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Many semiconductors present weak or forbidden transitions at their fundamental band gaps, in-
ducing a widened region of transparency. This occurs in high-performing n-type transparent conduc-
tors (TCs) such as Sn-doped In2O3 (ITO), however thus far the presence of forbidden transitions has
been neglected in searches for new p-type TCs. To address this, we first compute high-throughput
absorption spectra across ∼18,000 semiconductors, showing that over half exhibit forbidden or weak
optical transitions at their band edges. Next, we demonstrate that compounds with highly localized
band edge states are more likely to present forbidden transitions. Lastly, we search this set for
p-type and n-type TCs with forbidden or weak transitions. Defect calculations yield unexplored TC
candidates such as ambipolar BeSiP2, Zr2SN2 and KSe, p-type BAs, Au2S, and AuCl, and n-type
Ba2InGaO5, GaSbO4, and KSbO3, among others. We share our data set via the MPContribs plat-
form, and we recommend that future screenings for optical properties use metrics representative of
absorption features rather than band gap alone.

INTRODUCTION

It is often assumed in semiconductors that a strong ab-
sorption onset occurs at the direct fundamental band gap.
This is indeed the case for many materials, however some
materials have forbidden transitions at their band edges
such that the onset of their absorption edge occurs at
higher energies than their direct gap. Four scenarios of
absorption in semiconductors are depicted schematically in
Figure 1, following the optical type (OT) classification as
outlined by Yu and Zunger[1] for four hypothetical materi-
als with similar band structures. In OT1 the fundamental
band gap EG is direct and allowed (“da”), in OT2 EG is
direct but forbidden (“df”), in OT3 EG is indirect and the
direct gap is allowed (“ia”), and in OT4 EG is indirect and
the direct gap is forbidden (“if”).

The presence of forbidden optical transitions can be
detrimental in certain applications (e.g., LEDs, solar cell
absorbers), however for others it may present a useful de-
sign criteria. In this study we focus on transparent con-
ductors (TCs) — materials combining wide optical trans-
parency with high mobility and doping — which require
weak absorption within a given range of wavelengths (usu-
ally within the visible) such that forbidden transitions
could be advantageous to increase transparency. In fact,
many of the high-performing, commercially-available n-
type transparent conducting oxides (TCOs) have dipole
forbidden transitions at their band edges that induce this
behavior. A notable example occurs in the most common
TCO, n-type Sn-doped In2O3 (ITO), with weak absorp-
tion in the upper-most 0.8 eV of the valence band (VB),

allowing for an increased transparency in addition to the
increase from the Burstein-Moss effect.[2] Other wide-gap
oxide materials with reported forbidden transitions include
SnO2 and F-doped SnO2 (FTO),[3, 4] spinels SnZn2O4,
SnCd2O4 and CdIn2O4,[5] Tl2O3,[6] and TiO2.[7] Addi-
tionally, dipole-forbidden transitions have been reported
in Cu-based p-type TCs including delafossites CuAlO2,
CuGaO2, and CuInO2, as well as cuprite Cu2O.[8]

Meanwhile, it is of considerable interest to identify
new high-performing p-type TC for applications in pho-
tovoltaics and beyond. Over the past decade, high-
throughput screening studies have proposed several n-type
or p-type TC candidates such as ZnSb2O6, ZrOS, BP,
Ba2BiTaO6, and CaTe[9–13]. Experimental confirmation
of exceptional properties has been demonstrated in some of
those computationally-identified materials such as the p-
type Ba2BiTaO6 and n-type ZnSb2O6,[11, 14] but still no
predicted p-type TC has experimentally-confirmed proper-
ties on par with n-type ITO. Most high-throughput screen-
ings for TCs to date assume wide electronic band gap or
direct band gap as a proxy for transparency.[9, 12, 15–18]
This assumption does not consider whether associated op-
tical transitions are actually allowed or strong, thus over-
looking materials with a small fundamental band gap but
a wide absorption edge which could enable optical trans-
parency. We note that several screenings for solar ab-
sorbers have explicitly considered forbidden transitions,[1,
19, 20] excluding materials with forbidden edges to design
for a sharp absorption onset; in contrast, a screening for
TCs would include such materials.

Therefore, in this work we leverage forbidden optical
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Figure 1: (a) Band schematics and (b) cartoon of the resulting absorption spectra of the four optical types (OTs) in semiconductor
materials. Band schematics on left are inspired by Yu and Zunger.[1] The grey regions in OT2 and OT4 correspond to the forbidden region

where transitions do not occur. “Fund. gap” stands for fundamental electronic band gap and “dir. gap” stands for direct band gap.

transitions at band edges (referred to hereafter as sim-
ply “forbidden transitions”) to improve high-throughput
searches for TCs. First, we benchmark and compute op-
tical absorption edges for ∼18,000 inorganic compounds
in the Materials Project (MP) database, and classify op-
tical types across MP to assess whether the fundamental
gaps are optically allowed or forbidden. We show that
over half of the selected semiconductors in MP exhibit a
weak absorption edge, and that, in special cases involving
transitions between localized states, the presence of for-
bidden transitions can be explained by orbital character.
With this data, we introduce a series of high-throughput
descriptors for p-type TCs to estimate the direct allowed
band gap (often referred to in the literature as the “opti-
cal gap”), absorption edge onset, and average absorption
spectra in the visible spectrum. Using these descriptors, we
perform a high-throughput screening (as outlined in Fig-
ure 2) for promising p-type and n-type TCs with disperse
band edges that may be transparent in the visible regime.
Such compounds have low fundamental band gaps, and
therefore may have previously been overlooked. To assess
dopability and mobility for materials with good computed
optical properties, we perform defect formation energy cal-
culations and compute transport properties for the most
promising candidates. We highlight some ambipolar TC
candidates including BeSiP2, p-type TC candidates in-
cluding boron BAs, and n-type TC candidates including
barium indium gallium oxide (Ba2InGaO5), and share our
data for further exploration.

MATERIALS AND METHODS

Density functional theory (DFT) calculations were
performed using the projector augmented wave (PAW)
method[45, 46] as implemented in the Vienna Ab Ini-
tio Simulation Package (VASP)[47, 48], first within
the Purdue-Berke-Ernzerhof (PBE) Generalized Gradi-

ent Approximation (GGA) formulation of the exchange-
correlation functional.[49] Cutoff, convergence, and correc-
tion criteria have been benchmarked and are used through-
out the MP infrastructure, as described elsewhere.[50, 51]
Effective mass (m∗) was computed from GGA calcula-
tions using the BoltzTraP2 package,[52] assuming dopings
of 1018 cm-3 as described in the Supplementary Materi-
als (SM). The HSE06 screened hybrid functional[53] was
used to calculate gap corrections and apply scissor shifts in
“screen 2.” Branch point energy (BPE) was computed from
GGA calculations with an HSE gap correction; BPE ratio
range σBPE was computed by varying number of valence
bands (NVB) and number of conduction bands (NCB) from
NVB:NCB=2:4 to NCB:NCB=8:4, with details described
elsewhere.[25] The site-projected wave function character
of orbitals at the band edges were assessed to compute the
inverse participation ratios (IPRs) and the orbital overlaps
(see SM).

Optical absorption coefficients were calculated with
VASP using the independent-particle approximation
(IPA). Using the IPA, the dielectric matrix elements are
calculated using a k-point reciprocal density of 1,000
Å-3, which we have benchmarked and optimized for high-
throughput screenings Eedge (for optimization of precision
in the extended absorption spectrum, see Yang et al.[54]).
Cutoff for a transition to be considered “allowed” was se-
lected following convention from Fabini et al.[20] Details
and calculation parameters for this method are reported
in the SM.

Focusing on compounds that are likely to be synthesiz-
able and are tractable for further defect calculations, we
“pre-screen” (see Figure 2) the MP database using a series
of filters. We include compounds in which the MP com-
puted GGA fundamental band gap (EG) is greater than
0.5 eV and the energy above convex hull (Ehull) is less that
0.1 eV/atom.[55, 56] Large compounds were filtered out
with more than 5 elements or more than 12 symmetrically
inequivalent sites (see pymatgen.symmetry.analyzer).
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Figure 2: (a) The screening method for TCs pursued in this paper, focusing on compounds from the MP database with forbidden optical
transitions. The targeted property is listed in the screen, and the descriptor and cutoff value are given on the right-hand side. Note that

these descriptors are computed with both GGA (for screen 1) and HSE06 (for screen 2) functionals, and are described in more detail in the
manuscript.

Compounds with heavy elements (Z > 82) and f-block
elements are also filtered out (except for La). GGA ab-
sorption spectra of ∼800 MP compounds from Fabini et
al.’s search for PV absorber materials are publicly avail-
able on MPContribs and included in our set.[20, 57]

For compounds that emerge from “screen 2,” defect for-
mation energy calculations are performed using the pycdt
package,[58]. Hybrid density functional theory calcula-
tions of defect formation energies are performed using the
CP2K software package and HSE06 functional.[53, 59, 60]
Charge-carrier mobility is calculated using the ab initio
scattering and transport package (amset),[38] which solves
the linearized Boltzmann transport equation under the
constant relaxation time approximation. Details for each
of these methods are described in the SM.

RESULTS

Forbidden or weak transitions are common

As a result of the pre-screening, we obtain a data set
of ∼18,000 semiconductors compounds for which optical

absorption spectra and descriptors are assembled. Statis-
tics and corresponding descriptors are summarized in Fig-
ure 3, grouped by optical type. We first assess the distri-
bution of optical types (OTs) and forbidden optical tran-
sitions across the set. To our knowledge, this has not been
assessed across known semiconductor materials, except for
the several hundred from Fabini et al.[20] Figure 3(a) plots
a histogram of the descriptor “forbidden energy difference”
∆d, defined as:

∆d = Eda
G − Ed

G, (1)

where the direct allowed band gap Eda
G is defined as the

energy at which dipole transition matrix elements become
significant (adopting what constitutes as “significant” from
the literature;[20] see Supplementary Materials, SM). We
demonstrate that nearly 50% of compounds have forbid-
den transitions (i.e., ∆d > 0 eV) at the band edges. A
large subset show a strong impact of forbidden transitions,
∼18% with ∆d > 0.2 eV and 7% with ∆d > 0.5 eV. It is
observed that OT3 (indirect gap, allowed direct transition)
is the most common optical type, followed closely by OT4
(indirect fundamental gap, forbidden direct transition).
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Figure 3: (Left) Schematics highlighting new optical screening descriptors: (a) “forbidden energy difference” ∆d, (b) edge energy difference
∆d

edge, and (c) average absorption in the visible regime ᾱvis. (Right) Histograms of these three optical descriptors are reported across the set
of 18,000 semiconductors. Corresponding values for In2O3, the best performing n-type TC, are denoted for reference. (d) Optical type (OT)
distribution, showing over half of this set has a forbidden direct optical transition, 18% exhibit ∆d > 0.2 eV, and 7% exhibit ∆d > 0.5 eV.

Figure 3(b) reports the distribution of the “edge energy
difference” ∆d

edge, defined as:

∆d
edge = Eedge − Ed

G, (2)

where the absorption edge energy (Eedge) is defined as the
energy at which the GGA IPA absorption coefficient ex-
ceeds 104 cm-1 (see SM). Some materials may have tran-
sitions at the band edges that are “allowed” but are only
weakly absorbing; in these cases Eedge can provide a better
metric than Eda

G for where the strong edge onset actually
occurs. For example, in In2O3 (dashed lines) our com-
puted ∆d

edge of 0.68 eV corresponds better to the literature-
reported ∆d than our computed GGA ∆d of 0.22 eV.
Third, in Figure 3(c) we plot the distribution of the av-
erage absorption in the visible, ᾱvis, defined as:

ᾱvis =

∫ νmax
vis

νmin
vis

α(hν), (3)

i.e., the integral of the absorption spectra across the vis-
ible regime. Since GGA Kohn-Sham gap underestimates

fundamental band gap, we define the limits of the inte-
gral for GGA calculations using an empirical gap correc-
tion from Morales et al. (see SM).[21] It is observed that
in more than 50% of compounds, ᾱvis is less than that
of In2O3. Of interest to this study are the set of com-
pounds with a significantly widened absorption edge due
to forbidden transitions and correspondingly low absorp-
tion coefficients. In particular, we are interested in materi-
als in which forbidden transitions raise the absorption edge
outside of the visible spectrum and lead to optical trans-
parency. However we note this data set may be valuable
for other investigations as well.

Underlying chemical trends

Forbidden and weak optical transitions in semiconduc-
tors can arise from a variety of physical, structural, and
chemical phenomena. Inversion symmetry at the band ex-
trema can induce parity forbidden dipole transitions,[22]
and a series of selection rules determine whether tran-
sitions can occur between states of different irreducible
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representation. Parity-forbidden transitions are invoked,
e.g., for In2O3, among other materials, to explain in part
why experimental optical band gaps exceed the fundamen-
tal gap. According to Fermi’s Golden Rule, if symmetry
allows, transitions between localized states composed of
similar chemical orbitals (i.e., with significant 〈ψi|r|ψf〉,
which scales with overlap 〈ψi|ψf〉) have weak dipole tran-
sition matrix elements.[22] However, due to the delocal-
ized nature of wavefunctions in solids, understanding the
mechanisms behind forbidden and allowed transitions is
less straightforward in semiconductors than in molecules
with discrete, localized states.

Here, we explore whether the nature of forbidden tran-
sitions between the direct band edges can be correlated
with two simple orbital-based descriptors, described in
Figure 5:

1. Inverse participation ratio of the direct VBM
and CBM states, tdIPR: We consider the inverse
participation ratio (IPR) across all compounds as a
proxy for localization of states at the band edges (a
high IPR indicates strong localization). As shown in
Figure 5(a), “D” indicates a delocalized state and “L”
indicates a localized state, and values of descriptor
tdIPR are assigned as shown in the call-out circle (e.g.,
tdIPR = “L→L” indicates a transition from a strongly
localized VBM to a strongly localized CBM).

2. Orbital overlap of the direct VBM and CBM
states, σd: For each compound, we consider the
dominant contributors to the density of states at the
direct VBM and CBM, σ(l,m)d (l is angular momen-
tum quantum number s, p, d, or f for each element,
and m is magnetic quantum number; see SM for de-
tails). With this data, we compute a descriptor σd

(i.e., 〈ψi|r|ψf〉) to describe the similarity of CB edge
and VB edge orbital contributions. This is depicted
in the call-out circle in Figure 5(b) as:

σd =
∑
l,m

σ(l,m)dVBMσ(l,m)dCBM (4)

We will refer to this descriptor as “orbital overlap” in
this paper.

Basic trends between these descriptors and the forbidden
nature of the gap are summarized in Figure 5. In the violin
plot in (a), it is shown that in compounds in which states
at both band edges are delocalized (D→D), the forbid-
den energy difference ∆d is low with a mean close to zero.
In compounds where at least one band edge is delocal-
ized (D→L and L→D), the average ∆d increases slightly.
However, compounds where both edges are highly localized
(L→L) are significantly more likely to have wide forbidden
transitions; the average ∆d across such compounds is ∼0.5
eV, and quartiles range from 0.1–0.6 eV. Therefore, transi-
tions between two highly localized states are likely to lead
to a forbidden transition.

To inspect cases with localized transitions in more de-
tail, we compute the orbital overlap σd for the L→L subset
from (a), and report the distribution of σd across the four
optical types in the violin plot in Figure 5(b). It is observed
that, systematically, compounds with allowed edges (OT1
and OT3) have significantly lower orbital overlaps than
compounds with forbidden edges (OT2 and OT4). This is
consistent with Fermi’s Golden Rule: low transition dipole
matrix elements (i.e., forbidden or weak transitions) should
occur between localized states with similar orbital contri-
butions. We note that a weaker trend occurs when σd is
plotted across all compounds (see SM), mostly likely be-
cause the selection rules from Fermi’s Golden Rule break
down in transitions between delocalized states.

Therefore, in cases with highly localized band edges, σd

is a useful predictor for the origin of forbidden transitions.
However, these L→L cases are only a small subset (∼10%)
of compounds in which we predict forbidden transitions,
and there are other factors that arise for example due to
the delocalized or hybridized nature of edge states. Ulti-
mately, due to the relatively cheap computational cost of
high-throughput IPA calculations and the variety of mech-
anisms contributing to optical transition matrix elements,
we recommend further DFT calculations at this stage.

Screening for TCs with forbidden transitions

Using this data set, we perform a high-throughput
screening for transparent conductors with forbidden opti-
cal transitions at the band edges, which may have been ex-
cluded from previous screenings. We assess candidates for
both p-type and n-type TCs. Our basic screening method-
ology is depicted in Figure 2(a). We note that the pre-
screening steps restrict compounds to those with Ehull <
0.1 eV/atom as a proxy for stability, and to those with 12
or fewer symmetrically equivalent sites to allow for subse-
quent hybrid and defect calculations.

Screen 1: High-throughput absorption calculations

In screen 1 we filter compounds based on high-
throughput GGA optical absorption calculations and cor-
responding effective masses at the band edges, as shown
in the red-colored screening steps of Figure 2(a). Rather
than considering the fundamental band gap EG or direct
band gap Ed

G, as done in previous screenings for p-type
TCs,[9–13, 15–18] materials are filtered by either their di-
rect allowed gap Eda

G , the onset of the absorption edge
Eedge, or the average absorption coefficient in the visible
ᾱvis. Schematics of these descriptors are depicted in Fig-
ure 2(b). We also prioritize compounds with large ∆d or
∆d

edge, which indicate whether there is a strong presence
of optically forbidden transitions at the band edges that
could lead to a widening of the absorption edge.

In Figure 4(a) and (b), the effective mass m∗ is plot-
ted as a function of a GGA energy edge descriptor, either
Eda

G or Eedge, depending on which value is higher. We
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Figure 4: Screen 1 outputs using a GGA functional for (a) plausible p-type TC candidates (focusing on m∗
h < 2) and (b) plausible n-type

TC candidates (focusing on m∗
e < 1). Screen 2 outputs using a HSE functional for (c) p-type TC candidates (focusing on m∗

h < 2) and (d)
plausible n-type TC candidates (focusing on m∗

e < 1). In all four plots, computed m∗ is plotted as a function of either Eda
G or Eedge,

depending on which value is higher, to reflect the screening procedure. Marker color denotes whether compounds would have been included
(blue) or excluded (red) from a conventional screening in which the allowed or forbidden nature of the direct gap is not considered.

Candidates emerging from screen 3 are highlighted in (c) and (d).

restrict our screen to compounds with the GGA energy
edge descriptor within the range of 1.5–3.2 eV. Note that
for transparency in the visible, absorption edges greater
than 3.0 eV are desirable, however PBE can underestimate
band gap by a factor of ∼1–2 (depending on chemistry and
structure)[24] hence the cutoff is reduced by a factor of two.
We also include compounds in which the average absorp-
tion coefficient ᾱvis is less than that of reference compound
In2O3 (2.7 × 103 cm-1 using the GGA functional). In this
case, even if a material’s absorption edge occurs below 1.5
eV, if its total absorption is low enough we still include it
in the screen. For the n-type TC screening, we restrict m∗

e

to less than 1, however this tolerance is loosened to m∗
h <

2 for the p-type TC screening to reflect the much smaller

distribution of low m∗
h than low m∗

e across materials.[9, 25]
Figure 4(a) and (b) plot candidates emerging from

screen 1. Pink-colored markers correspond to compounds
with large forbidden transitions that would have likely
been excluded from previous screens: 579 disperse valence
band compounds (plausible p-type TCs) and 790 disperse
conduction band compounds (plausible n-type TCs). In
total, this amounts to 854 compounds, since most low m∗

h

materials also exhibit low m∗
e . Grey-colored markers cor-

respond to other materials within this range with small or
no ∆d, and these amount to 5,209 compounds.
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Figure 5: A schematic of band edge orbital descriptors and violin plots correlating each descriptor to the forbidden transitions data set for
(a) tdIPR, the transition localization at the VBM and CBM from the inverse participation ratio (IPR) and (b) Σσd, the orbital overlap of the
VBM and CBM states at Ed

G. In (a), “D” indicates a delocalized state and “L” indicates a localized state, and the scenario in which there are
transitions from a highly localized state at the VBM to another highly localized state at the CBM (L→L) is highlighted. In (b), only

compounds with L→L are plotted, and the violin plot shows the distribution of Σσd across different optical types (note that OT2 and OT4
indicate forbidden transitions, i.e., ∆d > 0 eV.) In both violin plots, mean values of each distribution are reported with dashed black lines.

Table I: Most promising predicted TC compounds with forbidden optical transitions (see columns ∆d and ∆d
edge), and a summary of their

computed optical and electronic properties. See SM for full table.

Material
ID (mpid) Formula Space

group
Ehull

(eV/at.)†
EG

(eV)†
EG

(eV)‡
Ed

G

(eV)‡
Eda

G

(eV)¶
Eedge

(eV)¶
∆d

(eV)†
∆d

edge

(eV)¶
ᾱvis

(cm-1)¶ m∗
e
† m∗

h
† Doping
(defects)†

# ICSD
entries

mp-1009085 BeSiP2 I 4̄2d 0.000 1.15 1.84 1.84 3.04 2.78 1.20 0.94 7.1×103 0.35 0.47 p&n 2
mp-9268 KSe P 6̄2m 0.000 0.72 1.66 2.14 2.14 3.31 0.00 1.17 4.8×103 0.33 1.73 p&n 1
mp-11583 Zr2SN2 P63/mmc 0.000 0.56 1.45 2.65 3.06 2.76 0.41 0.24 8.3×103 0.41 0.44 p&n 1

mp-984718 BAs P63mc 0.090 1.15 1.82 2.72 3.23 3.05 0.51 0.32 4.6×103 0.28 0.38 p-type 0
mp-947 Au2S Pn3̄m 0.000 1.91 3.00 3.00 3.30 3.14 0.30 0.13 3.4×103 0.42 1.55 p-type 2

mp-32780 AuCl I41/amd 0.000 1.93 3.04 3.04 3.26 3.39 0.23 0.35 1.9×103 1.13 0.91 p-type 2

mp-1072104 GeO2 Pnnm 0.006 1.40 3.23 3.23 3.38 4.02 0.15 0.79 2.2×102 0.19 1.62 n-type 6
mp-1224786 GaSbO4 Cmmm 0.000 0.80 2.47 2.47 2.83 3.34 0.36 0.87 7.7×102 0.16 1.45 n-type 0
mp-16293 KSbO3 Fd3̄m 0.045 1.12 2.58 2.89 3.35 3.32 0.46 0.43 1.0×103 0.24 0.34 n-type 1

mp-1106089 Ba2InGaO5 Ima2 0.000 1.42 2.68 2.69 3.27 3.39 0.59 0.71 1.1×103 0.22 0.77 n-type 1
mp-1029868 Sr5(SiN3)2 C12/c1 0.000 1.41 2.43 2.59 2.90 3.02 0.31 0.43 3.7×103 0.34 1.20 n-type 0

mp-856 SnO2 P42/mnm 0.000 0.66 2.33 2.33 3.06 3.20 0.74 0.87 1.0×103 0.14 1.56 n (ref.) 42
mp-22598 In2O3 Ia3̄ 0.000 0.93 2.34 2.34 2.56 3.02 0.22 0.68 2.7×103 0.13 6.44 n (ref.) 18

†GGA calculations. ‡HSE06 calculations. ¶GGA calculations with HSE06 gap correction.

Screen 2: Medium-throughput HSE calculations

In screen 2, band gap refinement calculations are ap-
plied to the outputs of screen 1 to better approximate di-
rect allowed gap and the absorption coefficient. This ap-
proach assumes that the GGA forbidden energy difference
∆d is a sufficient proxy for the difference between HSE Ed

G

and HSE Eda
G ; however this has not been benchmarked to

our knowledge, and ∆d may scale differently depending
on functional. Using these HSE shifted energies and spec-
tra, compounds are filtered that fulfill at least one of three
criteria as proxies for transparency, as shown in Figure 2:
Eda

G ≥ 2.9 eV, Eedge ≥ 2.9 eV, or ᾱvis less than that of ITO
(2.7 × 103 cm-1). Outputs are reported in Figure 4(c) and
(d), yielding 184 previously excluded p-type TC candidates
and 243 previously excluded n-type TC candidates.

At this stage, the BPE ratio σBPE is also computed as a

guideline for whether dopability may be possible. Specif-
ically, BPE energies that lie in the upper quartile of the
band gap near the conduction band minimum (CBM; i.e.,
σBPE > 0.75) have been shown to correlate with unlikely
p-type dopability, whereas BPE energies that lie in the
lower quartile of the band gap near the valence band max-
imum (VBM; i.e., σBPE < 0.25) have been shown to cor-
relate negatively with n-type dopability.[25] Therefore, we
restrict defect calculations in screen 3 to compounds with
σBPE < 0.75 for p-type candidates and σBPE > 0.25 for n-
type candidates. Most compounds have mid-gap BPEs so
are not excluded from either set. We emphasize that this
metric is a guideline that has been demonstrated to corre-
late with dopability, not to predict it, so screens based on
BPE should be used with caution.[25]
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Figure 6: PBE defect formation energy diagrams for a representative set of (a,b,c) candidate ambipolar dopable TCs, (d,e,f) candidate
p-type TCs, and (g,h,i) candidate n-type TCs. For each material, only a single representative chemical potential condition is plotted (see SM
for other conditions). The KSe diagram plotted here is for K2Se3-KSe and depicts p-type dopability, whereas n-type dopability is computed
at a different chemical potential condition (K2Se-KSe; see SM). We highlight that these are PBE defect calculations (with an HSE band

edge “correction”[23]), and await confirmation of dopability from higher levels of theory.

Screen 3: Low-throughput defect and mobility calculations

In the final screening step, GGA defect formation en-
ergy calculations are performed (with HSE VBM and CBM
corrections[23]) to assess accessible intrinsic carrier concen-
trations on ∼100 of the most interesting TC candidates to
emerge from screen 2. Many of these compounds have un-
stable defects or intrinsic pinning defects such that they

are likely not highly dopable (some may be extrinsically
dopable, although this has not been investigated here). We
identify a subset of compounds with promising dopability,
summarized in Table I and Figure 6. We will refer to
these materials herein as “candidates”, as each has shown
the potential for dopability, but true dopability remains to
be confirmed using higher levels of theory and, for instance,
hybrid functionals.
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First, our predicted p-type dopable TC candidates in-
clude BeSiP2, KSe, Zr2SN2, BAs (metastable polymorph
with space group P63mc), Au2S, and AuCl. All except
BAs are on the convex hull and have been synthesized as
bulk materials, while the latter two Au2S and AuCl have
been synthesized as thin films. Au2S is a known p-type
semiconductor,[26] and the dopability of AuCl is unknown.
BAs is a metastable polymorph with space group P63mc
(its stable cubic polymorph has had recent attention due to
its high thermal conductivity[27, 28], and exhibits p-type
conductivity[29]). Compounds KAlTe2, Cd3(BO3)2, ScIO,
and KCuO are potentially p-type dopable within a smaller
window of tolerance; each have been synthesized in bulk
but not thin film form. Defect calculations of ScIO (and
KCuO) suggested hole-killing behavior, but only limited
chemical potentials were assessed.[30] A few of p-type can-
didates appear also n-type dopable at various conditions
— BeSiP2, Zr2SN2, and KSe (at K2Se-KSe, see SM) —
and therefore may be ambipolar dopable semiconductors,
however in each case this remains to be confirmed experi-
mentally. We highlight the variety of non-oxide chemistries
emerging here; typically forbidden transitions have been
studied in oxides, but we demonstrate the importance of
looking beyond oxides. In chalcogenides reported here, p-
type dopability is limited by anion vacancies.

Compounds in which defects suggest candidate n-type
TCs include rutile GeO2, GaSbO4, KSbO3, Ba2InGaO5,
Sr5(SiN3)2, and LiYS2 (as well as ambipolar candidates
BeSiP2, KSe, and Zr2SN2), while Rb2SnBr6, Sr(YS2)2,
and GaBiO3 are potentially n-type dopable within a
smaller window of tolerance (see SM). Many of these out-
puts corroborate literature findings. Notably, the two
highest-performing, commercially-available n-type TCs —
In2O3 and SnO2 — emerge from the screening at this
stage; both have ∆d > 0 eV, and we also include them
in Table I for reference. This is important, as the use
of screening parameters from previous studies would have
filtered out the best TCs, likely due to their low GGA
band gaps (0.66 and 0.93, respectively) and the presence
of forbidden transition states at the band edges.[25] Rutile
GeO2 has been recently studied as an ultra-wide-band-gap
material and has been shown to be experimentally am-
bipolar dopable,[31, 32] while GeO2-derived germanates
(e.g., SrGeO3) have been explored as n-type TCOs.[33]
Sb-based GaSbO4 has been explored preliminarily as an
n-type TCO.[34] Perovskite Rb2SnBr6 has been recently
confirmed experimentally as n-type but not yet studied as
a TC[35], while SrY2S4 has been grown as a thin film but
doping not confirmed. To our knowledge Ba2GaInO5 has
been grown in bulk but not thin film form [36] (a simi-
lar compound, brownmillerite Ba2In2O5, has shown both
n-type and p-type doping and ionic conductivity[37]). All
reported oxides are in the main group, corroborating lit-
erature consensus on conditions for low effective mass in
TCOs;[10] we report several non-oxides here, but in each
case m∗

e is not as high as in oxides.
To assess charge transport, the mobilities of a few

representative candidates are computed using the amset

Figure 7: Hole mobility µh computed with amset code for a
representative subset of p-type TC candidates, as a function of

doping concentration nh. See SM for electron mobility calculations.

package.[38] As shown in Figure 7, of these compounds,
high hole computed mobilities µh (greater than 10 cm2/Vs
at 300 K at both moderate and degenerate dopings) are
exhibited in BeSiP2, BAs, and Au2S, with the former two
exhibiting µh > 100 cm2/Vs. BeSiP2 also has a computed
electron mobility µe higher than that of standards of In2O3
and SnO2, as shown in the SM. Computed mobilities incor-
porate polar optical phonon, ionized impurity, and acous-
tic deformation potential scattering modes. These calcu-
lations can be interpreted as an upper limit for scattering
in high quality thin films; we do not assess grain-boundary
scattering, which is common in thin films.

To confirm dopability in the two most promising p-type
TCs to emerge from the screening — BeSiP2 and BAs —
hybrid defect calculations are performed, as summarized in
the SM. These calculations corroborate the PBE defect cal-
culations, suggesting ambipolar dopability in BeSiP2 (lim-
ited by phosphorus vacancies VP for p-type doping and
beryllium vacancies VBe for n-type doping) and p-type
dopability BAs (limited by boron vacancies, VB).

Identification of candidate TCs with forbidden
transitions

Here, we summarize the optical and electronic proper-
ties of the most promising candidates to emerge from GGA
defect calculations, as reported in Table I, and highlight
a few examples. Each emerging compound has a GGA
gap EG below 2 eV, but either an HSE-corrected Eda

G or
Eedge greater than 3 eV due to the presence of forbidden
transitions or a high ∆d

edge. Au2S, AuCl, and GeO2 have
HSE gaps EG greater than 3 eV so may have emerged
from previous screenings but are included here due to their
forbidden transitions; KSe does not have forbidden tran-
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Figure 8: (a–c) Crystal structure, (d–f) HSE-corrected electronic band diagram, (g–i) computed absorption coefficient, and (j–l) computed
transmittance for three representative candidates from our screening with forbidden optical transitions: ambipolar-dopable BeSiP2, p-type
dopable BAs, and n-type dopable Ba2InGaO5. HSE direct and direct allowed gaps Ed

G and Eda
G are denoted with black and pink lines,

respectively, and in (b) grey shading indicates the region in which optical transitions are forbidden between the VB and CB states. Rainbow
shading in (c) and (d) corresponds the visible spectrum (“vis.”).

sitions, but ∆d
edge is greater than 1 eV so it is included

as well. Compounds in which ᾱvis is less than that of
In2O3 and likely exhibit a high degree of transparency are
GeO2, AuCl, KSbO3, and Ba2InGaO5. The former has
been investigated in depth, but the latter three would be
particularly interesting candidates for follow-up studies.

In Figure 8 we (a–c) highlight crystal structure and
(d–l) optical properties for candidates chalcopyrite BeSiP2
and wurtzite BAs, selected as representative materials
since charge transport and hybrid defect calculations have
confirmed p-type dopability and mobility, as well as pre-

dicted brownmillerite Ba2InGaO5 as an n-type example.
The electronic band structure diagrams of BeSiP2 (d), BAs
(e), and Ba2InGaO5 (f) demonstrate that the direct al-
lowed gap Eda

G (pink arrow) is larger than Ed
G (black ar-

row), and the band extrema at Γ are very disperse, which
leads to low effective masses and high mobilities. The grey
shading depict regions in which optical transitions are for-
bidden. For example, in Ba2InGaO5 (f) transitions be-
tween the upper two VBs along the Γ-X, Γ-Y, Γ-Z paths,
as well as the L-T-W path, are forbidden. Thus, the third-
highest VB is the highest VB at which transitions between
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the CBM are allowed, and Eda,HSE
G occurs at the Γ-point at

approximately -0.6 eV. These examples demonstrate three
different scenarios in which forbidden transitions can oc-
cur. In Ba2InGaO5 the Eda

G and Ed
G occur at the same

k-point (Γ) and states are forbidden at the VBM, in BAs
the Eda

G and Ed
G occur at the same k-point (Γ) and states

are forbidden at the CBM, while in BeSiP2 E
da
G occurs at a

different k-point (Z) than Ed
G (Γ) and states are forbidden

both at the VBM and the CBM.
Panels (g–i) show HSE-corrected absorption coefficient

as a function of photon energy, with the edge energy dif-
ference Eedge denoted. In each example material, Eedge

are within a few tens of meV of Eda
G , although in other

candidates this is not necessarily the case (see Table I,
e.g., In2O3). Importantly, in both cases Eedge is at the
violet edge of the visible spectrum, which indicates a like-
lihood of transparency in the visible. Panels (j–k) report
transmittance from the Beer–Lambert law (see SM), and
the color of the trace corresponds to the thickness of a
thin film. As expected, thinner films are more transpar-
ent, however the decrease in transparency as thickness in-
creases is material-dependent. For example, although both
BeSiP2 and Ba2InGaO5 have >99% transmittance for 10
nm thick films, 1 µm thick films of Ba2InGaO5 have a
Tvis of ∼75% while Tvis drops to less than 50% in BeSiP2.
however, although BeSiP2 has >99% transmittance for 10
nm thick films, Tvis drops to less than 50% in 1 µm thick
films. Therefore this metric is important when selecting
materials for real device applications.

DISCUSSION

Synthesis considerations

So far we have used simulations to predict properties;
the next step for the TC community is to synthesize these
materials as thin films and assess their properties experi-
mentally. The final column of Table I reports the number
of experimental ICSD database entries, showing all but
four (BAs, Sr5(SiN3)2, AlSbO4, LiYS2) have been pre-
viously synthesized (although AlSbO4 has been recently
reported[34]). However in many compounds with ICSD
entries, thin films have not yet been grown nor character-
ized and dopabilty has not been assessed experimentally
(e.g., BeSiP2, KSe, Ba2InGaO5, KAlTe2, ScIO, KCuO,
etc.).

Some of our candidates have known synthesis chal-
lenges, in particular since thin film synthesis is often at
non-equilibrium conditions and presents other difficulties.
In perovskite oxides KSbO3 and GaBiO3 low m∗

e has
been highlighted[10] but phase-pure thin film synthesis has
proven challenging so doping remains to be confirmed.[39]
Non-oxide chalcogenides yield particular synthesis barriers
due to decomposition: KSe has not been synthesized as a
thin film to our knowledge, and KAlTe2 is likely challeng-
ing to synthesize due to oxidation. For candidates that do
not have ICSD entries, synthesis may have been attempted

but was not successful for various reasons. Wurtzite BAs
has been challenging to crystallize and has not yet been
synthesized as a thin film to our knowledge; it similar in
chemistry to zincblende BP, which was predicted computa-
tionally as a p-type TC[18] and has since been synthesized
as a thin film.[40]

We acknowledge that some of these candidates are also
likely not practical or safe to scale up into device appli-
cations. In particular, Be and Be-containing compounds
are toxic to humans and the environment,[41] so although
BeSiP2 has been synthesized it is most likely not a prac-
tical TC material. However, since this compound has a
common chalcopyrite crystal structure with a small unit
cell, understanding the physics behind its large forbidden
transition and disperse valence band is demonstrative and
could inspire design criteria of other p-type TCs (see Fig-
ure 8).

Challenges and context

From the set of 18,000 materials with absorption cal-
culations, we have proposed a set of TC candidates with
forbidden optical transitions at their band edges and plau-
sible dopability and high mobility. There is a general corre-
lation across all semiconductors that, as the fundamental
electronic gap increases, doping becomes more challeng-
ing and band edges become less disperse.[42, 43] Previous
searches for p-type TCs have endeavored to identify cases
in which a single state at the VBM is both disperse over k-
space and facilitates transitions which lead to a wide gap.
In contrast, by decoupling these two parameters such that
allowed transitions do not need to occur at the band edge,
our metric could enable better electronic properties while
the optical gap is widened. One challenge with this de-
sign metric is that localized band edges, which we have
shown to correlate with forbidden transitions, tend to lead
to higher effective masses and therefore lower mobilities.
However, we have also demonstrated many candidate TCs
with delocalized band edges and forbidden transitions.

The absorption spectra we have computed are first-
order, high-throughput approximations, and therefore in-
terpretation of results must consider their limitations. We
do not include the effects of spin-orbit coupling, which may
influence the orbital character of the band edges or in-
duce spin-forbidden transitions. The IPA accounts only
for interband absorption at a fixed k-point, and therefore
intraband absorption matrix elements are not considered
(phonon-assisted transitions such as indirect gap). This
may be sufficient for a first-order approximation since in-
direct absorption tends to be weak, but in heavily doped
TCs, strong free-carrier absorption can arise due to in-
traband transitions.[44]. Off-stoichiometries and dopants
can also introduce shallow defect levels within the gap
that reduce optical transparency, and absorption from ex-
citons may also become significant at energies just below
the fundamental absorption edge, leading to a reduction
of transparency.[44] Despite these limitations, our calcula-
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tions and data have added information and improved de-
sign metrics towards furthering the search for novel TCs.

CONCLUSION

In this study, we have described the absorption edge and
optical type for ∼18,000 semiconductors in the Materials
Project database, and we have shared this data publicly on
the MPContribs platform. Using a set of descriptors for ab-
sorption and orbital character, we have demonstrated cor-
relations between the presence of forbidden optical transi-
tions, localized band edges, and orbital overlap. From this
set of materials, we have screened for n-type or p-type TC
materials, and propose a set of candidates with forbidden
band edge transitions and promising optical and electronic
properties such as chalcopyrite BeSiP2 and wurtzite BAs.
Notably, high-performance TCs such as ITO emerge from
this screening, while being excluded from those based on
the fundamental gap alone. Since over half of the set of
∼18,000 semiconductors have forbidden optical transitions
at their band edges (OT2 or OT4), we recommend that fu-
ture high-throughput screenings for optical properties use
metrics representative of absorption spectra rather than
band gap alone.
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