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ent atomic species and Rαn are the positions of all the
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Table II. Critical Sizes (in ML) for the Direct/
Indirect Crossover in Free-Standing GaAs

Quantum Films, Wires, and Dots20

Film Wire Dot

Free-standing 8  14 >15
AlAs embedded 13  25 >15

    
ˆ  H V Vlocal nonlocalG,G G,GG G G G G′ ′= + − ′
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gap of the dot is direct or indirect. Firstly, if the band
offsets between the dot and matrix have a type II
alignment, with the conduction band minimum of the
matrix below that of the dot, this alone can produce a
band gap that is indirect in real space, with electrons
localized in the barrier. Secondly, if there is a lattice
mismatch between the dot and the matrix, the coher-
ent heterostructure system will be strained. The strain
profile couples to the band offsets via the deformation
potentials of the individual bands and can change a
system that has a type I alignment in the absence of
strain to an indirect type II alignment in the presence
of strain, and hence an indirect band gap.

This is illustrated in Fig. 5. Quantum confine-
ment (QC) pushes electron levels up and hole levels
down. The effect of strain is as follows. The dot states
derived from the Γ1c conduction state have a strongly
positive deformation potential (e.g., for GaAs   a cΓ1

Fig. 5. Schematic illustration of the band alignment for quantum dots
constructed from a direct gap material embedded within a matrix with
a direct band gap. The bulk band energies are shown with solid lines
and the confined electron and hole levels are shown by dashed lines.
The conduction and valence band offsets are marked as ∆Ec and ∆Eυ.
The energetic effects of quantum confinement (QC) and strain are
illustrated by the arrows.

larger than the critical size. Although both
wavefunctions are strongly localized within the wire,
it is clear that the Bloch function corresponding to the
X1c derived CBM in the smaller wire has a different
symmetry to that corresponding to the Γ1c derived
state in the larger wire. So far there has been no
experimental testing of the predicted20,21 direct-indi-
rect transition in free standing GaAs quantum
nanostructures, presumably because the methods
that produce free standing dots (e.g., colloidal chem-
istry10) have not yet been perfected for GaAs.

Pressure Induced Direct to Indirect Crossover: InP

In quantum dot systems, structural phase transi-
tions usually occur at increased pressures compared
to the bulk. For example the transition to the β-Sn
structure in Si nanocrystals.32 However, recent calcu-
lations of InP dots under hydrostatic pressure26 show
that the reduced dimensionality acts to reduce the
pressure at which the band gap switches from direct
to indirect. The lighter effective mass at the Γ1c point
(0.08m0) compared to X1c point (2.05m0) produces
much stronger quantum confinement effects for elec-
trons whose wavefunctions are derived from the Γ
point. This difference in quantum confinement re-
duces the Γ1c – X1c separation in the zero pressure
quantum dot relative to the bulk. The pressure re-
quired to induce a direct to indirect band gap transi-
tion is therefore also decreased in dots compared to
that in bulk. For example, calculations26 predict a
relative deformation ∆.en perE.l1h0]TJ
-8.
/F8n bulk. nsi
-0.1 5 TD
-D ef134 5 s2ce a  confinwaveressurfrossover: InP(e.For exa und, to XG.en perE.l1nwavere8.
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~10.7 meV/kbar–1) , and hence move up in energy in
response to compression (InAs in GaAs, Fig. 5a and
InSb in InP Fig. 5b), and down in response to tensile
strain (GaAs in InP) Fig. 5c). Valence states derived
from the Γ15υ point typically have a small positive
deformation potential (e.g., for GaAs   aΓ15υ

 ~1.7 meV
kbar–1) and therefore move less under strain. If a dot
embedded in a matrix with a direct gap is compressed
as a result of strain (InSb in InP), this can push the Γ1c
level in the dot toward that of the matrix thus ap-
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convert the InAs to an indirect dot. This is illustrated
on the left hand side of Fig. 6 which shows an isosurface
plot of the lowest energy electron state at zero pres-
sure. It shows that the state is localized within the
InAs pyramidal dot, i.e., the band gap is direct in real
space. The bottom of Fig. 6 shows the same state in
reciprocal space. This state is derived from the Γ point
in the bulk band structure, i.e., the band gap is direct
in reciprocal space. We expect that GaAs/InP dots will
also remain direct, as explained in Fig. 5c.

Indirect Gap Dots: InSb/InP

In contrast to the InAs/GaAs system, the InSb/
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indirect gap is the GaAs/AlAs system. As the lattice
constants of GaAs and AlAs are almost identical, this
system is strain free. Figure 8 shows a set of
pseudopotential calculations38 for GaAs quantum
wires with diameters ranging from 0 to 90Å. There is
a critical diameter of wire, dc, at which a Γ – X crossing
takes place in the conduction band of the GaAs wire.
Below dc
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Figure 9 shows the highest energy hole and lowest
energy electron states for two AlAs embedded GaAs
quantum wires, one with a diameter of 45.3Å (below
dc
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electronic structure of each superlattice, the atomic
positions were first relaxed to their minimum strain
energy values, using the valence force field (VFF)
elastic energy functional.42 We see that as predicted in
Fig. 7a, as the number of GaP layers increases, the
splitting of the X1c derived state in the GaP is reduced,
and hence the critical InP well thickness for the direct
to indirect transition also decreases. Figures 11a to
11d show two example superlattices with direct and

indirect gaps. Figures 11a and 11b plot the CBM and
VBM wavefunctions squared for a (InP)12(GaP)12
superlattice. Both the VBM and CBM are localized in
the InP region producing a direct gap. Figures 11c and
11d plot the CBM and VBM for a (InP)8(GaP)12
superlattice. Figure 11c shows that the reduction in
the width of the InP regime has increased the quan-
tum confinement of the Γ1c derived CBM state in the
InP, pushing it above the X1c derived state in the GaP
and producing an indirect gap.

Indirect Gap Dots: InP/GaP

InP quantum dots embedded in GaP have been
grown2,43,44 using the Stranski-Krastanow technique
and their optical properties have been extensively
studied.43–46 The most recent photoluminescence stud-
ies9
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