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Abstract

Disorder-induced broadening of the conduction and valence band eigenenergies is calculated for an ensemble of
dome-shaped Ing Gag 4As quantum dots of diameter 30 nm using an sp3d3s* tight binding model. It is found that
the contribution to the broadening from alloy disorder is small (less than 0.35 meV) relative to the total broadening
determined from photoluminescence experiments and very sensitive to the applied boundary conditions, so that care
must be taken to ensure proper convergence of the numerical results.

I. INTRODUCTION

Nonatomistic methods such as k.p are often used to compute the electronic structure of quantum dots.
However, such jellium-like models are fundamentally not well suited for the atomistic representation of
nanoscale features such as impurities and interface interdiffusion.[1]. We are currently developing an atom-
istic nanoelectronic simulation tool (NEMO-3D) to model quantum dot structures on high performance
commodity clusters (Beowulfs). Modeling of realistic structures entails simulation domains encompassing
many millions of atoms. Such large-scale domains result in very large eigenproblems (dimension 2 108%)
which necessitate the usage of massively parallel computers. Details of the numerical implementation in-
cluding performance benchmarks have been described in greater detail elsewhere [2] and are not discussed
in this work.

Our simulation employs a nearest-neighbor empirical tight-binding method (sp3d®s*) with a 20 orbital
basis, consisting of s, p, and d orbitals, associated with each atomic lattice site. Since the basis set that
is used is not complete in a mathematical sense, the parameters that enter the model are determined by a
fit to experimental data, and a genetic algorithm package is used to determine a set of orbital couplings
that reproduces a large number of physical observables of the bulk binary system, including bandgaps and
effective masses at various symmetry points in the Brillouin zone. These orbital couplings must also depend
on bond lengths to account for the shifts in atomic positions in strained systems. A power-law scaling is
assumed (whose exponent is also determined with the genetic algorithm) to account for strain-induced shifts.
Because the basis set used consists of orthogonalized Lowdin orbitals and not the true atomic orbitals, the
diagonal (self-coupling) elements are also allowed to vary with the displacement of the nearest neighbor
atoms [3]. Clearly, an accurate calculation of the electronic structure within the tight-binding model also
necessitates an accurate representation of the positions of each atom. To this end, NEMO-3D uses a valence
force field (VFF) model in which the total strain energy, expressed as a local (nearest-neighbor) functional
of atomic positions, is minimized [4], [5].

It is well-known that the linewidth of any ensemble of quantum dots (QDs) is inhomogeneously broadened
by the distribution in QD sizes and strain profile. However, even in a “perfect” system in which all QDs have
the same size and experience identical externally-induced strain, QDs composed of alloyed materials will
still exhibit variations in linewidth that arise from differences in the spatial distribution of the constituent
cations and anions. In this work we shall examine the magnitude of the broadening of the ground state
eigenenergies induced by alloy disorder. Determining this variation is computationally taxing for two rea-
sons. First, one must perform hundreds of simulations to obtain a statistically meaningful sample. Second,
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one must ensure that the simulation domain is sufficiently large that one has obtained convergence of the
eigenenergies. That is, the influence of the boundary of the surrounding buffer and the boundary conditions
themselves must be minimized. We find that for a typical dome-shaped Ing sGag4As QD of diameter 30
nm, the broadening induced by the disorder is less than 0.35 meV, roughly two orders of magnitude than
previously reported experimental values for the total linewidth [6], [7].

II. SIMULATION
A. Model

The canonical model used for the QD simulations in this work is a dome shaped Ing ¢Gag 4As quantum dot
(QD) of diameter 30 nm and height 5.4 nm embedded in a finite GaAs box, which is meant to approximate
an infinite one. This particular model was selected for comparison with previously published experimental
results [6], [7]. The QD itself contains roughly 2 x 10° atoms. A list of the values of the tight-binding
parameters necessary for the simulation is given in Table III of reference [2]. Although all the QDs are of
identical size, the placement of In and Ga cations varies among simulations. This variation contributes to
a compositional disorder of which there are two sources. One source is configurational and arises from the
constraint that the total number of In and Ga atoms in the QD be fixed. The other source is a concentrational
disorder that takes into account the fact that a growth process will never produce nanostructures with exactly
the same concentration each time. It was found previously for bulk materials that this concentrational broad-
ening is the dominant contributor to the overall compositional disorder [8]. To include both sources in our
model, we make the ansatz that within the QD no correlation exists in species type between any two atomic
sites. Thus, sites on the cation sublattice are filled with a 60% (40%) probability of being In (Ga) without
guarantee that the overall concentration will exactly equal the local probabilities.

B. Convergence of ground state electron energy

Prior to delving into a discussion of the broadening, we first need to ensure that the eigenenergies we
obtain are independent of the extent of the surrounding buffer and of the constraints placed on the bound-
ary. The electronic calculation is strongly dependent on the atomic configuration determined from the VFF
model. We consider two distinct boundary conditions for the strain, fixed and free, In the fixed case, the
surface atoms are constrained to the positions they would have if the simulation domain consisted entirely
of GaAs. In the free case, the entire domain is allowed to expand without any external constraints.

Fig.(1) compares the ground state electron eigenenergy for the cases of free and fixed boundary conditions
as a function of buffer size in directions parallel (solid) and normal (dashed) to the base of the dome. The
largest simulation employs a 20 nm buffer in the Z direction, normal to the base of the dome, and encom-
passes nearly 3 million atoms. For variation of buffer size in the lateral (normal) direction, the buffer size in
the normal (lateral) direction is fixed to 4 nm. The intent is to investigate how well such a truncated system



Fig. 2. Standard deviations of electron ground state (red), hole
ground state (blue), and energy gap (green).
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Fig. 3. Electron and hole energy distributions for a set of QD with 4 nm (top) and 8 nm (bottom) buffers.

approximates one in which the QD is embedded in an infinitely large block of GaAs. Because the QD is
quite “flat”, the binding energy is principally determined by confinement in the 2 direction. Thus, for both
cases, the dependence on lateral buffer size is weak relative to the dependence on the buffer size in the z
direction. In the case of free boundary conditions no external constraints are imposed, so that the strain
computed for the truncated system is reduced from what it should be for an infinite buffer. The shift of the
conduction band edge at I', which depends linearly on the hydrostatic component, is given by

AE, = E%Tr{} (1)
where Efiooo) < 0 [9]. Thus, one expects a reduction in compressive strain (an increase in Tr{¢}) in the
QD to accompany a reduction in electron ground state energy. The situation for the fixed case, where the
lattice constant on the boundary is constrained to bulk values, is inverted, since the strain effect in the QD
is overestimated relative to the case of infinite buffers. Fig.(1) demonstrates that the two cases converge
provided that the buffer is made sufficiently large. These results demonstrate that the simulation domain
needs to extend rather far into the buffer to assure convergence.

C. Linewidth broadening

We now consider the issue of linewidth broadening. That is, given an ensemble of quantum dots with
identical alloy composition, we explore the fundamental limits of linewidth broadening that arise solely as a
result of variations in configurations of cations in the quantum dots and ignore any additional contributions
such as size variation, strain-induced spatial perturbations on a QD due to neighboring QDs, and many-body
effects. Our calculations for the case of fixed boundary conditions did not yield hole eigenenergies for small
buffer sizes, so we consider only the case of free boundary conditions. We examine the electron and hole
ground state eigenenergy distributions for three different buffer systems, 4nm, 8nm, and 12nm. Because of
the computational expense it was not possible to extend the calculation for larger buffer sizes. 190 samples
points were obtained for the first two systems and 93 for the larger 12nm buffer geometry. A histogram of the
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Fig. 4. Electron and hole ground state eigenenergies as a function of total strain energy of the QD for a lateral buffer size of 4nm and transverse
buffer sizes of 4 nm (top two figures) and 8 nm (bottom two figures) under free boundary conditions.

distributions for the first two geometries is shown in Fig.(3), while Figure (2) demonstrates the behavior of
the standard deviation of the eigenenergies obtained from these ensembles as a function of buffer size. First
we note that while the standard deviation of the hole eigenenergy, o,, has converged, the broadening of the
electron eigenenergy, o, has not, so that a larger simulation domain should be used to obtain a more accurate
computation of the ground state electron broadening. One possible explanation for the observed reduction
in linewidth is that as eigenstates are pushed up (down) closer to the bulk GaAs conduction (valence) band
edges, they become more delocalized and therefore less sensitive to local perturbations within the quantum
dot. The general trend is toward less broadening as the effect of the boundary is minimized. Also, one sees
that the contribution to the linewidth broadening for an interband transition from alloy disorder is quite small
(less than 0.35 meV), compared to the overall broadening as measured from experiment. That o, appears to
be much greater than o, differs from an earlier finding for bulk unstrained Al,Ga;_,As in which the electron
broadening was found to be only slightly larger than that of holes [8]. This difference might be due to the
fact that both light and heavy holes are broadened in the bulk unstrained case, while the confinement of a
QD splits the heavy hole/light hole degeneracy.

Finally, note that the sum of electron and hole standard deviations is still (roughly) equal to the standard
deviation of the energy gap, which indicates that the electron and hole eigenenergies are strongly correlated.
This result is not unexpected since the concentrational broadening has previously been identified to be the
most dominant effect in bulk unstrained systems [8]. If concentrational broadening is the dominant effect in
QDs, then a variation in overall concentration will affect both electron and hole eigenenergies in a systematic
manner and therefore lead to correlation between them.

III. CONCLUSION

The broadening of the conduction and valence band eigenenergies induced by disorder has been examined
for ensembles of dome-shaped Ing ¢Gag 4As quantum dots of diameter 30 nm using an sp3d®s* tight binding
model. It has been demonstrated that the disorder-induced contribution to the broadening is small (less
than 0.35 meV) compared to the empirically measured total linewidth broadening and very sensitive to the
applied boundary conditions, so that care must be taken to ensure proper convergence.
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Parameterization: | ,,

» TB parameters determined from genetic
algorithm to match experimentally
measured band edges and masses.

Mechanical Strain: |
» CG-based minimization of mechanical
strain to determine atomic positions

Electronic Structure:
* Custom Lanczos eigenvalue solver

Numerical Simulation:
* Problem size is large: 100 GB is typical
storage requirement for Hamiltonian
* Parallel implementation of both strain
-and electronic structure calculation is

necessary!
* 1D data decomposition




Effect on ground state electron energy:
* System: Dome-shaped In, ;Ga, ,As QD
15nm radius; 5.4 nm height
Free BC: no constraints on QD; strain
and ground state energy are
underestimated
Fixed BC: QD boundary pmned strain
and ground state energy are
overestimated
Lateral extension (blue curve) of buffer
does not lead to convergence
Normal extension (red curve) of buffer
converges for buffer ~ 20 nm

=. free; L“=4nm
free; L‘-4nm
- fixed Ll =4nm

fxed L =4nm

ergy (eV)
.
[@x]
/

ground state electron en

Effect on alloy disorder noise:

» Variationin ground state energy arises
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been attained |
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, : 6 8
incomplete convergence of strain buffer thickness Lz (nm)




3
i Lh
@
!if;
i

- Bv

wenmdbe
=

8]

- Experiment
‘— Random Alloy
| VCA

|
| S——

“0 02 04 06 08 6 02 04 06 08 1
Al concentration (x Al concentrlon (x)

. Concentratlon may vary stochastically as well.

* Concentration noise is larger than configuration noise.

* For a system containing 1000 atoms, the variation is about 10-15 meV
¢« Conduction band noise shows a significant feature at the I'-X transition (Al~0.45)
-Valence band dependence is much smoother

S -~—~—m-w'-—:g,__~‘_,

standard dev. ¢ (meV)

0L

* What do the distributions look like?




< -0.100
O ‘_
5 -0.102| -

-0.104¢c

-0.106} .
-0.108
<-0.060

L
= -0.080}

Valence ban
Cond. band (eV)
Ut
o))
o

8 .0.100 y
© 5 10
-0.120; c no. of atoms
-0.140 ,

2 4 &

10 10 10 2 10* 10
no. of atoms | no. of atoms

* Deviation due to configuration noise one order of magnitude smaller than
concentration noise.

* 1:million atom simulations !

* Standard deviation decreases approximately as N-1/2

« Conduction band noise < Valence band noise for configuration noise only.
* Conduction band noise > Valence band noise for the concentration noise.




150

0
0.105

2B »= 10272 &V

o=0.708 meV
noefiguration
RSE Y

30400
atoms

cEr,&:? E46H eV
A=l H5R may

1.564 1.566 1.568

Q
1.662

=B w1 8858 eV

1668

o Ei‘:- =1 11128 eV

=5 583 mey

coxtigurafon & |

concenirshon
NCRNE

BOUG
TS

012 -0.1

0

1.54

if:

e ¥ HE5 mal

1.565

150

100

<Eq?'—‘ 1.8697 g%

ot A S8 meY

1.65

<E anll 1050 oV

i

corfiguration & 1
coaceringio
aEse |

144
atoms

400
300
200
100

<E »=1 5667 &V

=307 meaV ! |

{1 F=08 IR meY |
I

-:;Er\_r-.:f HTE2 eV

. 2000

1500

g.16 018 0.2 0.22

0

16 17 1.8
v gap (V)

G -
145 15 155 16 165 1.5

conduction band edge {eV)

02 01 0

valence band edge (eV) concentration {x)

* Tiny systems (e.g. 140 atoms) only allow discrete concentrations




E =0 18628Y
=0 gmay

N=660
h=30

R
0184 166 6. 188
Valencs band state (¢¥) £ laV¥)

13926

1298 19 12 12

E.=1.0438aY
O, =2 3meV

1,04 1,045
Energy gap leV)

¢ -
E 015380V
o, z1.9meV

E.=1.2201eV » fe}
o,=2 8w

Conguckion bard stale (8V) E.faV)

3
£ =1.0353eY

o, =4 eV

1w pies RE] 0145
Valence band statele's E V)

.
22

1225 123 1738 122
Conduction bard state (W) ElaV)

1.4 %04
Ersrgy gap (aV}

1.57

T e

i

06 0605
In concentraton (X}

50

40

20

104

X 5,:3.5
5, =0.0018

[

} 585 08
I8 concentration Ho

« Atomistic
granularity
c = 2.3meV

* Cell
granularity

c =4.5meV

eEcand Ev

. strongly
correlated

e Ec and x

weakly
corelated




o O
S
& o o

e
o
p~

o
&
o

e’
—t
o
©
—
%2}
c
o
O
Q

o
i:g
<

e
o
o

20 40
position z (nm) position z (nm)

* Examine strain along major symmetry axis (z) for pr|m|t|ve cells centered
about As atoms

. Tensne bi-axial strain outside QD (g>0) due to stretching of GaAs to match
‘InAs. Compressive strain in QD. .

» | attice constants follows same trends.




=5nmm

ion

. rvar ey msan;
R

£ R PR S Tk T LSRR 00T Pk W

QD separat

bl

s BT P 1 T AT
UHVRERLSAS SO

&
c
0

I
I3
3]
&
o
a

Wkn iy

AR
oo

AT Pee
P
2N L A

O )

o uy

NSy

£
©
£
Q
©
C
Q
e
8
-]
E
12}
Seprome
O
>
©
=
]
et
>
O
L

e Coupled InAs QDs




(a) electron 1

E=1 36012V
;\EzO,GDQ meV

() electron 4

E=1.4038eV

(b} electron 2

AE=+23 1meV

(e} electran b

E=1.405%eV

,\‘\E:HLS BmeV

(c) electron 3

E=13843eV
AE=+24 ZmeV

| (1) electron 6

E=14063eV
AE=+4 6, TmeV
X (nm)




E=0. 2089V E=0.1942eV E=0.1928eV
AE=-0.00meV e AE=-147meV W \E=-16.0meV

(1} hole 6

P

E=0.1780eV  E=0.1765eV
AbE=-30 9meV R AE=-32.4meV




E=0 2208V E-i 2174V
AE=+0.00meV AE=-3.44meV

VCA / no Disorder Disorder Sample 1 Disorder Sample 2




e % N
N 8 L} | . . ] L A | :

| | S s GaAs(HH): |

C o _GaAs (LH)

| Energy {eV)

20 0 20 20 0 20
Position along x (nm) Position along x (nm)

In-As bonds compressed in x-y
-> Ec raised from bulk value of ~0.58eV to ~1.2eV
-> Ev HH raised from bulk value of ~0.22eV to ~0.3eV
Ga-As bonds compressed in x-y and stretched in z inside dot
-> Ec raised from bulk value of ~1.42eV to ~1.55eV
-> Ev raised from bulk value of 0eV to ~0.1eV




Problem:

«VCA provides generally a linear bandgap if
interpolated from the binaries GaAs, AlAs,
and InAs.

Approach: |
* sp3s* tight binding model

T ndomar « Perform 3-D alloy simulation of the
oves bandedges:.

* Represent each individual atom in the
0.4 06 : chunk of material

Al concentration (x)
* 3-D random alloy simulation matches
experimental data well. »

T
random alloy

AlGaAs:

* VCA derived from pure GaAs and AlAs
results in an wrong bandgap.

» 3-D simulation gives the correct bowing.

e

InGaAs:
* Improved bowing versus the VCA
« Still a problem with over estimating’ the

band gap
In concentration (x (x) -> parameterization dependent
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" Bulk Semiconductors are described by:

e Conduction and valence bands,
bandgaps (direct, indirect), effective
masses

* 10-30 physically measurable quantities

Tight Binding Models are described by:

* Orbital interaction energies.
* 15-30 theoretical parameters

* Match experimental data in
various electron transport areas of
the Brillouin zone:

e Effective masses of electrons at
[ Xand L

» Effective masses of holes at I
eBand edges at!, Xand L

Analytical approach:

 Exact diagonalization at I for sp®d®s’

¢ Formulas developed by Tim Boykin at
UAH (subcontract) for effective masses
and bandgaps from interaction energies

Numerical approach:
» Use a genetic algorithm to do fitting.

15-30 theoretical interaction energies






