Shape dependence of band-edge exciton fine structure in CdSe

nanocrystals

Qingzhong Zhao,! Peter A. Graf,! Wesley B. Jones,! Alberto

Franceschetti,? Jingbo Li,?> Lin-Wang Wang,®> and Kwiseon Kim!

IScientific Computing Center, National Renewable Energy Laboratory,
1617 Cole Blvd., Golden, CO 80401
®Materials Science Center, National Renewable Energy Laboratory,
1617 Cole Blvd., Golden, CO 80401
IComputational Research Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720
(Dated: August 30, 2007)

Abstract

The band-edge exciton fine structure of wurtzite CdSe nanocrystals is investigated by a plane-
wave pseudopotential method that includes spin-orbit coupling, screened electron-hole Coulomb
interactions, and exchange interactions. Large-scale, systematic simulations have been carried out
on quantum dots, nanorods, nanowires, and nanodisks. The size and shape dependence of the exci-
ton fine structure is explored over the whole diameter-length configuration space and is explained by
the interplay of quantum confinement, intrinsic crystal-field splitting, and electron-hole exchange
interactions. Our results show that the band-edge exciton fine structure of CdSe nanocrystals is
determined by the origin of their valence-band single-particle wavefunctions. Nanocrystals where
the valence-band maximum originates from the bulk A band have a “dark” ground-state exciton.
Nanocrystals where the valence-band maximum derives from the bulk B band have a “quasi-bright”
ground-state exciton. Thus, the diameter-length configuration map can be divided into two regions,
corresponding to dark and quasi-bright ground-state excitons. We find that the dark/quasi-bright
ground-state exciton crossover is not only diameter-dependent but also length-dependent, and it

is characterized by a curve in the two-parameter space of diameter and length.



Introduction

With the advance in growth methods, semiconductor nanocrystals'? can be synthesized
with greater control over their size and shape distribution. For example, the diameter and
aspect ratio of CdSe quantum rods can be controlled to within 10%.>® At the same time,
more exotic shapes of nanocrystals, such as nanoarrows, nanodrops, nanotetrapods, and
nanoribbons, have been synthesized.® 1 The size dependence of the electronic structure of
nanocrystals with specific shapes has been extensively studied over the last two decades. In
recent years, experimental and theoretical studies have indicated that the shape dependence
can be as important as the size dependence in terms of tuning the electronic and optical
properties of the nanocrystals.!*''? This implies the importance of treating the electronic
structure and the optical properties of homogenous semiconductor nanocrystals as functions
of both size and shape. The exciton fine structure, which is sensitive to the nanocrystal size
and shape, is particularly interesting not only because it is a test bed to study the interplay
of exchange splitting, crystal-field splitting, and quantum confinement, but also because it is
critical in designing nanocrystal lasers,'® nano biolabels,'* quantum-dot solar cells and other
nano-sized materials.!®>% In this work, we study in a unified way the band-edge exciton fine
structures of CdSe nanocrystals as a function of both size and shape.

The band-edge exciton fine structure was first resolved experimentally in CdSe quantum
dots. The combined effects of crystal-field splitting, shape anisotropy, and electron-hole ex-
change interactions lead to a redshift of the photoluminescence (PL) peak with respect to the
first absorption peak (Stokes shift), and to unusually long exciton radiative lifetimes (~1 us
at 10 K vs. 1 ns in bulk).!” These phenomena have attracted enormous theoretical and exper-
imental interest.!®?? Using a multiband effective-mass approximation (EMA) model, Efros

et al.?0

showed that the lowest-energy exciton, which is eightfold degenerate in spherically
symmetric dots (when neglecting crystal-field splitting), is split into five separate energy
levels by crystal-field splitting and electron-hole exchange interactions. The ground-state
exciton is optically forbidden. This model?® describes the size dependence of the Stokes shift
and the exciton radiative lifetime in near-spherical quantum dots with good agreement to ex-
perimental data. For nanostructures with shapes far from spherical symmetry, however, the

exciton fine structure can be more complicated. In low-temperature, polarization-sensitive

PL measurements of single CdSe/ZnS core/shell nanorods, Le Thomas et al.?* found that



the nature (bright or dark) of the ground-state exciton is diameter-dependent. They derived
a critical diameter D,.;; of 7.4 nm below which the 1D-exciton ground state transforms from
a dark state into a bright state. The observed PL decay and dynamics of nanorods clearly
demonstrate the crossing between bright and dark exciton. Using semiempirical pseudopo-
tential calculations of the electronic states of CdSe quantum rods, Hu et al.,?* showed that
the symmetry of the highest occupied states changes as the aspect ratio increases. In spheri-
cal quantum dots, the Se p, , level is higher in energy than the p, level, whereas in elongated
nanorods, the p,, level is lower than the p, level. The calculations of Hu et al.** suggest
that these two single-particle levels cross when the aspect ratio is 1.3.

To clarify the dark-bright exciton crossover and understand the shape and size dependence
of the band-edge exciton fine structure, we investigate CdSe nanocrystals over a large range
of shapes—from spherical quantum dots, to nanorods, nanowires, nanodisks, and quantum
slabs. Most experimentally grown CdSe nanocrystals are found to have a wurtzite lattice
structure due to the stability of the wurtzite lattice over the zincblende lattice. Therefore, in
this study, we focus on wurtzite nanocrystals, especially those holding rotational symmetry
around the wurtzite c-axis. These nanocrystals can be described by only two parameters: the
diameter and the length (along the c-axis). This simple two-parameter configuration space
covers almost all important shapes grown in experiments. We use the term “diameter-length
map” to describe the two-parameter configuration space with diameter and length as its x-
and y-axis. The two-dimensional diameter-length map uniquely defines a nanostructure as a
point in the map. Commonly seen nanocrystals, such as quantum dots, nanowires, nanorods,
nanodisks, and quantum slabs, can all be described by different points in the map, as shown

in Fig. 1.

Methods and simulation details

CdSe nanocrystals were generated using a “nanostructure generator” software package
that is able to generate nanocrystals of arbitrary shape and size. The nanocrystals considered
here have the wurtzite lattice structure. The lattice constant a¢ and the internal lattice
parameter v are taken from bulk experimental measurements.?” Surface atoms with more
than two dangling bonds are removed, and the remaining surface atoms are passivated by

pseudo-hydrogen atoms.



The nanocrystal exciton calculations are divided into two steps. In the first step, we calcu-
late the single-particle states using the semi-empirical pseudopotential method (SEPM).2729
This approach has been successfully applied in the past to study the optical and electronic
properties of semiconductor nanocrystals.??:2430-32 In the SEPM method, the single-particle
energies {s;} and wavefunctions {1;(r)} are obtained by solving the Schroedinger equation
{=3V2+ 3 val|r — Rual) + Vso}wi(r) = Eii(r), where Vso is the spin-orbit operator, and
the screenne,gl atomic pseudopotentials v,(r) are fitted to first-principles bulk potentials and
to experimentally determined bulk transition energies, effective-masses, and deformation
potentials. The single-particle wave functions are expanded in a plane-wave basis set, and
the Schroedinger equation is solved using the folded-spectrum method (FSM),?*34 which
allows one to calculate the band-edge eigenstates with a computational effort that scales
only linearly with the size of the nanostructure.

In the second step, we calculate the nanostructure excited states using the configuration
interaction (CI) method. NanoPSE,***¢ a software package that includes the implementation
of the SEPM, FSM, and CI methods, is used in our calculations. For the study of band-edge
excitons, eight to sixteen conduction-band and valence-band states are included to ensure
the convergence of the ground exciton. The Coulomb and exchange interactions between
electron and hole are screened by a position-dependent and size-dependent dielectric constant
model.?? Details of the methodology can be found in Refs. 22,27-34.

In the diameter-length map of Fig. 1, the most interesting area is the nano-region,
in which the diameter (D) and length (L) are comparable to or smaller than the bulk
exciton diameter (11.2 nm for CdSe). In the limit L>>D, the nanostructures approach
nanowires, whereas for D>>1., the nanostructures approach nanodisks and quantum slabs.
In the following sections, we discuss the exciton fine structure of CdSe nanocrystals on the
diameter-length map by exploring several series of nanostructures on the diagonal, vertical,
and horizontal lines of the diameter-length map. These nanostructures not only illustrate
the size and shape dependence of excitons, but also correspond to different controllable

growth conditions for spherical dots, nanorods, and nanodisks.



Band-edge exciton fine structure of CdSe nanocrystals

In bulk wurtzite CdSe, the states at the top of the valence band originate from the 4p
orbitals of Selenium. Wurtzite CdSe has a direct band gap of 1.732 eV at the I'-point.
Due to spin-orbit coupling and crystal-field splitting, the top of the valence band splits
into three sub-bands, conventionally named A, B and C band (corresponding to the heavy
hole, light hole and split-off bands of zincblend CdSe). Because the spin-orbit splitting
energy (~ 418 meV) is much larger than the crystal-field splitting energy (~ 25 meV), the
C band is located well below the top of the valence band, and only the A and B bands
play a role in determining the band-edge exciton fine structure. Therefore the inclusion of
spin-orbit coupling in simulations is critical to obtain the correct band structure of CdSe.
The A band has an angular momentum projection of £3/2 along the wurtzite c-axis, and it
originates mainly from the Se 4p, , atomic orbitals. The B band has an angular momentum
projection of +1/2, and originates primarily from the Se 4p, atomic orbitals. Figure 2a
shows the wavefunction amplitude of the A and B bands of bulk CdSe at the I' point.
The charge-density isosurfaces shown in Fig. 2a demonstrate that the A and B bands have
very different wavefunction amplitudes. The A-band wave function has a donut-shaped
amplitude perpendicular to the c-axis, whereas the B-band wave function has mostly p.
orbital character along the c-axis.

In CdSe nanocrystals, the highest occupied state derives from either the A band or the B
band of bulk CdSe, depending on the combined effects of crystal-field splitting and quantum
confinement. Figure 2b shows the wavefunction amplitude of the two top valence-band states
of two CdSe nanoscrystals of different shape. The highest hole state of the elongated nanorod
on the left-hand side of Fig. 2b derives from the B band, whereas the highest hole state of
the oblate nanodisk on the right-hand side of Fig. 2b derives from the A band.

Electron-hole exchange interactions split the fourfold degenerate A-band exciton into
Eiy?, B4, and the fourfold degenerate B-band exciton into Ef, EZ,, and EY (see Refs. 13
and 15 for detailed definitions of these energy levels). Transitions from the ground state to
the E4, and E} exciton states are optically forbidden (dark), whereas transitions to the E4,,
EZ,, and EY exciton states are optically allowed (bright). The lowest-energy exciton state
is E194 or Eo, depending on the shape and size of the nanocrystal. The splitting between

Ef and the next bright exciton states (EZ,) is very small, compared to the splitting between



E4, and E4,.>” For example, we find that in the case of a nanorod 2.4 nm in diameter and
with an aspect ratio of 3.2 (see Fig. 3a), the splitting between El and EZ, is 1.8 meV,
whereas the splitting between E4, and E4, is 15.7 meV. Thus, CdSe nanocrystals where
EJ is the lowest-energy exciton state emit light efficiently even at very low temperature,??
because the bright exciton states E; and Ef are thermally populated. Thus, we will refer
to the Ef exciton as a “quasi-bright” exciton. On the other hand, CdSe nanocrystals where
E4, is the lowest-energy exciton state do not emit light efficiently at low temperature, so we

will refer to the E4, exciton states as “dark” excitons.

Results

We have calculated the exciton fine structure of several series of nanostructures covering
the nano-region in the diameter-length configuration map. Along the vertical lines of the
diameter-length map, we choose nanostructures with fixed diameter of 1.6, 2.4, 3.2, 3.9,
and 4.6 nm, and length ranging from 1.0 to 10 nm. Along the the horizontal lines, we
choose nanostructures with height/length of 1.5, 2.0, and 7.0 nm. These structures include
nanodisks, nearly spherical quantum dots, and nanorods. In the case of spherical quantum
dots, our calculated exciton fine structure agrees very well with previous multiband effective-
mass approximation (EMA)* and EPM?? calculations. Therefore, in the following, we

concentrate on non-spherical nanocrystal shapes.

A. Nanorods

Figure 3a shows the exciton fine structure of a series of nanocrystals with the same
diameter (2.4 nm) and different length, corresponding to a vertical data line in the diameter-
length map of Fig. 1. These nanostructures can be grown experimentally by diameter-
controlled synthesis. As shown at the top of Fig. 3a, the nanostructure shape changes
from nanodisk, to quantum dot, and eventually to nanorod as the length increases. Figure
3b shows the exciton splitting energies of a series of nanocrystals with similar length but
different diameter, corresponding to a horizontal line in the diameter-length map of Fig. 1.
In Fig. 3b, the first rod on the right-hand side is the longest rod in Fig. 3a. In both Figs

3a and 3b, the exciton energies are referenced from the bright E1,4 excitons, as commonly



used in fine-structure studies. The exciton splitting energies are plotted as a function of the
ground-state exciton energy, instead of geometrical parameters such as diameter or length.
This is because the ground exciton energy is a well-defined quantity in both experiments
and simulations. As our CI calculations indicate, the eight lowest-energy exciton states
originate from the lowest-energy electron level and the two highest-energy hole levels. The
highest-energy hole level in the nanodisk and quantum dot of Fig. 3a derives from the bulk
A band. The optically forbidden E4,” exciton states are well separated from the optically
allowed E 4 states; thus, the ground-state excitons of these nanostructures are dark. For
the three nanorods shown in Fig. 3a, however, the highest-energy hole level originates from
the bulk B band. As shown in Fig. 3a, the splitting between the optically forbidden EZ
state and the optically allowed E.? states is very small; thus, the ground-state excitons of
these nanostructures are “quasi-bright.”

The dark/bright nature of the ground-state exciton is determined by the highest hole
state, which, in turn, is controlled by the nanocrystal shape. In nearly spherical or disk-like
nanostructures, the crystal-field splitting and strong quantum-confinement effects keep the
A-band hole states well above the B-band hole states. In elongated nanorods, however, the
increased length along the c-axis confines the A-band states more than the B-band states,
because the B-band states have charge distribution along the nanorod axis (Fig. 2c). Thus,
the character of the ground-state exciton switches from dark to quasi-bright as the shape
of the CdSe nanocrystal becomes more elongated (Fig. 3a). This dark/quasi-bright exciton
crossover can also be observed in nanostructures on the horizontal lines of the diameter-
length map. In Fig. 3b, from right to left, with increasing diameter, the B-band hole state
eventually becomes lower than the A-band hole state, so the ground-state exciton becomes
dark as the diameter increases.

In both Fig. 3a and Fig. 3b, the splitting energies scale approximately linearly with the
ground-state exciton energy, although the exciton energy spacing is not even, especially for

nanocrystals in Fig 3a.

B. Nanowires

In one-dimensional nanowires, the critical diameter for the dark/quasi-bright exciton

transition is determined by the crossover between the A band and B band states. The



energy difference between the single-particle A and B band states is plotted in Fig. 4
as a function of the nanowire diameter. The B band state is higher in energy than the
A band state if the wire diameter is smaller than 9 nm. This critical diameter agrees

2 considering that the nanorods

reasonably well with the experimental value of 7.4 nm,
measured in experiments (aspect ratio = 10) tend to underestimate the critical diameter,
and that there are some differences between CdSe/ZnS core/shell nanorods measured in
experiments and the ideally passivated CdSe nanocrystals used in our simulations. Because
transmission electron microscope images indicate that CdSe nanocrystals tend to be faceted,
it is relevant to understand how the electronic structure changes from faceted structures to
non-faceted ones. In Fig. 4, non-faceted nanowires with circular cross-section (open circles)
are compared with faceted nanowires with hexagonal cross-section (open triangles). As far

as the A/B band splitting is concerned, there is no significant difference between cylindrical

and hexagonal nanowires.

C. Nanodisks

We explore the nanodisk region by scanning horizontal lines in the diameter-length map.
The nanodisk diameter is much larger than its length (height), which leads to reduced
quantum confinement of the A band. As expected, the ground-state exciton of nanodisks
has strong A-band character, just like spherical quantum dots. Therefore, nanodisks always
have dark ground-state excitons. However, the exciton order of the B-band-derived excitons

is different from spherical dots. We find E?| < EF < EY | as shown in Fig. 5.

Discussion and conclusions

From the above analysis of the band-edge exciton fine structure of CdSe nanocrystals of
different shapes, it is straightforward to draw a “phase diagram” of the dark/bright character
of the ground-state exciton as a function of the nanocrystal length and diameter. Figure
6 shows that the diameter-length map can be divided into two continuous regions that
correspond to dark and quasi-bright ground-state excitons. Nanocrystals in the upper-left,
“quasi-bright” region have a B-band-derived highest hole state, whereas nanocrystals in the

lower-right, “dark” region have an A-band-derived highest hole state. As Fig. 6 shows,



the dark/quasi-bright exciton crossover depends on both the length and diameter of the
nanocrystal.

For small-diameter nanocrystals (D < 4 nm), the crossover aspect ratio is around 1.3,
as in Hu’s calculation.?* For larger-diameter nanocrystals (D ~ 6 nm), the crossover aspect
ratio increases to 2. The crossover aspect ratio was assumed to be diameter-independent
in Hu’s article,?* whereas it was considered to depend only on the critical diameter in Le
Thomas’ study.?® Both of their conclusions are valid only in the regions of their studied
structures. For example, Hu et al.?* studied nanorods with small diameter; Le Thomas et
al.?® measured nanorods with relatively large aspect ratio (~10) and large diameter.

One of the most important properties of CdSe nanocrystals is their high fluorescence
efficiency, which makes them ideal candidates for applications such as biological imaging,
labeling and sensing.®® Thus, it is interesting to consider how the dark/bright character
of the exciton ground state affects the emission properties of CdSe nanocrystals. Well-
passivated CdSe nanocrystals exhibit high fluorescence efficiency because they lack effective
non-radiative decay channels. As long as the radiative lifetime is shorter than the non-
radiative lifetime, the nanocrystals will emit light efficiently. We have calculated the radia-
tive lifetime of the CdSe nanocrystals in the diameter/length map of Fig. 6. We find that,
for example, the room-temperature lifetime of the D=2.4nm, L=6.4nm nanocrystal (quasi-
bright exciton ground state) is 10.3 ns, while the lifetime of the D=6nm, L=6nm spherical
dot (dark exciton ground state) is 22.8 ns. Therefore, at room temperature, CdSe nanocrys-
tals with different shape and size are very good QD-fluorphores for bio-labeling/imaging.

In summary, we have studied the band-edge exciton fine structure of CdSe nanocrystals
over a wide range of shapes and sizes. Our atomistic pseudopotential calculations allow
us to identify two classes of nanocrystal shapes with very different optical properties: (i)
Nanorods with diameter smaller than 9 nm and large aspect ratio have a dark ground-state
exciton (Fyl), followed by three bright exciton states (E+1Z, EoV). Because the bright
excitons are very close in energy to the dark excitons, the nanocrystal is “quasi-bright.” (ii)
For all other nanostructures in the diameter-length map, including spherical quantum dots,
nanodisks, and nanorods with relatively small aspect ratio or large diameter (>9 nm), the
ground-state exciton is the doubly degenerate dark state E1»4, followed by two E.;4 bright
states. These nanocrystals are “dark.” The ordering and splitting of band-edge excitons

are explained by the interplay of quantum confinement, crystal-field splitting, Coulomb



interaction and exchange interactions. The systematic study of the exciton fine structure
gives a complete picture of the size and shape dependence of band-edge excitons within the
two-parameter configuration space examined here. The resulting dark/quasi-bright “phase

diagram” (Fig. 6) provides guidelines for designing novel nanomaterials.
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FIG. 2: a) Calculated band structure of bulk CdSe in wurtzite lattice structure. The wavefunc-
tion amplitude isosurfaces of the two topmost valence-band states are shown on the right-hand
side. Note that the A-band and B-band states have very different wavefunction amplitudes. b)
Wavefunction amplitude of the two topmost valence-band states in two nanocrystals with the same
diameter but different length. The nanorod on the left-hand side has a “quasi-bright” ground-state
exciton derived from the bulk B band, whereas the oblate nanocrystal on the right-hand side has a
dark ground-state exciton originating from the bulk A band. Note that the B-band wavefunction
amplitude is distributed mainly along the ¢ axis, whereas the A-band wavefunction amplitude is

distributed perpendicular to the ¢ axis.
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lines. The nanocrystal geometries shown in the upper part of the figure correspond to the data
points below them. a) CdSe nanocrystals with the same diameter (2.4 nm) but different length.
b) CdSe nanocrystals with similar length but different diameter. These two series of nanocrystals
show dark/bright exciton crossing. Note the nearly linear trend of the fine-structure splittings with

exciton energy.
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FIG. 4: The splitting between the B-band and A-band single-particle hole states is shown as a
function of the nanowire diameter. The A/B crossover occurs for D ~ 9nm. Nanowires with

circular and hexagonal cross-section share the same trend.

16



140 : . . . . . - . -
120 | § l
100 | -
% 80 |
E |
(&)
£ 60 | -
b=
= .
V40 .
()
(&) L
S
i 20 B =
O
m -
0 — o o E} -
' - © EL,
-20 N 1 " 1 . 1 2 1 2
2 2.1 2.2 2.3 2.4 2.5

Ground exciton energy (meV)

FIG. 5: Exciton fine structure of CdSe nanodisks as a function of the ground-state exciton energy.
The nanodisks have the same thickness (1.5 nm). Bright (dark) excitons are plotted with solid

(dotted) lines. All exciton energy levels are referenced from state B4,
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FIG. 6: Dark/quasi-bright ground-state exciton map in the diameter-length configuration space.

The green dashed line shows the critical diameter (Dgriy ~ 9 nm). The ground-state exciton is

dark for structures with diameter D > D ..
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