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Abstract : This paper reviews our recent development of the use of the large-scale pseudopotential method to cal-
culate the electronic structure of semiconductor nanocrystals,such as quantum dots and wires,which often contain
tens of thousands of atoms. The calculated size-dependent exciton energies and absorption spectra of quantum dots
and wires are in good agreement with experiments. We show that the electronic structure of a nanocrystal can be
tuned not only by its size,but also by its shape. Finally ,we show that defect propertiesin quantum dots can be sig-

nificantly different from those in bulk semiconductors.
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1 Introduction

During the last decade,semiconductor nano-
crystals such as quantum dots (QDs) and quantum
wires (QWs) ™ have attracted much attention be-
cause the physical properties of the nanocrystals
such as the band gap and optical transitions can be
tailored continuously by size or shape. This fea-
ture opens up great potential for novel device ap-
plications from lasers to solar cells to single-elec-
tron transistors’” “'. Many of these applications
require knowledge of the size- and shape-depend-
ence of the nanocrystal’ s optical properties,
which ,in a semiconductor ,are related to the tran-
sitions near the electronic bandgaps. Therefore,
studying the size- and shape-dependence of the e-
lectron bandgaps and the related exciton energies
is one of the most important topicsin semiconduc-
tor nanocrystal research.

Nanocrystals can be grown in various media,
such as polymers,cavities of zeoliths,glasses,solu-
tions,and organic molecules or biomolecules™ . In
many cases, the surface dangling-bond states of
the nanocrystal are removed by the medium
through passivation. I n these cases,the electronic
and optical properties of the nanocrystal are the
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intrinsic properties of the nanosystem,independ-
ent of the enclosure medium and surface passiva-
tion. Therefore, one of the important topics in
nanostructure study is to understand these intrin-
sic properties of nanocrystals.

Most of the previous studies focused on the
size dependence of physical properties of QDs.
Recent developments in chemical synthesis®
show that,in addition to the size,the shape of a
nanocrystal can also be controlled during growth.
It has also been shown recently'® that changes in
shape can lead to drastically different electronic
states and energy bandgaps in nanocrystals. For
example, by changing the shape,it is possible to
change the location of the holes and electrons;
therefore,there is either an increase or decrease
in the recombination rate,which is very useful in
light-emission applications.

The application of semiconductor nanocrys-
tals as novel electronic devices also depends criti-
cally on doping properties. Most semiconductors
are not very useful if insufficient charge carriers
are generated by the dopants at normal working
temperatures. Defect properties have been exten-
sively studied in the past for bulk semiconductors,
and various approaches have been proposed to o-

vercome the doping limit in semiconductors'’ .
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However ,very few studies have been carried out
to understand how the formation of QDs affects
the defect properties in these systems. For exam-
ple,it is not clear how the size of QDs affects the
defect formation energies and ionization energy
levels,as well as the relative stability between dif-
ferent defects.

In this paper ,we describe our recent devel op-
ments in the theoretical study of the electronic
structure of semiconductor nanocrystals by large
scale numerical calculations'® **'.

2 Method of calculations

Several methods have been used in our study
of the electronic structure of nanocrystals. The
first method is the first-principles band-structure
method within the density functional theory
(DFT) as implemented in pseudopotential codes
such as VASP ™ and PEtot . This is the most
accurate approach and is used as a benchmark to
test all other approaches. However ,despite the re-
cent rapid growth of computing power, systems
that can be handled using this approach are still
limited to a few hundred atoms per cell. It also
suffers,in some cases,from the bandgap error as-
sociated with the DFT method. To overcome this
disadvantage,in the last few years,we have devel-
oped several new approaches that can give ap-
proximate but reliable results on the electronic
structure of nanocrystals. One of the approachesis
the semi-empirical pseudopotential method
(SEPM). In the SEPM approach, the electron
wave functions are expanded by plane-wave basis
functions as in the ab initio pseudopotential
methods. The screened SEPM atomic potentials
are fitted to the DFT potentials and experimental
band structures and are tested extensively for
transferability and reliability. Using the SEPM
pseudopotential ,the single particle’ s Schrodinger
equation is solved non-self-consistently using the
linear scaling folded spectrum method ™ for sev-
eral states near the bandgap. This approach solves
two problems simultaneously :the bandgap error in
the DFT and the inability to solve large systems u-
sing the current self-consistent DFT method. With
modern large-scale supercomputers, this method
can be used to calculate systems containing tens of
thousands of atoms.

Although quite successful ,the SEPM approach
suffers from the difficulty in finding a suitable sur-
face-passivation potential because the potentials are u-
sually fitted to bulk semiconductor properties. To o-
vercome this difficulty, we have developed the
“ charge patching method” (CPM) ™ ,which has the
accuracy of first-principles DFT,while also han-
dling large systems. In the CPM method,we first
generate the abinitio quality electron charge den-
sity Ppach ( 1) using charge motifs generated from
prototype systems with similar atomic environ-
ments. After that,the total local-density-approxi-
mation (L DA) potential V(r) is obtained by sol-
ving Poisson’ s equation and the standard LDA
formula. The single-particle Schrodinger equation
can then be solved using the linear scaling folded
spectrum method for the band edge states. The
surface of the nanocrystal is passivated by a pseu-
do-hydrogen atom (e.g. ,1.25charge H to passi-
vate the surface Gaatom dangling bonds, and
0. 75-charge H to passivate the surface As-atom
dangling bonds in GaAs QDs). Furthermore, to
describe the quantum confinement effects accu-
rately ,we correct the effective-mass,which is also
underestimated in DFT. This method is denoted
by“ LDA + C". The details of this entire proce-
dure are published in Ref.[18].

3 Size dependence of exciton energies
and absor ption spectra

We have systematically calculated the exciton
transition energy and optical absorption spectrum
of QDs and QWs from group - (GaAs,InAs,
InP,GaN ,AlIN ,and InN) and group - (CdSe,
CdS,CdTe, ZnSe, ZnS, ZnTe,and znO)"™ as a
function of diameter. The electron-hole Coulomb
binding energies are included in these calcula-
tions.

Our calculated results are generally in good a-
greement with experimental measurements. Figure
1 compares our calculated results with the experi-
mental exciton transition energy for CdSe QWs.
Our calculations are performed using both the
SEPM and LDA + C approaches. We find that the
two theoretical results agree well with each other
and with experiment. The results can be fitted to
the form A E; =B/ o , where O is close to 1. 3,
which is significantly smaller than the simple ef-
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fective-mass value of 2 (see below) .

12k CdSe QWs —=— Experiment
: --o-— SEPM
—v— LDA+C
AE=1.95/d"*#(LDA+C)
> 0.8F
- 0.
2]
04+ AE =1.82/d"*%(SEPM)
o, AE=1.76/d" *(Experiment)
fy- ) 4
2 6 10 14

Diameter/nm

Fig.1 Comparison of the quantum confinement ener-
gy gap of CdSe QWs among experiment ,L DA + C,and
SEPM calculations

Figure 2 shows the calculated absorption
spectrum for CdS QDs with different sizes and the
assigned peaks. These spectra are characterized by
a large gap between the lower peaks (a, b) and
higher peaks (c, d, e,f). This calculated result in-
vites experimental confirmation.

Absorption spectra/a.u.
— (%] w £

(=]

Sra

-

r.a

a

g
I b de E~292¢eV,
7 J

b [
E=3.35¢V

b cde
E,=3.08¢V,

d 4
b < f

d

ef g

S

E,=2.83¢V

1

—1 1 - | 1 i
0 02 04 06 08 10 12 14
E-E feV

Fig.2 Calculated optical absorption spectra of CdS
QDs with different sizes The Coulomb interaction is
taken into account in the calculation. Ey is the ground
exciton energy.

4 Efectsof shape on eectronic states
of nanocrystals

We have studied how the shape of a nano-
crystal can be used to engineer the electronic
states and its effect on device design.By analyzing
our results for CdSe nanosystems ™ | we have
compiled the following simple rules that can be
used to predict the effects of shape on the elec-
tronic structures in similar nanosystems: (1) The
atomic character of the hole wavefunction can be
predominantly either pxy or p:,or have mixed
character. The p«,y character tends to be located

at the wider part of the shape,and the p. charac-
ter tends to be located at the elongated part of the
shape. (2) There is no oneto-one correspondence
between the overall shapes of the electron and the
hole states. In the wide shapes,the higher electron
states tend to develop nodes along the caxis,
whereas the hole states tend to develop nodes in
the x,y plane. (3) It isthe overall shape that con-
trols the qualitative pictures of the single-particle
states. When there is asymmetry ,the higher elec-
tronic states tend to occupy the smaller end of the
shape,whereas the hole states tend to avoid it. (4)
The first electron state is highly localized in the
central region of a tetrapod. This is mainly be-
cause the electron prefers to stay in the zinc-blend
(ZB) region,whereas the hole prefers to stay in
the wurtzite (WZ) region due to the WZ/ ZB
band alignment.

Figures 3 (a) and (b) show branched tetra
pods with CdSe central tetrapods and terminal
CdTe branches. This material is interesting be-
cause of its unusual charge-separating properties.
The sharp reduction in spatial overlap between
the electrons and holes,apparent in Figs. 3(a) and
(b) ,effectively quenches the bandgap photolumi-

(a) CBM (b) VBM

CdSe/CdTe terapod

Fig.3 Wavefunction charge distribution of (a) con-
duction band minimum (CBM) and (b) valence band
maximum (VBM) states for CdSe/ CdTe branched tet-
rapod, (c) CBM and (d) VBM states for CdSe/ CdTe
core/ shell structured QDs

nescence!® . Other effects,such as the band align-
ment and strain can also change the charge distri-
bution of holes and electrons'*®'. Figures 3(c) and
(d) show the core/shell structure of CdSe/ CdTe
QDs, indicating that in this system, the electron
state is localized within the core,whereas the hole
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state is localized within the shell.

5 Ratios of bandgap increases be
tween QWsand QDs

According to an overly simplified particle-in-
abox eff ective-mass model ***!  the bandgap in-
creases of QDs and QWs from the bulk value are

2 E 2

given by A E = T ,where _mL :_m]? +_m1?
(me and mn are the electron and hole effective
masses, respectively) ,and d is the diameter. For
spherical QDs { =Tt is the zero point of the spher-
ical Bessel function,whereas for cylindrical QWs,
{ =2. 4048 isthe zero point of the cylindrical Bessel
function. Thus,the ratio of the bandgap increase
between QWs and QDs should beA Ey™/A E* =
0. 586.

We have systematically studied the electronic
structures of surface-passivated QDs and QWs for
a wide variety of - and - semiconductor
compounds "', We find that both the calculated
QW and QD bandgaps can be fitted well by the
formulal E, =B/ & with material-dependent pa-
rametersO andf3. We find that for a given materi-
al ,QWs and QDs have the same 1/ d scaling,and
the ratios of QW and QD band gap changes are
very close to 0.586 for most direct bandgap mate-
rials. However ,the calculatedd values'* are sig-
nificantly different from 2, which are obtained
from the simple particle-in-a-box effective-mass
model.

6 Defect propertiesin QDs

We have also studied the effects of QD size
on the stability and transition energy levels of de-
fects in semiconductors'™ . The defect formation-
energy and defect transition-energy levels are cal-
culated using the supercell approach,where a de-
fect is put at the center of a large supercell and
periodic boundary conditions are applied. All the
internal structural parameters are relaxed by min-
imizing the quantum mechanical force and total
energy until the change in the total energy is less
than 0.1 meV/atom.

Figure 4 (a) shows the formation energy of
neutral Sie.’ in GaAs QDs as a function of the di-
ameter of the dots. The diameter d = o corre-
sponds to the bulk system. As the size of the QDs

decreases, the formation energy of Sie.’ increases
from 1 55eV for bulk GaAs:Si to 2 99eV for a
QD with d = 1. 55nm. This increase is because
Sica’ creates a singly occupied level near the
CBM. This level has a strong CBM’ s character
and moves up in energy with the CBM as the QD
size decreases,thus increasing the formation ener-
gy. However, because this defect level is not a
pure CBM state,as the CBM moves up in energy
with the decrease of QD size,the energy differ-
ences between the defect level and the CBM ,and
thus the (0/ +) transition energy level from the
CBM ,also increase. The calculated transition en-
ergy levels as a function of QD size are shown in
Fig. 4(b) . We find that the calculated€ (0/ +) lev-
el of Sicais very shallow at 6meV below the CBM
in the bulk system ,in good agreement with exper-
imental results. It increases to 162meV for the
smallest QD studied in this work. These results in-
dicate that n-type doping using Si as a dopant will
be much more difficult in small QDs than in bulk
GaAs.

~+
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Fig.4 Formation energy of neutral Sic.” in Si-doped
GaAs (a) and transition energy€ (0/ +) (referenced
to CBM) of Sica in GaAs QDs (referenced to VBM)
(b) as afunction of diameter

We have also studied the relative stability of
the DX center in GaAs Si QDs™ . The DX for-
mation energy is defined as the energy difference:
A E(DX) = E(DX ) - E(Sica” ) ,where E(DX ")
is the total energy of the negatively charged D X
center and E(Sica ) isthe total energy of the cor-
responding tetrahedral-coordinated defect Sica at
the same charge state. A negative A E(DX) will
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indicate that the D X center is more stable than Si
sitting at the substitutional Ga site. The calculated
results are shown in Fig. 5. In bulk GaAs,the Si-
doped D X formation energy is positive,indicating
that the formation of the DX center is not fa-
vored in bulk GaAs Si. However, as the size of
the QDs decreases and the corresponding bandgap
E; increases, the DX formation energy becomes
less positive and changes sign when the bandgap is
close to E; =1 78eV ,which is about 0. 26eV lar-
ger than the experimental bandgap. We have pre-
viously shown™ that the bandgap increases of
GaAs QDs due to quantum confinement can be ex-
pressed as A E; = 3. 88/ d“. Using this expres
sion,we therefore estimate that the Si D X center
in GaAs will become stable when the diameter of
the QD isless than 14.5nm.
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-Oﬁ A \ $ \

2 1.6 2.0 24 2.8
EJeV

DX formation encrgy/eV

1

Fig.5 DX formation energy as a function of the cal-
culated bandgap of GaAs QDs Arrow indicates the
bandgap E; =1.78eV ,at which the DX  is stabilized.
The corresponding QD diameter d is about 14.5nm.

The origin of the enhanced stability of the
D X center due to the quantum confinement can
be understood as follows: The quantum confine-
ment increases the CBM energy. For the negative
charged Sica” at the Tu site,the shallow defect
level has mostly the CBM s wavefunction charac-
ter. Thus,the energy level of Sica” is expected to
follow the CBM closely. But for the DX center,
the Si impurity undergoes a large Jahn-Teller dis-
tortion along the < 111 > direction. Consequent-
ly,the level repulsion between the a: (aw) with
a: (tzc) states mixes a significant amount of atom-
ic p orbital into the wavefunction,so the D X"~
level does not follow the CBM closely. Therefore,
in QDs,when the bandgap increases, the energy
difference between the occupied DX~ and Sica"
levels also increases, thus stabilizing the D X cen-

ter.

7 Summary

In summary,we have described salient fea-
tures of the electronic structures of semiconductor
nanocrystals calculated using our recently devel-
oped large-scale pseudopotential method. The cal-
culated size-dependent exciton energies and ab-
sorption spectra of quantum dots and wires agree
well with experiments. We show that the electron-
ic structure of a nanocrystal not only can be tuned
by its size,but also by its shape. Finally ,we show
that defect properties in quantum dots can be sig-
nificantly different from those in bulk semicon-
ductors.
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