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Strain-induced energy gap variation in ZnTe/ZnMgTe core/shell nanowires
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Strain-induced changes of ZnTe energy gap in ZnTe/ZnMgTe core/shell nanowires arising from
lattice mismatch between the core and the shell semiconductor are studied by means of optical
methods. It is shown that the increase of the Mg content in the shell, as well as the increase of the
shell thickness result in an effective redshift of the near band edge photoluminescence from ZnTe
nanowire cores, which reflects directly the decrease of energy gap under tensile strain conditions.
The conclusions are supported by theoretical calculations in terms of the valence force field model.
The observed change of ZnTe energy gap can be as large as 120 meV with respect to the unstrained
conditions and can be tuned in a continuous manner by adjusting shell parameters, which open a
path towards an effective band gap engineering in these structures. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4873355]

Nanowires grown in the core/shell geometry attract a
great interest because of possible applications as building
blocks of several devices, such as solar cells,l high electron
mobility transistors,” light emitting diodes,™* and lasers.’
The presence of coating shells improves considerably the op-
tical and carrier transportation properties of nanowires due to
passivation of surface states.®’ This issue is particularly im-
portant in nanowires due to a relatively large surface to vol-
ume ratio which is characteristic for these structures.

Strain originating from the lattice mismatch between the
core and the shell material is an inherent property of core/shell
nanowires. The value of the strain acting on a nanowire core
can be controlled by shell parameters, such as the shell thick-
ness and shell composition. For instance, it has been shown
recently that increasing the shell thickness results in an effec-
tive increase of the strain acting on the core of the nano-
wires.*? There is, however, only a limited number of papers
which address the impact of the strain on the energy landscape
in the core/shell nanowires.”'*~'? These reports describe prop-
erties of nanowires built of III-V semiconductors. The impact
of the strain in II-VI nanowire heterostructures remains rela-
tively unexplored.'® In a recent publication,'* energy shifts of
the excitonic emission from ZnTe nanowires under strain con-
ditions are well reproduced by quantitative calculations,
whereas two experimental points are considered: one for the
compressive strain and one for tensile strain (based on the
results of Ref. 17).

In the present work, the impact of strain on the energy
gap of ZnTe nanowires embedded in ZnMgTe coating shells
is studied in a systematic manner. We vary the shell thick-
ness and the Mg concentration in the shell and find that both
parameters can significantly influence the energy gap of
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ZnTe nanowire cores. Moreover, we show that the tensile
strain is responsible for the observed effects. The maximum
value of the energy gap shift is as large as 120meV with
respect to unstrained bulk ZnTe and can be tuned in a contin-
uous way by changing the shell parameters.

ZnTe nanowires are grown on Si substrate by molecular
beam epitaxy using gold catalysts assisted vapor-liquid-solid
growth mechanism'> at 410°C. The preferential nanowire
crystallographic growth direction is [111]. For the deposition
of ZnMgTe shells, the substrate temperature is reduced
down to 360°C,'®!7 which results in freezing of the Au/Si
eutectic alloy droplet and epitaxial growth in the radial direc-
tion of the nanowire. In Figures 1(a)-1(c), scanning electron
microscope (SEM) images of nanowires with various shell
thicknesses are shown. The deposition time of the shell
ranges from 2min up to 8 min. For each sample, statistical
mean values of the nanowire diameters after measuring
about 100 nanowires are determined and plotted vs. the dep-
osition time of the shell, Figure 1(d). We observe a well pro-
nounced increase of the average nanowire diameter with
increasing deposition time of the shell, which enables to
determine the average ZnMgTe shell thickness, right scale in
Figure 1(d). The shell thickness ranges from 3 nm to 2 min
deposition time reaching up to 14 nm for 8 min ZnMgTe dep-
osition time. Mg concentration in the nanowire shell is deter-
mined by means of energy dispersive X-ray diffraction as a
statistical average of several individual nanowires and varies
from 13% up to 35% depending on the Mg-cell temperature
during the growth. The variation of the Mg content in differ-
ent samples is consistent with the variation of Mg fluxes dur-
ing the growth.

Next, optical properties of nanowires are studied. First
of all, it is confirmed that ZnTe/ZnMgTe core/shell nano-
wires emit light at energies close to the energy gap of ZnTe.
Several individual nanowires are studied by means of

© 2014 AIP Publishing LLC
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cathodoluminescence (CL). Figure 2(a) represents a SEM
image of an individual ZnTe/ZnMgTe core/shell nanowire
with the shell thickness of about 10nm and Mg content of
0.29. The corresponding CL signal from this nanowire is
characterized by an emission at 2.31eV, i.e., in the near
band edge (NBE) emission region of ZnTe (inset in Figure
2(a)). The clear confirmation of the origin of this emission is
obtained after performing monochromatic CL mapping at
2.31 =0.2¢eV, Figure 2(b), where the shape of the nanowire
is nearly perfectly reproduced.
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FIG. 1. ZnTe/ZnMgTe core/shell nanowires with various shell thicknesses
(a) SEM images of uncapped ZnTe nanowires (b) and (c) nanowires with av-
erage ZnMgTe shell thickness of 8 nm and 14 nm, respectively, all scale bars
are 200nm. (d) Average nanowire diameter vs. ZnMgTe deposition time.
Right scale: average shell thickness determined as the difference of the
ZnTe/ZnMgTe and bare ZnTe nanowire diameters.
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FIG. 2. Cathodoluminescence (CL) of an individual ZnTe/ZnMgTe core/
shell nanowire, (a) SEM image of the nanowire with corresponding CL spec-
trum at 5K in the inset, probe current 200 pA, scale bar 500 nm (b) mono-
chromatic CL mapping at 2.31 = 0.2eV of the same spatial area.

The photoluminescence spectra at the energies corre-
sponding to the ZnTe NBE emission region from ensembles
of nanowires with various shell parameters are plotted in
Figures 3(a) and 3(b). Results for nanowires with various av-
erage shell thicknesses ranging from 3nm up to 14 nm and
an almost constant Mg concentration of about 0.35 = 0.03
are presented in Figure 3(a). A clear red shift of the emission
with an increasing shell thickness is observed. A similar
effect is observed in Figure 3(b) for samples with various
Mg concentrations in the ZnMgTe shell and almost the same
average shell thickness of about 14 = 5nm. A clear redshift
of the NBE-emission with increasing Mg concentration in
the shell is shown, whereas the maximum shift amounts to
120meV with respect to the value of unstrained ZnTe,
2.380eV. It is important to note that all emission lines in
Figure 3 are normalized since with an increasing shell thick-
ness and Mg concentration, the NBE emission intensity of
ZnTe increases by orders of magnitude. The uncapped ZnTe
nanowires do not exhibit any emission in the NBE emission
region despite of excellent monocrystalline structure. In con-
trast, ZnTe nanowires grown at a different temperature and
on a different substrate'* exhibit some emission in this spec-
tral region. This difference can be explained by the fact that
the variation of the growth procedure may result in different
effects on the surface of nanowires, such as, e.g., changes in
the thickness of the oxide layer.
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FIG. 3. Near band edge emission from ZnTe nanowire cores with various
shell parameters: (a) impact of the ZnMgTe shell thickness 3, 8, 11, and
14 nm with a fixed Mg content at 0.35 (b) impact of Mg concentration on the
emission energy and Mg content varying from 0.13 up to 0.35 with a fixed
average shell thickness of 14 nm, T =5 K, non-resonant excitation 405 nm.

Several effects may influence the NBE emission energy
from nanostructures including strain, diffusion of atoms
across heterointerfaces, and quantum size effect. It will be,
subsequently, shown that the strain makes a predominant
contribution in the case of ZnTe/ZnMgTe core/shell nano-
wires. A significant influence of the diffusion of Mg atoms
across the core/shell interface can be excluded basing on the
dependence of the emission energy on the Mg content in the
shell presented in Figure 3(b). The increase of the Mg con-
tent should lead to an increase of the number of Mg atoms
entering into the nanowire core and shift the emission energy
toward higher energies. In contrast, the increase of the Mg
content in the shell causes a clear decrease of the emission
energy from nanowire cores, Figure 3(b). This finding con-
tradicts to the predominant contribution of diffusion effects
on the emission energy.

Another effect that may influence the emission energy
from nanostructures is the quantum size effect. The increase
of Mg content in the shell should increase the depth of the
confining potential. As a result, one would expect an increase
of the emission energy with increasing Mg content in the

Appl. Phys. Lett. 104, 163111 (2014)

shell. As already mentioned, the opposite effect is observed
in Figure 3(b). Moreover, the quantum size effect in studied
structures is expected to be negligible, because of relatively
large diameters of the nanowire cores, 19 = 5 nm, as observed
in SEM images, Figure 1(a). The negligible impact of the
quantum size effect is confirmed by PL-measurements, where
the emission energy of all lines presented in Figures 3(a) and
3(b) appears at energies lower than the free exciton energy of
unstrained bulk ZnTe, 2.380¢eV.

On the other hand, results presented in Figures 3(a) and
3(b) are consistent with the interpretation in terms of strain
induced changes of the energy gap. The increase of Mg con-
centration in the shell increases the lattice mismatch between
the core and shell semiconductor, resulting in the effective
increase of tensile strain acting on the core of a nanowire.
Similar effect is caused by the increase of the ZnMgTe shell
thickness.®° In the limit of thin shells, the lattice constant of
the nanowire cores remains unchanged, whereas with
increasing shell thickness it tends to reach the lattice parame-
ter of the ZnMgTe shell increasing simultaneously the tensile
strain.

It should be noted that when the shell thickness exceeds
a critical value,"®2° the strain may relax forming disloca-
tions in the core and shell region. High optical quality of
studied core/shell nanowires indicates, however, that this
critical shell thickness is not reached in our structures.

Summarizing the above considerations, ZnTe/ZnMgTe
core/shell nanowires represent a convenient system for
decoupling the strain induced effects from the quantum size
effect and diffusion effects. Whereas the tensile strain is
expected to redshift the emission energy; and the quantum
size effect and the Mg diffusion are expected to blueshift the
emission energy. The spectral shifts presented in Figures
3(a) and 3(b) are qualitatively consistent with the interpreta-
tion in terms of strain induced changes of ZnTe energy gap.

The uniaxial anisotropy of nanowires implies several
interesting properties of strain state in the presence of a lat-
tice mismatched shell. In such situation, as already revealed
by other authors,'>'®?! the core of the nanowire is strained
uniformly within the entire core region with the predominant
strain contribution due to the axial strain. At this stage, it is
important to clarify whether the observed values of the
energy gap variation can be induced by the strain only, or
other effects must be taken into consideration.

In order to obtain numerical values of expected energy
gap decrease, theoretical calculations are performed. They
involve two main steps: (a) calculation of equilibrium posi-
tions of constituent atoms and the resulting strain distribution,
(b) calculation of the effective gap shift due to strain. In this
work, we use an approach with the calculation of atomic posi-
tions (relaxation of strain) included via the atomistic valence
force field (VFF) theory.zz_26 Nanowires are modeled as a cy-
lindrical ZnTe core with the lattice constant of 6.103 A sur-
rounded by ZnMgTe shell with the lattice constant increasing
linearly with the Mg content up to the value of 6.420 A for
pure MgTe.*’ The core diameter is equal to 19 nm. The nano-
wire length is equal to 250 nm. We have, however, checked
that the results do not change significantly when increasing
the nanowire length up to 500nm and 1000 nm (the differ-
ence is less than 1 meV). The shell thickness is varied from
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TABLE I. VFF parameters d, o, and f for ZnTe and MgTe. The bulk elastic constants ¢y, €2, €44, and bulk modulus K = (¢ 4 2¢,)/3 are compared with ex-

perimental or theoretical data (in parentheses).>’ "

d (A) o (N/m) f (N/m) cy1 (GPa) ¢y, (GPa) Ca4 (GPa) K (GPa)
ZnTe 2.6427 29.1 5.71 75.8 (71.1) 38.3 (40.7) 31.3(31.3) 50.83 (57.83)
MgTe 2.7799 25.2 6.45 69.4 (62.0) 29.2(32.9) 32.0 (32.0) 42.6 (42.6)

1.2 nm (4 monolayers) up to 20 nm, with a 1.2 nm step giving
total 15 values of different diameters. The Mg content in the
shell area is varied from 6% to 42% with a 3% step, i.e., we
consider 13 different shell compositions. This results in a
family of total 195 different systems used for computations.

The computational domain for the strain calculation has
reached over 107 atoms.*’ We assume free boundary condi-
tions at the surface of the nanowire, whereas the overall size
of the computational domain (in particular the nanowire
length) guarantees convergence of the strain distribution at
the center of the nanowire.>"**> For ZnTe and MgTe, we
developed new sets of VFF parameters,”® see Table I. These
parameters are obtained by a fit*™> aiming to reproduce bulk
elastic constant ¢4y and bulk modulus K = (c1; + 2¢12)/3.
Such approach results in the VFF parameters optimized for
the [111] nanowire growth.”* Once the equilibrium atomic
positions are known, we calculate resulting strains and
finally the effective gap shift caused by strain. Due to rela-
tively large core diameter, nanowire bands evolution under
external strain ¢ can be modeled as that of nearly bulk-like
ZnTe core. This corresponds to the assumption of limited
core states decay into the shell and neglecting small (several
meV) correction due to excitonic effects. Therefore, the
effective nanowire band gap shift can be approximated as

ENy(d,e) m Efl(d — bulk,e = 0) 4+ Apii"(e),
where EZ}'¢ = 2.380eV is the ZnTe bulk band-gap at
T=5K and A}/ (¢) describes bands evolution under strain &.

We model A{"#"(¢) using Bir-Pikus Hamiltonian,**°
where the conduction band shift is given in terms of the trace
of the strain tensor and the bulk deformation potential,
whereas for holes we explicitly solve (diagonalize) 6 x 6
strain Hamiltonian. For the calculation of nanowire bands
evolution, we use strain values obtained at the center of the
nanowire by the prior VFF calculation, whereas there are
overall 3 empirical parameters used in the band gap shift cal-
culation:* a, = a, — a, = 5.8eV band gap deformation
potential, b =—1.8 eV biaxial [001], and d=4.61¢eV shear
[111] strain deformation potentials.

It is found that there is a pronounced nanowire effective
gap reduction with increasing Mg content in the shell and the
shell thickness, e.g., for Mg content x =0.36 and shell thick-
ness 10nm, there is 125 meV red-shift with respect to the
uncapped ZnTe nanowire. For [111] grown systems, most of
the gap evolution is due to hydrostatic tensile strain, contrib-
uting to about 75% of the total shift band gap via band gap
deformation potential a,, whereas [111] axial (shear) strains
contribute to about 25% of the total shift through the shear
strain deformation potential d. The contribution due to biax-
ial [001] strain (related to b deformation potential) is

practically negligible. Beside the energy gap variation, the
[111] shear strain leads to the light and heave hole splitting
with the heavy holes being the ground state. The in-plane
strain, perpendicular to the growth direction, is at least one
order of magnitude smaller than the strain in the [111]
growth direction.

In Figure 4, the experimentally observed ZnTe emission
energy shifts are compared to the theoretical model describ-
ing the variation of the energy gap under tensile strain condi-
tions. The experimental points are determined from the
spectra presented in Figure 3, whereas vertical error bars
reflect the spectral width of the emission lines. The horizon-
tal error bars in Figure 4(a) reflect the statistical variation of
the Mg concentration in the shell. The average shell thick-
ness shown in Figure 4(b) is determined from the difference

2.36f
d
&> 2.32¢
@
c
@ 228+
c
9
0 224}
7
20—
0 5 10 15 20 25 30 35 40 45
Mg content in the shell (%)
2.36} (b) 1
3
& 2.32f _
c
nc’ 2 281 N "“o.fMg:OQ?'
o -
= 2.24t =
uE.I - Wg;o.
0 5 10 15 20

shell thickness (nm)

FIG. 4. Tensile strain induced energy shift from ZnTe nanowire cores,
lines—theoretical model, points—experiment (a) dependence of the energy
gap on the Mg content in the shell; shell thickness constant within the range
14 = 5nm, theoretical lines for shell thickness 6, 10, and 16 nm (b) depend-
ence on the shell thickness; Mg concentration constant within the range
0.35 = 0.03, theoretical lines for Mg content 0.27, 0.33, 0.39.
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of the average diameter values of nanowires with and with-
out ZnMgTe shells, shown above in Figure 1(d). Horizontal
error bars related to the uncertainty of this quantity are not
shown for clarity reasons, because they are relatively large
and amount to about 7 nm. A satisfactory agreement between
the experiment and theory is found. In particular, the
observed large energy gap variation of the order of tens of
meV is well reproduced by the theoretical calculations.
Therefore, we conclude that the observed energy shifts are
caused mostly by strain effects.

In conclusions, ZnTe/ZnMgTe core/shell nanowires
with various shell parameters such as shell thickness and
shell composition are grown by molecular beam epitaxy and
studied by photoluminescence measurements. Depending on
the shell parameters, the NBE emission from ZnTe nanowire
cores exhibits significant spectral shift with the maximum
value of 120 meV with respect to the emission energy of
unstrained ZnTe. After excluding the main contribution of
diffusion effects and quantum size effect to the emission
energy, the observed spectral shift is attributed mainly to
strain originating from the lattice mismatch between the core
and shell semiconductor. This conclusion is supported by
theoretical calculations in terms of VFF model which repro-
duces well the energy gap variation under tensile strain
conditions.
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