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emiconductor nanorods have at-

tracted great attention in fundamen-

tal research as they represent new sys-
tems for which their electronic structures
can be manipulated by changing the shape
and composition of the system. In applica-
tions, they provide new ways for light har-
vesting, carrier collection, and surface
catalysis."~* Among semiconductor colloi-
dal nanostructures, CdSe and CdS quantum
dots and rods are excellent systems for op-
tical and electronic applications due to their
easy synthesis, super optical quality, and
relatively stable surface passivation. The
band gaps of CdSe and CdS are in the vis-
ible light range and can be tuned by chang-
ing the nanostructure size. This makes them
good candidates for optical related applica-
tions, including solar cells and photoelec-
trochemical (PEC) cells. While in the early
days the focus was in quantum dots, rods,
and wires with one pure material, recently,
the study has been shifted to heterostruc-
ture nanosystems, such as core/shell struc-
ture, nanojunctions, and nanocontacts. One
reason for this change is due to the diffi-
culty of doping small nanosystems in the
size range of a few nanometers. As a result,
it is difficult to form conventional p—n junc-
tions for device applications. Even if such
p—n junctions can be formed, due to the
small size of the system, hence the small
number of dopant atoms, the junction can
have a big device-to-device fluctuation. For-
tunately, the heterostructure can play the
role of p—n junction in nanosystems. The
different band alignment can drive the elec-
tron and hole into different locations and
dissociate the excitons, which are the main
functions of p—n junctions. Experimentally,
such heterostructures can be synthesized
with ever better control and quality. Thus,
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ABSTRACT The electronic structures of the CdSe/CdS core—shell nanorods are systemically investigated by

large-scale first-principles quality calculations. The effects of band alignment, quantum confinement, piezoelectric

field, and dipole moments are analyzed and delineated by comparing the results of systems with or without

some of these attributes. We found complicated interplays between these effects in determining the nanorod

band gap and electron hole wave function localizations. The hole wave function is found to be localized inside

the CdSe core, while the electron wave function is localized in the CdS shell, with its distance to the CdSe core

depending on the surface passivation. The permanent dipole moment induced by different surface passivations

can change the electron hole separation, while the piezoelectric effect plays a relatively minor role. Finally, we

demonstrate that it is straightforward to manipulate the nanorod electronic structure by changing its CdSe core

position.
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confinement

to study the role of such heterostructures
and to understand how they can be used to
manipulate the electron states inside the
nanosystem is of paramount importance.
In many previous studies, the heterostruc-
ture is in a symmetric form, that is, mostly as
spherical core/shell quantum dot or cylin-
drical core/shell nanowire, but the most in-
triguing case is in the nonsymmetric nano-
heterosystems, where there is more room
for electronic structure manipulations. Tal-
apin et al.? first reported the CdSe/CdS core/
rod structure and linearly polarized photo-
emission. More recently, Luigi et al.* and
Talapin et al.> have developed a better con-
trolled seeded-growth approach to synthe-
size asymmetric core/shell CdSe/CdS nano-
rods. The samples have high
photoluminescence quantum yield,? indi-
cating high sample quality. Ever since the
original work, there are now many other
seeded-growth heterostructure
nanosystems.®” Metallic particles can also
be grown on the surfaces of such core/shell
nanorods, with the potential to extract the
carriers for various types of applications.®
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Shell CdS

Figure 1. CdSe/CdS core/shell nanorod.

The CdSe/CdS core/shell nanorods are intensely stud-
ied for their optical and electronic properties.”~ 12 A still
unsettled issue is the electron localization in the system:
whether the electron is localized in the CdSe core or
outside the CdSe core. While early studies showed that
the electron might be outside the CdSe core,'>'* later
experiment indicated that the electron and hole might
both localize in the CdSe core.>'® The reason for the lo-
calization can also be complicated. Besides the band
alignment, there might be effects of quantum confine-
ment, the dipole moment, and the internal electric field
due to piezoelectric effects.? Theoretically, besides the
old tight-binding calculations, most calculations are
done with simple effective mass theory with assumed
band offsets. Thus, there is a need for more accurate ab
initio calculations for this particular system, and there
is also a need for understanding the carrier localization
due to different effects.

In this paper, we use ab initio methods to calculate
the CdSe/CdS core/shell nanorods containing thou-
sands of atoms. We will use the charge patching
method to calculate such large systems. Besides the
electronic structure of this particular system, our focus
will be on the reasons for the carrier localization. In par-
ticular, we will analyze the effects of band alignment,
quantum confinement, piezoelectric field, and total di-
pole moment by comparing the results of different sys-
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tems. We found that the electron wave functions are lo-
calized outside the CdSe core, but nevertheless, it can
be very close to the core depending on the surface pas-
sivation, hence the total dipole moment of the system.
We also found that the piezoelectric effect plays a rela-
tively minor role in determining the wave function lo-
calization and the band gap.

The CdSe/CdS core/shell nanorod and the CdS nano-
rod are constructed as a wurtzite structure. The nano-
rod diameter is 4.30 nm, and the length is 15.48 nm
with 3063 atoms (including the surface passivation
pseudo-hydrogen atoms; see below) for both systems.
In the core/shell nanorod, the core is a spherical CdSe
with a diameter of 3.44 nm at the right-hand side of the
nanorod, and it is surrounded by CdS (see Figure 1).
The c-axis S—Cd bond in the wurtzite structure points
from left (S) to right (Cd)3>1

To have a theoretical ideal passivation, we have
used pseudo-hydrogen atoms (with fractional nuclei
charges and numbers of electrons) on the surface of this
structure,'® which have been demonstrated to be a
very efficient way to remove the surface states from
the band gap energy regime.'®

RESULTS AND DISCUSSION

Strain Profile. The atomic positions are relaxed using
the valence force field (VFF) model,"” and the hydro-
static strains of the atoms are shown in Figure 2 for one
CdSe/CdS core/shell nanorod. Figure 2 shows that there
is a compressive strain in the core CdSe region and a
tensile strain in the shell CdS region near the core.
Meanwhile, there is no strain in the CdS shell far from
the core.

Effects of the Band Alignment. Before we study the elec-
tronic structure of nanosystems, we have calculated
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Figure 2. Hydrostatic strain in the core/shell CdSe/CdS nanorod. The lower panel depicts the strain along the central c-axis

of the nanorod.
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Figure 3. Band alignment of CdS and CdSe. The solid lines
are the band edge energies (in eV) for natural lattice con-
stants, and the dashed lines are the results with an average
lattice constant. The spin—orbit coupling is included in this
band alignment picture.

the band alignments for the bulk CdS/CdSe system.
The bulk alignment can be obtained from a superlat-
tice system with one side as CdS and one side as CdSe.
We have used the zinc blende (ZB) structure and an av-
erage lattice constant of CdS and CdSe for the superlat-
tice. The ZB band alignment should be very close to
the wurtzite band alignment. The superlattice poten-
tial can be compared and aligned with the pure bulk
potential with the same lattice constant. This will give
us the band edge energies (deduced from the bulk
band edge state calculations). The resulting band align-
ment is shown in Figure 3 as the dashed lines. The so-
called nature band alignments (with both CdS and
CdSe at their respective natural lattice constants) are
obtained from the dashed lines by adding the deforma-
tion potential effects on the CBM (conduction band
minimum) and VBM (valence band maximum) states.
In Figure 3, the spin—orbit coupling is included for the
valence band.

Note that the local density approximation plus cor-
rection (LDA+C) calculated ZB band gaps for CdS and
CdSe are 2.079 and 1.414 eV, respectively. The LDA+C
wurtzite band gaps for CdS and CdSe are 1.945 and
1.283 eV, respectively. These are much smaller than the
experimental band gaps of 2.50'® and 1.76 eV."” The
reason for not correcting the local density approxima-
tion (LDA) band gaps all the way to the experimental
band gaps is to get the correct effective masses,”® which
are important for describing the quantum confine-
ment effect. However, these remaining band gap er-
rors will not affect the relative band alignment between
CdS and CdSe, for both the conduction band and the
valence band. The band gap difference between the
CdS and CdSe is 0.66 eV in LDA+C and 0.74 eV using
the experimental band gaps. However, to get the abso-
lute band gap for the nanostructures, it is necessary to
add 0.536 eV to the LDA+C calculated result (to shift up
the CBM energy).

One important feature for the band alignment is
the strong effect of the strain. In the natural lattice con-
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stant, the heterostructure has a type-l band alignment
with both electron and hole localized within CdSe.
However, after the strain, at the average lattice con-
stants for both CdS and CdSe (dashed line in Figure 3),
the alignment for the conduction band has been
changed. Now, the electron will localize weakly in the
CdS. This is for the case of average lattice constant. For
the actual core/shell nanorod, the magnitude of the
strain might be different. We thus need direct calcula-
tions to find out where the electron will localize. We
have to caution that the conduction band offset after
the strain is very small. The relative size ratio between
the core and the shell can change the strain profile, thus
it can also change the band offset under the strain. For
the actual nanorods, the other factors, such as size of
the rod, size of the core, and surface passivations, can
also change the localization. All of these sensitivities
might have contributed to the varying experimental
results.

Our calculations rely on the accuracy of the LDA
band alignment for the valence band. Experience in
other semiconductor heterostructures indicates that
the LDA valence band alignment for similar materials
(e.g., with both p state top of valence band) should be
reliable within about 0.1—0.2 eV. Unfortunately, at the
moment, there is no other theoretical method that can
yield much better results than the 0.1—0.2 eV accuracy.
The GW calculation has similar accuracy. The experi-
mental band offset also has similar accuracy. We do
note that, with this accuracy, the conduction band off-
set in Figure 3 can change sign, as it might be caused by
many other factors discussed above.

We have calculated the electronic structures for the
pure CdS nanorod without CdSe core and for CdSe/
CdS core/shell nanorod, both shown in Figure 4. We
have first chosen Cd atom terminated surface passiva-
tion, which means there are only Cd atoms (no S atoms)
on the surface of the nanorod before the pseudo-
hydrogen atoms are added.?® The pseudo-hydrogen at-
oms with nuclei charge Z = 1.5 are placed at the cen-
ters of the cutoff bonds to remove the dangling bond
states.?’ The Cd-terminated surface is used in order for
the nanorod to have minimum total dipole moment.

The calculated band gaps of the pure CdS nanorod
and core/shell nanorod are 3.117 and 2.385 eV, respec-
tively (already added the 0.536 eV correction for the
LDA+C bulk band gap error). Thus, there is a strong
quantum confinement effect, increasing the band gap
by about 0.6 eV from its bulk values.

Figure 4 shows the charge densities of the conduc-
tion band minimum (CBM) and valence band maxi-
mum (VBM) states in the nanorods. For the pure CdS
nanorod, there might already have been some small di-
pole moments. This makes the electron locate slightly
at the left side, with the hole at the right side, but this
dipole moment is very small. When a smaller isosurface
value is used, the isosurfaces for both electron and

VOL.4 = NO.1 = 91-98 = 2010 ”@Mﬁf%

N

93



(a)

hole spread out to the whole nanorod. However, when
the CdSe core is added, the hole becomes completely
localized inside the CdSe core. This is consistent with
the valence band alignment shown in Figure 3. How-

ever, the electron is further pushed into the left CdS re-

gion. This might indicate that the CdSe conduction
band edge is higher than the CdS edge, thus the strain

situation is the same as shown in Figure 3. We have thus

a type-ll band alignment and an electron—hole spatial

separation. Such separation can be very useful in some

applications. For example, in a solar cell, such separa-
tion can be used to collect the electron and hole from

different ends of the nanorod. Due to the large effective

mass of the hole, the hole wave function is strongly lo-

calized inside the CdSe core. The localization of the hole

is much more dramatic than the electron.
In a recent paper,?' Sitt et al. calculated the exciton

energies of the CdSe/CdS core/shell system using effec-

tive mass theory. They have used a natural conduction

band offset as shown by the solid line in Figure 3, but as

we show here, the strain can change the type-I band
offset into a type-Il band offset. In their exciton energy
calculation, however, they have used a zero-order per-
turbation theory (using the single particle wave func-
tions from independent electron and hole calculations
to calculate the Coulomb and exchange energies). In
our type-ll band offset case, it is essential for a self-
consistent calculation under electron—hole Coulomb

interactions to determine the single particle wave func-

tions. Due to the electron—hole Coulomb interaction,
the electron wave function will likely be localized sur-
rounding the hole, which is localized inside the CdSe
core. Thus, the end result might be similar to that ob-
tained in ref 21.

Piezoelectric Effect. It will be interesting to check the
role of piezoelectric effect in the system, especially
whether it will change the localization of the electron.

ACINAN() voL. 4 = NO.1 = LUO AND WANG
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Figure 4. Charge density of CBM (green) and VBM (red) states for (a) pure CdS nanorod and (b) core/shell CdSe/CdS nanorod. Both
rods have Cd termination passivation. The small white dots at the surface denote the pseudo-hydrogen atoms.

In order to calculate the piezoelectric effect, we first cal-
culate the stress tensor T as

T =G (1)

here Cj is the elastic modulus. The strain tensor ¢; is ob-
tained from our VFF calculation. We then calculate the
polarization P; through the piezoelectric formula

P.=d,T, 2)

here dj is the piezoelectric tensor relating the polariza-
tion P; to the stress tesnor T;. For the hexagonal struc-
tures of CdSe and CdS, the nonzero coefficients of C;
and dj are shown in Table 1.

The piezoelectric effect induced charge density
Ppiezo €aN be calculated as

V"Dpiezc: = ppiezo (3)

and the piezoelectric potential caused by the piezo-
electric charge density can be obtained by solving
the following Poisson equation:

V[a(r).vv(r)piezo] = 4J-r/'opiezo (4)
here &(r) is a material-dependent dielectric con-

stants in the nanorod. In order to see the maximum

TABLE 1. Nonzero Material Parameters of CdSe and CdS
Used in the Calculations”

parameter CdSe Cds unit

G—=(y 393 5.10 10" N/m?
G, 452 5.81 10" N/m?
G—=(, 141 9.07 10" N/m?
Gs 8.36 9.38 10" N/m?
Co=Css 1317 1.504 10" N/m?
ds; 10.32 7.84 1072C/N
dy=d;, —5.18 —3.92 10720N
tys=dy —13.98 —10.51 10720N

“The c-axis of the wurtzite structure is in the 3rd direction. The parameters are
taken from ref 22.
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Figure 5. Potential of piezoelectric effect V(r)yiezo ON a cross section containing the c-axis of the nanorod. The purple, blue,

and brown lines are contour lines with potential values of 0.005, 0, and —0.005 hartree. Vertical axis is the potential with the
unit of hartree. The maximum potential is about 0.007 hartree at the right side interface of the core, while the minimum po-
tential is about —0.009 hartree at the left side interface of the core. The maximum electric field (the biggest slope of the po-
tential at x = 150) is at the center of the core. Shown here is the potential multiplied by the electron point charge e: eV(r),:

ezo. Thus, it is the potential the electron will feel.

possible piezoelectric effect, we have used &(r) =1.
The calculated piezoelectric potential V(r)piezo in the
core/shell CdSe/CdS nanorod is shown in Figure 5.

The piezoelectric potential maximum and mini-
mum are at the right and left interfaces of the CdSe
core. Thus, inside the core, there is a maximum electric
field that tends to push the hole toward the right-hand
side, but the potential average inside the core is close
to zero. To specifically test the effects of the piezoelec-
tric potential, we substracted the piezoelectric poten-
tial, we subtracted the piezoelectric potential from
charge patching method generated total potential
(used for Figure 4) and then calculated the electron
and whole wave functions and band gap. The modi-
fied band gap of the core/shell CdSe/CdS nanorod is
2.375 eV, which is 10 meV smaller than the original
band gap. The modified wave functions are shown in
Figure 6. We can see that the CBM wave function
change is rather small. This is because the CBM is local-
ized in the CdS region where the piezoelectric poten-
tial is rather small. For the hole wave function, it is still
localized inside the CdSe core, but it has been pushed
toward the interface due to the large piezoelectric field.
From Figure 5, we can calculate the maximum electric
field within the CdSe/CdS core as (0.007 + 0.009) har-
tree/3.44 nm = 0.127 V/nm. This is similar to the piezo-
electric field in the CdSe/CdS superlattice.???* Overall,
we found that the effect of piezoelectric potential is
small. Mind that we have artificially set the dielectric
constant equal to 1, thus already significantly amplify-
ing the piezoelectric effect. So, the real piezoelectric ef-
fect will be even smaller.

www.acsnano.org

Effects of the Dipole Moments. We see from Figure 4
that there might be a small dipole moment of the nano-
rod in the Cd-terminated case, which causes the elec-
tron and hole to localize at different places in the pure
CdS rod. There are two possible contributions to the di-
pole moment: one is from the bulk (due to the wurtz-
ite structure), another is from the surface (due to sur-
face passivation). For the Cd-terminated surface case,
the surface dipole moment contribution should be
minimum because there are equal numbers of surface
Cd—H (pseudo-hydrogen) bonds pointing to the four
possible tetrahedral bonding directions. Thus, their con-
tributions cancel out. To test more about the effect of
the dipole moment and the effect of surface passiva-
tion, we carried out the same calculations with Cd+S
termination. In this termination, there are both (roughly
equal number of) Cd and S surface atoms. They are pas-
sivated by Z = 1.5 and Z = 0.5 pseudo-hydrogen at-
oms, respectively. We also calculated a nanorod with-
out a CdSe core and a nanorod with a CdSe core. The

Figure 6. Modified charge density of CBM and VBM in the core/shell
CdSe/CdS nanorod after the piezoelectric field has been removed.
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wave function results are shown in Figure 7, and their
band gaps are listed in Table 2 together with the re-
sults of the above calculated systems.

From Figure 7a, we see that the Cd+S termination
reverses the dipole moment of the Cd termination re-
sult. Furthermore, the electron and hole localization in
the pure CdS rod case is much stronger than the Cd ter-
mination case, indicating a much larger dipole mo-
ment coming from the surface. For the CdSe/CdS core/
shell case, the electron is still localized outside the CdSe
core, despite the fact the dipole moment tends to pull
the electron toward the right-hand side of the rod.
Compared to the Cd-terminated case shown in Figure
4, the electron is much closer to the CdSe core. Com-
pared to the Cd-terminated results, the biggest differ-
ence is the band gap, which is increased by 260 meV.
This is not caused by the piezoelectric potential. Be-
cause, according to Figure 5, when the electron is closer
to the CdSe core, the piezoelectric potential will only
lower the electron energy, thus reduce the band gap.
In the actual calculation, removing the piezoelectric po-
tential only changes the band gap by 16 meV. The in-
crease of the band gap is most likely due to the de-
crease of the diameter of the rod. There are 3063 atoms
(including the surface pseudo-hydrogen atoms) in the

TABLE 2. Band Gaps of CdS Nanorods and the Core/Shell
CdSe/CdS Nanorods with Different Surface Passivations
and with or without Piezo Effect”

. surface
rod model piezo effect passivation band gap
pure CdS rods no piezo effect +S 3.110eV
«d 3117 eV
core/shell CdSe/CdS rods with piezo effect Cd+S 2.645 eV
« 2.385eV
without piezo effect d+S 2.629 eV
«d 2375eV

“No piezo effect means the piezoelectric effect does not exist in those cases. The
bulk band gap corrections to the LDA+C results and the spin—orbit coupling ef-
fects are already included.
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Figure 7. Charge density of the nanorods, VBM (red) and CBM (green). (a) Pure CdS rod, and (b) CdSe/CdS core/shell rod. Both rods
have Cd+S surface termination.

Cd-terminated nanorod, while there are only 2298 at-
oms in the Cd+S-terminated nanorod. The Cd+S termi-
nation is obtained by removing the surface Cd atoms,
which have only one bond connecting to the rest of the
nanorod. The smaller diameter of the rod will lead to
larger quantum confinement effect, thus an increase in
the band gap.

One remaining question is that why the same dia-
meter reduction did not increase the band gap of the
pure CdS and Cd+S-terminated rods from the pure CdS
and Cd-terminated rods. It actually decreases the band
gap by 7 meV, as shown in Table. 2. Here, the reason is
more complicated. There are two factors that affect the
band gap of the Cd+S-terminated rod: one is the
strong dipole moment, another is the reduction of the
diameter (quantum confinement effect). The former re-
duces the band gap by localizing the electron at the
low potential side (right-hand side) and the hole at the
high potential side (left-hand side), while the latter in-
creases the band gap. Thus, the overall 7 meV reduction
of the band gap is due to the winning of the dipole mo-
ment effect. This dipole moment effect is reversed,
however, in the CdSe/CdS core/shell case. In this case,
the electron and hole have been pushed to the oppo-
site sides (compared to the pure CdS rod) due to be
band alignment effect, thus the dipole moment might
actually contribute to the increase (not decrease) of the
band gap. Thus, the dipole moment effect and the
quantum confinement effect work together to increase
the band gap in the core/shell case.

We have only studied one geometry of the nano-
rod. One question is how does the role of the dipole
moment change in the Cd+S-terminated nanorod
when the rod length increases. First, the dipole mo-
ment comes mostly from the side surface, instead of
the two end surfaces. Thus, as a result, when the rod
length increases, the total dipole moment will increase
proportionally. For a long rod, in a 1D picture, this is
equivalent to having two fixed value (depending only
on the diameter) positive and negative charges at the

www.acsnano.org
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Figure 8. Electron (green) and hole (red) wave functions when the CdSe core moves from the right-hand side to the left-hand side. (a)
CdSe core in the center of the nanorod, and (b) CdSe core in the right side of the nanorod. The nanorod is terminated by Cd atoms.

two ends of the rod. Thus, for a very long rod (wire),
the electric field at the center of the rod will decrease,
eventually going to zero, but the potential difference
between the two ends will increase and saturate to a
fixed value (depending only on the diameter of the rod).
Thus, for Figure 7a, in a single particle picture, the elec-
tron will be located at the right-hand side, while the
hole will be localized at the left-hand side. However, if
a CdSe core is located at the center of the rod, then the
hole will be localized inside CdSe core, and if an exci-
ton is formed, due to electron—hole Coulomb interac-
tion, the electron will also be localized near the center
of the rod, and the dipole moment will have a very small
effect on the behavior of that exciton.

Shift of the Core. Finally, we demonstrate that it is pos-
sible to control the position of the hole by shifting the
position of the CdSe core. This is shown in Figure 8.
Wherever the core is, the holes are always in the core
and the electrons are in the shell. Thus, if it is possible
to control the CdSe core position in the synthesis, it is
also possible to control and manipulate the electronic
structure. This can be used to design different applica-
tions based on such core/shell heterostructures.

CONCLUSION

We have systemically studied the electronic struc-
tures of the core/shell CdSe/CdS nanorod by ab initio
quality charge patching method calculations. We have
analyzed the effects of band alignment, quantum con-
finement, the piezoelectric field, and dipole moments.
Their individual effects have been separated by com-
paring the calculated results for systems with and with-
out some of these attributes.

METHODS

The atomic structures of the system are relaxed using the va-
lence force field model (VFF)."” The ball-and-stick microscopic
mechanical model is accurate for describing the elastic relax-
ations. For the VFF parameters, we have used the experimental
bulk lattice constants and elastic coefficients. After the atomic

www.acsnano.org
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Our calculation shows that the band alignments
and the quantum confinement make the main contri-
butions to the electron structures of the core/shell
CdSe/CdS nanorod when Cd termination is used. This
system has a type-Il band alignment, which leads to an
electron—hole spatial separation. The hole is localized
in the core region, and the electron is located at the
shell region. The hydrostatic strain and the deforma-
tion potential make the type-Il band alignment pos-
sible. On the other hand, the effect of the piezoelectric
field is small, and it only changes the band gap by less
than 10 meV and slightly modifies the hole wave func-
tion position. When the system is passivated by Cd+S
surface termination, there is a strong dipole moment.
This dipole moment can significantly change the posi-
tion of the electron wave function, making it closer to
the CdSe core in the core/shell nanorod. In terms of the
band gap, the dipole moment has an opposite effect
for the pure CdS rod and the CdSe/CdS core/shell rod.
For the pure CdS rod, the dipole moment reduces its
band gap. In our system, it cancels out the stronger
quantum confinement effect due to the reduction of
the nanorod diameter. As a result, for the pure CdS rod,
the Cd+S termination and the Cd termination have
similar band gaps. However, in the CdSe/CdS core/shell
nanorod, the dipole moment increases the band gap
because the electron and hole localizations are deter-
mined by the band alignment effect, not the dipole mo-
ment. As a result, the dipole moment and the quan-
tum confinement work together to increase the band
gap in the CdSe/CdS core/shell and Cd+S termination
case. All of these show very rich interplays between the
different effects. They can be used as designing knobs
for different nanostructure applications.

positions are relaxed, the strain of atoms is calculated, and re-
sults of the hydrostatic strain are shown in Figure 2 for one CdSe/
CdS core/shell nanorod.

To solve the electronic structure, we used the charge patch-
ing method? to construct the nanocrystal electron charge den-
sity from a set of bulk and surface charge motifs. These motifs are
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generated from small prototype system calculations, under lo-
cal density approximation of the density functional theory us-
ing a planewave pseudopotential method with a 35 Ry plane-
wave energy cutoff. The charge motifs also include the derivative
motifs describing the charge density changes due to the change
of bond length and bond angle. After the electron charge den-
sity of the nanorod has been constructed, the band edge ener-
gies and wave functions are calculated by the folded-spectrum
method (FSM).? To correct the LDA band gap error and to yield
the correct effective masses, we have modified the nonlocal
parts of the pseudopotentials in the FSM calculation.?’ This
LDA+C (correction) approach has been successfully applied to
quantum dot and rod nanocrystals?®?® and spherical core/shell
nanocrystals.?” Spin-orbit couplings are included in the FSM
calculations.
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