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Abstract

With a large exciton Bohr radius and a high hole mobility in the bulk, GaSb is an
important semiconductor material for technological applications. Here we present a
theoretical investigation into the evolution of some of its most fundamental character-
istics at the nanoscale. GaSb emerges as a widely tunable, potentially disruptive new

colloidal material with huge potential for application in a wide range of fields.

Keywords: Nanocrystals, colloidal quantum dots, GaSb, pseudopotential method, k-vector

analysis, direct-to-indirect transitions

Introduction

In the past three decades there has been growing interest in GaSb as both substrate and

active device material, owing to its peculiar structural, electronic and thermal properties. !

*To whom correspondence should be addressed



GaSb-based structures have been proposed for a wide range of applications from high-speed
optoelectronics? ® to high-efficiency solar energy conversion?!? from gas sensing and envi-
ronmental monitoring,! to biomedical imaging and health care.!!

Epitaxial structures of reduced dimensionality, such as GaSb/AlGaSb quantum wells, are
characterised by optical transitions in the wavelength region of technological importance for
optical communication systems. They have found application in infrared optics as lasers,

12,13 and gas sensors,'® whereas GaSb nanowires, owing to the high hole

photodetectors
mobility in GaSb, are being exploited in III-V p-channel metal-oxide-semiconductor field-
effect transistors (MOSFETs).!%16 GaSh/GaAs quantum dots (QDs), thanks to the quasi-
type II band alignment at the heterointerface which confines the hole to the QD and leaves the
electron in the matrix loosely bound by the Coulomb interaction with the hole, are ideally
suited for a variety of fast, low power electronic devices and infrared light sources,!?-18
as well as for light-emitting devices in the spectral range 1-1.5 pm, with applications in
biomedical imaging in ophthalmology, neurology, and endoscopy.!® GaSb 0D systems are
also attractive materials for quantum dot infrared photodetectors (QDIPs) and quantum
dot field effect transistors (QD-FET), with possible applications in quantum communications
and night vision. Another interesting application for GaSb/GaAs QDs is in charge-based
memories. 2023 In a QD-memory (QDM), charge is captured (and stored) in a potential well,
which may be created by either the valence or the conduction band offset between dot and
matrix material. The peculiar band alignment in GaSb/GaAs QDs is such that the difference
in band gap between the two materials is taken up entirely by the valence band, yielding
confinement energies for the hole of the order of 600 meV.?? The latter are directly linked
to the maximum charge-storage time t5 achievable in the system, which has been shown to
increase by one order of magnitude for each 50 meV of additional well depth (confinement
energy).?? Considering that a hole confinement of 600 meV was estimated to yield a room-

temperature charge-storage time of the order of 0.2 ms,?? and that the target charge-storage

time for a non-volatile memory is in excess of a decade, confinements in excess of 1.1 eV



will be needed to achieve it. Whilst such a depth for the hole potential well is difficult
(if not impossible) to achieve in an epitazial dot, this is the order of magnitude of charge
confinement commonly exhibited by colloidal quantum dots (CQDS).24

Here we present a theoretical characterisation study on precisely these nanostructures,
which, based on the properties exhibited by their epitaxial counterparts, are expected to be
promising candidates for a variety of device applications. We consider GaSb nanocrystals
(NCs) with radii ranging from 11 to 45 A, containing from 175 to over 13000 atoms. Given
the large bulk Bohr radius of GaSb (20.46 nm) and its peculiar band structure, exhibiting
closely spaced minima in the conduction band (CB) where the minimum at I' and the
slightly higher minima at the L-points are only about 80 meV apart, whereas the ratio of
their respective effective masses is larger than 2,2 it is expected that confinement should
induce a I'-to-L transition in the character of the conduction band minimum, similarly to
what was predicted to occur in GaAs,?% where the I'-L and I'-X separations are much larger
(300 eV and 460 eV, respectively), and the bulk Bohr radius is nearly one half (11.6 nm) than
in GaSb. The valence band of GaSb, instead, has the structure common to all zincblende
semiconductors, hence its I' character is not expected to change with confinement. As a
consequence, a confinement-induced direct-to-indirect band gap transition is expected in this
material, which should lead to long exciton storage times in GaSb NQDs of suitably small
sizes. This, coupled with the high hole mobility in the bulk, could make GaSh nanocrystals

ideal building blocks for a wide range of optoelectronic applications.

Method

The CQD modelled in this work are assumed to have a bulk-like crystal structure and are built
starting from a central anion, up to the desired radius. This procedure yields unsaturated
bonds at the dot surface, which are passivated here by pseudo-hydrogenic, short-range po-

tentials with Gaussian form.?” The single-particle energies and wave functions are obtained



using the Pescan code,?® based on the plane-wave semiempirical pseudopotential method
described in Ref. [ 29], including spin-orbit coupling (we use the GaSb pseudopotentials

derived by Magri and Zunger3%). The excitonic spectra are obtained via a configuration

31,32

interaction (CI) scheme, using up to 14 conduction and 17 valence states, corresponding

to a CI basis set of 952 configurations, covering a window of about 200 meV above the ground
state exciton. The thermally averaged radiative lifetimes are calculated in the framework

33,34

of standard time-dependent perturbation theory assuming a Boltzmann occupation of

higher-energy excitonic levels

1 3 (1/7;)e~ (FimEo)/ksT
T(T) N EZ 6_(Ei_EO)/k‘BT (1)

where T is the temperature, kp the Boltzmann constant, F; the energy of the exciton in

state i (1 =0,...,n), 7; is the intrinsic lifetime, defined as?>

1 4nF?aw? 2
—=——1|M; 2
Ti 3c2 ‘ Z’ ’ ( )

n is the refractive index of the medium surrounding the nanocrystal (here we use n=1.497

2 enc is the size-dependent

for toluene), F' = 3¢/ (enc + 2€) is the screening factor, e =n
dielectric constant of the NC calculated using a modified Penn model,3! o is the fine-structure
constant, hw; is the transition energy, c is the speed of light in vacuum, and M; is the CI
dipole matrix element.3*

The k-space decomposition of the conduction band (CB) wave functions is performed
following the procedure described in Ref. | 36], where the high symmetry points I', L and
X are used as seeds for a Voronoi partition of the Brillouin zone,?” 3? having the property

that each wave vector contained in that partition (Voronoi cell) is closer to the specific

high-symmetry point than to any other.
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Figure 1: Valence (blue squares) and conduction (red circles) band edge energies, calculated
with respect to vacuum, as a function of NC size. The dotted lines are fits to Eq. (4) (light
green) and Eq. (3) (dark green). The brown dotted lines are obtained from Eq. (4) using
the parameters provided by Allan et al.%? for GaSb. The dashed lines mark the position
of the redox potentials for the reduction of HoO to Hy (top line), the reduction of COy to
CH,4 (middle line), and the oxidation of HoO to O2 (bottom line), at pH=7. Their position
relative to vacuum was obtained by shifting the values reported in Ref. [ 43] (Figure 2)
using as a reference level our calculated position of the VBM of bulk CdSe (-5.310 eV, also
confirmed experimentally?4).

Results

Electronic structure

Although bulk GaSb emits in the infrared,*! due to its large exciton Bohr radius NCs made
of this material exhibit strong confinement even for large sizes and their photoluminescence
(PL) can therefore be tuned nearly all the way up to the blue. The calculated position of the
band edges (relative to vacuum) as a function of size is presented in Figure 1, showing clearly
that well depths of over 1.1 eV are easily achievable in these systems. Following Williamson

and Zunger?? we fitted our data according to:

dot __ pbulk a
Evbm — Hubm + e
R (3)
dot _ pbulk | 0
Ecbm — Hebm + Rne
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Figure 2: T component of the VBM (black line, left-hand y axis) and percentage of Sb surface
atoms - defined as N (Sb)syr ¢/ [N(Sb)surf + N(Ga)syrf] - (red line, right-hand y axis) as a
function of NC size.

where Ed0t refer to the energy positions of the band edges in the dot, EP¥F = —5.022

vbm /cbm vbm

eV, Eg%f = —4.209 eV, R is the NC radius, and a, b, n,, and n. are the fitting parameters.
We found n. = 1.19, similar to the pseudopotential value found for InAs NCs (n. = 0.95),%?
and n, = 1.96, close to the effective mass (EMA) prediction (n, = 2), although the fit for the
size dependence of our VBM energies is not as good as that for the CBM (our fitted values
for a and b are -43.21 and 20.34 respectively). Allan et al. 40 ysed a different parametrization
to fit the band edges of NCs made of different III-V materials calculated with the atomistic
tight-binding approach:

1
Edot — Ebulk’ .
vbm vbm @sz + by D + ¢ 7 (4)
1

a.D? 4+ b.D + ¢,

dot __ pbulk
E - Ecbm +

cbm

where D = 2R (in nm), and a;, b; and ¢; (i = v,c) are the fitting parameters.

Our fitted cbm values (a, = 0.02183, b, = 0.33855 and ¢, = 0.00604) are close to their
fitted cbm parameters (a. = 0.02650, b, = 0.33745 and ¢, = 0.09540) for the case of GaSb,
whereas our vbm parameters (a, = —0.51288, b, = 7.28085 and ¢, = —10.8934) are very
different (even in sign) from theirs (a, = 0.08017, b, = 0.63268 and ¢, = 0.07146). Unfortu-
nately, they do not present the detailed size-dependent band edges curves for this material
but only their parametrization (brown dotted lines in Figure 1). We can, therefore, only

comment on the quality of agreement with the latter. As it was the case with Williamson
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and Zunger’s parametrization, the fit of our calculated CBM is much better than that of the
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Figure 3: Calculated 3D charge densities in real space (2nd and 3rd rows) and k-space
composition visualised in a 3D Brillouin zone (top and bottom rows: points close to the
L points are displayed in magenta, points close to I' are coloured in blue; the I', L and X
components are reported below each panel) for the valence (3rd and 4th rows) and conduction
(1st and 2nd rows) band edges, for all sizes considered.

Part of the reason for this poor fitting could be due to the different stoichiometry (Sb-
rich both in total and also, more importantly, on the surface, as opposed to the Ga-rich
composition, both in total and on the surface, which is prevalent among all other sizes) of
the NCs with R > 33 A whose VBM energies are slightly lower than expected according to
Eq. (3). We find this to be a general trend in NCs, their VBM being determined by the anion:
The VBM in NCs with anion-rich surfaces is always found at a lower energy than that in
NCs with cation-rich surfaces. We also find (Figure 2) that a Sb-rich surface correlates with
a large T' component of the VBM and vice versa: indeed the R =15 A NC has the largest
percentage of Ga surface atoms, the lowest VBM I' component and its VBM is much higher

than predicted by Eq. (3). Based on these considerations, we can speculate that the poor
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agreement obtained with the curves by Allan et al.40 (brown dotted lines in Figure 1) could
originate from the fact that the structures they studied might have been cation-centered,
hence exhibited Sb-rich surfaces for small sizes, leading to lower values for the VBM than
our Ga-rich NCs.

It is worth mentioning that the level of accuracy required to capture such detail is not
achievable with continuum methods like the popular k-p - which cannot distinguish between
the properties of Ga-rich and Sb-rich CQDs - but is only available to atomistic methods.
Most importantly, however, the k-p method misses the contributions from both X and L
high symmetry points (at least up to the 8-band version), which, as shown in Figure 3,

Figure 4, and Figure 5, are vital to understand the properties of GaSh at the nanoscale.
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Figure 4: CB electronic structure for selected GaSb NC sizes (R = 15, 25, 33, 45 A). Each
panel displays energy levels relative to the top of the valence band (left-hand side) and
k-vector decomposition (right-hand side) for a different dot size. The different states are
coloured according to their main character (I', blue; L, red; and X, green) resulting from
such a decomposition. "xXN" indicates the state degeneracy.

The most interesting feature of the electronic structure of these NCs is the composition
of the conduction band states (Figure 4), and more specifically of the CBM (Figure 3 and
Figure 5), in terms of their k-vector components. We find that already NCs with radii as large

as 36 A experience sufficient confinement to exhibit a T to L transition in the CBM character,



whereas the VBM has prevalent I' character for all sizes (Figure 3). As a consequence a direct-
to-indirect band gap transition takes place at around R = 36 A. We investigated the effect of
6 ligand sets with different electronegativity (see | 44]) and found that such transition takes
place at similar or larger sizes in all cases except for very electronegative ligands (type A in
Ref. [ 44]), where such transition is suppressed, even for very small NCs (down to R =8 A).
Figure 4 shows that with decreasing size (increasing confinement) also the X-derived states
decrease in energy sufficiently to appear among the lowermost 10 conduction states, whereas,

at the same time, the energy of the I'-derived ones increases steadily.
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Figure 5: Lowest confined conduction band states derived from I' (blue squares and line),
L (magenta circles and line), and X (green triangles and line). The inset shows a detail of
the crossing between I' and L and the calculated k-vector decomposition of the four states
represented.

Optical properties

Owing to the strong confinement experienced by these nanostructures, the emission of GaSb
CQDs can be tuned from the IR, nearly all the way to the blue (for R < 10 A), as can be
seen from Figure 6, where we plot the calculated positions of both PL and absorption edges

as a function of the nanocrystal radius. We fitted the band edge absorption according to

A
dot __ pbulk
Bt = B+ o (5)
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Figure 6: Optical properties as a function of size. Main panel: energy dependence on NC
radius (R) of the band edge absorption (Abs., red squares - the red dashed line is a fit to
the theoretical data according to Eq. (5)), and emission (PL, black triangles - the dotted
line is a guide to the eye). Left inset: room temperature radiative lifetime (orange symbols)
as a function of radius. Right inset: Stokes shift (energy difference between red and black
symbols in the main panel) vs radius. The dashed lines are a guide to the eye.

and found A = 38.02 and n = 1.07 - red dashed line in Figure 6 - with a size dependence in
stark contrast with the prediction (n = 2) of simple effective mass approaches,*® but nearly
identical to that found for InP (n = 1.09),%56 and similar to that found for InAs (n = 0.9),42
and Si (n = 1.18).47

Large separations between emission and band edge absorption (referred to as “global
Stokes shifts”) suppress photoluminescence self-absorption and are therefore beneficial to all
applications exploiting light emitted from the dot (LEDs, biological imaging,*” lasers, solar
energy harvesting,’5! etc.). Inset (b) of Figure 6 shows that the Stokes shifts achievable
in these NCs range from 0 up to 160 meV, depending on the size. These shifts are also
accompanied by long radiative times (inset (a) of Figure 6) on the microsecond scale (except
for the smallest NC considered), due to the indirect nature of the band gap transition,
discussed above.

Both radiative lifetimes and Stokes’ shifts show a decreasing trend with increasing NC
radius (dashed lines in insets (a) and (b) of Figure 6), except for the smallest structure
considered which exhibits the fastest recombination time which is also accompanied by the

smallest Stokes’ shift calculated. A similar behaviour to our Stokes’ shift was also found for
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the dark-bright energy splitting in GaAs NCs by Luo et al.®? The decrease of the radiative
recombination times with increasing size is instead consistent with experiment in CdS®3 and
CdSe®*? nanocrystals, and in contrast with the trend observed in InAs% and CdTe dots.5®

In order to better understand the nature of the different transitions, we calculated the
symmetry of the single-particle states involved and the resulting total symmetry of the exci-
tons contributing to the optical transitions.?” We find the CBM envelope function symmetry
to be prevalently s-like for all sizes except for radii 25 and 33.5 A, when it is prevalently
p-like (we find that the symmetry of a state is never pure s- or pure p-like, but it always
displays some degree of mixing; hence when, in what follows, we refer to [-like symmetry we
always intend prevalent l-like symmetry), whereas the symmetry of the VBM is s-like only
for the two smallest sizes (R =11 and 15 A) and p-like for all the others. As a consequence,
in the smallest NC the exciton ground state is split into a lower fivefold-degenerate forbidden
[E 4+ T multiplet and a higher allowed threefold-degenerate T+, separated by only 10 meV
(see Fig. S1, Supporting Information). As the width of our optical peaks is 5 times larger
than this separation, the resulting Stokes shift is 0. Furthermore this size’s CBM has the
largest I' component of all dots (12.4%), leading to the fastest radiative time of them all.
The CBM of the 15 A NC has nearly 0 T character (see Figure 4), resulting in the longest
lifetime calculated here. The lifetimes then decrease with increasing size until, for R = 38
A, the band edge transition becomes direct. It is therefore clear that in the case of GaSh,
unlike for other III-V materials, the allowed (bright) and forbidden (dark) character of the
different excitonic states (see Fig. S1, Supporting Information), hence the behaviour of their
radiative lifetimes, is the result of a complex interplay between k-space composition and
symmetry of the single-particle states that contribute to each exciton state.

The Stokes shifts follow the trend of the lifetimes, as a result of the progressive shift to
lower energies of the fully allowed optical transitions, due to the increase in the density of
single-particle states with increasing size.

The combination of visible light absorption and long recombination lifetimes (> 0.5 x
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1076 s) is ideal for many solar energy conversion applications. Here we will focus in partic-
ular on photocatalytic COg reduction with water. This reaction involves three main steps:
(1) photogeneration of an electron-hole pair; (2) electron and hole separation and migration
to the nanocrystal surface (where a co-catalyst may be present); (3) reduction of CO2 by
the electron and oxidation of HoO by the hole. Apart from the general improvements in effi-
ciency due to nanostructuring (such as shortened carrier collection pathways, improved light
distribution, quantum-size-confinement-induced increase in interfacial charge transfer rates,
pH-tunability of interfacial charge transfer and surface-area-enhanced charge transfer),®® the
use of GaSb dots as catalyst would lead to specific major advantages in each of the above
steps: (1) unlike most of the semiconductor materials used for this reaction (mainly TiOg,4
but also WO3% and CeO25%), whose bulk band gap is large (2.6-3.6 eV) the absorption of
GaSb NCs can be tuned to span the whole visible spectrum, optimising light harvesting
efficiency; (2) their radiative recombination lifetimes (> 0.5 x 1076 s) are longer than (or
comparable to) the typical redox reaction times (> 1078 s)43 - which are usually too slow
to compete with the radiative lifetimes exhibited by common semiconductor nanocrystals
(~ 1079 s) - hence the charge carriers in GaSb NCs would have sufficient time to reach the
surface and react with COy and H20O before recombining (The efficiency of the photocat-
alytic reaction depends critically on the competition between these two processes, as well as
on the light absorption efficiency). A recent study?* suggests that a further over-one-order-
of-magnitude increase in radiative times could be obtained by exchanging the capping group
with a more electropositive ligand (throughout this work we have used passivants with in-
termediate electronegativity - corresponding to set D in Ref. [ 44]); (3) their band structure
- an important aspect of the reaction is the position of the catalyst’s band edges relative to
the redox potential for CO2 reduction (RP1) and H20O oxidation to Oz (RP2): in order for a
semiconductor to be able to catalyse the reduction of COy with HaO (i) its CBM should be
higher (more negative) than RP1 while (ii) the VBM should be lower (more positive) than

RP2. Although all sizes considered here satisfy (ii) (see bottom dashed line in Figure 1), we

12



estimate that only small GaSb nanocrystals (R < 13 A) would satisfy (i) in the case of the
formation of CHy (see middle dashed line in Figure 1), which, having the least negative redox
potential (-0.24 V at pH:7),43 is the thermodynamically more favourable reduction process.
In addition to these properties, the selectivity towards COs reduction is a determining factor,
in the presence of H2O), as the reduction of HoO to Hy strongly competes with the reduction
of COs. The former, being a two-electron reaction compared to the eight electrons needed
for the formation of CHy, is, in fact, kinetically more favourable. We find that the CBM of
GaSb NCs with R > 10 A, is lower than the redox potential for the reduction of HoO to H
(see top dashed line in Figure 1). Water reduction is therefore expected to be suppressed
in GaSb NCs simply due to their specific band structure. This represents a huge advantage
compared to other semiconductor nanostructures, where some degree of surface manipula-
tion is required to enhance the photocatalytic reduction of COs in the presence of HoO. As
a consequence, unlike with TiO25% or other semiconductors, in the case of GaSb the use of
both solid-liquid or solid-vapour reaction modes should be possible and should yield similar
rates of CHy4 formation, adding further flexibility to the design of the reactor. A further
increase in the internal quantum efficiency of COs9 reduction could be achieved with the in-
troduction of additional smaller GaSb NCs, which would act as "sensitiser" NCs (i.e., absorb
light at a slightly higher energy) and funnel the excitons, through a Forster energy transfer
mechanism, to "catalyst" NCs, which, in turn, deliver the electrons to their surface for the
reduction reaction. A sensitiser-to-catalyst ratio of 8:1 would provide all 8 electrons needed
for the reduction of COy to CHy. A similar strategy recently led%? to an increase of over one
order of magnitude of the internal quantum efficiency of the photocatalytic reduction of H*
to Ho using CdSe-based NCs. The latter result proves the feasibility for our catalyst NC to
accumulate multiple redox equivalents at a single catalytic site. This is made possible by the
neutrality of the funnelled exciton, which can be transferred from sensitiser NC to catalyst
NC without any accompanying nuclear reorganisation of either chromophores or solvent.5?

The above discussion is clearly oversimplified, as it neglects some aspects of surface modifi-

13



cation that may be needed to achieve efficient adsorption, activation and transformation of
CO2. Nevertheless, it provides a list of desirable properties that make GaSb NCs appealing

candidates for photocatalytic applications.

Conclusions

We have presented a comprehensive theoretical characterisation of colloidal GaSb nanocrys-
tals with radii ranging from 11 A, to 45 A, containing from 175 to over 13000 atoms. We
have investigated the size dependence of conduction and valence band edge energies, k-space
composition and symmetry of their respective wave functions, the evolution of I'-, L- and
X-derived states in the conduction band, absorption and emission spectra, radiative life-
times and Stokes’ shifts. We found GaSb nanocrystals to have a size-dependent emission
tunable throughout the visible spectrum, large Stokes’s shifts, and, due to a confinement-
induced direct-to-indirect band gap transition occurring at very large sizes, long radiative
lifetimes (> 0.5 x 1075). Such properties make them promising building blocks for a wide
range of applications, including solar energy conversion, memory storage and, in particular,
photocatalytic COg reduction, where GaSb NCs may represent a viable and more versatile
alternative to the semiconductor nanostructures commonly used as catalysts. We believe
that the properties highlighted in this study will stimulate renewed efforts to synthesise this

new colloidal nanomaterial.
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