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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
 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 
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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   
© 2013 WILEY-VCH Verlag G
 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
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 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
72 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
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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 
4
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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
© 2013 WILEY-VCH Verlag Gm
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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