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xploring functional nanotechnology

has become a central task in recent

research endeavors given the advances
attained in the synthesis of nanomaterials. In
particular, nanowires (NWs) have attracted
increasing interest due to their potential ap-
plication as optically active devices' and as
building blocks for nanocircuits.> The tech-
nological advantage of NWs is related to the
ability of engineering and controlling their
quantum properties which can be achieved,
for instance, through the modification of
the NW geometry and strain fields>*
On the other hand, the plausibility of build-
ing inhomogeneous heterostructures of a
single semiconductor material was long
ago theoretically predicted, when stacking
faults and the creation of layered systems of
semiconductor segments between twin-
planes were simulated.®> There is however
a major shortcoming in the effective use of
twin-planes for quantum effects in zincble-
nde heterostructures: the mere presence
of a twin stacking fault would not practi-
cally affect the transmission of I'-electrons
and these interfaces would remain mostly
transparent®” Just recently, the controlled
synthesis of stacking fault heterostructures
of lll-V compound semiconductor NWs has
been reported.®® It was shown that by con-
trolling either the growth temperature and
diameter of InAs NWs® or the amount of
impurity dopants in analogous InP systems,” a
periodic twin-plane structure can be experi-
mentally realized. Such a microscopic control
of the crystalline structure during the NW
synthesis would open up opportunities for a
thorough modulation of their electronic struc-
ture, thus increasing the potential use of these
NWs as quantum heterodevices.

In this work, we report a systematic study
about the microscopic structure of NWs, the
formation of their peculiar strain fields
affected by the surface and by twin-plane
interfaces, and how they influence the elec-
tronic structure and transport properties of
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ABSTRACT The structural properties of twin-plane superlattices in InP nanowires are system-
atically analyzed. First, we employ molecular dynamics simulations to determine the strain fields in
nanowires grown in the [111] direction. These fields are produced by the formation of twin-planes
and by surface effects. By using the stress tensor obtained from molecular dynamics simulations, we
are able to describe changes on the electronic structure of these nanowires. On the basis of the
resulting electronic structure, we confirm that a one-dimensional superlattice is indeed formed.
Furthermore, we describe the transport properties of both electrons and holes in the twin-plane
superlattices. In contrast to the predicted transparency of I'-electrons in heterolayered Ill—V
semiconductor superlattices, we verify that surface effects in 1D systems open up possibilities of

electronic structure engineering and the modulation of their transport and optical responses.
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I'-electrons and holes. There is a vast litera-
ture about simulations of InP NWs. For
instance, ab initio calculations were per-
formed to study the stability of the NWs
grown along the [111] direction as a func-
tion of the diameter,'® the change on the
total energy due to defects,'’ the influence
of hydrogen and oxygen on the surface of
InP NWs,"? and the stability of InP NWs with
zincblende and wurtzite structures.'® Further-
more, Monte Carlo calculations were used by
Sano et al." to understand the formation of
the twin-planes and the tight-binding model
was applied by Persson and Xu'® to study InP
NWs with orientation [100]. More recently,
the band structure of twin-plane NWs was
theoretically obtained within the frame-
work of density functional theory.'®'” These
calculations also show that there is indeed a
possibility of band engineering on polytypic
superlattices with alternate zincblende and
wurtzite crystalline phases, with band-off-

sets up to 90 meV. * Address correspondence to

In our case, we study the properties of InP
zincblende type NWs by employing molec-
ular dynamics (MD) simulations combined
with a multiband electronic structure calcu-
lation, and we analyze the electronic trans-
port within the envelope function approx-
imation. The advantage of using MD is

VOL.5 =

NO.7 = 5519-5525 =

gemarques@df.ufscar.br.

Received for review March 4, 2011
and accepted June 11, 2011.

Published online June 12, 2011
10.1021/nn2008589

©2011 American Chemical Society

2011 A@i%{g) 5519

WWwWW.acsnano.org



related to the capacity to simulate real size NWs and to
extract mechanical properties, which are used as input
data to the multiband calculation. Interestingly, the
variation of the band structure in this work is only due
to strain fields caused by the formation of the twin-
planes and the peculiar surface, differently from the
case where polytypic phases are present.'®'” On the
basis of the band structure results, we are able to
calculate the transport properties of the twin-plane
superlattice through the transfer matrix method.'®
Furthermore, we analyze the transport of both types
of carriers: electrons and holes. This consideration is
important because the transparency or opaqueness of
a twin-plane superlattice is directly associated to the
carrier character (controlled by the strain conditions),
as demonstrated by our results.

RESULTS AND DISCUSSION

In this work, we simulate two InP NWs with different
cross sections and with the same shape as reported in
refs 8 and 9. From the computationally simulated
atomic structure of these NWs, we are able to extract
the values of the elastic properties (elastic constants at
T = 0 K) and strain profiles (with and without external
stress). Such results are used as input parameters for
the electronic structure calculation and the subse-
quent simulation of the electronic transport within
the conduction and valence bands. In the following
subsections, we describe in detail how we use molec-
ular dynamics to simulate InP NWs and how we extract
the interface effects, which cannot be obtained through
empirical methods (e.g., tight-binding and k- p). Also,
we show how the strain fields are included in the k- p
Hamiltonian along [111] direction. After that, we calcu-
late the electronic structure of the twin-plane InP NWs,
which is the basis to determine the transport proper-
ties. Along with the description of the methods em-
ployed in this work, we also present and discuss the
results in the subsections.

Molecular Dynamics. Indium phosphide, as several
other llI-V semiconductors, crystallizes in a cubic
zincblende structure, where each atom is tetrahedrally
bonded to their nearest neighbor through different
percentages of covalent and ionic bonds. To simulate a
twin-plane nanowire, the atomic positions for a given
number of atoms are generated considering the x, y,
and z axis parallel to the crystallographic directions
[277], [017], and [111], respectively. To make an
atomistic simulation of the NWs, we assume an effec-
tive interatomic potential that considers two- and
three-body interactions having the same functional
form as proposed by Ebbsjo et al.'® By using this
interaction potential, Branicio et al.>° were able to
describe the thermodynamical properties, structural
phase transformation induced by pressure, elastic
constants, stacking faults, and surface energies for bulk
InP. However, to reproduce the experimental elastic

TSUZUKI ET AL.

[211]

<L~

—2l,—

Figure 1. Molecular dynamics simulation of NWs after
undergoing relaxation and thermalization processes. The
results for the NW1 (NW2) is shown in the upper (lower)
panel. The cross section area of the NW1 and NW2 are
3189.5 A% and 30973.4 A, respectively. These NWs have
periodic segments of size 2L,, where L, = 20.435 A for NW1
and L, = 61.067 A for NW2. Gray (green) dots represent
indium (phosphorus) atoms. Notice that the twin-planes are
composed by alternate layers of different atoms.

constants and bulk modulus at 300 K (the only experi-
mental value available in the literature) by keeping
other thermodynamical and structural properties for
InP adequately reported before, it is necessary to per-
form a small modification in a few parameters used in
ref 20. Otherwise, the simulations would lead to an
underestimation of the elastic constants for bulk InP.
Periodic boundary conditions are applied in the z-direc-
tion with a vacuum region of 60 A created in the
perpendicular directions. The whole system is allowed
to relax in order to eliminate stress and is left to attain
thermal equilibrium at temperatures close to 0 K.

Figure 1a shows the NW1 simulated by molecular
dynamics, which has a cross section area of 3189.5 A?,
and a total length of 408.7 A, totalizing 51 320 atoms
(25660 In 4+ 25660 P). In Figure 1b we display the
results for NW2, which is simulated by considering a
cross section area of 309734 A%, and a total length
of 366.4 A, totalizing 449244 atoms (224622 In +
224622 P). Both NWs consist of periodic segments of
size 21, as depicted in Figure 1, where L, = 20.435 A for
NW1 and L, = 61.067 A for NW2. One can notice, in
Figure 1, that the twin-plane structure remains after
undergoing the thermalization and relaxation pro-
cesses, which confirms the stability of this configura-
tion. Because of the finite cross section size at the twin-
plane, the positions of the atoms at these interfaces are
modified. To visualize the deformation induced by the
surface of the twin-plane NW, we display in Figure 2 the
atomic positions of one species (In), in the deformed
plane (111), after the system has undergone the
relaxation and thermalization processes. The size of
the cross section has a strong influence on this defor-
mation and, depending on surface size, the mere
presence of the surface may lead to a distribution of
strain over the whole structure. However, in the range
of parameters used to simulate the two NWs, the
relative strain variation between consecutive core
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Figure 2. Visualization of a deformed interface of twin-planes
in NW2. To emphasize the deformation induced by this surface,
only the atomic position of one species is shown: the indium
atoms represented by dots at the twin interface.

segments and the interfaces near the twin-planes remains
practically unaltered. For this reason, we present the
results of strain distribution only for NW2, which has a
size more compatible with typical experiments.®® Note
in Figure 2 that the vertical (z) and horizontal scales (x,y)
are not the same in order to better visualize the effects
of twin-planes deformation induced by surface effects.
The local stress distribution is calculated using the
algorithm supplied in ref 21. Because the NW is not
uniform, the local stress at the center of the NW2 is
obtained by averaging the computed local stress for 70
atoms within the same plane around each point.

In Figure 3, we plot the distribution of the diagonal
components g4, 02, and 033 of the stress tensor for a
longitudinal cut taken in the middle region of the NW2,
where the color coding stress threshold is saturated at
the surface for a better contrast in the central region.
The left panels (Figure 3 a) correspond to [211] cut
plane view, whereas the right panels (Figure 3b) corre-
spond to the [011] cut plane view. Only o;4, 025, and
033 diagonal stress tensor components reveal the
interface influence along the wire, once the off-diag-
onal stress components have negligible values. In
Figure 4, we show the stress distribution for the same
components, but for cross section cuts in the NW2
taken along [111] direction. The top panels display the
stress distributions for the cut plane taken at the twin-
plane interface and the bottom panels, for cuts taken in
the middle of the segment between two consecutive
twin-planes. The stress distribution in the region be-
tween two twin-planes depends on the NW cross-
section size. By increasing the cross section, the influ-
ence of the surface on the twin-plane strain field
becomes less effective and the stress distribution
becomes flat and goes to zero in these regions.

The linear approximation is adequate to character-
ize the correlation between stress and strain fields in a
NW, which is given by Hooke's law: gjj = — Gluded,
where gj; labels a stress tensor component, — G’ is a
component of the fourth order elastic stiffness tensor,
and ¢}y is the strain tensor component.
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Figure 3. Visualization of the local stress tensor components
of the NW2. The left panels correspond to longitudinal cut

view in the middle region of the NW2 at the plane [211]. The
right panels show the stress distribution for cuts at the plane
[011]. Color coding of stress threshold was saturated at the
surface in order to get a better contrast in the central region.
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Figure 4. Visualization of the local stress tensor compo-
nents of the NW2. Upper panels show distribution of stress
components for a transversal cut taken at the twin-plane
interface. Lower panels show the stress distribution for trans-
versal cuts taken at the middle of the segment.

Columns a, b, and c show the distribution of the diagonal
components of the stress tensor g4, 05, and o33, respectively.

To determine the strain tensor components for
wires grown as shown in Figure 1, a rotation from
([1001,[0101,[001]) to ([2T1L[01T1,[111]) crystalline di-
rections was performed. The general relations between
new and old coordinate systems are”' 0,5 = o ¢/j304,
Eap = ‘Z/;a ‘7[]-,38,]{, ()jyék[ = ‘Z/ay ’7/5‘3 ‘Z/;k ‘Z/j/ 6’(1[;,]-,where
the summation over repeated indices is assumed and the
elements of the rotational matrix 7/,,, are given by

cosocos B —sino cosasinf
/ = |sinacosff cosa  sinasinf (1)
—sin 0 cos 5

where 8 = arccos (I/(h* + k* + A2, o = arccos (h/(h* +
k3", and h, k, and | designate the Miller indexes. In the
new axis, Hooke's law, can be rewritten as

Oy = — Gjyéklgkl (2)
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that is given in terms of the 36 components of the elastic
stiffness tensor,”

3
()Jy(Skl = 6111/ z Z/(xy 7/(16 //ak //al
a=1

3 -1
+ 613 Y Y Uy Uas Upc g+ Uy U ps Uk U o)
pf=20a=1

3 -1
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X(Uak g+ Upk 2 o) 3)

For materials which crystallize in cubic symmetry,
such as the zincblende structure, the stiffness tensor
can be reduced from 36 to only 3 nonzero components
labeled as ¢’11, ('12, and (44 elastic constants.

The electronic structure calculation presented
below simulates the system behavior at T = 0 K.
However, only room temperature values of the elastic
constants are found in the literature.?® Thus, besides
the strain field mapping, our MD simulations is also
used to deliver the elastic constants at zero tempera-
ture: ¢'1{ = 107.68 GPa, ¢’13 = 60.65 GPa and (44 =
41.10 GPa. The six components of the stress tensor
along [111] direction as a function of the position is also
obtained from the MD calculations. Thus, we use eq 2
to calculate the strain potential profile along this
direction. In Figure 5a and Figure 5b, we show the
calculated strain distribution for the relaxed NW2
displayed along its longitudinal direction (by relaxed,
we mean a wire not subjected to any external
deformation). Two main characteristics can be ob-
served in Figure 5a and Figure 5b: (i) the NW core
(plateau regions) appears positively strained in all
directions; (ii) drastic fluctuations of strain take place
at the twin-plane interfaces. To probe the effects of
an external deformation, we apply tension and
compression on the NW2 along the z-direction in
order to obtain deformations ranging from —1.0% to
+1.0% in their longitudinal length at T ~ 0 K. The
resulting diagonal strain components for the exter-
nally strained wires are displayed in Figure 5c¢,d.
Observe in Figure 5c,d that the diagonal strain
components perpendicular to the longitudinal direc-
tion (g1 and &,,) are shifted to positive (negative)
values due to the positive (negative) uniaxial strain
applied to the nanowire. On the contrary, the diag-
onal strain components £33 has an opposite behavior
and it is shifted to negative (positive) values under
positive (negative) uniaxial applied stress.

Electronic and Transport Properties. The most common
superlattices®* are formed by alternating layers of two
different semiconductors. Because different materials
have a distinct bandgap, there is a discontinuity in the
potential profile at the interfaces. As a result, the
electronic structure of a superlattice behaves as a
sequence of quantum wells separated by barriers. This
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Figure 5. Average values of the central strain distributions
along longitudinal direction [111] of the NW2 showing the
possible types of twin-plane superlattice structures. Panels
a and b correspond to relaxed NW; Panels c and d corre-
spond to externally strained NW. In panel ¢, the wire is under
compression and in panel d, the wire is under tension. In
panels c and d, the black line represents the component &;4,
the red line represents the component &,,, and the dark
cyan line represents the component ¢33.

periodic sequence of quantum wells and barriers creates
a miniband structure, which is constituted of alter-
nated regions of allowed and forbidden energies. The
regions of allowed energies correspond to hybridiza-
tion of quasi-bound states that are localized between
the barriers. Therefore, carriers can efficiently tunnel
through the superlattice when their energy reaches
these allowed regions and the structure becomes
transparent for the electronic transport. Obviously,
these phenomena are observed if the quantum wells
have a minimum size and height capable of forming
quasi-bound states. In addition, the heavier the effec-
tive mass of the carrier, the easier the formation of a
quasi-bound state.

In this subsection, we use the calculated intrinsic
strain fields of NWs, which appear due to the arrange-
ment of atoms during the formation of the wire-shape
structure, together with the effects of external defor-
mations to show that twin-planes NWs behave as 1D
superlattices. Mainly, the impact of strain fields on the
band structure is given by a shift in the conduction and
valence-band edges and a split of the degeneracy of
the heavy- and light-hole subbands. The influence of
strain fields on the effective potential profile for con-
duction and valence bands can be ascribed to the
deformation potentials: g, b, and d.** In particular, the
effect on the conduction band is isotropic,® Heong =
ac(eq + & + €33), where ac is the conduction-band
deformation potential. In turn, the potential profile for
the valence band is anisotropic, and a rotation in the
Bir—Pikus Hamiltonian®” should be performed.?® For
the [111] direction, the energy shifts for heavy- and
light-hole subbands are respectively Hy, = —a, (€11 + €2
+ £33) — (du/v/3)(E11 + €22 — £33) and Hj = —ay(eq1 + €2,
+ £33) + (dy/+/3)(e11 + €25 — €33), where the valence
band deformation potentials are labeled by a, and d,.
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Figure 6. Calculated effective superlattice potential along
[111] direction at the NW2 core. Panel a shows the con-
duction band profile for the relaxed NW2. Panel b shows the
conduction band profile for the externally strained NW2,
considering the wire subjected to +1% tension (upper
trace) and subjected to —1% compression (lower trace).
Panel c: valence band profiles for the relaxed NW2. The solid
red lines describe the heavy-hole profile and the dashed
blue lines describe the light-hole profiles. Panel d: valence
band profiles for the externally strained NW2 under +1%
tension (upper traces) and for —1% compression (lower
traces). In all panels, we adopted the point of view of a
valence band electron as the reference to describe the
potential profile.

The calculated potential profile induced by strain
for electrons along [111] direction for the relaxed and
for the externally strained NW2 are displayed in Figure 6,
panels a and b, respectively. It can be noted in both
cases that there are fluctuating potentials at the posi-
tions where an interface between the twin-planes
occurs. Such fluctuations act as potential barriers for
electrons alternated by quantum wells, thus constitut-
ing a 1D superlattice. The difference provided by
external strain is a shift in the bottom of the conduction
band, which is positive (negative) for the compressive
(tensile) case. For NW2, the thickness of the quantum
wells is approximately 45 A separated by barriers of
thickness approximately 15 A. The potential profiles for
NW?1 (results not shown here) and NW2 are very similar
and the only difference between them is related to the
size of the barriers and wells. For NW1, the thickness of
the barriers is approximately 5 A and the thickness of
the quantum wells is close to 15 A. For both NW1 and
NW2, the average height of the barriers have the same
value, which is approximately 15 meV (see Figure 6).

For the valence band, we have two distinct situa-
tions to consider according to the heavy- or light-hole
subband character of the carrier. Here, the profile
corresponds to the potential from the point of view
of a valence band electron. According to Figure 6c,d,
we can observe that the heavy-hole and conduction
subbands have similar profiles and follow a sequence
of quantum wells separated by barriers (positive fluc-
tuating potentials). On the other hand, the light-hole
subband profile presents an inverted sequence of
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Figure 7. Transmission probability for carriers at the con-
duction band as a function of the electron energy for NW2,
which forms a twin-plane superlattice constituted of (a) 2
(dashed line) and 30 segments (solid line) and (b) 100
segments. The full transparency condition for the system is
achieved when the transmission probability reaches 1. In all
cases the energy has been measured from the corre-
sponding band minimum.

quantum wells (negative fluctuating potentials) and
barriers. Therefore, depending on the character of the
valence band ground-state, the holes can be confined
into different layers of the structure when compared to
the electrons at the conduction band. Such a tuning of
the ground-state can be performed by applying an
external strain (Figure 6d). Also, one can notice, in
Figure 6¢,d, that the valence band ground-state has a
heavy-hole character for both relaxed and under ten-
sion (+1%) wires, while the light-hole character dom-
inates for NWs under compression (—1%). As seen in
the following discussion, this alternation also affects
the transport properties of the NWs.

To characterize carrier transport properties in the
1D superlattice described by the calculated potential
profiles, we use the formalism based on the transfer
matrix method.'® The transmission probability was
calculated for different combinations of wire sizes
and strain configurations. In this work, we consider
the transport of both type of carriers: electrons at the
bottom of the conduction band and holes at the top of
the valence band. In Figure 7, the transmission prob-
ability for electrons at the conduction band of the NW2
is displayed considering different number of super-
lattice segments. Also, one can observe in Figure 7a
and Figure 7b that transmission probability is very
close to 1 when the electron energy is higher than 15
meV. Such a result indicates that the twin-plane super-
lattice is almost fully transparent for electrons. Because
the external strain only shifts the conduction band
edge (see eq 2), we can affirm that the transmission
probability for electrons does not depend on the external
deformation. The effects of the potential profile are
stronger when the electron energy is smaller than
20 meV. In this case, we can observe quantum
interference features (see Figure 6) depending on
the number of segments, but there is no observation
of aresonant peak due to the small electron effective
mass. The qualitative picture for electron transmission
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Figure 8. Transmission probability for carriers at the top of
the valence band as a function of the hole energy for the
NW2 under compression. The twin-plane superlattice con-
sists of (a) 2 (dashed line) and 30 segments (solid line) and
(b) 100 segments. The full transparency condition occurs
when the transmission probability is equal to 1. In all cases
the energy has been measured from the corresponding
band minimum.

probability for both NW1 (results are not shown here)
and NW2 is practically the same. This conclusion
comes from the fact that the electronic structure of
both NWs only differs from each other by the thickness
of the quantum wells and barriers. Therefore, if there is
no quasi-bound state for wider quantum wells (NW2),
there will not be one for narrower wells (NW1).

In contrast, the transmission probability for holes at
the valence band can be effectively modified by
applying an external strain, as depicted in Figure 8
and Figure 9. In both figures, NW1 and NW2 were
probed by increasing the number of twin-plane seg-
ments. When the NW is subjected to compression
(Figure 8), the light-hole is the preferential type of
carrier and the transparency of the superlattice is
evident, since the transmission probability is close to
1and there is no observation of a resonant peak. Again,
this effect is a characteristic of the small mass of this
type of carrier. The transmission probability is also
quite similar for NW1 (results are not shown here)
and NW2, when the NWs are under compression. On
the other hand, clear resonant transmission conditions
are achieved for either relaxed NWs or under tensile
stress, because now the heavy-hole is the preferential
carrier type. For the NW1, we observe only one sharp
peak at the energy ~20 meV (Figure 9a). Alternatively,
for the NW2, two very sharp peaks in Figure 9b can be

METHODS

We employ parallel computation to integrate the hundreds of
thousand Newton's equations of motion for a set of interacting
particles. The simulation of the InP compound was carried out
by using a many-body potential built by a combination of a two-
and a three-body interatomic potentials. The two-body term takes
into account steric repulsion due to finite size of the atoms;
Coulomb interactions, due to charge transfer between ions; and
charge-induced dipole, due to large polarizability of anions and
dipole—dipole (van der Waals) attractions. The three-body inter-
action considers bond bending as well as the bond stretching
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Figure 9. Transmission probability for carriers at the top of
the valence band as a function of the hole energy for relaxed
or under tension NWs: (a) for the NW1 and (b) for the NW2.
The dashed (solid) line is the transmission for a NW com-
posed of 2 (50) segments. The full transparency condition
occurs when the transmission probability is equal to 1. In all
cases the energy has been measured from the corre-
sponding band minimum.

noticed, with energies at ~15.5 meV and ~22 meV,
respectively. In these both cases, the states with the
heaviest mass along the [111] direction are promoted
to the top of the valence band (ground-state) and the
full transparency of the twin-plane superlattice is no
longer observed. Thus, transparent energy bands are
alternated between opaque energy gaps. According to
the number of twin-plane segments, the transparency
contrast can be enhanced as shown in Figure 7.

SUMMARY

The transport properties can be tuned in twin-plane
superlattices within semiconductor NWs even in the
case of the I"-electrons of zincblende like systems in
contrast to the apparent transparency expected for
2D heterostructures.” The application of external
stress or any other mechanism that induces strain,
such as temperature,®® can be an effective tool to
reach alternate conditions between almost full trans-
parency and opaqueness. The increment of twin-
plane segments is definitively a way of increasing
the contrast between these situations. To conclude,
we have shown that the application of twin-plane
superlattices as active parts of nanocircuits can be
successfully achieved if the external control of such
strain dependency is mastered.

necessary to model the covalent behavior.'”?° For the band
structure calculations we applied the envelope function approx-
imation within the k- p model.? The deformation potentials used
in the calculations, a. = —6.0 eV, a, = —06 eV, and d, = —5.0 eV,
were taken from ref 29. The transmission probability was calcu-
lated by employing the transfer matrix method,'® where we
approximate the potential profiles by using the energy minimum
as reference and the fluctuating potential by a superlattice con-
stituted by barriers with constant heights (15 meV) and constant
thickness (15 A for NW1 and 5 A for NW2) separated by quantum
wells of thickness 45 A for NW1 and 15 A for NW2,
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