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The function of nanometer-size quantum dots (QDs) of ternary compound semiconductors, such as InGa;_,As and
ZnSe;_.Te,, used in the fabrication of optoelectronic and photovoltaic devices can be optimized by precise tuning of
their electronic band gap through control of the QD composition (x) and diameter. Results on compositional distribu-
tions in ternary QDs and how they affect the QDs’ electronic band gap are reported. A hierarchical modeling approach
is followed that combines first-principles density functional theory calculations and classical Monte Carlo simulations
with a continuum model of species transport in spherical nanocrystals. In certain cases, the model predicts the forma-
tion of corelshell-like structures with shell regions rich in the surface segregating species. A systematic parametric anal-
ysis generates a database of transport properties, which can be used to design post-growth thermal annealing processes
that enable the development of thermodynamically stable QDs with optimal electronic properties grown through simple
one-step colloidal synthesis techniques. © 2013 American Institute of Chemical Engineers AIChE J, 59: 3223-3236,
2013

Keywords: computational chemistry (at solid surfaces), computer simulations (MC and MD), mathematical modeling,

diffusion, materials

Introduction

Compound semiconductor nanocrystals or quantum dots
(QDs) with diameters d ~ 2—6 nm are used widely in optoe-
lectronic and photovoltaic device fabrication technologies
due to the tunability of their electronic and optical properties
by controlling the QD size. Free-standing QDs are spherical
nanoparticles. As their size increases beyond d ~ 5 nm, they
develop well-defined low-Miller-index surface facets and
their equilibrium crystal shapes become polyhedral;'* equi-
librium morphologies of ZnSe, GaAs, and InAs nanocrystals
computed from first principles are shown in Figure 1. QDs
of ternary compound semiconductors, such as InGa;_,As,
ZnSe,_,S,, and ZnSe,_,Te,, are particularly interesting for
technological applications because their optoelectronic prop-
erties also can be tuned by modulating their composition
through control of the compositional parameter x. Composi-
tional modulation of ternary QDs used in photovoltaic devi-
ces has improved their stability against photodegradation and
enhanced their quantum yields.3 The compositional distribu-
tion in such ternary QDs may vary widely ranging from
solid solutions, that is, randomly alloyed configurations to
phase-separated heterostructures, such as core/shell hetero-
nanocomposites.

The range of applications of core/shell structures of II-VI,
III-V, and other compound semiconductors is very broad
and includes light-emitting diodes (LEDs), photovoltaic
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devices, and fluorescent biological labels.*® Such semicon-
ductor core/shell QDs are classified broadly in three types,
termed type-I, type-II, and reverse type-I; in each of these
types of nanocomposite QDs, the shell serves a different pur-
pose. In type-I QDs, the shell material has a wider band gap
than that of the core, which passivates efficiently the surface
trap states leading to an increased stability against photode-
gradation and enhanced photoluminescence (PL) quantum
yields. In type-II core/shell QDs, the alignment of the elec-
tronic energy levels (bands) of the core and the shell mate-
rial are staggered, while in reverse type-I core/shell QDs the
shell material has a band gap that is narrower than that of
the core material. In type-II and reverse type-I QDs, control-
ling the shell thickness is used to tune the spectral
emission.”'”

QDs are grown widely using colloidal synthesis techni-
ques, which have the advantage of low-cost synthesis and
processing compared to QD growth on substrates under ultra-
high vacuum; colloidal synthesis techniques are solution-
based and offer convenient linking to polymers and other or-
ganic materials. Such techniques have been used to synthe-
size core/shell QDs with various III-V and II-VI core and
shell materials."' Growth of core/shell nanocrystals is typi-
cally based on two-step overcoating methods that form inter-
faces between lattice mismatched core and shell regions; the
induced misfit strain may cause formation of defects in the
crystalline lattice and electronic band offset realignments.
Increasing the elastic strain energy due to misfit by increasing
the shell thickness affects the electronic energy levels in the
QD and may cause transitions in core/shell QDs from type-I
to type-IL'* On the other hand, synthesizing radially graded
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Figure 1. Equilibrium nanocrystal shapes based on ab-initio-computed surface energies of low-Miller-index facets
of nanocrystals of (a) ZnSe with atoms arranged in a zinc-blende lattice exhibiting well-defined {001} and
{110} facets; (b) ZnSe under Se-rich conditions (cubododecahedral); (c) ZnSe under Zn-rich conditions
(rhombic dodecahedral); (d) GaAs with atoms arranged in a zinc-blende lattice exhibiting well-defined

{001}, {110}, {111}, and {111} facets in an icosihexahedron morphology; (e) GaAs under As-rich conditions;

and (f) InAs under As-rich conditions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ternary alloys with softer confinement potentials has resulted
in QDs that exhibit continuous nonblinking PL emission."?

Nanocrystal surfaces affect significantly the distribution of
constituent atoms in ternary QDs; the atomic species interact
with the surface and the nature of this interaction may attract
certain atoms to or repel them from the surface of the QD.
Moreover, compositional distributions that are kinetically
trapped in the nanocrystals during their growth may not be
thermodynamically stable. Thermodynamic instabilities
undergone by ternary hetero-nanocomposite QDs in devices
used for high-temperature applications, such as in photovol-
taics and LEDs, have catastrophic consequences for the de-
vice function. Thermodynamic stability of such ternary QDs
is required to ensure long lifetimes, high performance, and
electrical reliability of devices.

The purpose of this study is to develop a continuum model
of atomic species transport in ternary QDs, validate it prop-
erly, and use it as a predictive tool for designing growth and
post-growth processes toward developing QDs with the prop-
erties required to guarantee their optimal function in optoe-
lectronic and  photovoltaic  devices. An  important
phenomenon underlying species transport in QDs and other
nanostructures is drift due to the tendency of certain species
to segregate on the nanostructure surfaces; this is properly
taken into account in the continuum transport model. The
model’s validation involves comparison of its predictions
with experimental data and results of first-principles-based at-
omistic simulations; fitting the model to the data and simula-
tion predictions constitutes the model’s parameterization. The
findings of the analysis contribute to our fundamental
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understanding of the thermodynamic stability of ternary
nanocrystals and the self-assembly of core/shell-like struc-
tures in ternary QDs; this self-assembly process is equivalent
to the formation of a boundary layer near the QD surface in
the concentration of a surface segregating species in the QD.
Computation of the electronic band gaps of the QDs as a
function of QD composition and its distribution in the QD
shows that the key to precise band-gap tunability is the deter-
mination of the compositional distribution in the QD at
equilibrium.

The remainder of this article is structured as follows. In
the next section, we develop a continuum transport model
for the distribution of species in ternary QDs accounting for
surface segregation in addition to Fickian diffusion. The
steady-state and equilibrium species concentration profiles in
ternary QDs are calculated according to the continuum trans-
port model in the following section; the model is validated
by comparisons of its predictions with first-principles-based
predictions of equilibrium compositional distributions in
ZnSe,_,Te, and In,Ga;_,As QDs over a range of composi-
tion x and QD diameter according to a hierarchical computa-
tional approach combining density functional theory (DFT)
calculations and Monte Carlo (MC) simulations. The tran-
sient version of the properly parameterized continuum model
is used in the subsequent section to analyze the post-growth
thermal annealing of the ternary QDs. The effects of the
compositional distribution in the QD on its electronic band
gap are explored in the ensuing section for ZnSe;_,S, and
ZnSe;_,Te, QDs. Finally, the most important conclusions of
our study are summarized in the last section of the article.
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Phenomenological Model of Species Transport in
Ternary Semiconductor Nanocrystals

To analyze atomic species transport in ternary semicon-
ductor nanocrystals, we have developed a one-dimensional
(1-D) transient model based on a phenomenological theory
of surface segregation in spherical ternary nanocrystals. The
model can be used to describe interdiffusion kinetics during
ternary compound semiconductor nanocrystal annealing'® at
temperature 7 and the self-assembly of thermodynamically
stable nanocrystal heterostructures, such as core/shell-like
ternary quantum dots.'” Here, we employ the model to ana-
lyze compositional distributions in ternary nanocrystals of
compound semiconductors. These materials include -V
compounds of the type A,B;_,Y, such as In,Ga;_,As, and
II-VI compounds of the type ZA,_,B,, such as ZnSe,_,S,
and ZnSe,_,Te,; in this notation, A, B, Y, and Z denote
atomic species from certain groups of the periodic table. The
crystalline semiconductors of interest are characterized by a
zinc-blende lattice structure. The zinc-blende lattice consists
of two face-centered cubic (fcc) sublattices. In the cases of
interest, species Z (i.e., the group-II atomic species in the II-
VI compounds under consideration) or Y (i.e., the group-V
atomic species in the III-V compounds under consideration)
occupy the sites of one of the two fcc sublattices, while spe-
cies A and B occupy the sites of the other sublattice; there-
fore, in each nanocrystal, the sites of each sublattice are
occupied by atoms of the same group of the periodic table.
The statement of the problem under study is to determine
the compositional distribution of species A and B in their
sublattice throughout the nanocrystal for given 7, overall
composition expressed by the compositional parameter x,
and nanocrystal diameter d.

According to the model, atomic species diffusional trans-
port is governed by the continuity equation

8—f=—v J=V - [~ugC+DVC] 4]

where C = C,(r,t) is the species concentration field for species
i=A or B, J=J(r,) is the flux of species i, where ¢ is time
and r is the radial coordinate of the spherical nanocrystal with
radius R (0 <r<R), V is the gradient operator, D is the corre-
sponding species diffusion coefficient, and uy is the species
drift velocity. The source for this drift in the nanocrystal is the
thermodynamic driving force, F, for surface segregation of
species A and B and is expressed as F=—VU, where
U = U(r) is the interaction potential of the diffusing species
(A and B) with the nanocrystal surface. The drift velocity uq is
given by the Nernst—Einstein equation
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where kg is Boltzmann’s constant. The species-surface inter-
action potential can be expressed as

A 3)
(R—r)
where A is a metric of the strength of the driving force for
surface segregation. The sign in the right-hand side of Eq. 3
is positive or negative if the interaction is repulsive or

U(r)y==
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attractive, respectively. The form of the interaction potential
U in Eq. 3 is based on elasticity theory; specifically, we use
the solution to the problem of elastic interaction between a
center of dilatation in an elastically isotropic medium and a
surface layer of finite thickness'®'® and express it in the
spherical geometry of the nanocrystal. In Eq. 3, R — r is the
distance of the diffusing species from the nanocrystal sur-
face; we use R = d/2 + ry, where ry is a characteristic length
introduced because Eq. 3 does not attempt to capture the
limit d/2 —r =0 and is valid only for R — r > ry. The intro-
duction of ry prevents a singularity in the interaction poten-
tial at r=d/2. We take ry to be comparable to the
interplanar distance in the nanocrystal lattice, o ~ 0.2 nm
(and equal to 0.2 nm in this study). It should be mentioned
that the characteristic length ry plays a role analogous to that
of the dislocation core radius, Ry, in dislocation theory for
preventing an elastic singularity to occur right at the location
of a dislocation line in an elastic continuum,'® by setting the
range of validity of the elastic theory up to a distance R,
from the dislocation line. In our case, the defect in the elas-
tic continuum is not a 1-D dislocation, but a two-dimen-
sional (2-D) free surface and the characteristic length r( sets
the range of validity of the elastic theory up to a distance r
from the surface in the direction normal to the surface. Dis-
location core radii are typically taken to be on the order of
the interplanar distance in the crystalline lattice,'” which
also is the metric that we have used in choosing the size of
I in this study.

The use in the above equations of a spherical nanocrystal
morphology, as opposed to the detailed faceted polyhedral
shapes of Figure 1, has been validated by comparison of
equilibrium compositional distributions computed through at-
omistic simulations for different nanocrystal shapes.' Equa-
tion 1 assumes that the nanocrystal surface is stationary; the
velocity of the moving surface should be accounted for if
this model is to be extended to the analysis of compositional
distributions during the growth of such nanocrystals. We
also make a few simplifying assumptions. The diffusivities
of the atomic species A and B in the nanocrystal are taken
to be practically equal, that is, we use a common diffusivity
D for diffusion of atoms from the same group in the zinc-
blende lattice of the ternary QD. We also take the surface-
segregation strength parameters, A, of species A and B in
Eq. 3 to be equal, but the interaction with the nanocrystal
surface is attractive for A and repulsive for B.° We apply a
symmetry condition at the spherical nanocrystal center and,
as there is no escape of species from the nanocrystal surface
during annealing, a boundary condition of zero radial flux at
the nanocrystal surface

ac o

5| =0 and J-F|_x=[ua(R)-FIC(R) -0
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where F is the unit vector in the radial direction. The proper
initial condition should be specified for each annealing experi-
ment. For example, for an initial core/shell configuration
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which corresponds to an A/B core/shell configuration (i.e.,
an AY/BY or a ZA/ZB core/shell configuration of the ter-
nary nanocrystal composition) with R. being the radius of
the core. Equations 1-5 formulate a well-posed boundary-
value problem (BVP) for the concentration fields of A and B
in the nanocrystal. The 1-D nature of the model, that is, the
assumption that there is only radial dependence of C, stems
from the driving force for species transport in the nanocrys-
tal, which exists in the radial direction only; this also is evi-
dent from the initial and boundary conditions, Eqgs. 4 and 5,
of the BVP.

Next, we express the differential operators of Eqgs. 1 and 2
in spherical coordinates and introduce the dimensionless var-
iables n =r/R with 0 <n <1, ® = C/Cy, and t = Dt/R?
into the BVP of Egs. 1-5 to derive the dimensionless form
of the BVP. To express this dimensionless form, we also
define the drift Peclét number, Pe, as

_ Ud max R

P
“=7D

(6)

where 14 max 1 the velocity scale taken to be equal to the
maximum drift velocity; Pe has its usual meaning®' with
drift being used instead of convection. From Eqs. 2 and 3,
the drift velocity can be expressed as uq=uq,f with

_ 3AD  3AD 1
ksT(R—r)* ksTR*(1—p)*

@)

Ug,r

The drift velocity of Eq. 7 is a monotonically increasing
function of #, reaching its maximum value, Ugmax. at the
nanocrystal surface, n=k=(d/2)/R. Equation 7 can then be
rewritten as

B (1-x)* . _3AD 1
Ud r = Ud,max (1——11)4W1th Ud max = Wm (8)
Combining Eqgs. 6 and 8 gives
3A 1
Pe= 9
T ks TR (1—1)* ®
Introducing the above dimensionless variables and

parameter into Eqgs. 1-3 gives the dimensionless gover-
ning equation for the concentration field, ® = @A(#,7) or
®B(7]’T)

,(1=1)* 00
(1=n)* On
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- 4299
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A
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Similarly, Eq. 4 gives the dimensionless boundary conditions

00 00
— =0 and — —Pe®(k,1)=0 11
611 n=0 817 n=K ( ) ( )

and Eq. 5 yields the dimensionless initial condition
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In Eqgs. 11 and 12, the surface location is at n=x and the
location of the initial core/shell interface is at n=x; = R./R.

The above 1-D transient model, Eqs. 9-12, gives a very
satisfactory description of interdiffusion kinetics in ternary
QDs,'* as well as of the compositional distributions in the
QDs at equilibrium.15 We will demonstrate this in the subse-
quent section by comparison with results of first-principles-
based atomistic simulations of equilibrium compositional dis-
tributions in ZnSe;_,Te, and In,Ga;_,As QDs and will use
these results to predict the corresponding surface segregation
strength parameters A for the diffusing species. These
results will then be used in a later section to predict the evo-
lution of the compositional distributions during annealing
experiments.

Self-Assembly of Core/Shell-Like Structures in
Ternary Quantum Dots

We solved the steady-state form of the BVP of Egs. 1-4
analytically. We employed perturbation theory, which gives a
good characterization of the solution structure in limiting val-
ues of Pe; these details are not given here, because it is easy to
obtain an exact closed-form solution to the problem. Accord-
ing to Eq. 1, the governing equation at steady state is V - J=0.
Satisfying the no-flux boundary condition of Eq. 4 implies that
the steady-state solution is equivalent to the equilibrium solu-
tion, that is, the solution to the equation J = 0. Using the flux
expression of Egs. 1-3 gives the equilibrium solution

u(r)

Ci(r)=Bjexp {—

where the constant B; is determined by satisfying the overall
R

mass balance N,-=J Ci(r) 4mr*dr for the atomic species i in
0
the nanocrystal. Equation 13 is the well-known Maxwellian

atmosphere of “impurities” forming around larger-scale
defects, such as dislocations in the crystalline lattice;?* here,
the “impurities” are the diffusing species and the large-scale
defect is the surface. Following the dimensionless notation
of Egs. 10-12, Eq. 13 can be rewritten as

_ Pe(1—x)* Cex Ay
©i(n) o exp [73(1_]7)3} p LisT(R—rf} (14)

for a species that is attracted by and segregates on the nano-
crystal surface. It should be noted that the results of the per-
turbation analysis also give the solution of Eq. 14. For
Pe < 1, the regular-perturbation solution in the form of a
Pe-power-series expansion is equal to the Taylor-series
expansion of the Maxwellian atmosphere of Eq. 14. For
Pe>> 1, the singular-perturbation solution in the form of two
matched asymptotic expansions also matches exactly the
Maxwellian atmosphere of Eq. 14.

The equilibrium solution of Eq. 14 is plotted in Figure 2
for a ternary QD of d=3.8 nm. In the absence of surface
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Figure 2. Equilibrium concentration profiles in ternary
QDs of d=3.8 nm for Pe=0, Pe=0.1, and
Pe =140 according to the Maxwellian-atmos-
phere solution of Eq. 14.
The profiles range from uniform throughout the nano-
crystal at Pe =0 to the formation of a boundary layer
near the nanocrystal surface at Pe = 140. [Color figure

can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

segregation, A, = 0 and Eq. 9 gives Pe =0, which results in
a uniform species distribution throughout the nanocrystal.
When the species tendency for surface segregation is weak,
Eq. 9 gives Pe <1 for a low segregation strength A, result-
ing in a species distribution that is just a perturbation from
the uniform distribution characterized by an increased spe-
cies concentration in the near-surface region of the nanocrys-
tal. For a strong tendency for species segregation on the
nanocrystal surface, however, the higher segregation strength
A gives Pe > 1 and causes the formation of a concentration
boundary layer near the nanocrystal surface. This boundary-
layer formation has important implications for the design
and synthesis of ternary QDs for optoelectronics and photo-
voltaics. It means that surface segregation drives the assem-
bly of core/shell-like nanocrystals, that is, equilibrium
configurations with a core region that is deficient in the seg-
regating species and a shell region near the surface that is
rich in the segregating species. Therefore, for ternary QDs
with strongly segregating species, Pe can be tailored to
determine the shell thickness of the core/shell-like QD. The
core and shell regions are separated by a graded “interface”
expressed by the smooth and continuous concentration
increase near the edge of the boundary layer.

For Pe >> 1, scaling analysis within the boundary layer*'
gives for the boundary-layer thickness ¢

5 R
ENP@ oréwp—e (15)

Combining Eqgs. 15 and 9 gives

ksT(1—x)*R* kTl

0 3A 3A

(16)

Equation 16 implies that, for a ternary QD with a strongly seg-
regating species (Pe>>1) at given 7, increasing the segrega-
tion-strength parameter A leads to formation of core/shell-like
structures with thinner shell regions; A is a thermodynamic
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property of the ternary system and, therefore, A; = Ay(x, T) in
the notation used for the cases examined here. This capability
to control the shell thickness of the QD through control of the
concentration boundary-layer thickness by tailoring Pe in the
Pe>> 1 regime is highlighted in Figure 3.

The predictions of the continuum transport model at
steady state and at equilibrium, Eqgs. 13 and 14, were vali-
dated by comparisons with results from a systematic protocol
of first-principles-based atomistic simulations. Fitting the
Maxwellian atmosphere of Eq. 14 to the equilibrium concen-
tration profiles computed by the atomistic simulations is then
used to determine the values of the segregation-strength
parameter A for various QD sizes and compositions. Here,
we give a brief review of the atomistic simulation methods
and results, and focus on using these results for the deriva-
tion of the parameters Ag; and Pe required for closing the
equations of the continuum transport model, Egs. 9-12.

The atomic-scale computational methods have been
described in detail in Refs. 1 and 2. Briefly, we carried out
first-principles DFT calculations as implemented in the
Vienna Ab-initio Simulation Package (VASP)»2* employing
slab supercells for the computation of Te and In surface seg-
regation energies in thin slabs of ZnSe;_,Te, and
In,Ga;_,As of various low-Miller-index crystallographic ori-
entations of their surface planes. The DFT calculations were
implemented within the generalized gradient approximation
(GGA)® for the exchange and correlation functional, using
the projector augmented wave (PAW) method®®?’ for the
representation of the ionic cores and plane-wave expansions
for the representation of the electronic wave functions. The
DFT results were used to properly re-parameterize a classical
valence force-field (VFF) description of interatomic interac-
tions in crystals with the zinc-blende lattice structure;zgf‘m n
the VFF description, bond stretching and bond bending con-
tributions to the crystal energy are accounted for, expressed
as an elastic strain energy increase from the energy of an
equilibrium configuration.”®>° Conjugate-gradient minimiza-
tion of the total energy was carried out with respect to the
atomic coordinates in order to obtain the surface segregation
energies of the species of interest on the corresponding

100
30} ===+Edge of BL1
=+=Edge of BL2
& 60} Pe>Pe,
-t Pe,, Pe, >>1
©}
40t
20f
0O 0.5 1
r (nm)

Figure 3. Comparison of concentration boundary-layer (BL)
thicknesses in the equilibrium concentration pro-
files in ternary QDs of d =3.8 nm for Pe,; =80
(forming BL1) and Pe, = 30 (forming BL2).

[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 4. Segregation energy profiles, AE(/), in a thin slab of In:GaAs with (a) two unreconstructed (001) free surfa-

ces, (b) two (110) free surfaces, and (c) one (111) and one (111) free surfaces.

The slab consists of (a) 11 atomic layers (six when counting only the group-III layers) with /=1 and /=6 being the free-surface
layers, (b) 11 atomic layers with the free surfaces at /=1 and /=11, and (c) six group-III layers with the free surfaces at /=1 and
I =6. The results denoted by open diamonds (solid lines), squares (dot-dashed lines), and triangles (dashed lines) are calculated by
employing DFT, the original VFF parameterization, and the re-parameterized VFF, respectively. Views of 44-, 44-, and 48-atom

slab supercells are shown on the bottom for slabs of GaAs(001), (110), and (111)-(111), respectively. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

surfaces; this energy minimization was employed with both
DFT and VFF for consistent comparisons and VFF re-param-
eterization by least-squares fitting of the DFT results. For the
full relaxation of the nanocrystals to obtain their equilibrium
configurations, we carried out MC simulations with the
required energy computations performed according to the
DFT-re-parameterized VFF description. Our MC simulations
were performed in a constant-concentration isothermal—iso-
baric ensemble and involved a three-step relaxation process,
namely, compositional, structural, and volumetric relaxation;
this includes chemical identity switching through Ising-type
flips (compositional relaxation), random atomic displace-
ments (structural relaxation), and attempted trials for volume
adjustment (volume relaxation). In all steps, the correspond-
ing trials were accepted or rejected according to the Metrop-
olis criterion. These MC simulations constitute a variant of
other MC simulation approaches reported in the literature
that have been used in the study of surface segregation in
metals®' and semiconductors.*? In our approach, the different
effects of the various levels of MC relaxation can be studied
both separately and collectively.

Figure 4 shows computed surface segregation energy pro-
files for In segregation on GaAs surfaces. The slab supercell
models employed in the computations consist_of thin slabs
of 11-12 atomic layers separated by 12-14 A of vacuum;
specifically, slabs with unreconstructed (001), (110), and
(111)-(111) surfaces were used with 44-, 44-, and 48-atom
supercells, respectively. In atoms were used to substitute Ga
atoms at different atomic layers in GaAs and the resulting
total energy for this substitution was calculated.” The segre-
gation energy, AE(I) that drives the segregation process is
given by AE(l)=E sub —E},, where Eéub is the energy
required for substituting one Ga atom by one In atom in a
given atomic layer, /, and s is used to denote the first surface
atomic layer (! =1). AE is the energy change accompanying
the move of an In atom from the first surface atomic layer
into the subsurface slab region with AE >0 meaning an
increase in the energy of the system; IAE(/ + 1) — AE(D)/d,,
where d, is the corresponding interlayer spacing in the slab,
provides at each / a measure of the local thermodynamic
driving force for In surface segregation.
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Figure 4a compares AE(/) profiles in a six-Ga-layer slab
of In:GaAs with two unreconstructed (001) surfaces com-
puted according to the original and re-parameterized VFF
energies and according to DFT; only the group-III atomic
layers are counted, with /=1 corresponding to the first sur-
face layer. Figures 4b and 4c show the corresponding segre-
gation energy profiles in 11-Ga-layer and 6-Ga-layer slabs
with unreconstructed (110) and (111)-(111) free surfaces,
respectively. The results of Figures 4a—4c show very good
qualitative agreement between VFF and DFT and highlight
the preference of the In atom to occupy surface sites for
each surface orientation examined. Although the original
VFF description significantly underestimates the DFT-com-
puted AE(l) results, the re-parameterized VFF captures the
DFT results in a very satisfactory quantitative manner. The
results for Te segregation in a ZnSe slab show a completely
analogous behavior.! Consequently, the resulting re-parame-
terized VFF classical potentials are very well suited for MC
simulations of ternary QD relaxation for predicting the equi-
librium concentration profiles in the nanocrystals.

Representative results for equilibrium concentration pro-
files from the MC simulations are shown in Figure 5. Figures
5a and 5b show ensemble-averaged Te and In concentration
profiles, Ct.(r) and Cy,(r), respectively, in ZnSe,_,Te, and
In,Ga,_,As QDs, respectively, with spherical morphology,
x=0.2, and diameter d ~ 2.8 nm. The initial configurations
used in the MC simulations were randomly alloyed configu-
rations; in the ZnSe;_,Te, nanocrystals Se and Te atoms
occupied randomly chosen group-VI sites with the Zn atoms
occupying the group-II sites of a perfect zinc-blende lattice,
while in the In,Ga;_,As nanocrystals In and Ga atoms occu-
pied randomly chosen group-IIl sites with the As atoms
occupying the group-V sites of the lattice. Cr. and Cy, are
reported as percentages of the group-VI and group-III atoms,
respectively, corresponding to different values of the radial
coordinate r in the ZnSe;_,Te, and In,Ga,_,As nanocrystals,
respectively. The results highlight the different effects of the
various levels of MC relaxation on the compositional distri-
bution in the ternary QDs; the dominant importance of com-
positional relaxation is evident from these effects. The
results indicate that the equilibrium configurations are core/
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Figure 5. Ensemble-averaged equilibrium (a) Te and (b) In concentration profiles, as functions of the radial coordi-
nate r of the nanocrystal, computed from MC simulations for relaxation of ZnSe, _,Te, and In,Ga;_,As
nanocrystals with x =0.2 and diameter d ~ 2.8 nm at different levels of MC relaxation.

Open squares (solid lines), diamonds (dotted lines), and circles (dashed lines) in (a) and open diamonds (solid lines), squares (dot-
ted lines), and circles (dashed lines) in (b) are used to denote concentration profiles obtained by compositional relaxation only,
combined compositional and structural relaxation, and full (i.e., combined compositional, structural, and volume) relaxation,
respectively. Cross-sectional views of the fully relaxed nanocrystal configurations are shown in the insets. In the relaxed configura-
tions, (a) dark gray (green online), gray (silver online), and light gray (gold online) spheres are used to denote Te, Zn, and Se
atoms, respectively, and (b) dark gray (green online), gray (purple online), and light gray (pink online) are used to represent In,
As, and Ga atoms, respectively. The error bars in (b) are not shown for clarity; however, they increase with increasing values of r
and inclusion of MC trials for structural relaxation. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

shell-like structures with Te-deficient core and Te-rich shell
regions in ZnSe;_,Te, and In-deficient core and In-rich shell
regions in InGa;_,As with smooth concentration grading
between the core and shell regions in both cases.
Cross-sectional views of the fully relaxed QD configurations
are shown in the insets in Figures 5a and 5b and elucidate
in each case the formed core and shell regions that are defi-
cient and rich, respectively, in the surface segregating species.
These first-principles-based atomistic simulation results for
equilibrium concentration profiles in ternary QDs resemble
very strongly the Maxwellian atmospheres of Figure 3.
Indeed, the Maxwellian atmospheres of the continuum
transport model provide a very good description of the MC
simulation results. This is demonstrated by the results of Fig-
ure 6, where the Maxwellian atmospheres of Eq. 14 are used
to fit the results of the MC simulations in several cases of
relaxed ZnSe;_,Te, and In,Ga,_,As QD configurations. Spe-
cifically, Figures 6a and 6b show results for spherical nano-
crystals of ZnSe;_,Te, with x=0.1 and 0.2, respectively,
over the diameter range 2.8 nm <d <5.7 nm, while results
for In,Ga;_,As spherical nanocrystals over the same range
of diameters with x =0.1 and 0.2 are shown in Figures 6c
and 6d, respectively. It should be mentioned that the MC
simulation results used in the fitting procedure are based
only on compositional relaxation of the nanocrystal. This is
done because the continuum transport model of Egs. 1-3
does not account for structural or volume relaxation effects
in the nanocrystal. Such relaxation effects can be accounted
for in continuum transport models, as discussed in Ref. 33,
by accounting for the relaxation volume of the impurity or
the constituent atom in the elastic analysis employed in the
derivation of the interaction potential U in Eq. 3. Neverthe-
less, the results of Figure 5 have demonstrated that such
structural and volume relaxation effects are not of major im-
portance in determining the equilibrium concentration pro-
files in the nanocrystals; compositional relaxation effects,
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that is, configurational contributions to the free energy, dom-
inate with the vibrational excitations due to structural relaxa-
tion causing an oscillatory perturbation to the concentration
profile that is smoothened by volume relaxation.

The fitting of the MC results of Figure 6 by the Maxwel-
lian-atmosphere solution is very good. In this fitting proce-
dure, there is only one fitting parameter, as is evident from
Eq. 14: the segregation strength A that determines Pe. The
fitting is better for lower values of the overall constituent con-
tent, x, simply because both the species transport model, as
formulated by Eqgs. 1-3, and the elastic analysis, on which
Eq. 3 is based, are rigorously valid in the dilute limit. The
results of the fitting procedure for all 12 of the datasets (MC
profiles) of Figure 6 are listed in Table 1. The derived Pe val-
ues exhibit an almost linear dependence on the QD diameter.
This can be understood from the definition of Pe, Eq. 9,
which implies that, at constant T, Pe o (A;/rg)R. The varia-
tion of Ag with the QD diameter is attributed to the changes
in the QD surface composition with increasing R and the
resulting changes in the elastic parameters that determine
A8 Aided by interpolation and extrapolation, these results
for A can be used for kinetic analyses of drift and diffusion
in these ternary systems over a broad range of temperatures,
as well as compositions and diameters for the ternary QDs.

In general, our linked DFT/MC atomic-scale modeling of
this section provides a rigorous hierarchical approach toward
database generation for designing QD post-growth processes
aimed at development of QDs with optimal optoelectronic
and photovoltaic function. More importantly, the results of
this section advocate simple one-step growth strategies (by,
e.g., colloidal synthesis) followed by annealing, during
which the nanocrystal reaches its equilibrium compositional
distribution. The small characteristic diffusional length scales
of the QDs guarantee that such equilibration will be
achieved over laboratory time scales and motivates the
detailed analysis of interdiffusion kinetics in ternary QDs.
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Interdiffusion Kinetics in Ternary Quantum Dots

Having examined the equilibrium compositional distribu-
tions in ternary QDs, we now focus on the kinetics that gov-
erns the establishment of such compositional distributions,
characteristic of self-assembled thermodynamically stable
ternary QD configurations; in the QDs considered, this is the
kinetics of diffusion of two different species from the same
group of the periodic table in the same sublattice of the
zinc-blende lattice. The transient BVP of Eqs. 9—12 can be
used to interpret experimental measurements of concentra-
tion evolution during thermal annealing of ternary QDs and
to determine diffusion coefficients and activation barriers,
while segregation-strength parameters can be determined
also by analysis of atomistic simulation results of equilib-
rium concentration as was done in the previous section.
More importantly, the transient model can be used to make

predictions of concentration profile evolution that are impor-
tant to designing thermal annealing experiments of as grown
ternary QDs to aid the self-assembly of thermodynamically
stable ternary QDs.

Understanding the thermodynamic stability of alloyed and
core/shell (or, in general, heterogeneous) QDs is particularly
important, as a certain QD growth strategy may lead to config-
urations with compositional distributions away from equilib-
rium. During QD thermal processing or during the service of a
device containing such QDs, these as grown configurations
will evolve to their equilibrium states, given by the Maxwel-
lian atmospheres as shown in the previous section. The evolu-
tion in their compositional distribution may impact the
electronic properties of the QDs significantly with respect to
those of the as grown configurations. Recent thermal anneal-
ing experiments of colloidally synthesized ZnSe/ZnS core/

Table 1. Values of Pe and the Segregation-Strength Parameter, A, from Fitting the Maxwellian-Atmosphere Solution of Eq. 14 to
the MC Simulation Results (Compositional Relaxation Only) of Figure 6 for ZnSe9gTeg.19, ZnSeg goTeg 20, INg.10Gag 99AS, and
Ing0GaygoAs Quantum Dots with Diameters d = 2.8, 3.8, and 5.7 nm, that is, a Total of 12 Datasets (MC Profiles)

d (nm) ZnSe,_Te, Pe AX10% (m® kg s2) In,Ga, _,As Pe Ay X 10% (m® kg s2)
2.8 x=0.1 102 1.73 x=0.1 104 1.76
3.8 139 5.33 149 5.71
5.7 205 24.1 350 41.1
2.8 x=02 106 1.80 x=02 123 2.09
3.8 140 5.37 164 6.29
5.7 212 24.9 363 42.6

For all the simulations analyzed, the temperature is 7 = 300 K.
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Figure 7. Optimal fitting of XPS data from Ref. 34
(open symbols) for the evolution of the near-
surface concentration of Se and S atoms,
Ose,ns and Og s, respectively, during anneal-
ing of ZnSe/ZnS core/shell QDs at 90°C over
an XPS depth of 0.55 nm from the nanocrys-
tal surface according to numerical solutions
(solid lines) of the BVP of Egs. 10-12.

The error bars indicate the range of the numerical solu-
tions with varying the shell thickness over a range of
0.1 nm about the experimental shell thickness. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

shell QDs have demonstrated such a thermodynamic instabil-
ity of a core/shell interface.*® Specifically, ZnSe/ZnS core/
shell QDs were synthesized and PL spectroscopy and X-ray
photoelectron spectroscopy (XPS) were used on both the as-
synthesized and the annealed QDs to determine their proper-
ties and near-surface composition as a function of annealing
time and temperature. These experimental results emphasized
the importance of interdiffusion of Se and S atoms that facili-
tates the thermodynamic instability and leads to alloying of
the initially pure ZnSe core and Zn$ shell.**

The 1-D transient transport model of Egs. 1-5 was used suc-
cessfully in Ref. 14 in simulating the annealing of the ZnSe/
ZnS core/shell QDs in the experiments of Ref. 34. First, we
review briefly the key results of this thermal annealing model-
ing to demonstrate the capabilities of the model and, then, we
apply the model for new predictions toward designing experi-
ments in other ternary QD systems. Specifically, we review
annealing simulations at 90°C of ZnSe/ZnS core/shell QDs
with diameter d = 4.62 nm, core radius R. = 2.0 nm and shell
thickness of 0.31 nm (one monolayer). Figure 7 shows
the optimal fitting of the XPS data of Ref. 34 by the results of
the model for the near-surface concentration evolution of Se
and S atoms, Og.,(f) and Og,(?), respectively, over an
XPS depth dxps =0.55 nm from the nanocrystal surface. '
The numerical solutions are shown of the 1-D transient
BVP of Egs. 10-12 (solid lines) for the parameter values that
provide the best least-squares fit to the data (open symbols).
The near-surface concentrations are expressed as atomic frac-
tions ®; ;s = N; s/(Nse.ns + Ns.ns), Wwhere i = Se or S and

K

®;(n,1)e 7(’(7'7)//147'[1’[26[1/[ (17)

Nips(7) :J

K—KXps

where kxps = dxps/R and the exponential decay e~ (k=n)/2
accounts for the XPS signal intensity decay with a
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dimensionless inelastic mean free path 4 = A/R; the dimen-
sional mean free path A is taken to be equal to 2.1 nm. The
error bars in Figure 7 indicate the range of the numerical
solutions with varying the shell thickness of the initial ZnSe/
ZnS core/shell configuration from 0.26 to 0.36 nm for an ex-
perimental shell thickness of 0.31 nm that gives the results
represented by the solid lines. From the results of Figure 7,
it is evident that the 1-D transient species transport model,
Egs. 9-12, provides an excellent fitting of the experimental
data; the quality of the fitting has been discussed in Ref. 14
and the sufficiency of the dataset has been established. The
two fitting parameters involved in this procedure are the dif-
fusion coefficient D through the definition of the dimension-
less time 7 in Eq. 10 and the segregation-strength parameter
A, through the definition of Pe, Eq. 9. The derived parameter
values that result in the best fit of the XPS data are
D=252X10"%* m?%s and A,=8.0X10"® m> kgs % The
derived value of A in this case is seen to be 10 orders of
magnitude lower than the derived values of Ag from fitting
of MC equilibrium profiles (Table 1) in ZnSe,_,Te, and
In,Ga,_As QDs with species that exhibit strong tendencies
for surface segregation. This very low A value explains the
formation of randomly alloyed configurations during the
annealing of ZnSe;_,S, QDs and the thermodynamic insta-
bility of ZnSe/ZnS core/shell QDs.**

Having established the capabilities of the transport model
of Egs. 1-5 for QD annealing simulations, we use the model
to predict the near-surface concentration evolution in QDs
that exhibit a much stronger tendency than ZnSe,_.S. for
species surface segregation. Such QDs include ZnSe,_,Te,
and In,Ga;_ As, as established in the previous section. Here,
we study the annealing of ZnSe,_,Te, QDs prepared in vari-
ous (as grown) initial configurations: these include randomly
alloyed QDs, ZnSe/ZnTe core/shell configurations, and
ZnTe/ZnSe reverse core/shell configurations. We solve the
transient BVP of Egs. 10-12 numerically.” In the numerical
simulations, we use an Adams-Bashforth algorithm with
adaptive time step for the time integration of Eq. 10 and a
centered finite-difference scheme for the spatial discretiza-
tion of the concentration field with a fine-resolution finite-
difference grid and proper upwinding at the high Pe under
consideration.>> Specifically, we simulated the annealing at
235°C of ZnSeq goTeq -0 QDs with diameter d = 3.80 nm; the
parameters have been chosen for consistency with prelimi-
nary experimental studies in such ternary QDs.

Results from our time-dependent numerical simulations are
shown in Figure 8 for the evolution of the Te concentration
profile in the ternary QD. The profile evolution for a randomly
alloyed ZnSepgoTepoo and a ZnTe/ZnSe reverse core/shell
configuration is shown in Figures 8a and 8b, respectively.
These initial conditions correspond to the uniform distribution
at = 0 in Figure 8a and the Heaviside step function at =0 in
Figure 8b that marks the location of the initially abrupt reverse
core/shell interface. The Te concentration Or, is expressed in
terms of the atomic fraction of Te among group-VI species in
the nanocrystal. The value of Pe used in these simulations,
Pe = 140, was taken from Table 1. Consistently with the atom-
istic simulation results of Figure 5, these dynamical simulation

“The transient BVP of Egs. 10-12 is linear in ®(n, t) and can be solved analyti-
cally. The analytical solution requires the introduction of currently unavailable eigen-
functions in the Fourier-series representation of the evolving concentration profile,
that is, precisely the kind of problem that Neal Amundson would love to solve; never-
theless, this is beyond the scope of this article (i.e., outside the materials topical area
where this article belongs).
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Figure 8. Computed evolution of the Te concentration
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initial compositional distribution that corre-
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thermal annealing of the QD.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

results demonstrate that the randomly alloyed and reverse
core/shell configurations are not stable and that Te and Se
interdiffusion leads to the formation of a Te-deficient core
region and a Te-rich shell region. We have also shown that
ZnSe/ZnTe core/shell configurations with abrupt core/shell
interfaces are not stable either, in the sense that the group-VI
species interdiffusion generates a graded interface, that is, a
core/shell-like structure with a diffuse boundary between the
core and the shell regions instead of a sharp interface. In all
cases, the evolution of the concentration profiles is followed
for over 10 s at the annealing temperature of 235°C, which is a
sufficiently long time period for the compositional distribu-
tions in the nanocrystal to reach their steady states. All of the
long-time profiles (>5 s) of Figure 8 depict the formation of a
Te concentration boundary layer at steady state that resembles
very closely the Maxwellian atmosphere of Eq. 14. In order to
fully quantify the concentrations of Te and Se, we have satis-
fied the overall mass balance in the ZnSe;_,Te, nanocrystal,
that is, the total numbers of Te and Se atoms in the nanocrys-
tal, Nt. and Ng., respectively, are conserved throughout the
duration of the annealing. This overall atomic species balance
also sets the value of the compositional parameter, x, that is,
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X = Nte/(Nse + Nto); N1e and Ng. are equal to the integrals
over the spherical nanocrystal volume of the corresponding con-
centration fields. The tracking of dimensional time in the dy-
namical simulations requires knowledge of the diffusion
coefficient and is discussed below. Finally, the two cases of pro-
file evolution examined in Figure 8 show that the time to steady
state is longest for a ZnTe/ZnSe reverse core/shell initial config-
uration due to the longer diffusional length scales involved in
this case: all of the Te is initially in the core and diffuses from
the core to the shell region, while all of the Se is initially in the
shell and diffuses from the shell to the core region.

Before using these dynamical simulation results in the
analysis of the near-surface concentration evolution based on
Eq. 17, the validity of the 1-D transient model was confirmed
further by comparing its long-time-limit results with the exact
solution to the steady-state model that is given by the Maxwel-
lian atmosphere of Eq. 14. These comparisons are shown in
Figure 9 for the Te concentration profile in the ternary
ZnSe;_,Te, QD and demonstrate excellent agreement between
the numerical predictions, both the long-time-limit transient
BVP solution and the steady-state BVP solution, and the exact
analytical solution; this confirms the observation made in Fig-
ure § on the relation of the long-time-limit concentration pro-
files with the Maxwellian atmosphere: they are exactly equal.
Moreover, the long-time-limit dynamical simulation results for
the concentration profiles are found to be identical regardless
of the initial configuration used in the simulation.

The model predictions for the evolution of the near-surface
concentration of the group-VI species, Te and Se, in the ter-
nary QD are shown in Figure 10 for an initial configuration
of a reverse core/shell ZnTe/ZnSe QD; the profile evolution,
O;(n,7) for i =Te, for this initial configuration is given in
Figure 8b. In addition to the integration of Eq. 17 with
A =1.9 nm in this case, reporting the evolution of ®r ,, and
Oge s Over dimensional time requires information for the

100 T y T %
80r % Analytical solution, Eq. (14)
~  Steady-state numerical solution

= 60r Long-time dynamical simulation
JE
@ 40r

20¢

0 1 I 1
0 0.5 1 1.5 1.8
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Figure 9. Steady-state Te concentration profile in a ter-

nary ZnSeggoTep20 QD reached due to inter-
diffusional transport during the thermal
annealing of the QD from an initial ZnTe/ZnSe
reverse core/shell configuration.
The long-time-limit profile according to dynamical simu-
lation, the numerical solution of the steady-state BVP,
and the exact analytical solution of the steady-state BVP,
Eq. 14, are compared and shown to be in excellent
agreement with each other. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 10. Computed evolution of the near-surface
concentration of Se and Te atoms, Oge s
and Oy s, respectively, during annealing of
ZnTe/ZnSe reverse core/shell QDs at 235°C
over an XPS depth of 0.65 nm from the
nanocrystal surface.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

diffusion coefficient D. This information cannot be provided
by the equilibrium atomistic simulations of the previous sec-
tion. In Ref. 14, D was part of the outcome of the fitting proce-
dure of Figure 7 and was based on the availability of XPS
(i.e., experimental) data. Also, derivation of D for solid-state
diffusion based on atomistic simulation is a very tedious task
and requires detailed knowledge of lattice defects, the specific
diffusion mechanisms that they mediate in the system of inter-
est, and optimal diffusion pathways for each such mechanism.
However, reasonable estimates of D are possible according to
the general atomic-level kinetic expression for three-dimen-
sional solid-state diffusion,?! that is, D = Fah2/6, where T' is
the atomic jump frequency and @, is the atomic hop distance.
For diffusion of group-VI species in the nanocrystals under
consideration, ay, is taken to be the nearest-neighbor distance
between group-VI atoms in the zinc-blende lattice, a, = ayy2/2
with a( being the equilibrium lattice parameter, and atomic
hops are thermally activated, that is, I" is given by an Arrhe-
nius-type expression. Combining the above yields

2
1 2 E,
D= 3 (ao g) Voexp (— kBT> (18)

In Eq. 18, vq is the attempt frequency with vy ~ 10" 57! for
most crystalline lattices, T = 508 K for the annealing process,
and E, is the thermal activation energy for diffusion of Se or
Te in the zinc-blende lattice. Using in Eq. 18, ay = 5.67 A for
ZnSe and an estimated activation barrier for diffusion of'*
E,=125eV gives D =1.06 X 10~ "* m?%s.

This value of D was used in the simulations that yielded
the results of Figure 8 and to make dimensional the @, evo-
lution in Figure 10. The results of Figure 10 are valuable in
designing annealing experiments to aid thermally the self-as-
sembly of the equilibrium core/shell-like structures of the
ZnSe;_,Te, QDs. For the annealing temperature of 235°C
used here, the time to steady state is found to be only a few
seconds and the plateau level of the near-surface concentration
provides complementary information to the Maxwellian
atmosphere for determining the Te-rich shell thickness and
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the graded interface region of the equilibrium, thermodynami-
cally stable configuration. The very short time to steady state
is due to the high annealing temperature and the small diffu-
sional length scale (the QD radius) and should be contrasted
with the time to steady state in the annealing experiment of
Figure 7 (> 100 h) at the low temperature of 90°C. This very
short equilibration time emphasizes the point made above
about laboratory time scales sufficient to destabilize QD heter-
ostructures that are not thermodynamically stable, such as the
ZnTe/ZnSe reverse core/shell initial configuration here.

Effects of Compositional Distribution on the
Electronic Properties of Semiconductor Ternary
Quantum Dots

To study the effects of the overall ternary nanocrystal
composition and compositional distribution in the nanocrys-
tal on the electronic and optical properties of the ternary
QDs, we carried out detailed computations of the electronic
structure of ZnSe,_,S, and ZnSe;_,Te, QDs. Specifically, in
order to elucidate the importance of the compositional distri-
bution in these ternary semiconductor nanocrystals, we ana-
lyzed various types of configurations ranging from
completely randomly alloyed nanocrystals to core/shell QDs.
Detailed results on the electronic structures of these various
configurations have been reported in Refs. 36 and 37, includ-
ing the wave function and charge density distributions, as
well as the electronic densities of states. Here, we focus on
the dependence in these nanocrystal configurations of the
electronic band gap on the overall compositional parameter
X, Eq(x). Our findings identify the configurations that allow
for optimal band-gap tunability.

For the determination and analysis of the electronic struc-
ture of the semiconductor ternary QDs examined, we carried
out first-principles DFT calculations within the GGA accord-
ing to the Perdew—Burke—Ernzerhof exchange and correlation
functional.>> At this theory level, we employed plane-wave
basis sets for the expansion of the electronic wave functions
and we used the PAW method®®*’ for the treatment of the
ionic cores as implemented in the Vienna Ab initio Simula-
tion Package (VASP).>*** Following systematic convergence
tests, we chose a kinetic-energy cutoff of 280 eV for plane
waves and used only the I point for k-point sampling in the
irreducible wedge of the first Brillouin zone of the reciprocal
lattice of the nanocrystal. The surface atoms of the QDs were
passivated in the calculations; for passivation, in the tetrahe-
drally coordinated zinc-blende lattice, pseudo-hydrogen
atoms were used with fractional nuclear charge of (8 — m)/4,
where m is the valence charge of the surface atom.’® In the
cases addressed here, Se, S, and Te are isovalent elements
(m = 6), requiring identical passivation for their surface dan-
gling bonds. For a given compositional distribution in the
QD, prior to the electronic structure analysis, the QD configu-
rations examined were fully relaxed (through wave function,
atomic-configuration geometry, and volume optimization) in
a self-consistent manner. Due to the computational demands
of this analysis, smaller QDs were used than those employed
in the MC relaxation procedure presented above; specifically,
we used QDs of size d ~ 1.8 nm, consisting of 163 atoms of
Zn and group-VI elements together with the pseudo-H atoms
used for surface bond passivation.

The results for the compositional dependence of the band
gap, E,(x), for the various compositional distributions in the
ZnSe,_,S, QDs examined are shown in Figure 1la.
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Specifically, we calculated the electronic structure of the pris-
tine (intrinsic) ZnSe QD, randomly alloyed ZnSe;_.,S. con-
figurations consisting of a substitutional solid solution of S
and Se, and ZnSe/ZnS core/shell configurations consisting of
a ZnSe core coated with ZnS with a coating thickness rang-
ing from partial-monolayer to one-monolayer thick (adjusted
by varying x). The results of Figure 11a indicate that, in the
core/shell configuration, the band gap is a weak function of
the fraction x of S atoms among all group-VI atoms in the
nanocrystal; in this configuration, increasing x leads from a
partially covered core to a one-monolayer-thick ZnS shell.
On the contrary, in the randomly alloyed ZnSe,_,S, QD con-
figuration, the band gap increases nonlinearly with x, exhibit-
ing a strong dependence on x, Ey(x). This implies that, during
alloy formation, a significant shift occurs in the band gap of
the intrinsic ZnSe QD with increasing the number of S atoms
in the core; this occurs in conjunction with a decrease in the
optical transition intensity. We already know that ZnSe/ZnS
core/shell configurations are not thermodynamically stable
and, during thermal annealing, transform to randomly alloyed
configurations.'*** According to the results of Figure 11la,
for a fixed total S content in the QD, the transition from the
core/shell to the randomly alloyed configuration is accompa-
nied by a shift in the electronic band gap of the QD; the
quantitative value of this shift in £, depends on the actual
value of x (i.e., the actual number of S atoms involved in the
transformation) and is ~0.2 eV for a one-monolayer-thick
shell. This shift in the band gap of the QD is accompanied by
a decrease in its optical intensity and provides a comprehen-
sive interpretation to experimental observations of band edge
luminescence in ZnSe/ZnS QDs with compositional control.*
More importantly, the dependence of E, on x in the randomly
alloyed configuration implies that, in this configuration, the
electronic band gap of the QD can be tuned by controlling
the compositional parameter x.

Figure 11b shows our results for the compositional depend-
ence of the electronic band gap, E(x), for the various compo-
sitional distributions that we examined in ZnSe;_,Te, QDs.
In this case, we studied five types of nanocrystal configura-
tions, namely, pristine (intrinsic) ZnSe and pristine ZnTe
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QDs, ZnSe/ZnTe core/shell and ZnTe/ZnSe reverse core/shell
configurations, as well as randomly alloyed ZnSe,_,Te, ter-
nary QDs. It is evident that adding even a single Te atom in
the QD core (x — 0) has a significant impact on the band
gap of the QD. In the randomly alloyed configuration, how-
ever, increasing the Te concentration beyond the dilute limit
does not cause practically any change in the band gap until x
~ 0.9, where the dilute limit of Se is reached in the intrinsic
ZnTe QD; in this limit, the change in E, is less drastic (~0.1
eV) than in the dilute limit of Te (x ~ 0.1, where the shift in
the band gap compared to that of pristine ZnSe is ~0.3 eV).
This E,(x) behavior shows that, in randomly alloyed ternary
QDs, Te acts as an isoelectronic dopant upon its introduction
in the core of the QD. A smoother and stronger E,(x) depend-
ence is exhibited in the ZnSe/ZnTe core/shell configuration,
where the Te atoms are kept on the nanocrystal surface; this
smooth monotonic decrease of the band gap with increasing
Te concentration implies that in such core/shell configura-
tions the band gap can be tuned precisely by controlling the
compositional parameter x. A dependence of E, on x interme-
diate between those of the core/shell and randomly alloyed
configurations is exhibited in the ZnTe/ZnSe reverse core/
shell configuration, where the Se atoms are kept on the nano-
crystal surface. Also, it is evident that near the dilute limit x
— 1, addition of Se atoms to the ZnTe QD leads to an oppo-
site behavior of the band gap compared to that of the ZnSe
QD upon addition of Te atoms near the dilute limit x — 0. In
general, a change in the Te or Se concentration on the surface
of the QD will lead to a significant shift in the band gap that
will increase with increasing the number of Te atoms and
decrease with increasing the number of Se atoms. In addition,
for fixed x, changing the compositional distribution from a
core/shell (or reverse core/shell) to a randomly alloyed one
will cause a red shift in the photoluminescence emission
energies of the QD due to the band-gap decrease involved in
such a transformation with the exact shift determined by the
exact value of x. A blue shift will be caused in the opposite
transformation (from randomly alloyed to core/shell). The
results of Figure 11b will be instrumental in interpreting
future experimental measurements of photoluminescence
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spectra of ZnSe;_,Te, QDs with controlled Se or Te
concentration.

For the generation of certain configurations in the ternary
II-VI QDs examined, there are numerous possibilities for the
occupation of the lattice sites of the nanocrystal or of its sur-
face by the atoms of the two group-VI elements; such
configurations include randomly alloyed configurations and
low-x configurations consisting of partially grown shells on
an original QD core and require systematic sampling of site
occupation for determining their properties at certain compo-
sition. Due to the computationally demanding DFT/GGA
calculations employed in this study, only a few possible
configurations have been sampled; this limited sampling is
the source of the error bars reported in the results of Figure
11. Also, it should be mentioned that DFT/GGA predictions
of band gaps are well known to have quantitative errors. In
this study, we have not corrected the E, predictions by,
for example, going to a higher-level DFT through a different
type of functional in the calculations. We did not have to cor-
rect these predicted absolute values because we are
only interested in the qualitative trends in the relevant
shifts of the band gaps as a result of changes in the com-
position and its distribution in the QD; these are comparable
irrespective  of the type of functional used in the

computations.
The discussion of the previous two sections has revealed
that the thermodynamically stable configurations of

ZnSe;_,S, QDs are essentially randomly alloyed configura-
tions, while the thermodynamically stable compositional dis-
tributions of ZnSe;_,Te, QDs correspond to core/shell-like
configurations with Te-deficient cores and Te-rich shells con-
nected through a smooth graded interface. The results of Fig-
ure 11 imply that these thermodynamically stable
configurations are the ones best suitable for precise tuning of
the band gap by controlling the overall composition of the
nanocrystal. The important implication is that carefully
designed post-growth nanocrystal annealing, which leads to
self-assembly of the thermodynamically (as opposed to
kinetically) stable configurations, will generate ternary QDs
with tunable band gaps. The optoelectronic properties of
these QDs can, therefore, be controlled by tailoring the QD
composition (i.e., the compositional parameter x) when the
nanocrystals are grown; to optimize the growth and annealing
processes, the nanocrystals should be grown at/near the ther-
modynamically controlled regime, where slower growth rates
are achieved at low temperatures.

Summary and Conclusions

In summary, we analyzed the diffusional transport of
atomic species in semiconductor ternary QDs driven by the
tendency of certain species to segregate on the semiconductor
nanocrystal surface. We developed a continuum transport
model for such driven diffusional transport, validated it by
comparisons of its predictions with those of first-principles-
based atomic-scale simulations, and used it to fit experimen-
tal data and atomistic simulation results to develop a database
of transport properties in ternary QDs. This database and the
continuum model provide a valuable design tool for the de-
velopment of thermal annealing processes that drive the as-
sembly of core/shell-like structures from as grown QD
configurations that may be kinetically locked at the low tem-
perature of QD growth (by, e.g., colloidal synthesis techni-
ques). Furthermore, we demonstrated the effects of different

AIChE Journal September 2013 Vol. 59, No. 9

Published on behalf of the AIChE

compositional distributions in ternary QDs with given overall
content of their constituents on the electronic band gaps of
the QDs.

Our findings have various important implications for the
development of ternary QDs with optimal function in optoe-
lectronic and photovoltaic devices. A critical implication is
for the stability of QDs grown as core/shell heterostructures
through a two-step growth process, where a QD core is
grown and then coated by a shell of different composition
from that of the core. Although such a heterostructure may
have very promising optoelectronic properties, afforded due
to the presence of the core/shell interface, it may be thermo-
dynamically unstable. During further thermal processing of
the QD or during its service in a high-temperature environ-
ment, species diffusion in the QD, driven by the tendency of
certain QD constituents for surface segregation, will destabi-
lize the original core/shell interface with dramatic consequen-
ces for the QD’s electronic properties. Given the small
diffusional length scales in the QDs (d ~ 5 nm) and any high
temperatures that enhance significantly the rates of diffu-
sional processes in crystalline lattices, such QD instabilities
may be realized over short laboratory time scales (from a few
seconds to many hours) and have severe effects on the QD-
based devices.

Perhaps more importantly, we have found that QDs with
thermodynamically stable compositional distributions have
electronic band gaps that can be tuned precisely. This was
demonstrated in this study for ZnSe,_,S, and ZnSe,_,Te,
QDs, but our approach can be generalized to any ternary QD
and preliminary results suggest the generality of this conclu-
sion. In addition to the well-known capabilities for electronic
property tuning in QDs by controlling their size, ternary QDs
offer further advantages through control of their overall com-
position. Such compositional control is easy to accomplish
during QD growth. Therefore, our study proposes an overall
optimal yet simple strategy for growing ternary QDs with the
required properties for the desired function in devices. This
strategy consists of one-step growth processes, as opposed to
multi-step processes for growing separate layers (core vs.
shell), followed simply by self-assembly of the thermody-
namically stable QD configuration aided properly by thermal
annealing. Following such a strategy will have beneficial
effects over a broad range of technological applications; for
example, in QDs used in solar-cell architectures, it will lead
to increased efficiency by optimizing absorption from the so-
lar spectrum.
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