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Core-shell nanoparticle systems of Zn-ZnO and ZnO-TiO2 are studied computationally using
finite element methods. The inclusion of a surface free energy and the elastic mismatch of the core
and shell create an imprinting effect within the shell structure that produces a wide variation of
strains. Due to this diversity of strains, the sharp direct band gap edges of the bulk semiconductor
are observed to be broadened. We show that a variety of factors, such as particle size, core-to-
shell volume ratio, applied hydrostatic pressure, shell microstructure, as well as the effect of elastic
anisotropy, can influence the distribution of optical band gap values throughout the particle.

I. INTRODUCTION

Composite core-shell nanoparticles (CSNPs) exhibit
functional behavior, involving combinations of electronic,
magnetic, and chemical properties, that is not being ob-
served in their bulk-level constituent materials. A wide
range of possible functionalities, coupled with the ease
of fine-tuning them by controlling particle size, shape
and microstructure, make these nanocomposites highly
attractive for a broad range of possible applications,
spanning from catalysis[1-3], biomedical imaging[4-7]
and drug delivery[8, 9], environmental remediation[10-
12] to electro-magnetic radiation sensing, absorption and
shielding.[13-16] Core-shell nanoparticles with semicon-
ducting shells, in particular those composed of metal
oxides, such as ZnO[17] and TiO;[18], are currently
being investigated for the enhancement of their opti-
cal properties[16, 19-24] and photocatalytic activity, as
well as for the efficiency improvement in photovoltaic
devices.[16, 25, 26]

Modern state-of-the-art synthetic techniques permit
fabrication not only of spherical core-shell geometries,
but also of a variety of different nanostructures, in-
cluding cubes, hexagons, disks, rods, tubes and etc.[16]
For example, in addition to spherical shapes,[17, 27, 28]
ZnO-based structures have been manufactured in the
form of nanowires,[29] hollow hexagonal nanotubes[30—
32] and nanodisks (with Zn core).[33] It was also demon-
strated that distinct ZnO shell morphologies, such as
single-crystal, polycrystalline or mesoporous ones, can
be produced,[33] or that ZnO nanorods can be grown ra-

dially around a spherical Zn core.[34, 35] Furthermore,
the core-to-shell size ratio of spherical Zn/ZnO CSNPs
can be controlled during synthesis,[17, 27, 28] allowing
for even better fine-tuning of their microstructure and,
consequently, the associated functional properties that
may depend on it.

On the other hand, ZnO nanoparticles and wire-, and
rod-like structures can also be utilized as cores around
which shells made up of another material can be grown.
TiOg, in a variety of different phases, is a popular choice
for the latter. [1, 2, 18, 21, 25, 26, 36-39] Some of
the resulting nanocomposites were recently evaluated as
promising solar-cell components, revealing that their per-
formance strongly depends on the thickness of the TiO9
coating.[25, 26]

In the course of these investigations, it was realized
that such nanostructures display significant deviations
from the optical properties of their bulk constituent com-
ponents — including the measured values of their band
gaps E4.[17, 27, 28, 31, 34, 40, 41] Although quantum
confinement effects that become important on the length
scale of few nm are expected to affect the E,, deviations
from bulk behavior were found even in CSNPs that are
too large to operate in the quantum confinement regime.

It is, however, reasonable to assume that a range of
other factors that are related to the intricate CSNP ge-
ometry and microstructure may be behind the observed
optical properties variation or, alternatively, could be
used for further property modification. Even for a sim-
ple case of a perfectly spherical CSNP, such factors may
include both type and curvature of the shell surface, core-



to-shell volume ratio, shape of the core, misfit strains at
the core/shell interface or between differently oriented
grains within a polycrystalline shell, as well as elastic
behavior of the particle under applied mechanical loads,
such as, e.g., hydrostatic pressure.

In this work, utilizing a finite-element method (FEM)
based computational approach with materials parame-
ters fitted from ab initio simulations, we have studied
the influence of the aforementioned elastic, morpholog-
ical and microstructural factors on the internal stress
fields developed within spherical CSNPs. This informa-
tion was then used to evaluate the stress-induced distri-
bution of band-gap values throughout the particle vol-
ume. Two combinations of core/shell constituent mate-
rials were considered: [i] Zn core and wurtzite (w-) ZnO
shell and [ii] w-ZnO core and rutile (r-) TiOz shell, rep-
resenting, as discussed in detail below, two very different
elastic cases. Our work demonstrates that non-uniform
internal stresses that exist in composite core-shell parti-
cles due to their complex morphology and microstructure
result in formation of band tails (rather than sharp band
edges) — resembling a similar phenomenon in amorphous
Si[42] — however, the magnitude of this effect in ZnO
and TiOs shells is limited due to a rather weak varia-
tion of E, with applied stress in these materials. Never-
theless, the methodology presented here can be applied
for predictive identification of core/shell materials com-
binations possessing a stronger response with respect to
internal stress fields, as well as fine-tuning their prop-
erties by manipulating the geometrical parameters and
microstructure of the nanoparticle.

II. COMPUTATIONAL DETAILS
A. Structural models

CSNP models utilized in this investigation were cre-
ated and meshed using CUBIT[43]. Model variants with
spherical and faceted monocrystalline cores are presented
in panels (a) and (b) of Fig. 1, respectively. Each of
these core types was combined with either a monocrys-
talline (uniform) shell or a polycrystalline shell with a
radial arrangement of grains, as shown in the panels.
The latter shell structures were made by carrying out
a Voronoi tesselation on the surface of a sphere using the
VORO++[44, 45] software package and include from 10 to
20 separate material blocks, which represent crystalline
grains. Specific number of grain regions within this range
was found not to affect the obtained results strongly.

Various crystallographic orientations of the elastic stiff-
ness tensor axes within each shell block, or within a uni-
form shell, with respect to their orientations in the core
region were considered. Possible mutual arrangements
of the core/shell elastic stiffness tensor axes are shown
in Fig. 1(c) and include (going from left to right) uni-
form collinear, uniform non-collinear, polycrystalline ra-
dial and polycrystalline random. Positioning of the ten-

sor axes within each shell block was performed by an
Z, (0) X2 (¢) Z3 (V) sequence of Euler rotations. For ex-
ample, the [111] orientation of the shell elastic stiffness
tensor axes with respect to those within the core was
made by setting 8 = 0°, ¢ = 54.74°, and ¥ = 45°.

For the chosen combination of the core type and shell
microstructure, the total CSNP diameter D was varied
from 8 to 50 nm, keeping its size in the weak to no
quantum confinement regime.[31, 46-48] In addition, the
core/shell volume ratio was also changed, ranging from
0.15 to 0.86, for a total of 120 different models processed.

Finally, we should point out that the computational
approach, described in details below, cannot yet be uti-
lized directly to predict optimal core or particle shapes,
or the location of the core inside the particle — e.g.,
the stress induced off-centering and asymmetric shapes of
cores in some metal alloy particles.[49-52] Nevertheless,
for prescribed core and shell shapes, and their locations,
this method can serve as means for rapid (compared to
atomistic simulations) evaluation of the resulting stress
fields and the associated elastic energies. Although only
spherical and faceted cores, and spherical particles with
centered core locations are considered here, more elab-
orate CNSP models can be created in CUBIT, includ-
ing those with non-centered cores and faceted shells that
may have different surface properties specified for differ-
ent facets.

B. Bulk elastic energy

CNSP models presented in the previous subsection
were used as spatial domains of volume §2 enclosed by
a surface S. The elastic energy (within the linear elastic-
ity approximation) of a bulk system of volume {2 is given

by

1
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Here 055, € and Cyjj; are elastic stress, strain and stiff-
ness tensors, respectively, and uy(r) are vector compo-
nents of the displacement field with Cartesian compo-
nents indicated by the indices ¢, j, k,l = x,y, z; summa-
tion over repeated Cartesian indices is implied.

The material specific values of the individual compo-
nents of the Cyj;1; tensor, as well as the orientation of its
main axes, could be chosen independently for each struc-
tural block within the model. For the materials involved,
i.e., metallic Zn, w-ZnO and r-TiOg, bulk Cjj;;; values
were taken from the literature and are assembled in Ta-
ble I. It is noteworthy, that although formally w-ZnO has
hexagonal symmetry (space group P6smc), it is nearly
isotropic elastically since — utilizing Voigt notation for
the indices in what follows — its C1; >~ Cs3, C12 ~ Ci3
and Cyy ~ Cgs ~ (C11 — C12)/2. For Zn Cs3 ~ C11/3,
while for ZnO Cs3 ~ C71/2, which makes both of these
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FIG. 1. Sketches of polycrystalline-core CSNP models with
(a) spherical and (b) faceted monocrystalline cores. Tetra-
hedral FEM meshes are also shown in some shell blocks. (c)
Going from left to right: uniform collinear [000], uniform
non-collinear (example for the [111] shell axes orientation),
polycrystalline radial and polycrystalline random mutual ar-
rangements of the core/shell elastic stiffness tensor axes. In
the radial arrangement, a hexagonal (w-ZnO) or tetragonal
(r-TiO2) symmetry axis in each shell block is pointing out-
ward along the external surface normal, while the orientation
of the other two axes is chosen randomly. See text for more
details.

TABLE I. Bulk elastic stiffness tensor components for metallic Zn, w-ZnO and r-TiO2 in reduced Voigt notation[53] in units
of GPa. Averaged components for an isotropic case[53] with C11 = Cs3 = 2u + A, C12 = C13 = X and Cuyy = Ceg = p are also

given for both shell materials.

Ref. Crystal structure 011 012 C13 033 C44 Cﬁﬁ

Zn [54] hep (P63 /mmc) 163.0 30.6 48.1 60.3 39.4 65.9

Zn0O [55] wurtzite (P6zmc) 209.7 121.1 105.1 210.9 42.5 44.3
isotropic 205.9 118.5 43.7

TiOs [56] rutile (P4 /mnm) 268.0 174.9 147.4 484.2 123.8 190.2
isotropic 362.3 136.1 113.1

structures highly anisotropic. Therefore, Zn/w-ZnO
and w-ZnO/r-TiOz core/shell combinations represent
two drastically different elastic cases — i.e., anisotropic
core/isotropic shell and isotropic core/anisotropic shell
— that warrant an interesting comparison of the result-
ing properties.

C.

Surface elastic energy

Since surface-to-volume ratio in CSNPs is rather large,
size effects related to surface elasticity could result in sig-
nificant contributions to the total free energy of such par-
ticles. To account for these effects, the Gurtin-Murdoch
approach[57] is adopted here. The energy contribution
from surface elasticity is given by

Egurtace = /5’ 035625 dS7 (2)
where the indices «,3,d,7 = 1,2 are denoting the
components a local (two-dimensional) orthonormal ba-
sis (e1, e2) in the tangent plane of the surface S. In this
expression, we use superscript (...)* to denote surface-
specific quantities. The surface stress o7, 5 in Eq. (2) is re-
lated to the surface elastic stiffness tensor C s through

(3)

0op = Tap T Cipsy €5y

where 7,5 are the residual surface stress tensor compo-
nents.

Unlike the bulk elastic stiffness coefficients Cjjx, sur-
face elastic parameters {C}, 55, Tap } are not usually avail-
able from experiments. However, they can (in principle)
be obtained from atomistic first-principles calculations
carried out for thin material slabs. For both w-ZnO and
r-TiOq, elastic parameters for a variety of different crys-
tallographic surfaces have been evaluated with the help
of these techniques, as reported in Refs. [58] and [59],
respectively. In this investigation, it is assumed that re-
gardless of the bulk elastic tensor orientation with the
(poly- or monocrystalline) particle shell, only the lowest
energy surfaces are formed on its exterior, i.e., (1010)
for w-ZnO and (110) for r-TiOs. Furthermore, although
due to the anisotropy of these surfaces 71 # 72, both
components are much smaller than the associated C?

afyé
parameters and thus an approximation of 7,8 = Tdag is

TABLE II. Elastic stiffness tensor components in reduced
Voigt notation[53] and averaged residual stresses 7 for the
(1010) w-ZnO and (110) r-TiO2 surfaces in units of N/m.

Ref. Cfl sz Cﬁsﬁ 0252 T
w-znO (1010) [58] 49.1 151 137 349 17
r-TiOy (110) [59] —73.8 —26.3 0.0 —17.7 1.8




used, where 7 is an average of the two components. The
values of the surface elastic parameters {C 5., 7} used
in this study are presented in Table II.

D. Solving for the displacement field

For each CSNP model, the equilibrium displacement
field was computed by minimizing elastic energy Fpuxk +
Esurface defined by Eqs. (1) and (2) over domain 2. The
equivalent partial differential equation formulation, de-
fined by the vanishing of the energy variation, was cast
in the Galerkin weak form and solved for the displace-
ment field {u;(r)}. Displacements were drawn from the
space of piecewise linear continuous functions P; on the
tetrahedral mesh discretizing 2 and satisfying the ap-
propriate boundary conditions. Two different types of
boundary conditions were used: a vanishing pressure
(normal stress) and a prescribed nonzero pressure; note
that the tangential strains were constrained by the sur-
face stresses. To carry out this numerical procedure
we used an FEM code FERRET[62] that is being devel-
oped by the authors based on the MOOSE simulation
framework.[63-66] The surface stress and strain tensors
were constructed out of their bulk counterparts with the
help of the projection operator[58] P =1 — n(r) ® n(r),
where n(r) is the outward pointing normal unit vector to
S at a given quadrature point:

0®° =PoP and ¢’ = PeP. (4)

In each calculation the relative residual norm was con-
verged to less than 1078, irrespective of the applied
boundary conditions or any specific variations within the
domain 2, such as utilizing spherical or faceted cores, or
changing the core/shell volume ratio.

E. Coupling the band gap to stress fields

Variations of the values of the electronic band gap E,
under applied stress fields have also been evaluated with
the help of first-principles computational techniques for
w-Zn0[60] and 7-TiO2.[61] These calculations provided
linearized expressions — within the deformation poten-
tial theory[67, 68] — for the E, dependence on biaxial

TABLE III. Parameterized biaxial and uniaxial band-gap
stress rates, as well as unstrained band gap energies for w-
Zn0O and r-TiO,.

Stress rate Method + Ref. Eg
[1071 eV/GPa} [eV]

w-7ZnO ¢ —0.02 HSE+GoW, [60]  3.20
Cu —0.32

r-TiO2 ¢ -0.07 GGA [61] 3.02
Cu 0.08

o, = 01 = 09 and uniaxial o, = o3 stresses in both
materials:

Ey = E)+0E = E) + cyop + cuou, ()

where coefficients ¢, and ¢, are the biaxial and uniaxial
band-gap stress rates, respectively. Their values, as well
as those of unstrained band gap energies used in this
investigation are assembled in Table III.

III. RESULTS AND DISCUSSION
A. Stress fields

The simultaneous solution of the volume and sur-
face elastic problems for a given CSNP model produces
a position-dependent displacement field {u,(r)}, from
which all the components of the (non-uniform) stress and
strain tensors can be obtained in a standard way. Typ-
ical results of such simulations for the o3 stress tensor
component are presented as three-dimensional maps in
Fig. 2(a-b) for a particle with a spherical core 15 nm in
diameter and a 5 nm thick monocrystalline shell around
it (total diameter 25 nm), kept under condition of van-
ishing external pressure.

These maps are supplemented by histograms in panels
(c-d), showing how the values of the principal stresses o1,
oy and o3 are distributed throughout the volume of the
shell. In the case of a Zn/w-ZnO particle [panels (a) and
(c)], it was found that its shell expands slightly in or-
der to satisfy the vanishing external pressure condition,
which results in tensile stresses at the core/shell interface.
On the other hand, a w-ZnO/r-TiO4 particle [panels (b)
and (d)] contracts under the same conditions, which leads
to emerging compressive interfacial stresses. In both in-
stances, we observed anisotropic distribution of stresses
throughout the shell volume. Specifically, in the Zn/w-
ZnO particle oriented as shown in Fig. 2(a), the hcp Zn
core is stiffer within the zy plane and softer along the
z axis (see Table I), and this elastic anisotropy imprints
itself onto the interfacial region of the nearly isotropic
w-ZnO shell in the form of a varying stress field. Also,
as expected from the materials symmetry, in both parti-
cles the obtained shell volume distributions of principal
stresses o1 and oo were similar to each other, with the one
for o3 being noticeably different, which is in agreement
with the approximation utilized in the fitting of Eq. 5.
Finally, in both particles, stress fields on or close to the
external surface (omitted in Fig. 2(a-b) for the sake of
clarity) were found to be smaller, but nonetheless about
the same order of magnitude as the shell-volume stresses
discussed above.

B. Band gap distributions

Fig. 3 shows variations of the CSNP band gap §F (see
Eq. 5) throughout the shell volume. These plots are
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FIG. 2. Three-dimensional maps [panels (a) and (b)] and corresponding shell-volume distribution histograms [panels (c) and
(b)] of the principal stress fields within a CSNP with a spherical core 15 nm in diameter and a 5 nm thick monocrystalline shell
around it (total diameter 25 nm), kept under condition of vanishing external pressure. Panels (a) and (c): tensile stresses in a
Zn/w-ZnO particle. Panels (b) and (d): compressive stresses in a w-ZnO/r-TiO2 particle. In both cases, the particle core/shell
elastic stiffness tensor axes are collinear and their orientations coincide with those of the global coordinate system, whose axes
are shown in the insert. For the sake of clarity, stress fields on the particle surface, or areas close to it, are not shown in panels

(a) and (b).

also presented as histograms, similar to those included in
Fig. 2(c-d), for particles with different shell morphologies,
but having the same total diameter of 25 nm, as well as
the core region of approximately 15 nm in size. Same as
before, all of the calculations here are done for the condi-
tion of vanishing external pressure. Panels (a) and (c) on
the left describe the Zn/w-ZnO core/shell materials com-
bination, while panels (b) and (d) on the right refer to the
w-ZnO/r-TiOy combination. The top (bottom) panel
rows are for the systems with spherical (faceted) cores,
respectively. For each specific materials/core-geometry
configuration, band gap distributions — obtained from
the stress field calculations with the help of parametriza-
tion in Eq. 5 — are shown for a number of different shell
structures, as outlined in Fig. 1(c).

From the data presented in Fig. 3 we can make
the following observations: [i] For all of the consid-
ered materials/core-geometry combinations, most of the
band-gap energies distributed throughout the shell vol-

ume are smaller than the bulk value Ej. [ii] For
both core/shell materials combinations, the distribution
curves for spherical and faceted cores look different, with
the ones for the spherical core showing a greater range
of possible band-gap energies. [iii] For both core/shell
materials combinations, shell morphology does not have
a strong influence over shaping the form of the band-
gap energy distribution curve. Random shell configura-
tion for the w-ZnO/r-TiO4 case may be a mild exception
here. [iv] In all these cases, the intensity of the remaining
elastic stresses within the CSNP that is relaxed to van-
ishing external pressure (no more than approx. 0.4 GPa;
see Fig. 2) can produce only minor shifts in the size of
the band gap: 50-60 meV in case of Zn/w-ZnO and much
smaller for w-ZnO/r-TiOx.

In Fig. 4 we show the dependence of the band-gap en-
ergy distributions throughout the shell volume on the
change in particle diameter D at fixed core-to-shell vol-
ume ratio (top panels), or the change in core-to-shell vol-
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FIG. 3. Histogram plots showing distribution of CSNP band-gap energies § E (as parametrized in Eq. 5) throughout the shell
region of the particle for a variety of different shell morphologies at vanishing external pressure. See panel (c¢) of Fig. 1 and
the accompanying caption for the detailed descriptions of the latter. (a) Zn/w-ZnO core/shell materials combination with a
spherical core. (b) w-ZnO/r-TiO2 core/shell materials combination with a spherical core. (c) Zn/w-ZnO core/shell materials
combination with a faceted core. (d) w-ZnO/r-TiO2 core/shell materials combination with a faceted core. Here, isotropic shell
morphology refers to a shell material where the elastic stiffness tensor components are averaged out to isotropic symmetry (see

Table I for further details).

ume ratio, expressed through the changing core radius r,
at fixed particle diameter (bottom panels). All the par-
ticles used in these calculations have spherical cores that
are combined with monocrystalline collinear shells and
were relaxed under condition of vanishing external pres-
sure. As in the case of the previous figure, panels (a) and
(c) on the left describe the Zn/w-ZnO core/shell mate-
rials combination, while panels (b) and (d) on the right
refer to the w-ZnO/r-TiOy combination.

As can be seen from the top row of panels, the distribu-
tion of band-gap energies narrows as D is increased and
its average value shifts closer to that of the bulk band-gap
opening Ego. On the other hand, reducing D below 25 nm
produces wider band-gap energy distributions, compared
to those shown in Fig. 3, as well as moves the average E,

value further down, e.g., by up to -0.13 eV in a Zn/w-
ZnO CSNP that is 10 nm in diameter. However, when
the core radius is varied while keeping the particle diam-
eter fixed, a different behavior is observed. For particles
with large core radii (narrow shell regions) wide distri-
butions of band gap variations dE are produced, while
for particles with small radii (wide shell regions) rather
sharply defined values of E; < E_g are obtained.

In Fig. 5 we present the dependence of the varia-
tion of the particle shell band-gap energy 0F on the
applied hydrostatic pressure p for both the Zn/w-ZnO
(top) and w-ZnO/r-TiO3 (bottom) core/shell materials
combinations. These results were obtained for a CSNP
model with a 15 nm spherical core and a 5 nm thick
monocrystalline shell (D = 25 nm) that was set up in
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In the former case, the core-to-shell volume ratio is fixed at 0.276, while in the latter case D = 25 nm. Left panels (a) and
(c) refer to the Zn/w-ZnO system; right panels (b) and (d) refer to the w-ZnO/r-TiO2 system. Combinations of spherical
cores and monocrystalline collinear shells are used in all the calculations presented here, with the CSNP shapes relaxed under

condition of vanishing external pressure.

either a collinear or an isotropic configuration. As can
be seen from the data shown, the band gaps change dif-
ferently under hydrostatic compression in Zn/w-Zn0O and
w-Zn0O/r-TiOy CSNPs. In the former system, E(p) > 0
and, therefore, the band gap increases — and does so
quite substantially, e.g., growing by 1 eV for p = 5 GPa.
On the other hand, in the latter system, due to canceling
out of contributions from uniaxial and biaxial stresses
(cp =~ —cy, see Table III), §E(p) is small and negative,
i.e., the band gap decreases under pressure, but only by
a few meV. We should point out that under pressures
in between 8.3 and 9 GPa ZnO undergoes a phase tran-
sition from wurtzite to a rock-salt phase, however, this
transformation is not considered here.

C. Band gap sensitivity to mutual arrangement of
core/shell elastic stiffness tensor axes

As shown in Fig. 3, our investigation had identified
some differences in the shell-volume band-gap energy
distributions of monocrystalline collinear [000] and non-
collinear (e.g., [111]) mutual arrangements of core/shell
elastic stiffness tensor axes for both of the considered
materials systems. In Fig. 6 we present the changes of
the volume-weighted variance of the band-gap energy E,
with respect to all of the symmetrically inequivalent Eu-
ler rotations Z; (0 = 0) X3 (¢) Z3 (V) of the orientations
of the shell elastic stiffness tensor axes. Again, the ori-
entation of the elastic stiffness tensor axes of the core
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band-gap energy d E/ on the applied hydrostatic pressure. Top:
Zn/w-ZnO system. Bottom: w-ZnO/r-TiO2 system. In all
calculations presented here, a CSNP model with a 15 nm
spherical core and a 5 nm thick monocrystalline shell (D =
25 nm) was used. Results for collinear and isotropic shells
are depicted by full circles and diamonds, respectively. Error
bars attached to the symbols represent volume-weighted stan-
dard § E deviations that show the broadening of the band-gap
energy distributions under increasing compressive pressure.

region is chosen as 6, ¢, ¥ = 0 and the calculations are
done for a particle with D = 25 nm and core/shell vol-
ume ratio of 0.276 at the condition of vanishing external
pressure. Although the variance of the band-gap energy
is small in both of the considered materials systems, the
differences in the plot symmetry are quite pronounced
between them, with dissimilar combinations of rotation
angles ¢ and ¥ required to achieve the largest variance.

IV. CONCLUSIONS

In this investigation, we have utilized a finite ele-
ment method to study the elastic properties of CSNPs
with a variety of different shell morphologies, including
mono- and polycrystalline configurations. Two different
core types, faceted and spherical, as well as two pop-
ular core/shell materials combinations, Zn/w-ZnO and
w-Zn0O/r-TiOg, were considered. The connections be-
tween the elastic stresses within the particles and their
optical properties — as reflected in the shell-volume dis-
tributions of the band-gap energy values — were ex-
amined with the help of simple fits obtained for w-
Zn0 and r-TiOs bulk crystals by quantum mechanical
calculations.[60, 61] Our investigation shows that the
band gap shifts that could be achieved for these two shell
materials in the spherical particle geometry are not large
under vanishing external pressure and only weakly de-
pend on the shell morphology. However, in the case of
w-ZnO, reducing the particle size to below 20 nm and/or

applying hydrostatic pressure on the order of few GPa
can cause substantial changes in the average value of its
band gap. In r-TiOg, the band gap energy changes due to
applied pressure and elastic anisotropy remain uniformly
small (on the order of a few meV) for all the considered
particle geometries and simulation conditions. In this
regard, the anatase TiO2 polymorph (not studied here)
may be a better choice of a shell material for potential
photovoltaic applications, since, according to Ref. 61 its
E, should display a much larger variation under applied
stress.
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FIG. 6. Volume-weighted variance of the band-gap energy F, with respect to Euler rotations Z1 (6 = 0) X2 (¢) Zs (V) of the
orientations of the monocrystalline shell elastic stiffness tensor axes away from the directions of the global coordinate system
axes (which coincide with the orientations of the elastic stiffness tensor axes within the core region). For example, the [111]
orientation of the axes is achieved by setting # = 0°,¢ = 54.74° and ¥ = 45°, which corresponds to the top right corner of
the bottom left quadrant. This CSNP model has total diameter of 25 nm and core/shell volume ratio of 0.276, and is relaxed
under condition of vanishing external pressure. The left and right panels contain data for the Zn/w-ZnO and w-ZnO/r-TiO,
systems, respectively.
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