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Transparent conducting materials (TCMs) are crucial in the operation of modern opto-electronic
devices, combining the lucrative properties of optical transparency and electronic conductivity. More
than ever we rely on display and touch screens, energy efficient windows and solar cells in our day to
day lives. The market for transparent electronics is projected to surpass $3.8 billion by 2026 as the
automotive industry seek to incorporate pop-up displays into driver windshields, and the prospect of
touch-enabled transparent displays challenges the traditional mouse and keyboard mode of computer
operation. However, these new technologies rely heavily on the development of high performance
p-type TCMs, a task that has posed a significant challenge to researchers for decades. This review will
cover the basic theory and design principles of transparent conductors, followed by an overview of early
p-type TCMs and their shortcomings. We discuss the impact of high-throughput screening studies on
materials discovery and critically assess the family of p-type halide perovskites that emerged from these,
Received 2nd June 2021, ruling them as unsuitable candidates for high-performance applications. We find that phosphides,
Accepted 25th August 2021 selenides, tellurides and halides are the most promising emerging materials, capable of achieving greater
DOI: 10.1039/d1tc02547¢ valence band dispersion than traditional oxides, and we discuss the challenges facing these more exotic
systems. The smorgasbord of materials presented in this review should guide experimental and
rsc.li/materials-c computational scientists alike in the next phase of p-type transparent conductor research.
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1 Introduction

The dual properties of optical transparency and electronic
conductivity position TCMs as one of the most important
technologies of the 21st century, with an ever-increasing number
of devices requiring invisible electrode layers. In touch and
display screens, a transparent electrode above a liquid crystal
display is critical to allow emitted light to reach the consumer; in
solar cells, incoming light must be able to pass through charge
transport layers to reach the active photovoltaic absorber layer
below, where electron-hole pairs can be generated; and in energy
efficient windows, light must be able to pass through entirely in
order for the window to retain its primary function. All of these
applications rely overwhelmingly on n-type transparent conductors
such as Sn-doped In,O; (ITO) and F-doped SnO, (FTO), degener-
ately doped post-transition metal oxides with wide optical band
gaps and conductivity on the order of 10* S em™"."? In contrast, p-
type TCMs are still in their infancy, with many materials failing to
combine acceptable levels of optical transparency with conductiv-
ities that are seriously competitive with their n-type counterparts.
Closing this gap between p- and n-type technologies is crucial in
order to meet the ambitious market projections for the transparent
electronics industry.” Transparent electronics rely on a transparent
p—n junction, which in turn depends on the development of a high
performance p-type TCM.*?

There have been multiple recent reviews on the topic of
p-type TCMs. Zhang et al. give an excellent description of the
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necessary underlying physics and a comprehensive overview of
early directions in p-type material research, such as Cu-based
delafossites, oxychalcogenides and oxides.® These “prototypical”’
materials are also reviewed in detail, mainly from an experi-
mental perspective, by Zhang et al.” Cao et al. set out to describe
precisely how to improve p-type conductivity in materials
through defect engineering in “Design Principles of p-Type
Transparent Conductive Materials”, an important resource for
understanding the role that formation energies, ionisation
potentials and charge compensation mechanisms play in the
electronic behaviour of p-type materials.® Hu et al. published a
similarly titled “Design strategy for p-type transparent conducting
oxides”, offering a greater range of recent examples from the
literature.® Fioretti and Morales-Masis offer a perspective on
disperse valence band materials for p-type applications, with an
insightful discussion on some of the experimental challenges that
come with moving away from oxide-based chemistries.'® Finally,
Shi et al. offer a comprehensive overview of both p- and n-type
wide bandgap oxide semiconductors, with a particular focus
on optoelectronic devices and applications, an invaluable
resource on emerging thin-film transistor devices and OLED
technologies,"" while Wang et al focus more intimately on
developments in the p-type semiconductor device field.?

The field of organic optoelectronics is a key area of research
associated with TCM technology, but is often omitted from
discussions where inorganic materials are present (certainly
from most of the above, with the notable exception of

Table1 Optoelectronic properties of p-type TCMs from the literature. Values with 2 are calculated from DFT using the HSEO6 functional, Pusing GGA+U.

d = film thickness, nm; T = transmission; Eg¢ = indirect band gap (calculated), eV; ESP* = optical band gap, eV; ¢ = conductivity, S cm™

L n = carrier

concentration, cm™>; u = mobility, cm? V™1 s7%. Cul* data represents best quality sample from ref. 80, in text data is the average from the study
Material Deposition d T% Ey® EP ¢ n u Ref.
CuAlo, PLD 500 28 3.52% 3.5, 4.08% 1 1.3 x 10 10.4 31 and 41
CuCro, Sputtering 150 66 3.06% 3.28, 3.75° 0.01 3.4 x 10" 2.2 43 and 45
Mg:N-doped CuCrO, Sputtering 150 69 — 3.2 278 1.2 x 10* 0.006 45
CuScO, Sputtering 110 40 — 3.3 30 — — 47

Cuyo, PVD 330 50 — 35 0.025 — — 47
CuGaO, PLD 500 80 — 36 0.063 1.7 x 10" 0.23 48
CulnO, p-type PLD 170 50 3.9 0.0028 — — 50
SrCu,0, PLD 150, 700-880 —, 80 1.6° 3.3,2.1 0.0039, 0.01 1 x 10", 1 x 10> —, 6.7 53, 81 and 82
Sr-doped LaCuOS Sputtering 150 60 3.1 20 — — 58
Mg-doped LaCuOSe  Sputtering 40 — —  2.8,2.72° 910 1.7 x 107! 3.5 62 and 63
Lag.75Y0.25CuOS Solvothermal 250 76 — 3.06 89.3 6.6 x 10%° 0.85 64

Cu,0 Sputtering 1000 — —  2.0,2.12° 38 1 x 10" 256 65 and 66
Ni-doped Cr,0; PLD — 40 — 33 28 — — 69

SnO p-type PLD, Sputtering 100, 15 —, 92 0.61* 2.6, 2.65, 2.6 1,2.2 x 10~ 7,18.71 18 and 71
NiO Sputtering 100 70 - — 410 9 5 x 107 28 75 and 78
ZnCo,0, PLD 100-300 26 3.96% 2.26 0.39 — — 83 and 84
ZnRh,0, PLD 100-300 55 2.88% 2.74 2.75 — — 83 and 84
ZnIr,0, PLD 100-300 61 2.37% 2.97 3.39 — — 83 and 84
Sr-doped LaCrO; MBE 50 43 — 46 56 7.5 x 10** 0.04 85
K-doped Ba,BiTaOg PLD 120 90 —  4.5,3.6° 0.005 1 x 10™ 30 86 and 87
K-doped BaSnOj; PLD 100 — — —, 3.40% 48 x 107 1.0 x 10" 0.30 88 and 89
Cs,CdSb,Cl;, Solvothermal — 40 — 3.11% 3.30 2 x10°° — — 90 and 91
Bilayer TeO, Eutectic melt 1.5 — — 3.7, 3.62° 316 1.4 x 10" 141 92
CaCuP Sintering — — 1.23% 2.78, 2.71° 2 x 1073 — — 93

BP CVD — — 2° 4? 2800 5 x 10" 350, 900* 94-96
Cul* MBE 283 — — 3.12 0.89 1.06 x 10" 110 80 and 97
(Cu,S,)(Sr35¢,05) Sintering — — — 3.1, 3.06° 2.8, 2.0° 1 x 10", 1 x 10*% 150 40 and 98
(Cu,S,) (CazAlL05)  — — — — 3.17° 1767° 1 x 10%1 — 40
(Cu,S,)(BasSc,05) Sintering — — 3.04* 3.24, 3.24° 2058 1 x 10*™ — 40
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Shi et al)"'. Indeed, this vast topic deserves its own spotlight,
and so the reader is directed to an incredibly comprehensive
piece by Ostroverkhova for an overview of the underlying
physics, materials and applications associated with organic
optoelectronics,'” and also to Lee et al. for a particular focus
on flexible organic optoelectronic device applications.

In this review, we aim to combine and condense many of
the themes touched upon by existing reviews, while offering
a fresh perspective on emerging materials, particularly those
from high-throughput screening studies. We outline the basic
requirements for a TCM in Section 2, providing a clear point of
reference for the materials discussed in the later sections.
We then offer an overview of the prototypical p-type TCMs in
Section 3, spotlighting Cu-based delafossites, oxychalcogenides
and oxides. Understanding the strengths and limitations of these
materials spurred on a wider search for p-type TCMs, aided by
the advent of large scale materials screening, with spinels,
perovskites, phosphides and complex oxychalcogenides coming
to the attention of researchers. These more exotic materials are
analysed in Section 4 and represent the latest efforts in p-type
TCM research. A summary of the properties of all the materials
discussed can be found in Table 1. We then provide a short
update on current p-type TCM applications in Section 5 before
presenting some concluding thoughts in Section 6.

2 Design principles
2.1 Electronic structure requirements

2.1.1 A strict definition of the “band gap”. The fundamental
gap is the energy required for the transition of an electron from
the valence band maximum (VBM) to conduction band minimum
(CBM). If the VBM and CBM are described by the same wave-
vector k in reciprocal space, then this transition is direct, and an
incoming photon with sufficient energy can excite an electron
from the VBM to the CBM. If the VBM and CBM are described by
different wave-vectors, then the transition is indirect. For an
incoming photon to excite an electron across an indirect band

E dir, opt
>3.1eV

r X k
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gap, a change in crystal momentum (provided by an internal
phonon process — a photon is not capable of inducing this change
itself) is required. As there is no guarantee that a phonon will be
instantaneously available when a photon is absorbed, the inten-
sity of indirect absorption is lower than that of direct absorption.
These concepts are illustrated in Fig. 1a.

The optical gap is the energy of a transition measured from
optical experimental techniques,"*'> and can be larger or
smaller than the fundamental gap. From the perspective of a
theorist, the optical gap is the first direct allowed transition,
corresponding to the band gap observed experimentally.
If there is an excitonic state within the band gap of a material,
formed by the Coulombic attraction of an electron-hole pair, then
an electron can be excited from the VBM to this lower energy state
rather than the CBM, giving an optical gap that is smaller than the
fundamental gap. Opposite behaviour can be observed when the
transition from the VBM to CBM is forbidden due to Laporte
selection rules. Forbidden transitions will experience very weak
intensity, such as d-d transitions, whereas the first allowed
transition will experience a strong absorption onset, causing the
optical gap to be larger than the fundamental gap.'® Selection
rules governing symmetry, parity and spin can all have an effect
on determining the first allowed transition from occupied to
unoccupied states, and the optical transition matrix can lend
great insight into which transitions are allowed and forbidden.

Another phenomenon that can affect the magnitude of the
optical band gap in transparent conductors is the Moss-Burstein
shift, illustrated for an n-type transparent conductor in Fig. 1b.
An electron donor will raise the Fermi level above the conduction
band minimum, increasing the band gap by E™® - this is well
established in CdO."”

2.1.2 Band gap requirements for transparency. Armed with
our definitions, we can now consider the requirements for the band
gap of a transparent conductor. To ensure optical transparency, the
optical band gap must be larger than 3.1 eV, corresponding to the
maximum wavelength of visible photons. This has the implication
that a direct fundamental gap with a symmetry forbidden
transition can be less than 3.1 eV, as is the case of highly successful

b)
CBM

A JE

Donor state = =|= =% —V—= — —

E,t>3.1 eV

VBM

Fig. 1 Simple schematics of (a) a band structure with an indirect fundamental gap and direct optical gap, and (b) the widening of the optical gap through

the Moss-Burstein shift in an n-type transparent conductor.

This journal is © The Royal Society of Chemistry 2021

J. Mater. Chem. C, 2021, 9, 11995-12009 | 11997


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc02547c

Open Access Article. Published on 26 August 2021. Downloaded on 3/2/2026 5:24:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

n-type TCM In,03, as long as the allowed transitions comprising
the optical gap span an energy range greater than 3.1 eV.' It also
means that a material with a small indirect gap but larger optical
gap (equal to or larger than the direct gap) can be transparent as
the indirect absorption will only be weak in comparison, as is the
case in the bipolar TCM SnO."®

Also important to transparency is the prevention of intra-
band excitation. This means that for a p- (n-) type TCM, there
should be an optical gap greater than 3.1 eV between the VBM
(CBM) and the next occupied state below (unoccupied state
above). This ensures that when charge carriers are added to the
system in the form of defects, typically near or in the VBM
(CBM), optical transitions to (from) these defect states from
below (to above) still fulfil the transparency criteria."®

2.1.3 Conductivity mechanism in TCMs. Conductivity ¢
(S em™) is governed by the equation:

o = nep, (1)

where 7 is the charge carrier concentration (cm™?), e the elementary
charge (C) and u the charge carrier mobility (cm®> V' s
Intuitively, one would therefore aim to maximise both carrier
concentration and charge carrier mobility in order to maximise
conductivity. However, there is a precarious balancing act to
maintain, as adding too many charge carriers (by introducing
defects into the system) can reduce their overall mobility due to
scattering processes such as ionised impurity scattering, carrier-
carrier scattering, grain boundary scattering and both polar and
non-polar electron-phonon scattering.>* >

Charge carrier concentration is also intimately linked to
transparency via the plasmon frequency w,’ relationship,
describing the oscillation of charge carriers within an
applied field:

) ne’

w,” = 2
P m*ﬁxﬁo’ ( )

where m* is the charge carrier effective mass (kg), .. the high
frequency dielectric constant and ¢, the permittivity of free space.
If the value of 7 is large enough (typically >5 x 10** cm™?), the
plasmon frequency will be shifted from the near infra-red (NIR)
range into the visible, reducing transparency.® Therefore,
prioritising high charge carrier mobility over high charge carrier
concentration is a viable strategy for obtaining high levels of
conductivity.
Charge carrier mobility u is controlled by the equation:

(3)

et
p=

o
where 7 is the average time between collisions (s). Therefore
high mobility is dependent on large carrier lifetimes and
having a low charge carrier effective mass. The effective mass
describes the mass a charge carrier appears to have in response
to the forces it experiences when moving through a lattice, and
strictly is a tensor. More commonly, the effective mass is given
with reference to a particular crystal direction, averaged over all
three directions or with reference to the direction with the least
favourable effective mass to give the ‘“worst case scenario”.

1998 | J Mater. Chem. C, 2021, 9, 11995-12009
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Using a parabolic approximation to model the appropriate
(valence or conduction) band edge:
12k?
Ek)=Ey+—-— 4
(k)= Eo+5 (4)
where E, is the eigenvalue of the band for that value of k and %
is the reduced Planck constant, the effective mass can be
straightforwardly calculated from the second derivative of the
band energy E(k) with respect to the wave-vector k:
712
e — 5
" T LER) 5)
dk?

Qualitatively, the charge carrier effective mass can be
assessed by the dispersion or curvature of the relevant band
edge, with a greater curvature indicating a lower effective mass
and therefore higher mobility.

The carrier lifetime is determined by scattering mechanisms
concerning lattice phonons, charge carriers, grain boundaries
and ionised impurities,”" and is therefore strongly dependent
on the elements in the system, the crystal structure, and the
quality of the sample, for example if it is a single crystal, thin
film, pressed powder or has undergone nano-structuring.*

2.1.4 Defects and dopability. To reach competitive levels of
conductivity (>10" S em™ "), TCMs must exhibit a high tolerance
for defect formation, requiring charge carrier concentrations of at
least 10"® em™>. Charge carriers are introduced by the formation
of defects in a system, with acceptor defects generating holes at
the VBM for p-type systems and donor defects providing electrons
at the CBM for n-type systems. These defects can be either
intrinsic, taking the form of vacancies, antisites and interstitials,
or extrinsic as substitutions and interstitials. Their formation
energies can be calculated under different simulated growth
conditions using chemical potential limits, giving an indication
of how prevalent a particular defect species will be. While several
efforts have been made to screen material dopability, such as the
branch-point energy (BPE) method,**** a cheap and reliable way
to assess defect tolerance is yet to emerge, with the BPE
method particularly poor at identifying p-type materials.>®
Instead, expensive, large-scale defect studies are required to gain
an understanding of the defect chemistry of a potential TCM, a
significant bottleneck in the search process.

The concentration of a defect nq, and hence charge carriers,
is ultimately determined by the free energy of formation, with
the main component coming from enthalpy (vibrational
entropy is assumed to be negligible here):

AH,
ng = gNsite €XP (——f) (6)

kgT
where g is the degeneracy and N the number of sites in the
host material, AH; is the formation energy of the defect, and kg
and T are Boltzmann’s constant and temperature respectively.””
Therefore, the lower the formation energy of a defect, the
higher its concentration in the host material. Crucially, the
active charge state of the defect species should be stable either
in or near the appropriate band edge. Depending on the energy

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Defect classifications in p- and n-type TCMs (left and right
respectively).

gap between the defect state and band edge (Fig. 2), a defect can
fall into one of three classes; deep, where the defect state lies
within the band gap; shallow, where it is within kgT of the band
edge, allowing conductivity via thermal activation at room
temperature; and resonant, where the defect state lies within
the relevant band edge. Many dopants, oxygen vacancies and
adventitious hydrogen defects in n-type post-transition metal
oxides fall into the shallow or resonant category, giving rise to
high levels of conductivity,?*° whereas in p-type TCMs deep
acceptor defects dominate, severely limiting electronic
performance.®' Engineering defect states closer to the VBM is
critical to drive up the conductivity of p-type TCMs if they are to
compete with their n-type counterparts.

For a more thorough discussion on the calculation of defects
in crystalline systems and implementations of the necessary
corrections for ab initio calculations, the reader is directed to
the discussions by Lany and Zunger,*>*® Freysoldt et al.,**
Kumagai et al.,*>*® and Walsh.””

2.2 Sustainability requirements

In addition to the stringent electronic requirements of TCMs,
there are other a handful of other factors to be considered when
designing a new material. It will ideally consist of cheap, non-toxic,
earth abundant elements to enable a secure, safe and sustainable
manufacturing process. While ITO is a highly successful n-type
TCM, the unstable supply and often wildly fluctuating price of raw
indium is of concern,”” feeding research efforts into seriously
optimising existing indium-based technologies and developing
indium-free alternatives.”®*® Furthermore, synthesis should be
straightforward, easily scalable to provide incentive for industrial
investment, the material will ideally integrate well into existing
device infrastructures, have excellent air and moisture stability and
long-term durability. A comprehensive overview of p-type TCM
device design and performance, including thin film transistors
and complementary metal oxide semiconductor devices, can be
found in the work by Wang et al.’

3 Prototypical p-type TCMs
3.1 Chemical modulation of the valence band

The first p-type TCMs were designed around the electronic
structure of the n-type transparent conducting oxides (TCOs).
In n-type TCOs such as In,0;, SnO, and ZnO, the valence band

This journal is © The Royal Society of Chemistry 2021
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is dominated by O 2p electronic states that display highly
localised behaviour due to the large electronegativity of oxygen
atoms.?®?%3° To engineer a p-type TCO, the localisation of the
valence band needs to be modified such that holes can conduct
throughout the material rather than being localised around the
oxygen atoms. This can be done by introducing a closed shell
cationic species with similar energy levels to O 2p states to
facilitate the sharing of electron density, and for this they
identified Cu* with electronic configuration 3d"'%4s°. The crystal
structure also plays an important role, with materials that
enable maximum spatial overlap between Cu and O atoms
achieving the greatest degree of covalency and in turn giving
the most disperse valence band maxima, while maximising
the distance between Cu atoms to prevent inter-band d-d
transitions that could cause colourations and bring down the
energy of the conduction band states.”® These strategies were
pioneered by Kawazoe et al.*" and have formed the basis of two
decades of p-type TCM research.

3.2 Delafossites

The delafossite CuAlO, is the prototypical p-type TCO, highlighted
as an exemplar material in the design strategies outlined by
Kawazoe et al. It has an optical band gap of 3.5 eV and p-type
conductivity of around 1 S cm~' when nominally undoped.*'
The crystal structure, shown in Fig. 3, consists of linear
Cu-O-Al-O-Cu linkages, facilitating excellent spatial overlap
between Cu and O atoms. Density functional theory (DFT)
calculations using the hybrid functional HSE06 reveal an indirect
band gap of 3.52 eV, matching well with the optical gaps reported
in experiment, and good dispersion in the I — F direction. Defect
calculations have shown that the lowest energy p-type defects in
CuAlO, are Cu on Al substitutions (Cu,;) and copper vacancies
(Vcu), which both contribute to the modest conductivity measured
at room temperature,’' although both of these defect states are
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Fig. 3 The rhombohedral delafossite (left, CuMO,, Cu = blue, M = green,
O = red), quaternary oxychalcogenide (centre, LnCuOCh, Ln = green, Cu =
blue, O = red, Ch = yellow) and quinary oxychalcogenide (right,
(CuzS2)(A3M20s), Cu = blue, Ch = yellow, A = green, M = pink, O = red,
see Section 4.6) crystal structures. Viewed along ¢ axis, visualised using
VESTA.%¢
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deep acceptors. The holes generated by Vc, are localised on the 6
surrounding Cu atoms, while there is a small distortion of the
O-Cu-O dumbbell, indicative of a “reasonably localised polaron”.
A small activation energy is required for the holes to overcome
this interaction and migrate through the system, which places an
intrinsic limit on the conductivity.*' While CuAlO, itself is not a
high performance p-type TCM, it is the first TCM and embodies
the design principles set out by Kawazoe et al., kick-starting the
research drive for Cu-based transparent conductors.

Substitution of the M*" cation in the delafossite structure
has been widely investigated in order to further reduce the
localisation of the valence band and enable greater p-type
conductivity. Cr,”*™® Sc,*” Y," Ga,*®*? and In have all been
studied,®® with CuCrO, achieving the best performance - p-type
conductivity of 278 S cm™ ! and an optical gap of 3.52 eV when
co-doped as Mg:N-CuCrO,.** This is due to the large degree
of covalency that is achieved in Cu-O-Cr-O-Cu linkages
compared to the other M** cations, demonstrated through
Bader charge analysis and partial electronic density of states
calculations. Indeed, the charge transfer decreases in the order
Cr, Sc, Y, Al, correlating with the reported experimental
conductivities.>® This increased charge transfer has been
observed separately using DFT in a series of CuAl,_,Cr,O,
compounds, and distinct changes in the valence band are
observed in X-ray photoelectron spectroscopy measurements
of CuAlO, and CuCr0,.****

Defect studies of CuCrO, have shown that the formation
energy of substitutional Mg, is around 0.9 eV lower than Vg,
explaining the improved conductivity upon introduction of
Mg.** The interstitial oxygen defect O; is also 1.5 eV lower in
energy in CuCrO, compared to CuAlO,, as the larger ionic
radius of Cr generates more space in the structure, improving
conductivity. It is suggested that Ny incorporation also
generates charge carriers,"* lowering the Fermi level and
widening the band gap through a p-type Moss-Burstein shift,
explaining the increased transparency compared to undoped
films.*>*® The optical band gaps of CuGaO, and CulnO, are
larger still, at 3.60 eV and 3.90 eV respectively.**>° Due to its
favourable band edge positions, CulnO, is capable of bipolar
doping,*>*® but conductivity in both of these compounds still
remains several orders of magnitude behind CuCrO,.

A study by Huda et al. rationalises the band gap trends for
the group III delafossites.*® For CuAlO,, CuGaO, and CulnO,
(group MI* delafossites crystallising in the rhombohedral structure
shown in Fig. 3), the fundamental band gaps are indirect and
decrease down the group, but the optical gaps increase. This can
be explained by the nature of the conduction band states at I,
which are comprised of M s states — moving from Al to Ga to In,
these states lower in energy, decreasing the fundamental band
gap. Meanwhile, the conduction band states that correspond to
the direct transition (metal p states) are, relatively, shallower,
causing a slight rise in energy and explaining the increase in
optical gaps. In the group III” delafossites (Sc, Y and La, which
crystallise in the slightly difference hexagonal delafossite
structure), the metal s states at the I' point in the conduction
band are not nearly as deep, and instead the partially filled, lower
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energy d orbitals control the behaviour of the conduction band.
Moving from Sc to Y to La sees a smaller relative change in the
energy of the d states than moving from Al to Ga to In does in
their s states, hence the difference in the fundamental and optical
gaps is less pronounced in the group III” delafossites.*’

SrCu,0, crystallises in a delafossite related structure (tetragonal
I41/amd, with trademark linear O-Cu-O dumbbell bonds among
distorted SrOs octahedra), allowing good spatial overlap between
Cu and O atoms. It has an optical gap of 3.3 eV from experiment
due to direct transitions, in qualitative agreement with GGA
calculations (a direct gap but with a smaller value of 2.1 eV due
to the band gap under-estimation inherent in GGA DFT).>® This is
in contrast with most delafossites which have an indirect band gap.
Conductivity originates from a thermally activated polaronic
hopping mechanism, as in CuAlO, and CuCrO,, with cationic
vacancies Vg, and Vg, having formation energies of around 1 eV
each. Conductivity fails to surpass 107> S cm ', even when
extrinsically doped with Ca or K,*™ precluding SrCu,O, from
becoming a high performance material.

The delafossites are an important family of materials, and
certainly deserve their place in the archives as the ‘“original
blueprint” for p-type TCM design. They benefit from relatively
straightforward deposition and wide optical gaps, but are
inherently flawed due to the deep acceptor levels present and
subsequent polaronic conductivity mechanisms.

3.3 Oxychalcogenides

With the general formula LnCuOCh (Ln = La, Y, Pr, Nd, etc. and
Ch =S, Se, Te), Cu-oxychalcogenides possess a structural motif
that enables p-type conductivity and optical transparency
(Fig. 3). With alternating layers of [Ln,0,]*" and [Cu,Ch,]*",
oxychalcogenides combine the wide band gap properties of
metal oxides with the excellent orbital mixing of Cu d and Ch p
states, while maintaining a spatial separation between the two
sub-structures. This allows for high hole mobility, as the oxygen
2p states are spatially and energetically separated from the
valence band orbitals of the [Cu,Ch,]*~ layers.

The first oxychalcogenide p-type transparent conductor was
LaCu0S,>” with an optical band gap of 3.1 eV and conductivity
of around 20 S em™ ' upon Sr-doping.’®° The highly electro-
positive La raises the energy of the conduction states, giving a
wide band gap, while holes generated by Cu vacancies are
confined to the conduction pathways in the Cu-S layers.*’

Oxychalcogenides offer a rich search space for new TCs as
they are open to a large variation in chemical composition.
By varying the Ln site from La to Pr to Nd (in LnCuOS), the optical
band gap changes from 3.14 eV to 3.03 eV to 2.98 eV. This is due
to the lanthanide contraction, decreasing bond lengths in the a-
axis, altering the Cu-Cu bond distance, increasing Cu 4s anti-
bonding state interaction in the conduction band and lowering
the band gap.®® Altering the Ch anion from S to Se to Te (across
LaCuOCh) also sees a decrease in the band gap from 3.14 eV to
2.80 eV to 2.40 €V, but not because of the change in ionic radii.
Instead, the relative energy of the Ch orbital at the valence band
increases, closing the band gap. The overlap between Cu 3d and
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Ch np improves as the Ch gets larger, resulting in improved hole
mobility down the group.®*®

Of these variations, LaCuOSe has been widely studied due to
its high p-type conductivity, achieving 910 S ecm ™" at carrier
concentrations of 10>* cm™* when doped with Mg.®” This level
of conductivity is competitive with n-type oxides, but with an
optical band gap of 2.8 eV LaCuOSe is not fully transparent.
Hybrid DFT calculations place the formation energy of V¢, at
around 1.5 eV under Cu-poor growth conditions, and the
transition level occurs around 0.1 eV above the VBM hence
the high conductivity. The Mg;, defect occurs at a slightly
higher formation energy of 2.4 eV, but it is proposed that Sr
and Ca can act as low energy acceptors that could improve the
conductivity even further.®® However, optical transitions from
the V¢, defect prevent a Moss-Burstein shift that would open up
the band gap, so the transparency of LaCuOSe is permanently
compromised.

The mixed cation system (La; ,Y,CuOS) (with x = 0 — 0.25)
holds the record for the highest experimental conductivity of an
oxychalcogenide with a band gap greater than 3 eV - 89.3 Scm ™"
and 3.06 eV respectively.®’ XPS and ICP (inductive coupled
plasma) compositional analysis reveals a 14% Cu deficiency,
suggesting that V¢, is responsible for the conductivity. This is
likely true in light of the defect landscape of pure LaCuOS, where
Vcy formation is favourable. The best films are highly crystalline,
but are still orders of magnitude smaller than the required levels
of conductivity for high performance TCs.

3.4 Oxides

As well as ternary and quaternary oxides, a handful of binary
oxides have influenced the direction of p-type TC research, and
deserve an honourable mention. Cuprous oxide, Cu,0, has an
exemplar valence band for p-type TCMs, where the Cu 3d and O
2p orbitals interact to such an extent that hole mobility of
256 cm® V' s~ has been observed experimentally.®® However,
Cu atoms are closer together in Cu,O than in the CuAlO, crystal
structure, giving greater overlap between Cu 4s states in the
conduction band, bringing the energy down and ultimately
reducing the fundamental band gap to 2.17 €V.°® A disallowed
transition from VBM to CBM results in an optical gap of 2.5 eV,
but this still falls short of the transparency requirement, and
deep acceptor levels are also a disadvantage, imposing an upper
limit on achievable conductivity.®® Nonetheless, Cu,O has seen
resonable success, certainly as a proof-of-concept, as a p-type
thin-film transistor (TFT).®”

Cr,0; is an antiferromagnetic insulator with an optical band
gap of around 3.4 eV.®® Strong electron correlation in Cr,O;
results in a conduction band of 3d character, while the valence
band is made up of Cr 3d and O 2p orbitals. This electronic
structure allows p-type doping, capable of reaching conductivity
of 28 S cm ™" when doped with Ni.®® DFT calculations show that
Mg-doping is also possible with relatively low formation energy
(0.9 eV), however the acceptor level is quite deep, so conductivity
levels are unlikely to surpass that of Ni-doped Cr,0;.”°

SnO is a curious transparent conductor with a fundamental
indirect band gap of 0.7 eV but an optical band gap of 2.6 eV
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(Fig. 4), resulting in thin films that display a yellow hue.'® Films
deposited by magnetron sputtering are capable of reaching a
maximum hole mobility of 18.7 cm®> V™' s~ at carrier concen-
trations of 2.2 x 10* cm >.”' However, the most interesting
feature of SnO is that it can act as a bipolar transparent
conductor and form a homogeneous p-n junction.”> This is
precisely due to the nature of the band structure and the
forbidden fundamental band gap, with the relatively high
energy valence band states resulting in a small ionisation
potential that is conducive to p-type conductivity, and the
relatively low energy conduction band states resulting in a
large electron affinity that allows n-type conductivity, all
while remaining (semi-)transparent.’® SnO remains an inter-
esting candidate for bipolar transparent semiconductors, but
the yellowish tint, as well as the undesirable tendency to oxidise
to SnO,, pose significant obstacles to its widespread
application.

NiO is a popular p-type semiconductor with a large optical
band gap, often reported in excess of 3.4 eV, and with trans-
missivity in the range of 60-90% depending on film deposition
method.®*”>”7° Conductivity is modest at best, with several
experimental reports failing to synthesise films surpassing
10 § em !, 1drefs=cit74 €it75>7475 although hole mobility of around
28 em® V' 57! has been achieved through oxygen assisted
sputtering (at the cost of transparency). Doping the Ni site with
various alkali metals, in particular Li, has been reported to
improve conductivity.”®”” However, a consistent theoretical
model has yet to be agreed upon, with further work required
to understand the nature of the hole localisation in both doped
and non-doped NiO.'>”® While the electronic properties of NiO
are not ground-breaking, it is an incredibly attractive TCM
due to its simple rock-salt structure.”® This allows it to
interface straightforwardly with other cubic materials, such
as successful n-type transparent conductors like Sn-doped
In,0;, leading to major efficiency gains in perovskite solar
devices as an interfacial anode layer,”® and as a result is one of
the most widely implemented commercial p-type transparent
electrodes.’
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Fig. 4 Band structure and optical absorption spectrum of SnO, calculated
with the PBEO-vdW functional. Reprinted with permission from Quackenbush
et al*® Copyright 2021 American Chemical Society.
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4 Emerging p-type TCMs
4.1 Materials screening

High throughput computational screening has been an invaluable
tool in the search for new p-type TCMs. Databases containing
thousands of crystal structures and electronic structure data (for
example the Materials Project)’ can be queried with sophisticated
search parameters, assessing swathes of materials for potential
p-type TCM properties. Brunin et al. provide a thorough overview
and explanation of the processes involved, discussing each stage
of the search funnel,”® and an assessment of how well high
throughput descriptors actually perform can be found by
Woods-Robinson et al.'® The quality of the data in such data-
bases is ultimately the limiting factor in the efficacy of the
screening process — for example, older entries in crystallographic
databases may not have been verified for any number of decades.
For electronic structure databases, it is simply not possible to
assess every single entry at a high level of theory - in fact, most
entries are computed with GGA exchange correlation functionals,
well known to underestimate band gaps and perform poorly for
certain systems, so results from screening will often need to be
validated by further independent research, and screening
parameters themselves will often have to be compromised to
include results that would otherwise be screened out (for example,
if searching by GGA band gap, one might choose a minimum of
1 eV rather than 3 eV as GGA band gaps are underestimated by
around 50%). The focus of this section will be on innovative
directions in p-type TCM research, with many of the materials
featured having been discovered in high throughput screening
studies.

4.2 d° Spinel oxides

The electronic configuration of the Cu(1) ion, 3d"°, is well suited
for mixing with oxygen 2p states and increasing the dispersion
of the valence band, but there are other ‘“quasi-closed shell”
configurations that can also act as a solid foundation for p-type
oxides. The d® spinel oxides are excellent examples of this,
where for low spin systems in an octahedral field they are
essentially closed shell (the three t,, orbitals are fully occupied).
The filled metal t,, orbitals interact with the O 2p states at
the VBM, while the unoccupied e, states contribute to the
conduction band, similar to the splitting of the d orbitals in
antiferromagnetic Cr,0;.°® ZnM,0, (M = Co, Rh, Ir) have
indirect band gaps of 3.96 eV, 2.88 eV and 2.37 eV respectively,
calculated with the HSE06 functional,®® and relatively low
formation energy of the Zn,, defect is reported for each system.
The Co variant is the most studied experimentally, achieving
conductivity levels of 21 S em ™, and can also be doped n-type
to deposit a p-n heterojunction.>'®" While an intuitive example
of materials design, it is unlikely that the d® spinels will achieve
record performances as the valence bands remain quite
flat, and conductivity originates from a polaronic hopping
mechanism. Furthermore, there have been conflicting
experimental reports regarding the trends in conductivity and
band gaps in these systems,*® indicating that further under-
standing is required.

12002 | J Mater. Chem. C, 2021, 9, 11995-12009

View Article Online

Journal of Materials Chemistry C

4.3 p-Type perovskites — the next generation?

Sr-doped LaCrO; is another take on the quasi-closed shell
configuration design strategy, where half-filled t,, orbitals
comprise the valence band. A forbidden transition from
5y — € (2.8 eV) opens up the next available transition as the
optical gap at 4.6 eV, resulting in excellent levels of
transparency.®> Doping to 50% Sr on the La site, arguably
now forming a mixed cation perovskite, results in conductivity
of 50 S ecm ™%, but at the cost of a 50% loss in transmission.
Despite this, Sr-doped LaCrO; remains of interest due to its
perovskite structure, which could interface well with other
perovskite based TCMs, such as n-type La-doped BaSnOs;.

The rhombohedral double perovskite Ba,BiTaO, was identified
through a high throughput screening study as a wide band gap
oxide with good hole mobility.?**¢ The filled Bi 6s* valence shell
hybridises with the O 2p states at the VBM, while the Ta forms
high energy conduction band states to ensure a large band gap of
around 3.6 eV calculated with hybrid DFT (3.8 eV with GW theory),
although from experiment this is even larger at 4.5 eV.*® When
doped with K on the Ba site, Ba,BiTaO¢ displayed hole mobility of
30 em® V' s7', but extremely low carrier concentration
(10 ecm™3) and therefore low conductivity. This is due to the
charge compensating n-type defects that form, such as Vo and
Tag;,”” which ultimately prevent Ba,BiTaOs from achieving
competitive levels of conductivity.

Doping with K onto Ba sites has also been reported in the
traditionally n-type material BaSn0;.%® A heterojunction was
created with p-type K-doped and n-type La-doped BaSnOj,
demonstrating stability after high bias and thermal cycling.
The p-type films displayed mobility of 0.30 cm®> V™' s at a
carrier concentration of 10'* cm 3, giving low overall conductivity.
An activation energy for K dopants is reported to be 0.5 eV, but
there is no support from DFT calculations or theory otherwise at
the time of writing.*® Given the low carrier concentration, it is
likely that the intrinsic n-type defects in BaSnOj, such as oxygen
vacancies, or even adventitious hydrogen, will dominate in
this system even under cation-poor conditions,® and high
performance p-type activity is unfavourable.

Caesium based halide double perovskites, with the general
formula Cs;M>*B,*'X}3 (M = Mg, Ca, St, Zn, Cd, and Sn(u), B = Sb,
In and Bi, X = Cl, Br and I), have gained much interest in recent
years as potential p-type TCMs, after a screening study identified
7 from a possible 54 elemental combinations that displayed
thermodynamic stability, a band gap greater than 2.8 eV, a hole
effective mass lighter than 1.2m, and good intrinsic p-type
conductivity.”® Cs,CdSb,Cl;, is chosen as the most promising
candidate, with delocalised Sb 5s orbitals mixing with CI p states
at the VBM suggesting good p-type performance, and defect
calculations predicting intrinsic conductivity as a result of shallow
Cds, acceptor levels with low formation energy. However,
Cs,4CdSb,Cl;, and Cs,CdBi,Cl;, have been shown to be the only
two of the predicted seven that are thermodynamically stable and
synthesisable from a solvothermal method, and that they are in
fact transparent insulators rather than conductors.”® Hybrid DFT
calculations show that the band gap is around 3.3 €V, and that the
valence band actually lies lower in energy than the initial GGA
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calculations from the previous study suggested. The initial
GGA calculations therefore predicted unrealistically facile p-type
doping. Furthermore, upon inclusion of all stable competing
phases of Cs,CdSb,Cl;,, it is found that the chemical potential
limits alter the defect landscape significantly, to the point where
Cdgy, is fully charge compensated by various native n-type defects,
resulting in a hole concentration that is too far below the limit
measurable for Hall techniques (Fig. 5).”" This quite firmly rules
out caesium based halide double perovskites from becoming
successful p-type TCMs, and demonstrates the importance of
rigorously calculating chemical potential limits for defect analysis,
as well as capturing an accurate description of band edges
and gaps.

A separate high throughput study highlighted another set of
double halide perovskites, starting with over 16000 Cs- and
Rb-based possible compounds, searching for thermodynamic
stability, a GGA band gap greater than 1.8 eV and hole effective
mass less than 1m,."°> They report 17 double perovskites,
and one ternary perovskite CsPbF;, with (meta) stability and
band gaps predicted to be greater than 3 eV with the hybrid
functional HSE06, although 7 of these contain heavy and or
toxic elements. This narrows the band gap upon consideration
of relativistic effects (using spin orbit coupling calculations)
and also renders them unsuitable for every day use. The
relatively low hole effective masses in the remaining candidate
materials, such as Rb,AgBiCls and Cs,InLaBrg (0.49 and 0.59m,
respectively), are a result of halogen p and metal s states
mixing well at the valence band. However the authors
recognise that the ultimate obstacle for these materials is
their p-type dopability, which in this case has not been
studied computationally, and there is a call to arms for experi-
mental investigation.'®® Hu et al. have already demonstrated
that it is not possible to generate sufficient p-type carriers
in Cs,CdSb,Cl;, due to the spontaneous formation of native
n-type defects,”® which could be the downfall of these Cs and
Rb double halide perovskites too.
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4.4 Binary oxides

Achieving p-type doping in materials such as In,0;, SnO, and
ZnO has been a goal of materials researchers for decades, as
this would enable an efficient homogeneous p-n junction and
seamless integration with existing device architecture. Indeed,
there have been occasional experimental reports of p-type
conductivity in native n-type materials,**'**"'%” but these
results are often transient and difficult to reproduce. This is
because these post-transition metal oxides are natively n-type,
with “hole-killing” defects forming under all synthesis conditions.
Multiple hybrid DFT studies have gone on to prove this quantitatively,
showing that the formation of acceptor defects in these materials
is thermodynamically unstable.?®3%3%1% 111 Ope possible
strategy for achieving p-type conductivity in such systems is to
significantly alter the make-up of the valence band, for example
through mixed cation alloying.

With an ultra-wide band gap of 4.9 eV, Ga,03 is a
prospective material for the power electronics industry due to
its large breakdown voltage and improved band gap over rival
materials GaN and SiC. Significant alloying of Ga,O3 with Bi,O;
is a promising route to engineering p-type behaviour in this
natively n-type system.''® The formation of an intermediary
valence band of Bi s character at around 1.6 eV above the
valence band of the host material allows mixing with oxygen 2p
states to improve band dispersion, while maintaining optical
transparency."'> Mg, Zn and Cu are investigated as potential
extrinsic dopants in both Ga,0; and the Bi-Ga,0; alloy, with
Mgg. and Zng, calculated to have relatively low formation
energies, but deep transition levels. This is due to the
wavefunction of the acceptor state coupling to the localised
hole state on an oxygen in the valence band, regardless of the
position of the valence band. The Cug, defect does not couple
to a valence band oxygen, and so even though it is a deep
acceptor in Ga,O0g;, it is shallow in the alloyed system now that
the valence band has shifted up in energy, and the holes are
localised on the Cu impurity site."*® This is an intriguing new
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approach to engineering dispersion and acceptor levels, and
such alloying could be applied to other materials with strongly
correlated valence (or indeed conduction) bands. However, the
localisation of the holes around the Cu defect site suggests that
mobility may still not reach the levels required for use on a
commercial scale.

B-TeO, has been recently proposed as a wide band gap
semiconductor due to its direct band gap of 3.70 eV in mono-
layer form.®>''® Hybrid DFT calculations show that the valence
band is comprised mainly of Te 5p and O 2p, with smaller
contributions from Te 5s orbitals, and that there is high,
anisotropic mobility of both electrons and holes, with the latter
predicted to reach mobility of 9100 cm*> V' s ' in the I' —» X
direction for the monolayer system.'*® It was calculated to have a
low cleavage energy similar to black phosphorus, so exfoliation is
expected to be relatively straightforward. Indeed, synthesis of
B-TeO, bilayers has been successful from a eutectic melt (Te:Se
5% :95%) droplet that is rolled on a silicon wafer using a van der
Waals printing process.”” Both EELS and XPS measurement of
the valence band confirmed a band gap of 3.7 eV, the hole
effective mass was determined to be 0.51m, from scanning
tunnelling spectroscopy data, in good agreement with the
theoretical value, and the bilayers performed well when
deposited in field effect transistors. DFT calculations on the
bilayer reveal hole mobility values of 436 cm” and 7690 V™' s™*
in the a and b directions respectively, due to the different
conduction pathways on these axes. Hall measurements of the
mobility gave an average value of 141 cm®> V' s~ .° The p-type
dopability remains to be tested, with the possibility of charge
compensating native defects posing the biggest challenge, and
there is of course the problem of Te abundance, but if a large
hole concentration can be engineered in -TeO, then it could be
an exciting direction for future research.

4.5 Beyond oxides for valence band dispersion

An alternative approach to engineering a dispersive valence
band is to move away from oxides and instead encourage cation
orbital mixing with the 3p states of phosphorus. With a higher
principal quantum number, phosphorus valence orbitals are
more diffuse than those of oxygen. Ternary phosphides MCuP
where M = Mg, Ca, Sr and Ba have been investigated using
hybrid DFT, with excellent mixing of Cu 3d and P 3p states
reported for each compound (42:54 for MgCuP and 38(9):48
for CaCuP, SrCuP and BaCuP) resulting in extremely low hole
effective masses in the a and b directions for the trigonal planar
coordinated Cu-P systems CaCuP, SrCuP and BaCuP.”® This
is another example of how the synergistic crystal-electronic
structure relationship is key for engineering p-type TCMs -
the smaller ionic radius of Mg forces the Cu in MgCuP to adopt
a tetrahedral coordination environment, which has poorer
overlap with the P 3p orbitals resulting in a less disperse
VBM, compared to the trigonal planar arrangement in
the other three systems due to their larger group II cations.
Conductivity of pressed powder samples of CaCuP indicate
intrinsic p-type conductivity, and optical measurements
indicate a strong absorption onset at around 2.8 eV, in good
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agreement with theory -°* thin films or single crystals are likely
to display higher levels of conductivity and mobility, with Cu
vacancies likely responsible for the intrinsic conductivity.
While not completely transparent, the ternary phosphides
certainly teach us valuable design principles for engineering
valence band dispersion.

Boron phosphide (BP) is the product of another high
throughput screening process, where the search space was
expanded from oxides to include sulfides, nitrides and phosphides.
Indeed, the authors found that of the 30 000 compounds screened,
phosphides had on average the lowest hole effective mass, but
also the lowest band gaps.”* However, for BP this is not an
issue, as even though the indirect gap is quite small (2.26 eV
with the HSE06 functional and 32% HF exchange) it possesses a
much larger direct gap of around 4 eV, easily surpassing the
transparency requirement. It is found that AIP also displays this
behaviour, but the hole effective mass in BP is significantly
lower and is the most promising candidate that emerged from
this screening process. A separate study, using electron-
phonon coupling calculations, predicts hole mobility as high
as 900 cm”® V™' s71.% The good overlap of B 2p and P 3p orbitals
gives rise to the disperse valence bands, while the relative
energies of the group III cation s states control the magnitude
(and type) of the gap - in BP the s antibonding states are much
higher in energy, resulting in the direct transition at I" occurring
between p bonding and antibonding states, whereas with Al the s
antibonding states are slightly lower, causing a smaller direct
band gap, and in Ga and In the s antibonding states are
actually lower in energy than the p antibonding states, causing
the fundamental gap to become direct and transparency
unachievable.”® There are no low energy “hole killer” defects
in BP, and it is suggested that substitutional Beg would be an
excellent acceptor defect, with low formation energy and no self
compensation. Experimental reports of BP are relatively sparse,
with the best conductivity and hole concentration measured in
the 1970s (2800 S cm ' and 1 x 10" em ?),°® deposited in a
hydrogen rich atmosphere and subsequently annealed. In ZnO,
it is reported that sample growth in hydrogenic conditions can
facilitate the formation of low energy hydrogen-defect complexes —
subsequent annealing removes the hydrogen, but the low energy
defects remain, giving excellent conductivity.''” It is possible that
a similar mechanism is possible in BP, not accounted for in the
defect study by Varley et al®* BP has also been extensively
researched as a hardening coating for military aircraft wind-
shields, evidence that it is sufficiently transparent and relatively
straightforward to synthesise on a large scale.'*® However, there
have been few reports of high quality single crystals grown in
recent years, indicating that synthesis challenges may still remain
for p-type TCM applications.

Cuprous iodide was first documented as a transparent
conductor over 100 years ago, when Bddeker iodised metallic
copper films in iodine vapour, forming layers of transparent
Cul.'*® Today, film synthesis is still straightforward, with the
direct evaporation of Cul powder onto glass substrates a
popular deposition technique.'® With a direct band gap of
around 3.1 eV, it is comfortably transparent, and has relatively
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disperse valence bands formed of I 5p and Cu 3d states giving
rise to a hole effective mass of roughly 0.30m,, indicating high
mobility and conductivity.®” The best mobility of thin films of
Cul is 43.9 cm® V™' 571 2% but growing epitaxial single crystals
of Cul has been challenging despite the long history of the
material. Recently, molecular beam epitaxy growth of single
crystal Cul on sapphire and Si substrates has been reported,
displaying average hole concentration and mobility of 5.47 X
10" em™2 and 45 cm® V' s7'.%° Photoluminescence spectra
indicate that Cul can emit light at an intensity one order of
magnitude greater than GaN, finding possible use in LED
applications, and temperature dependent measurements reveal
what is suggested to be a Cu-vacancy related band, confirming
previous DFT predictions that Cu vacancies are responsible for
intrinsic conductivity.®**®” Generating a greater number of
charge carriers is key to driving up conductivity in this material,
but perhaps a more concerning issue is its poor air and
moisture stability, especially at elevated temperatures, due to
the ease with which Cu migration can occur.*®

Non-oxide materials have been of great interest to researchers
in recent years, as they lend themselves well to improving valence
band dispersion. However, significant issues remain which
question their suitability as the p-type TCMs of tomorrow. Air
and moisture sensitivity are obvious issues that could prevent
their widespread use, as well as the inclusion or release of toxic
chemicals upon device breakdown (such as phosphorus), but that
does not rule out non-oxides as useful materials for more niche
applications where humans are unlikely to come into contact with
the device. Despite the challenges that stability and toxicity may
pose, great insight into future materials design has been gained
from understanding the bonding in these systems.

4.6 Next generation quinary oxychalcogenides

The first generation of oxychalcogenides identified for p-type
TCM applications had the general formula LnCuOCh - by
switching out the binary oxide layer for a ternary oxide, an
even greater variation in chemical composition is accessible
(Fig. 6 shows this schematically). The first successful quinary
oxychalcogenide was (Cu,S,)(Sr3Sc,0s), with a direct optical band
gap of 3.1 eV, room temperature conductivity of 2.8 S cm ™, and
an impressive hole mobility of 150 cm® V" s",°® competitive
with electron mobility in the highest performing n-type TCOs.
Similar to the quaternary oxychalcogenides, the hole conductivity
pathway is spatially separated from the oxygen containing layers,
so the valence band is not made of O 2p character but instead
between Cu 3d and S 3p states, enabling high hole mobility."**
A recent screening study of 24 variations to the
(Cu,S,)(A3M,05) structure where A = Sr, Ca, Ba, and Mg and
M = Sc, Al, Ga, In, Y and La has identified three novel
compounds with dynamic stability and optical transparency.
(Cu,S,)(CazAl,05) and (Cu,S,)(BazSc,0s5) have optical gaps of
3.17 eV and 3.24 eV respectively, suggesting complete optical
transparency, while (Cu,S,)(Sr3Sc,0s) has an optical gap of
3.06 eV, on the border of transparency.’® Focussing on the
CaAl and BaSc compounds, they possess light hole effective
masses in the I' — N direction of 0.37m, and 0.43m,
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Fig. 6 Exploring the chemical variations to the quinary oxychalcogenide
structure. Reprinted with permission from Williamson et al.*® Copyright
2021, Elsevier Inc.

respectively, indicative of extremely high hole mobility considering
that (Cu,S,)(Sr;5¢,05) displays mobility of 150 cm® V™" s with a
hole effective mass of 0.45m,. Predicted conductivities of the
CaAl and BaSc compounds (from Boltzmann transport theory,
assuming a hole concentration of 10*' cm ™) are 1767 and
2058 S cm ™', both exceeding the calculated value at this hole
concentration for the parent compound (Cu,S,)(Sr3Sc,0s) of
1673 S cm ', but these calculations assume high levels of

p-type dopability. At a lower hole concentration of 10'® em ™2,

the calculated conductivity for (Cu,S,)(Sr3Sc,0s) is 2.03 S em ™,
in reasonably good agreement with the experimental value of
2.8 S cm™'.%® Powder samples of the BaSc compound confirm
the direct absorption onset at around 3.24 eV, although there is
an absorption of lower intensity at around 2.26 eV, which could
be from impurities or unwanted transitions (such as from
defect states or Cu-Cu d transitions).?* Clearly these quinary
oxysulfides show potential as p-type TCMs, but more extensive
work is required - deposition as a thin film would allow for
Hall measurements to be taken, quantifying the levels of
conductivity and mobility, and a defect analysis would give an
indication of the p-type dopability of these materials. However,
one downside of these materials is their inherent structural
complexity both for computationalists and experimentalists —
the cost of performing a hybrid DFT defect study on a quinary
system is extremely high, and the stability window of these
systems may not be particularly large, especially when trying
to grow under certain metal-poor conditions to encourage
acceptor defect formation, such that phase pure films could
be difficult to deposit.

5 An outlook on applications

Arich variety of inorganic materials have been presented in this
review, covering many of the areas at the forefront of current
research. This section will briefly discuss some of the current
applications relying upon p-type TCMs, how these can be
improved, and some of the challenges surrounding future

J. Mater. Chem. C, 2021, 9, 11995-12009 | 12005
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device integration. For thorough and dedicated reviews on
applications and devices the reader is directed to the works
of Shi et al. and Wang et al.>'*

For industrial applications such as laptop, phone and television
displays, n-type transparent conductor LCD technology continues
to dominate."' With users desiring ever-improving resolution,
electronic properties such as mobility and on-off ratio are abso-
lutely vital, and p-type technology is several orders of magnitude
behind systems such as amorphous indium-gallium-zinc-oxide
(IGZO) thin-film transistors (TFTs).'**> However, OLED displays
are becoming increasingly popular, due to their improved
contrast, lower power consumption, thinner display and wider
viewing angle, and for these p-type TFTs are the preferential
technology as they can simplify device architecture and improve
efficiency."'*

Of the materials discussed in this review, the binary oxides
Cu,0, SnO and NiO have been most widely studied for p-type
TFT applications. Despite being “‘the first” p-type TCO, CuAlO,
was only first deposited as a TFT in 2012, 15 years after its
conception, with device mobility <1 cm? V™' s~ ' and an on-off
switching ratio of around 800 (several orders of magnitude
behind I1GZ0).>"?** Cu,O can achieve the highest hole mobility,
up to 256 cm” V- s~ ",*° but when implemented as a TFT the
mobility fails to surpass 1 cm* V™' s~ due to poor interfacing and
grain boundaries.”” SnO also suffers from deposition problems,
with SnO, formation severely impacting the performance in
TFT and complementary metal oxide semiconductor (CMOS)
applications. NiO has the better chemical stability of the three,
but suffers from low device mobility when implemented as a TFT,
likely due to the localised holes generated by acceptor defects.™*”®
NiO has however been met with success when integrated into
perovskite solar cells as an interfacial anode layer, improving
power conversion efficiency by acting as a hole-transport layer.”
Establishing improved deposition processes to nullify or contain
the effects of grain boundary scattering and chemical instability is
necessary to drive these oxides forward.

Implementation of materials with greater valence band
dispersion is the next logical step in p-type TFT performance testing
(for example Cul)** in order to improve device mobility, but the
greatest challenges are successful deposition and chemical stability.
The quasi-two-dimensional layered materials discussed in this
review, such as -TeO, and the oxychalcogenides for example, are
perhaps less attractive than the three-dimensional or cubic crystal
structures belonging to materials such as BP and NiO, due to
charge transport being restricted to only two directions - this will
create extra challenges for device integration. In the meantime,
continued use of oxide p-type TCMs as hole transport (and electron
blocking) layers to improve power conversion efficiency and overall
performance is their most reliable application, while a ground-
breaking, n-type matching material is awaiting discovery.

6 Conclusions

In this review, the fundamental design principles for p-type
transparent conductors were outlined, the chief stratum of
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which is to delocalise electron density away from single
elemental species and encourage orbital mixing to form a
disperse valence band. This is in line with the notion of
“chemical modulation of the valence band” first suggested
for p-type oxides by Kawazoe et al,"" but in recent years has
been extended to include anions such as phosphides and
halides.”>"*® The discovery of new materials with potential
p-type TCM properties has been turbo-charged with the advent
of large scale database screening, an approach that is likely to
spearhead efforts in discovering p-type TCMs in the years to
come. Indeed, an increasing number of studies concerning the
discovery of new battery and solar cell materials are making use
of wide-scale database screening.'?®™**® Searching beyond
known compounds in databases, noted by Walsh and Park,"*°
and into unchartered territory may reveal new directions
for p-type TCM research - success has already been seen in
the photovoltaics field, where machine-learning models
have been able to predict chemical compositions that will
produce band gaps suitable for solar energy applications
using only earth abundant materials."*® However, the results
from such large-scale screening studies will only ever be as
reliable as the databases upon which they are built, and also
often return complicated quaternary and quinary crystal
structures, which pose significant challenges for theorists and
experimentalists alike.

Of the most interest in recent years are the significant
developments made in the non-oxide field, with excellent
valence band dispersion achievable in phosphides, selenides,
tellurides and halides.®*80:9294116.120 Many of these materials
have 3-dimensional crystal structures, in the sense that their
conduction pathways exist in all three cartesian directions,
such as BP due to its zinc blende structure, which is a
significant advantage over the quasi-2-dimensional structures
of delafossites and oxychalcogenides when implementing them
into a heterojunction device. Overcoming stability, deposition
and safety concerns in these simple non-oxide systems is a
major goal in the coming years, as the allure of straightforward
interfacing and potentially cheap synthesis of these basic
crystal structures is attractive to industry - indeed, Cul has
already generated interest as a p-type TFT."*® For applications
where cost is irrelevant, more complex or non-earth abundant
materials are likely to dominate. Significant challenges remain
for most of the systems discussed in Section 4, with the
majority only in their infancy, but these emerging materials
mean the future looks bright for p-type TCM research.
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