the height increases.

Figure 4 shows the interband transition energy
defined as the difference between the conduction and
the heavy-hole subband energy versus inner diame-
ter Ry and QR height h, at QR temperature (T') of
30 K. In this calculation, we take the temperature-
dependent CdTe bandgap energy as Eq(T) = E4(0) —
aT?/(0p + T), where the zero temperature bandgap
energy E,(0) is 1.923 eV, the Debye temperature Op
is 160 K, and the Varshni’s proportionality constant a
is 4.73 x 1074 eV-K~1.133] Tt is clearly shown that the
interband transition energy increases with the increas-
ing inner diameter (or the decreasing QR volume),
which is a general trend for the QD heterostructure no
matter whether it is strained or not.[!5:16] We also note
that the interband transition energy deceases slightly
as the height increases from 42 A to 70 A, which is
attributed to the decreasing bandgap energy between
the conduction and the valence band edges due to the
combined effects of the QR height and the hydrostatic
and the bi-axial strains, as shown in Fig. 3.

2.28

-

CdTe/ZnTe QR

>
= T=30 K
':C -
5224
Z 2.20f
£
. %55 — h, =42 A
g = ! - h,=50 A
E -=h, =60 A
= - hy=T0 A
e
200 250 300 350 400 450

Ry

Fig. 4. Interband transition energy versus inner QR di-
ameter R; and height h, at 77 = 30 K . The interband
transition energy increases with increasing R (or decreas-
ing QR volume), while it shifts downward with increasing
QR height (or increasing QR volume).

Finally, Fig. 5 shows the interband transition en-
ergy as a function of height and temperature of the QR
with the same structural parameters as those shown
in Fig. 1 except wetting layer width ¢, = 2.5 ML,
where the squares represent the experimental data

taken from the photon minescence spectra.['4 We find
that the interband transition energy decrease with
increasing QD temperature regardless of the height
of the QR, which is mainly due to the temperature-
dependent CdTe bandgap energy adopted for this cal-
culation. Our current FEM model is in good accor-
dance with the PL data for the QR height in the range
of 32 < h, < 48 A, in particular, at h, = 42 A.[14

h.=32 A

2251 CdTe/ZnTe QR — h,=42 A
e he=42 A

2.24¢ = experiment |

2]
2]
b

3]
]
i

Interband transition energy/eV

2.20 : . . . ; .
30 40 50 60 70 80 90 100

Temperature/K

Fig. 5. Interband transition energy versus temperature
and height of QR, which is in good agreement with the
PL data for the QR height at h, = 42 A.[14]

One may speculate whether thermal expansions
of the strained QR system can lead to a further defor-
mation in the strain distribution and possible changes
in the interband transition energy. In fact, it has been
recently demonstrated by Patil and Melnik[®¥ that the
piezoelectricity coupled with the thermal expansion in
the CdTe/ZnTe quantum wire shows a weak influence
on the strain distributions. However, the conduction
band edge of the wire system varies only at very high
temperature. The measured temperature range for
the experiment in the present work is way below that
for the thermal-piezoelectricity effect to affect the en-
ergy band structure.?¥ In fact, the thermally stable
CdTe/ZnTe QR system may be important, since it
can preserve the optoelectronic properties of nanos-
tructures under the high temperature operation.

4. Conclusion

The combined effects of the size and temperature
on the strain distributions and the electronic struc-
ture of CdTe/ZnTe self-assembled QRs are investi-
gated with the finite element method based on the
linear elasticity theory of solids and the eight-band
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k - p Hamiltonian. We find that the QR height sig-
nificantly changes the bi-axial strain while it has less

effect on the hydrostatic strain, which is related to

the conduction and the valance energy bands, respec-

tively, as shown in Fig. 3. According to a thermal

dependence model for the CdTe bandgap energy,

(33]

we show that the calculated interband transition en-

ergy is in good agreement with the experimental PL

datal'¥ in the measured temperature range.
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