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Indium sesquioxide is widely used as a transparent conducting oxide in modern optoelectronic

devices; the rising cost of indium has generated interest in the nanoscale properties of In2O3,

and questions arise as to the nature of its physicochemical properties below the bulk regime.

We report the stable and metastable stoichiometric clusters of (In2O3)n, where n = 1–10, as

predicted from an evolutionary search within the classical interatomic potential and quantum

density functional energy landscapes. In contrast to the paradigm set by ZnO, which favours

high symmetry bubble-like structures, the In2O3 nanoclusters are found to tend towards dense,

low symmetry structures approaching the bulk system at remarkably small molecular masses.

Electronic characterisation is performed at the hybrid density functional and many-body

GW levels to obtain accurate predictions of the spectroscopic properties, with mean values

of the ionisation potentials and electron affinities calculated as 7.7 and 1.7 eV, respectively.

1. Introduction

Transparent conducting metal oxides (TCOs) are of immense

technological importance,1 being fundamental components in

devices ranging from solar cells to flat-panel displays. While many

n-type TCOs are known, e.g. ZnO, CdO and SnO2, the most

widely used material is In2O3 due to its combination of a large

optical band gap and low electrical resistivity.1–3 The rising cost of

indium metal has resulted in the search for viable unconventional

TCOs materials with reduced indium content, e.g. multi-

component oxide solid solutions of Zn, Al, Ga and In.4–7

An alternative approach to lower indium content is the

utilisation of nanostructures, and these have the potential for

offering unique optoelectronic properties. Experimental work

in this direction has resulted in the synthesis and characterization

of In2O3 nanoparticles, crystals, cubes and islands,8–11 with

size distributions ranging from 2 to 60 nm in diameter. In the

work of Murali et al.,11 2–15 nm In2O3 nanoparticles were

found to adopt bulk-like structures; Lee et al.12 prepared

10 nm nanocubes, while Narayanaswamy et al. recently

demonstrated the ability to control nanocrystal morphologies

ranging from 5 to 60 nm through manipulation of the

synthetic route.9 These studies highlight the strong potential

for exploiting In2O3 at the nanoscale.

The difficulty in structure and property characterisation

below 5 nm presents an ideal opportunity for theoretical

guidance and prediction. In this regime, strong deviations

are expected from bulk-like local coordination and quantum

confinement effects will be greatly enhanced. We report a

theoretical search of the nanostructure energy landscape for

In2O3 using a combination of classical interatomic potentials

and density functional theory together with an efficient and

robust evolutionary algorithm. The availability and experience

of using our own developed software influenced our choice to

use the evolutionary algorithm implemented within the

GULP code.13 However, other implementations of genetic

algorithms, or indeed other approaches based on simulated

annealing or basin hopping, could have been used; for more

details and references on other approaches see ref. 14. Stable

and metastable stoichiometric clusters for sizes up to (In2O3)10
are presented: due to the high cation charge and large size,

clusters above (In2O3)6 are found to favour low symmetry

structures approaching those of the bulk material. The results

suggest that bulk-like clusters should begin to form at

particularly low molecular weights. Assessment of the spectro-

scopic properties of the global minimum structures within the

many body GW formalism show a weak size dependence of

the ionisation potential ðIP ¼ 7:7 eVÞ, while the calculated

electron affinity varies from 0.7 eV to 2.1 eV ðEA ¼ 1:7 eVÞ;
quasiparticle corrections to the single particle eigenvalues are

found to most strongly influence the electron affinity.

2. Calculation methodology

To predict the lowest energy clusters formed from stoichiometric

(In2O3)n units, we employ an evolutionary algorithm (EA)

technique,14 implemented in the GULP package,15 which has

been successfully applied to ZnO16 and TiO2
17 and other

clusters based on ionic materials.18 In brief, thirty candidates,

starting from randomized starting configurations, compete

both to procreate (thirty children structures are created in

each EA cycle) and to survive into the next cycle (population).

A Lamarckian version of the EA is used, i.e. structures

generated in each of the 1000 cycles are subject to local

optimisation, where both local minimum and saddle points

on the energy surface are generated. Survival into the next

EA cycle is based purely on the energies of the relaxed clusters;
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the best unique (structures with a total energy less than

0.001 eV per cluster higher than another are killed off) thirty.

For each cluster size, the EA is used ten times, each initiated

with a different random seed and in the final, or 1001st,

population of each run, we found the global minimum

structure.

Throughout the application of the EA, clusters are

constrained to be within a spherical container of 16.0 Å

diameter. Ten randomised clusters are added to the population

on each cycle and procreation is a process of applying a

phenotype crossover and mutation (self-crossover or atom

exchange).17,19,20 More precisely, in our crossover process

the two parent cluster configurations are rotated by a random

angle about a random axis, then the first is cut (along a plane)

into two fragments. A similar cut is made to the second parent

so that the fragments are composed of the same number and

stoichiometry as created from the first parent. Two new

clusters, children, are then formed by joining one fragment

from each parent (a left part from one parent and a right part

from the second, and vice versa for the other child). In our

mutation process, atom exchange is simply exchanging a

random number of atoms in the selected cluster, whereas self

crossover occurs by selecting the same cluster to be both

parents in our crossover process—note that a different

rotation is applied to the clone, otherwise the configuration

would not change. The potential barrier,

V(ri) = 50(1 � tanh[100(ri � 8.0)]), (1)

defines the edge of the spherical container, where ri is the

distance of atom i from the centre of the container. When

generating a new random cluster, atoms are placed on a

uniform Cartesian grid, with a spacing of B0.78 Å, such that

no two atoms are on the same grid point within the container.

For the evolutionary search, each In and O ion is

represented as a rigid ion with a point charge of +3|e| and

�2|e|, respectively, and the analytical interatomic potential

VðrijÞ ¼
qiqj

rij
þ A

r12ij
þ B expð�rij=rÞ �

C

r6ij
ð2Þ

is used to model the interaction between ion i and j, which are

distance rij apart. The first term is simply the Coulomb

contribution (in eV) between point charges qi and qj, and the

latter terms are the standard Lennard-Jones and Born-Mayer

terms. For the rigid ion model, the energy of formation is

simply the sum of all two body interactions defined by eqn (1).

During the evolutionary search we have included the r�12 term

to penalise interaction distances that are less than a typical

bond length (A = 1.0 eV Å12 for like charged species and

10.0 eV Å12 otherwise). The values for B and C are taken

from our earlier work where we modelled various bulk

phases for In2O3.
21 Note that in our previous work, the shell

model22 was employed to represent electronic polarisation of

oxygen. Here, configurations in the final population of the

evolutionary algorithm are further refined using the shell

model, as defined in ref. 21. As shown in Fig. 1, the ten lowest

energy candidate structures, as measured by the energy of

formation using the rigid ion and the shell models, were then

subject to geometric minimisation using density functional

theory (DFT) calculations in the VASP package.23,24 The

exchange–correlation functional of Perdew–Burke–Ernzerhof

(PBE)25 was used within a plane-wave basis set (500 eV) and a

projector-augmented wave, scalar-relativistic, core potential

(In[Kr]; O[He]).26

Due to the inherent complexity of the energy landscape,

particularly for larger n, we cannot rely on the ranking of

minima, from lowest energy upwards, to be exactly the same

on each landscape. Thus, as well as the global minima and the

Fig. 1 Schematic of how (In2O3)n clusters with rank i(i0)-ii-iii are found. Note that rectangles represent inputs/outputs of the codes GULP

(sections 1 to 4), VASP (5), FHI-AIMS (6) and Materials Studio (4).
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next nine lowest metastable configurations per cluster size

(as measured by the shell model), we also investigated low

energy (A2B3)n configurations that have been reported

elsewhere. These additional structures, if not already considered

as part of either ‘‘top ten’’ (input from below sections 2 and 3

in Fig. 1), were initially constructed using a combination of the

visualiser in Materials Studio and energy minimisations using

GULP (section 4 in Fig. 1), and, moreover, were always found

to be higher local stationary points.

Further electronic characterisation was performed on the

global minimum structures identified from the density

functional energy landscape, using an all-electron DFT method

with a local numerical orbital basis set, as implemented in the

FHI-AIMS code.27,28 A ‘‘Tier-2’’ basis set was employed with

scalar-relativistic effects treated at the scaled ZORA level.29 In

addition to the PBE functional, the hybrid PBE0 functional,

which replaces 25% of the PBE electron exchange with exact

Hartree–Fock exchange30 was used, where the effective

exchange–correlation functional becomes

EPBE0
xc = EPBE

c + 3
4
EPBE
x + 1

4
EHF
x . (3)

Finally, quasiparticle corrections to the PBE0 Kohn–Sham

eigenvalues (ePBE0n ) were included through the G0W0

approximation,31,32 which combines the single-particle

Green’s function (G) with the dynamically screened Coulomb

interaction (W). The resulting quasiparticle energies (EQP
n )

emerge as a first-order perturbation,

EQP
n E ePBE0n + hcn|G0W0(e

PBE0
n � VPBE0

xc )|cni, (4)

and have a direct correspondence with photoemission

(N � 1 states) and inverse photoemission (N + 1 states), or

in the case of the HOMO and LUMO levels of the nano-

clusters of interest, measures of the respective ionisation

potentials and electron affinities. The GW approximation

has had recent successes in describing both the band structure

and defect properties of metal oxide systems.33,34

3. Results and discussion

(a) Energy landscape

The stable, metastable and a number of saddle point structures

for (In2O3)n, n=1 to 10, are shown in Fig. 2. The configurations

are each labelled by their respective point symmetry and rank

(energetic ordering, where 0 refers to the global minimum

structure for cluster size n), as assessed by the rigid ion, shell

and DFT models (see Fig. 1). For example, the last cluster in

Fig. 2 is labelled 8-1-2 C1, indicating that the cluster has C1

symmetry, it corresponds to the 8th lowest metastable

minimum on the landscape in which the evolutionary

algorithm searched, and, upon further refinement using the

shell model and then DFT, was found to be the lowest and

then the second lowest metastable In20O30 configuration.

Where there are configurations in the final population of the

evolutionary algorithm that correspond to saddle points on

the energy landscape, we have ranked the clusters twice;

including and excluding (rank given in parenthesis) saddle

point structures. For each cluster there are potentially three

different relaxed configurations, one configuration originally

obtained by the evolutionary algorithm and refined configurations

using the different energy functions (shell model and DFT).

Typically the relaxed structures for each configuration are

similar. If more than one rigid ion structure relaxes to the same

local minimum, both are ranked the same but the rigid ion

structure that is least like the refined configuration is labelled

using a grey font. In Fig. 2 we chose to show only relaxed rigid

ion structures as found by our evolutionary algorithm, apart

from two relaxed shell model structures that were both better

ranked as a result of a change in their symmetry point group

and sufficiently different to any initial configuration (rigid ion

model). One such example is that found for n = 1. The linear

stick (symmetry point DN) refines to a ‘‘flying gull’’ with a

lower symmetry of C2v and non-1801 bond angles given in

Table 1. Remarkably, the geometrical parameters of this

global minimum both for the shell and DFT models are very

similar. Upon refinement of the other two configurations

found for n = 1, using either the shell or DFT approach,

the point symmetry did not change, but the energetic ordering

did; the bubble D3h configuration is the second lowest energy

minimum as assessed using the rigid ion model and the third

for the shell and DFT models. Comparing their geometric

parameters given in Table 1, there is better agreement between

the shell and DFT models, for example the In–O–In bond

angle in the bubble cluster is larger than O–In–O for the rigid

ion model and smaller for the other two models. Thus, when

using our chosen DFT model, less refinement is required if

the initial configuration is that found for the shell model

(as opposed to the rigid ion model). In fact the agreement

between our interatomic potential models and DFT is

expected to improve with cluster size since the latter were

refined to reproduce the structure and properties of the bulk

phase, bixbyite.

The n = 1 bubble is the first of a series of perfect bubble

structure types, where each bubble has three coordinated

indium atoms and two coordinated oxygen atoms. They all

have high symmetry, for example, D3h, Td, D3h and Oh for

n = 1 to 4; see configurations within blue boxes in Fig. 2. For

many binary 1–1 compounds, like ZnO, bubble structures

(where all atoms have a coordination number of three) are

Table 1 Bond lengths InX–OY (Å), bond angles (1) and point
symmetry for the smallest clusters (flying-gull, linear stick, tetragon-stick,
bubble) of In2O3, where X and Y are the In and O coordination
numbers, respectively

Point symmetry Rigid ion Shell DFT

In2–O1 C2v — 1.873 1.848
In2–O2 C2v — 1.903 1.956
O1–In2–O2 C2v — 178.5 173.5
In2–O2–In2 C2v — 151.6 139.5
In2–O1 DN 1.642 — 1.849
In2–O2 DN 1.872 — 1.938
O–In2–O DN 180.0 — 180.0
In2–O2 C2v 1.772 1.968 2.040
In3–O2 C2v 2.082 2.230 2.105
In3–O1 C2v 1.687 1.892 1.926
In2–O2–In3 C2v 102.9 84.1 90.0
O2–In3–O1 C2v 145.1 136.0 135.8
In3–O2 D3h 1.937 2.111 2.140
In3–O2–In3 D3h 82.4 68.3 77.8
O2–In3–O2 D3h 81.3 91.5 84.8
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predicted to be more stable, particularly those of high

symmetry.16 We note that in our previous study of 2–3 oxides,

we found that perfect bubbles become less stable for larger

cations.35 Moreover, the cations in perfect bubbles for 2–3

compounds are spaced further apart compared to the 1–1

bubbles and are more likely to be less stable, particularly for

larger size clusters, i.e. the bubble is likely to collapse, or fold

in, in order to lower its total energy. Note that we predict that

the rank in stability of the perfect (In2O3)n bubbles drops with

size; rank as assessed by DFT is 1, 6, 8 and >10 for n= 2, 3, 4

and >4 (where rank 0 indicates the global minimum structure).

Perfect bubble clusters for (Al2O3)n have been predicted to be

the global minima from a limited structure set (as assessed by

DFT at the B3LYP/6-31G(d,p) level) for sizes n = 1 to 5.36

For larger n, alumina clusters formed from more than one

smaller bubble (see analogous india clusters in Fig. 3) were

found to be more stable than the perfect bubbles.36 For

(Fe2O3)n, the perfect bubble was predicted to be the global

minimum (DFT B3LYP) for n = 2; larger than this and

similar multi-bubbles are found to be more stable (the lowest

Fig. 2 Stable, metastable and saddle point structures of (In2O3)n nanoclusters, n= 1 to 10, arranged by size n and the initial rank (used during the

evolutionary search). The label ‘‘i-ii-iii X’’ indicates the rank, as assessed by three different energy functions (rigid ion, shell model, density

functional theory), and the point symmetry (as determined by Materials Studio) of the cluster. Numbers in parenthesis do not include saddle

points; grey font (or x) indicates that the cluster relaxed to a different (or unphysical) configuration; blue boxes enclosing a configuration or label

indicate a perfect bubble or DFT global minima, respectively. The spread in DFT energies (eV/n) for each cluster size is also shown under the main

index. Cations are coloured grey with anions coloured red.
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energy configuration for (Fe2O3)5 is formed from n = 2 and 3

perfect bubbles).37

Another way to stabilise bubble structures for 2–3

compounds is to allow for higher coordination so that a

disc-shaped bubble is formed, for example, n = 4 clusters

0-0-0 and 5-8-2, which have higher curvature where indium

atoms are four coordinated and oxygen two, and lower

curvature where atoms are three coordinated to form hexagons.

As with the perfect zinc oxide bubbles, these contain a

minimum number of tetragons (six, when only composed of

tetragonal and hexagonal faces). Open bubbles, which contain

larger faces (octagonal, decagonal,. . .) appear in the lowest

energy configurations for smaller clusters; the lowest three

structures for n= 3 found by our evolutionary algorithm have

an octagonal bottom face (as viewed in Fig. 2) and resembles a

tea-cosy. The ‘‘tea-cosy’’ with C1 point symmetry is the

(In2O3)3 DFT global minimum, and the more symmetric

variant with C2v symmetry is the third lowest minimum

(a bowl shape configuration, 9(7)-2-1, is our second lowest

DFT minimum). These two ‘‘tea-cosy’’ configurations are also

predicted to be the lowest energy configurations for

(Fe2O3)3.
37 With a higher ratio of anions than that of 1–1

compounds, rather than spacing the cations furthest apart,

excess anions can occupy sites within or outside a 1–1 bubble,

thus becoming denser. Although the DFT global minimum

structures for n = 7 and 8 have D2d symmetry, many of the

larger, low energy, (In2O3)n clusters are dense-like particles

and typically they have low symmetry (C1). Moreover, unlike

1–2 compounds (titania38 or zirconia),39 singly coordinated

atoms are not found in any of the india clusters shown in

Fig. 2 for n > 2.

(b) Cluster stability

The formation enthalpies of the nanoclusters relative to the bulk

bixbyite phase of In2O3 are shown in Fig. 4, as calculated from

ECluster
f ¼ ECluster � nEBulkðIn2O3Þ

n

� �
: ð5Þ

The cluster stability rapidly increases with increasing cluster size

for each of the three energy landscapes. The cluster energies in

both the rigid ion and shell models follow the same overall trend

as the DFT landscape, but the individual clusters are significantly

higher in energy. This can be accounted for by considering that the

potential models were fit to reproduce the bulk phase, and the

smaller bond lengths caused by the increased Coloumbic

attraction between ions will be penalised by the short-range

potential. The addition of shell polarisation to the rigid ion model

draws the energies closer to the DFT values. Therefore, while the

DFT methods offer an unbiased description of the bulk and

nanoscale systems, a qualitatively similar energy profile is

produced in each case, especially when polarisation effects are

explicitly included. The cluster stabilities increase as a function,

DEf / 1ffiffi
n
p , which is expected to dampen to 1ffiffi

3
p above n = 10,

based on the behaviour of ZnO and SiO2 nanoclusters.
18 For

both the IP and the DFT landscapes, the perfect bubble

clusters and multiple bubble clusters, as shown in Fig. 3, form

a distinct band split off from the main candidate clusters, lying

higher in energy for each case. In fact, of these clusters, the

perfect bubble clusters greater than n = 6 are higher in energy

than the clusters constructed of smaller bubbles, including the

onion bubble for n = 10, which is found to be even less stable

than the two n = 5 perfect bubbles that are joined to form a

barrel with D5d symmetry.

Fig. 3 Perfect bubble clusters (top) and clusters constructed from smaller bubble clusters (bottom) for (In2O3)n, where grey and red

spheres represent the cations and anions, respectively. Labels indicate the size, n, and the point symmetry of the clusters (as determined by

Materials Studio).

Fig. 4 The cluster formation enthalpies (per formula unit) relative the

thermodynamically stable bulk bixbyite phase of In2O3 (at 0 eV) from

three levels of theory. The candidate clusters refer to those that

emerged from global optimisation, while the bubble clusters were

considered separately.
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(c) Structural characterisation

To quantitatively compare the indium coordination environments

between different candidate clusters, we adopt the effective

coordination number (ECN) approach of Hoppe et al.,40

which takes into account the number of oxygen ions around

a given indium, where the individual bond distances li are

weighted according to the average distance lav:

ECN ¼
X
i

exp 1� li

lav

� �6
 !

: ð6Þ

The average indium–oxygen separation is itself calculated with

respect to the minimum indium–oxygen separation (lmin):

lav ¼

P
i

li exp 1� li
lmin

� �6� �
P
i

exp 1� li
lmin

� �6� � : ð7Þ

For an ideal polyhedron, the integer coordination number is

reproduced, e.g. in the bulk bixbyite phase of In2O3, the ECN

for the two unique In sites is 5.89 and 6.00, representative of

the distorted In–O octahedra with small variation in the bond

lengths.41 To quantitatively assess the differences in coordination,

we have plotted the ECN of each candidate cluster in Fig. 5.

While for n = 1, linear coordination (ECN = 2) is preferred,

for larger molecular masses (n > 3), a clear trend emerges

towards favouring higher coordination numbers. Due to the

small cluster sizes, a large proportion of the indium sites are

associated with surface sites with inherently reduced coordination;

however, the preference for dense low symmetry clusters allows

for an increase to ECN greater than 4 for larger cluster sizes.

(d) Electronic characterisation

Analysis of their electronic states reveals that each of the

identified stable and metastable structures have finite

HOMO–LUMO separations, with the highest energy occupied

states being dominated by O 2p and the lowest lying empty

states consisting largely of In 5s and 5p orbitals. The density

functional calculations are therefore consistent with the formal

charge states of In3+ (5s05p0) and O2� (2p6), which explains

the excellent correspondence between the classical and

quantum energy landscapes. Electron density isosurfaces for

three representative structures are shown in Fig. 6, which

clearly reveal the nature of the HOMO and LUMO states.

Of particular interest is the manifestation of the In 5s orbital

as a lone pair-like state in the low symmetry coordination

environments, which bears remarkable similarity to the

asymmetric electron density associated with the filled s orbitals

of Pb(II) and Sn(II);42,43 the emergence of such states

should facilitate the reduction of In(III) towards In(I) under

appropriate chemical environments.

The single- and quasi- particle eigenvalues for the HOMO

and LUMO levels of the ground state clusters for each n are

plotted in Fig. 7. As expected, the eigenvalues resulting from

the semi-local PBE functional result in a small HOMO–LUMO

gap, and transition to the non-local PBE0 functional, which

counters the self-interaction error and the energy derivative

discontinuity present in the pure DFT functional,44 opens the

gap through both a significant lowering of the HOMO level

and a raising of the LUMO level. Further application of the

GW quasiparticle correction maintains the HOMO position of

the PBE0 functional (to within 0.3 eV), but further raises the

LUMO towards the vacuum level by 2.0–2.9 eV. The resulting

quasiparticle ionisation potentials range from 8.1 to 7.1 eV

ðIP ¼ 7:7 eVÞ, with electron affinities ranging from 0.7 to

2.10 eV ðEA ¼ 1:7 eVÞ.

Fig. 5 The indium ion effective coordination numbers in each of the

(In2O3)n nanoclusters, where the value for the lowest energy cluster is

circled in blue for each n. The coordination numbers tend towards the

bulk value of 6.

Fig. 6 Electron density isosurfaces for the HOMO and LUMO states

of the ground state (In2O3)1, (In2O3)2 and (In2O3)4 clusters.
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For bulk In2O3, the ionisation potentials and electron

affinities have been the subject of recent experimental investigation.

In the work of Klein et al.,45 an ionisation potential of 7.1 eV

was reported for polycrystalline In2O3 samples, which takes

into account both the Moss-Burstein effect46 (conduction band

occupation) and the revised In2O3 band gap of 2.9 eV.3 The

bulk ionisation potential is remarkably close to our quasi-

particle estimations, which is consistent with the asymmetry in

the hole and electron effective masses of In2O3;
47 the lighter

electron mass (B0.24 me) arising from the delocalised In 5s

conduction band states results in much stronger quantum

confinement effects compared to the more localised valence

band states (B16me) derived largely from O 2p orbitals. These

results indicate that the electronic affinity should decrease

monotonically as the LUMO level approaches the conduction

band network of the bulk material. Thus, control of the

nanocluster size during synthesis may allow for engineering

of the electronic gap between 7 eV and 3 eV, which would be

beneficial for applications in the deep UV range.

4. Conclusions

The lowest energy structures for a series of stoichiometric

indium oxide nanoclusters have been predicted by combining a

robust evolutionary algorithm with classical interatomic

potential and quantum chemical models of the energy land-

scape. Both landscapes were found to give consistent low

energy structures, with dense low symmetry nanoclusters

favoured for molecular masses larger than (In2O3)5. Electronic

characterisation of the global minimum structures was

performed at the PBE, PBE0 and GW levels of theory, with

quasiparticle corrections found to be particularly important

for correcting the electron affinities. These results provide

initial insights into the nanochemistry of india, and

experimental verification of these predictions would be most

welcome.
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