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Effects of reduced dimensionality on the
electronic structure and defect chemistry of
semiconducting hybrid organic—-inorganic
PbS solids

By AroN WaALsH*

Kathleen Lonsdale Materials Chemistry, Department of Chemistry,
University College London, 20 Gordon Street, London WC1H 0AJ, UK

The combination of inorganic and organic frameworks to produce crystalline hybrid
semiconductors offers a pathway for obtaining novel photovoltaic and optoelectronic
materials. Taking an archetypal binary semiconductor, PbS (galena), we investigate the
electronic effects of the reduced dimensionality in the PbS framework on transition from
bulk PbS to three-dimensional and one-dimensional hybrid inorganic—organic networks.
Analysis of density functional theory calculations reveals the substantial contribution
of the organic (benzenehexathiol derivates) to the band-edge states. Implications for
intrinsic defect formation and potential application in solar cell devices are discussed, as
well as future design pathways for engineering the electronic properties of this new class
of hybrid metal-organic framework.
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1. Introduction

Traditionally, there has been a clear separation between the materials chemistry
of organic and inorganic systems; however, the discovery of organic—inorganic
hybrid frameworks has resulted in an emerging theme at the interface of these
two disciplines (Ferey 2001; Cheetham & Rao 2007). The resulting inorganic—
organic hybrid materials are crystalline and can be reproducibly fabricated.
This rapidly growing family of compounds can be classified based on the
dimensionality of the inorganic (I) and organic (O) linkages: 1,0, where z + y <3
(Cheetham et al. 2006; Rao et al. 2008). To date, the majority of research has
centred on metal organic frameworks (MOFs) with 1,0, (y=1-3). This special
class of coordination polymers contains isolated metal cations linked through
functional organic moieties and offers potential for gas storage and catalysis,
and are generally viewed as the hybrid analogues of classical porous zeolites
(Mellot-Draznieks 2007). For electronic applications however, MOF's often offer
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Figure 1. Crystal structure representations of (a) Pb3(CgSg) and (b) Pby(S4CgHz)(en) containing
three-dimensional and one-dimensional hybrid PbS networks, respectively. The carbon atoms are
coloured brown, with grey Pb, yellow S and pink hydrogen. (Online version in colour.)

mediocre structural stability, wide band gaps and feature poor semiconducting
properties, with the exception of the ZnO-based MOF-5 and related compounds
(Alvaro et al. 2007).

In contrast to MOF's, hybrid systems containing higher dimensionality in the
inorganic networks, introducing the possibility of novel anisotropic electronic,
magnetic and optical effects, with improved thermal and chemical stability,
have been relatively neglected; two notable exceptions being experimental work
from the groups of Li (Zhang et al. 2006; Guo et al. 2009; Huang et al.
2009) and Maggard (Lin & Maggard 2007, 2008; Lin et al. 2009). Furthermore,
there has been no systematic approach established for achieving or improving
desirable material properties. Here, we take an archetypal binary inorganic
semiconductor with excellent electron transport properties, PbS, and investigate
the changes in the electronic structure on the formation of hybrid organic—
inorganic PbS networks. Hybrid compounds of PbS have demonstrated a
remarkable versatility in their inorganic dimensionality, with crystal structures
reported for PbS networks ranging from one dimension to three dimensions,
as illustrated in figure 1. For example, Pb3(CgSg) contains three-dimensional
networks of edge-sharing PbS cubes, while Pby(S,CeHy)(en), where en represents
the ethylenediamine ligand, contains one-dimensional kinked chains of PbS
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stacked along the triclinic a-axis. These two materials exhibit optical band gaps
of 1.7 and 3.1eV, respectively (Turner et al. 2008), covering the full range
of the visible spectrum. This demonstrates the potential of hybrid materials
for optoelectronic applications including photovoltaics and solid-state lighting,
areas traditionally dominated by III-V, II-VI and related semiconductor alloys
(Srivastava et al. 1985; Wei et al. 1990; Zhu et al. 2008; Chen et al. 2009b; Catlow
et al. 2010).

In this work, we investigate changes in the electronic structure produced
from the parent rocksalt-structured PbS on the formation of hybrid materials
containing PbS polyhedra linked through three-dimensional and one-dimensional
networks with benzenehexathiol-derived organic ligands. Our calculations, based
on a first-principles density functional theory approach, highlight the effect of
quantum confinement in widening the intrinsic PbS band gap, in addition to the
marked contributions of the organic components to the band-edge states and also
to point defect formation. Finally, a design rationale for further engineering the
electronic properties of hybrid materials is proposed.

2. Computational methods

The electronic structure and total energy of rocksalt PbS and both hybrid PbS
systems were calculated using density functional theory (DFT; Hohenberg &
Kohn 1964; Kohn & Sham 1965) within the code VASP (Kresse & Furthmiiller
19964,b). Exchange-correlation effects were treated at the generalized gradient
approximation (GGA) level of theory, namely the Perdew—Burke Ernzerhof
(PBE) functional (Perdew et al. 1996). A plane-wave basis set was employed,
with the projector augmented wave method (Blochl 1994) used to represent
the valence—core (Pb:[Xe], C:[He], N:[He], S:[Ne|) interactions. Scalar-relativistic
contributions are explicitly included in the core potentials, while spin—orbit
coupling is not treated; previous calculations on PbS have shown that the
inclusion of spin—orbit coupling lowers the degeneracy of the empty Pb 6p band,
but does not significantly affect the valence band structure (Wei & Zunger
1997). All calculations were performed on the HECToR supercomputer using, on
average, 128 cores for a typical optimization job. The parallel efficiency of VASP
(and similar plane-wave DFT codes) dramatically decreases for larger numbers
of cores, primarily due to the increased cost (latency) of communication between
the computing nodes.

The plane-wave kinetic energy cut-off (500eV) and the k-point sampling were
both checked for convergence in both the total energies and equilibrium lattice
constants. The internal positions were relaxed using Quasi-Newton minimization
until the forces were below 0.005eV A~'. The equilibrium cell volumes were
obtained by performing a series of constant volume calculations and fitting the
resulting energy—volume data to the Murnaghan equation of state (Murnaghan
1944). The electronic band structures are plotted along high symmetry directions
of the respective first Brillouin zone of the primitive unit cells (Aroyo et al. 2006),
which are illustrated for the two hybrid material structures in figure 2. The lattice
site and angular momentum decomposed (local) electronic densities of states were
obtained by projecting the wavefunctions onto spherical harmonics centred at
each ion core.
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Figure 2. Representations of the 1st Brillouin zones (shaded polyhedron) for the one-dimensional
(left) and three-dimensional (right) hybrid PbS structures, and the high symmetry lines sampled
in this study (thick dark grey line). The corresponding triclinic and hexagonal unit cells are drawn
with thin black lines, with lattice vectors a, b and ¢. (Online version in colour.)

To provide a more accurate assessment of the electronic band gaps of the
materials of interest, further calculations were performed using a hybrid density
functional that replaces 25 per cent of the semi-local PBE exchange potential
with non-local Hartree-Fock exact exchange (Dovesi et al. 1981). The exchange
potential is partitioned into short-range (SR) and long-range (LR) contributions,
using a screening parameter of w =0.11 Bohr™!, resulting in the HSE06 functional
(Heyd & Scuseria 2004; Hummer et al. 2009), as implemented in version 5 of the
code VASP (Paier et al. 2006; Marsman et al. 2008):

EﬁSEOG _ ESBE + [%EfBE + Z_llEaI:{F]SR(w) + [ESBE]LR(w) _ (2.1)

While there is an established system and property dependence of the amount of
exchange required to yield accurate observables (Cora et al. 2004; Walsh et al.
2008), the HSE06 functional has demonstrated recent success and transferability
in describing the structural, electronic and defect properties of semiconducting
and insulating systems (Brothers et al. 2008; Hummer et al. 2009; Scanlon et al.
2009; Chen et al. 2009a; Walsh et al. 20090).

3. Results

(a) Galena

Lead sulphide is found naturally as the mineral galena, and is one of the
most abundant metal sulphide compounds. The surface oxidation process is
of significant environmental interest and has been the subject of previous
theoretical investigation (Wright et al. 1999a,b). In relation to technological
applications, PbS is a narrow band gap semiconductor that has attracted
significant attention for quantum dot and multiple-exciton-generation solar cells
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Figure 3. The local electronic density of states and band structure of rocksalt PbS at the GGA
level of theory. The highest occupied state is set to 0eV. (Online version in colour.)

(Nozik 2005). In quantum-confined PbS systems, it has been demonstrated that
a single photon of light (much higher in energy than the material band gap)
can generate multiple electron—hole pairs, in what can be viewed as an inverse
Auger process (Ellingson et al. 2005). Despite initial excitement over high internal
quantum yields (more than 300%), with the prospect of achieving light-to-
electricity conversion efficiencies beyond the single-junction Shockley & Queisser
(1961) limit in these ‘third-generation’ photovoltaic cells, difficulties arise in the
extraction of the photo-generated electron—hole pairs before recombination, and
thus far improved device efficiencies based on multiple-excition generation have
not been reported to our knowledge. The formation of hybrid material systems
may provide an opportunity to overcome these limitations in the future.

In contrast to PbO, which exhibits asymmetric Pb coordination and a low
symmetry layered structure, PbS adopts a centrosymmetric rocksalt lattice with
a=5.936 A (Madelung 2004); these structural preferences have been related to
the energy separation between the Pb 6s and anion np orbitals (Walsh & Watson
2005; Payne et al. 2006), with similar effects observed for other lone pair ceramics
including those of Sn(II) and Bi(III) (Walsh & Watson 2004; Walsh et al. 2009¢;
Catlow et al. 2010). In its bulk form, PbS has a room temperature direct band
gap of 0.420eV at the L point of the first Brillouin zone (Madelung 2004).
This small electronic gap results in remarkably low hole and electron effective
masses of 0.08 m, and corresponding Hall mobility greater than 10000 cm? Vs=!
at low temperatures (Zemel et al. 1965). The heavier lead monochalcogenides
exhibit similar structural preferences, with rocksalt structured PbSe (a=6.124

A, E,=0.28¢V) and PbTe (a=6.462 A, E,=0.31eV) (Madelung 2004).

The equilibrium GGA lattice constant of PbS is 6.006 A, within 1.5 per cent
of experimental data. The calculated electronic density of states (DOS) and
band structure are shown in figure 3. The occupied Pb 6s band is present
between —6 and —8eV, with evidence of some hybridization with S 3p. The
three predominately S 3p bands are located between —5 and 0eV; these bands
are degenerate at the gamma point, but split towards the L 27/a(1/2,1/2,1/2)
and X 27/a(1/2,0,1/2) special points. The GGA fundamental band gap is direct

Proc. R. Soc. A (2011)


http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on June 2, 2011

Hybrid PbS 1975

Table 1. The equilibrium GGA structural and electronic parameters of the bulk and hybrid
PbS systems. The band gaps obtained from the hybrid HSE06 functional are also listed for
comparison. The corresponding experimental values (Madelung 2004; Turner et al. 2008) are shown
in parenthesis. Note that the experimental band gaps were estimated from room temperature visible
light absorption spectra for the hybrid materials.

bulk PbS three-dimensional hybrid one-dimensional hybrid
a (A) 6.006 (5.936) 9.053 (8.964) 7.192 (6.938)
b (A) 7.356 (7.145)
¢ (A) 4.006 (3.958) 8.078 (7.891)
a () 90 90 85.60 (85.89)
8 (°) 90 90 65.98 (66.56)
v (°) 90 120 68.07 (67.59)
Pb-S (A) 6 x 3.00 8 x 3.11 6 x 3.22
GGA

EJS4 (eV) 0.47 (0.42) 0.99 (1.7) 2.22 (3.1)
EISE06 (eV) 0.84 (0.42) 1.84 (1.7) 3.15 (3.1)

at the L point (0.465eV), with the conduction band composed predominately
of Pb 6p states. The occurrence of the direct band gap away from the gamma
point has been explained by the hybridization between Pb 6s and S 3p, which is
symmetry forbidden (Wei & Zunger 1997), i.e. in the rocksalt primitive unit cell,
interatomic ¢ bonding between s and p states are forbidden at the zone centre due
to their phase inequivalence (Aj, and Ty, representations, respectively). Similar
restrictions for the coupling of p and d states results in the indirect band gap
of CdO (Mcguinness et al. 2003; Zhu et al. 2008). In comparison to experiment,
the magnitude of the band gap for PbS is in good agreement; while this level
of theory typically underestimates the band gaps of insulating materials, for the
case of band gaps determined by anion and cation p orbitals, better agreement
is generally found (Wei & Zunger 1997; Walsh & Watson 2005).

(b) Hybrid lead sulphide composites

Crystal structures for one-dimensional and three-dimensional hybrid organic—
inorganic PbS composite networks have recently been determined (Turner et al.
2008), which are illustrated in figure 1. The experimental structural parameters,
measured at room temperature using powder X-ray diffraction, were taken as the
starting positions, which were then fully relaxed through DFT calculations, with
the resulting equilibrium structures and band gaps detailed in table 1.

The crystal structure of the three-dimensional hybrid system, Pb3(CsSg), is
hexagonal (space group 191, P6/mmm) with one formula unit per repeating cell.
The structure consists of alternating planes of Pb and S/C oriented along of
the c-axis. Each Pb atom lies at the centre of a cube with eightfold sulphur
coordination, while each S atom is coordinated to four lead atoms and one carbon
atom. The carbon atoms form sulphur-terminated planar hexagonal rings, i.e. a
derivative of benzenehexathiol. The equilibrium GGA structural parameters are
in good agreement with experiment, with errors of less than 1.5 per cent.
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Figure 4. The local electronic density of states and band structure of the three-dimensional PbS
hybrid material at the GGA level of theory. The highest occupied state is set to 0eV. (Online
version in colour.)

The electronic density of states of the hybrid system contains significant
differences in comparison to bulk PbS, as shown in figure 4. The sulphur states
in the valence band become more broadened due to the addition of interactions
between C and S. Of particular note are the new localized peaks found at ca.
—9.5eV (7 bonding between C and S) and at the top of the valence band
(m* antibonding). The Pb states remain largely unchanged, with the presence
of the Pb 6s derived peak below —8eV, and additional contributions at the top
of the valence band.

Unlike the PbS host itself, the fundamental band gap of Pb3(CsSg) becomes
indirect between the gamma point (valence band) and the L point (conduction
band). This occurrence can be rationalized by exploring the band and k-point
decomposed electron density arising from the band-edge states, with the
corresponding density isosurfaces plotted in figure 5. For rocksalt structured PbS,
coupling between Pb 6s and S 3p is symmetry forbidden at the gamma point,
but occurs at the L point, which becomes the valence band maximum. In the
hybrid material, the addition of the benzenehexathiol derivative raises the valence
band energy further and it is instead the filled antibonding (7*) states, arising
from the interaction between the aromatic ring and the S 3p orbitals, which
dominate at the top of the valence band. While the electron density arising from
the gamma and L points appears similar, additional coupling with Pb 6s at the
L point stabilizes the antibonding interactions, which lowers the band, making
the valence band maximum occur at the gamma point. Conversely, the lowest
lying conduction band at the gamma point is dominated by overlap between
Pb 6p orbitals, while at the L point the Pb 6p interactions are out of phase
and substantial contributions are present from #* interactions within the S-C
network. Optical transitions across the fundamental band gap will therefore
involve excitations with significant contributions from the aromatic framework.
This is in contrast to what has recently been reported for a hybrid titania
framework, where the conduction band remains dominated by the inorganic

network (Ti 3d orbitals) (Walsh & Catlow 2010).
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Figure 5. Electron density arising from the highest occupied band at the (a) I' and (b) L points
and the lowest unoccupied bands at the (¢) I' and (d) L points for the three-dimensional hybrid
material. The carbon atoms are coloured brown, with grey Pb, yellow S and pink hydrogen. (Online
version in colour.)

Now, we turn to the quasi-one-dimensional hybrid PbS system, Pby(S,CsHs)
(en), which adopts a low symmetry triclinic structure (space group 2,P1),
with Pb and S occupying the Wyckoff 2i positions. There are two formula
units present per repeating cell. In addition to the benzenethiol derivates (here
benzene-1,2,4,5-tetrathiol), which were present in the three-dimensional hybrid
networks, this system also contains a bidentate ethylenediamine ligand, with
each of the terminating NHy groups chelated to a single Pb atom. The four
remaining Pb—S bonds are present on one side of the Pb atom, similar to the
Pb coordination environment in litharge PbO. The PbS polyhedra form one-
dimensional chains along of the [100] direction, with the aromatic networks
stacked along (201) planes.

The calculated local electronic density of states is shown in figure 6 for
each of the sub units composing the hybrid network: the PbS polyhedra, the
benzenehexathiol groups and the en ligands. Note that the same S atoms
are shared between the organic and inorganic sub-networks. The low crystal
symmetry results in more localized features in comparison to the previous
systems; however, the main characteristics of the parent PbS compound remain
present: the Pb 6s derived peak at —8eV and the dominance of S 3p at the top
of the valence band.

The effect of quantum confinement can be observed on the calculated electronic
band gap, which is significantly larger (2.22eV) in comparison to bulk PbS
(0.47eV) and the three-dimensional PbS network (0.99¢eV); bulk PbS has a large
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Figure 6. (a) Local electronic density of states for each component of the one-dimensional hybrid
PbS material, Pby(SsCsHz)(en); the highest occupied state is set to zero. (b) Electronic band
structure and band-edge electron density of Pby(S4CgHsa)(en). (Online version in colour.)

Bohr excition radius of 20 nm, which gives the material a high susceptibility to
strong-confinement effects (Wise 2000). Assessment of the band gaps using the
hybrid HSEO06 functional provides an upper limit, as it overestimates the band gap
of PbS itself (table 1). With both semi-local and non-local functionals, the same
trend is maintained: the band gap of bulk PbS is increased as the dimensionality
of the inorganic network is reduced; it is worth noting that similar band gaps
to the hybrid materials can be found for PbS quantum dots with radii between
4 and 8nm.

Other key additions to the electronic density of states are the wide distribution
of carbon states arising from the presence of two inequivalent carbon atoms
in the aromatic network and the addition of the sp® hybridized carbons in the
ethylenediamine ligand. The band structure confirms that this material has an
indirect band gap, with both band-edge states arising from orbitals localized on
the aromatic sub-network, as shown in figure 6.
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Figure 7. Schematic of the adiabatic defect ionization levels within the band gap of the bulk and
hybrid PbS systems calculated using density functional theory at the GGA level. (Online version
in colour.)

Table 2. Point defect reaction energies.

defect reaction bulk PbS three-dimensional hybrid
Sg = VI +5(s) 1.77 2.47
Pbpy, = Vi, + Pb(s) 1.36 1.74
Pbpy, +Ss = V5, + Vg + PbS(s) 1.04 1.58
Pbpy, + Ss = Vb, + Vg + PbS(s) 0.87 1.43
Pbpy, + Ss = V}, + Vg + PbS(s) 0.69 1.55

For the hybrid material, the Schottky reaction is balanced through the precipitation of bulk PbS.
All values are ineV per defect.

(¢) Defect chemistry

Analysis of the intrinsic defect reactions in the bulk and three-dimensional
hybrid PbS systems, the details of which have been presented elsewhere (Walsh
2010), have indicated a particularly low formation energy and shallow ionization
levels for cation vacancies, which would suggest that the hybrid materials will
favour intrinsic p-type behaviour. The defect reaction energies are listed in
table 2, with the thermal ionization levels shown in figure 7. As the top of the
valence band is composed of antibonding interactions between S 3p and Pb 6s
in PbS (Walsh & Watson 2005), emptying these states is accompanied by only
a small energetic penalty, similar to the antibonding O 2p/Cu 3d states in the
p-type oxide semiconductor Cuy O (Nolan & Elliott 2006; Scanlon et al. 2009; Soon
et al. 2009). The same orbital character is observed in the high-energy bands of
the three-dimensional hybrid material with the addition of delocalized 7* states.

In contrast to the lead vacancy, the sulphur vacancy in PbS results in a deep
defect level, predominately localized in the vacancy site, i.e. an F-centre (or colour
centre), which may be viewed as a two-electron He analogous to the hydrogenic
one-electron F-centre observed in alkali halides (Stoneham 1975). In this case,
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Figure 8. Equilibrium geometries around (a) VJ, (b) Vg and (¢) Vg in galena. The S-Pb-S bond
angles and Pb displacements, shown relative to the ideal bulk positions, are isotropic around the
defect site. (Online version in colour.)

the F-centre is accompanied by significant polarization of the neighbouring Pb
sites. In the hybrid material, the defect charge density is again associated with
a localized centre, but there is additional hybridization with the neighbouring =
framework: see Walsh (2010).

Tonization of the localized anion vacancy centres shows different behaviour in
the bulk and hybrid systems: the F* centre is thermodynamically unstable in
PbS, exhibiting negative U behaviour, where U represents the on-site repulsive
Coulomb interaction between two electrons (Anderson 1975; Yu & Cardona 2005).
In such a case, negative U refers to the situation where the second electron is
attracted to the defect state, and a direct transition is observed between the closed
shell neutral and doubly ionized point defect centres. In other words, in thermal
equilibrium, the F* centre will only be metastable: for any equilibrium position of
the Fermi energy within the band gap, the defect state will exist either as an F or
F** centre. Tonization of V{ in galena results in an isotropic outward expansion
of the neighbouring Pb ions as shown in figure 8. In the hybrid material, similar
ionic relaxation occurs but the V§ centre is further stabilized electronically due
to interaction with the organic sub-lattice, and the V™™ transition lies resonant
within the valence band. If produced in sufficient quantities, the paramagnetic
V¢ centre should be observable through spectroscopic methods, such as electron
spin resonance.

The energies for Schottky pair formation (intrinsic ionic disorder involving non-
interacting site vacancies) are listed in table 2. Both materials exhibit a preference
for charged Schottky formation owing to the beneficial electron transfer between
donor and acceptor states; however, the charge state preferences differ in the
two cases: PbS favours doubly charged (fully ionized) disorder, while Pbs(CgSg)
favours the single ionized Schottky disorder as the defect level of V¢ lies below
that of Vé,/b. The Schottky energies, ranging from 0.7 to 1.6eV per defect, are
much smaller than those observed in wide band gap metal oxide and III-V
systems, e.g. 4.44¢eV in InyO3 (Walsh et al. 2009a), 3.45¢eV in ZnO (Sokol et al.
2007; Catlow et al. 2008), 3.67¢V in SnO, (Godinho et al. 2009), and 4.7eV
in GaN (Catlow et al. 2010). For all defect reactions, the formation energies
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are substantially higher in the hybrid materials, which would suggest that their
concentrations will be much lower: to produce semiconducting samples, it may
be necessary to extrinsically dope these materials.

4. Discussion

A number of key changes have been observed in the transition from bulk PbS
to the quasi-one-dimensional hybrid PbS material. Bulk PbS is a direct band
gap, low effective mass semiconductor. On transition to the three-dimensional
hybrid network, the local PbS bonding network is perturbed and the valence
and conduction band-edge states contain contributions from hybridized states
of both the organic and inorganic sub-networks. However, while the band gap
is opened, significant band dispersion is maintained, which should contribute to
reasonable carrier mobility in the hybrid materials. Unfortunately, indirect band
gaps are predicted, which could limit radiative recombination of electrons and
holes for light-emission applications. Investigation of the primary defect reactions
suggests that a number of parallels exist between the bulk and hybrid systems;
most importantly, Pb vacancies exist as low energy shallow electron accepting
defects in both cases, while sulphur vacancies exist as deep colour centres. In all
materials studied, the contribution of the organic ligands to the band-edge states
is appreciable, and the resulting electron transport properties will therefore rely
on the cooperative behaviour between the inorganic and organic networks.
Three avenues for chemical functionalization can be envisioned in hybrid
materials, which extend beyond the prototype PbS compounds studied here:

— In terms of the aromatic ligands, incorporation of acidic or basic functional
groups could be used to engineer the band-edge positions (adjusting
the effective ionization potentials and electron affinities), which in turn
will affect both the visible light absorption and defect properties. Direct
examples would include the substitution of electron withdrawing groups
such as an alcohol, amine or triflouromethyl compounds into the aromatic
ring, or the addition of electron donating groups such as a methyl or
aldehyde derivative.

— In terms of the inorganic network, similar frameworks could be built, while
maintaining the underlying I1I-VI framework, for example, the replacement
of Pb with alternative divalent cationic species such as Sn, Cd or Zn.
Partial substitutions to form hybrid II-VT alloys, e.g. (Zn,Sn)S materials,
may also be feasible considering the mechanical flexibility of the organic
network to compensate for alloy strain. Alternatively, cation mutation
could be performed producing multi-ternary semiconductors analogous
to chalcopyrite (e.g. CuGaSey) and kesterite (e.g. CuZnSnS,) solar cell
absorbers (Goodman 1958; Chen et al. 2009a,b, 2010).

— Isoelectronic modification of the anions is also feasible, forming the
corresponding oxides, selenides or tellurides. In most cases, oxide
formation would be expected to increase the band gap, through the
addition of more localized, higher binding energy, O 2p orbitals and
enhanced electron transfer. Conversely, the addition of Te would be
expected to decrease the band gap. Forming intermediate systems of
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mixed composition, e.g. oxysulphide hybrid compounds, would introduce
an extra degree of freedom, as demonstrated by the purely inorganic
oxysulphide class of p-type transparent oxide semiconductors (Ueda et al.
2000; Scanlon & Watson 2009).

A computational exploration of these design principles is currently in progress.

5. Conclusions

Using first-principles electronic structure calculations, we have investigated the
changes in electronic structure and chemical bonding on transition from bulk PbS
to hybrid organic—inorganic networks containing three and one dimensionalities
in the PbS interactions. In particular, our analysis highlighted:

— The contributions of the aromatic subnetworks to the band-edge states
active in electron transport.

— A large increase in electronic band gap on formation of the hybrid
compounds comparable to PbS quantum dots with radii of 4 to 8 nm.

— Comparable defect chemistry between the hybrid and inorganic parent
PbS systems.

— Accessible routes for chemical engineering of the electronic properties of
hybrid materials.

The results emphasize the potential of hybrid materials as functional
semiconducting materials, an area that is presently growing, and can result
in viable new directions for obtaining materials chemically engineered for
photovoltaic and optoelectronic devices. The role of materials simulation in
providing predictive guidance can help to rapidly progress research in this area.
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