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We report a simple first principles based screen amenable to high throughput calculations for

transparent conductors. These include the effects of doping on transparency, which can be im-
portant. In particular, doping leads to conduction accompanied by losses in transparency, both of
which are materials dependent, but rarely considered in computational materials selection. We
consider both the Drude contribution to optical conductivity, as well as new interband transitions
that arise as a material is doped. This leads to a simple application dependent optical and electri-
cal fitness function (OEF) that can be applied to semiconductors to identify materials that may be
useful transparent conductors. The OEF goes beyond the frequently discussed criteria of suitable
band gap and low effective mass. We illustrate this by application to a number of proposed p-type
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transparent conducting materials.

1 INTRODUCTION

Transparent conductors (TCs)!, including transparent conduct-
ing oxides (TCOs) 2, combine optical transparency with electrical
conductivity. They are widely used as electrodes in solar cell and
display technologies. 38 The most commonly used material is Sn
doped In,03, known as ITO. 11 This is a stable n-type material
that can be readily deposited in thin films. p-type TCs generally
have lower performance in terms of the balance between conduc-
tivity and transparency. 271> Nonetheless, p-type TCs are highly
desired for applications, e.g. for transparent electronics.1® This
has led to considerable effort in finding p-type TC materials, both
experimentally and theoretically. 17-22

Two requirements for a TC are a suitable optical band gap
and sufficient mobility to be a conductor when doped. In gen-
eral, materials with low hole effective mass, mj, are most likely
to have high mobility and conductivity when doped. Therefore
several previous theoretical studies have focused on identifica-
tion of materials with suitably wide band gaps and relatively low
mj, as potential TCs. 19-29 However, doping, especially heavy dop-
ing, as is needed to obtain sufficient conductivity in TC materials,
may lead to changes in the optical properties. This may be a
Drude contribution from the carriers, which will lead to reflec-
tivity and absorption, 39 especially in the infrared, but also in the
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red. There are proposals for reducing the Drude contribution, for
example, using polaronic materials.3! Additionally, electron cor-
relations can affect the Drude weight by modifying the plasma
frequency.32 These effects are generally detrimental to the DC
conductivity, and so it remains to be established whether they
can be useful for TC performance.

There may also be interband transitions from occupied bands
to the empty states at the top of the valence band in p-type doped
material. 3334 This phenomena, i.e. absorption due to interband
transitions upon doping, has been termed a second gap. The ef-
fect of second gaps is strongly materials and doping level depen-
dent. In particular, absorption due to a second gap depends in
detail on the band structure through the joint density of states,
and also on matrix elements. The light s-like conduction bands of
many n-type TC materials can reduce the joint density of states,
which works against strong absorption from interband transi-
tions. In addition, there can be a change in the apparent opti-
cal gap, often to higher values, due to the Burstein-Moss effect,
but sometimes to lower values due to doping induced changes in
band structure or disorder induced tails in spectra.

Finally, it should be noted that for each application there is a
desired spectral range for transparency. For example, the band
gaps of Si and CdTe are 1.1 eV and 1.5 eV, which are in the
infrared, meaning that efficiency of solar cells will benefit from
transmission of this near IR light. Displays, on the other hand,
typically do not have red emission below 1.9 eV, and therefore
transparency below 1.8 eV or 1.9 €V, is not needed, and may even
be undesirable. As discussed in more detail below, we find that
the ordering of materials in terms of anticipated performance is
significantly different for different applications.
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Fig. 1 Optical and electrical fitness function (OEF) of the wide bandgap semiconductors considered. Note that some high performance PV materials,

have low fitness for the display scenario. n-type In, O3 is also shown.

Here, we present simple application dependent screens, or op-
tical and electrical fitness functions, that can be used to assess
potential TC performance in a given application context, based
on results from first principles calculations. To illustrate these,
we consider two notional applications. These are a Si solar cell
for which high transparency is needed from 1.2 eV to 2.5 eV and
a display for which transparency is important from 1.8 to 3.0 €V,
and investigate several previously proposed p-type TC materials
in this context. We note that experimental testing of compounds
as TCs is challenging, for example, due to the need for suitable
doping. As a result, a number of the materials investigated here
have not yet been experimentally tested.

We find that there are differences in the materials that are most
promising for these two application scenarios, even among high
gap materials that without doping would be fully transparent over
the entire range for both applications. The materials limitations
embodied in our screens come from the balance between reduced
transparency as the materials are doped and the conductivity that
arises from the doping. Both of these are strongly material depen-
dent. The analysis also provides an explanation for why there are
relatively few known p-type TC materials with good performance,
even though there are many compounds with suitable band gaps
and reasonable effective masses.

2 COMPUTATIONAL METHODS

Our first principles calculations were performed within density
functional theory. We used methods that yield band gaps close
to experimental values for the calculation of optical properties, as
discussed below. p-type doping was treated using the virtual crys-
tal approximation. The virtual crystal approximation is an aver-
age potential approximation that goes beyond the rigid band ap-
proximation in that it includes doping dependent changes in band
structure. The electronic structures were obtained with the gen-
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eral potential linearized augmented plane wave (LAPW) method
as implemented in the WIEN2k code. 3>3¢ The accurate electronic
structures on dense grids in the Brillouin zone that are available
from this approach facilitate the optical and electronic transport
calculations. A basis set cutoff K, determined by the criterion
RyinKmax > 7.0 was used for oxides and R,;;Kjnax = 9.0 was used
for non-oxides. Here, R,,;;, denotes the smallest LAPW sphere ra-
dius among the atoms in the unit cell. In the oxides we used oxy-
gen sphere radii smaller than the metal radii. This leads to higher
effective RK,,.x values for the metal atoms, similar to the values
used in the non-oxides. We did optical calculations including a
Drude contribution.

We used the GGA+U method 3738 for phases with d or f or-
bitals, such as those containing Cu™, Agt and Pr’* ions. The
value of the parameter U was determined based on hybrid func-
tional calculations with the HSE06 functional. 3940 The modified
Becke-Johnson (mBJ) potential of Tran and Blaha*!:42 was used
for the other phases. The mBJ potential gives band gaps in gen-
erally good accord with experiment for a wide variety of simple
semiconductors and insulators. 23:43:44 We fixed the lattice param-
eters to the experimental values and relaxed internal atomic coor-
dinates. Spin-orbit coupling (SOC) was included in the electronic
structure calculations.

The Drude contribution to the real part of the optical con-
ductivity was obtained using the calculated plasma frequencies,
Q,. These were calculated using the virtual crystal approximation
electronic structures of the doped materials. The Drude calcula-
tion also requires a broadening, which is related to the scattering
time. We used the same broadening for all materials, ¥y~ 1.52 €V.
This is the value from experiments on ITO with carrier concentra-
tion, n=1.4x10%! ecm—3.4° This amounts to setting the scattering
time the same for all compounds. This is clearly a rough estimate,
but has the advantage of allowing comparison of different materi-
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Fig. 2 Calculated opc/T vs. G, at p=10?° and p=102! cm~3 for applications in PV and display respectively. Note that the points for ZnS and ZnSe in
panel (d) are practically coincident. n-type In,0j3 is also shown (filled red hexagon). Reference lines are given as a guide to the eye (see text).

als from an electronic structure point of view. It also captures the
expectation that high carrier mass will harm the conductivity of
a material, while also reducing the Drude absorption, which may
partially compensate this degradation.

We used the transport effective mass to characterize the val-
ues of myj for these heavily doped materials. The reason is that
several of these materials have complex band structures, with
multiple bands at or close to the valence band extrema. There
are also anisotropic non-parabolic band dispersions among the
materials. Use of the transport effective mass amounts to cal-
culating the value of m; that in a parabolic band model would
yield that same value of the transport coefficient opc/7 as the
value obtained the actual detailed band structure of the material.
This yields values of m; that can depend on doping. This has
been discussed in the context of thermoelectrics where complex
non-parabolic band structures can be favorable for high thermo-
electric performance. 46 We find that this variation with doping is
quite significant in some materials, e.g. Pr,SeO,, reflecting the
complex non-parabolic band structure (see supplementary infor-
mation).

We used the BoltzTraP code?’” with the procedure of
transM 2348 for this purpose. This takes into account effects of
non-parabolicity and anisotropy of bands, multiple minima and
multiple bands, etc. on carrier transport, and yields values appro-
priate for characterizing conductivity.

3 RESULTS and DISCUSSION

It is highly desirable to use a material dependent figure of merit
that does not make assumptions about engineering choices. This
is in order to rank different potential p-type TC materials in terms

This journal is © The Royal Society of Chemistry [year]

of performance. The present work is based on the ratio of the DC
to the real part of the optical conductivity, opc/0,p. This does
not require assumptions about the film thickness and other engi-
neering parameters. For example, some applications may require
greater transparency, and others greater conductivity or mobility.
These can be tuned by film thickness, doping level and materials
selection. Our work focuses on materials selection. We then con-
struct an optical and electrical fitness function, OEF = 6pc/0ypr,
where ©,,, is the average real part of the optical conductivity
over an energy range, E; — E;, of interest. It should be noted
that optical conductivity and absorption coefficient are closely re-
lated. In terms of the complex frequency dependent dielectric
function, 47Re(o(w)) = wIm(g(w)). The absorption coefficient is
o = 20k/c, where k is the extinction, k = Im(e'/2(w)).

To proceed, we approximate the o,,; by the calculated inter-
band contributions for the doped material plus a Drude form
based on the calculated plasma frequency and an assumed width.
For opc we use a calculated opc/t based on the band structure
with a constant assumed scattering time consistent with the as-
sumed width in the Drude formula. opc/7 can be obtained di-
rectly from band structure.4” The use of the same scattering for
the DC conductivity and the Drude part of the optical conductiv-
ity leads to a partial cancellation that weakens the dependence of
the OEF on t. The OEF captures the band structure dependent
part of the figure of merit. We illustrate this doping level depen-
dent function by calculations for doping levels of p=10%2 ecm—3
and p=102! cm—3. We take the energy ranges (E| — E,) as 1.2
— 2.5 eV and 1.8 - 3.0 €V for the photovoltaic (PV) and display
application scenarios, respectively. In practice, one might decide
on the spectral range of importance for the specific application,

Journal Name, [year], [vol., 1-7 |3
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Fig. 3 Transport effective mass, m;; in the lowest mass direction at p=10% and p=102' cm~3. This is motivated by the fact that some the known high
performance p-type TCO materials, especially delafossites are highly anisotropic.

and then calculate the OEF, to identify materials for that appli-
cation. One could also in principle generalize this by introducing
a weight function into the spectral average, for example based
on the solar spectrum and the characteristics of the absorber ma-
terial in a PV application. In any case, the larger the OEF, the
better the likely performance.

The main approximations made are in the very simple choice
of 7, which controls the Drude width, in the simple Drude form
used, and in the calculation of interband transitions with the in-
dependent particle dipole approximation. It also depends on the
accuracy of the band structure upon which it is based.

We note that the optical and transport properties entering the
OEF are obtainable at reasonable computational cost. The main
requirement is a virtual crystal self-consistent calculation at each
doping level, followed by an optical calculation. Generally, the
computational load for an optical calculation is a small fraction
of that in the self-consistent calculation.

The advantages are that the OEF is sufficiently simple to be
implemented in high throughput fashion, it incorporates key
physics, and it does not rely on experimental information. Fi-
nally, we note that it is important to fully characterize materials
using experimental synthesis, chemical doping, and optimization
of growth conditions in order to develop new TCs. For example,
it is important to determine what doping levels can be obtained
in a given material under feasible growth conditions. The pur-
pose of the OEF is to provide an indication of which materials
are most promising. It is hoped that this can be useful for fo-
cusing experimental work on more favorable compounds, and for
finding new potential TC materials among compounds that have
not been previously studied in this context.

We begin with discussion of the main results, i.e. the OEF of
different materials, and then discuss the properties of individual
materials. The OEF are shown in Fig. 1, and are listed in Table
S1. We note first of all that the OEF values do distinguish be-
tween different materials. Secondly, it is important to note that
the calculated OEF depends significantly on the spectral range,
and that that rankings of the materials are different for the two

4| Journal Name, [year], [vol.],1-7

application scenarios. Finally, the OEF depends strongly on the
doping level. This emphasizes the importance in practice of op-
timizing the doping level to obtain the highest TC performance
in a given material. It also underscores the limitations of screens
based only on properties of the undoped material, as these do
not include the effects of different doping levels. Widely used,
n-type In, 03 is also shown for comparison. As seen, it is the best
material in the doping range where it is used. In,O3 combines
high OFF with ready doping via Sn substitution, reasonably high
static dielectric constant (favorable for conductivity with heavy
doping),#? stability and facile growth of high quality films.

Fig. 2 shows the components of the OEF, opc/T vs. Gy at
p=10% and p=10%' cm—3. As seen, these are correlated. This
is as may be expected since both contain the plasma frequency,
In addition, a number of materials show lower performance rel-
ative to that expected from this correlation. This is due mainly
to interband transitions, as discussed below. The existence of
these compounds with lower OEF shows the value of the OEF
in addition to the effective mass and band gap. In particular, it
shows that some materials with suitable band gap and effective
mass show distinctly lower performance, and therefore would be
removed in a down-selection based on OEF. We note that ex-
perimental development of a new TC is very challenging, and in
particular faces challenges such as finding ways of doping mate-
rials and producing high quality doped films. Therefore theory
based down-selections can be valuable.

Since the OEF is the ratio of the two quantities, we plot also
reference lines indicating values for compounds that are consid-
ered high performance p-type TCs. This line is a guide to the
eye that separates low OEF materials from higher OEF materials
that may have superior performance. Hole effective masses in the
lowest effective mass direction are given in Fig. 3.

Importantly, there are quite a number of materials that would
seemingly have properties that would make them good TCs based
on the characteristics of the undoped phase, but in fact have low
OEF, as seen by their position well below the reference lines. This
supports the usefulness of the OEF as a screen, and also provides

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 The absorption spectra of (a) BP, (b) ZnS, (c) MgS and (d) MgTe
at p=10?° and p=102! cm~3 respectively. The absorption spectrum of
BP at p=10%2 cm~3 is also shown.

an explanation for why there are relatively few TC materials, even
though many materials have suitable band gaps. Such screens
(or filters) are important because experimental development of
TC materials is very challenging due to the frequent difficulties
in obtaining heavy doping in wide gap materials, as well as in
growing high quality films of these doped materials.

We find that BP, ZnS, MgS and MgTe are favorable potential
p-type TCs based on the calculated OEF. They have low mj, (<
1.5 my) and low absorption in the visible, as seen in Fig. 3 and
Fig. 4. Their band structures at p=102! cm~3 are given in Fig. 5.
MgTe does have a second gap that can lead to absorption, but its
energy is in the infrared, and therefore it does not contribute to
visible absorption. This second gap is associated with interband
transitions near the zone center, I. Additionally at sufficiently
high doping transitions can open in other parts of the zone, par-
ticularly A. This is the key to their high visible transparency under
doping. For comparison, the band structures of Ca/Sr/BaPb,03
and BaPbO; are given in Fig. S1. These do have second gaps with
visible absorption and this leads to lower OEF. These second gaps
are a consequence of the many bands that are close to the valence
band maximum. It is worth noting that some materials, such as
BP, still maintain high performance under high doping conditions,
as seen the green lines in the Fig. 4 (a). BP still maintains visible
transparency at p=10?> cm~3. Turning to differences between
applications, it is seen that performance as measured by the OEF
in a given material can be significantly different in PV and display
applications. Examples are ZnSe, La,TeO,, GaSe and ZnTe. Also
they can be quite different at different doping levels, for example,
ZnSe, GaSe, ZnTe and AgYS;. To explain this we show the band
structures of La,TeO, and ZnTe at p=10% and p=10%! cm—3, in
Fig. 6.

La,TeO, is an instructive case. The direct band gap of La,;TeO,
is ~2.5 eV. This would seem sufficient for our PV scenario, but
not for the display scenario. p-type doping increases the effective

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 The band structures of (a) BP, (b) ZnS, (c) MgS and (d) MgTe at
p=102! cm~3. The Fermi levels are at 0 eV.

optical gap via the Burstein-Moss effect (red arrows in Fig. 6(a)).
This then improves the optical performance, even in the display
scenario. Thus the OEF at p=10%! cm—3 is better than at p=10%
cm 3. However, the Burstein-Moss effect is relatively small for
materials with high effective mass, i.e. high density of states near
the band edge, which is the case for La,TeO,.

In addition, there is interband absorption in the visible due to
transitions, as indicated by the blue arrow in Fig. 6 (b). This af-
fects the transparency, especially with heavy doping. p-type ZnTe
has a stronger Burstein-Moss shift than La;TeO;, as shown by
the blue arrow in the Fig. 6 (c¢) and (d). Also, distinct from
La;TeO,, ZnTe does not have any second gap in the visible, even
with heavy doping, as indicated by the red arrow in Fig. 6 (c).
Thus ZnTe maintains favorable properties with heavy doping. The
band structures and absorption spectra of other phases are given
in the supplementary information.

4 SUMMARY and CONCLUSIONS

We used first-principles calculations to study the optical and elec-
tronic properties of doped p-type materials that have been pro-
posed as TCs in prior work. We propose a simple fitness function,
the OEF, that couples the electrical conductivity and optical prop-
erties as a simple band structure based screen.

The key ingredient in the OEF beyond the screening based on
undoped materials has to do with the fact that in some materials,
but not others, the transparency is strongly reduced by doping.
However, doping is essential for conductivity, and again the rela-
tionship between carrier concentration produced by doping and
conductivity is material dependent. The OFEF is a screen that can
be readily calculated from standard first principles calculations
and incorporates these effects in addition to requirements, such
as band gap, that can be obtained without consideration of dop-
ing. It would be of interest to further validate this approach by

Journal Name, [year], [vol.], 1-7 |5
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Fig. 6 Band structures of La,TeO, (top, (a) and (b)) and ZnTe (bottom,
(c) and (d)) at p=10% (left, (a) and (c)) and p=10%' cm~3 (right, (b) and
(d)). In each case the Fermi energy is at 0 eV.

parametric experimental studies of conductivity and absorption
spectra in relation to calculated OEF values for different classes
of proposed p-type TC materials.

We find that many of the proposed materials have high OEF,
but that certain compounds, mostly those characterized by so-
called second gaps, do not. We also note that the performance
depends significantly on the spectral range needed for the appli-
cation. This is a fact that should be kept in mind when seeking
new TC materials.

Finally, it should be emphasized that it is important to fully
characterize materials using experimental synthesis, chemical
doping, and optimization of growth conditions in order to de-
velop new TC. The purpose of the OEF is to provide an indica-
tion of which materials are promising. It is hoped that this can
be used to focus expensive experimental work on more favorable
compounds.
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