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Core/Shell CdSe/CdTe Heterostructure Nanowires Under Axial Strain
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An ab initio computational study was performed to assess the impact of uniaxial strain (along the wurtzite ¢
axis) on the electronic structure of CdSe and CdTe systems of decreasing dimensionality. In bulk situations,
the band gap of CdSe under tension behaves as expected, decreasing with increasing ¢, whereas CdTe under
compression is accompanied by an sp® to sp? transition that results in a decrease in the band gap. Through a
series of two-dimensional heterostructure slabs, the impact of strain on the valence band offset (VBO) between
CdSe and CdTe was considered and found to decrease with increasing c lattice parameter. The variation of
the band gap of single-component CdSe and CdTe nanowires strictly follows the trends obtained in the bulk
calculations, although the absolute values of the nanowire band gap were larger due to quantum confinement.
The impact of strain on the VBO in core/shell heterostructure nanowires was found to depend on the choice
of core material. When CdSe is used as the core material, the VBO increases with increasing c lattice parameter,
whereas when CdTe is used as the core material, the VBO decreases with increasing c. Regardless of the
choice of core material, the overlap between the electron and hole states was found to be quite low in these
structures and depends only weakly on strain.

I. Introduction

One of the challenges that severely restricts the widespread
usage of current thin-film-based photovoltaic devices is their
low solar-to-electrical conversion efficiency.! A major factor
that limits this conversion efficiency is the rapid relaxation of
high-energy photoexcited excitons to lower energies, resulting
in the conversion of their excess energy to heat through phonon
emission.>? The second factor that impacts the efficiency is the
dissociation of photoinduced excitons into free electrons and
holes, rather than their recombination. In current thin-film Si-
based photovoltaic devices, this latter step is accomplished
through the built-in electric fields at p—n junctions.

Recent theoretical and experimental studies*” indicate that
quantum confinement and the associated discrete energy levels
in semiconductor nanocrystals (NCs) result in a slowed rate of
exciton decay® and the generation of multiple excitons rather
than phonons at photon energies larger than the band gap.’
Exciton dissociation in such NC-based architectures may be
enabled by suitable interfaces between dissimilar materials, for
example, those displaying a Type II band offset in which the
valence and conduction band edges on either side of the interface
are staggered,'®'? as shown schematically in Figure 1. Among
heterojunction NCs, core/shell nanorods and nanowires offer a
further advantage. In addition to the possibility of efficient
creation and dissociation of excitons, they provide separate
channels for the transport of the dissociated charge carriers.
Exploiting modern colloidal chemistry techniques, it is currently
possible to fabricate heterojunction NCs with atomic level
control over their geometry'* and the composition across the
interface,'” thereby opening up new pathways for the design of
NC-based, high efficiency, photovoltaic devices.!¢2

Here, we focus on the electronic structure of core/shell (0001)
CdSe/CdTe nanowires under strain, with CdSe and CdTe being
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Figure 1. Schematic diagram of the core/shell CdSe/CdTe nanowires
considered in this study (left) and the expected Type II band offset
across the CdSe/CdTe interface (right), illustrating a possible mechanism
of electron—hole separation. The wire is oriented along the wurtzite
(0001) direction with nonpolar {1010} interfaces and surface facets.

in the wurtzite phase and coherent across the core/shell interface
(Figure 1). The axis of the nanowire is chosen to be along the
(0001) axis, as this is the preferred growth direction for wurtzite
nanowires.”?> CdSe and CdTe are two of the most frequently
studied members of the chalcogenide family as their band gaps
fall within the visible spectrum, making them extremely
attractive for photovoltaic applications.?' Nevertheless, due to
significant lattice mismatch (*7%) between the two systems,
coherent core/shell systems are expected to be under uniaxial
strain, and this can significantly affect the band gaps and band
offsets across the interface. Owing to their large surface area-
to-volume ratio, heterostructure nanowires have been found to
allow for large lattice mismatches without the formation of
extended defects at the interface.>"?” Although the band offset
between CdSe and CdTe has been studied before in the context
of bulk heterojunctions,?®?* the band offset in nanowires is
expected to differ due to the uniaxial strain as well as quantum
confinement effects. At present, such information is lacking and
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a fundamental study of the role of anisotropic strain on the
electronic properties of wurtzite CdSe and CdTe would prove
useful as a roadmap for predictive heterostructure design.

In this ab initio computational study, we present a critical
analysis of the impact of uniaxial strain (along the wurtzite ¢
axis) on the electronic structure of CdSe and CdTe systems.
Although core/shell nanowires constitute our primary interest,
we consider systems with progressively decreasing dimensional-
ity, starting with bulk CdSe and CdTe, followed by CdSe/CdTe
slab heterostructures, and finally, CdSe, CdTe, and CdSe/CdTe
core/shell nanowire geometries.

After providing details of our calculations in section II, we
begin with a discussion of our bulk CdSe and CdTe results in
section III.A. Under uniaxial strain along the ¢ axis, we find
that the band gap of CdSe behaves as expected in an sp*-bonded
covalent system, decreasing with increasing c¢. On the other
hand, CdTe displays an unusual behavior—its band gap initially
increases upon compression but goes through a maximum and
decreases upon further compression. We find that this “anoma-
lous™ behavior is accompanied by a transition from sp? to sp?
hybridization upon compression. Next, in section IIL.B, we
consider the impact of strain on the valence band offset (VBO)
between CdSe and CdTe through a series of two-dimensional
heterostructure slabs. Using the valence band edge in the
bulklike region sufficiently far from the interface to define the
VBO, we find that it decreases with increasing c¢ lattice
parameter. Finally, we consider nanowires in section III.C. The
behavior of single-component CdSe and CdTe nanowires
(section III.C.1) when subject to uniaxial strain is consistent
with bulk calculations. A series of core/shell heterostructure
nanowires of varying core and shell thickness were then
considered (section III.C.2). When CdSe is used as the core
material, the VBO increases with increasing c lattice parameter,
whereas when CdTe is used as the core material, the VBO
decreases with increasing c. In an attempt to quantify the
tendency for exciton dissociation, we have also performed an
analysis of the overlap of the highest occupied (hole) and lowest
unoccupied (electron) states (section III.C.3) in single-compo-
nent and core/shell nanowires. We find that, in single-component
nanowires, there is significant overlap between the electron and
hole states, whereas in the core/shell nanowires, the overlap is
significantly low (implying low and high probability of exciton
dissociation, respectively). Uniaxial strain along the nanowire
axis does not change the overlap appreciably. We conclude the
paper with a summary in section IV.

II. Methods

All calculations for this study are based on the Kohn—Sham
density functional formalism,*® as implemented within SI-
ESTA,?! a local orbital density functional theory (DFT) code.
The exchange-correlation effects are treated using the local
density approximation (LDA) as parametrized by Perdew and
Zunger.* The deficiencies of LDA are well-known, especially
in the II—VI family of semiconductors, where the band gap
may be underestimated by as much as 50%.%* On the basis of
our prior work®*3> as well as the work of others,*® we argue
that changes in band-gap values trend well across the strains
considered in this study. Moreover, we stress that the valence
band states used to derive the VBO are ground-state properties
and thus well-represented by DFT.%’

Core electrons were described by norm-conserving pseudo-
potentials, constructed according to the Troullier—Martins
scheme.*® The valence state configurations for Cd, Se, and Te
are [Kr]5s%4d', [Ar3d!°|4s?4p*, and [Kr4d'?)5s?5p*, respectively.
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Figure 2. (a) Optimal « lattice parameter as a function of the fixed ¢
lattice parameter. Vertical dashed lines indicate the equilibrium values
of CdSe and CdTe. The corresponding experimental values are shown
for comparison. (b) Structural changes in wurtzite CdTe as a function
of the ¢ lattice parameter.

The additional computational cost associated with including
semicore states of Cd, Se, and Te in the valency was not
required, as it was not found to significantly improve results.
The valence electron wave functions were expanded using a
double-¢ plus polarization (DZP) basis set with an orbital
confining cutoff radius specified by an energy shift parameter
of 0.002 Ry. Sampling the Brillouin zone of bulk CdSe and
CdTe using a (6 x 6 x 6) Monkhorst—Pack® k-point mesh
yielded well-converged results. From these calculations, it was
determined that the equilibrium a and c¢ lattice constants for
CdSe were 4.29 and 7.02 A and those for CdTe were 4.62 and
7.55 A, in good agreement with prior work at the same level of
theory* and with the corresponding experimental values.*'*?
For the slab and nanowire calculations, a (6 x 1 x 6) and a (1
x 1 x 10) Monkhorst—Pack k-point mesh were employed to
yield converged results. Relaxation of all structures was
accomplished by requiring the forces experienced by each atom
to be smaller than 0.04 eV/A. Where necessary, the underlying
local symmetry was broken to ensure relaxation to the ground
state.

III. Results

A. Bulk Calculations. When subjected to a uniaxial strain,
the atoms in a nanowire have more freedom to expand or
contract along the radial direction due to the free surface. To
mimic such a strain in a bulk environment, a series of
calculations constraining the bulk system at a fixed ¢ lattice
parameter (but with the a lattice parameter optimized) were
performed. The value of ¢ was chosen to lie between 6.90 and
7.65 A in increments of 0.05 A. This range was specifically
chosen to include the bulk lattice parameters of CdSe and CdTe.
A summary of these results is presented in Figure 2a. For both
CdSe and CdTe, a compression (stretching) of the ¢ axis
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Figure 3. Deviation in bulk band gap from equilibrium CdSe and CdTe
LDA values as a function of the ¢ lattice parameter. Vertical dashed
lines indicate the equilibrium values of CdSe and CdTe.

increases (decreases) a from its equilibrium value. For com-
parison, the calculated equilibrium values of the lattice param-
eters for wurtzite CdSe and CdTe, along with the corresponding
experimental values, are also shown in Figure 2a.

Once the individual optimized a lattice parameters were
determined for each value of ¢, the band structure of hexagonal
CdSe and CdTe was plotted to determine how strain impacts
not only the band structure but also the magnitude of the energy
gap. Figure 3 presents the percentage change in the band gap
from the unstrained, bulk LDA values as a function of the ¢
lattice parameter. The experimentally determined band-gap
values at equilibrium are approximately 30% larger*'*> than the
LDA equilibrium values of 1.23 and 1.15 eV for CdSe and
CdTe, respectively. For CdSe, the observed band-gap behavior
with varying c lattice parameter can be rationalized using simple
molecular orbital theory. As the atoms in the axial direction
are compressed (stretched), the electrostatic repulsion between
the electrons in the orbitals increases (decreases), widening
(narrowing) the gap between the highest occupied bonding and
lowest unoccupied antibonding states.

In the case of CdTe, the band gap does not consistently
increase with decreasing c lattice parameter. At small compres-
sions from equilibrium (up to ¢ = 7.50 A), the band gap of
CdTe increases by approximately 3% over the equilibrium LDA
value. Below 7.05 A, the rate of decrease in band gap with ¢
changes once again and becomes quite large.

To further understand the origin of the two “turning points”
in the case of CdTe at ¢ lattice parameter values of 7.50 and
7.05 A, we focus on the band structure. Figure 4 shows the
CdSe and CdTe band structure at three different lattice
parameters: the equilibrium c lattice parameters of CdSe and
CdTe as well as one equidistant between the two. For the range
of lattice parameters considered in this study, the valence band
maximum (VBM) and conduction band minimum (CBM)
remain located at the I' point. Aside from the LDA error, the
CdSe and CdTe plots at equilibrium compare favorably with
prior work.** To our knowledge, no other experimental or
theoretical results exist for either CdTe or CdSe subject to a
uniaxial strain. In the case of CdSe, consistent with the band-
gap results of Figure 3, we see that the CBM position
systematically decreases with respect to the VBM position for
progressive increases of the ¢ lattice parameter.

Bulk CdTe, on the other hand, displays a more complex
behavior (Figure 4b), consistent with the band-gap results of
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Figure 3. To better understand this behavior, we show a portion
of the band structure of CdTe at its equilibrium lattice constant
in Figure 4c, with the key bands labeled. At equilibrium, the
VBM (V) and the CBM (C,) are dominated by the Te 5p and
Cd 5s states, respectively, as expected. Upon uniaxial compres-
sion, the relative positions of the V| and C, bands, as well as
the V, and C, bands, begin to change. Below 7.50 A, V,
(composed of Cd 5p states) overtakes V; as the VBM and the
band gap begins to decrease. At 7.05 A, G (composed of both
Cd and Te 5p states) becomes lower in energy than the previous
CBM C,. Below this level of compression, interesting structural
changes occur. As shown in Figure 2b, each Cd (Te) atom is
tetrahedrally bonded to four Te (Cd) atoms, as required by sp*
hybridization at equilibrium. At a high level of compression,
the Cd (Te) atoms tend to become coplanar with three of the
Te (Cd) atoms, thereby approaching sp? hybridization. It is the
onset of such structural changes that drives the decrease in the
band gap.

These bulk calculations have important implications. Refer-
ring to Figure 3, it is apparent that the band gaps of both CdSe
and CdTe decrease relative to their corresponding equilibrium
values, despite the fact that one of them (CdSe) is under tension
and the other (CdTe) is under compression. The unanticipated
behavior and accompanying structural changes under compres-
sion are not limited to CdTe. We have observed similar behavior
in CdSe as well as ZnX (X = O, S, Se, Te),** which leads us
to believe it is universal in II—VI semiconductors. This perhaps
explains recent ab initio results'® dealing with ZnO/ZnS and
ZnO/ZnTe core/shell nanowires where the band gaps of the core
and shell material have been shown to decrease relative to their
equilibrium values.

B. Slab Calculations. With a reasonable understanding of
the behavior of band gaps of bulk CdSe and CdTe under uniaxial
strain, we move on to the impact of such a strain on the VBO
of CdSe/CdTe two-dimensional heterostructures. As shown in
Figure 1, the heterostructure nanowires to be considered later
have interfaces along hexagonal {1010} planes. To mimic such
an interface in a two-dimensional environment, a CdSe/CdTe
heterostructure slab containing a (1010) interface was created,
with eight layers each of CdSe and CdTe. The impact of strain
was assessed for three choices of the a and ¢ lattice parameters:
(i) at the equilibrium bulk CdSe values, (ii) at the equilibrium
bulk CdTe values, and (iii) at the equilibrium values for the
chosen slab supercell, obtained through an unconstrained
optimization. All of these values are listed in Table 1. To obtain
an estimate of the band gap and the VBO for the three different
structures, the layer decomposed density of states (LaDOS)*
was determined. The LaDOS for each layer was obtained by
summing the density of states (DOS) projected from each atom
in a layer and dividing by the total number of CdX (X = Se,
Te) pairs in that layer. In computing the LaDOS, the energy
eigenvalues were smeared with Gaussians of a width of o0 =
0.100 eV. To test the accuracy of the LaDOS approach, the
band lineup method of Van de Walle and Martin® was also
used to determine the VBO in the heterostructure. We find that
the results from the two approaches are quite similar, differing
by ~0.10 eV.

Figure 5 shows the VBM and CBM within the heterostructure
slab as a function of the CdSe or CdTe layer position normal
to the interface plane for the three strain conditions considered,
labeled according to their ¢ value. In the interior of each
component of the slab, (enclosed by vertical dashed lines) the
band gaps are bulklike and comparable to the values reported
in Figure 3 for CdSe and CdTe constrained to lie at an identical
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TABLE 1: Lattice Constant a (in A), Band Gap E, (in eV),
and Valence Band Offset VBO (in eV) of the Bulklike
Regions of the Heterostructure Slab as Well as E, for Bulk
CdSe and CdTe at Its Optimized a Lattice Parameter
Corresponding to That ¢ Lattice Parameter

CdSe CdTe
c Aslab Apulk EE“"( EZIab Abulk E‘g“"‘ E;‘a" VBO

7.02 428 428 123 125 470 1.05 099 051
727 445 421 107 1.05 467 114 1.07 044
755 462 414 075 070 462 115 1.12 042

¢ value. A summary of these results, as well as the corresponding
bulk band-gap values, are presented in Table 1.

Beyond the bulklike layers, the presence of an interface results
in the reduction of the band gap. On either side of the interface,
the band gaps are, in general, comparable but not aligned,
creating a VBO between the two materials. Defining the VBO
as the difference in the valence band edges between the bulklike
CdSe and CdTe layers, we find that the magnitude varies
inversely with increasing c. At the optimal lattice positions, the
VBO is 0.44 eV, less than the value reported in the theoretical
studies of Wei and Zunger,?®?° who found the natural (strain-
free) VBO between bulk CdSe and CdTe in their zinc blende
phases to be 0.60 eV.

This disparity in values can be attributed to the fact that, for
all lattice parameters considered, at least one side of the
heterostructure was strained to a position far from the optimal

a value corresponding to the choice of ¢, which strongly affects
the location of the VBM, especially in CdSe. To illustrate this
point, consider the VBM in the CdSe bulklike region. At the
equilibrium bulk CdSe lattice parameters, the VBM in this
region is roughly 0.1 eV below the VBM in the interface layers.
As the system is stretched to the equilibrium lattice parameters
of CdTe, the difference in energies between the VBM in the
bulklike and interface region decreases to roughly half this value.
Conversely, in the CdTe bulklike region, the difference between
the bulklike and interface VBM remains the same as the system
is stretched. The higher sensitivity of CdSe relative to CdTe to
strain persists in the nanowire geometries to be discussed next.

C. Nanowire Calculations. Building upon our findings in
the bulk and two-dimensional geometries, we now focus upon
the impact of uniaxial strain on the band gap and VBO of single-
component and core/shell nanowires, respectively. In our
previous study of CdSe (0001) nanowires,* we reported that
nanowires with hexagonal cross sections are more stable than
those with triangular cross sections. Moreover, we found that
surface atoms possessing only one dangling bond are able to
rehybridize (from sp? to sp?), thereby negating the need for
surface passivation. For this aspect of the study, we, therefore,
consider a series of unpassivated hexagonal nanowires that are
approximately 30 A in diameter. Generation of these cross
sections can be understood by considering the structure in Figure
6a, a single-component nanowire. Beginning with a central
hexagon (Ring 1) composed of six pairs of CdX (X = Se, Te),
the nanowires were generated by adding three additional rings
of hexagonal units, each represented as a yellow shaded region,
around Ring 1. Surface facets are terminated by nonpolar {1010}
planes containing atoms with only one dangling bond. All
nanowires are assumed to be infinitely long with a periodic
length ¢, oriented along the wurtzite (0001) direction.

Replacing all of the Se atoms in Ring 4 of a CdSe nanowire
with Te atoms results in a 3/1 CdSe/CdTe core/shell nanowire
(Figure 6b). Performing a similar substitution in Ring 3 of the
3/1 cross section generates a 2/2 nanowire (Figure 6¢), consisting
of two core rings of CdSe and two shell rings of CdTe. When
the identities of Se and Te atoms were interchanged, 3/1 and
2/2 CdTe/CdSe core/shell nanowires were also generated.

1. Single-Component Nanowires. Consider, first, the single-
component CdSe and CdTe nanowires with equilibrium c lattice
parameters of 7.02 and 7.55 A, respectively. The role of strain
was investigated by stretching CdSe to the equilibrium c lattice
parameter of CdTe and compressing CdTe to the equilibrium ¢
value of CdSe. Once the atoms had relaxed in the supercell, an



Core/Shell CdSe/CdTe Nanowires Under Axial Strain

(a)

J. Phys. Chem. C, Vol. 114, No. 4, 2010 1777

BRN888E:
LE AL L

(©

Figure 6. (a) Geometry of the homogeneous CdSe nanowire with Cd and Se represented by red and blue, respectively. The homogeneous CdTe
nanowire (not shown) is obtained by replacing all the Se atoms with Te atoms. (b) 3/1 CdSe/CdTe core/shell heterostructure obtained from (a) by
replacing the Se atoms in Ring 4 with Te atoms (depicted in gold). (c) 2/2 CdSe/CdTe core/shell heterostructure obtained from (b) by replacing the

Se atoms in Ring 3 with Te atoms.

1.2

c=7.02A
c=7.55 A

1.0

0.8

0.6

0.4 -
0.2
0.0

Energy (eV)

-0.2
-0.4

0.6 1 —

-0.8

Ring No.

(@

c=7.55 A
c=7.02 A

Energy (eV)
(=3
~

Ring No.
(®)
Figure 7. Band gap as a function of ring number for single-component
(a) CdSe and (b) CdTe. The red and the blue lines correspond to the
valence and conduction band edges of the system lying at its equilibrium
and strained c lattice position, respectively. The zero point of energy
was chosen to correspond to the Fermi energy.

estimate of the band edges as a function of radial position was
determined by an examination of the radially decomposed
density of states (RDOS).>> The RDOS for each ring was
obtained by summing the DOS projected from each atom in
that ring and dividing by the number of CdX (X = Se, Te)
pairs in that ring. The energy eigenvalues for the RDOS were
broadened using Gaussians of a similar width to the LaDOS. A
summary of the results for both single-component systems are
presented in Figure 7.

In both plots, red and blue lines represent the band edges for
structures at equilibrium and in a strain state, respectively. When
CdSe and CdTe are both lying at their equilibrium coordinates,
their band gaps across the innermost ring are ~0.3 to 0.4 eV
higher than their corresponding bulk values (Table 2), reflecting

TABLE 2: Bulk Band Gap (in eV), Band Gap of the Inner
Ring (in eV), VBO (in eV), and Electron—Hole Overlap of
the Nanowires Considered in This Study. The Dividing Line
Is Used to Distinguish the CdSe Core from the CdTe Core
Nanowires

System c Bulk E} VBO Overlap
CdSe 7.02 1.23 1.56 0.60
7.55 0.75 1.19 0.55
3/1 7.02 1.23 1.50 0.44 0.20
7.29 1.03 1.39 0.51 0.19
7.55 0.75 1.23 0.54 0.15
2/2 7.02 1.23 1.42 0.17 0.14
7.48 0.82 1.11 0.23 0.12
7.55 0.75 1.06 0.24 0.11
CdTe 7.02 1.05 1.39 0.58
7.55 1.15 1.51 0.64
3/1 7.02 1.05 1.22 0.35 0.26
7.35 1.15 1.35 0.20 0.18
7.55 1.15 1.39 0.11 0.16
2/2 7.02 1.05 1.14 0.30 0.15
7.15 1.11 1.16 0.24 0.13
7.55 1.15 1.22 0.09 0.10

the impact of quantum confinement. It is interesting to note that
there is a slight narrowing of the band gap between the core
and the surface rings of CdSe. This decrease is small (<0.05
eV) and can be attributed to the increased freedom of movement
among the atoms closer to the surface. Consistent with previous
studies,***> we find that, as the surface atoms self-passivate,
the Cd atoms have a tendency to move inward while the Se
atoms move radially outward. Although this behavior is also
seen in the CdTe nanowire, the band gap remains constant across
all rings.

In the strained nanowires, the band gaps obtained from the
innermost rings are significantly smaller than those in the
unstrained case, consistent with earlier bulk findings. As with
the unstrained CdSe nanowire, the band gap decreases with ring
number, albeit to a larger extent. In the CdTe nanowire, axial
compression results in noticeable shifts of the CBM and VBM
relative to the unstrained system. Unlike the strained CdSe
nanowire, the VBM decreases at the surface, resulting in a band
gap comparable to that observed in the unstrained CdTe
nanowire. This can be attributed to the outward radial movement
of the innermost rings when CdTe is under compression. Due
to the lack of radial confinement at the surface, the atoms in
Ring 4 are able to adopt a more favorable position, causing the
increase in band gap.

2. Core/Shell Nanowires. In addition to the single-component
systems discussed above, core/shell nanowires with CdSe in



1778 J. Phys. Chem. C, Vol. 114, No. 4, 2010

0.8
0.6 c=7.02A
=729 A
0.4 - c=7.55A
0.2 CdTe
CdSe
g 0.0
? 0.2
5 041 ———_—r
0.6
’ j 0.51 eV
0.8
BRI -
1.2 .
1 2 3 4
Ring No.
(@)
1.0
0.8 4 c=7.02 A
CdT =735 A
0.6 e c=7.55A
CdSe
0.4
g 02 A
g 0.0 -
z
5 021
049 oo L
06 1 \ —— | $0.20eV
X \ S R 4
0.8 4
-1.0 T
1 2 3 4
Ring No.
(b)

Figure 8. Band gap as a function of ring number for the different
lattice constants considered, labeled according to the axial ¢ value for
the 3/1 (a) CdSe/CdTe and (b) CdTe/CdSe core/shell heterostructures.
The zero point of energy was chosen to correspond to the Fermi energy.
The solid vertical line indicates the location of the interface separating
CdSe from CdTe. The VBO indicated on the plot corresponds to the
optimal (strain-minimized) structure and is taken as the difference
between the innermost and outermost VBM.

the core and CdTe in the shell (henceforth, referred to as the
CdSe core structure), and vice versa (referred to as CdTe core
structure), were considered. Furthermore, all geometries are
constructed so as to have a coherent interface between the two
materials. The relative thicknesses of the core and the shell were
varied, resulting in one structure that has a nearly equal ratio
of CdSe to CdTe (3/1) and one where there is a much greater
concentration of shell material (2/2).

The impact of strain on the electronic properties was assessed
by subjecting all systems to axial tension and compression by
fixing their coordinates to lie at the ¢ lattice parameter of CdTe
and CdSe, respectively. An equilibrium lattice parameter,
corresponding to a strain-minimized state, was determined for
each core/shell structure by performing a series of calculations
for different ¢ values between 7.00 and 7.60 A. As with the
single-component systems, an estimate of the band gaps and
the VBO was determined through an analysis of the RDOS.

Consider first the 3/1 cross sections, whose results are
presented in Figure 8a,b for systems with a CdSe and CdTe
core, respectively. The optimal ¢ lattice parameters in both
structures are quite similar, with the CdSe core possessing a
value of 7.29 A and the CdTe core a value of 7.35 A. Whereas
decreasing the lattice parameter increases in the band gap across
all rings for the CdSe core heterostructure, the opposite behavior
was observed in the CdTe core system. In particular, note the
similarity in band-gap values when ¢ is at 7.35 and 7.55 A, a
trend that is consistent with prior findings not only for our bulk
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and single-component nanowire calculations (Table 2) but also
the bulklike regions in the two-dimensional heterostructure
(Table 1). When the innermost two rings of CdSe and CdTe
are compared to the appropriate strained bulk values, there is
an increase in the band gap by approximately 0.2 eV due to
quantum confinement effects. Moreover, the band gaps across
these rings for both the stretched and the compressed states are
similar to those in the single-component nanowires at these
lattice positions.

Moving out from the innermost two rings toward the interface,
a change in the band gap occurs, the magnitude of which varies
with the ¢ lattice parameter. This change is much more
pronounced in the case of the CdSe core where the reduction
in the band gap on the CdSe side of the interface results in a
large VBO occurring between concentric rings of CdSe and not
at the interface. In the case of the CdTe core, there is a slight
decrease in the VBM from the innermost values in Ring 3 when
at either the optimal or the CdTe lattice parameters. When at
the ¢ value for CdSe, however, there is a noticeable reduction
in the VBM (~0.13 eV) between Rings 2 and 3. This behavior
can be attributed to two factors. The first is the proximity of
the interface to the surface and the tendency of the atoms in
Ring 4, upon radial reorientation, to adopt an average lattice
parameter closer to that of the core material. Upon relaxation,
we find that, for the CdSe (CdTe) core systems, the bond length
between a Cd atom in Ring 3 and a Te (Se) atom at the surface
differs by less than 1% from the bulk Cd—Se (Cd—Te) bond
length of 2.63 A (2.83 A) across all strains considered. The
second is the increased sensitivity of the VBM in CdSe
compared with the VBM of CdTe, as pointed out earlier in
regards to the slab calculations. In particular, as the CdSe region
is stretched away from equilibrium, the added axial strain
increases the VBM to a greater extent than the reduced axial
compression increases the VBM of the CdTe region.

To quantify how the VBM changes across the rings with
strain, we define the VBO as the absolute difference in the VBM
between the outermost and innermost rings. For the CdSe core
system, the VBO varies with strain from approximately 0.45 to
0.55 eV when at the ¢ lattice parameter of CdSe and CdTe,
respectively. Conversely, the VBO for the CdTe core system
decreases with increasing ¢ from 0.35 eV when at the lattice
parameter of CdSe to 0.11 eV when at the lattice value of CdTe.
At the strain-minimized lattice parameters, the CdSe core
nanowire displays a VBO of 0.51 eV, while the CdTe core
shows a VBO of 0.20 eV.

For the case of the 2/2 structure, the optimal lattice positions
were determined to be 7.48 A for the CdSe core and 7.15 A for
the CdTe core. That these values lie closer to the equilibrium
values for the shell component is a direct result of the shell
region containing roughly 75% of the atoms. This has implica-
tions on the band gaps and VBO obtained from the RDOS, as
seen in Figure 9. For the CdSe core structure (Figure 9a), the
band gap of each ring again increases with decreasing lattice
parameter, but because the optimal and equilibrium CdTe ¢
values are so close, the VBM and CBM of the two differ only
slightly. In the CdTe core structure (Figure 9b), the behavior
of the band gap mirrors that seen in the 3/1 case, decreasing
upon axial compression.

An analysis of the band edges in these cross sections shows
that the VBO behaves in a similar manner to the 3/1 hetero-
structures. For the CdSe core nanowires, the VBO again
increases with ¢ value from 0.17 to 0.24 eV when compressed
at the lattice parameter of CdSe and CdTe, respectively. The
VBO of the CdTe core system decreases with increasing ¢ value
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Figure 9. Band gap as a function of ring number for the different
lattice constants considered, labeled according to the axial ¢ value for
the 2/2 (a) CdSe/CdTe and (b) CdTe/CdSe core/shell heterostructures.
The zero point of energy was chosen to correspond to the Fermi energy.
The solid vertical line indicates the location of the interface separating
CdSe from CdTe. The VBO indicated on the plot corresponds to the
optimal (strain-minimized) structure and is taken as the difference
between the innermost and outermost VBM.
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Figure 10. Valence band offset as a function of the axial ¢ lattice

parameter for the two-dimensional and one-dimensional heterostructures
considered in this study.

from 0.30 eV to about 0.1 eV. The VBOs of the optimal
structures in both the CdSe core and the CdTe core cases are
quite similar and are on the order of 0.25 eV.

A summary of the effect of strain on the VBO for the different
core/shell nanowires described above is presented in Table 2
as well as Figure 10. For comparison, the results of the
heterostructure slab have also been plotted. Several interesting
trends emerge. In all cases, there is approximately a linear
relationship between axial strain and the VBO. In the CdTe
core nanowires as well as the two-dimensional heterostructures,
the VBO increases as the system is compressed. Conversely,
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Figure 11. Band gap of the innermost (a) CdSe and (b) CdTe rings of
nanowires as a function of the corresponding band gap of bulk held at
the same c lattice value. The green line with a slope of 1 represents a
perfect one-to-one agreement between the bulk and nanowire systems.
The upward shift of all nanowire band-gap values with respect to the
green line reflects the effect of quantum confinement.

in the CdSe core nanowires, the VBO increases with increasing
c¢. To understand this opposite behavior, consider again Figures
8 and 9. In the CdSe core nanowires, stretching the system
causes the difference between the VBM in Ring 1 and the
interface ring to increase. However, the difference in the VBM
energies between CdSe and CdTe on either side of the interface
is roughly constant in these structures, regardless of the strain
or number of CdTe rings in the shell. The opposite behavior is
observed when CdTe is the core material. In particular, the
difference in energies between the VBM in the innermost and
the interface ring is, in general, quite small and insensitive to
the ¢ lattice parameter. Moreover, the difference in VBM
energies on either side of the interface is no longer constant
but decreases with increasing c¢. Regardless of the material in
the core, it is the increased sensitivity of the VBM in CdSe to
strain relative to the VBM of CdTe that accounts for a significant
portion of the VBO.

Figure 11 summarizes the band gaps of the innermost (a)
CdSe and (b) CdTe rings for each of the systems considered in
this study, plotting them against the bulk band-gap values of
the appropriate bulk system held at the identical ¢ lattice
parameter. For reference, the bulk band-gap values of CdSe and
CdTe at an axial lattice value of 7.02 and 7.55 A have been
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Figure 12. CBM and VBM wave function plots for (a) CdSe and (b)

and 2/2 CdSe core nanowires, each lying at their strain-minimized lattice
coordinates.

marked on each. At either c lattice parameter, the band gaps of
the single-component nanowires are roughly 0.3—0.4 eV larger
than the corresponding bulk values (represented by the straight
line) due to quantum confinement. Consistent with bulk results,
the band gap across the inner ring is larger when the nanowire
is lying at its unstrained coordinates. Strain effects reduce the
band gap of the CdSe nanowire by ~0.4 eV, which is slightly
less than the decrease observed when stretching the bulk to 7.55
A, as shown in Table 2. Compressing CdTe to 7.02 A reduces
the band gap by only 0.1 eV in both the nanowire and the bulk.

As with the bulk and single-component systems examined
earlier, the band gaps of the CdSe and CdTe core rings increase
and decrease, respectively, with decreasing c. Although these
band gaps are still larger than the bulk values, they are lower
than their single-component analogues. Moreover, the band gaps
of the 3/1 heterostructure are consistently larger than those of
the 2/2 heterostructure over the range of strains considered. In
general, the band gap of the optimal nanowire lies along a
straight line connecting the band gaps of the nanowire com-
pressed to 7.02 A and stretched to 7.55 A.

3. Electron—Hole Wave Function Ouverlap. To assess the
impact of strain on the tendency for charge separation at the
interface of the heterostructures, the wave functions correspond-
ing to the CBM and VBM were plotted, under the assumption
that an electron and hole would occupy these states upon
dissociation of an exciton. Within each cross section, there was
little visual difference in the plots when ¢ was varied. Figure
12 shows our results for the single-component CdSe and 2/2
heterostructure, each lying at their strain-minimized coordinates.
These results are qualitatively similar to those obtained for the
other nanowires. Consistent with other II—VI studies,'$*° the
CBM states are shown to have an s-type character, while the
VBM states have a strong p-type symmetry. In the single-
component nanowires, these states are uniformly spread through-
out the cross section. In the 2/2 topology, the impact of an
interface on the location of the VBM and CBM wave functions
is evident. The s orbitals of the CBM and the p orbitals of the
VBM are highly localized in the CdSe core and the CdTe shell,
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respectively. This behavior is also seen in the 3/1, as well as in
the CdTe core nanowires.

The physical separation of the VBM and CBM suggests that
charge separation of an exciton into an electron and hole at the
interface is feasible. To quantify this, the overlap of the VBM
and CBM wave functions, ¥(r) and ¥.(r) was computed using
the following formula:

S = [lyimlipmldr (M

The results of these calculations are presented in Table 2.
The value of this integral lies between O and 1, with the former
indicating complete separation and the latter complete overlap
of the two wave functions. Every core/shell nanowire has an
overlap lower than the values computed for the single-
component nanowires, indicating a higher probability of charge
separation in the former. Moreover, the choice of core material
has little effect on the overlap. Straining the core/shell systems
appears to provide a means of tailoring the overlap, as axial
compression or stretching tends to slightly increase or decrease
the overlaps relative to the strain-minimized values. Addition-
ally, the overlap decreases with increasing shell thickness,
indicating that, at sufficiently large core and shell thicknesses,
the CBM and VBM wave functions ought to completely
dissociate.

IV. Summary

We have presented a comprehensive ab initio study of the
impact of uniaxial strain on the electronic properties of wurtzite
CdSe and CdTe systems in bulk, thin-film, and nanowire
geometries. Our results can be summarized as follows:

e Increasing the c lattice parameter of bulk CdSe results in a
decrease in the band gap, as expected in sp3-bonded covalent
systems. Conversely, CdTe behaves anomalously upon com-
pression, initially increasing upon compression, but goes through
a maximum and decreasing upon further compression. At large
compressions (greater than ~7% from equilibrium), a transition
from sp’ to sp? hybridization is observed.

e Sufficiently far from the interface in the two-dimensional
heterostructure slabs, the approximate bulk CdSe and CdTe band
gaps are recovered. We also find that the valence band offset
(VBO) decreases with increasing ¢ lattice parameter.

* The behavior of single-component CdSe and CdTe nanow-
ires when subjected to an axial strain is consistent with bulk
calculations. Both CdSe and CdTe experienced a decrease in
band gap when strained away from their equilibrium positions,
although the absolute value of the band gap is larger than the
corresponding bulk value due to quantum confinement.

* The impact of strain on the VBO in core/shell heterostruc-
ture nanowires was found to depend on the choice of core
material. When CdSe is used as the core material, the VBO
increases with increasing c lattice parameter, whereas when
CdTe is used as the core material, the VBO decreases with
increasing c.

* In single-component nanowires, there is a significant overlap
between electron and hole states, whereas in the core/shell
nanowires, the overlap is significantly low. Uniaxial strain along
the nanowire axis does not appreciably change the overlap,
although tension and compression slightly decrease and increase
the overlap, respectively.

In conclusion, these results indicate that strain can be used
to effectively tune the properties of core/shell nanowires for
photovoltaic devices. Through the appropriate choices of
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materials and strain, the potential exists to tailor both the band
gap and the band offset, thereby achieving high conversion
efficiencies and efficient charge separation simultaneously.
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