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PbO2: from semi-metal to transparent conducting
oxide by defect chemistry control

Aron Walsh,*a Aoife B. Kehoe,b Douglas J. Temple,b Graeme W. Watson*b and
David O. Scanlon*c

Lead dioxide has been studied for over 150 years as a component

of the lead-acid battery. Based on first-principles calculations, we

predict that by tuning the concentration of electrons in the material,

through control of the defect chemistry, PbO2 can be rendered from

black to optically transparent, thus opening up applications in the

field of optoelectronics.

Transparent conducting oxides (TCOs) are compounds which
combine the normally mutually exclusive properties of transparency
and conductivity. Most transparent materials, such as glass, behave
as electrical insulators with high resistivities of >1010 O cm,
whereas materials with low resistivities (10�4–10�7 O cm), such
as metals, do not transmit visible light. The combination
of both properties in a single material is thus an unusual
phenomenon and TCOs have proved indispensable in the
development of optoelectronic devices such as solar cells, flat
panel displays and light emitting diodes.1–4 At present, the
industry standard n-type TCO is In2O3:Sn (ITO) which usually
demonstrates conductivities of B104 S cm�1, whilst retaining
>90% transparency in the visible range.5 The overwhelming
demand for ITO, coupled with the low abundance of indium
within the earth’s crust has made indium an increasingly
expensive commodity, which has led to a large research drive
to find viable alternative materials.6

There exist two distinct classes of TCO: (i) wide band gap
TCOs (WB-TCO), and (ii) narrow band gap TCOs (NB-TCO),
as illustrated in Fig. 1. A WB-TCO is characterized by a large
fundamental band gap, usually greater than 3 eV, making
the stoichiometric material transparent to visible light, e.g.
ZnO and SnO2.7 To enhance intrinsic n-type conductivity in
these materials, itself the result of oxygen sub-stoichiometry,

the electron carrier concentrations can be further increased by
suitable extrinsic donor doping.8

An NB-TCO, on the other hand, is coloured or black when
close to stoichiometric. However, when donor doped to high
carrier concentrations, optical transparency can be achieved
through the blue-shift of the optical band gap following the
Moss–Burstein9,10 effect (Eopt in Fig. 1). A known example of
this is CdO, where the fundamental band gap is less than 1 eV,
and the optical band gap of the electron rich material can be
greater than 3 eV.11–14 To ensure optical transparency in the
electron rich material, transitions from the filled conduction
band states to the next highest conduction band (Eintra in Fig. 1)
should also lie above the threshold for visible light absorption.15,16

Fig. 1 Schematic of a (a) wide gap and (b) narrow gap TCO, where the Fermi level
refers to the electron chemical potential for heavily doped n-type materials.
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Another potential limitation is the absorption or reflection of
light by free carriers, which fortuitously occurs in the infra-red
range for these materials.7

Upon moving down group 12 from Zn to Cd, there is a
transition from WB-TCO (ZnO) to NB-TCO (CdO). It follows that
the same relationship may also hold for group 14 from Sn to Pb.
SnO2 is a known WB-TCO; however, the physical properties of
PbO2 are not well understood.17–23 It has recently been demon-
strated that despite its high electrical conductivity, PbO2 is a
narrow band gap semiconductor that has a preference for
oxygen sub-stoichiometry, which results in carrier concentra-
tions greater than 1021 cm�3.24 The question therefore arises as
to whether the electron concentration of PbO2 and related
narrow band gap oxides can in principle be tuned into the
regime for simultaneous transparency and conductivity?

We have performed first principles calculations on b-PbO2

(the mineral Plattnerite), the stable rutile phase of PbO2. The
method is based on density functional theory (the hybrid HSE0625

functional) as implemented in the code VASP.26,27 The projector-
augmented wave28,29 method was used to describe the inter-
actions between the cores (Pb:[Kr] and O:[He]) and the valence
electrons. Both the plane wave basis set and k-point sampling
were rigorously checked for convergence (29.40 Ry cut-off and a
k-point grid of 6� 6� 4). The optimized structural parameters were
found to be within 1% of neutron diffraction measurements.24

The calculated band diagram for PbO2 is shown in Fig. 2(a).
Despite the small indirect band gap of 0.23 eV, it is evident that
at high carrier concentrations (for an electron chemical
potential B2.3 eV above the top of the valence band) a window
for transparency emergences. The window is widened by con-
sidering the recent report that transitions from the upper
valence band are symmetry forbidden. The inversion symmetry
of the lattice imposes Laporte selection rules,24 and strong
optical transitions to the conduction band commence only
from 0.7 eV below the valence band maximum, similar to the
high performance TCO In2O3. This relationship is quantified in
Fig. 2(b), where the effective optical band gap is plotted as a
function of the electron concentration, explicitly taking into
account the contributions of both inter- and intra-band transitions.

From this model, which is calculated based on the Moss–
Burstein occupation, optical transparency is achievable for carrier
concentrations in the range of 9.14 � 1020 to 1.07 � 1021 cm�3.

Typical carrier concentrations of the order of 1.5 � 1021 cm�3

are reported for PbO2 samples,21,30 which have been confirmed
to be due to the facile formation of oxygen vacancies,24 according
to the defect reaction:

OO Ð V��O þ 2e0 þ 1
2
O2ðgÞ ð1Þ

These carrier concentrations are prohibitively high, and effec-
tively ‘‘close’’ the window for transparency by lowering Eintra

below 3 eV. To ‘‘reopen’’ the window, it is therefore necessary to
reduce the electron concentration. From the previous relation-
ship we can see that the equilibrium concentration of oxygen
vacancies (electrons) is related to the oxygen partial pressure,
PO2

, and hence can be controlled by annealing under different
gaseous environments. However, no study of the dependence of
optical band gap or electron concentration with gaseous partial
pressures has been reported to our knowledge. Following the
law of mass action, the equilibrium constant Kc obeys:

Kc ¼ ½V��O �½e0�
2P

1
2
O2
; ð2Þ

which, assuming the charge neutrality relation ½V��O � ¼ 2½e0�,
results in a predicted dependence of the electron concentration

(conductivity) on P
�1
6

O2
.

An alternative approach to reducing the carrier concentration
would be to intentionally dope the material with acceptor impu-
rities. The incorporation of trivalent metals could be used to
quench mobile electron carriers. Taking the example of Bi-doping:

PbPb þ e0 þ BiðsÞ Ð Bi0Pb þ PbðsÞ ð3Þ

A lowering of the carrier concentration due to Bi-doping of
PbO2 has been reported previously,31,32 and the same approach
has been successful in lowering the carrier concentration of
other TCO materials.33,34 An additional benefit of reducing
the carrier concentration should be an increase in electron
mobility, and hence conductivity, which is a critical perfor-
mance indicator.35

Due to the relative abundance and lower cost of Pb com-
pared to In, successful modulation of the carrier concentration
in PbO2, and realisation of optical transparency, could have
applications in the optoelectronics industry in the near-term as
viable replacements for high-cost ITO contacts are required.
Further investigation of the PbO2 system is therefore warranted
in order to verify our predictions.
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Fig. 2 (a) Band structure diagram of PbO2 illustrating the optical and intra-band
transitions and (b) effective optical band gap plotted as a function of electron
carrier concentration.
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