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Li-Doped Cr 2 MnO 4 : A New p-Type Transparent Conducting 
Oxide by Computational Materials Design
 To accelerate the design and discovery of novel functional materials, 
here, p-type transparent conducting oxides, an inverse design approach 
is formulated, integrating three steps: i) articulating the target properties 
and selecting an initial pool of candidates based on “design principles”, 
ii) screening this initial pool by calculating the “selection metrics” for each 
member, and iii) laboratory realization and more-detailed theoretical valida-
tion of the remaining “best-of-class” materials. Following a design principle 
that suggests using d5 5  cations for good p-type conductivity in oxides, the 
Inverse Design approach is applied to the class of ternary Mn(II) oxides, 
which are usually considered to be insulating materials. As a result, Cr 2 MnO 4  
is identifi ed as an oxide closely following “selection metrics” of thermody-
namic stability, wide-gap, p-type dopability, and band-conduction mechanism 
for holes (no hole self-trapping). Lacking an intrinsic hole-producing acceptor 
defect, Li is further identifi ed as a suitable dopant. Bulk synthesis of Li-doped 
Cr 2 MnO 4  exhibits at least fi ve orders of magnitude enhancement of the hole 
conductivity compared to undoped samples. This novel approach of stating 
functionality fi rst, then theoretically searching for candidates that merits 
synthesis and characterization, promises to replace the more traditional non-
systematic approach for the discovery of advanced functional materials. 
  1. Introduction: Inverse Design of New Functional 
Materials 

 Advanced materials with new functionalities often require a 
combination of several materials properties that are counter-
indicated and diffi cult to achieve simultaneously. Transparent 
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conducting oxides (TCOs), particularly 
the p-type variety, are an example of 
such materials, requiring simultaneously 
optical transparency and p-type (hole-
carrier) electrical conductivity. Although 
p-type transparent conducting oxides 
(TCOs) are desirable in many optoelec-
tronic applications, [  1  ]  such materials are 
much more diffi cult to design and make 
compared to their n-type counterparts. 
The diffi culties arise from the gener-
ally heavier effective masses of holes 
compared to electrons, the tendency 
for self-compensation of p-type doping 
in oxides, and the frequent occurrence 
of small-polarons that impede effective 
hole conduction. Indeed, the basic prin-
ciples controlling p-type conductivity in 
wide-gap materials have yet to be estab-
lished beyond heuristics, so the rational 
design has thus far been diffi cult. This is 
refl ected, in part, by numerous attempts at 
p-type doping of ZnO, which has created 
intense interest and research activity, but 
still remains a matter of ongoing debate. [  2  ]  

 Here we apply the inverse design 

approach to searching for p-type TCOs, which was proposed 
to address the inverse problem in materials science that can 
be formulated as: given the target properties, fi nd the mate-
rial (chemical space search) or confi guration (structure search) 
that has this property. Inverse design is an approach powered 
by theory guiding experiment, and three modalities have been 
developed for different types of search problems. Modality 1 of 
inverse design is the inverse band-structure (IBS) method, [  3  ]  
which applies to cases [  3  ,  4  ]  when one needs to fi gure out the spe-
cifi c atomic confi guration of a fi xed chemical system having 
the target properties. This can be done by combining a con-
fi gurational search, such as genetic algorithms and simulated 
annealing, with quantum mechanical calculations of the target 
properties. In Modality 2 of inverse design, considered in this 
paper, the search is directed to the chemical space consisting 
of known compounds with currently unknown properties (such 
as the  ≈ 10 5  compounds documented in the inorganic crystal 
structure database (ICSD)). [  5  ]  Often, the desired functionality 
requires a non-trivial combination of several target properties, 
for example, good optical transparency, high charge carrier 
mobility and concentration for a TCO, or high fi gure of merit 
5267wileyonlinelibrary.com
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     Figure  1 .     a) Flowchart diagram illustrating the inverse design approach; b) a check mark indicates that the respective materials property is suitable for 
the desired functionality of a p-type TCO, a circle indicates a non-optimal, but still acceptable value for this property, and a cross mark indicates that 
this property is prohibitive. The line (blue) indicates the sequential down-selection. In Cr 2 MnO 4 , extrinsic dopants (ext.) are needed for the presence 
of acceptor-like hole-producers.  
 ZT  for a thermoelectric material. In order to screen promising 
materials from a larger chemical space, we established a set 
of selection metrics (sometimes called “descriptors”) that are 
properties refl ecting crucial aspects of the target properties, but 
unlike the latter are readily calculable using modern fi rst princi-
ples techniques. Examples of p-type TCO metrics include band 
gaps, hole effective masses and polaron, hole-producing and 
-killing defects, and so forth. Such metrics are used to downse-
lect the most promising materials from the initial pool, and to 
focus experimental and subsequent theoretical studies on this 
narrow set of best-of-class candidates. The basic procedure of 
Modality 2 inverse design incorporates three steps, as illus-
trated in the color-coded fl ow-chart,  Figure    1  a. This modality 
has recently been employed for searching for p-type TCOs [  6  ,  7  ]  
and photovoltaic (PV) absorber materials, [  8  ]  with a combined 
theoretical and experimental approach. In Modality 3 inverse 
design, the subject is the search for new compounds that 
are not documented in databases like the ICSD. Here, high-
throughput energy minimization and thermodynamic stability 
analysis are needed to identify the ground-state crystal structure 
and stability of many material systems, each with many pos-
sible structures and confi gurations. [  9  ,  10  ]  Newly discovered stable 
compounds from Modality 3 are subsequently included in the 
functionality-driven screening of Modality 2.  

 Given a large number ( ≈ 100 000) of known compounds in 
the ICSD, it is desirable to pre-select, prior to the application 
of computational selection metrics and experimental studies, a 
narrower class of materials within which the target properties 
are likely to occur. Historically, such choices were done by heu-
ristic rules of thumb, or by ingenious (or lucky) guesses. These 
rules of thumb could be a priori rules obtained from past expe-
rience in solid-state chemistry, or rules distilled later on as an 
outcome of the current research. We will refer to either case as 
design principles, which are primarily used to defi ne the initial 
class of materials that are to be subjected to the selection met-
rics. While the traditional selection of an initial pool for p-type 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
TCOs has been d 10  oxides (such as CuAlO 2 , Ag 3 VO 4 ) [  6  ,  11  ]  or d 6  
oxides (Rh 2 ZnO 4 ), [  12  ]  our initial pool consists of d 5  ternary Mn-
oxides, that have previously not been considered as promising 
materials for TCO applications. In fact, they were viewed as 
insulators in the past, and have not been deemed promising 
for optical transparency owing to possible d–d multiplet tran-
sitions. [  13  ]  Specifi cally, for Cr 2 MnO 4 , the room temperature 
conductivities of undoped samples have been reported from 
10  − 11  to 10  − 13  S cm  − 1 , [  14  ,  15  ]  and the optical properties are largely 
unknown except for the dielectric constant (perhaps due to the 
lack of interest). [  14  ]  By contrast, our inverse design approach 
arrives at Li-doped Cr 2 MnO 4  as a new p-type transparent 
compound with conductivity of 1.1  ×  10  − 2  S cm  − 1  that may be 
capable of further improvement by epitaxial thin fi lm or single 
crystal growth.   

 2. Target Properties, Design Principles, and 
Selection Metrics for p-type TCOs (Step 1; Blue)  

 2.1. Target Properties 

 The basic target properties we aim for  p -type TCOs include a 
high degree of optical transparency in the visible range, as well 
as a high hole mobility and concentration.   

 2.2. Design Principles and Selection of Initial Pool 
of Candidates: Mn(II)-Based Oxides 

 In this study, we have selected an initial pool of candidates 
consisting of the Mn(II)-based ternary oxides, directed by the 
d 5 -design principle that utilizes transition-metal cations with a 
high-spin d 5  confi guration. According to our recent study of the 
prototypical d 5  oxides MnO and Fe 2 O 3 , [  16  ]  p–d coupling in these 
d 5  materials is similar to the case of the d 10  confi guration of 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5267–5276
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     Figure  2 .     The schematic diagram for the p–d coupling in compounds 
where the transition-metal cation with a high-spin d 5  confi guration, like 
Mn(II) and Fe(III), is tetrahedrally (Td) or octahedrally (Oh) coordinated.  
Cu(I) (e.g., in CuAlO 2 ) [  11  ]  and Ag(I) (e.g., in Ag 3 VO 4 ), [  6  ]  except 
that the interaction with the ligands occurs mostly in the occu-
pied spin channel. In  Figure    2  , we illustrate the p–d coupling 
for compounds containing high-spin Mn(II) or Fe(III) cations. 
In such materials, the VBM will be the anti-bonding state, 
formed between the cation  d -state and the oxygen  p -state with 
the same symmetry. This p–d repulsion increases the valence 
band dispersion, and hence is expected to result in a lighter 
hole effective mass: [  11  ,  17  ]  the anti-bonding (light-mass) state is  t  2  
for tetrahedral and  e  for octahedral coordination environments, 
whereas the non-bonding (heavier-mass) is  e  for tetrahedral and 
 t  2  for octahedral. At the same time, this p–d repulsion raises 
the energy level of the valence band maximum (VBM) (being 
now closer to vacuum), which is expected to enhance the p-type 
dopability. [  11  ,  18  ]  Furthermore, in the high-spin d 5  confi guration 
of Mn(II), the large exchange splitting allows a large band-gap, 
and the internal d–d transitions are spin-forbidden, which sup-
ports acceptable transparencies in suffi ciently thin fi lms.  

 While the introduction of such  d -states is instrumental for 
p-type conductivity, it also potentially induces electronic correla-
tion effects that can lead to undesired carrier localization and 
self-trapping (small-polaron formation), [  16  ,  19  ]  as discussed for 
CuAlO 2 . [  20  ]  We paid special attention to such effects in the pre-
sent study. 

 During the initial selection, compounds containing 
V(III), V(IV), Ti(III), Mn(III), Fe(III), and Cu(II) ions were 
excluded, since their band-gaps would be signifi cantly lim-
ited by the unoccupied  d -states lying relatively low in energy. 
For example, the empty  d -states are only about 2 eV above the 
O- p -like VBM in Fe 2 O 3  (6 eV in MnO), even with the presence 
of strong exchange splitting. [  16  ]  Thus, the initial pool of can-
didates consists of 13 compounds from the ICSD, which are 
Mn 2 V 2 O 4  with the ICSD collection code 24321 (ICSD 24321), 
Ba 2 Mn 2 O 3  with the ICSD collection code 15508 (ICSD 15508), 
Mn 2 TiO 4 , and Mn 2 SnO 4  with the inverse spinel (ISp) structure, 
Al 2 MnO 4 , Ga 2 MnO 4 , In 2 MnO 4 , and Cr 2 MnO 4  with the spinel 
(Sp) structure, Mn 2 SiO 4  and Mn 2 GeO 4  with the olivine (Ol) 
structure, MnTiO 3 , MnGeO 3 , and MnSnO 3  with the ilmenite 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5267–5276
(Ilm) structure (MnTiO 3  is labeled with its own mineral name 
Pyrophanite (Pyr)).   

 2.3. Defi ning Calculable Selection Metrics for Screening 
the Initial Pool 

 We use six metrics to down-select  p -TCOs from the initial list: 
  M-1 : Thermodynamic stability. The compound should be 

stable against decomposition under experimentally accessible 
synthesis/growth conditions. Since in Modality 2 used here the 
compounds are selected from a database of previously made 
compounds, overall stability is generally assured. This metric 
determines however the minimum (O-poor, reducing) and 
maximum (O-rich, oxidizing) oxygen chemical potentials of 
the stability range, from which we can infer whether a com-
pound requires particular oxidizing or reducing conditions to 
be stable. 

  M-2:  A suffi ciently wide band-gap, ideally above 3 eV for 
transparency, or at least a suffi ciently low absorption coeffi cient 
to allow acceptable transparency of a thin fi lm typically on the 
order of 100 nm thick. 

 The target property of good hole mobility is represented by 
metrics M-3 and M-4: 

  M-3:  Light hole effective mass. Generally, the mobility is 
inversely proportional to the effective mass. While hole masses 
in oxides are generally larger ( m  h  ∗ / m  e   > 1) than in conventional 
semiconductors, a not-too-heavy effective hole mass is needed 
to support good p-type conductivity. 

  M-4:  Hole self-trapping should not happen, so as to avoid the 
undesirable small-polaron transport mechanism. [  12  ,  19  ]  In order 
to distinguish between a band and a small-polaron conduction 
mechanism for holes, [  12  ,  19  ]  we need to calculate the energy dif-
ference between the self-trapped polaronic hole state and the 
band-like hole state at the VBM, that is, the self-trapping energy 
 E  ST , for hole polarons. A negative  E  ST  indicates an undesired 
small-polaron conduction mechanism, while a positive  E  ST  
indicates a desired band conduction mechanism. 

 The target property of suffi cient free hole concentrations, 
which can be assessed by defect calculations, [  21  ]  is embodied in 
metrics M-5 and M-6: 

  M-5 : Absence of spontaneously formed hole-killer defects, 
that is, intrinsic defects that act as positively charged com-
pensating donors, for example, O vacancies ( V  O  2 +  ) or cation 
interstitials, or antisite donors involving high-valent cations on 
low-valent sites. [  22–24  ]  Such hole-killer defects create a positively 
charged donor state, which compensates p-type carriers. [  22  ]  
To practically calculate the propensity of a material to develop 
such hole-killer defects we note that the formation energy  Δ  H  D  
of such hole-killer defects decreases when the Fermi level  E  F  
approaches the VBM. When  Δ  H  D  approaches zero,  E  F  reaches 
its pinning level for p-type doping,  E  F   p   ,pin . [  24  ]  We will calculate 
 E  F   p   ,pin  and determine if it lies deep inside the band gap (in 
which case the material is not p-type dopable, because hole 
doping is countered by self-compensation). [  25  ]  

  M-6:  The presence of spontaneously formed hole-producer 
defects. A good hole-producing defect or dopant should have 
low formation energy so as to form in suffi cient concentrations, 
and should have small acceptor ionization energy so that free 
5269wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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carriers are excited thermally at room temperature. The oxides 
considered here are all insulators when perfect, and holes 
will be created by certain defects, either intrinsic defects like 
cation vacancies, antisite donors involving low-valent cations 
on high-valent sites, etc., or extrinsic p-type dopants. We have 
previously proposed four doping types (DT) in semiconductors 
based on their intrinsic defect properties. [  26  ]  Denoting the tran-
sition energy level [  21  ]  of the dominant hole-killers (donors) as 
  ε   D , that of the dominant hole-producers (acceptors) as   ε   A , and 
the energy of the VBM and conduction band minimum (CBM) 
of the parent semiconductor as  E  V  and  E  C , respectively: DT-1 to 
-4 correspond to the cases of   ε   D   >    ε   A ,   ε   A   >   E  V   >    ε   D ,   ε   A   >   E  C   >    ε   D , 
and  E  C   >    ε   A   >    ε   D   >   E  V , respectively. In DT-1, the system could 
be p-type without extrinsic doping if   ε   A  is close enough to the 
VBM and the formation energy of the hole-killers are high 
enough. Systems in DT-2 and DT-3 are readily p- and n-type 
without extrinsic doping. In DT-4, the system is insulating until 
extrinsic p- or n-type impurities are added through doping. The 
best case for  p -TCO is DT-1 followed by DT-4.    

 3. Screening by High Throughput First-Principles 
Calculations (Step 2; Yellow) 

 In this step, we narrowed the initial pool of material candi-
dates down to the “best-of-class”, employing high-throughput 
computation of a subset of metrics for these candidates. The 
thermodynamic stability (M-1), electronic structure properties, 
including quasi-particle band-gap and optical absorption coef-
fi cient (M-2) and hole effective mass (M-3), and intrinsic defect 
properties (M-5 and M-6) were evaluated in this step. The ten-
dency of forming small-polaron (M-4), and extrinsic doping 
(M-6) will be considered for the “best-of-class” materials as 
detailed theory in the next step. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

   Table  1.     For the Mn-containing ternary oxides of interest, the calculated h
phases at the O-poor/reducing and O-rich/oxidizing limits, quasi-particle ba
 m  h  ∗ . For the structure, the mineral name is used when available, otherwise t

Compound  Δ  H  f  
[eV]

 Δ   μ   O  
[eV]

  O-poor O-rich O-po

Mn 2 V 2 O 7  (ICSD 24321)  − 25.8  − 1.8  − 0.4 Mn 2 O 3 ; M

Ba 2 MnO 3  (ICSD 15508)  − 15.8  − 4.4  − 1.4 MnO; B

Mn 2 SiO 4  (olivine)  − 17.7  − 4.2  − 1.7 MnO; S

Mn 2 GeO 4  (olivine)  − 14.5  − 3.2  − 1.7 MnO; Mn

Mn 2 SnO 4  (inverse spinel)  − 14.0  − 2.8  − 1.9 MnO; S

Al 2 MnO 4  (spinel)  − 21.5  − 4.2  − 1.8 MnO; A

Ga 2 MnO 4  (spinel)  − 15.6  − 3.5  − 1.4 MnO; G

In 2 MnO 4  (spinel)  − 13.6  − 3.2  − 2.5 MnO; I

Cr 2 MnO 4  (spinel)  − 16.4  − 4.1  − 0.8 MnO; C

MnTiO 3  (pyrophanite)  − 14.1  − 4.0  − 1.3 MnO; T

MnGeO 3  (ilmenite)  − 10.2  − 2.9  − 1.4 Mn 2 GeO 4

MnSnO 3  (ilmenite)  − 9.8  − 2.6  − 1.9 Mn 2 SnO 4 ; S
 All calculations were performed using the plane-wave density 
functional theory method with the formalism of the projector-
augmented waves (PAW), [  27  ]  as implemented in the Vienna Ab-
initio Simulation Package (VASP). [  28  ]  For the thermodynamic 
stability, the hole effective masses, and defect calculations, we 
used the generalized gradient approximation (GGA) as para-
meterized elsewhere [  29  ]  for the exchange-correlation functional. 
A moderate on-site U [  30  ]  of 3.0 eV is applied for  d  orbitals in 
3 d  transition metals. In the supercell calculations, fi nite-sized 
effects have been corrected. [  21  ]  For the calculation of the com-
pound formation energy and the thermodynamic stability, we 
used the fi tted elemental reference energies. [  31  ]  Based on this 
type of GGA + U calculation, we performed subsequent band-
structure calculations in the GW approximation. [  32  ]   

 3.1. Thermodynamic Stability of Parent Compounds (M-1) 

 In order to evaluate the thermodynamic stability, we calculated 
the compound formation enthalpies (enthalpy relative to the ele-
ments), and determined the relative stability versus that of other 
binary or ternary phases. This analysis (“triangular analysis”) [  9  ,  10  ]  
yields the range of elemental chemical potentials under which 
the ternary compound is thermodynamically stable. 

 Among the 13 compounds, only the inverse spinel Mn 2 TiO 4  
is unstable, showing an exothermic heat of reaction for decom-
position into MnO and pyrophanite MnTiO 3 . For the other 12 
compounds,  Table    1   gives the minimum (O-poor, reducing) 
and maximum (O-rich, oxidizing) oxygen chemical potentials 
of the stability range, from which we can infer whether a com-
pound requires particular oxidizing or reducing conditions to 
be stable. In order to put the numerical values for the chemical 
potentials into context, we determined from ideal gas law cal-
culations, [  33  ]   Δ   μ   O   =   − 0.7 eV for an exemplary oxidizing condi-
tion corresponding to  p O 2   =  1 atm at  T   =  673 K (400  ° C), and 
bH & Co. KGaA, Weinheim

eat of formation  Δ  H  f , oxygen chemical potentials  Δ   μ   O  and competing 
nd gaps  E  g , optical absorption threshold  E  abs , and hole effective masses 
he ICSD collection code is given. 

Competing phases  E  g  
[eV]

 E  abs  
[eV]

 m  h  ∗  
[ m  e ]

or O-rich

nV 2 O 6 Mn 3 O 4 ; VO 2 0.6 0.7 0.8

aO Mn 3 O 4 ; BaO 2.9 2.9 16.7

iO 2 Mn 3 O 4 ; SiO 2 5.3 5.9 14.2

GeO 3 Mn 3 O 4 ; MnGeO 3 4.0 4.4 18.5

nO Mn 3 O 4 ; SnO 2 , MnSnO 3 2.2 2.7 3.4

l 2 O 3 Mn 3 O 4 ; Al 2 O 3 6.0 6.1 12.4

a 2 O 3 Mn 3 O 4 ; Ga 2 O 3 4.2 4.2 19.3

n 2 O 3 Mn 3 O 4 ; In 2 O 3 3.0 3.1 21.3

r 2 O 3 Mn 2 O 3 , Mn 3 O 4 ; Cr 2 O 3 3.3 3.5 9.8

iO 2 Mn 3 O 4 ; TiO 2 3.8 3.8 14.4

 , GeO 2 Mn 2 GeO 4 , Mn 3 O 4 ; GeO 2 4.4 3.8 5.9

nO, SnO 2 Mn 3 O 4 , Mn 2 SnO 4 ; SnO 2 3.2 3.4 3.0

Adv. Funct. Mater. 2013, 23, 5267–5276
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 Δ   μ   O   =   − 3.2 eV for a reducing condition corresponding to  p O 2   =  
10  − 10  atm at  T   =  1473 K (1200  ° C). In Table  1 , we also give the 
competing compounds that determine the boundaries of phase 
stability under the O-poor (reducing) and O-rich (oxidizing) 
conditions, which defi ne the boundaries in the phase diagram. 
For example, for Cr 2 MnO 4 , MnO and Cr 2 O 3  are the competing 
phases that accommodate Mn- and Cr-excess, respectively, 
under reducing conditions (note that metallic phases may also 
occur under very reducing conditions).  

 Except Mn 2 TiO 4 , all other ternary Mn-oxides studied here 
were found to be stable under specifi c conditions. (Note that 
Mn 2 TiO 4  could still exist as a metastable phase, or due to sta-
bilization because of entropy effects at higher temperatures.) 
We observe, however, that many Mn(II) oxides, like Mn 2 SnO 4 , 
MnSnO 3 , and In 2 MnO 4 , require rather reducing conditions, 
which can make the experimental synthesis diffi cult. This 
consideration is taken into account in the stability criterion in 
Figure  1 b, where  Δ   μ   O   >   − 1.8 eV under the oxidizing condition 
(Table  1 ) was included as a desirable property, so as to allow 
synthesis at an experimentally reasonable temperature and  p O 2  
( Δ   μ   O   =   − 1.8 eV corresponds to  p O 2   =  10  − 3  atm at 1000  ° C).   

 3.2. Electronic Structure Properties: Band-Gap and Optical 
Absorption (M-2), and Hole Effective Mass (M-3) 

 The quasi-particle band-gaps and inter-band optical absorp-
tion spectra are calculated within the GW approximation ( G  
is the one-particle Green’s function, and  W  is the dynamically 
screened Coulomb potential), where the initial GGA + U wave-
functions are kept fi xed, but the eigenenergies are iterated to 
self-consistency. Density-functional-derived local-fi eld effects [  34  ]  
have been taken into account. In the case of Cr oxides, GW is 
found to place the  d -states too high in energy, hence overesti-
mating the band gap of Cr 2 O 3 , similar to the case of TiO 2 . [  6  ,  35  ]  
An on-site potential [  24  ]   V  d   =   − 3.5 eV for Cr- d  is used to correct the 
band gap of Cr 2 O 3  of about  E  g   =  3.2 eV, [  36  ,  37  ]  and this para meter 
is also used to predict the gap of Cr 2 MnO 4 . For the effective 
masses, the density-of-states effective mass [  6  ]  was calculated, 
instead of the band curvature effective mass, due to the non-
parabolic valence band structure of the considered materials. In 
order to obtain converged effective masses for  T   =  300 K, we 
used a very dense  k -point sampling in the Brillouin-zone within 
GGA + U, using at least 20 000/number of atoms  k -points. [  38  ]  

 Table  1  gives the calculated band gaps, and the threshold 
energy for absorption due to direct inter-band optical transi-
tions. The absorption threshold is defi ned as the photon energy 
at which the calculated absorption coeffi cient   α   becomes larger 
than 10 2  cm  − 1  (  α   is calculated in the independent particle 
approximation, without excitonic effects, internal  d - d  transition, 
and phonon- or disorder-induced indirect or forbidden tran-
sitions considered). Mn 2 V 2 O 7  is found to have a small quasi-
particle band gap of only 0.6 eV with a slightly indirect band 
gap, so we will exclude this material from further investigation. 
Mn 2 SnO 4  has a relatively small quasi-particle band gap of 
2.21 eV, however signifi cant optical absorption does not occur 
until 2.7 eV. The other compounds have both band gaps and 
optical absorption thresholds larger than 3.1 eV, indicative of 
excellent optical transparency in the visible spectrum. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5267–5276
 As for the hole effective mass, the underlying idea of the 
design principle was that the Mn–d 5  shell interacts with the 
O– p  states and thereby increases the valence band dispersion. 
Observing the overlap between the Mn– d  and O– p  density of 
states (DOS), we confi rmed that the p–d coupling occurs in 
all compounds. However, in compounds with the olivine and 
spinel structure, the hole effective mass is still quite high, as 
shown in Table  1 . The relatively high effective mass in spinel 
Ga 2 MnO 4 , In 2 MnO 4 , and Cr 2 MnO 4  is probably due to the lack 
of a geometrically connected network of Mn-tetrahedra. (For 
conventional n-type TCO’s, it is found that the conductivity 
is approximately in proportion to the density of the electron-
carrying cation-centered octahedra.) [  39  ]  But in Cr 2 MnO 4 , we 
found some contribution from Cr– d  to the DOS at the VBM 
despite their nominal non-bonding  t  2  character, which results in 
a better effective mass. Based on this metric, we screened out 
Ba 2 MnO 3 , Mn 2 SiO 4 , Mn 2 GeO 4 , Al 2 MnO 4 , Ga 2 MnO 4 , In 2 MnO 4 , 
and MnTiO 3  from further consideration, as shown in Figure  1 b.   

 3.3. Intrinsic Defect Properties: Absence of Hole-Killers (M-5), 
and Presence of Hole-Producers (M-6) 

 Using high-throughput defect calculations, [  26  ]  we determined 
the position of the p-type pinning level  E  F   p ,pin  in MnGeO 3 , 
MnSnO 3 , Mn 2 SnO 4 , and Cr 2 MnO 4 . Comparing with Cr 2 MnO 4 , 
we also calculated the intrinsic defect properties for Ga 2 MnO 4  
and In 2 MnO 4 . The defect formation energies and transition 
energy levels were calculated. [  21  ]  We found that the pinning 
level lies inside the band gap within the entire stability range 
(see Table  1 ) of MnGeO 3 , MnSnO 3 , Ga 2 MnO 4 , and In 2 MnO 4 , 
suggesting that hole-killer defects (Ge Mn , Sn Mn , Ga Mn , and In Mn , 
respectively) spontaneously form in these compounds and there-
fore intrinsically limit the hole carrier concentrations. Mn 2 SnO 4  
and Cr 2 MnO 4  pass this selection metric. In  Figure    3  a,b, we 
show the calculated  E  F   p   ,pin  as a function of the oxygen chem-
ical potential under both the Mn-poor and Mn-rich conditions. 
In Mn 2 SnO 4 ,  E  F   p   ,pin  determined by the Sn Mn  antisite defect 
lies below the VBM under all growth conditions (Figure  3 b), 
implying the absence of self-compensation. In Cr 2 MnO 4 , under 
the Mn-poor, and Mn-rich O-rich condition, Cr Mn  deter-
mines  E  F   p   ,pin , while under the Mn-rich and O-poor (reducing) 
condition,  V  O  determines  E  F   p   ,pin . As shown in Figure  3 b, 
 E  F   p ,pin  lies below the VBM under most growth conditions.  

 In Figure  3 a,b, we also plotted the defect transition energy 
levels, which correspond to the thermal ionization energies, for 
the dominant native donor and acceptor defects. According to 
that classifi cation of doping types proposed recently for A 2 BO 4  
spinel oxides, [  26  ]  Mn 2 SnO 4  and Cr 2 MnO 4  belong to the DT-1 
and DT-4 doping types, respectively. Due to the rather shallow 
(0/1-) acceptor level and the low  E  F   p   ,pin , a preliminary conclu-
sion from the screening step (Figure  1 ) is that Mn 2 SnO 4  could 
be p-type if the sample was prepared under the Mn-rich condi-
tion. By contrast, Mn and Cr in Cr 2 MnO 4  tend to form charge-
neutral defects when forming anti-site defects, by exchanging 
their oxidation state. This behavior implies that the intrinsic 
acceptor is not electrically active, that is, even though Cr 2 MnO 4  
is p-type dopable, it requires extrinsic dopants to achieve actual 
p-type conductivity that will be investigated in the next step.    
5271wileyonlinelibrary.commbH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

52

www.afm-journal.de
www.MaterialsViews.com

     Figure  3 .     Properties of the “best-of-class” materials Mn 2 SnO 4  and Cr 2 MnO 4 : a) the calculated p-type pinning Fermi level ( E  F   p   ,pin ) for Mn 2 SnO 4  as a 
function of the oxygen chemical potential ( Δ   μ   O ) under both the Mn-poor (Sn/Cr-rich) and Mn-rich (Sn/Cr-poor) conditions, and the transition energy 
levels for the dominant native donor (red) and acceptor (blue) defects; b) the same as (a) but for Cr 2 MnO 4 ; c) the stability range for  Δ   μ   O  (Table  1 ), 
shown as a ( p O 2  vs.  T ) diagram.  
 4. Targeted Synthesis and Characterization 
and Detailed Theory (Step 3; Green) 

 After the high-throughput screening step, inverse spinel 
Mn 2 SnO 4  and spinel Cr 2 MnO 4  are the two remaining “best-
of-class” materials, which were then subject to in-depth exper-
imental and theoretical study in the third step of the inverse 
design approach (see Figure  1 ). In step 3 of Modality 2 inverse 
design, we concentrate on experimental synthesis and char-
acterization of bulk and thin fi lm samples, as well as more 
specialized, in-depth theoretical investigations of the fi nal best-
of-class material.  

 4.1. Experimental Synthesis 

 Bulk samples of Cr 2 MnO 4  and Mn 2 SnO 4  were synthesized by 
solid-state sintering. For Cr 2 MnO 4 , stoichiometric amounts of 
dried Cr 2 O 3  (99.97% purity) and MnO 2  (99.997% purity, Alfa 
Aesar, Ward Hill, MA) were ground together with a mortar and 
pestle under acetone. Pellets approximately 12.5 mm in dia-
meter were uniaxially pressed at  ≈ 130 MPa, surrounded by sac-
rifi cial powder of the same composition, and placed in nested 
crucibles. The samples were then fi red at 1473 K (1200  ° C) for 
12 h and quenched to room temperature in air. These synthesis 
condition is well within the predicted stability range depicted 
in Figure  3 c, which was obtained by expressing the limiting 
oxygen chemical potentials of Table  1  as a  p O 2  versus  T  dia-
gram by means of the ideal gas law behavior of  Δ   μ   O ( p O 2 ,  T ). [  33  ]  

 For Mn 2 SnO 4 , stoichiometric amounts of dried MnO 
(99.99%, Alfa Aesar) and SnO 2  ( ≥ 99.99%, Sigma-Aldrich, St. 
Louis, MO) were ground together and pressed, as described 
for Cr 2 MnO 4 . The pellets were nested inside a bed of sacrifi -
cial powder of identical composition in an alumina boat and 
sintered in an atmosphere-controlled tube furnace ( p O 2  ≈ 7  ×  
10  − 15 atm using H 2 /H 2 O mixtures at 1200  ° C) for 10 h. The sam-
ples were cooled at 5–10  ° C min  − 1  to room temperature in this 
same gas mixture. This synthesis condition accounts for the 
fact that Mn 2 SnO 4  requires more reducing conditions than 
Cr 2 MnO 4  (Figure  3 c). (Note that for the nominal  T ,  p O 2  values, 
72 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
one would ultimately expect further reduction of Sn(IV) to 
Sn(II) in SnO, but the spinel formation from the binary oxides 
is the dominating process for the present experimental vari-
ables.) Pellet surfaces were ground off prior to electrical and 
optical characterization. 

 The crystal structures of these samples were confi rmed by 
X-ray diffraction. The Cr 2 MnO 4  sample contained approxi-
mately 1 wt% Cr 2 O 3  secondary phase, but the majority of the 
sample was the desired spinel phase. We do not expect that 
the minor secondary phase signifi cantly affected the electrical 
or optical measurements. The Mn 2 SnO 4  sample appeared to 
be single-phase spinel, although it is possible that it contained 
trace amounts of MnO, given that the X-ray diffraction peaks of 
the two phases overlap. 

 Thin fi lms of Cr 2 MnO 4  (230 nm) and Mn 2 SnO 4  (500 nm) 
were prepared using radio frequency co-sputtering from MnO 
and Cr 2 O 3  or SnO 2  targets. The targets were pointed at a 45 °  
angle to glass substrates heated to 400–800  ° C in the case of 
Cr 2 MnO 4  and to 400  ° C in the case of Mn 2 SnO 4 . All depositions 
were performed in 2  ×  10  − 5  atm of Ar atmosphere in a vacuum 
chamber with 2  ×  10  − 9  atm H 2 O base pressure (estimated  p O 2  
during the deposition is 2  ×  10  − 9  atm). Both composition and 
thickness of these samples was determined using X-ray fl uo-
rescence (XRF) measurements. The crystal structure of these 
samples was determined using X-ray diffraction (XRD).   

 4.2. Measured Optical Properties and Comparison with Theory 

 For bulk samples, we measured diffuse refl ectance spectra 
using a PerkinElmer LAMBDA 1050 UV/Vis/NIR spectrophoto-
meter equipped with a 150 mm Integrating Sphere acces-
sory (PerkinElmer, Waltham, MA). A standard Kubelka-Munk 
analysis was performed. [  37  ,  40  ]  For the thin-fi lms, we measured 
the specular transmittance and refl ectance using a fi ber optics-
based Oceanoptics spectrometer with normal incident angle of 
light. The spectrometer is equipped with mercury and halogen 
light sources and grating-based CCD detectors. The absorption 
coeffi cient   α   was determined from transmittance  Tr  and refl ec-
tance  R  using the   α    =  -ln[ Tr /(1- R )]/ d  relationship, where  d  is 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5267–5276
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     Figure  4 .     a) The Kubelka-Munk function F from diffuse refl ectance meas-
urement on bulk pellet samples, b) the absorption spectrum from spec-
ular transmittance and refl ectance measurement on thin-fi lm samples, 
and c) calculated GW absorption for Mn 2 SnO 4  (red, solid) and Cr 2 MnO 4  
(blue, dashed). The optical band gaps in (a) and (b), and the calculated 
fundamental band gaps in (c) are denoted by arrows.  
the thickness of the thin fi lm. This analysis removes from the 
absorption spectra the effects of oscillations present in trans-
mittance and refl ectance spectra due to interference of light 
between the front and backsides of the fi lm. The calculated 
absorption spectrum was determined in the independent par-
ticle approximation from the GW quasi-particle energy spec-
trum (see above). 

 The results for the optical properties are presented in 
 Figure    4  . The bulk sample (Figure  4 a) of Mn 2 SnO 4  shows an 
absorption edge around 2 eV, whereas the thin-fi lm sample 
(Figure  4 b) of Mn 2 SnO 4  shows a rather slow and continuous 
absorption onset between 2 and 3 eV (calculated at 2.7 eV). 
The calculated spectra (Figure  4 c) show also the slow onset of 
absorption in Mn 2 SnO 4 , which is due to the direct, but dipole-
forbidden nature of the band-gap.  

 The bulk sample of Cr 2 MnO 4  (Figure  4 a) shows an absorption 
edge at 3.4–3.5 eV. The calculated band gap edge of Cr 2 MnO 4  is 
slightly indirect, but strong absorption occurs at energies just 
above the band gap around 3.5 eV (Figure  4 c). There are also 
sub-gap absorption bands around 2.1 and 2.8 eV, which can be 
attributed to internal d–d transitions of Cr that occur at iden-
tical energies in Cr 2 O 3 . [  37  ]  The Cr 2 MnO 4  thin-fi lm exhibits sub-
gap features starting around 2.5 eV (Figure  4 b). The strength 
of this sub-gap absorption depends on the growth conditions 
(less absorption at lower  p O 2 ), and is tentatively associated with 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5267–5276
Mn(III) due to Mn Cr  antisite defects. Indeed, our GW calcula-
tions for the related Mn(III)-containing compounds Mn 2 CrO 4  
and Mn 3 O 4  show that the empty  d -states of Mn(III) cause a 
lowering of the band gap and absorption threshold to energies 
around 2.5 eV. The internal d–d transitions observed in the bulk 
samples are suffi ciently weak so that they do not cause signifi -
cant absorption in the thin-fi lm form. Note that the calculated 
spectrum does not include the Cr internal d–d transitions. Such 
d–d transitions, known to be strong in some of the open-shell 
3 d  compounds led to the commonly accepted view that no open-
shell transition-metal-oxides should be considered for TCO 
applications. [  13  ,  41  ]  However, considering the absorption strength, 
both materials here can be considered as reasonably transparent 
for most TCO applications. For example, the absorption coeffi -
cient of about 2  ×  10 4  cm  − 1  at sub-gap energies in Cr 2 MnO 4  cor-
responds to 80% transmission for a fi lm thickness of 100 nm.   

 4.3. Electrical Properties of Undoped Candidates 

 Conductivity measurements were performed for the best-of-
class materials Mn 2 SnO 4  and Cr 2 MnO 4 . In the case of thin 
fi lms, we attempted conductivity measurements using a col-
linear 4-point probe setup with 1.3 mm distance between the 
spring-loaded probes. For bulk pellets, each face was painted 
with Pelco Colloidal Silver Paste (Ted Pella, Inc., Redding, CA). 
The painted electrodes were then cured at 120  ° C for 1–2 h. 
AC impedance spectroscopy using a custom-built spring-loaded 
sample holder and a HP 4192A analyzer (Agilent Technologies, 
Santa Clara, CA) was used to measure the total resistances of 
the samples, which were then converted to conductivity values 
by correcting for geometry. 

 The conductivity of the undoped thin fi lms was too small 
to be measured, and only the upper bound on the conduc-
tivity was estimated to be 10  − 3  S cm  − 1 . The bulk samples had 
conductivities of less than 10  − 8  S cm  − 1 . Thus, both materials 
show an insulating behavior. As discussed before, the insu-
lating behavior of Cr 2 MnO 4  should result from its DT-4 char-
acter, where hole-producer defects are absent. The insulating 
behavior in Mn 2 SnO 4  could be related to the actual growth con-
dition that was perhaps not Mn-rich, or due to the self-trapping 
behavior of holes that could explain the low conductivity by a 
small-polaron conduction mechanism, even with the presence 
of carriers. Therefore, we will now address the tendency for 
hole self-trapping in these two materials.   

 4.4. Tendency of Hole Self-Trapping (M-4) 

 The standard density functional theory (DFT) method within 
local density approximation (LDA) or semi-local generalized 
gradient approximation (GGA) generally favors delocalized 
solutions for electron or hole carriers, [  42  ]  and hence, cannot 
correctly describe a locally distorted structure of a polaronic 
state, where a hole is localized on a specifi c atomic site. Since 
this delocalization bias is not generally removed by improved 
functionals like DFT + U [  30  ]  or computationally more expensive 
hybrid-functionals, [  43  ]  we applied the generalized Koopmans 
approach [  44  ,  45  ]  to restore the physically correct behavior. The 
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   Table  2.     The calculated thermal ionization energies for the acceptors formed by substitution of monovalent cations (Li, Na, K, Rb, Cu, Ag) for Mn(II), 
and of divalent cations (Mg, Zn) for Cr(III). Values in parenthesis include the deepening of the acceptor level due to polaronic localization. 

Dopant Li Mn  Na Mn  K Mn  Rb Mn  Cu Mn Ag Mn Mg Cr Zn Cr 

 ε (0/-1) [eV] 0.2 (0.2) 0.2 (0.3) 0.3 (0.5) 0.4 1.0 0.4 0.3 (0.4) 0.3 (0.5)

     Figure  5 .     The calculated solubility limit of the hole producer (Li Mn  or 
Mg Cr ) and hole carrier concentration at room temperature in a) Li-doped 
and b) Mg-doped Cr 2 MnO 4 , as a function of the growth temperature ( T  g ).  
generalized Koopmans approach removes the (de)localization 
bias by means of a so-called hole-state potential (applied to 
those orbitals that can self-trap carriers, e.g. Mn- d ), and allows 
the quantitative calculation of the self-trapping energy  E  ST . It 
has recently been employed in the prototypical binary d 5  sys-
tems MnO and Fe 2 O 3 . [  16  ]  

 For Mn 2 SnO 4  and Cr 2 MnO 4 , we fi rst considered the tendency 
of Mn  + II  ions to self-trap holes by forming Mn  + III  polarons. A 
negative self-trapping energy of  − 0.6 eV is found for the octa-
hedrally coordinated Mn site in Mn 2 SnO 4 , indicating that the 
experimental marginal conductivity of this material originates 
from a small-polaron conduction mechanism. Consequently, 
Mn 2 SnO 4  was ultimately discarded as a candidate TCO mate-
rial (see Figure  1 ). The tetrahedrally coordinated Mn-site 
shows positive trapping energies of  E  ST   =   + 1.0 and  + 0.5 eV 
in Mn 2 SnO 4  and Cr 2 MnO 4 , respectively. This fi nding corre-
lates well with our recent study on the binary MnO, where we 
found self-trapping for Mn Oh  in the rock-salt structure, but not 
for Mn Td  in the (metastable) zinc-blende structure. [  16  ]  Thus, the 
present study corroborates the preference of tetrahedral over 
octahedral Mn coordination, which can serve as a new design 
principle for selecting initial pool of materials in future studies. 

 The possibility that a Cr  + IV  polaron could form in Cr 2 MnO 4  
was also considered, but it was found to be unstable. Thus, 
Cr 2 MnO 4  is the remaining candidate material that satisfi es all 
desired intrinsic materials properties (Figure  1 b).   

 4.5. Extrinsic Defect Properties: Suitable Acceptor Dopants 
as Hole Producers in Cr 2 MnO 4  (M-6) 

 In the preceding steps, Cr 2 MnO 4  was identifi ed as a thermody-
namically stable, acceptably transparent (as thin-fi lm), and p-type 
dopable oxide, which unlike many other transition-metal oxides 
does not self-trap hole-carriers. The absence of an intrinsic 
hole-producing defect due to the “doping-type 4” behavior (no 
net hole killers but no net hole producers either), however, 
requires searching for a suitable dopant to achieve signifi cant 
p-type conductivity. In this regard, Cr 2 MnO 4  is not different 
than common n-type TCOs, where the desired conductivities are 
achieved through extrinsic doping, for example, in ZnO:Al, [  46  ]  
or In 2 O 3 :Sn. [  47  ]  Next, we will address the solubility and acceptor 
ionization energies of possible dopant atoms, that is, monovalent 
substitution for Mn(II) and divalent substitution for Cr(III).  

 4.5.1. Theory of Extrinsic Doping in Cr 2 MnO 4  (M-6) 

 The monovalent and divalent elements Li, Na, K, Rb, Cu, Ag, 
Mg, and Zn were considered as the external dopants, and their 
defect formation energies and transition energy levels were 
calculated for the substitutional impurities on both the Cr and 
Mn sites. Donor confi gurations like Li interstitials, [  48  ,  49  ]  which 
could form due to the small ionic size of Li, have also been 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
considered explicitly, but these were found to have suffi ciently 
high formation energies so as not to compensate p-type doping. 

 In  Table    2  , the calculated acceptor ionization energies for the 
acceptor defects from the extrinsic doping are listed. Among 
these defects, Li Mn , Na Mn , K Mn , Mg Cr , and Zn Cr  have small 
acceptor ionization energies. For these defects, the stability of 
the defect-bound oxygen polaron (O  − I ) was also tested, using 
the Koopmans condition approach mentioned above, [  44  ]  and 
the corresponding acceptor ionization energies are also shown 
in Table  2 . Since polaronic localization generally causes the 
acceptor ionization energy to increase, we discard all accep-
tors with levels that are already rather deep (Rb, Cu, Ag). The 
remaining fi ve acceptors show indeed a tendency to form a 
defect-bound oxygen polaron (O  − I ), which results in an increase 
of the ionization energy from 0.3 eV to 0.5 eV for K Mg  and Zn Cr , 
from 0.3 eV to 0.4 eV for Mg Cr  and from 0.2 eV to 0.3 eV for 
Na Mn . In the case of the Li Mn  acceptor, the ionization energy 
is only marginally increased due to the polaronic localization, 
which is similar to the case of Mg Ga  in GaN. [  50  ]   

 In order to determine the solubility limits of extrinsic dopants, 
growth under equilibrium conditions was considered, where 
the chemical potentials of all elements are constrained by the 
requirement that the host Cr 2 MnO 4  is thermodynamically stable 
with respect to decomposition into the elements, and binary 
or other ternary compounds, including for example, Cr 2 O 3 , 
Mn 2 CrO 4 , LiCrO 2 , MgCr 2 O 4 , and Mg 6 MnO 8 . The defect concen-
tration and the free charge carrier concentration can be obtained 
as a function of growth temperature,  T  g , and oxygen partial pres-
sure,  p O 2 , from a thermodynamic model, [  6  ,  23  ]  where the Fermi 
level, defect formation energy, and the concentration of defects 
and free charge carriers were numerically calculated in a self-
consistent way under the constraint of overall charge neutrality. 

 In  Figure    5  a,b, the calculated solubility limit of hole pro-
ducer (Li Mn  or Mg Cr ), and hole carriers at room temperature 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5267–5276



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
are shown as a function of the growth temperature for Li- and 
Mg-doped Cr 2 MnO 4 . The oxygen partial pressure is taken as 
 p O 2   =  0.2 atm, corresponding to that in air, while the Mn-poor 
and Mn-rich conditions are employed to facilitate the forma-
tion of Li Mn  and Mg Cr  for Li- and Mg-doped samples respec-
tively. As shown in Figure  5 a, the solubility limit of Li Mn  is con-
sistently around 3  ×  10 20  cm  − 3 , which is about 0.8 cat% (cation 
percent), when the growth temperature is above 600  ° C. The 
corresponding hole carrier concentration at room temperature 
is on the order of 10 19  cm  − 3 . The hole carrier concentration in 
the Mg-doped Cr 2 MnO 4  stays considerably below that of the 
Li-doped case, mainly due to the larger ionization energy of 
Mg Cr . However the maximum of  p   =  6  ×  10 17  cm  − 3  is still com-
parable with the typical value in most p-type wide-gap mate-
rials such as CuAlO 2  (1.3  ×  10 17  cm  − 3 ), [  11  ]  ZnO:Li (1.44–6.04  ×  
10 17  cm  − 3 ), [  49  ,  51  ]  and GaN:Mg (0.7–2.03  ×  10 17  cm  − 3 ). [  52  ]   

 In practice, the solubility limit could be overcome using low-
temperature non-equilibrium processes, since phase separation 
often requires high temperature and long diffusion time. For 
example, the solid solubility of Sn in In 2 O 3  is about 3 cat% in 
the temperature range from 900 to 1375  ° C, [  53  ]  but thin-fi lms 
with up to 40 cat% Sn in solution can be obtained in phase-pure 
bixbyite. [  54  ]  Besides the ability to exceed the thermodynamic sol-
ubility limit, non-equilibrium growth can also increase the dis-
order of the cation-distribution in ternary oxides. [  7  ]  This effect 
could be important for Mg-doping of Cr 2 MnO 4 , since we fi nd 
that the electrically inactive Mg Mn  defect has lower formation 
energy than the acceptor-like defect Mg Cr , so that the doping 
effi ciency of Mg would be rather low when the site-occupancy of 
Mg is allowed to equilibrate. Taking into account the potential 
enhancement of p-type doping due to non-equilibrium effects, 
 Figure    6   shows the calculated hole carrier concentration at 
room temperature as a function of the concentration of Li Mn  or 
Mg Cr  acceptors beyond the equilibrium limits. We found at the 
same defect concentration, the free hole carrier concentration 
in Mg-doped sample is always about one order of magnitude 
less than Li-doped sample, which is due to the higher thermal 
ionization energy of Mg Cr  than Li Mn  (0.4 eV vs. 0.2 eV after 
including the effect of the defect-bound polaron, see Table  2 ). 
© 2013 WILEY-VCH Verlag Gm

     Figure  6 .     The calculated free hole carrier concentration at room tempera-
ture as a function of acceptor defect (hole producer) concentration in 
Li- and Mg-doped Cr 2 MnO 4 . The arrows denote the solubility limit from 
equilibrium growth in air ( p O 2   =  0.2 atm) at T g   ≥  600  ° C.  
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We fi nd that carrier concentrations above 10 19  cm  − 3  and 10 18  
cm  − 3  should be possible with Li and Mg doping, respectively.    

 4.5.2. Preliminary Synthesis of Li-Doped Cr 2 MnO 4  

 Theoretical calculations suggest that lithium prefers to 
occupy the tetrahedral (Mn) site in the spinel crystal struc-
ture. Several bulk samples with different lithium concentra-
tions were therefore synthesized via substituting Li for Mn 
in a 1:1 ratio. Although the results are preliminary, lithium 
doping has increased the p-type conductivity in bulk Cr 2 MnO 4  
by several orders of magnitude. The maximum conductivity 
achieved was 1.1  ×  10  − 2  S cm  − 1 , approaching the conductivi-
ties observed in prototypical p-type TCOs like CuAlO 2 . [  11  ,  55  ]  
Ongoing studies will address the potential of thin-fi lm growth 
to exploit the non-equilibrium effects described above, and 
bulk studies are being conducted to confi rm the predicted 
solubility limit.     

 5. Conclusions 

 In this study, we illustrate the complete workfl ow of the 
Inverse Design approach as applied to the search for novel 
p-type transparent oxides. Based on a design principle that 
suggests the use of high-spin d 5  cations to introduce p–d 
interaction near the valence band maximum (VBM), we 
selected 13 ternary Mn oxides from the Inorganic Crystal 
Structure Database (ICSD), which were narrowed down to 
the “best-of-class” by high-throughput screening, accounting 
for the multi-targeted nature of the desired materials prop-
erties. We have then performed initial materials synthesis 
and a more detailed experimental and theoretical study, 
which resulted in the identifi cation of Cr 2 MnO 4  as a ther-
modynamically stable, wide-gap, and p-type dopable oxide 
without hole-carrier self-trapping, otherwise a common 
obstacle for p-type conduction in transition metal oxides. 
Lacking an intrinsic hole-producing acceptor-type defect, 
Cr 2 MnO 4  requires extrinsic impurity doping. We identifi ed 
Li as a suitable acceptor-dopant, and initial synthesis of such 
doped samples was shown to enhance the conductivity by 
fi ve orders of magnitude. The present study exemplifi es the 
Inverse Design approach for identifying compounds with 
desired target properties.  
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