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ABSTRACT We report the effects of reduced dimensionality and organic net-
works on defect reactions in a hybrid solid of PbS (galena). Through first-principles
calculations, we demonstrate that formation of the organic—inorganic network
increases both the band gap and defect reaction energies. Remarkably, anion
vacancies result in a localized defect center in both the bulk and hybrid materials,
with high ionization energies deep in the band gap, while cation vacancies provide
low energy shallow acceptor levels; the hybrid system will favor intrinsic p-type
conductivity. The results demonstrate the feasibility of utilizing hybrid solids to

engineer material properties for solar cell applications.

SECTION  Electron Transport, Optical and Electronic Devices, Hard Matter

etal organic frameworks (MOFs) have emerged
M at the interface between organic and inorganic

materials chemistry."* The majority of MOF re-
search has been centered on open framework structures with
potential for gas storage and catalysis, the hybrid analogues of
porous zeolites.” Hybrid systems containing higher dimen-
sionality in the inorganic networks have demonstrated novel
anisotropic electronic, magnetic, and optical effects.*~° Inter-
faces between organic and inorganic materials are presently
exploited in organic solar cell and light emission devices, and
the integration of similar features into a crystalline hybrid
material offers immense potential for functional property
engineering.

In this letter, we take an archetypal binary semiconductor
with excellent electron transport properties, PbS, which has
shown potential for application in high efficiency “third-
generation” solar cells,” and investigate changes in the elec-
tronic structure and defect processes on the formation of a
hybrid organic—inorganic PbS solid, through density func-
tional theory (DFT) calculations. The hybrid material, which
was recently synthesized by Turner et al.,® preserves PbS
bonding in three dimensions and was found to have an optical
band gap of 1.7 eV, ideal for harvesting the visible spectrum
for photocatalytic and photovoltaic applications.

PbSis a narrow band gap (0.42 eV) semiconductor that has
attracted significant attention for quantum dot and multiple-
exciton-generation (MEG) solar cells,”'® and adopts a centro-
symmetric rock-salt lattice with a = 5.936 A,'" as shown in
Figure 1. The calculated lattice constant of PbS is 6.006 A, at
the generalized gradient approximation (GGA)-DFT level,
within 1.5% of experiment. The electronic density of states
of PbS is shown in Figure 2. The occupied Pb 6s band is
present between —6 and —8 eV, with evidence of some
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hybridization of S 3p, consistent with previous analysis.'*'?

The GGA fundamental band gap is direct at the L point of the
first Brillouin zone (0.47 eV), with the conduction band
composed predominately of Pb 6p states. The inclusion of
spin—orbit coupling, which is not presently considered, low-
ers the degeneracy of the empty 6p band, but does not
significantly affect the band structure.'’

The crystal structure of the hybrid PbS system, Pbs(CgSe),
is hexagonal (P6/mmm) and consists of alternating planes of
Pb and S/C oriented along the [0001] direction. Each Pb atom
lies at the center of a cube with 8-fold sulfur coordination,
while each S atom is coordinated to four lead and one carbon
atom. The carbon atoms form sulfur-terminated planar hexa-
gonal rings, i.e., a derivative of benzenehexathiol. The equili-
brium GGA-DFT structural parameters contain errors of less
than 1.5%, aslisted in Table 1. The electronic density of states
shows significant differences in comparison to bulk PbS. The
sulfur states in the valence band become broadened as a
result of the addition of interactions between C and S. Of
particular note are a localized peak at —9.5 eV (« bonding
between C and S) and a peak at the top of the valence band
(7r* antibonding). The Pb states remain largely unchanged,
with the presence of a Pb 6s-derived peak below —8 eV. In
contrast, reduction of the PbS connectivity increases the
fundamental band gap to 1 eV; the large excition Bohr radius
of PbS makes its susceptible to quantum confinement effects,
and a similar band gap is approached with a nanoparticle size
of 5 nm."* The difference between the calculated band gap
and the experimentally determined optical gap of 1.7 eV
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Figure 1. Crystal structure representations of (a) rock-salt PbS
and (b) Pbs(C4Se). The carbon atoms are colored brown, with
gray Pb and yellow S. In the hybrid system, the PbS cubes are
shaded blue.

arises through a combination of the intrinsic limitations of the
GGA-DFT exchange-correlation functional and the approxi-
mate nature of the experimental extrapolation of the visible
light absorption onset.®

Critical to the physicochemical properties of any material is
the underlying defect chemistry. To this end, we investigate
the formation of a Schottky pair in the inorganic network,
including its two constituent species: vacant anion and cation
lattice sites. Defect formation energies were obtained from
AE; = [Eqefect — Enost) 1 Ho, Where Egerece and Epog are the total
energies of the defective and bulk systems, performed with
equivalent k-point sampling and basis sets. The chemical
potential of the removed species (uo) are taken with
respect to the elements in their standard states, i.e., bulk Pb
and S solids. The first two point defect reactions considered
are the formation of neutral anion and cation vacancies,
namely,

SS=‘V§ -+ S(S)
and
Pbpb‘__‘ng + Pb(S)

using the standard notation of Kroger and Vink. In bulk PbS,
the cost of anion and cation vacancy formation is 1.77 and
1.36 eV, respectively. The corresponding neutral Schottky
formation energy is remarkably low at 1.04 eV per defect,
suggesting that it will be a predominant form of ionic disorder
(see Table 2). The electron/hole density associated with the
defect bands are plotted in Figure 3: the Pb vacancy results in
a delocalized hole state, and the S vacancy results in an
F-center (or color center), with the majority of the two excess

v © XXXX American Chemical Society

1285

pubs.acs.org/JPCL

(a)
Pbs
3 Se
2
o Pb p
©
9
C)
c
Ss

10 8 6 -4 -2 0 2 4 6

Energy (eV)
- Pb
>
K
2 s
IS
kst
@
A
f=

Pbs
AN

10 -8 -6 -4 -2 0

Energy (eV)

Figure 2. Site-projected electronic density of states of (a) rock-salt
PbS and (b) hybrid PbS. The highest occupied state is set to 0 eV.
Electron density isosurfaces for the band edge states in the hybrid
material are shown in blue.

Table 1. The Equilibrium GGA-DFT Structural and Electronic
Parameters of the Bulk and Hybrid PbS Systems”

bulk PbS hybrid PbS
a(A) 6.006 (5.936) 9.053 (8.964)
b (A)
c(d) 4.006 (3.958)
a (deg) 90 90
B (deg) 90 90
y (deg) 90 120
Pb—S (A) 6 % 3.00 8 x 3.11
Eq (eV) 0.47 (0.42) 0.99 (1.7)

“The corresponding experimental values®'" are shown in parenth-
eses.

electrons localized on the vacancy center, accompanied by
polarization of the neighboring Pb sites. In the hybrid materi-
al, the anion vacancy remains higher in energy than the cation
vacancy; however, both values are increased from those in
bulk PbS. This is illustrated by the energy required to create a
Schottky pair, which is increased to 1.58 eV. Again the defect
charge density is associated with a localized center for the S
vacancy, which spills into the neighboring sr-framework, with
a more delocalized hole state for the Pb vacancy, as illustrated
in Figure 4.

lonization of the point defects is of importance for gene-
rating free electrical carriers, and creating luminescent centers,
which for cation vacancies will result in free electron holes,

o 1/3{3 +2n
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Table 2. Defect Reaction Energies”

defect reaction bulk PbS hybrid PbS
Ss=V%+S(s) 1.77 2.47
=y 4 2¢/ 0.14 1.05
Pbpy==V%, +Pb(s) 1.36 1.74
Vi;b#Vl/:{) +2n° 0.02 0.05
Pbpp 4+ Ss==V3y, + V& + PbS(s) 1.04 1.58
0.69 1.55

Pbpp, + Ss==V1} + V& + PbS(s)

“All values are in eV per defect, or per electron/hole for both
ionization reactions. For the hybrid material, the Schottky reaction is
balanced through the precipitation of bulk PbS.

Figure 3. Density isosurfaces and contour maps arising from the
hole and electron states for neutral cation (top panel) and anion
(lower panel) vacancies in PbS, plotted through a (001) plane. The
vacancy sites are filled with a green ball, and the contour maps are
plotted from blue (0) to red (1 meV/A?).

and for anion vacancies will result in conduction band elec-
trons,

Vievy +2¢/

As expected from the delocalized wave functions, the Pb
vacancy is a shallow acceptor in both PbS (0.02 eV) and the
hybrid material (0.05 eV), while the S vacancy has deep donor
levels of 0.14 and 1.05 eV, respectively, with the latter being
resonant within the upper valence band. The associated energy
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Figure 4. Density isosurfaces arising from the electron and hole
states for anion (left panel) and cation (right panel) vacancies in
the hybrid PbS material. The vacancy sites are filled with a green
ball.

for charged Schottky pair formation is decreased to 0.74 eV for
bulk PbS, and to 1.55 eV for the hybrid system; charged
disorder is stabilized as a result of electron transfer between
the donor and acceptor states.

On the basis of the present calculations, Schottky ionic
disorder is feasible in both the bulk and hybrid PbS materials;
furthermore, because of the low formation energies and
shallow ionization levels for cation vacancies, we anticipate
that the hybrid material will exhibit a preference for intrinsic
p-type behavior. The hybrid system therefore maintains the
key bulk material characteristics, while giving a band gap
comparable to 5 nm PbS quatum dots. Further flexibility can
be provided through manipulating the dimensionality of the
inorganic network, with 1D, 2D, and 3D hybrid networks
reported,® or through engineering of the component chemical
species. The presence of two distinct networks offers im-
mense chemical freedom for property engineering, in parti-
cular, for overcoming the carrier extraction bottleneck
currently limiting the efficiencies of MEG solar cells.”

In conclusion, formation of a hybrid PbS solid maintains
many of the key characteristics present in PbS, while opening
up the electronic band gap similar to quantum-confined PbS
nanoparticles. Schottky ionic disorder remains competitive in
the hybrid structure, and the component defects have similar
electronic levels to bulk PbS, with the cation vacancy acting as
a shallow electron acceptor, and the anion vacancy as a deep
electron donor. It remains to be seen whether this and
releated hybrid materials, which contain reduced dimension-
ality in the PbS networks, will exhibit the beneficial effects of
MEG previously demonstrated for PbS quantum dots. The
potential of hybrid materials as functional optoelectronic
materials remains to be exploited..

THEORETICAL SECTION

The electronic structure and total energy were calculated
using DFT'>'® within the VASP'”"'® code. Exchange-correlation
effects were treated at the GGA level, namely the Perdew—
Burke—Ernzerhof (PBE) functional.'” A plane wave basis set
was employed with the projector augmented wave (PAW)
method”® used to represent the valence—core (Pb:[Xe], C:[He],
N:[He], S:[Ne]) interactions. Scalar-relativistic contributions are
explicitly included in the PAW potentials, while spin—orbit
coupling is not treated. The plane-wave cutoff (500 eV) and
the k-point sampling were both checked for convergence.
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Isochoric point defect formation was investigated using 4 x
4 x 4 (512 atom) and 3 x 3 x 3 (405 atom) supercells for bulk
and hybrid PbS, respectively. The defect calculations were
performed using k-point sampling at the I" point in a cell with
P1 symmetry. For the ionized vacancy centers, the total energies
of the charged unit cells were corrected through alignment of
the core levels, as detailed elsewhere.*'** Considering the high
dielectric constant (&, = 170 for PbS) and the large supercell
size employed (ryefect = 24 A), further electrostatic corrections
to the ionization reactions have been neglected.
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