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1 Abstract/ Zusammenfassung

1.1 Abstract

This dissertation consists of two parts. The first part deals with the linear-scaling code
developed in our group. Scaling with system size is still a bottleneck in electronic
structure calculations, especially when they are combined with molecular dynamics, for
which typically thousands of force evaluations have to be performed. As discussed in this
thesis, the inaccurate calculation of forces in a linear-scaling density functional theory
(DFT) code can be compensated by employing Langevin dynamics. To achieve this, the
forces need to exhibit a white noised error. Based on previous work, we investigate the
nature of this error in our linear-scaling code by employing autocorrelation functions and
discuss a possible implementation into an ab initio molecular dynamics (AIMD) scheme.

In the second part of this thesis, the results of our computational screening for trans-
parent p-type semiconductors are presented. Transparent conducting materials (TCMs)
have received attention owing to their wide range of applications like solar cells and
transparent electronics. However, transparent conducting oxides (TCOs) have been pre-
dominantly commercialized as n-type TCMs. In contrast to this, the performance of
p-type TCOs is not satisfactory. Hence, the computational screening of pnictide- and
halide-based binary and ternary compounds is discussed in this thesis to identify promis-
ing p-type TCMs. Our investigations start from ab initio results that can be retrieved
from free-access databases for such materials. We employ criteria for the band gap,
stability, and hole effective mass in our material screening procedure. Furthermore, we
describe the realized implementation of the methods required for our in silico screening.
We also assess the validity of the employed methods and our criteria. In the end, we
propose 4 binary pnictides, 7 ternary pnictides and 1 binary halide that turn out to be
the most promising materials for application as p-type TCMs.

The investigations in the second part deal with static properties of inorganic com-
pounds. To go one step further, also molecular dynamics might be employed to in-
vestigate processes like sputtering and charge transport. Such simulations would profit
from the flexibility and accuracy of AIMD, but require an efficient implementation of
this method. This might be achieved with electronic structure calculations that are dis-
cussed in the first part of this thesis and scale linearly with system size. Furthermore,
such methods might also be the method of choice for the simulation of supercells consist-
ing of hundreds of atoms. Overall, the combination of electronic structure methods that
scale linearly with system size and of material screening holds the promise of pushing
the boundaries of the current knowledge by going beyond the static picture and by more
efficient simulations of materials of increasing complexity.



1.2 Zusammenfassung

Diese Dissertation besteht aus zwei Teilen. Der erste Teil ist dem in unserer Gruppe
entwickeltem linear skalierendem Code gewidmet. Die Skalierung der Rechenzeit mit
Systemgrofe ist immer noch ein Problem bei elektronischen Strukturberechnungen, ins-
besondere wenn diese Rechnungen in Molekulardynamik-Simulationen mit tausenden
von Kraftberechnungen benutzt werden. In der Dissertation wird diskutiert, dass eine
ungenaue Berechnung der Kréfte in einem Dichtfunktionaltheorie-Code durch Losen
einer Langevin-Gleichung fiir die Molekulardynamik kompensiert werden kann. Um dies
zu ermoglichen, miissen die Krafte weiles Rauschen im Fehler aufweisen. Basierend
auf vorangegangene Arbeiten untersuchen wir in dieser Dissertation mittels Autokor-
relationsfunktionen diesen Fehler, der sich bei Verwendung unseres linear skalierenden
Codes bei der Kraftberechnung ergibt. Zusatzlich wird eine mégliche Implementierung
in ein ab initio Molekulardynamik (AIMD)-Verfahren erlautert.

Im zweiten Teil dieser Dissertation werden die Resultate einer rechnergestiitzten Suche
nach einem transparenten lochleitenden Halbleiter prasentiert. Wegen ihrer weitrei-
chenden Anwendbarkeit, z.B. in Solarzellen und transparenter Elektronik, haben trans-
parente elektrisch leitende Materialien (TCMs) viel Aufmerksamkeit erhalten. Momen-
tan wird die kommerzielle Anwendung von transparenten elektrisch leitfahigen Oxiden
(TCOs) dominiert. Im Gegensatz zur Elektronenleitfdhigkeit ist die Lochleitfahigkeit bei
diesen Oxiden jedoch unbefriedigend. Wir stellen daher in dieser Dissertation die rech-
nergestiitzte Suche nach vielversprechenden lochleitenden TCMs vor und untersuchen
stickstoff-, phosphor- sowie halogenhaltige bindre und terndre Verbindungen. Unsere
Suche startet dabei von ab initio Daten, die in frei zugidnglichen Datenbanken verfiigbar
sind. Wir benutzen Kriterien fiir Stabilitat, Bandliicke und effektive Masse der Locher,
um die Kandidaten zu reduzieren. Die Implementierung der fiir die Suche bendtigten
Methoden wird in dieser Dissertation beschrieben. Zusatzlich wird die Validitat der be-
nutzten Methoden und Kriterien diskutiert. Letztendlich schlagen wir 4 binéare stickstoff-
und phosphorhaltige Verbindungen, 7 ternire stickstoff- und phosphorhaltige Verbindun-
gen sowie eine bindre halogenhaltige Verbindung vor, die sich als vielversprechende Ma-
terialien fiir lochleitende TCM-Anwendungen erwiesen haben.

Die Suche im zweiten Teil basiert auf Berechnungen von statischen Figenschaften
anorganischer Materialien. Um einen Schritt weiterzugehen, konnte Molekulardynamik
fiir die Simulation von Prozessen wie Sputtern und Ladungstransport eingesetzt wer-
den. Diese Berechnungen konnten von der Flexibilitit und Genauigkeit von AIMD-
Simulationen profitieren, allerdings brauchten sie eine effiziente Implementierung. Dies
konnte mit der im ersten Teil dieser Dissertation diskutierten linear skalierenden Me-
thode erreicht werden. Des Weiteren konnte dies auch die Methode der Wahl sein,
um Superzellen zu simulieren, die aus hunderten von Atomen bestehen. Letztendlich
verspricht die Kombination einer linear skalierenden Methodik zur elektronischen Struk-
turberechnung mit der rechnergestiitzten Suche die bisherigen Grenzen des aktuellen
Wissensstandes zu erweitern, indem dynamischen Eigenschaften direkt simuliert und die
Berechnungen von immer komplexeren Materialien moglich werden.



2 Linear scaling

The work on linear scaling was a continuation of my master’s thesis. The text is based
on a draft for an upcoming article. It starts with the introduction to motivate the
development of methods that scale linearly with respect to system size. This is followed
by a benchmark of our linear scaling method and we will discuss the noisiness of the
forces. Finally, we propose an approach to perform molecular dynamics based on these
forces. The results related with the autocorrelation function have been obtained during
the beginning of my PhD studies, whereas the benchmark is based on results, which were
already obtained during my master’s thesis. However, they provide useful background
information and owing to this, I have decided to also leave this part in the text.

2.1 Introduction

Quantum chemical ab initio methods based on Hartree-Fock (HF) and/or Density Func-
tional Theory (DFT) are widely used tools for the determination of chemical and physical
properties based on static calculations 2 However, they can not describe the full pic-
ture, as these techniques have to be combined with further methods, in order to simulate
time-dependent phenomena like chemical reactions and diffusion processes. For example
the real-time dynamics of the nuclei can be simulated classically by solving Newton’s
equations of motion, whereas the forces acting on the nuclei are still calculated ”on the
fly” via an ab initio method that treats the electrons quantum mechanically. Therefore,
this combination is called ab initio molecular dynamics (AIMD).?% In principle, this
method is a powerful tool, because ab initio calculations are employed in every time
step allowing to model systems without explicitly knowing the interactions as opposed
to classical MD where interactions are based on empirical knowledge. Due to the high
predictive power, this approach is used in many disciplines, e.g. solid state physics,
physical chemistry, materials science, and biophysics.”

However, there is a price that has to be paid for these advantages of AIMD: a compro-
mise between, on the one hand, computational cost and on the other hand, system size
and sampling has to be found. Therefore, the simulations are often based on efficient
and not highly accurate quantum chemical methods using effective single-particle the-
ories. So semi-empirical tight-binding, HF and DFT are the most commonly employed
models within AIMD 2P/ All these methods have the same computational bottleneck:
the diagonalization of a very large Hamiltonian matrix. This is needed to approximately
solve the Schrodinger equation and therefore to compute the total energy and especially
the nuclear forces. It scales as O(N?), where N denotes the number of atoms. So it is
desirable to develop methods that avoid this step and scale linearly as O(V) in the best
case® Such schemes would enable simulations of systems with sizes that were previously



thought out of reach. Several linear-scaling techniques have been proposed already.?1%

However, the problem with these schemes is that they are often only faster than con-
ventional approaches after a system size of several hundreds of atoms is passed and they
are especially problematic for metallic systems and/or if high accuracy is needed*” In
addition, combining linear scaling approaches and AIMD leads to a unique opportunity,
since errors in the forces due to linear scaling DFT approaches can be corrected by us-
ing an appropriate molecular dynamics technique. But even despite recent efforts 844
neither a final answer nor method is in sight.

2.2 Grand canonical decomposition method

Starting with an effective single-particle theory, the total energy is given as 22
Ne/2
E=2 Z € + Ve, (2.1)
i=1

with N, denoting the number of electrons. The first term is the sum of the lowest N, /2
eigenvalues ¢; of the Hamiltonian H, whose orbitals are doubly occupied. The second
term V. is then needed to correct for the double counting and to account for the nuclear
Coulomb repulsion. The computational effort of this part already scales linearly with
system size, so the critical term is the first one, for which all occupied orbitals have to
be determined. Typically, this requires the diagonalization of H, which scales as O(N?)
with system size. To avoid this, the first term in Eq. can be rewritten employing
the trace of a matrix product:

E = Tr[PH] + V,, (2.2)

and P is the one-particle density matrix, which can be directly calculated instead of all
the €;’s. An approach to achieve this was shown by Alavi et. al2%27 and starts with
the (Helmholtz) free energy functional:

F=Q+ ,UNe + Ve, (23)

where ;1 denotes the chemical potential and 2 is the Grand Canonical Potential (GCP)
for non-interacting fermions:

Q= —; In det (1 + eﬁ(ﬂS*H))

2
__“ B(pS—H)
= Tr In <1 +e ) . (2.4)

The finite electronic temperature is given by 87! = kgT,. S is the overlap matrix and
reduces to the identity matrix I, if an orthonormal basis set is used for the expansion of
the orbitals. In the low temperature limit, 7.e. limg_,, this expression simplifies to:



Ne/2
lim Q=2 i — W Ne. 2.5
Bgrolo ; € — HiVe ( )
So in this limit 7 = F holds and the first term of Eq. is recovered. The operator
of Eq. can be factorized into P terms, as shown by Krajewski and Parrinello®
Without loss of generality P can be assumed to be even and consequently

P/2
= [[M: = [ ™Mim, (2.6)
=1 =1

is valid with the matrices M; for [ = 1, ..., P being defined as:

M, =T — eF -1 epuS-H) (2.7)

where * denotes complex conjugation. With these definitions, the GCP can be rewritten
in the following way:%>

P P/2
2 2 ]
Q= —Bln detII;IlMl = —ﬁlnll;Il det(M;M;)
4 P/2 )
=3 > " In(det(M;M,)) 2. (2.8)
=1

Following the train of thoughts in our previous publication®® and inspired by lattice
gauge field theory*Y where a minus sign problem is avoided by sampling a positive
definite distribution, the inverse square root of the determinant can be expressed as an
integral over a complex field ¢; having the same dimension M as the full Hilbert space,
i.e.

1 * *
det(M7M,) " = T [ gy ieimin, (2.9)
2m) 2

with ¢; being appropriate vectors.
Employing this equation in Eq. the GCP can be determined via the following
expression:

P/2
4 1 1 g *
0= B E In [M/d¢le Qd)l Ml Mld)l] .

2m) 2

4 P/2
1 1% *
=3 E ln/d¢le2¢l MiMiér 4 const., (2.10)
=1

10



where M is the dimension of M;M; as already mentioned.
This equation allows to obtain all physical relevant observables by functional deriva-
tives of the GCP with respect to a suitable external parameter.2?

Ne/2
9(B%Y) o002
=1 =2 €+ Vae = - - 2.11
Jim F = > etV o5 lap TV (2.11)
i=1
with —0€Q/0p = Ne. In the low temperature limit, P is identical to the Fermi matrix
P, which can be ertten as:
(8 4 B2 o P/2
_ _ ~1
p—i PZ (M;M;)~ )_?l_1 (I-ReM;!), (2.12)
with S = —0H/Jp. This yields:
Q=Trip(H— uS)|. (2.13)

Analogously, we can express all physical observables as the trace of a matrix product
with p.

The crucial aspect of the presented idea is the decomposition of p. At low temper-
ature, p corresponds to the square of the wave function and can be decomposed into
a sum of Mfl matrices. It should be noted, that each of the matrices has a higher
effective temperature /P resulting in much sparser matrices compared to p. Another
consequence is that the Maxwell-Boltzmann distribution becomes eventually valid for
the Ml_1 matrices. These P/2 matrices are in general very sparse with a few exceptions.
So instead of diagonalizing a single and relatively dense matrix H, it is therefore more
efficient to invert P/2 matrices. For this approach, only the inversion of the very few
ill-conditioned matrices, for which [ is close to P/2, is significant. The other matrices
are well-conditioned and therefore can be efficiently inverted by using a Chebyshev ex-
pansion 2132 which has de facto no essential computational cost. A hybrid approach
can be suggested, in which these differences in the conditions are exploited. To realize
this, we have to draw a line between the ill- and well-conditioned matrices by choosing
an optimal [. The well-conditioned ones with [ < [ are inverted by a Chebyshev polyno-
mial expansion, whereas the ill-conditioned ones with [ > [ are treated via an iterative
Newton-Schultz matrix inversion. A good value for | can be estimated by minimizing
an a priori estimate of the total number of matrix multiplications 2232 The number of
P/2 — | matrices that have to be inverted via Newton-Schultz is in general relatively
small and normally it only weakly depends on the inverse electronic temperature 8. Fi-
nally, the computational cost of the Chebyshev polynomial expansion is negligible and
essentially independent of P.

11
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Figure 2.1: Binary logarithmic plot of the computation time for recomputing the final
SCF cycle versus the number of water molecules for our linear scaling method.
The dashed black line indicates ideal linear scaling.

2.3 Results and discussion

2.3.1 System-size scaling and inverse temperature

The water configurations from the CP2K®% linear scaling benchmark set were used.
Therefore, the calculations were realized with Hamiltonian matrices for systems with
128, 256, 512, 1024, 2048 and 4096 HoO molecules. The orthogonal Hamiltonian matrices
were computed by employing the BigDFT2L2454 code. To assess the scaling with system
size for our linear scaling method, the threshold and accuracy parameters were set to
107° and i was chosen in such a way that it yields the correct number of electrons. For
the number of matrices P/2, which have to be inverted, a value of 350,000 was chosen.
Estimates for the spectrum of the Hamiltonian and of the number of matrices § = P/2—1
that have to be calculated via Newton-Schulz inversion were used along the lines of our
previous study#¥ First we evaluated the computation time in dependence of the system
size. Therefore, we set the value of 8 to 100 Ha~! and the results are shown in a double
binary logarithmic plot in Fig. With the exception of the first two entries, a nearly
linear scaling between the values is visible.

In addition to the size of the system, the influence of the inverse temperature 8 was
also assessed. In this case, the Hamiltonian of the 4096 water molecule system was used
and the results for different values of 8 are shown in Fig. As can be estimated from
the curvature of the graph, the scaling behavior is roughly quadratic. Furthermore,
decreasing the inverse electronic temperature leads to less stable computations. Owing

12
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Figure 2.2: Computation time for recomputing the final SCF cycle in dependence of the
inverse electronic temperature 8 for our linear scaling method.

to this, a value of 40 Ha~! for 8 seems to be fine, as not much computation time can be
saved anymore and the calculations are still rather stable.

2.3.2 Autocorrelation of the calculated forces

In order to estimate the quality of the resulting density matrices, the forces obtained
from BigDF'T and our linear scaling method were compared. For this purpose, 2000 con-
figurations were used. They were generated using molecular dynamics and employing
the four site g-TIP4P/F model*® along with the explicit 3 body (E3B) correction B%57
Periodic boundary conditions were applied via the minimum image convention. There-
fore, Ewald summation was employed for the long range electrostatic interactions®® with
a 9A cutoff to switch between long and short range electrostatics. The simulation was
carried out in a cubic cell having a length of 15.536 A and containing 125 water molecules
in the NVT-ensemble with an Andersen thermostat®? at a temperature of 300 K. In or-
der to take nuclear quantum effects into account, ring polymer molecular dynamics with
32 beads was realized*? To lower the computational costs, a contraction scheme for
Coulombic interactions*'42 was applied and its cutoff was set to 5 A. The multiple time
step scheme was used to further reduce the computational costs3 Therefore, a total
time step of 1fs with four smaller mts-steps could be chosen. The total simulation time
consisted of 50 ps of equilibration and of 2 ps of sampling. The configurations were writ-
ten to disk for each step in the sampling phase, so a molecular dynamics trajectory with
2000 configurations was obtained. These configurations were used in BigDFT and after

13



a full SCF-cycle, the matrix of the Hamiltonian was extracted and provided as input
for our linear scaling method. For the calculations with this program, p was chosen to
yield the right number of electrons. The resulting density was then transferred back to
BigDFT to determine the forces.

To investigate the error introduced by our linear scaling method, we have labeled the
forces calculated from BigDFT as BOM D and the approximated forces from our method
as App. We can therefore write:

F)PP — FPOMD | =, (2.14)
The autocorrelation function of the error in the forces for all nuclei is then given by:
ACF = (E1(0)Z1(t)) (2.15)

This quantity is a measure for the noisiness of our forces. The best result would be a
d-peak and the broader the peak the more systematic the error. For Fig. b was
kept constant and different values for accuracy and threshold were tested. As can be
seen there, a huge systematic error is introduced by using thresholds higher than 107°.
In contrast to this, the error caused by using a high value for accuracy is negligible. As
can be seen it is sufficient to set it to 1072, This suggests setting the accuracy to a high
value and the threshold to a low one.

In Fig. we assessed the error regarding electronic temperature 5 and different sets
of parameters. For this purpose, we used the same values for accuracy and threshold.
Again it can be seen that a large systematic error is introduced as soon as a threshold
greater than 1077 is used. For the parameters set to 107°, we find that 8 = 40Ha ! ex-
hibits a larger systematic error. But this is already more than compensated by employing
values of 1079 for the parameters in combination with § = 40 Ha~!. Doing the same for
= 100Ha™! the result stays roughly the same as for 107° and 8 = 100Ha"!. In the
limit of accurate parameters 8 = 40 Ha~! is giving a better result than 8 = 100 Ha™!,
therefore, lowering the value of 5 seems to be good for speeding up the calculation.
Nevertheless, we still have to assess the error and possible further complications when
our linear scaling method is used for the complete SCF-cycle. We expect still to end up
with noisy forces and to deal with this issue we plan to use Langevin Dynamics, which
is capable of dealing with noisy forces as outlined in the following section.

2.4 Molecular dynamics simulations with noisy forces

By approximating the BOMD forces we introduce an additional source of error. Owing
to this, the net work defined as a line integral is always positive leading to a heating of the
system while performing an MD simulation in the NVE ensemble. As this drift in energy
is accumulating over time, even a small value can have a drastic effect on a simulation.
As shown in the previous section our error exhibits a sharply peaked autocorrelation
function for appropriate settings of the parameters, so it is fairly unbiased, even though
it is not negligible. Since a small error is also included in BOMD forces we will look at
the exact forces and therefore write:

14
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Figure 2.3: Autocorrelation functions of the error in the forces for § = 40, various
threshold and accuracy parameters. Starting with values for an accurate but
highly truncated calculation (magenta), we lower the threshold to 107> (red)
and 107% (green). Virtually no truncation is used by employing a value of
10715 (blue and black) and for these latter two graphs, the accuracy was set
to 1073 (blue) and 107! (black).

— B =40accuracy = 10~* threshold = 10~*
— B =40accuracy = 1075 threshold = 10~°
: — B =40accuracy = 10~° threshold = 10~°
L5 ‘ oo B =100 accuracy = 10~* threshold = 107 [
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M — B =100 accuracy = 10~ threshold = 10~°

Il
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time [fs]

Figure 2.4: Autocorrelation functions of the error in the forces for various threshold
and accuracy parameters as well as for two values of and . We start with
B =40Ha™! and accuracy and threshold set to 10~* (magenta), 107° (red),
and 1079 (blue). Changing 8 to 100 Ha™!, we repeat the calculation with
values of 107% (yellow), 107® (black), and 107% (green) for accuracy and
threshold.
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Foact — AP _ =, (2.16)

We therefore assume that the BOMD error is negligible or simply adds to the error intro-
duced by approximating the forces. It should be noted that the noise term is quite large
compared to normal noise. This will prevent us from obtaining the correct Boltzmann
averages by simply solving Newton’s equations of motion, but it can be rigorously cor-
rected by employing a modified Langevin equation based on the fact that Z; is unbiased.
As proposed by Krajewski and Parrinello2®44 we can sample the canonical distribution
by solving the following equation:

MiR; = F"P —E; — v, MR, (2.17)

with R; being the position of nuclei I and M; its mass. The second term contains
an appropriately chosen friction coefficient 7, for compensating the noise E% . For this
purpose, the following equation has to hold

(F1(0) (1)) =0, (2.18)

as well as the fluctuation-dissipation theorem

(Er(0)E1(t)) = 2yLkpTMo(t). (2.19)

If ~; satisfies Eq. we obtain a genuine Langevin equation, which in turn as-
sures accurate sampling of the Boltzmann distribution. However, employing Eq.
to deduce ~r, would require the knowledge of E;. In contrast to this, if the latter is ap-
proximately unbiased, it is possible to determine ~; by empirical variation, so that the
equipartition theorem (%M IR?) = %kBT is fulfilled. Once this is accomplished, ~;, is
a constant during the simulation. This allows the efficient determination of observables

without knowing F$2°* but just F?p P,

2.5 Conclusions

In this work the next steps towards AIMD with linear scaling in system size were under-
taken. For this purpose, the orthogonal Hamiltonian matrix from BigDFT was extracted
and processed in our linear scaling method. We presented promising benchmark results
demonstrating efficient handling of the orthogonal Hamiltonian matrices by our method,
which becomes evident by the assessment of the computation time. Based on these re-
sults, a potential speedup of the BigDFT program seems to be possible. In addition, we
assessed various parameters for optimal performance and investigated the nature of the
error in the forces on the nuclei as the difference of the forces from exact BOMD and from
our scheme. We find that further noise is introduced in our simulations by truncating the
intermediate matrices of the Chebyshev expansion, limited numerical precision and a fi-
nite integration time step. Since the additional noise is uncorrelated it should be possible
to correct the unbiased noisy forces by employing Langevin dynamics 2222845747
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3 High-throughput methodology

3.1 Solar cells and the SpeedCIGS-project
3.1.1 Solar cells

Three billion years ago our planet was changed because of the emergence of cyanobac-
teria, which were able to do photosynthesis. This enabled life as we know it. We are in
the process of reversing photosynthesis by burning the products of this process, which
are coal, petrol and petroleum gas. This will lead to two problems: The first one is the
limited availability of the above mentioned fuels; the other is the question of the climate
change, i.e., will we change our planet back to the conditions before the emergence of
photosynthesis? In light of these challenges, work on renewable energies, e.g. solar cells,
is of utmost importance.

In 2002, Germany had an energy consumption of 494 - 105t coal equiv./a,*® where one
coal equivalent corresponds to 29 -10% J. In cmparison to this, all plants in Germany are
producing around 400 - 10%t coal equiv./a.#® In order to avoid plastering every square
meter with solar cells, we should be interested in developing more efficient solar cells.
The average efficiency of the photosynthesis process in plants is about 1%, so there is
quite some room for improvements. To illustrate this, we can assume the process of
energy conversion in solar cells to be based on a black body absorber and by employing
an ideal Carnot process. We can then estimate the efficiency by multiplying the absorber
efficiency with the efficiency of the Carnot process:4®

Qemit TG Ty
f— = —_ - . 3 . 1
el TabsTIC < Qabs Té TA ( )

We have to consider three different temperatures: the temperature of the sun (Tg),
the absorber temperature (Ty4), as well as the temperature of the environment(Tp).
is the solid angle during emission and absorption. For a black body absorber, we can
set the quotient to 1 leaving only a temperature-dependent expression. Furthermore,
we assume the temperature of the sun to be 5800 K and 300K for the environment
temperature. Then, the efficiency as function of the absorber temperature can be plotted
as shown in Ref. |48. The plot will reach a maximum efficiency of 85% at 2478 K
absorber temperature®8 This high absorber temperature would probably melt most of
the materials, which are used in solar cell. Nevertheless, compared to a silicon solar cell
with 20 gm thickness?® and an efficiency of 28 %, there should be room for improvements.

We should look more into the details and try to understand why the silicon solar cell
is performing poorly when compared to an idealized Carnot process. We can calculate
the overall efficiency of a solar cell by splitting the efficiency into four factors:43
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7l = Nabs * NMthermalization * Tthermodynamic * FF. (32)

Nabs 18 the efficiency of the absorption process, where we have to account for photons
with energy smaller than the band gap, which can not be absorbed. The thermalization
efficiency Minermalization 18 accounting for energy losses during separation of hole and
electron. The thermodynamic efficiency ninermodynamic is accounting for the loss of energy
that comes along with the conversion of free energy into usable energy. The fill factor
FF is taking into account missing device specific loss mechanisms like device resistance
and opposing currents. It can be determined by measuring the I-V characteristics of the
solar cell. For the above mentioned silicon solar cell, this translates into:

n=0.74-0.67-0.64-0.89 = 0.28. (3.3)

Therefore, the previously mentioned 28 % efficiency are obtained. The lowest efficien-
cies entering the product are Nnermatization and Nihermodynamic- In addition, a tandem
solar cell offers the potential to improve the thermalization and absorption efficiencies.
The National Renewable Energy Laboratory (NREL) efficiency tables are good for il-
lustrating the importance of such multi-junction solar cells, as the most efficient solar
cells are several percent more efficient than solar cells with one absorber only#” The
best concentrator multi-junction solar cells reach up to 46 % efficiency, which is several
percent above the Shockley-Queisser limit of 33.7%. The latter was derived for a single
p-n junction®” The record efficiency for nonconcentrator tandem solar cells is 32.8 %,
still smaller than the Shockley-Queisser limit, but already better than the 29.1% for
single junction GaAs thin film crystal solar cells.*”

3.1.2 p-n junction

Commonly used solar cells are based on p-n junctions, which are, simply speaking, the
contact region between a hole-doped semiconductor and an electron-doped semiconduc-
tor. For simplicity, we will first look at a junction consisting of electron- (n-) and hole-
(p-)doped semiconductors of the same material and follow the discussion in ” Festkorper-
physik” ®Y Doping of the material changes the chemical potential of the electrons. It
shifts more towards the valence band by doping the material with holes, whereas it moves
more towards the conduction band when electrons are employed for doping. When the
two differently doped materials are in contact and reach the equilibrium, the difference
of the chemical potential is zero everywhere. This results in smaller energies for the
valence and conduction bands of the n-doped semiconductor relative to the p-doped one
and the bands are curved in the region in-between, see Fig. [3.1

If an electron and a hole are generated in this region, they would be separated since the
electron travels to the side, where the conduction band is lower in energy and the hole
moves to the side, where the valence band has the higher energy. This charge separation
leads to a voltage, which can be used to generate electricity. This consideration also
applies for charges, which are already present at the interface. Owing to this, even
in equilibrium charges are separated and a space-charge region exists at the interface
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Figure 3.1: (a) For the isolated cases in the upper part, the Fermi level y is shifted
in comparison to an undoped semiconductor: downwards for p-type doping
because of acceptor defects with an activation energy E4 and upwards for
n-type doping because of donor defects with an activation energy Ep. (b)
Combining these two semiconductors results in the alignment of the Fermi
energies and a macro potential ®(x), which will separate electrons and holes
creating a space-charge region at the interface. This charge separation results
also in a built-in voltage Vp compensating the macro potential. Adopted

from Ref.
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due to negatively-charged acceptor defects in p-doped materials and positively-charged
donor defects in n-doped materials. Knowledge of the band alignment can help to ensure
that we facilitate such a situation and it can also be employed to find the right doping
level, because if a material is doped too much, we will have a higher loss due to Auger
recombination. In particular, the knowledge of the band alignment is important for
heterogeneous p-n junctions that are composed of two different semiconductors. In our
high-throughput screening, we predicted the natural band alignment, which refers to the
alignment without doping and interface effects.

3.1.3 The SpeedCIGS-project

The search for a transparent p-type semiconductor was realized within the Speed CIGS-
project. CIGS is a synonym for the four elements copper, indium, gallium, and selenium.
It is used as absorber material in thin film solar cells. As the name of the project suggests,
one of the main goals is to speed up the CIGS solar cell production process. Another
goal is the development of a perovskite-CIGS tandem solar cell. As described before, a
tandem solar cell is an important step to overcome the inherent efficiency limit of a single-
junction solar cells. In order to achieve this goal, a suitable p-type semiconductor needs
to be found. The use of perovskite imposed one problematic constraint for the p-type
semiconductor: In order to avoid damaging the perovskite, the substrate temperature
should not rise above 250 °C. This already excludes a lot of the commonly employed p-
type semiconductors in solar cells. Nowadays, spiro-OMeTAD is used as hole transport
layer in perovskite solar cells. However, its high synthetic cost of 600%$/g renders it
uninteresting®? Another issue with such perovskite solar cells, is the requirement of
dopants, which are detrimental to the long-term stability, but have to be used to ensure
good performance®? This motivated the search for a new material as hole transport
layer.

3.1.4 Overview of the methodology

The work on binary chalcogenides was finished early on in the project.®® In this article,
mainly the original approach was described and used. Therefore, it can be used as
a reference to illustrate the state of the methodology before our new approach was
established. However, some of the improvements of the latter were already described in
that article. We will start with considering the necessary steps that are required for the
theoretical identification of a promising transparent p-type semiconductor.

The first step is the identification of candidates. The compound space for binary
and especially ternary compounds is huge. Many scientists are working on synthesizing
new materials, therefore it seems appropriate to use a database based on experimental
structures. In this step, the band gap and conditions on the choice of elements can
be used to reduce the list of compounds. Depending on the database (theoretical or
experimental) and on the provided data, also the atoms in the unit cell, the stability of
the material and the hole effective mass can be employed to select promising compounds.
In the older approach, a list of semiconductors compiled by Strehlow et al®* was used
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to identify binary chalcogenides. In order to keep up with the steadily growing number
of synthesized compounds, it was necessary to rely on a state-of-the-art database, which
would ideally offer an interface to allow data mining via scripting.

The second step is the calculation of some missing parameters: either the effective
masses and stability in case of the older approach or the band gap for the newer one.
For this step, the Effective Mass Calculator (EMC) code® was employed in order to
calculate the curvature of the valence band, which is denoted as hole effective mass in
the previous approach. For the new approach, we additionally had to calculate the band
gaps, owing to their underestimation with the PBE°Y functional ®? This step left us with
the task of realizing the effective mass and band gap calculations in a more automated
way, which would enable us to screen more efficiently.

The third step is the computation of the defect chemistry in order to determine if
the material can be doped p-type (intrinsic defect chemistry) and with which element
(extrinsic defect chemistry). This last step also needs to be automated, since the manual
creation of around 50 calculations per binary and some hundreds per ternary compound is
cumbersome. Additionally, there are also requirements for tandem solar cell applications
to consider for example band alignment, carrier concentration and lattice matching.
Owing to the importance of determining the band alignment, we had to come up with
a suitable method. Another parameter of interest is the calculation of the achievable
carrier concentration. In experiments, the thin films are grown via epitaxy. Therefore,
lattice matching is also of interest, which might also be used in the screening process.
To summarize, we identified the following tasks:

e Identify and employ an up-to-date database

e Automate the hole effective mass calculations

Automate the band gap calculations

Find a way to obtain information on the band alignment

Automate the defect calculations

Find a way to estimate the carrier concentration

Calculate lattice matching in order to enable epitaxy

The work on these tasks will be described in the next sections. However, automation
of band gap calculations and band alignment are described in one section owing to their
closeness. Furthermore, we could not finish the work on the last two points of the
list. On the one hand, the prediction of carrier concentrations did turn out to be more
complicated than initially thought.”® On the other hand, lattice matching would have
been possible,?? but we did not implement it, as it was not much of a concern in the
project and owing to the limited time.
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3.1.5 Meaning of workflow and high-throughput in this work

In our case, a workflow is in most cases a series of calculations in order to calculate
a certain property. Fig. shows the workflow for calculating the effective mass of
CaCuO,. In order to determine the effective mass with Boltzmann transport theory,
we need to perform the following: optimize the structure, a static calculation, another
calculation on a homogeneous k-point mesh and finally a calculation with BoltzTrap "
Additionally, a band structure calculation along a path through the Brillouin zone can
also be conducted in order to compare results.

High-throughput refers to implementing a workflow for the investigation of several
compounds. In principle, it could of course be achieved by manually setting up the
required calculations. However, this is prone to errors and cumbersome for hundreds
or even thousands of compounds. Therefore, automation comes into play, so the PC is
handling the described work. The example workflow of Fig. [3.2]can be initiated by typing
"atwf add —s bandstructure_boltztrap.yaml —m mp—11019” We are using atomate,%!
so atwf is used as abbreviation for atomate workflow. With the add command we add a
workflow for the material with the Materials Project ID mp-11019, to the database. The
required instructions are specified in the boltztrap.yaml file, will then be uploaded to
the database and the steps of the workflow are computed automatically, when resources
are available. The results would ideally be uploaded to another database, so that we
just have to look up the results. Of course the initialization of the workflow can also be
achieved by scripting, so that data mining and computation can be linked. This would
enable the computation of properties for thousands of compounds. In fact, a modified
version of this workflow was used to create a database of 48.000 compounds®2 We did
not link data mining and computation and we also did not upload our results into a
databases, since we had to investigate just some hundred compounds.

3.1.6 Screening procedure

Our screening procedure is shown in Fig. Starting from the Materials Project
Database % it takes into account effective mass data from Ref. 62/ and we calculate the
band gap and band alignment as well as the intrinsic and extrinsic defect chemistry in a
final step. In this chapter, we will elucidate the steps in chronological order starting with
the choice of a database. We will then explain the effective mass calculation respectively
its retrieval. After elucidating the band gap and natural band alignment calculations, we
finish this chapter with a clarification on our defect chemistry screening. The mentioned
methods are state-of-the-art and were recently reviewed by Brunin et al%4

3.2 Database

The best starting point for our high-throughput search of an transparent p-type semi-
conductor is a database, in which previous calculations are stored. This already allows
us to sort out metals and semiconductors with a small band gap. Even better would be
a database, which would help us in the design of our own high-throughput workflows.
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Figure 3.2: Atomaté®! effective mass workflow using BolzTrap®? as it was employed in

the study of Ricci et al82 After a structure optimization, a static calculation
is used to converge the charge density. Subsequently, k-points are sampled
on both a uniform mesh and a path through the Brillouin zone. The mesh
data is used in boltztrap, whereas the line data is employed for validation in
a later step.
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Step 2 Step 2: Effective Mass Database Screening

— Good Hole Transport

Step 3: Band Gap and Natural Band Alignment Screening
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Figure 3.3: Filtering procedure of our in silico screening for finding a transparent p-

type semiconductor. Starting from the Materials Project Database83 we
first obtain the effective mass data from Ref. 62. Then we calculate the
band gap as well as the natural band alignment. Finally, the intrinsic and
extrinsic defect chemistry is determined.
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For this purpose, we profited from the development of theoretical databases and decided
to employ such a database, since they appeared to be more promising than experimental
ones for starting our own theoretical investigations.

In January 2016, we based the selection of the database mainly on an article written
by Lianshan Lin®? In this article, several theoretical databases were introduced. In op-
position to their experimental counterparts, which were founded mainly in 20th century
or even 19th century, if we also include book series like Landolt-Bornstein, theoretical
databases began to emerge during the 21th century. One main reason is the compu-
tational demand of DFT calculations, which was in the nineties quite a bottleneck for
high-throughput calculations. However, the increase in computational power and the
development of more efficient algorithms alleviated this and played a major role in the
emergence of theoretical databases/®®

The advantages of theoretical databases are the speed, in which they can be developed,
and the possibility to quickly screen existing and hypothetical compounds. It is hardly
possible to synthesize and characterize all imaginable compounds, because their number
increases fast with the number of different atoms in the molecular formula. In such
a case, theoretical databases can speed up the process of finding suitable compounds.
Traditionally, the design of a material for a specific application took between 10 - 20
years, whereas with the use of databases and high-throughput calculations it is expected
to be realizable in 2 - 3 years /0362

To come back to the original problem of selecting a suitable database, the second
criterion of having also the possibility to create and execute our own workflows is dras-
tically reducing the potential candidates. One of the better known databases is NoMad,
a European database%9 It specializes in the collection of data and for this purpose, it is
relying on existing high-throughput schemes for generating the required data. At that
time, also the handling of data stored in the NoMad repository was bothersome due
to a missing Restful-Application Programming Interface (API), which was later added.
Considering all these points, NoMad was not of interest for us anymore.

Based on Lin’s article,%? this leaves Aiida,®? Materials Project,%® Materials Simulation
Toolkit (MAST)®® and Open Quantum Materials Database(OQMD)® with the qmpy
software for workflow managing as potential candidates. MAST as well as Aiida are suit-
able of workflow managing, but do not provide data on already calculated compounds,
which renders both of them uninteresting for us. In case of OQMD, it is mostly made
up of theoretical compounds. At that time, about 10 % of the compounds were based on
data from the Inorganic Structure Database (ICSD),™ whereas the remaining 90 % were
purely theoretical data.®® OQMD contained roughly 200.000 compounds at that time,
meaning ca. 20.000 compounds based on ICSD data. With roughly 60.000 compounds
based on ICSD data, Materials Project was the most interesting data base and software
framework for our undertaking. It has to be mentioned that our interest in ICSD based
data was motivated by a remark of our project partners to focus on already synthesized
compounds.
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3.2.1 Materials Project

The Materials Project was launched in November 2011 as core program of the Materials
Genome Initiative in the USA 3 From the beginning, it was planned and executed as a
large-scale cooperation between computer science as well as experimental and theoret-
ical materials science®® This led to an open mindset about sharing data and software
together with an openness for further collaborations. Its sophisticated web interface
and an early implementation of an RESTFUL as an application programming interface
(APT) is proof for this openness.™

On 21/06/2019, the Materials Project was hosting data sets for about 120612 inorganic
compounds. Among those compounds, 52366 materials have computed values for band
structure, 13621 elastic tensors and 3003 piezoelectric tensors. Compared to aflowlib,
which is stating to have data for 2844669 compounds, the number of compounds in the
Materials Project appears to be small. However, going into detail, we recognize that only
30031 compounds in aflowlib are ternaries compared to 56102 in the Materials Project.
A major part (1963013) of the compounds in aflowlib are quaternaries, but we decided
to focus on binaries and ternaries.

The choice of Materials Project was also sensible considering the properties we were
interested in. The work on the effective mass database by Ricci et al'®? saved as some
computing time, as with that database the effective mass became a criterion, which
just could be looked up. For the branch point and defect calculations, we also used
software developed within the Materials Project. Atomate™ and Fireworks™ allowed
the automation of the branch point workflow and a routine in Matminer™ enabled
parsing of the branch point results. PyCDT™ was used for creating and parsing the
defect calculations. In the future, even more concepts from the Materials Project could
be employed. For example, the capability of calculating Pourbaix diagrams™ could lead
to a better understanding and improved prediction of the stability for our investigated
materials.

3.3 Stability

In order to judge the stability of compounds, the formation energy of several phases
has to be calculated and compared. The convex hull is then simply constructed by
connecting the lowest-lying phase with the elements. However, if another phase is below
these drawn lines, we also have to consider that point. In the end, no phase lies below the
drawn lines, i.e. the convex hull, and all ”stable” phases are on it. One of the challenges
with this approach is the identification of all relevant phases, as in principle and without
imposing criteria the number of phases can be infinite. But if we limit ourselves to the
known phases, we can employ databases to identify the relevant ones. Therefore, the
formation energy of phases and the convex hull can be extracted from the MPDB, see
Fig. as an example %

This phase diagram also illustrate some of the shortcomings with that approach. Im-
mediately, we can see the absence of K3;P, which lies 0.01eV above the convex hull.
Therefore, this compound should decompose into K,P5; and potassium. Owing to this,
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the convex hull criterion is used in general in combination with a cutoff energy, for
example 0.1eV.™ It is also interesting that K,P5 lies on the convex hull, as this com-
pound explodes after some weeks, when it is stored in a Schlenk vessel ©® The authors
suspected K,P; to be responsible for the reaction™ The crucial question is therefore,
if this is caused by the decomposition of the compound or the reaction with external
elements, for example oxygen or hydrogen. If it is the former, this material should not
have been on the convex hull and it would have to be checked, if the PBE functional is
able to describe the chemistry of binaries made of potassium and phosphorus correctly.
For example, this functional is known to poorly describe transition metal oxides ™ This
shortcoming can be corrected by using PBE + U0

The second case, i.e. reaction with an external element, is a blind spot of the convex
hull criterion. The convex hull is judging stability with respect to the present elements,
so potassium and phosphorus for our material. It will not tell us if the compounds
are stable with respect to moisture or air and in particular oxygen. If we look into the
literature, we notice that except for KP,5 all of the mentioned compounds are sensitive to
moisture or air /818 Eyen K4P will ignite, when it comes in contact with air.®¥ In this
regard, the calculation of a Pourbaix diagram might be required®® Such a diagram is per
definition open to oxygen and hydrogen. It shows the most stable phases in dependence
of pH value and voltage. However, the problem with this diagram is that it is only
valid for solids in contact with water. Although for the intended application in solar
cells, the contact with water should be minimal, we nonetheless need a metric to judge
stability towards moisture and air. As suggested by Woods-Robinson et al., a cutoff
based on the Pourbaix diagram (pH = 7 and 0 voltage) might be defined.,*® However, in
the presented studies, we performed a literature survey in order to judge a compounds
stability towards moisture and air. This is in addition to the stability assessment based
on the convex hull criterion, which is directly integrated in our screening approach.

3.4 Effective mass

The theory in this section is mainly based on ”Festkérperphysik”®! written by Rudolf
Gross and Achim Marx and on the article about BoltzTrap5Y which was written by
Georg K. H. Madsen and David J. Singh. Therefore, further details can be found in the
cited publications and references therein.

3.4.1 Boltzmann transport theory

In general, transport processes can be described by employing an equation, which is
composed of three terms accounting for diffusion, directed transport and loss mecha-

i3t
1= (5) (o) ()
=== + = + = : (3.4)
ot ot Dif fusion ot Directed_Transport ot Scattering

nisms:
Examples for the latter are side reactions in matter transport and scattering in electron
transport. In our case, we have to know the Fermi surface and assume a well defined
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Figure 3.4: Phase diagram of binaries containing potassium and phosphorus. All shown
phases with the exception of KP,5 are unstable with respect to oxygen and
hydrogen, even though they are on the convex hull. Furthermore, KsP (not
shown) is slightly above the convex hull and therefore not considered to be
stable. The phase diagram was created by and with data from the MPDB ¢

momentum k of the electrons. We require that the separation of the centers of scattering
is much larger than the Fermi wavelengths (Ap << [) with [ being the averaged lengths,
which a electron can travel before undergoing scattering. We also have to assume that
the material exhibits a symmetric Boltzmann distribution of states in momentum space:

- 1
Fole(R)) = —— (3.5)
e *BT 41
In this equation, p is the chemical potential and € is used for the energy, so that it is
not mistaken to be the electric field . The change in the distribution is approximately:

of (7 k Of (7 k,t)

7t) _ 7 l ¢
S = —0(K) - Vif + 5 Vieelk) - Vif + <8t )S - (3.6)
cattering

The first term, —’U(E) xVf, describes the change of the distribution due to variation in
space and is called diffusion term. The directed transport term, %V; e(k)-V i.f, describes
the change of the distribution due to the influence of external fields. As an example, the

effect of electromagnetic fields can be considered by assuming V= e(E) = —e(E +7x B).

The last term, (W)
Scattering

complicated and would lead to an integro-differential equation, which cannot be solved
easily.

, takes scattering into account. This term is quite
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In order to avoid this, further assumptions can be made. We can use a linearized form,
which will limit us to cases close to the equilibrium and we can use an approximation
based on an averaged relaxation time. Details of the linearization can be looked up in
ref. 51l Assuming that both the chemical potential and the temperature are well defined
for every point, a new distribution function g(E, 7, t) can be introduced. For small values
of this function, we obtain:>!

e(k)

7_“511(77’ t)

~ (3.7)

Assuming that the change caused by external fields is small, i.e. (k) = eo(k) + de(k)
and Vyze(k) = Vizde(k), we can insert this approximation into Equation yielding:

Explicitly considering the influence of electromagnetic fields Vzde(k) = —e(E +Ux é),

. . 9 .
we obtain for the stationary state (8—{ =0):
~ S k) —
—%U' el) +e(7 x B)—Vu—e()i'uVT —7-Vig
Oe T
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With (¢ x B) - = 0 and neglecting Vg - E, which is of second order in E, we can
simplify the equation to:

0 Y k) — = (0
ﬁﬁ- e <E - M) - 6()7MVT +E~V;g+EVEg(6xB) = <f> . (3.10)
e € T h ot Scattering
We still have not dealt with (%) . For this term, the relaxation time approx-
Scattering

imation can be used:
(%) B =) gl )
ot Scattering T(k) T(E)

Within this approximation, we are describing the scattering processes with an aver-
aged relaxation time 7. Based on these two approximations, we can start to derive the
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transport properties. For this, we will assume a given electric field E, a defined temper-
ature T'(7,t) and a defined chemical potential p(7,¢). In the absence of magnetic fields
i’).lo

—

(B = 0) and charges e, we can rewrite Eq.

g(k) = —%@T(E)U(E) : (E— v;) e(k)T_ Evr (3.12)
With A = {e (E — %) — E(E#VT], we obtain:
. ofy -

o(F) = —%T(k)ﬁ(k) A (3.13)

Now turning to the current density J, which can be obtained by integrating the
product of carrier density, carrier velocity and probability of occupation over all states:

J = 4%3 / e5(R) F(R)dk. (3.14)

Based on the definition of g(k, 7, ¢)5! and because of fef)'(l;)fo(lg)dg’k = 0, we can
write:

D | YN
Jqg = 471_3/61)(k:)g(/7<:)d k. (3.15)
Employing the relation d*k = dS.dk, = dSC% = dsﬁh;‘l—fk), we can rewrite the
k
volume integral in k-space as an integral over shells of constant energy. Assuming a

small temperature smearing (kg1 << €p), we can approximate —% with (e — ep).

After these steps, only an integral over the Fermi surface remains:

-
—

In this equation, the expression #(k)@(k) is an outer product. Inserting the definition
of A, we obtain the desired expression for the current density:

"I
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If we set VI' = 0, we can use J, = 6E to identify the conductivity tensor as:
1 e T(k)5(k)T (k)
s 4 — e d ; Nl
6 =0(er) 3T - S o) (3.18)
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In the simple case of a cubic crystal system, the conductivity tensor reduces to a scalar.
By further assuming that E and .J, are pointing in x-direction (¢/(k)v(k)E = v2E, where

v2 is one third of the absolute value of the square of the total velocity v?), we arrive at:
1 e*1
=—-——= dS.. 3.19
g 473 h 3 /Ezep T(ep)vrdSe ( )
3
Using vp = hkp/m, fe:eF dSe = 47rk‘% and n = :ﬁ, we obtain the well known
expression:
2
o="T (3.20)
m
3.4.2 Boltzmann transport theory in computational materials science
The group velocity 17(12) can be directly computed from the band structure:
. 10e
(k) = - —£. (3.21)
h ok

Owing to this, Boltzmann transport theory can be easily applied by theorist. One
problem is that the band structure is computed on a k-point mesh only, but we need
the whole band structure. To obtain the latter, BoltzTrap® is computing a Fourier
expansion of the band structure energy by using star functions. The star functions
are constrained to the band energies and additional freedom is gained, since more star
functions than band energies are used. This is then employed to minimize a roughness
function, which will lead to a suppression of oscillations between data points. Further
details can be looked up in Ref. |60. The other problem is the relaxation time, as we
should be aware that the constant relaxation time is a strong approximation and often
not fulfilled in experiment.

After calculating the group velocity, we still need information on the chemical potential
of electrons. This tends to be cumbersome, as this chemical potential is defined by the
defect chemistry of the material, which requires a lot of calculations. In the following, we
estimate the chemical potential and calculate the transport properties by either setting
directly this potential or the carrier concentration, which will in the end also give a
chemical potential. The effective mass p* can then be computed by using Eq. and
by employing p* instead of m.

= ut= . (3.22)

3.4.3 Methods based on calculating the band curvature

The definition of the effective mass offers another approach for its determination. The
effective mass tensor is symmetric and it can be transformed to a coordinate system
which is oriented along its principal axes. In the case of three equal values, we can
simply write:
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11 dPen(k)
p(k) A% dk?

In this equation, n is the number of bands. For the hole effective mass, we have to
investigate a valence band and for electrons a conduction band. Therefore, d2e, (k) /dk?
is nothing else than the curvature of the valence or the conduction band. The hole
effective mass can be computed by fitting a parabola to the valence band maximum and
for electrons by fitting a parabola to the conduction band minimum.

More in general, by fitting parabolas along the directions of the principal axes, the
components of the effective mass tensor can be determined:>®

(3.23)

en(k) = ark? + 012]{7?3 + azk?; (3.24)
h I h
Moz = 5o Py = ga05 Hax = g (3.25)

Going one step further, finite differences can be employed to calculate all of the second
and mixed derivatives. This is implemented in the Effective Mass Calculator (EMC)
code® Without simplifications, we would have to write:

1 1 (k) .
<M*> = ?ﬁa L) =%,Y,%; (3-26)
ij 10K

d2§ d2e d%e
dk2 dkdk, dkydk,

d26 _ d?e d?e ! d?e 3.97

akz | ek @Rz dkydke (3.27)
d?e d?e d?e

dk.dky  dk.dky dk2

z

The effective mass tensor is symmetric, so there are only six independent values.

3.4.4 Finding a suitable method for high-throughput calculations

For our project, it was important to perform the effective mass calculation in an auto-
matic fashion in order to screen some hundreds of compounds. As part of the Materials
Project,®¥ atomate™ is offering a variety of workflows for computing different properties
and a workflow for computing electronic transport properties by using BoltzTrap®? can
also be found. This enables the determination of both the effective mass tensor and its
three principal axis components. We decided to compare the results of this workflow
with the ones of EMC However, the work with the atomate workflow was discon-
tinued due to the publication of the dryad database? This database was generated
by using Materials Project data and a modified atomate workflow. Owing to this, we
stopped working with that workflow and employed instead the database to obtain the
hole effective masses.

The original comparison can be found in Tab. in which the effective masses are
determined as harmonic averages. This benchmark was made by investigating selected
binary compounds. The EMC data was provided by Dr. Ramya and Dr. Mirhosseini.
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We had to leave some gaps, since only compounds with the same symmetry can be
compared and the data is not directly based on the Materials Project. Overall, differ-
ences between the two methods can be expected. On the one hand, EMC requires the
identification of the valence band maximum in order to estimate its curvature. It is also
not able to account for transport involving multiple bands and pockets. Furthermore,
band crossings are problematic. On the other hand, Boltzmann transport theory faces
the problem of the constant relaxation time approximation.

In most cases, the harmonic average is equal to the three principal axis values. This
can be traced back to the fact that we have a structure with a simple cubic symmetry
leading to three equal values. We should also mention that the data reported in the
dryad database was calculated at 300 K and for a doping level of 10'8 cm™3, whereas we
assumed a doping level of 10%° cm ™2 in the workflow. This explains smaller deviations.
Larger deviations might be caused by stopping to work on this workflow. Therefore, we
did not validate the band structure determined with BoltzTrap with the band structure
computed on high symmetry lines. In the case of the two missing values, the computation
of the band structure got stuck and we stopped the workflow manually. The hole effective
masses calculated with EMC are lower than the values computed with BoltzTrap. Only
AgCl with a difference of 0.36 eV is worrisome. Based on these results, we decided to
use the dryad database for our search. However, we considered to relax the criterion for
the effective mass, the values from BoltzTrap are higher than the ones calculated with
EMC.

Some time after the initial release of the dryad database, it was in incorporated into a
Materials Project user database, but since then it was not updated. During this time, the
Materials Project Database grew from 60.000 to more than 120.000 compounds resulting
in more and more compounds without effective mass data. For future high throughput
studies, the computation of effective masses will become again an issue and we need
to decide which method, i.e. EMC or BoltzTrap, we want to employ. A more general
problem is the fact that transport does not have to occur via the valence band in case
of hole or the conduction band in case of electrons. Instead, it can also take place by
the formation of small polarons.®¥ This could lead to new screening strategies that are
required for the identification of hole conducting materials.

3.5 Band gap and band alignment via branch point

As mentioned in the introduction, we worked on the problem of automating both band
gap calculations and determination of the band alignment. It did turn out that both
tasks could be tackled by adopting and automating a workflow for electronic structure
calculations with a homogeneous k-point mesh employing a hybrid functional. However,
one should keep in mind that the challenge of theoretically predicting band gaps is well
known in literature 287 The focus of this chapter lies on the description and validation
of the band alignment calculations via the branch point concept.®81' For the validation,
we had to ensure that the employed k-point mesh is sufficiently dense in order to obtain
a reliable value for the HSE-band gap.
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Table 3.1: Effective mass benchmark for selected halides and pnictides. For each com-
pound, its Materials Project Database ID, space group, harmonic average
of the hole effective mass calculated with the Effective Mass Calculator 2
harmonic average of the hole effective mass taken from dryad database,%?
and harmonic average of the hole effective mass calculated with our modified
workflow are given.

Compound | MPDB ID | Space group |y, (me) EMC |mj (me) MP |m;, (me) WF
AgBr mp-866291 F43m 1.25 1.25
AgCl mp-22922 Fm3m 0.47 0.83 0.86
Agl mp-22925 | Fd3m 0.80 0.92 0.90
AgN, mp-2247 Ibam 0.80 0.80 0.83
AIP mp-1550 |  F43m 0.56 0.56

Bil, mp-22849 R3 5.33 5.35
BP mp-1479 F43m 0.34 0.36
CuCl mp-22914 F43m 1.59 1.78

CuBr mp-22913 F43m 1.21 1.33
Cul mp-570136 P3mil 2.74 3.01
Cul mp-22895 F43m 0.75 0.86 0.76
GaP mp-2490 F43m 0.41 0.45 0.44
InP mp-20351 F43m 0.53 0.51
MgsN, mp-1559 Ia3 4.78 4.66
ZnP, mp-11025 P452,2 0.48 0.52 0.61
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3.5.1 Band alignment via branch point

Band alignment is rather important in order to create a functioning p-n-junction. For this
purpose, we have at least to consider the material and the doping level. Furthermore, we
also need the correct size of the band gap for the band alignment. Another requirement,
which is not apparent from the example in the introduction, is the knowledge of the
formed interface.

Traditionally, a theorist would either calculate the band alignment by using a model for
the whole interface or by employing an approach based on the determination of ionization
potential (IP) and electron affinity (EA), which are calculated by using a slab model of
the material in vacuum. These latter calculations are based on the Bardeen limit, so no
charge transfer between the interfaces is allowed. In screening studies, this would be done
for a reduced set of candidates at the end of the screening”® An alternative approach
would be to use the collected data of IPs and EAs data, which was for example realized
by Butler et al® However, this approach would already lead to a strongly reduced list
of candidates, due to the small size of IP and EA data. Therefore, this method was not
of interest for our task of establishing a general workflow. Having these two traditional
approaches in mind, we searched for a methodology to obtain information on the band
alignment from band structure calculations of the bulk materials.

The exponential decay of the wave function at the interface between solid and vac-
uum is a well known result. In the cases of semiconductor-metal or semiconductor-
semiconductor interfaces, this is more complicated. First, we should note that solving
Schrédinger’s equation for complex wave vectors leads to virtual gap states2>E9 These
gap states are mainly donor-like near the valence band maximum and mainly acceptor-
like near the conduction band minimum. The branch point energy is the energy, where
the spectral weight changes its character®? Is the Fermi energy above the branch point,
we will have negatively charged interface states, but positively charged states, when the
Fermi energy is below the branch point. In the case that both energies are equal, we
have no charge at all.

Therefore, the branch point can be seen as a charge neutrality level for the interface.
This leads to the central assumption of the branch point concept: it is based on the
Schottky limit, where charge transfer is allowed and the alignment is calculated for un-
charged interfaces. This allows to employ the bulk band structure making this approach
computationally very efficient. Tersoff was one of the first to apply the concept of branch
point in order to calculate the band alignment of Si, Ge and some III-V and II-VI semi-
conductors”?? He employed the local density approximation in combination with a rigid
shift of conduction bands in order to match experimental gap values. To find the branch
point, he used the energy at which the cell-averaged real-space Green’s function of the
band structure changes sign.

Cardona and Christensen”” employed Baldereschi’s concept® of mean value k-points.
The mean value k-point of a semiconductor is the k-point where any periodic function of
the wave vector is a good approximation to the averaged value of that function over the
whole Brillouin zone. Christensen and Cardona also employed the LDA level of theory
and used the average of the top two valence bands and lowest two conduction bands to
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correct the size of the gap?Y Monch also used Baldereschi’s concept in combination with
a tight binding approximation for the band structure calculations/5?

Baldereschi’s concept of a mean value k-point offers also another route to calculate
the branch point by using the mean value of all points in the Brillouin zone. This
was realized by Schleife et al. in 200921 They defined the branch point energy in the
following way:

1 Nk 1 Nyp 1 Ncp
€ = — —_— gi(k) + — ei(k)]. 3.28

In this equation, the number of valence bands (Ny ) and the number of conduction
bands (N¢p) are free parameters and need to be chosen accordingly. In the original
article, this definition was used in combination with GW, i.e. an approach based on
many-body perturbation theory to determine the band structure?! The work of Deak
et al®? inspired us to use the HSE hybrid functional?® for high-throughput calculations
of the branch point. However, we are not the first who used this concept in a high-
throughput study, as it was employed by Sarmadian et al2%98 in two studies a few
years before.

3.5.2 Implementation

In matminer,™ a routine for analyzing VASP calculations using the definition of Schleife

et al. was implemented. In addition, we worked on a workflow for band gap calculations,
which had been defined in atomate®! We modified this workflow in order to sample a
homogeneous k-point mesh and to stop after creation of the HSE-calculations. Although
atomate offers adapters for common queuing systems, OpenCCS, which is employed
on the Paderborn supercomputer OCuLUS, is not supported. Therefore, it was easier
to split the calculations. The PBE-part was handled on a normal PC. Afterwards,
the results were collected and the HSE-calculations were executed on OCuLUS. This
collection of results was achieved with some bash-scripting. At the end, the calculations
were evaluated by using a python script, which is calling the above mentioned routine.
Overall, this workflow is not completely automated, as it would require that all steps
and even the saving of the results into a database are handled by the PC without
human intervention. Nevertheless, our implementation saves a lot of time compared
to a traditional workflow, where each step is realized manually. With this approach,
hundreds of calculations can easily be handled by it.

As can be seen in Eq. there is a freedom regarding the number of valence and
conduction bands, which are used in the calculation of the branch point energy. For
diamond and zinc-blende phases, it was recommended by Hinuma et al. to use Ny g = 2
and Nop = 12?7 We decided to use these values as a default. As a small test, we
compared our results with Deak et al.”? They calculated the band alignment for TiO, in
two structures: rutile and anatase. As can be seen in Tab. we achieved reasonable
agreement, especially when we consider the fact that our implementation of the branch
point calculation is designed for screening applications.
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Table 3.2: Comparsion of band alignment results for two structures of TiO,: anatase and
rutile. The table lists our results for the band gap, the shift of the valence
band maximum and the shift of the conduction band minimum. Next to them,
the results from the study of Deak et al”® are shown.

Modification | Band gap | Deak? | Shift VBM | Deak?? | shift CBM | Deak®

Anatase 3.57eV | 3.58 eV -2.04 eV -2.00 eV 1.53 eV 1,58 eV
Rutile 3.24 eV | 3.37 eV -1.35 eV -1.38 eV 1.89 eV 1.99 eV

3.5.3 Band gap validation

For the calculation of the band gap, we are using a homogeneous k-point mesh, which is
I'-centered. This allows us to combine band gap and band alignment screening. However,
if we are investigating a material, where the VBM and CBM are not found at the I'-
point, there is no guarantee that we will obtain the correct values for both properties.
This will result in an overestimation of the gap. To obtain reliable results also in such
cases, the density of the employed mesh can be increased in the atomate workflow by
changing the reciprocal density parameter. The default is 50 k-points per atom and we
set this value to 100 and 200 to check the convergence. The smallest value appears most
reliable, as we are expecting an overestimation if the VBM and CBM are not located
directly at a k-point.

In order to obtain a more interesting comparison, I decided to compare our results
with the ones from a publication, which appeared after our calculations were done %
Interestingly, this comparison indicates that the the loose k-point mesh is performing
well. Therefore, I also included some further results for binary thallium halides in order
to show the overestimation problem encountered for loose k-point meshes. However,
these compounds are not evaluated and are not taken into account for the calculation of
the mean average error.

The cited study used structural data from experimen whereas we employed PBE-
optimised structures. This could explain the deviation in HSE-gaps for Til, Rb;Sb,Brg,
and InPS,;. However, the 0.81eV deviation for SiP, is probably caused by something
else, as already the PBE-gaps reported in the Materials Project Database® (1.42eV)
and in Ref. [100| (0.8 eV) differ significantly. Nevertheless, looking at these unfavorable
cases, we see that our results are in better agreement with the experimental data. This
indicates that it is probably better to employ PBE-optimised rather than experimen-
tal structures, when these structures differ. For the other compounds, a reasonable
agreement is reached.

Compared to experimental data, we observe an overestimation for ternaries and an
underestimation for binaries, except for SisN, and SiP,. We obtain a mean absolute
error of 0.30 eV, which is mainly given by the high deviations for Agl, Si;N,, P3Ny, and
SiP,. Without these outliers, we would reduce our mean absolute deviation to 0.1eV.
The ternaries are performing worse since they have no strongly deviating compounds.
The mean absolute error is 0.26eV and only BiOCl and Rb3SbyBry show deviations

t7100
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Table 3.3: Band gaps for selected compounds. MP-ID is the Materials Project ID; the
value after density gives the number of k-points per atom; and the last two
columns are values reported in the study by Borlido et al™"? The compounds
are grouped starting with binary halides followed by binary pnictides, ternary
halides and ternary pnictide. The last group is listing binary thallium halides.
Within each group, the compounds are sorted by their computed band gap.

Compound MP-ID Density 50 | Density 100 | Density 200 | HSELY | Experiment!00
TII mp-571102 3.16 eV 2.81 eV 2,81 eV 2.52 eV 2.92 eV
Agl mp-22925 2.90 eV 2.52 eV 2.52 eV 2.50 eV 2.91 eV
SisNy mp-988 5.73 eV 5.72 eV 5.72 eV 5.78 eV 5.10 eV
P3Ny mp-567907 497 eV 4.99 eV 5.04 eV 5.10 eV 5.87 eV
BsP mp-28395 3.23 eV 3.70 eV 3.52 eV 3.15 eV 3.35 eV
GaP mp-2490 2.36 eV 2.36 eV 2.34 eV 2.30 eV 2.35 eV
AlP mp-1550 2.33 eV 2.33 eV 2.33 eV 2.28 eV 2.45 eV
SiP, mp-9996 2.25 eV 2.24 eV 2.20 eV 1.39 eV 1.89 eV
BP mp-1479 2.02 eV 1.98 eV 1.98 eV 2.02 eV 2.10 eV
BiOCl mp-22939 3.60 eV 3.68 eV 3.61 eV 3.64 eV 3.46 eV
Rb3Sb,Bry mp-2490 2.52 eV 2.52 eV 2.52 eV 2.35 eV 2.48 eV
SbSI mp-23041 2.37 eV 2.35 eV 2.34 eV 2.28 eV 1.88 eV
BiOI mp-22987 2.28 eV 2.27 eV 2.28 eV 2.40 eV 1.89 eV
InPS, mp-20790 3.41 eV 3.52 eV 3.40 eV 3.59 eV 3.12 eV
TICI mp-569639 3.86 eV 3.60 eV 3.31 eV

TIBr mp-568560 3.49 eV 3.01 eV 3.01 eV

TII mp-571102 3.16 eV 2.81 eV 2.81 eV

smaller than 0.2 eV. Nonetheless, our results seem fine when comparing them with
the ones of Borlido et al., who estimated a mean absolute deviation of 0.53 eV for all
examined compounds? Overall, we can conclude that the performance of HSE is not
sufficient for a reliable and exact estimation of band gaps, but it should be good enough
for our screening. For further investigations, the size of the errors should be kept in
mind, so that more sophisticated approaches might be used to improve the estimate of
the band gap. Such an approach was recently implemented into atomate, which uses a
PBE calculation in order to identify the CBM and VBM. The HSE-calculation is then
just run for these two points. ™

3.5.4 Branch point for predicting p- or n-type behavior

The branch point concept might also be employed to predict n- or p-type behavior of a
material. For this purpose, the position of the branch point is compared to the positions
of valence and conduction band. If the branch point energy is close to the valence band,
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p-type behavior is expected and when it is close to the conduction band, n-type behavior
is assumed. If none of these two cases is fulfilled, the compounds are expected to be
ambipolar 2498 Based on this hypothesis, we have investigated halides and pnictides.
The details and results are reported in the sections on halides (section and pnictides

(section [4.4)).

3.6 Defect chemistry

Some of the main questions for the search of a transparent p-type semiconductor will
be discussed in this chapter: Is a material intrinsically p-type or can it be doped to
become a p-type semiconductor and if so how can this be achieved? On the one hand,
these questions can be investigated by analyzing the defects of the materials. On the
other, some groups try to avoid such computationally demanding analysis by either
employing the branch point concept?“P® or a hydrogen descriptor'® to address the
question of p-type dopability. However, the predictive power of these two approaches
is under discussion.®* Furthermore, we should also keep in mind that the hydrogen
descriptor was developed and tested for oxides only*' and that Woods-Robinson et.
al®® assessed the branch point concept on some known p-type and n-type materials.
They reached the conclusion that defect calculations still need to be employed in order
to correctly determine p-type dopability. Also, these two concepts cannot be used to
identify possible p-dopants.

As of now, there is no way around the bottleneck of defect calculations. About 50 cal-
culations are necessary for binaries and some hundreds for ternaries in order to calculate
point defect formation energies. This is in contrast to the single calculations required
for the other properties. The other factor rendering the computation of defect formation
energies expensive is the use of supercells containing up to some hundred atoms to mini-
mize interactions between periodic images. Therefore, we decided to employ PYCDT /%
which is handling the defect calculations on the GGA-level of theory via the PBE func-
tional.®® We chose the supercells in such a way that they are larger than 10 A in each
direction. This results in cells with 60 to 250 atoms.

3.6.1 Computation of point defects

The optimized structures from the branch point workflow are used in PyCDT to calcu-
late the formation energy for neutral and charged defects in the selected semiconductors.
The formation energy is calculated as:

AEI X = B[ X9 = Eyorlbulk] =Y " nipi + ¢Bp + EL,,,, (3.29)

i
where Ey[bulk] is the total energy of the bulk cell, which is subtracted from the total
energy of the defect cell Fy,;[X?]. The next term takes the difference in energy between
atomic species in the bulk and defect cell into account: n; = 1 for adding one atom of
species 7 and n; = —1 for removing an atom of species i. This energy is dependent on
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Figure 3.5: Phase diagram of BP showing two possible conditions under which it can
be synthesized: cation-rich (BzP) and anion-rich (P). Phase diagram was
created by and with data from MPDB/%>

the chemical potential p; of the species. For charged systems, i.e. ¢ # 0, we also have to
consider the cost of removing or adding electrons. This is achieved by considering the
Fermi energy Fr. Finally, a second correction for charged systems, Ed,, is required
owing to the periodicity of the cell. For this term either the definition by Freysoldt1%? for
isotropic systems or by Kumagai'% for anisotropic systems can be employed. Further
details on these corrections can be found in Ref. [75.

In PyCDT, the individual chemical potentials are determined via the grand-canonical
ensemble approach,i.e. bounds on the chemical potentials are set from zero-temperature
energies 194 The phase diagram is constructed from data found in the MPDB /% For
binaries, this procedure is intuitive. In case of BP, we can look at the cation-rich limit
BgP, or at the anion-rich limit P, see Fig. For ternaries, the number of regions is
depending on the neighboring points in the phase diagram. For the example of Ca,PNy
with nine neighboring phases, there are 9 planes in the phase diagram translating into
nine possible regions, see Fig. [3.6

Vacancies of anions are a common cause to prevent hole doping. By varying the Fermi
energy, these defects can exhibit negative formation energies before reaching the valence
band. This will lead to the release of electrons into the system during the attempt to
dope the material p-type. Therefore, we define a hole killing defect as a defect, for
which the formation energy reaches a negative value before the Fermi energy is shifted
beyond the valence band. The creation of anion vacancies can be hindered by creating
compounds under anion-rich conditions. Therefore, these regions are promising, as one
would expect the highest chances for finding hole dopability in these regions. In fact,
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Figure 3.6: Phase diagram of Ca,PN5; showing nine possible regions. Phase diagram
was created by and with data from MPDB %3

we can categorize most of our binaries and ternaries, which pass the intrinsic defect
screening, in two classes: no hole killing defects under-anion rich conditions and no hole
killing defects under both anion- and cation-rich conditions. So it is quite rare for a
material to pass the intrinsic screening only under cation-rich conditions.

In order to identify a suitable dopant, we need to find an extrinsic substituent resulting
in a shallow acceptor defect. Therefore, the charge transition from -1 to 0 should be near
the valence band. The distance between the charge transition and the valence band is the
activation energy, which is of importance for the calculation of the carrier concentration.
On the GGA level of theory, the activation energy might be too inaccurate1% Owing to
this, we just try to judge if we are dealing with a shallow or deep acceptor defect. As a
further requirement, the formation energy of the shallow acceptor defect should also not
be crossed by a donor defect. This would result in Fermi pinning and limit the dopability
for that dopant and material. In some cases, a cation vacancy is already fulfilling these
requirements, so that we can label that material p-type after the intrinsic screening. We
call such a material intrinsic p-type. Nevertheless, we also perform the dopant screening
for these materials. If the material is also passing this step, one last screening step
remains: we have to make sure that the dopant is not causing self-compensation. For
this, we have to check if interstitials and possible n-type substitutions of that dopant
are either Fermi pinning the dopant or even hole killing. In the case of BP with silicon
as p-dopant on phoshphorus, we have to consider silicon substitution on boron and
silicon interstitials. Therefore, the defect screening is composed of three steps: intrinsic
screening, dopant screening and screening for self-compensation. In general, extrinsic
screening refers to the latter two steps.
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Figure 3.7: Defect chemistry of Snl, showing cation and anion vacancies under cation-
(left) and anion-rich (right) conditions. The dashed lines represent the va-
lence band maxima and conduction band minima. The vacancy of tin is a
shallow acceptor defect illustrating the characteristics of a good p-dopant.
In contrast to this, the vacancy of iodine is hole killing under cation-rich
conditions, because its formation energy is becoming negative before reach-
ing the valence band maximum leading to its spontaneous formation after
the crossing point. Furthermore, Fermi pinning is observed under anion-rich
conditions for this vacancy. This means that the Fermi energy is pinned at
the point where the formation energies of both vacancies cross each other.
Trying to go beyond that point to further shift the Fermi-level results in
compensation. Owing to this, the tin vacancy would fail in our screening.
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4 Results of the high-throughput screening

4.1 Binary screening

We used mainly binary compounds based on nitrogen and phoshpor (pnictides) or chlo-
rine, bromine and iodine (halides) for validation, since the properties of binaries are
better known than the ones of ternaries. Owing to this, we decided to provide an
overview of some binaries in this section. This section has some overlap with the halide
(section and the pnictide (section studies. However, not all of the compounds
are discussed in full detail in this section, in order to minimize this overlap. For the
study here, we employed a loose k-point mesh of 50 k-points per atom, which means
that some of the gaps might be overestimated, see section We screened the intrinsic
defects In order to identify some trends in defect chemistry, but decided against dopant
screening. In addition, we compare the different screening criteria that we employed by
utilizing a color code. Lastly, we tried to further improve some of the more promising
binaries by adding a third element to their formula.

4.1.1 Data description

Replacing an element by another element with lower electronegativity and assuming that
the symmetry is not changed, we expect a decrease of both the effective mass and the
optical band gap for this compound. The thallium salts T1X with X = CI, Br or I exhibit
exactly this behavior. Thalium(I)chloride has a HSE-band gap of 3.86 eV and a harmonic
average for the hole effective mass of 0.57me. By keeping the symmetry and changing
chloride with bromide and iodide the HSE-band gap decreases to 3.47 and 3.16 me. In
case of the hole effective mass, it reduces to 0.51 and 0.48 m, for Thalium(I)bromide and
Thalium(I)iodide, respectively.

For the copper salts CuX with X = Cl, Br or I, the harmonic average of the hole
effective mass is behaving as expected, going down from 1.78 (CuCl) to 1.30 (CuBr)
and 0.86 me (Cul). Interestingly, this is not true for the experimentally measured band
gap, which decreases first from 3.4 (CuCl) to 3.07eV (CuBr), but then rises to 3.12eV
(Cul) 1% The values for copper(I)bromide and copper(I)iodide are pretty close, so that
the wrong trend could also arise from experimental uncertainties. The HSE-band gaps
for copper halides of 2.37eV (CuCl), 2.18 eV (CuBr), and 2.54eV (Cul) do not compare
well with the experimental band gaps. This seems to be a specific problem of the HSE
functional, since also for HSE06 similar values are reported and better agreement is
obtained with other hybrid functionals in Ref. [100. Interestingly, also most of the func-
tionals in that reference show a higher gap for Cul than for CuCl. The neglect of spin
orbit coupling could be one of the factors causing this discrepancy. For gold(I)bromide
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and gold(I)iodide this behavior is even more pronounced: The HSE-gap rises from 2.76
(AuBr) to 3.08eV (Aul). It should be kept in mind that relativistic effects are not
considered in the calculations and the HSE-band gaps might therefore be quite approx-
imate. Although gold(I)chloride exhibits a different symmetry than gold(I)bromide, the
band gap is behaving as expected. It goes down from 3.01 to 2.76 eV and the harmonic
average of the hole effective mass decreases also from 0.86 to 0.84 m,.

Tin salts are following the expected trend, but we should note that the symmetry of
tin(II)iodide is different from the one of tin(II)chloride and tin(II)bromide. This might
explain the huge jump in the two properties. The harmonic average of the hole effective
mass is going down from 3.59 (SnCl,) to 2.77 (SnBr,) and 0.88 m, (Snl,). The HSE-band
gap decreases from 3.98 (SnCl,) to 3.34 (SnBry) and 2.41eV (Snl,). The symmetries of
the bismuth salts BiX; with X = Cl, Br or I are all different, so it is not surprising that
these compounds do not follow the trend for the harmonic average of the hole effective
mass stated in the beginning. In fact, BiCl; exhibits the lowest hole effective mass with
4.18 me. In contrast to this, the band gap is exhibiting the expected behavior. The
computed HSE-band gaps are going down from 4.44 (BiCly) to 3.76 (BiBrs) and 3.27eV
(Bil). For Bil;, the HSE06 value of 3.11eV from Ref. |100 is in agreement with our
results, whereas the experimental gap of 1.67 eV is indicating a huge overestimation.
The best fit to this value in Ref. |100]is the PBE functional including spin orbit coupling.
On the other hand, all hybrid functionals employed in Ref. [100| overestimate this gap
by more than 1eV.

For beryllium and indium, we investigated bromide and iodide salts only. The beryl-
lium salts exhibit the expected trends when going from bromine to iodide, as the HSE-
band gap reduces from 6.43 to 5.11 eV and the hole effective mass from 3.73 to 2.89 me.
Contrary to this, the indium salts show the opposite behavior. The HSE-band gap rises
from 2.32 to 2.62eV and the harmonic average of the hole effective mass increases from
0.32 to 0.39 m,.

The difference in electronegativity between nitrogen and phosphorus is fairly large.
Therefore, we expect larger differences for the band gaps and the hole effective masses.
The magnesium salts MgszN, and MgsP, are good examples. The harmonic average of
the hole effective mass drops from 4.70 (Mg3N5) to 1.35 me (Mg3P,) and the experimental
band gap reduces from 2.8 (MgzN,, 1% to 1.4eV (MgyP,).”* Our calculated HSE-band
gaps are resulting in a smaller change due to an underestimation of the Mgz N, (2.59¢eV)
and an overestimation of the MgsP, (2.26eV) band gaps. The PBE calculations are
even worse with 1.51 eV for MgsN, and 1.61eV for MgyP, indicating the wrong trend.%3

Owing to the huge difference in electronegativity, even changes in composition and
symmetry do not have much influence on the trend. Going from BP to B¢P both values
increase, but they are not reaching the corresponding values of boron nitride BN with
a band gap of 5.96eV and a hole effective mass average of 1.4 m,. The silicon salts do
not even exhibit the same stoichiometric composition, but the HSE-band gaps are still
following the trend. Si3N, exhibits the highest band gap with 5.73eV and SiP, the
smallest with 2.25eV. The band gap of SiP (2.52eV) is close to SiP. Interestingly, the
harmonic average of the hole effective mass in SizN, (1.13m,) is smaller than in SiP
(2.60me) and SiP, (1.53m.). The aluminum salts AIN, AIP and AlISb are following the
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expected trend. Starting with AIN, the band gap is 6.11 eV and the hole effective mass
is 1.03m,. For AIP, these values decrease to 2.33eV and 0.56 me. Finally, for AlSb they
are 1.69eV and 0.41 m,.

Looking at the stability, one can stumble upon B¢P, CuP,, KP, LisP,, SiP, SiP,, and
T1Py, which might appear a little bit odd when counting the valence electrons. Based
on our screening approach, all of the mentioned compounds should be stable, as they
satisfy our stability criterion of 0eV above the convex hull. Taking into account some
inorganic textbook knowledgelV*11 we realize that BgP can also be written as B,P,
and boron is known to also form icosahedra, so this compound appears not so unlikely
anymore. Similar and by realizing that phosphorus can form various polyanions, the
stability of the phosphorus compounds can also be rationalized with exceptions being
SiP and KP. For SiP, we can look into the phase diagramt1 There SiP is found to be
stable and SiP, is metastable. The energy above convex hull of SiP, should therefore
not be 0eV. KP is only stable when it is synthesized in an ampule using stoichiometric
amounts of starting materials and inert gas during processing®¥ A detailed discussion
on the stability of potassium- and phosphorus-containing compounds is given in section
3.3

The stability with respect to environmental conditions such as air and moisture, can
not be judged by our stability criterion. Therefore, we can not claim that Li;P, should
not lie on the convex hull, even though it has to be synthesized under inert conditions. 42
Owing to this, we are not surprised that also some other compounds either react or
decompose or are highly soluble in water. Magnesium nitride and magnesium phosphide
are known to react in water and the toxicity of the latter is based on the formation
of phosphine in the stomach19%113 Bismuth chloride and bismuth bromide will also
react in water and form BiOCl and BiOBr, respectivelyt’? Already these few examples
demonstrate that caution has to be exercised when the stability is judged, in particular
if the judgment is based on the convex hull criterion, see also section [3.3)).

4.1.2 Defect chemistry

In general, we might expect a relation between stability and defect chemistry. However,
looking at the defect chemistry of CuP, and KP (Fig. [4.1)), it can be shown that this does
not hold and that care has to be taken, when making assumptions about the stability
of a compound based on its defect chemistry. Both materials pass our intrinsic defect
screening and the anion vacancy is even making both materials intrinsic p-type. In
addition, stability is sometimes also discussed in terms of vacancy formation energy. If
a vacancy exhibits negative formation energy the material is considered to be unstable.
However, we should also be careful with this reasoning since the copper vacancy forms
more easily and one might reach the conclusion that KP is more stable than CuP,.

As will be discussed in this section, the defect chemistry of both materials is better
than the one of most halides. One important factor for the defect chemistry is the anion.
Halides form in general a soft lattice, which is prone to defect formation™24 This also
implicates that halide materials are less promising for p-type TCM application. In fact,
looking into Tab. we see that many of the halides listed there fail the intrinsic defect
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Table 4.1: Table of binary candidates sorted alphabetically listing MPDB IDs, symme-
tries, experimental (Ef*) and HSE-band gaps (E45E) as well as harmonic
mean hole effective masses (mj). The color code is explained in subsection
4.1.3] * indicates different symmetries between calculations and experiments.

Material | MPDB ID |Space group | EF*P (eV) EgSE (eV)|my, (me) |intr. defects
AgBr mp-866291 F43m 2.71+106 p-type
AIN mp-661 P63mc 6.11114 5.43 p-type
AlISb mp-2624 F43m 1.691U6 0.41 p-type
AuBr mp-505366 | P4y /nem 0.84 p-type
AuCl mp-32780 | I4;/amd 3.01 0.86 p-type
Aul mp-27725 | P4s/nem 3.08 0.70 p-type
BaBr, mp-27456 Pnma 5.53 2.46 negative
BaCly, |mp-569639| Fm3m 7.00%115 6.71 p-type
BaP,, mp-28035 Cmc2; 0.92 p-type
BeBr, mp-30139 Ibam 6.43 3.73 p-type
Bel, mp-570886 Ibam 5.11 2.89 p-type
Be;N, | mp-18337 1a3 4.56 negative
BiBr, mp-752602 P2, /c 3.76 7.77 negative
BiCl, mp-22908 Pnma 4.44 4.18 negative
Bil, mp-22849 R3 1.67107 3.27 5.33 negative
BN mp-984 P63/mmc | 5.96M0 5.72 p-type
BP mp-1479 F43m 2.10496 0.34 p-type
B¢P mp-28395 R3m 3.35L7 3.23 0.84 p-type
CuBr mp-22913 F43m 3.07446 2.18 p-type
CuCl mp-22914 F43m 3.4106 2.37 1.78 p-type
Cul mp-22895 F43m 3.121U6 2.54 0.86 p-type
CuP, mp-927 P2, 1.51118 0.54 p-type
Gel, mp-27922 P3ml negative
GesN, | mp-672289 P3lc 3.52 1.52 p-type
InP mp-20351 F43m 1.42106 1.24 0.53 p-type
KP mp-7441 | P212:2; p-type
Li; P, mp-28336 P2,2,24 1.72 p-type
MgsN, | mp-1559 Ta3 2.8108 4.70 p-type
Mg;P, | mp-2514 Ta3 1.4%4 p-type
P,N, |mp-567907| C2/c 5.87119 4.97 1.08 p-type
Sbl, mp-23281 R3 2.41+106 3.61 negative
SigNy mp-988 P63/m 5.10120 5.73 p-type
SiP mp-2798 Cmc2, 2.6 p-type
SiP, mp-9996 Pbam 1.894U6 1.53 negative
SnBr, | mp-29862 Pnma 3.45121 3.34 2.77 negative
SnCl, |mp-569152| Pnma 3.80122 3.98 3.59 negative
Snl, mp-27194 C2/m 0.88 p-type
Til, mp-541013 C2/c not clear
TIBr mp-568560| Fm3m 2.66+123 3.49 0.51 p-type
TIC1 mp-569639 Fm3m 3.23+106 3.86 0.57 p-type
TII mp-571102| Fm3m 3.07106 3.16 0.48 p-type
TP, mp-27411 Pmc2, p-type
ZnsN, mp-9460 1a3 0.77 n. a negative

45



N

N
N

-
-
s

N

\‘

I
-
L

|
N}
N

I
w
s

T u T vl T T T
-0.5 0.0 0.5 1.0 15 2.0 25

Fermi energy (eV)

]
I
I
I
I
I
I
lv
1

T u T T T T
-0.5 0.0 0.5 1.5 2.0 2.5

Fermi energy (eV)

Defect Formation Energy (eV)
Defect Formation Energy (eV)

—— Vacp — Pk I Kioct,K4
— Vack - Pitet,Ka T Nigetka — Vacp — Vacp — Cup
— K Piocta — Vaccu —— Paw  —— Cup

Figure 4.1: Left: Defect chemistry of KP under P-rich conditions, which is experimen-
tally unstable as mentioned in the text. Right: Defect chemistry of CuP,
under P-rich conditions, a stable material. These two compounds demon-
strate that the defect chemistry does not indicate stability.

screening. The tin halides SnX, with X = Cl, Br or I are good examples for this, see
Fig. {2 Their defect chemistry improves when going from chloride to bromide and
iodide. Therefore, tin iodide is even passing our intrinsic defect screening.

A similar situation is encountered for bismuth halides BiX; with X = CI, Br or I,
where the defect chemistry is also becoming better by going from chloride to bromide
and iodide. For these materials, we note a decreasing importance of the anion vacancy, so
that holes in bismuth iodide are mainly killed by the formation of a bismuth interstitial
defect. The mentioned anion vacancies are normally the hole killing defects, which have
to be avoided for p-type TCMs. For this purpose, anion-rich conditions are helpful
to prevent the formation of hole killing vacancies. Thalium halides are possible p-type
TCMs when grown under anion-rich conditions. The defect formation energies in copper
halides are rather high compared to other halides rendering these materials possible p-
type TCMs under both anion-rich and -poor conditions. The gold halides are also
possible p-type materials under both conditions as they are quite resistant to the release
electrons. Only the anion vacancy is showing the potential for releasing electrons, but
it is not hole Kkilling since the formation energy of the vacancy stays positive for the
positively charged state in the band gap.

The case of barium chloride and barium bromide is quite interesting, since barium
chloride is passing and barium bromide is failing the intrinsic defect screening. In both
cases, the anion vacancies are problematic, but in BaCl, this vacancy exhibits a slightly
higher formation energy. We suspect symmetry reasons for this behavior: In case of
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Figure 4.2: Top left: Defect chemistry of SnCl, under Cl-rich conditions. Top right:
Defect chemistry of SnBry under Br-rich conditions. Bottom left: Defect
chemistry of Snl, under I-rich conditions. The tin halides show the improving
intrinsic defect chemistry, when going from tin chloride to tin bromide and tin
iodine. Bottom Right: Defect chemistry of CuBr under Br-rich conditions
showing the high defect formation energies of donor defects and the low
formation energy of the acceptor defect (copper vacancy).
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Figure 4.3: Left: Defect chemistry of BeBry under Br-rich conditions. Right: Defect
chemistry of Bel, under I-rich conditions. We observe similar defect chem-
istry for both materials.

BaCl,, we used the Fm3m space group and fluorite structure, but for BaBr, the Pnma
space group with cotunnite structure was employed. In the fluorite structure, chloride is
surrounded by eight barium atoms with a distance of 3.21 /i, whereas it is surrounded by
nine barium atoms with distances ranging from 3.12 to 3.71 A in the cotunnite structure.
Unfortunately, the fluoride structure of BaBr, is not available in the Materials Project
Database. On the other hand, for BaCl, in cotunnite structure, we would expect a
failure in the intrinsic defect screening.

Beryllium bromide and beryllium iodide are barely passing the intrinsic defect screen-
ing. Their anion vacancies are under control when synthesized under anion-rich condi-
tions. However, under these conditions, the anion interstitial is becoming problematic
for both materials, see Fig. We note a small improvement when going from beryl-
lium bromide to beryllium iodide. Therefore, beryllium chloride could fail the intrinsic
defect screening.

Regarding silver-containing compounds, we just investigated silver bromide, which is
passing our intrinsic defect screening, see Fig. [£.4l Interestingly, it is passing in both
regions rendering this material quite promising in terms of defect chemistry. Although
the branch point of silver-containing compounds is often indicating the opposite, the
conduction band minimum is only shifted by about 0.32eV or 12.6 % from the branch
point. Using the classification of Sarmadian et al®® we would classify this material as
n-type with no chance for it being p-type. Finding a suitable dopant could be difficult,
since we can not substitute silver, which is already in oxidation state I. Therefore, we
would require a dopant with oxidation state 0. This leaves the substitution of bromide
and the possibility to use it as an intrinsic p-type semiconductor, if it was stable, but
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Figure 4.4: Left: Defect chemistry of AgBr under Ag-rich conditions. Right: Defect
chemistry of AgBr under Br-rich conditions. Silver bromide is passing the
intrinsic defect chemistry screening under both conditions, even though the
Br-rich conditions are more promising due to the higher formation energies
of Br-vacancy and Ag-interstitials.

silver bromide is known for its photosensitivity12%

In case of iodine, we additionally screened germanium(II)iodide, antimony triiodide
and titanium tetraiodide without investigating the chloride or bromide counterparts.
For Gel,, it turns out that the vacancy of iodine is not so important and instead inter-
stitial defects of germanium and iodine are killing the electrons under both conditions.
Therefore, this material fails our intrinsic defect screening. We encounter a similar situ-
ation for Sbl;, where also the intrinsic defects are the major hole killing defects making
this compound also fail our intrinsic defect screening. For Til,, the intrinsic defects are
not that problematic. However, this material fails our intrinsic defect screening under
cation-rich conditions because of the iodine vacancy. Under anion-rich conditions, this
material turns out to be a borderline case between passing or failing the screening, see
Fig. [4.5] Independent of that, the dopant search is expected to be difficult.

Defects in nitrogen-containing materials exhibit often high formation energies. This
behavior is especially pronounced in BN, for which we investigated the hexagonal phase.
We are not surprised that many of these materials are passing our intrinsic defect screen-
ing. Therefore, the compounds failing our screening become more interesting, which are
beryllium and zinc nitride. Be3N, is suffering from an interstitial defect of beryllium,
which is rendering this material, similar to Til, and its iodine interstitial, a borderline
case under anion-rich conditions, see Fig. The elemental chemical potential for
Zn3;N, under anion- and cation-rich conditions are barely changing, see Fig. There-
fore, it is not enough to employ N-rich conditions in order to get rid of the N-vacancy,
which is hole killing under both conditions. Except for ZnsN,, the defect chemistry for
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Figure 4.5: Left: Defect chemistry of Til, under I-rich conditions. Right: Defect chem-
istry of BesN, under N-rich conditions. In both cases, an interstitial defect
(iodine for Til, and beryllium for BesN,) is rendering them borderline cases.

the nitrides will be discussed in the section [£.4] on pnictides.

The behavior of phosphorus-containing materials is quite interesting. Similar to ZnsN,
the influence of the chemical potential is minimal in BaP,,;, CuP, and KP and cation-
rich as well as P-rich conditions are resulting in nearly the same figures. All of these
materials pass our intrinsic screening criteria, so suitable dopants have to be found.
Since we can employ both conditions, we could also consider to dope them with silicon
in position of phosphorus. In the section on pnictides, we will discuss that this strategy
is quite effective. Owing to this, a closer look at silicon phosphide SiP is interesting, see
Fig. We observe that in that compound the reverse substitution or antisite defect
of phosphorus in position of silicon is the main obstacle for achieving p-type dopability.
Therefore, we have employed silicon-rich conditions to overcome this. Beside for SiP,
cation-rich conditions are also more favorable for BP and BgP. BP is also passing under
P-rich conditions, so that p-dopants for boron can be tried as well as p-dopants for
phosphorus under B-rich conditions. BgP is only barely passing our screening criteria
under phosphorus-rich conditions, so attempts to dope it on the boron site are less
promising.

Although the formula TIPj is looking weird, the defect chemistry appears very promis-
ing, see Fig. [4.7 Under both conditions, the defects have quite high formation energies.
The defect chemistry of InP is also convincing: this compound is also passing under
both conditions, but P-rich conditions are more promising due to the higher formation
energy of the phosphorus vacancy. MgsP, struggles with interstitial defects, especially
the magnesium interstitial defect is problematic enforcing Mg-poor/P-rich conditions.
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Figure 4.6: Left: Defect chemistry of ZnsN, under Zn-rich conditions. Right: Defect
chemistry of ZnsN, under N-rich conditions. Both show nearly the same
intrinsic defect chemistry due to the small variation in chemical potential.

Under these conditions, both interstitials are equally detrimental, but not hole killing.
Li3P is barely passing our intrinsic defect screening under P-rich conditions. In particu-
lar, the lithium interstitial defect should be avoided enforcing Li-poor/P-rich conditions.

4.1.3 Overview of screening criteria

The screening criteria for the HSE-band gap and the effective mass were adapted for
the different studies. The chalcogenides were screened requiring the effective mass to be
less than or equal to 1m,. Furthermore, the band gap had to be larger than 1.70eV
in case of binaries and for ternaries this value had to be between 3.00 and 4.30eV. For
the investigations of pnictides and halides, we relaxed the effective mass criterion to less
than 1.50me, kept the lower limit of 3.0eV for the HSE-band gap, but did not apply
any upper limit for this quantity. In Tab. compounds violating these criteria are
either given in red or orange. The latter color is chosen for HSE-band gaps between 1.70
and 3.00eV and for effective masses between 1.00 and 1.50 m,. Additionally, HSE-band
gaps larger than 4.30eV are shown in blue, since such materials could also be insulating
owing to their large band gap.

Based on this color coding, it can be directly seen that just a few substances survive
the screening with such criteria. Especially phosphides are struggling with the band gap
criterion, so that only BgP fulfills it. AIN, BaCl,, BeBry, Bel,, BN, BaCl, and SizN,
exhibit large HSE-band gaps. Therefore, it needs to be tested if these materials are still
semiconductors. The effective mass poses a challenge for halides and some of them even
have effective masses larger than 3.0 m, indicating bad hole conduction.
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Table 4.2: List of derived ternaries. The binary compounds written in bold are the
starting points, for which we tried to find a better material by adding a third
element to compensate the shortcomings of the binary. The binary compounds
are ordered following the discussion in the last section. For each binary, the
proposed ternary compounds are sorted by their HSE-band gaps. For each
material, its MPDB ID, symmetry, HSE-band gap (EESE), eigenvalues of the
hole effective mass and harmonic mean hole effective mass (m;) in m. and
relative shift of the CBM are given. The calculations were performed with a

density of 50 k-points per reciprocal atom.

Material | MPDB ID | Space group EfSE (eV) |m;1|m;2|m;3| my |shift CBM
AlSb mp-2624 F43m 1.77 0.41]0.41|0.41]0.41 73.3%
AlSbO, |mp-676861| Cmmm 3.37 1.0211.59|1.82|1.39| 26.6%
KMgSb | mp-7089 | P4/nmm 1.83 0.4410.44|77.1/0.66| 46.4%
TiCoSb mp-5967 F43m 1.39 1.2211.2211.2211.22| 52.5%
h—-BN mp-984 P63/mmc 5.72 0.96|0.96|18.5|1.40| 53.5%
c—BN mp-1639 F43m 5.78 0.62|0.62|0.62|0.62| 47.6%
Liz;BN, mp-8926 | P4y/mnm 4.73 1.03|1.03 | 188 |1.54| 44.5%
PrBN, mp-9028 R3c 3.17 0.95(0.95|1.82|1.13| 44.5%
MgBgN | mp-30091 R3m 2.37 0.56(1.37|1.37(0.92| 45.4%
BP mp-1479 F43m 2.02 0.340.34|0.340.34| 85.4%
Na;BP, | mp-29370 P2;/c 2.62 0.86|1.57|3.84(1.45| 49.6%
CuBr mp-22913 F43m 2.18 1.33(1.33|1.33|1.33 5.7%
CuSe,Br | mp-29567 P2 /c 0.90 0.82|1.32|17.0 |1.45| 43.1%
CuP, mp-927 P2, /c 1.75 0.37]0.51{1.12]0.54| 50.3%
Cu,SiPg | mp-28995 | 14, /a 2.20  |0.951.05|1.05|1.01| 57.0%
AgBr mp-866291 F43m 2.50 1.25(1.25]1.25|1.25 12.7%
CsAgBr, | mp-23454 Cmcem 3.52 0.463.43|31.5|1.21| 32.6%
AgPbBrg | mp-621612 C2/2 3.07 0.66|0.79| 122 |1.07| 53.9%
CsAgBr, |mp-571100| P4/nmm 3.07 0.7310.73(5972|1.10| 31.4%
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Figure 4.7: Left: Defect chemistry of SiP under Si-rich conditions. The antisite defect
of phosphorus in position of silicon is the most troublesome and forcing the
employment of Si-rich conditions. Right: Defect chemistry of TIP5; under
P-rich conditions. All defects show high formation energies making this
material very promising in terms of p-type as well as n-type doping.

4.1.4 Ternary compounds as a means to improve binaries?

As discussed in the previous section, most of the screened binaries have some drawbacks.
Nonetheless, we will take a closer look at some of the more promising materials in this
section owing to their favorable defect chemistry and try to rationally improve their
properties via the introduction of a third element, see Tab. [£.2] for an overview of the
ternary compounds derived from this strategy.

We start with AlSb, which was not discussed in detail since it is neither a halide nor
a pnictide, see Fig. It is p-dopable under both conditions. Its major drawback is
the band gap of 1.69eV, which is too small, even though it is already quite remarkable
that an alloy exhibits such a large band gap. Therefore, we need to look for a third
element, which is able to widen the band gap. Anions are logical choice for this purpose
and in fact the HSE-band gap of AISbO, is 3.37eV. However, when introducing oxygen
to the mix we have to be aware that this might lead to the typical disadvantages of
oxygen-containing compounds. For example, the harmonic average of the hole effective
mass is already worsening by increasing from 0.41 to 1.39 m,. Based on the branch point
concept, we could also face troubles with the defect chemistry. The relative shift of the
CBM is only 26.6 %, so this material should still be ambipolar, but below 25 % we would
file it under n-type material.

This observation leads us to the question if there are other alloys, which are trans-
parent? Therefore, we further looked into antimony alloys and found TiCoSb as well
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Figure 4.8: Left: Defect chemistry of AlSb under Al-rich conditions. Right: Defect
chemistry of AISb under Sb-rich conditions. Al-rich conditions are more
promising than Sb-rich conditions, because of the antisite defect antimony
on aluminum.

as KMgSb to be promising. The harmonic average of the hole effective masses is 1.22
for TiCoSb and 0.66 m, for KMgSb. However, they fail with respect to the required
transparency, as their HSE-band gaps of 1.39 (TiCoSb) and 1.83eV (KMgSb) are too
small.

As will be discussed in the pnictide subsection BN is passing our intrinsic defect
screening for both regions. It crystallyzes into three modifications a- 8- and y—BN also
known as hexagonal (h—BN), cubic (¢c—BN) and wurtzite (w—BN) boron nitride 26
For this study we also looked into cubic boron nitride. The major drawback of the
hexagonal form is the large band gap of 5.72eV (HSE). The harmonic average of the
effective mass is also not very promising. The band gap is similar for the cubic form.
But the effective mass is indicating a better hole conduction for the cubic form. For the
ternaries we searched for a second metal in order to improve both properties of hexagonal
boron nitride. We found lithium, magnesium and praseodymium to form interesting
compounds in combination with BN. The harmonic average of the hole effective masses
is ranging from 0.92 (MgBgN) to 1.13 (PrBNjy) and 1.54 m, (Li3;BNjy). So it is improved
for two of the three materials and the exception is the lithium compound. We also observe
that the HSE-band gap becomes smaller than 5.72eV. In the case of MgBgN, the HSE-
band gap of 2.37¢€V is even already too small, so that we cannot guarantee transparency
anymore. On the other hand, the HSE-band gap of 4.73eV for Li3BN, is still quite
large, so that it has to be checked, if this material is not an insulator. Despite that,
the material was already investigated for its ion conductivity ™7 We have to be careful
with the HSE-band gap 3.17eV for PrBN,. This value could exhibit large uncertainties,
as relativistic effects were neglected. Apart from this methodological aspect, PrBN,
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seems promising, since its band gap fits quite well to our requirements and it exhibits
a low effective mass. For all three compounds, the relative shift of the CBM is around
45 %. Therefore, these materials belong to the ambipolar category of the branch point
classification scheme and the possibility of p-type dopability is given.

The other promising boron-containing material is BP, which is also passing our in-
trinsic defect screening under both conditions. This time, we are facing a band gap of
2.10eV, which is too small for transparency. The harmonic average of the effective mass
is remarkably small with a value of 0.34 m.. Compared to BgP, see Tab. NasBP, is
clearly the less promising candidate. Its HSE-band gap of 2.62eV is not large enough to
ensure transparency and the hole effective mass of 1.45 m, is quite close to 1.5 m,. Only
the relative shift of the CBM 49.6 % seems to be fine.

Copper halides and copper phosphides turned out to be p-dopable under both con-
ditions. Therefore, we looked into CuSe,Br and Cu,SiPg in order to check if we can
improve the harmonic average of the hole effective mass of CuBr and the band gap of
CuP,. However, the HSE-band gap of Cu,SiPg is 2.05eV, so the increase in the size of
the band gap is not enough for transparency. Furthermore, the effective mass of CuSe,Br
is 1.47 m, indicating worser p-conductivity than CuBr. In addition, a HSE-band gap of
0.9¢eV is rendering this compound even less attractive. For Cu,SiPg, the harmonic av-
erage of the effective mass is also worsening with 1.01 me, but it is still acceptable. So
our approach did not work out in this case.

At last let us look into AgBr, which is also passing the intrinsic defect screening under
both conditions, but suffering from a big stability issue: the photoreaction to silver
and bromine. We looked into CsAgBr, and AgPb,Brs, but did not investigate if these
compounds still react under light. For CsAgBr,, we found 2 polymorphs, which appear
to be promising. The polymorph with Cmcm symmetry exhibits a HSE- band gap of
3.52€eV and a harmonic average of the hole effective mass of 1.21 m,. The other one
crystallized in P4/nmm symmetry, has a HSE-band gap of 3.07eV and an effective mass
of 1.10m,. The relative shiftss of 33.8% (Cmcm) and 31.6 % (P4/nmm) are forecasting
that these compounds could have problems in fulfilling our requirements for the intrinsic
defect screening. This is not the case for AgPb,Brs, as a relative shift of 59.1 % renders
this material rather promising in terms of defect chemistry. An harmonic average of
the hole effective mass of 1.07m, and a HSE-band gap of 3.07eV are also acceptable.
The major issue with AgPb,Bry is the use of lead. Therefore, environmental concerns
prevent the usage of this material.

4.2 Study of established p-type materials

Some of the better known p-type materials were further investigated experimentally by
one of the SpeedCIGS project partners: the Helmholtz-Zentrum Berlin*2® Therefore,
this chapter serves as a comparison between experimentally known properties and our
theoretical calculations. Its structure is along the line of the cited article starting with
nickel oxide, followed by copper iodide, copper gallium oxide, molybdenum oxide and
finishing with vanadium oxide. The results indicate that, there is still a gap between our
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models and experiments in some cases. We suspect that these gaps often result because
of incomplete description and underlying assumptions in our models. As an example
for an incomplete description, we can look at the hole conductance of a material. It is
determined by the hole mobility and concentration. The considered hole effective mass
can be used to assess the mobility but not the concentration. We also model perfect
crystals with exact stoichiometry. This can be seen as an example of an underlying
assumption that is not fulfilled, since in reality we are often dealing with amorphous off-
stoichiometry thin films. Detailed understanding of these cases could help to improve
the used models.

4.2.1 Nickel oxide and copper iodide

The calculated HSE-band gap is 4.4eV and differs from the reported values, which are
ranging between 3.6 and 4.0 eV. This difference might be traced back to the observation
that nickel oxide is often deposited as crystalline thin film without clear defined stoi-
chiometry, whereas for the calculations, NiO with space group Fm3m was employed. This
also impedes the comparison of the band alignment. Furthermore, the defect chemistry
of NiO is also unusual, see Fig. The nickel vacancy renders this material intrinsic
p-type, but it appears that the suggested dopants do not work. If we assume an error
for Li and shift the +1I to 0 transition into the gap, then lithium would be a suitable
p-dopant, but Cu would still be problematic. We assume that this discrepancy is caused
by the fact that we model single crystalline NiO and in reality polycrystalline NiOx is
synthesized 228 This could mean that some of the nickel is in a higher oxidation state,
most likely III. In this case copper could work as a p-dopant. But we would still expect
that the substitution of Nickel(IT) with copper is harmful and expect compensation. In
the article, it is mentioned that good crystallinity enhances the performance*2® There-
fore, copper could contribute in some other way, for example by increasing the grain
size or promoting the creation of nickel vacancies. We should also mention that p-type
undoped nanocrystalline NiO was synthesized by Liang et. al12) This is in agreement
with our findings since the nickel vacancy is rendering this material p-type and no other
dopants were used in that study.

In the case of copper iodide, there are three different symmetries, in which it crys-
tallizes: «, 8 and ~. In the Materials Project Database, a fourth phase is predicted
to be the most stabled We investigated 8- and 7-Cul, since a-Cul was missing in
the database. In the original article, good conduction properties were reported for this
compound.!?® This is in agreement with theory, because we find a harmonic average of
the hole effective mass of about 0.86 m, for v-Cul and 1.17m, for 5-Cul. This is better
than the corresponding values for most of the other examined p-type materials.®® In the
previous section we already discussed the good defect chemistry of copper halides.
Also it is challenging to find suitable dopants with our screening. We already identified
the copper vacancy as a reason for the intrinsic p-type properties of Cul. Experimen-
tally, it is known that Cul can be doped p-type by iodine treatment, which results in an
electrochemical reaction between I, and Cul withdrawing electrons from the latter 3"
This is again beyond our model since we looked into point defects and did not account
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Figure 4.9: Left: Defect chemistry of NiO under O-rich conditions. Lithium and copper
are not working as p-dopants. Their failure is likely caused by the assump-
tion of a single crystal of NiO, whereas in reality polycrystaline NiOx is
synthesized. Right: Defect chemistry of the delafossite CuGaO, under O-
rich conditions with lithium, magnesium and sodium as p-dopants.

for electrochemical processes.

4.2.2 CuGaO, and CuCrO,

For copper gallium oxide, we investigated two structures: the experimentally known de-
lafossite structure with R3m symmetry and the theoretically similarly stable P63/mmc
symmetry, which was not found experimentally. In the original article, it was mentioned
that CuGaO, exhibits a high hole mobility 128 The eigenvalues of the effective mass
tensor are 1.80, 1.80 and 4.07 m, indicating an anisotropic behavior of the hole mobility
for the delafossite structure. Therefore, the harmonic average of the hole effective mass
is 2.21 me. Although widely used p-type materials have effective masses above 2m,,
this material does not meet our effective mass screening criterion of being smaller than
1.5me. Owing to this, we would not further consider this material in our screening
approach and CuGaQO, demonstrates the strictness of our effective mass criterion. We
probably have to relax this criterion even more in order to investigate all p-type ma-
terials that are experimentally of relevance. In the article by Rachel Woods-Robinson
et al. B9 an effective mass criterion of being smaller than 3m, is suggested in order to
screen all promising p-type materials. The second investigated structure of CuGaO,
with P63/mmec symmetry is even worse in terms of hole effective mass. Its eigenvalues
are 2.46, 2.46 and 5.04 m, yielding a harmonic average of 2.96 m,. Based on this, it can
be concluded that CuGaO, should crystallize in the delafossite structure for optimal
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Figure 4.10: Left: Defect chemistry of MoO3; under O-rich conditions. Right: Defect
chemistry of V,05 under O-rich conditions. In both cases, the intrinsic de-
fect chemistry based on point defects is indicating bad p-type performance.

performance.

We also looked into the delafossite structure of CuCrO,, where we found similarities
with CuGaO,. The defect chemistry is looking somewhat more promising, since the
Cr-vacancy forms more easily supporting the copper vacancy by rendering this material
p-type. The distribution of the eigenvalues from the hole effective mass tensor is also
similar. There are two directions, in which the transport is more efficient and one
associated with a relative high hole effective mass. Overall, the effective masses of 2.69,
2.69 and 18.4m, resulting in a harmonic average of the hole effective mass of 3.76 m,
are indicating worse hole mobilities than in case of CuGaO,.

4.2.3 MoO; and V,0,

Based on the harmonic average of the hole effective masses of 2.30 m, for MoO5 and
4.04m, for V4,05, we expect MoOs to exhibit average and V,0Oj5 relatively poor perfor-
mance in terms of hole mobility. The defect chemistry of both materials does not appear
promising, see Fig. [4.10] In both cases, the oxygen vacancy is a hole killer defect and
therefore strongly limiting the usability of these materials in our opinion. MoOj3; was
reported to be an n-type semiconductor and that it can form a p-n-junction, when it is
combined with another layer of MoOs, which is probably in a different structure B3 The
authors explained the differences in hole and electron concentrations by postulating the
migration of oxygen. This would result in oxygen vacancies, which could release elec-
trons on one side of the interface and might create oxygen interstitial or antisite defects
resulting in holes on the other side. Our simple point defect picture is probably not
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sufficient to explain these phenomena for both materials, since we assume the materials
to be perfect crystals with a well defined stoichiometry.

Recent results indicate good performance of VOx as hole extraction layer, which is
surprising based on our results 132 But once again, VOx is reported instead of a single
crystalline material, which is assumed in our calculations. The other point is the fact
that VOx was employed as hole extraction layer. P-type dopability and dopants are
not important for this kind of application, but understanding band alignment, carrier-
recombination and device-performance is crucial. We calculate the natural band align-
ment, which is fine with 48.6 % for V,05 for the Pmmn spacegroup symmetry, but does
not explain the good performance of VOx. The other two factors are not modeled in
our high throughput screening. Owing to this, we are not able to identify good hole
extraction layers like VOx in our screening approach. To achieve this, we would have to
severely rework our screening process. We would need to use a target absorber surface
in order to obtain more realistic band alignment results, to model dynamic processes
and to combine device modeling or at least to include findings from device modeling in
our screening.

The experimental results on MoO3 and NiOx are demonstrating that our screening
procedure is not able to gather all information indicative of good p-type performance.
Different stoichiometries, grain boundaries, amorphous state and interactions with other
materials are not taken into account. It would be interesting to theoretically understand
the p-type performance of MoO3 and NiOx. This could lead to the identification of new
screening parameters. Furthermore, even a new theoretical screening scheme for hole
extraction layers could be established in case of VOx.

4.3 Halide study

The halide study was the first study carried out by the author of this thesis. The
relatively strict screening criteria reduced the candidates drastically. In the end, only a
handful of materials met these criteria. A literature survey further reduced them and
showed some issues with applying our general screening strategy for the specific case
of halides. We investigated further materials by relaxing some of the criteria, in order
to understand the poor performance of halides. However, these investigations were not
carried out rigorously. So some band gaps were only determined on a loose k-point
mesh and for some other further investigated materials we have not screened the defect
chemistry. For the ones with defect chemistry screening, we stopped after investigating
the intrinsic defect chemistry.

4.3.1 Database screening

As of November 2018 around 87000 inorganic compounds could be found in the MPDB
and our database query returned 13832 binaries and 41549 ternaries.%? In this database,
the band gap was calculated via DFT employing the GGA functional PBE and for some
compounds the GGA+U method was also applied %133 We used a value of 1eV as
PBE-band gap criterion, since the real band gap is often drastically underestimated by
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Figure 4.11: Overview of the database screening procedure for halides including the num-
ber of investigated compounds in each stage. Further information on the
different criteria are given in the text.

this functional 22190 This criterion was passed by 2310 binaries and 13887 ternaries. In
addition, we restricted the search space to compounds whose energy above the convex
hull is 0 eV, as we are only interested in stable materials. From the resulting 646 binary
and 5151 ternary compounds, we excluded some materials containing either elements of
small interest, i.e. hydrogen, elements of the 7th period, noble gases, strontium, cesium,
technetium, tantalum, and rare earth elements except scandium, or toxic elements, .g.
mercury, cadmium, lead, and arsenic, or fluorine. We expect for the latter to suffer
from similar problems as oxides, due to its electronegativity, which is even higher than
that of oxygen. From the remaining 335 binary and 2198 ternary compounds, we had
to eliminate the ones with more than 50 atoms in their primitive cells due to technical
reasons. The obtained 315 binaries and 1809 ternaries were composed of the follow-
ing halogenides: 56 binaries and 214 ternaries containing chlorine, 44 binaries and 105
ternaries containing bromine, and 43 binaries and 97 ternaries containing iodine. With
respect to the effective mass, we are looking further into compounds with a harmonic
average for the hole effective mass being smaller than 1.50 m, and we also excluded 12
binaries and 66 ternaries for which no corresponding value of the harmonic average of
the hole effective mass is reported in the dryad repository. For the remaining 15 binaries
and 54 ternaries the band alignment was calculated, vide infra, yielding also a more
accurate estimate for the real value. Therefore, we refined the band gap criterion by
requiring that the HSE-band gap is equal or greater than 3.0eV to ensure transparency.
As can be seen in Tabs. and the described approach based on database screen-
ing and band alignment calculations results in 5 binary and 10 ternary halides that are
candidates for use as p-type TCM. To further investigate this, we need to calculate the
defect chemistry in order to determine p-type dopability and possible dopants.
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Table 4.3: List of binary candidates sorted by their HSE-band gaps. For each compound,
its MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean hole effective

mass (my) and relative shift of the CBM are given.

Compound | MPDB ID | Space group E?SE (eV) |1y, (me) |shift CBM
BaCl, mp-569639| Fm3m 6.71 1.43 47.7 %
TICl mp-568662 Fm3m 3.60 0.57 52.8 %
Aul mp-27725 | P4y /nem 3.08 0.70 55.0 %
AuCl mp-32780 | I4;/amd 3.04 0.87 51.8 %
TIBr mp-568560| Fm3m 3.01 0.51 50.6 %
TII mp-571102 Fm3m 2.81 0.48 50.1 %
Gel, mp-27922 P3m1 2.76 1.47 383 %
AuBr mp-505366 | P4 /ncm 2.76 0.84 50.9 %
Agl mp-22925 F43m 2.52 0.92 27,0 %
AgBr mp-866291 F43m 2.50 1.25 12.6 %
Snl, mp-27194 C2/m 2.44 0.88 52.7 %
Til, mp-541013 C2/c 2.01 1.50 53.9 %
InBr mp-22870 Cmcm 1.85 0.39 478 %
Inl mp-23202 Cmcm 1.84 0.32 46.0 %

4.3.2 Band alignment and branch point

We decided to employ and test the relative shift of the CBM as a metric to indicate
dopability. For this purpose, the conduction band shift is divided by the size of the band
gap. We are using this metric in spirit of the work from Samardian et. al.”® where
oxides were divided into three classes based on position of branch point energy or charge
neutrality level. Class I is easily p-type dopable with a branch point energy lying either
in the valence band or in the lower fourth of the band gap. This corresponds to a value
of at least 75% in our metric. Class II is easily n-type dopable with a branch point
energy lying either in the conduction band or upper fourth of the band gap. Therefore,
compounds of this class score less than 25 % in our metric. Class III comprises of the
intermediate cases that do not fulfill the requirements for the other two classes and
indicates the possibility of ambipolar doping.

As can be seen in Tabs. and we find no compound that classifies either for
class I or class II with the exception of AgBr. The latter exhihibits remarkable good
intrinsic defect chemistry, vide infra, and is therefore an exception to the rule. The
relative shift of the CBM for the binary halides passing our band gap criterion is found
around 50 % with a maximum value of 55.0% and a minimum value of 47.7%. The
latter value is found for BaCl, and indicates that the shift of the valence band is slightly
greater than that of the conduction band. Owing to this, this compound is slightly in
favor of n-type doping, whereas for the other four binary compounds with HSE-band
gaps above 3eV it is the other way around resulting in a slight favor of p-type doping.
For the ten ternaries with HSE-band gaps above 3eV, we find a more diverse picture:
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Table 4.4: List of ternary candidates sorted by their HSE-band gaps. For each com-
pound, its MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean hole

effective mass (m;) and relative shift of the CBM are given.

Compound | MPDB ID | Space group EgSE (eV)|m; (me) |shift CBM
Rb,MnCl, | mp-22078 | I4/mmm | 4.34 0.63 | 53.0%
RbyZnl, | mp-30018 | P2;/m 4.15 144 | 44.9%
KIO4 mp-23487 P1 3.85 1.28 49.7%
BiClO mp-22939 | P4/nmm 3.68 1.12 38.9%
Sb,Cl,O5 | mp-23419 P2, /c 3.57 0.72 52.6%
Sb,Br,O, | mp-27700 | P2, /c 3.25 0.76 | 51.5%
ScIO mp-559760 C2/m 3.14 0.72 59.4%
CrCl10 mp-24905 Pnnm 3.09 0.82 53.5%
S(I04), | mp-30984 |  C2/c 3.07 144 | 44.3%
GaTeCl mp-27449 Pnnm 3.05 0.55 51.7%
Li,NCl mp-29149 R3m 2.84 1.42 43.5%
Ca;PCly | mp-20342 | Pm3m 2.83 0.63 | 43.4%
RbGeBr; | mp-28558 Pna2, 2.71 0.39 58.0%
ZrNCl mp-568592 R3m 2.70 1.40 48.4%
Sb,,Os  |mp-772282| P2 /c 2.68 0.77 | 50.4%
InTeBr mp-29236 P2, /c 2.60 0.86 48.0%
RbSb,Bry | mp-28222 | P3ml 2.52 0.92 | 60.9%
ZrBrN mp-541912 R3m 2.52 1.28 49.7%
Ag,PdCl, | mp-28557 Cmce 2.46 1.40 55.6%
InTeCl mp-504630 P2, /c 2.45 1.10 49.1%
SbSI mp-23041 Pnma 2.35 1.49 45.5%
TSI, mp-27938 | P4/mnc 2.35 0.53 46.9%
TLPACL, | mp-20889 | P4/mmm | 2.29 0.85 | 53.8%
BilO mp-22987 | P4/nmm 2.27 0.74 35.2%
TlsSel, mp-28517 | P4/mnc 2.24 0.48 46.2%
BiTeCl mp-28944 P6smc 2.16 1.41 34.5%
ZrIN mp-23052 Pmmn 2.11 0.43 41.4%
I:S;Cl | mp-31263 | P2;/m 2.07 1.21 | 53.8%
In,S;Br mp-510347 Pmn2, 1.90 0.82 58.4%
BiTeBr mp-33723 P3ml 1.89 1.01 38.7%
NbIO, mp-557685 Pnma 1.88 1.21 51.6%
BiTel mp-22965 P3ml 1.86 0.99 41.6%
ZrsCoClys | mp-28734 Im3m n.DB 1.21 n.DB%
BagP;Br | mp-34034 4 n.DB 1.01 n.DB%
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Figure 4.12: Band alignment around the branch point energy for the five binary com-
pounds that fulfilled our HSE-band gap criterion.

KIO5, RbyZnl,, BiClO and S(IO3), are in favor of n-type dopability and RbyMnCly,
Sb,Cl,05, SbyBryOs, SclO, GaTeCl, and CrClO are in favor of p-type dopability.The
minimum and maximum values are 38.9% and 59.4 %, respectively.

In Figs. and the band alignment of the halides meeting our HSE-band gap
criterion is shown. Ideally, p-type semiconductors should have high-lying conduction
and valence bands. No binary halide shows a promising band alignment owing to the
similar shifts of both bands. For the ternary halides, ScIO exhibits the biggest relative
shift of the CBM and due to a band gap of 3.14 eV, the shift of the VBM (—1.28¢V) is
also the smallest among the ternaries passing the HSE-gap criterion. SclO is therefore
the most promising material based on the considerations in this section. In addition, the
relative CBM shift of Rb,MnCl, is indicating p-type dopability, but the size of the band
gap is shifting the VBM 2.04 eV downwards indicating problems with hole extraction.

4.3.3 Intrinsic defect chemistry

Since the branch point calculations are indicating ambipolar behavior and the relative
shift of the CBM is just an indication, we investigated the defect chemistry of all com-
pounds passing our HSE-band gap criterion. Starting with the binaries, we find no hole
killer defects for BaCl,, T1Br and TICl in the anion rich region, and no hole killer de-
fects in both regions for AuCl and Aul. From branch point calculations, we only expect
BaCl, not to be in favor of p-type dopability. Employing this approach also for ternary
halides, we would expect KIO5, RbyZnl,, BiClO and S(IO3), to fail our p-dopability
criterion and in fact we find that these components form hole killing defects in all re-
gions with the exception of KIO;, which passes our criterion in the anion rich region.
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Figure 4.13: Band alignment around the branch point energy for the ten ternary com-
pounds that fulfilled our HSE-band gap criterion.

For RbyMnCly, Sb,Cl,05, Sb,Br,05, SclO, GaTeCl and CrClO, which were indicated
to be likely p-dopable based on band alignment, we find that the two oxides containing
antimony are not p-dopable at all. Interestingly, the other chloro oxide, CrClO, does
show p-dopability in all regions. Therefore, it is the most promising ternary compound
after this intrinsic defect screening, since RboMnCl,, ScIO and GaTeCl require to be syn-
thesized in anion rich conditions. Overall, we observe for the binaries good agreement
between the predictions from branch point calculations with their computed intrinsic
defect chemistry. For the ternaries, there is some disagreement between branch point
calculations and defect chemistry. Nevertheless, the branch point concept appears to be
working fine for these materials. Accepting the possibility of discarding some suitable
compounds, computations can be saved by relying more on the branch point concept
and defining appropriate alignment and relative shift criteria.

4.3.4 Dopants

We are assessing suitable dopants by investigating extrinsic point defects, but we do not
take into account dopants such as iodine or bromine, which could withdraw electrons
from a compound wvia an electrochemical reaction. Therefore, the binaries containing
thallium do not meet this requirement, as they can be doped p-type only in the anion
rich region suggesting that we have to substitute thallium with an oxidation state of
+1 with an element of lower oxidation state. The binaries containing gold are better
suited, since they are also p-dopable in the cation rich region and therefore we can
search for suitable dopants, which will replace the halide in these compounds. We tried
to substitute it with the elements O, S, or Se. Although Se leads to a low formation
energy, the state is rather deep in the gap indicating that this defect will not create holes
in the valence band. Nonetheless, the gold vacancies are promising and since this is also
true for the thallium vacancies, we conclude that AuCl and Aul as well as TICl and
TIBr could be used as intrinsic p-type semiconductors without any dopant. As shown
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Figure 4.14: Left: Defect chemistry of Aul under I-rich conditions. Intrinsic doping
caused by the Au-vacancy seems to be the only way to achieve a hole con-
centration in Aul. Right: Defect chemistry of BaCl, under Cl-rich con-
ditions with K and Cs, which as possible dopants have nearly the same
formation energy.
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Figure 4.15: Left: Defect chemistry of SclO in the I-ScOI—-Sc,04 region. Although
the intrinsic defects are promising, we did not find any suitable dopant due
to Fermi-pinning, which is shown for the more promising candidates Li and
Ca. Right: Defect chemistry of ZrNBr in the Ny,—ZrNBr—ZrBr; region.
With Sc as potential dopant.
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Figure 4.16: Left: Defect chemistry of Rb,MnCl, in the RbCl-RbyMnCl;—RbyMnClg
region. Most of the 0 to 1 transitions are near the valence band and the -1
to 0 transitions are near the conduction band. Right: Defect chemistry of
CrOCl in the CrCl;—CrOCI-ClO, region. The activation energy for the
vacancy of chromium is rather high. Doping the material with magnesium
seems to be the better strategy in order to achieve a high hole concentration.

in the right picture of Fig. potassium and cesium seem to be good candidates in
order to dope BaCl, p-type. However, this is a close call, as the Cl-vacancy is crossing
the formation energy near the valence band energy. If this happens before reaching
the valence band, we would have Fermi pinning and we would consider the dopant not
suitable.

For the ternaries, we can first eliminate KIO3, as it is similar to the case of thallium
halides and there is also the chance that this material is intrinsic p-type due to the
potassium vacancy. Furthermore, Fermi pinning could happen, since it is crossed by
the oxygen vacancy shortly before the valence band. This would imply that no high
hole carrier concentrations could be reached in this material. GaTeCl, SclO, and ZrNCl
are just barely passing our intrinsic defect criterion under anion rich conditions. Owing
to this, it is not surprising that all the assessed dopants were either not acceptable or
got pinned. SclO is shown as an example for this in Fig. as this compound was
considered to be most promising based on branch point calculations.

The intrinsic defect chemistry of Rb,MnCl, is depicted in Fig. This compound
is also passing our intrinsic defect criterion under anion rich conditions and we find that
substitution of manganese with, e.g., sodium should increase the hole concentration.
The final compound, CrClO, is passing the intrinsic defect criterion in all regions. For
this compound, several possible p-dopants are found, which are all in the position of
chromium. Unfortunately, this eliminates also two of the possible regions, since we have
to apply Cr-poor conditions to achieve successful doping.
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4.3.5 Discussion and literature survey

Our database and HSE-band gap screening is rather strict for halides. It reduces the
number of interesting materials to 5 binary and 10 ternary halides including some unusual
compounds. All five binaries contain cations that can be found in the sixth row of the
periodic table. Most of the ternary halides that are meeting our database and band gap
screening criteria consist of two anions with the exception of RbyMnCl, and RbyZnl,. In
addition, GaTeCl assumes an exceptional role, as all the other compounds are composed
of oxyhalides. Interestingly, this compound also passes our band gap criterion, which is
not met by the other non-oxo chalcohalides. Noteworthy is also oxoiodine(III) sulfate
(I0)5S0,: It consists of three elements, which are normally anionic. It is therefore not
surprising that this compound is unstable to moisture. 54

Intrinsic p-type

AuCl, Aul, TIBr, TICl and KIO4 did not pass our dopant screening. Nevertheless,
the cation vacancy should create holes rendering these materials intrinsic p-type. AuCl
is a yellowish solid, which will react to Trichlorhydroxogold(III) acid when solved in
water 1% Aul is also a yellow solid, which will decompose when contacted with water,
moisture or light ! This indicates that we overestimated the band gap in our HSE-
band gap screening. The overestimation of the band gap is probably due to the neglect
of relativistic effects, which are important for materials containing heavy elements and
or gold 132

The structures for AuCl (I4; /amd) and Aul (P43/ncm) found in the MPDB are based
on experimentally determined crystal structures and in absentia of theoretical alterna-
tives they of course match the experimental data. The toxic materials T1Br and TICI are
experimentally found to crystallize in the CsCl-type Y The rock-salt structure is the
most stable one according to MPDB. As the energies of these structures are nearly the
same 130138 it was found that a rock-salt thin film can be created when grown on a suit-
able substrate, for example KBr!12%140 The low effective mass of the rock-salt structure
can be explained by the results of Ha et al.14! They found a favorable coordination for
the hole effective mass if the angle between alkali or earth alkaline metal cation, anion,
and second cation is 180°. This is fulfilled in the rock-salt structure of T1Br and TICI.
It should also be mentioned that TIBr is discussed as material for X-ray applications
owing to its scintillator properties 142

Potassium iodate, KIO3, is a white crystalline powder, a well known oxidizing agent
and with five phases its phase diagram is rather complex.*43 MPDB predicts the triclinic
phase with space group P1, which is stable at room temperature, to be the most stable.
DF'T predicts stability at 0 K and 0 atm and as such the low temperature phases of KIO4
should have been found to be the most stable. Crystals with triclinic symmetry can be
grown on KI via an reaction involving ozone?#* Our results indicate that KIO; could
form electron-hole pairs due to the potassium vacancy. It would therefore be interesting
if a hole concentration can be detected for this compound.
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Table 4.5: List of polymorphs for the compounds that pass the screening in the main
study by either having suggested dopants or being potentially intrinsic p-
type. The structures, which we investigated in our study, are marked by
writing the compound name in bold. Binaries are sorted alphabetically by
their cation and from the lighter to the heavier anions. The only ternary
material KIO5 with its polymorphs is found at the bottom of this table.
Different structures are sorted by their HSE-band gaps. For each material, its
MPDB ID, symmetry, HSE-band gap (EgSE), eigenvalues of the hole effective
mass and harmonic mean hole effective mass (mj) in m. and relative shift of
the CBM are given. The HSE band gap calculations were performed with a
density of 100 k-points per reciprocal atom.

Material | MPDB ID |Space group EfSE (eV)|m;1|m;2|m;3| m; |shift CBM
AuCl mp-1120780| P45/nem 3.09 n.a. | n.a. | n.a. |na.| 52.2%
AuCl mp-32780 14, /amd 3.04 0.40[2.02|2.03/0.87| 51.8%
AuBr mp-570140 | I4;/amd 3.08 0.4312,564|2.55/0.96| 48.2%
AuBr mp-505366 | P4s/nem 2.76 0.56 [0.56 | 61.010.84| 50.9%
Aul mp-27725 | Pdy/nem | 3.08  |0.47]0.47|38.4]0.70| 55.0%
BaCl, | mp-569639 Fm3m 6.71 1.431.4311.43(1.43| 47.7%
BaCl, mp-23199 Pnma 6.41 2.19|2.7413.66 | 2.74| 46.2%
BaCl, mp-567680 P62m 5.87 2.45|3.7413.74|3.18| 41.5%
T1Cl mp-568662 Fm3m 3.60 0.5710.57]0.5710.57| 52.8%
TICI mp-571079 Cmcm 3.46 0.63]0.85|1.26 |0.84| 44.6%
TICI mp-23197 Pm3m 3.39 0.5410.54|0.54 0.54| 43.7%
TIBr mp-22875 Pm3m 3.09 0.66 | 0.66 | 0.66 |0.66 | 42.0%
T1Br mp-568560 Fm3m 3.01 0.51]0.51]0.51/0.51| 50.6%
T1Br mp-568949 Cmcm 2.94 0.34]0.48|1.2310.51| 42.6%
TII mp-571102 Fm3m 2.81 0.4810.48|0.4810.48| 50.1%
TII mp-22858 Cmcm 2.81 0.3810.40 | 5.66 |0.57| 43.0%
TII mp-23197 Pm3m 2.47 0.66 [ 0.66 | 0.66 |0.66 | 35.8%
KIO,4 mp-23487 P1 3.85 0.90]1.58|1.67|1.28| n.a.%
KIO, mp-552729 R3m 3.49 0.7211.34|1.34|1.04| 42.8%
KIO, mp-1080058 R3c 1n.a. n.a. |n.a. | na.|na. | na%
KIO, mp-558843 Pm3m n.a. n.a. | n.a.|na. [na | na%
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BaCl,

BaCl, is soluble in water, hygroscopic and toxic. Depending on the conditions, it can
crystallize in one of three forms: cubic, hexagonal or orthorhombic. 4% The cubic form is
of CaF,-fluorite type and according to MPDB the most stable one. Experimentally, this
form is reported to be metastable at room temperature and stable at higher tempera-
tures 149 As shown in Tab. it is the most interesting phase for hole conduction due
to its low hole effective mass. Recently, transparent ceramics made of cubic BaCl, were
reported *4Y This raises the question if the addition of KCI and CsCl would increase the
hole concentration in these ceramics.

For the Pnma-phase of BaCl, Kumar et. al. reported some interesting results. 47 Al-
ready the PBE functional yields a band gap of 5.14eV overestimating the experimental
value of 4.96eV by 0.16eV. Consequently, our HSE result of 6.41eV, further overesti-
mates this gap. There is also disagreement regarding the effective mass: 0.95m, was
found by Kumar via curve fitting, but 2.19 m, is the smallest value stated in the dryad
database.

For p-type semiconductor applications, BaCl, with Fm3m symmetry seems less favor-
able and one can even question if it is still a semiconductor owing to its large HSE-band
gap of 6.7eV. Although this value could be an overestimation, a gap larger than > 5eV
is still large. In combination with the nearly homogeneous shift of the VBM and CBM
relative to the branch point energy, a very low-lying VBM is found. This will lead to a
band alignment, where the extraction of holes from another material by BaCl, is diffi-
cult. Additionally, superionic properties due to migration via anion Frenkel defects are
also discussed for the CaFy-structure of BaCl, 148

Rb,MnCl,

Rb,MnCl, is a transparent, orange, antiferromagnetic perovskite %159 Crystals can be
grown via the vertical Bridgman technique*?!' The structure consists of layers of MnClg
octahedra, where 4 in-plane lying Cl-atoms are shared with the next Mn-atom. It has a
tetragonal unit cell, since the layers are shifted by a/214%15% The orange color can be
attributed to a photoluminescence process. 122 The absorption spectrum exhibits several
bands for energies higher than 550 nm, see ref. [153|and references therein. In contrast to
this, our screening is indicating no absorption in the visible range and an indirect gap.
This is also remarkable, because perovskites usually exhibit a direct band gap 5%

Nonetheless, we also see the mixing of anion p-orbitals with orbitals from the metal,
which is typical for perovskites.1?# In contrast to methylammonium lead iodide, MAPbI,,
where the iodine p-orbital is contributing the most to the VBM, we find for Rb,MnCl,
that the manganese d-orbital is dominant. There is also agreement for the RbyMnCl,
results regarding the shallow nature of the defects and the fact that the cation vacan-
cies will make the perovskite p-type under the right growth conditions®®* However, we
did not see any particular defect tolerance. We are aware of the challenges of doping
perovskite p-typel®® and therefore expect problems when trying to perform the doping
with the suggested dopants.
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CrCIO

The magnetic material CrClO can be doped p-type with Li, Be, Ca, and Mg in the
position of Cr. Mg on Cr is proving to be the most promising dopant, since it has the
lowest formation energy and it is also the one that is the closest to the valence band.
Owing to its strongly correlated electrons, oxyhalides are well known as Mott-Hubbard
insulators 2% CrClO is a green solid, so it is also colored violating our transparency
criterion.’9% The cause of the coloration could be unrelated to our HSE-band gap re-
sult. Nevertheless, our description of this material seems to be improvable and further
theoretical investigations might be required to assess the validity of our results. For this

purpose, dynamical mean field theory could be employed, similar to what was published
for CrO,. 127

4.3.6 Shortcomings of the screening approach

As shown in the discussion, the screening of halides was not very successful. After liter-
ature comparisons, only barium chloride is surviving the screening, because Rb,MnCl,
and CrClO are not transparent. It is therefore interesting to ask ourselves: What is the
reason behind the failure of our screening strategy? In order to illuminate this question,
we will analyze some of our screening criteria.

We already discussed the issue of polymorphism. Therefore, we will start with the
stability criterion, which is closely related to it. We expect this to be important for
binaries, since polymorphism is more often encountered in the binary compound space.
This is also the reason, why the known p-type semiconductor Cul is not appearing in our
starting list. The stability criterion, energy above the convex hull equals 0eV, did lead
to the selection of Cul in the Pm3m symmetry. The eigenvalues of the hole effective mass
tensor are 2.07, 2.07 and 7.70 m, and therefore failing our hole effective mass screening
criterion. As shown the in the binary study in section BS—Cul and v—Cul would
pass that criterion, although they would still fail the HSE-band gap criterion, due to
their small band gaps. But nevertheless, this could mean that other materials exhibit
polymorphs, which would pass our screening or that we overlooked materials, which are
deemed unstable by the convex hull criterion, but are still synthesizable.

Energy above convex hull

We have slightly relaxed the stability criterion for Tab. and owing to this synthesiz-
ability is not guaranteed for these compounds. Except for 105, NbBry and Te;Cl,, we
found polymorphs of already investigated binary materials. We also note that just T1Cl
and AuBr are passing the band gap criterion and that, with the exception of InCl, the
relative shift of CBM is predicting ambipolar behavior with an n-type tendency. The
ternaries are more interesting, as most of them are new compounds. KIO; and ZrBrN are
the only polymorphs and LisNCl, and Rb3Mn,Cl; are based on Li;NCIl and RbyMnCl,.
Interestingly LizNCl, is passing the HSE-band gap criterion, whereas Li,NCl did fail.
However we have to be careful with these values, since these materials have been screened
on a loose k-point mesh.
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Table 4.6: List of candidates with an energy above the convex hull between 0 and 0.02 eV
divided into binary and ternary compounds and sorted by their HSE-band
gaps. For each compound, the relation to our screened compound (N = new
material, P = structural polymorph, S = different stoichiometry), MPDB
ID, energy above convex hull (Eapove huil), symmetry, HSE-band gap (EgSE),
harmonic mean hole effective mass (mj) and relative shift of the CBM are
given. The calculations were performed with a density of 50 k-points per

reciprocal atom.

Compound |kind | MPDB ID | E,povenun (€V) | Space group EgSE (eV)|mj, (me) ‘shift CBM
TICI P |mp-571079 0.02 Cmcm 3.77 0.85 46.7%
AuBr P |mp-570140 0.012 14, /amd 3.08 0.96 48.0%
Cul P | mp-22863 0.014 P4/nmm 2.90 0.90 40.3%
Cul P | mp-569346 0.009 P6smc 2.69 1.17 39.5%
Cul P | mp-32750 0.007 R3m 2.67 1.18 40.6%
Cul P |mp-673245 0.009 Pc 2.65 0.95 37.2%
Cul P | mp-22895 0.002 F43m 2.61 0.86 36.5%
NbBrjy N |mp-568245 0.002 P1 2.57 0.38 50.8%
10, N | mp-23170 0.011 P2y /c 2.53 1.14 51.9%
Agl P | mp-684580 0.002 T4m?2 2.47 0.91 27.2%
InCl P |mp-571636 0.002 Cmc2, 2.34 0.492 57.0%
InCl P |mp-571555 0.002 Cmcm 2.34 0.490 56.7%
Te,Cl, N | mp-27628 0.013 P2, /c 2.04 122 | 49.1%
Ba,Cal, | N |mp-756725 0.007 P2, /c 4.60 147 | 501%
KIO4 P |mp-552729 0.005 R3m 4.24 1.04 46.1%
RbsMn,Cl; | S | mp-23556 0.002 I4/mmm 4.03 0.90 49.4%
KMnCl, N | mp-23049 0.013 Pnma 4.01 0.86 50.9%
RbyMnBr, | N | mp-27263 0.017 I4/mmm 3.67 0.53 n.a.%
Li;NCl, S | mp-29151 0.005 R3m 3.08 1.44 48.7%
InSn,Bry N | mp-23507 0.005 I4/mem 3.07 1.23 43.5%
MgInBr, N | mp-29483 0.011 Pnma 3.02 1.30 44.1%
ZrBrN P |mp-570157 0.014 Pmmn 2.72 0.74 48.2%
T1Gel, N | mp-29288 0.014 Pnma 2.58 1.49 44.8%
Ba,P-Cl N |mp-569613 0.001 P2;/m 2.55 0.68 54.9%
TlgSCl, N | mp-28242 0.011 P4/mnc 2.45 0.37 51.4%
T14SBr, N | mp-28518 0.001 P4/mnc 2.45 0.43 50.2%
Sn, Sl N |mp-540644 0.001 C2/m 2.06 1.08 41.4%
AgTesl N |mp-570431 0.018 Pmna 1.8 0.89 50.4%
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Table 4.7: List of compounds with low effective masses in one direction sorted by their
HSE-band gaps. For each material, its MPDB ID, symmetry, HSE-band
gap (EgSE), eigenvalues of the hole effective mass and harmonic mean hole
effective mass (mj) in m. and relative shift of the CBM are given. The
calculations were performed with a density of 50 k-points per reciprocal atom.

Material | MPDB 1D |Space group EESE (eV)|m;1| my2 | my3 | mj, |shift CBM
RbGeCl; | mp-27369 P2;/m 4.99 0.93| 6.59 | 64.8 |2.43| 50.9%
K5ZnBr, | mp-23535 P2, 4.92 0.81/10.20| 27.0 |2.19| 42.4%
SeBrO | mp-546279| Pmmn 4.76 0.77|2.73 | 108 |1.79| 51.2%
Allnl, |mp-571260| P2;/m 3.84 0.82| 1.97 | 4.55 |1.54| 52.0%
AuPCl, | mp-23355 P2;/c 3.83 0.67| 5.91 | 11.0 |1.71 53.3%
NbOBr; | mp-606393 P42;m 3.06 0.94|183.5|183.5[2.79| 51.6%

Except for LisNCl, and KIOs, all of the passing compounds have two metals in their
composition and are therefore metal halides, which we missed in the main study. Their
branch point is classifying them as ambipolar, so that defect chemistry needs to be
checked, although the relative shifts of InSn,Bry (43.5%) and MgInBry (44.1%) are
suggesting favorable n-type doping. This is of interest, since indium chloride has the
opposite tendency (57.0% and 56.7%). For the materials not passing the HSE-band gap
criterion, we have a similar picture as for the ones not passing this criterion in the main
study.Chalcohalides, except for ZrNBr, Ba,P;Cl and T1Gels.

The HSE-band gap of Bay,P,Cl 2.55 eV is quite remarkable, since phosphor compounds
in general suffer under small band gaps as can be seen in the binary (section and
pnictide (section studies. The relative shift of the CBM for Bay,P,Cl of 54.9% is
also indicating p-type favorable defect chemistry. Additionally, CusP 51, did pass our
intrinsic screening in all regions and it is therefore likely that Ba,P,Cl would also pass
this screening. However, we stopped the investigation of the compounds mentioned in
this section after the HSE-band gap screening on a loose k-point mesh and we have not
performed intrinsic defect screening for any of the components, since the new materials do
not have stable phases on the convex hull. If we just used our routine approach, PyCDT
would try to relate the defects to the next stable composition leading to questionable
results. We therefore would need a way to relax the stability criterion in PyCDT in
order to find the right phase or to provide a phase diagram of our own.

Effective mass

For Tab. [4.7, we changed the definition of the hole effective mass criterion by just
considering the smallest value of the eigenvalues. We also calculated the intrinsic defect
chemistry for these materials with the exception of Allnl,, for which we stopped the
calculations, as they turned out to be too time consuming. Instead, we changed the
indium pseudo potential (In d to In), which did speed up the calculations. We therefore
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Figure 4.17: Left: Defect chemistry of KoZnBr, in the K,ZnBr,—KBr—Br-region. The
bromine interstitial defects are hole killing. Right: Defect chemistry of
AuPCly in the PAuClg—PAuCl,—PCls-region. The gold vacancy is not
critical, but the chlorine insterstitial is not leaving much room for dopants.

were able to get some preliminary results for this compound indicating no p-dopability
and defects with low formation energies. But as mentioned the results are incomplete
and could also be misleading, due to the missing phase diagram calculations.

Based on the branch point, we expect most of the compounds to be in favor of p-
type dopability. K,ZnBr, is the only compound, where we would expect favorable n-
type dopability. The defect chemistry is showing the opposite trend, as the potassium
vacancy is surely killing electrons in all regions, see Fig. In contrast to this,
p-type dopability is looking more promising as the bromine vacancy can be controlled
by choosing Br-rich conditions. Interestingly, we encountered problems with bromine
interstitial defects, which are hole killing in the bromine-rich environment. This material
is therefore not dopable at all. In ScOBr we also found problems with bromine interstitial
defects, when we try to control the formation of bromine vacancy and scandium antisite
defects. In both cases, the use of Br-rich conditions is helpful, but bromine interstitial
defects become hole killing under these conditions rendering this materials also not p-
dopable. For NbOBr3, we are not able to control the vacancy of oxygen, which is hole
killing in all regions.

This leaves AuPCly, which exhibits a quite interesting defect chemistry, see Fig. [£.17]
In this structure, three Cl-atoms are bound to phosphorus, whereas the remaining one
is bound to the gold atom™5® This results in a little odd behavior: The vacancies of
the three chlorine atoms bound to phosphorus are not that aggressive when it comes to
releasing electrons, but the one bounded to the gold atom is still problematic. Therefore,
Cl-rich conditions seem advantageous, but they are not necessary since this compound is
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Figure 4.18: Left: Defect chemistry of RbGeCly in the Ge3;Clg—RbGeCl;—Ge-region.
Cl-rich conditions are not enough to render the chlorine vacancy not hole
killing and the antisite defect of germanium in the position of rubidium is
becoming just as troublesome. Right: Defect chemistry of RbGeBrs in the
GeBry—RbGeBr;—GeBr-region. The vacancy of bromine and the antisite
defect have a similar behavior as for the previous compound, but they are
not hole killing anymore due to the smaller band gap.

already passing the intrinsic screening under Cl-poor conditions. For Cl-rich conditions
we are facing a new problem, as chlorine is able to form one interstitial, which can release
electrons rendering these conditions not much better than the Cl-poor ones. Finding a
p-dopant is therefore becoming a challenging task. Gold has the oxidation state I, which
does not support any dopant. P has the oxidation state III and is # backbonded to gold.
Owing to this, we need an element with oxidation state II, which is also = backbonded to
gold in order to keep the geometry. Chlorine in oxidation state -I is the only candidate
were we do not have arguments against finding a p-dopant. The only problem is the
chlorine interstitial or chlorine vacancy, which will highly likely lead to Fermi pinning of
p-dopants.

Finally, RbGeCl; is the last material, for which we have to discuss its intrinsic defect
chemistry, see Fig. The PBE-band gap of around 4eV is troublesome. Even
though the defect chemistry is comparable to RbGeBrs, see the following subsection,
the gap is leading to a situation, where a lot of defects are hole killing.

HSE-band gap

The other parameter that could be relaxed, is the HSE-band gap criterion. These com-
pounds are already listed in the main table and we therefore only list the materials in
Tab. [4.8 again, for which we screened the intrinsic defect chemistry. We ended the last
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Table 4.8: List of ternary candidates with low HSE-band gaps, but screened intrinsic

defect chemistry sorted by their HSE-band gaps. For each compound, its
MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean hole effective
mass (myj ), relative shift of the CBM as well as the result of the intrinsic
defect screening are given. The calculations were performed with a density of
100 k-points per reciprocal atom.

Compound | MPDB ID | Space group ESSE (eV)|m} (me) |shift CBM |intr. defects
LiyNCl mp-29149 R3m 2.84 1.42 43.5% p-type
CazPCl; | mp-29342 Pm3m 2.83 0.63 43.4% negative
RbGeBr; | mp-28558 Pna2, 2.71 0.39 58.0% p-type
ZrNCl mp-568592 R3m 2.70 1.40 48.4% p-type
SbyI,05  |mp-772282| P2;/c 2.68 0.77 50.4% negative
Rb;Sb,Brg | mp-28222 P3m1 2.52 0.92 60.9% negative
ZrNBr mp-541912 R3m 2.52 1.28 49.7% p-type
ZrIN mp-23052 Pmmn 2.11 0.43 41.4% negative

subsection mentioning RbGeBr; which was not able to pass our HSE-band gap criterion
in the main study, but did exhibit a remarkable good value for the harmonic average
of the hole effective mass. The eigenvalues are 0.32, 0.42 and 0.47 m, resulting in a
harmonic average of 0.39m,. Compared to RbGeCl;, which was failing the hole effec-
tive mass criterion, this can not only be attributed to the substitution of chlorine with
bromine in the formula. In fact, we also have a change in symmetry: RbGeCl; crys-
talizes in P2;/m symmetry, whereas RbGeBrj crystalizes in Pna2;, am orthorhombic
perovskite structure.

Compared to RbGeCl;, the defect chemistry of RbGeBrs is more typical for per-
ovskites, e.g. the charge transition happens near the valence or conduction band, where
in RbGeCl; the charge transition is found more in the center. This makes especially
the bromine vacancy, which exhibits a comparable formation energy than the chlorine
vacancy in RbGeCl;, dangerous for RbGeBrs. Owing to the smaller PBE-band gap of
around 2eV, RbGeBr; is passing the intrinsic defect screening, where RbGeCl; failed.
The branch point concept applied to RbGeBr; agrees also with these results. We note
that the relative shift of the CBM 58 % is indicating ambipolar behavior. For the other
material Rb;Sb,Brg which has a high relative shift of the CBM 60.9 % and for which we
would strongly expect p-type dopability, we see facile formation of many kinds of defects
making this material most likely not dopable with both p- and n-dopants.

The other materials failing the intrinsic defect screening are CaPCl; and Sb,O;1,. For
Sb,051,, we already screened the related compounds Sb,O5Cly and Sb,O5Br,. We again
note the same trend that was observed in the binary section i.e. an improvement of
the defect chemistry when going from chlorine to bromine to iodine. But this time, the
improvement for the iodine compound is not sufficient to ensure p-dopability. Therefore,
Sb,Os1, as well as the other two compounds in the main study fail the intrinsic defect
screening, although the branch point is indicating a slight favor for p-type dopability. For
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Figure 4.19: Left: Defect chemistry of ZrNBr in the ZrNBr—ZrBr,—N,-region. Al-
though the bromine vacancy is not hole killing anymore, it is still the most
troubling defect and could be problematic for doping attempts. Right: De-
fect chemistry of ZrNI in the Zrl,—IN,—ZrNI-region. We do not see a better
intrinsic defect chemistry compared to ZrNBr due to the different structure.
The iodine interstitial is even hole killing.

CagPCl;, the branch point is indicating the opposite and the defect chemistry confirms
it. CagPCl; is also failing the intrinsic defect chemistry screening. The chlorine vacancy
can be controlled by employing Cl-rich conditions, but the antisite defect Cl on P and
the calcium interstitial defect remain hole killing under these conditions. Compared to
other halides, the defects in Ca;PCl; exhibit quite high formation energies leaving hope
for the remaining metal nitride halides.

Even though the branch points of ZrNCI, ZrNBr, ZrNI and LiyNCI are indicating
favorable n-type dopability, almost all of them pass our intrinsic defect screening and
LiyNCl even in all regions, see Figs and ZrNX compounds with X = Cl, Br or
I are special, since they are known superconductors? They exist as layered structures
with R3m symmetry (ZrNCl and ZrNBr) and Pmmn symmetry (ZrNI). Interestingly, we
see the formation of hole killing iodine interstitial defects in ZrNI rendering this material
not p-dopable in all regions, which is not a problem for ZrNCI and ZrNBr, as both are
p-dopable under anion-rich conditions. We investigated intercalation for these materials,
as it could introduce a new source of hole killing defects if metals occupy these positions.
On the other hand, intercalation could also be an opportunity for p-type doping wvia an
electron withdrawing compound, e.g. oxygen. Since the bromine and chlorine atoms are
pointing outwards in that structure, it is probably more likely that metal intercalation
takes place.

A lot of chalcohalides were also among the compounds that did not meet the HSE-band
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Figure 4.20: Left: Defect chemistry of LiyNCI in the Li;NCl-LiCl—Li-region. The va-
cancy of chlorine, the antisite defect chlorine on nitrogen and the interstitial
defect of lithium are problematic for p-type doping. Right: Defect chem-
istry of LiyNCI in the Li;NCI-LiN3;—LiCl-region. All of the mentioned
defects can be controlled by applying Cl-rich and Li-poor conditions.

gap criterion. We investigated GaTeCl in our main study, this component did pass the
intrinsic defect screening, but we were not able to find a suitable dopant. Other ternary
halides with tellurium, selenium or sulfur could also have favorable defect chemistry, but
they were not investigated further.

Choice of elements

The choice of elements is also something, which we can tweak in order to find more
promising materials. Our decision to leave out fluorides seems to be questionable, as
in a recent high-throughput study undertaken by Ha et al., most of the halides that
qualified for further investigations were fluorides 180 Indeed, if we include fluorides in our
screening, we obtain several promising perovskite structures, see Tab. [£.9] Interestingly,
this was not the case for chlorine, bromine and iodine containing compounds. The A-
site of the perovskites is dominated by potassium leading to the argument, that there
is a stability maximum for this kind of compounds due to the similar size of potassium
and fluorine 18I By looking at the relative CBM shifts, we note that perovskites with
manganese as B-site ions are most likely to be p-dopable (52.2 — 57.5%). In contrast
to this, perovskites with nickel as B-site ion appear most likely to be n-dopable (35.5 —
36.2%).

Perovskites based on potassium and manganese seem to be promising. With about
4eV, they also exhibit the lowest band gaps of the screened perovskites. However,
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Table 4.9: List of ternary fluoride perovskites sorted by their HSE-band gaps. For each
compound, its MPDB ID, symmetry, perovskite structure classification, HSE-
band gap (EgSE), harmonic mean hole effective mass (my,) and relative shift
of the CBM are given. The calculations were performed with a density of 50

k-points per reciprocal atom.

Compound | MPDB ID | Space group | Perovskite EgSE (eV) |1y, (me) |shift CBM
KyZnF, mp-9583 | I4/mmm 2D 6.76 1.44 37.4%
KZnF, mp-5878 Pm3m 3D 6.22 1.30 33.5%
TLSiF, | mp-5033 | Fm3m 0D 6.21% 140 | 45.9%*
Rb,NiF, |mp-561317| I4/mmm 2D 5.26 1.06 | 36.3%
K,NiF, |mp-556546| I4/mmm 2D 5.25 017 | 36.1%
K3Ni,F;  |mp-560449| I4/mmm 2.5D 5.24 0.10 36.1%
TiTl,Fg mp-10402 P3ml 0D 5.17 1.55 52.1%
AITL,F; mp-27758 Cmcm 1D 5.10 1.32 46.6%
K,Mn,F, |mp-554144| I4/mmm | 2.5D 4.15% 132 | 52.8%
RbMnF; | mp-558749 Pm3m 3D 4.09 1.20 55.0%
KoMnF, |mp-558547| I4/mmm 2D 4.03 1.21 55.6%
KMnF, mp-558046 Pnma 3D 3.98%* 1.31 57.5%*
Sn,OF, | mp-27480 | C2/m 3.52 147 | 50.4%
Sn,IF, mp-27167 C2224 3.25 0.89 50.2%
InOF mp-27175 Fddd 2.84 1.15 16.6%
Ca,NF | mp-33588 | T4;/amd 2.72 122 | 327%
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we stopped the investigations on p-type perovskites, as theoretical investigations of per-
ovskites are challenging and because it is hard to dope them p-type. The non-perovskites
are similar to what we have found for most of the halides in the main study, i.e. double
anion compounds and preferably oxides. In the same study it was found that compounds
containing hydrogen were not p-dopable because of hydrogen vacancies®Y This further
justifies our choice to leave out hydrogen.

Perovskites

In light of the results for fluorine based ternaries, we would have expected more per-
ovskites in our main study, since they posses low hole effective masses. We can only spec-
ulate, why we have not encountered more of them. Firstly, we have confined our search
to binary and ternary compounds, which will exclude perovskites like CH3;NH3;Pbls,
where the complex ion CH?,NH?)+ is found at the A site of the perovskite. Secondly and
based on a preliminary screening of the perovskite-tagged materials in the MPDB, we
observe that among the compounds with a suitable PBE-band gap a lot of them do not
contain any halide or are composed of elements, which we have excluded in our search.
Therefore, we assume that we have eliminated most of the ternary halide perovskites
with the PBE-band gap criterion and with excluding certain elements.

Further investigations would probably be interesting, but we should also keep in mind
that the production of perovskite is solution based. We are therefore not sure if our single
point defect picture is sufficient to describe the defect chemistry of this class of materials.
As mentioned in the subsection [4.3.5] of the main study for Rb,MnCl,, perovskites can
exhibit photoluminescence, which will make the HSE-band gap screening insufficient for
guaranteeing transparency. Furthermore, p-doping is problematic for them. This would
mean that we can not just look at the point defects, but also have to ask ourselves if
this defect is achievable.

BaCl, and alkaline earth metal chemistry

We can also look more closely at the group of metal halides, in which we found the most
promising material in this study: BaCl,. All alkaline earth metals exhibit a more than
sufficient band gap, but most of them do not meet the criterion for the effective mass,
see Tab. In the MPDB, the CaF,-structure of SrCl, and BaCl, is found to be the
most stable one. It seems that this structure is providing a good hole conduction and,
as could be expected, the effective mass of 1.21 m, for SrCl, is indicating an even better
conduction than for BaCl, with 1.43m.. Keeping the structure and substituting Sr or
Ba with Ca, Mg, or Be should result in even better values, but these structures are not
found in the MPDB.

We also looked at calcium fluoride, whose name is used for denoting the structure of
the mentioned alkaline earth metal halides. We note for that structure that it has the
best harmonic average of the hole effective mass compared to other CaF, structures.
It is a pity that bromide and iodine combined with alkaline earth metals do not form
CaFy-structures, as we would expect even better hole effective masses and smaller band
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Table 4.10: List of alkaline earth metal halides starting with BaCl, followed by lighter
earth alkaline metals and ending with CaF,. For a given compound, struc-
tures are sorted by their HSE-band gaps. Structures with 0eV above convex
hull are marked by writing the name in bold. Structures marked with *
are not based on experimentally determined crystal structures. For each
structure, its MPDB ID, symmetry, HSE-band gap (EgHSE), eigenvalues of
the hole effective mass and harmonic mean hole effective mass (Tmj) in me
and relative shift of the CBM are given. The calculations were performed

with a density of 50 k-points per reciprocal atom.

Material| MPDB ID |Space group | EfS® (eV) | mj1 | m}2 | m}3 | mj, |shift CBM
BaCl, | mp-569639 F3m 6.71 1.43(1.43]1.43]1.43| 47.7%
BaCl, mp-23199 Pnma 6.41 219|274 | 3.66 | 2.74 | 46.2%
BaCl, mp-567680 P62m 5.87 245|374 3.74 | 3.18 | 41.5%
SrCl, mp-23209 F3m 6.50 1.21(1.21]1.21]1.21| 46.5%
CaCl, | mp-571642 Pben 7.02 2.57(8.91/9.19 492 | 46.8%
CaCl, mp-23214 Pnnm 6.89 1.94|3.145.22 1293 | 47.4%
CaCl, | mp-22904 | P45/mnm 6.84 2331233283248 | 47.8%
CaCl, mp-571627 Pnma 6.64 4.52115.5120.7 898 | 44.7%
CaCly* | mp-1120739 F3m 6.53 n. a.|n. a.|n. a.|n. a.| 50.1%
MgCl, | mp-23210 R3m 7.07 1.58 [ 6.97 | 6.97 | 3.26 | 39.8%
MgCl, | mp-570259 P3ml 6.99 1.27 | 6.83 | 6.83 | 2.78 | 40.2%
MgClL,* | mp-570782 P1 6.57 1.94 | 3.89 | 200 | 3.86 | 42.8%
MgClL,* | mp-570922 P4m2 6.32 3.89(3.89|56.4|564| 36.5%
MgCly* | mp-571387 Pmma 5.66 0.736.44 | 104 | 1.95 | 42.0%
MgCly,* | mp-569626 Ama2 4.79 1.21(2.85(3.7212.07| 33.7%
BeCly* | mp-570227 143m 8.01 2.3312.33|2.83|248 | 50.0%
BeCl, mp-570974 | 144, /acd 7.94 n. a.|n. a.|n. a.|n. a.| 48.3%
BeCly* | mp-1190080 143m 7.94 n. a.|n. a.|n. a.|n. a.| 452%
BeCl, | mp-23267 Ibam 7.73 2.01{5.11| 268 | 4.30 | 44.8%
BeCl,* | mp-569030 P3,21 7.68 n. a.|n. a.|n. a.|n. a.| 47.0%
BeCly* | mp-1172909 143m n.a. n. a.|n. a.|n. a.|n. a. n.a.
CaF, mp-10464 Pnma 9.62 3.68 |5.1819.02 | 521 | 44.2%
CakF, mp-2741 F3m 9.19 2.18 218 |2.18 | 2.18 | 43.4%
CakF, mp-560030 Pmc2, 8.46 3.51|3.87|10.0 | 4.66 | 43.5%
CakF, mp-554355 | P4/mmm 7.49 1.90 | 1.90 | 33.4 | 2.77 | 41.5%
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gaps. Band gaps are a general problem for these compounds and it is likely that a
lot of the listed compounds are insulators and not semiconductors. The hypothetical
Ama2 structure of MgCl, has the smallest HSE band gap, but with 4.79eV, it would
already violate the upper HSE-band gap limit of 4.3 eV, which was used in the ternary
chalcogenide screening.

The special case of Cu3P5l,

CusP;51, is a good example to show some limitations of our approach. The primitive cell
contains 80 atoms. The eigenvalues of the effective mass are 0.49, 0.78 and 3.95m, re-
sulting in a harmonic average of 0.84 m.. This is exceptionally good for halides, although
we should compare this compound more with phosphides due to the small amount of io-
dine compared to phosphorus. Phosphorus containing compounds are known to exhibit
good hole effective massest%? The interesting point would therefore be the question if
this compound will pass our HSE-band gap criterion. We can not answer that question
since we have not calculated this property.

Our current workflow, which is using a normal workstation computer for the PBE
optimization and one node (16 CPUs and 64 GB RAM) on a cluster for the HSE-band
structure calculation, is not able to handle such big systems. The defect chemistry
screening is of course doable, as a single node is sufficient to handle a 160 atom cell on
the PBE level. The problem we faced with the defects was the creation of too many
defect calculations. PyCDT was not able to recognize the symmetry and did therefore
create 160 vacancy defects, 160 x 2 antisite defects and 99 interstitial defects, which could
be occupied by one of the 3 elements. This resulted 777 defects and 6640 calculations,
as the defects can have different charge states.

We manually intervened at this point and selected some of the defects to avoid screen-
ing all of them. So far, the intrinsic defect chemistry is quite promising, see Fig.
CusP;51, is passing our intrinsic defect screening in all regions and the copper vacancy
is already providing an intrinsic hole concentration. Copper-poor conditions are needed
in order to avoid copper interstitial defects, which can pin the vacancy. The big question
for this compound is the HSE-band gap and therefore transparency, since phosphides
exhibit in general small band gaps.

4.3.7 Conclusions

In this first computational screening study on Cl-, Br-, and I-containing compounds,
most of those materials found in the Materials Project Database do not match our
criteria for p-type TCMs. The criteria for stability, transparency and hole effective
mass are already eliminating most of the candidates and the remaining compounds are
relatively uncommon. Among them, we identify BaCl, doped with Cs and K as binary
candidate for p-type TCM applications and CrClO doped with Mg and Rb,MnCl, doped
with Na, as ternary candidates. However, by performing a literature survey, we identified
issues with the mentioned materials, which were not covered by our screening strategy.

One aspect related to stability is photochemistry. One of the binary candidates that
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Figure 4.21: Left: Defect chemistry of CuszPy5I, in the CuyP;—CusP 51,—PIy-region.
The iodine vacancy and the copper interstitial are problematic for p-type
dopants. Right: Defect chemistry of CusP;5I, in the CuP;,—CusP5I,—P-
region. Under these conditions the mentioned defects are less harmful and
we already have the copper vacancy as an intrinsic source for holes.

was eliminated because of the HSE-band gap was silver bromide, which is known for
its photosensitivity ™23 If silver bromide had passed that step, we would have had no
criterion to eliminate it. Other halides could also suffer from photoinstability. Another
aspect of photoinduced processes is photoluminescence, for which we would need to look
into excited states of the materials. This might have helped us to sort out RbyMnCl,,
which is a orange solid due to a photoluminescence process.

By relaxing some of our criteria, we discovered that the effective mass and stability
criteria are the reason for sorting out ternary mixed cation compounds. Regarding their
defect chemistry, these compounds do not seem to be promising except if they posses
a perovskite structure. Perovskites are quite exceptional and are probably one way to
find ternary p-type halides. The other would be the use of a second anion. Nitrogen and
phosphorus appeared promising, although the HSE-band gap of these compounds was
too small. This was the reason, why they were not discovered in the main study, and
only by relaxing HSE-band gap criterion. Even though oxygen did not perform good for
this purpose, other chalcohalides could also work, which were not investigated owing to
their small HSE-band gaps. By comparing our screening criteria with the ones defined
in ref. [86, we have to admit that we only investigated a fraction of the space, in which
possible p-type TCMs can be found.
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4.4 Pnictide study

In the second study carried out by the author of this thesis, we investigated nitrogen- and
phosphorus-containing binaries and ternaries. These materials performed better than
halides. This is mainly because of the promising properties of the nitrogen-containing
materials. The phosphorus-containing materials face problems passing the band gap
criteria and in fact, there is no phosphide among the candidates for defect chemistry
screening with the exception of hexaboron phosphide. We decided to focus more on the
chemical aspect and hence divided the intrinsic defect chemistry screening of ternaries
into different classes. The focus of our literature survey is on our employed screening
criteria and we provide a thorough discussion of the final candidates at the end of this
section.

4.4.1 Database screening and branch point

From the 133,691 compounds that existed in the MPDB in February 2019, we are
interested in the 9233 compounds containing nitrogen (N) and the 14052 compounds
containing phosphorous (P). This includes nitrides and phosphides as well as nitrates,
phosphates, and further 2 atomic anions. Based on our criterion for the band gap,
the materials should exhibit a PBE-band gap greater than 1eV, which reduces the list
to 4834 N- and 7673 P-containing compounds. We also require these materials to be
stable, therefore enforcing the strict criterion that they should lie on the convex hull
(Eapove hut = 0€V). This reduces our candidates to 1007 N- and 2058 P-containing
compounds. Furthermore, we only consider materials with less than 50 atoms in the
primitive cell to allow efficient HSE-band gap screening. From the remaining 623 N-
and 1257 P-containing compounds, we exclude the ones containing elements from the
7th period or gold, which is also known to exhibit strong relativistic effects 2% since
our screening does not account for such effects. Rare earth elements (except scandium),
hydrogen, noble gases, arsenic, strontium, cadmium, cesium, hafnium, technetium, tan-
talum, mercury and lead are also excluded. This leads to 236 N- and 649 P-containing
compounds and among them are 18 binaries and 154 ternaries containing N as well as
34 binaries and 204 ternaries containing P.

In general, our screening criteria are in favor of binary and ternary compounds with
the exception of the PBE-band gap criterion and also of the stability criterion for binary
nitrides. This explains the enrichment of binaries and ternaries among the total number
of N- and P-containing compounds. In the beginning, 40 % of the N-containing com-
pounds are binaries or ternaries, whereas in the end there are 73 %. We see a similar
but weaker trend for P-containing compounds starting with 27 % and ending with 37 %
binaries or ternaries.

Next, we require from our candidates to have a harmonic average of the hole effective
mass smaller than 1.5m,. 17 binaries as well as 58 ternaries fulfill this criterion. This
also excludes 7 binaries and 108 ternaries, for which no data on the effective mass could
be found in the Dryad repository. Since P is less electronegative than N, we expect more
P-containing compounds and in fact 13 of the 17 binaries and 35 of the 57 ternaries
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Nitrides Phosphides

Figure 4.22: Overview of the database screening procedures for nitrides (left) and phos-
phides (right). Together with each step also the number of compounds
fulfilling this criterion are given. These numbers are given for all N- and
P-containing compounds (To) as well as for binaries (B) and ternaries (T).

contain this element. We should also mention that 1 binary and 3 ternaries contain both
nitrogen and phosphorus.

The final criterion is the HSE-band gap. The size of the band gap correlates often with
the difference in electronegativity. Thus it is more likely to find transparent materials
in the compound space of a low electronegative metal or a high electronegative non-
metal element. Therefore, we are now facing the opposite trend relative to the the
effective mass. For the ternaries, this leads to the situation that all phosphides are
eliminated. The remaining P-containing compounds are dominated by phosphates and
chalcophosphates, but we also found 3 nitridophosphates. For the remaining 17 N-
containing compounds, we obtain a mixed picture: 7 compounds with two anions and
11 compounds with two cations. Both P- and N-containing materials are dominated by
main group elements, especially calcium and magnesium are quite often encountered.

We also use the HSE-calculations for predicting the band alignment wvia the branch
point method. A good p-type semiconductor should have a small shift of the valence
band maximum (VBM), but a strong shift of the conduction band minimum (CBM).
Therefore, we are employing the relative shift of the CBM as a metric, which is defined
as the CBM shift divided by the size of the band gap. From this perspective, our selected
compounds are not performing very well, as most of the relative shifts are under 50 %.
In contrast to this, common p-type materials exhibit often shifts between 50 - 60 % B8
We want to point out that a shift under 50 % could be problematic for applications,
where the band alignment is important. This holds in particular for systems with large
band gaps, as such gaps are resulting also in huge shifts of the VBM, when the split is
more or less even.

4.4.2 Defect chemistry

For the defect calculations, we employ the three steps mentioned in the method sec-
tion In the first step, we are looking for intrinsic hole killer defects, i.e. donor



Table 4.11: List of N- or P-containing binary candidates sorted by their HSE-band gaps.
For each compound, its MPDB ID, symmetry, HSE-band gap (EgHSE), har-

monic mean hole effective mass (m; ) and relative shift of the CBM are given.

Compound | MPDB ID | Space group E?SE (eV) |1y, (me) |shift CBM
Si,N, mp988 | P63/m 5.71 113 | 50.4%
AIN mp-661 P63/mc 5.42 1.03 42.7%
BN mp-7991 | P63/mmc 5.41 0.94 54.6%
P,N; mp-567907 C2/c 4.97 1.08 50.4%
Be;N, mp-18337 a3 4.56 1.17 36.9%
GesNy mp-672289 P3lc 3.55 1.52 34.5%
BgP mp-28395 R3m 3.23 0.84 48.9%

defects with low formation energies. If a compound has hole killers in all regions it is
failing this criterion. The next step is the p-dopant search. We are looking for shallow
acceptor defects with a sufficient low formation energy to avoid Fermi pinning. Finally,
we are investigating self-compensation and therefore looking at the interstitial and anti-
site defects of the dopant. If we see no self-compensation, the material and dopant pass
our defect screening.

Binaries

The binaries that passed our screening criteria so far are shown in Tab. We
also included GesN, due to its similarity Si3N,, even though its harmonic average of
the effective mass of 1.52m, is slightly above our screening threshold. BesN, is the
only binary compound failing the intrinsic defect screening criterion due to beryllium
interstitial defects. Furthermore, we find hole killer defects in AIN and GesN,. In both
cases, the metal interstitial appears to be as problematic as the N-vacancy. However,
the formation of both defects can be hindered by synthesizing the compounds under
N-rich conditions. This is not sufficient for GesN,, as we see Fermi pinning for the
tested dopants and therefore it is failing our extrinsic screening. In the case of AIN,
the shift of the formation energies of the defects is relatively high and as can be seen in
Fig. we are able to identify Be, Mg and Zn in position of Al as dopant candidates.
Although we observe Fermi pinning for beryllium in the position of aluminum caused by
its interstitial defect, magnesium and zinc remain possible p-dopants.

No hole killing defects in any region of BN and SizN, are found, not even the Si
interstitial defect in SizN,,which is the most troublesome defect. In contrast to GesNy,
the anion vacancy is the limiting factor in Si3N,. This defect is easily compensated due
to the high formation energy of Ca on Si. For beryllium, we observe a problem with its
interstitial defect and in the end, both elements are not suitable p-dopants for SizN,.
Al and Ga in the position of Si remain as possible p-dopants. For BN, beryllium in the
position of boron does not look promising, since it is crossed by the antisite defect, i.e.
N in position of B, slightly behind the valence band and the charge transition from +1

85



= /aCq
— /ECp
— Bp
— Py
— Geg

Electron chemical potential (u.) (eV) Electron chemical potential (ue) (eV)

Formation energy (V)
Formation energy (eV)

5 6

Figure 4.23: Left: Defect chemistry of AIN under N-rich conditions. Only zinc is a pos-
sible p-dopant due to Fermi pinning of beryllium. Right: Defect chemistry
of B¢P under B-rich conditions. We find Fermi pinning of silicon and only
germanium is a possible p-dopant.

to 0 is rather deep in the gap. Therefore, it is a rather bad candidate, so we were not
able to identify any good dopant for boron nitride.

Triphosphorus pentanitride, P3N5, has no hole killing defects, but is suffering from N-
vacancies. So during synthesis, N-rich conditions need to be employed in order to ensure
p-dopability. Under these conditions, Si in the position of P appears to be promising for
hole doping. The defect chemistry of hexaboron phosphide, B4P, shown in Fig. is
a little uncommon. It also exhibits no hole killing defects in all regions and the defect
that is the most dangerous for p-dopants is P in the position of B when comparing both
conditions. This enforces P-poor conditions during synthesis. This defect is also the
reason why we only identified Ge in position of P as possible p-dopant. We observe
Fermi pinning for Si at the same position, which exhibits a slightly higher formation
energy.

Ternary Nitrides

The ternary nitrides that passed our screening criteria up to the HSE-band gap are
shown in Tab. In the case of MgGeN,, the hole killing defect is not a vacancy but
the substitution of Mg with Ge. This antisite defect is a typical problem for nitrides
with two cations. In general, it can be expected for these compounds, when they are
containing two cations with different charges but similar ionic radiil® Interestingly,
we encounter this hole killing defect in just one compound for all regions, even though
LizGaN,, LiMgN, LizScN and ZnGeN, consist of cations with similar radii and different
charges. Only MgGeN fails our intrinsic screening due to compensation in all regions.
For LiMgN and ZnGeN,, this defect can be suppressed by synthesizing the compounds
under anion-rich and Mg- or Ge-poor conditions. In Li;GaNy and LizScN, the formation
energy of this defect is already so high that synthesizing them under anion-rich conditions
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Table 4.12: List of ternary nitride candidates sorted by their HSE-band gaps. For each
compound, its MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean
hole effective mass (mj) and relative shift of the CBM are given.

Compound | MPDB ID | Space group EESE (eV)|my, (me) |shift CBM
MgGeN, mp-7798 Pna2; 3.93* 1.24 30.8%
Li,GaN, mp-3887 Ia3 3.65* 1.27 | 39.6%
LiMgN mp-37906 F43m 3.45 1.40 30.7%
LizScN mp-542435 Ia3 3.26 1.48 43.2%
ZnGeN, mp-2979 Pna2, 3.05%* 1.36 22.2%
BaSiN, mp-3777 Cmce 3.99 0.90 52.4%
CaGeN, mp-7801 142d 3.58 1.01 43.3%
Cas(SiN;5), | mp-571333 C2/c 3.25* 1.22 46.5%
Cay(GaN,), | mp-571162|  C2/c 3.01* 0.77 | 39.9%
MgBe, N, mp-11917 P3ml 5.35 1.33 48.9%
CaMg,Ny mp-5795 P3ml 3.05 1.36 36.2%

is sufficient to ensure hole dopability as shown in Fig. [£.24] For LizScN, this can be
rationalized by the finding that a four fold coordination of scandium is normally not
preferred 194 In the end, these four compounds fail our defect chemistry screening, since
we are not able to find any suitable dopants: In LiMgN, we are facing the problem of
high formation energies for the dopant defects; In ZnGeN, and in LizScN, we see Fermi
pinning due to the mentioned antisite defect and in addition a lithium interstitial defect
is also pinning our dopants in case of LizScN; Although we identify magnesium and
zinc as possible dopants for Li;GaN,, the dopants tend to occupy gallium and lithium
sites owing to the comparable size of both elements leading to Fermi pinning due to
self-compensation.

The ionic radii of the cations in BaSiN,, CaGeNy, Cas(SiN3), and Cag(GaN,), do not
match and therefore we do not expect issues with the antisite defect, which is confirmed
by our calculations. The calcium-containing compounds suffer more from the nitrogen-
vacancy defect and should be synthesized under N-rich conditions. Although CaGeN,
and Cag(GaNy)y have no hole killer defects, we are not able to find any suitable dopant
due to Fermi pinning caused by the N-vacancy. The same vacancy in Cag(SiNg)y is
acting as a hole killer in nitrogen-poor regions, but its formation energy can be raised
quite well in N-rich regions. Therefore, we identify lithium in the position of calcium as
p-dopant candidate, but this does not work in the end due to a lithium interstitial defect.
Finally, several possible dopants under N-rich conditions for the remaining BaSiN,, see
Fig. are identified: Na, K, Rb in position of Ba and Al in position of Si.

In case of MgBeyN, and CaMg,N,, we only need to take care of the N-vacancy, as
the metal antisite defects are neutral because of equally charged cations. In CaMg,N,,
we need to apply N-rich conditions in order to avoid hole killing defects and to make Li
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Figure 4.24: Left: Defect chemistry of Li;GaNy under N-rich and Ga-poor conditions.
Magnesium and zinc are Fermi pinned due to their antisite defect and
lithium interstitial. Right: Defect chemistry of BaSiN, under N-rich condi-
tions. The barium vacancy is Fermi pinned but aluminum, sodium, potas-
sium (not shown) and rubidium are possible p-dopants.

Table 4.13: List of cyanamide candidates sorted by their HSE-band gaps. For each com-
pound, its MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean
hole effective mass (m;) and relative shift of the CBM are given.

Compound | MPDB ID | Space group | EFSF (eV) |mj (m,) |shift CBM
BeCN, mp-15703 142d 5.19 0.76 34.5%
MgCN, mp-9166 R3m 5.13 1.59 49.9%
Li,CN, mp-9610 | I4/mmm 4.88 1.34 37.2%
CaCN, mp-4124 R3m 4.77 1.04 45.3%

in position of Mg function as possible p-dopant. MgBe,N,, see Fig. [4.25] shows no hole
killing defects in all regions, but N-rich conditions are helping to avoid Fermi pinning of
the possible p-dopants sodium in position of Mg and lithium in position of Mg and Be.

Cyanamides and beryllium carbonitride

Cyanamides MCN, with M = Ca, Li, and Mg should not suffer from antisite defects due
to the covalently bound CN, group. We have also to remark that we added MgCN,, to the
list in Tab. which exhibits a too high harmonic average of the hole effective mass
of 1.59m, being above the screening criterion. However, it is interesting to compare
MgCN, with CaCN, due to their similarity. The effective mass and HSE-band gap
behave against the expected trend, because the less electronegative element Ca should
have the larger band gap and larger effective mass. Beryllium carbonitride BeCN, is
another story. We can not count this component to the cyanamides and therefore, expect
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Figure 4.25: Left: Defect chemistry of MgBey,N, under N-rich conditions. Lithium
and sodium are possible p-dopants due to a neutral antisite defect. Right:
Defect chemistry of BeCN, under N-rich conditions. The only promising
p-dopant boron is Fermi pinned by the antisite and N-vacany defect.

quite different results. Owing to the small ionic radii of both beryllium and carbon, this
compound faces the problem of antisite defects. As shown in Fig. [£.25] carbon in the
position of beryllium is problematic for hole doping. No hole killing defects in any region
are found, but we are also unable to identify a suitable dopant due to the high formation
energies for lithium and other dopants and due to Fermi pinning for boron in the position
of beryllium.

For the other cations, i.e. M = Mg, Li,, and Ca, in the MCN, materials, we observe
a mismatch between the radii. Based on the reasoning above, we do not expect cation
antisite defects to be an issue and in fact the defect chemistry of these three materials
is quite similar. All of them are barely passing our intrinsic defect screening and both
anion vacancies are potential hole killer. Therefore, they need to be synthesized under
C- and N-rich conditions. In this region, we see another defect gaining importance:
nitrogen in the position of carbon. This leaves not much room for dopants and owing to
this, Li,CN, is already out of consideration, since we would have to substitute lithium
with an element with even fewer valence electrons. For CaCN, and MgCN,, we could for
example dope them with lithium in the position of calcium or magnesium. Nonetheless,
we encounter Fermi pinning. So these compounds only barely pass our intrinsic screening
and in the end they fail our extrinsic screening.

Nitridophosphates

The nitridophosphates LiPN,, Ca,PN3 and Mgy,PN;, listed in Tab. are performing
quite well in our defect chemistry screening. The Li interstitial in LiPN, is quite bother-
some and in combination with the N-vacancy this leads to the requirement of N-rich and
Li-poor conditions for synthesis. It would also be good to have P-poor conditions, since
we had to identify a suitable p-dopant for phosphorous. However, no suitable dopant
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Table 4.14: List of nitridophosphate candidates sorted by their HSE-band gaps. For each
compound, its MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean
hole effective mass (mj) and relative shift of the CBM are given.

Compound | MPDB ID | Space group EESE (eV)|my, (me) |shift CBM
LiPN, mp-3524 142d 5.13 1.37 35.8%
Mg,PN, mp-3933 Cmc2, 4.88 1.29 46.1%
CayPN, mp-8977 Cmce 3.87 0.87 47.3%

Table 4.15:

List of chalcophosphate candidates sorted by their HSE-band gaps. For each
compound, its MPDB ID, symmetry, HSE-band gap (EgSE), harmonic mean
hole effective mass (mj ) and relative shift of the CBM are given.

Compound | MPDB ID | Space group EESE (eV)|my, (me) |shift CBM
SbPO, mp-3439 | P2,/m 5.34 127 | 51.2%
BiPO, mp-55879 P2;/m 5.00 0.92 48.7%
Mn,P,0, | mp-18721 | C2/m 4.56 143 | 47.7%
MgPS, mp-675651 C2/m 3.90 1.13 48.6%
InPS, mp-20790 14 3.40 1.15 50.4%
NaPsS, mp-28782 P42, /c 3.39 1.47 44.8%
MgPSeq mp-28395 R3 2.98 0.94 49.2%

is found, as the high formation energy of dopants and the Li interstitial easily lead to
Fermi pinning. In MgyPN3, shown in Fig. [£.26] the antisite defect of P in position of
Mg is problematic, as this also becomes a hole killing defect in a phosphorous-rich re-
gion. Therefore, synthesizing it under P-poor and N-rich conditions seems to be a good
strategy. This also makes the substitution of phosphorous attractive and indeed Si, Ge
and Ti in position of P are found in our dopant screening. However, the screening fails
to identify a p-dopant for magnesium, even though Li in position of Mg appears to be
promising, but it gets Fermi pinned by its interstitial defect. The last nitridophosphate
is CayPN3, where we find that the vacancy of nitrogen is problematic and even hole
killing in N-poor regions implying N-rich conditions. We are unable to find a suitable
dopant for calcium, but we identify Si in position of P as promising dopant. Compared
to MgyPNjy, the defect chemistry in CayPNj is less favorable and therefore, Ge in posi-
tion of P is getting Fermi pinned, although this is a close call, because it is very close to
the valence band.

Phosphates and chalcophosphates

As mentioned in subsection [4.4.1] only phosphorous-containing compounds composed
of another anion are selected based on our screening criteria, see Tab. We can
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Figure 4.26: Left: Defect chemistry of MgyPN; under N-rich conditions. Although
lithium is getting Fermi pinned, silicon, germanium and titanium on P are
possible p-dopants . Right: Defect chemistry of NasPS, under P-poor and
S-rich conditions. By adjusting the conditions, the vacancy can be utilized.

further classify them as either chalcogen- or nitride-containing. We will start with the
chalcogen-containing phosphates, due to their high failure rate during the intrinsic defect
screening. The phoshphates BiPO, and SbPO, as well as the thiophosphates InPS, and
MgPS,, exhibit hole killer defects in all regions and therefore fail the intrinsic screening.
The hole killing defects in these compounds are anion-vacancies with the exception of
MgPS;, where the hole killing defect is the Mg interstitial defect in most of the regions.
Interestingly, the vacancy of phosphorous is an issue in BiPO,, whereas it does not cause
any problems for SbPO, in all regions.

This leaves Mn,P,0,, MgPSe; and NasPS, as possible p-type semiconductors. In
comparison to other compounds, the defect formation energies in MgPSe; are quite high
resulting in no hole killer defects in all regions and a promising situation for dopant
screening. However, no possible dopant is identified, since the tested ones exhibit high
formation energies. The intrinsic defects of Na;PS, are not very promising and we have
to avoid S-poor conditions, since the S vacancy and Na in position of S are hole killing
defects in these regions. By applying P-poor and S-rich conditions during synthesis,
silicon can be used as dopant in position of phosphorous. We should also mention that
this material can be made intrinsic p-type under S-rich and Na-poor conditions, but
then the dopant, Si in position of P, will get Fermi pinned. Under the first mentioned
conditions and as shown in Fig. we observe Fermi pinning for the vacancy. Because
of the two situations it is unlikely that both defects can be used in order to create high
hole concentrations. And one has to choose between intrinsic or extrinsic doping for
NasPS,.

We expect extrinsic doping to be superior. The pyrophosphate Mn,P,0- is passing the
intrinsic defect screening and exhibiting promising defect chemistry. This is due to the
behavior of the vacancies of oxygen and phosphorous, which have high formation energies
and do not release electrons easily. The formation of a phosphorous or manganese
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antisite defect under phosphorous-rich conditions can even be harmful for the dopants
suggesting oxygen-rich or neutral conditions. Under these conditions, we identify quite a
lot of dopant candidates. According to our calculations, Mn,P,0- can be doped p-type
with hydrogen, lithium, sodium, potassium, rubidium and silver on manganese sites and
carbon, silicon and germanium on phosphorous sites.

The failure of p-type doping in oxides is often caused by the formation of oxygen
vacancies. In comparison with the other investigated materials, we observe higher for-
mation energies for the corresponding vacancies, so they are less prone to the formation
of hole killer defects. Indeed, most of the investigated compounds pass this criterion.
On the other hand, this means also that we have to consider hole killing defects such as
antisite defects of elements with more valence electrons replacing elements with fewer
valence electrons and metal interstitial defects. To sum up the results of our defect
chemistry screening, finding a suitable dopant turns out to be the major challenge for
the investigated ternary compounds. Dopants for compounds that exhibit promising
intrinsic defect chemistry are also often suffering from high formation energies, so that
we often encounter Fermi pinning. From the 21 ternary compounds passing the intrinsic
defect chemistry screening, we end up with only 6 compounds, for which we propose
suitable dopants. As shown in our investigations, it makes sense to follow the rule of
avoiding nitrides containing metals in unequal charge states and with similar ionic radii
altogether, as it is highly likely that these compounds exhibit either hole killing defects
or Fermi pinning of dopants.

The branch point concept might also be employed in order to predict the defect chem-
istry. Samardian et. al”® used the branch point energy in order to classify oxides into
3 classes. By applying this concept to our calculated branch point energies, we would
expect ZnGeN, to be n-type, whereas the rest of the compounds falls into the interme-
diate class, for which both p- and n-type behavior is possible. However, it is more likely
to encounter n-type behavior, since most of these compounds exhibit a greater shift of
the VBM. Therefore, we find this concept not trustworthy when it comes to nitrogen-
and phosphorous-containing materials.

4.4.3 Discussion
Literature survey

a) Atomic structure and stability: For stability, we have to consider at least two
aspects: Transformation due to change in temperature or pressure and stability with
regard to reactions that can occur due to contact to air, moisture, acids or bases. Com-
bining these two aspects, there is also the possibility of decomposition due to heating.
We used the convex hull data provided by the MPDB in order to judge the stability.
This should in principle be fine for phase transformations and decomposition, but sta-
bility towards air, moisture, acids and bases is not considered. Furthermore, the choice
of the PBE functional might be a possible source of error, as it might overestimate cova-
lent bonds 192168 Therefore, employing PBE to construct a phase diagram can lead to
predictions violating the octet rule. As mentioned in the binary section, KP is fulfilling
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our stability criterion (Egpove huy = 0€V), but experimentally it is only stable when it is
synthesized in an ampule using stoichiometric amounts of starting material and inert gas
during processing.®* Owing to this, we discuss the stability of the identified compounds
based on a literature search.

Sensitivity to moisture and air were reported for Mg(BeN),, 2% NasPS, 1% BaSiN,, 169
and CaMg,N, 2™ In the study of BaSiN,,1% the statement about stability is referring to
all the used compounds, so BaSiN, has not been specifically investigated and could also
be stable. A similar composition, Ba,SisNg, has also been tested in 2008 for application
in light-emitting diodes ™ Na3PS, is considered for utilization as electrolyte in sodium
batteries L2173 This shows that the mentioned materials can be used for technological
applications, although they are sensitive to air. In addition, Ca(MgN), is reported to be
soluble in dilute sulfuric acid 2™ Furthermore, Ca,PNj is found to be more sensitive to
hydrolysis than Mgy,PNs, which is not attacked by air, moisture, acids and bases under
normal conditions™® This could mean that these compounds will degrade more facile
than others. For the rest of the suggested compounds, no further information on their
stability is given in the literature.

SizN, is known to exist in two phases: the low temperature phase a—Si;N, (P31c) and
the high temperature phase f—Si3N, (P63/m). a—SizN, is a metastable configuration,
so it can be transformed into f—Si3N,, whereas the reverse transformation is not possi-
ble. We also find two different space groups for 3—SizN,: P63/m and P63 Based
on our stability criterion, we selected f—SizN, with P63/m space group in agreement
with Belkada et all®

As discussed in Ref. [178] there was dispute in the phase diagram for BN. It was not
clear if cubic boron nitride (c—BN, F43m) or hexagonal boron nitride (h—BN, P63/mmc)
is the preferred structure at 0 K and 0 pressure. However, we propose h—BN based on
our stability criterion. The most stable atomic structure for AIN in the MPDB is the
wurtzite one (P63/mc), which is consistent with previous results 22180 P.N. exhibits
several phases, which are labeled as a—P3N5 (C2/c), y—P3Ny (Imm2) and 6—P3Nj
(P112;/m) Y §—P,N; is a high pressure phase and not included in the MPDB. From
the remaining two phases, a—P3N; is correctly identified to be more stable. For B¢zP as
well as for most ternaries, the MPDB contains just one structure, which match the ex-
perimental ones, as they are are derived from experimental data. The only ternary com-
pounds, for which several phases are available in the MPDB, are Mn,P,0, and NazPS,.
From the three theoretical phases of Mn,P,0-, the thortveitite-structure (C2/m) is only
slightly more stable (0.001 eV) than the other two and therefore reported in the litera-
ture 182 For NagPS,, two phases are known experimentally and theoretically: a—NayPS,
(P42, /c)*8 and B—NayPS, (143m) 23 In the MPDB, the a—phase is correctly identified
to be more stable than the S—phase.
b) Band gap and transparency: We considered the size of the band gap as the
criterion determining the transparency of compounds. It should be mentioned that we
did not investigate the reflectance of the materials. For example, ceramics made of AIN,
BN and SizN, are all reflective and therefore their color is white or gray. We note in
passing that there are some efforts to increase the translucency of SizN 184

HSE band gap calculations show that this functional underestimates band gaps larger
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than 5 eV.2T This is true for P3N, where we calculated a band gap of 4.99eV and
experimental results indicate a band gap of 5.87 0.2 eV 1 It also holds for AIN (5.42 eV
calculated compared to 6.2 eV experimentally) and BN (5.41 eV calculated compared to
6.0eV experimentally) %185 Tn contrast to this, the agreement between a previously
calculated band gap for AIN of 5.48 eV and our result of 5.42eV is still good.*? Overall,
this underestimation is not of great importance to our screening strategy, since only
gaps greater than 5eV are afffected and we should probably stop screening materials
with band gaps greater than 4.5eV.

Considering the other wide-band gap compound, S—Si3N,, its gap is overestimated
by 0.2eV, as we calculated 5.7e¢V compared to 5.5e¢V measured by Carson et al180
Although the authors admit that this value is probably too large and the value of 5.2 eV
measured by Goodman'?! is more realistic. It is also important to point out that the
band gap of this material is very sensitive to the doping level 187 As expected, B4P with
a calculated gap of 3.23eV is in better agreement with the optically measured value of
3.35 eV due to the small gap.

For our passing ternaries, we found five reported values in the literature. For Mg(BeN),,
a gap of 6.1eV was calculated by Khan et al1%8 using the modified Becke-Johnson func-
tional 189 This functional was designed for the calculation of band gaps and should be
also accurate for values larger than 5.0eV. Therefore, its result can be expected to be
more accurate than the 5.36 eV calculated in this work. Our calculated gaps for Mg,PN,
with 4.88 eV and for BaSiN, with 3.99eV are in good agreement with the measured gaps
of 5.0eVIU and 4.1eV ! respectively. A calculated band gap for NagPS, of 3.26eV
is reported by Kang et al¥? using the screened exchange local density approximation
(sX-LDA) as functional 193194 This value is slightly lower than from our HSE calcula-
tion with 3.39eV and the results are therefore in reasonable agreement. For CaMgyN,,
we obtain a band gap of 3.05eV, which is not too far away from the 3.25eV measured
by diffuse IR reflectance spectroscopy+?® To the best of our knowledge, no band gaps
have been reported for CaPN3 and Mn,P,0; so far.

c) Effective mass and conductivity: The effective masses can theoretically be cal-
culated in two ways: calculating the curvature of a specific path in the reciprocal space
or with Boltzmann transport theory. We obtained the effective mass values from Boltz-
mann transport theory wvia the dryad database, so they do not directly correspond to a
certain curvature. Owing to this, the effective masses from Boltzmann transport the-
ory for AIN, BN and Si3N, are often between the mass of the lightest and the heaviest
hole from curve fitting. However, one exception is BN, for which 0.33 and 1.26 m, are
reported as light and heavy hole effective masses, respectively % but 0.7 and 3.31m,
are computed with Boltzmann transport theory. For AIN, 0.36 and 4.24 m, are found
experimentally,*® but 0.25 and 3.68 m, were calculated for light and heavy hole effective
masses, respectively??? This can be compared to the values of 0.43 and 3.58 m, from
Boltzmann transport theory. For SizN,, 0.85 and 2.9 m, are found in a computational
study!® as light and heavy hole effective masses, respectively, while 0.94, and 1.95m,
is obtained from Boltzmann transport theory.

d) Dopants We identified Mg and Zn in the position of Al as possible p-dopants for
AIN. Be was discarded, because of an interstitial defect compensating the hole doping.
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This is in good agreement with recent calculations, as Zhang et al’?? investigated p-

type doping with Be, Mg and Ca and their reported defect chemistry is quite similar
to our results. As mentioned in the defect chemistry section activation energies are
not accurate on the GGA level of theory. Therefore, one larger difference is found for
the activation energy of Mg, which Zhang et al'® found to be 0.58 eV. This is also
confirmed by Wu et al.?) who argued that an activation energy higher than 0.5eV
will lead to a carrier concentration that is too small. In our calculations, the activation
energy of Mg is underestimated with about 0.3 eV, which might lead to the impression
that Be performs worse than Mg as a dopant. Contrary to this, Wu et al.?Y found that
Mg is unsuitable as dopant, whereas Be is suitable when it is co-doped with H. Another
study came to the conclusion that doping with C might be working when co-doped with
0 2% However, we did not investigate more complex doping strategies, so that some of
the dopants found unsuitable in our investigations could be working when co-doped or
deployed in a more advanced doping scheme.

We also did not look into the possibility of electrochemical doping, which is for exam-
ple employed for Cul with iodine. For BN, we encounter a similar problem by dismissing
Mg in position of B because of the high formation energy. This results in Fermi pinning,
although the epitaxial grown Mg-doped, p-type h—BN-layer was reported 202293 The ex-
perimental doping was realized with biscyclopentadienyl-magnesium, so that the failure
of our calculations might be explainable with the simple single point defect model. Lu et
al*27 calculated properties of Ca and Al doped 3—Si3N,. They reached the conclusion
that the Al defect is more stable, which is in agreement with our calculations, where we
see that the Al defect will form more easily and that the Ca defect is compensated by
the higher formation energy.

In the end, the effective mass is used as an indicator for good hole conductivity. From
this perspective, known properties of some materials can also be compared with the
reported effective masses. Good hole conduction in (700 cm?V~!s~1) B4P-thin films was
reported in ref. |204. NasPS, is known as ion-conductor and therefore hole or electron
transport is not the main source of its conductivity:*®172 Thin films of P3Ny are used
as an insulating layer??> Finally, the effective mass criterion can be relaxed even more
since common p-type semiconductors exhibit effective masses of at least 2.0 m, .50

4.4.4 Final remarks

The final list of promising binary and ternary pnictides is shown in Tab. The p-type
applicability of BgP is not surprising, since BP and B4O are already known as p-type
semiconductorst0229 The more surprising aspect of this compound is the worsening of
the band alignment, as the CBM is shifted by about 85 % in BP. In contrast to this, we
only find a shift of 50 % for BgP. This means that most of the 1.2 eV difference between
the two gaps is caused by the shift of the VBM, which is disadvantageous for p-type
applications.

Although the relative shift of 51 % is one of the better values among the remaining
compounds, the large band gap of 5eV for P3N; is a hindrance for some p-type applica-
tions. Such a large band gap would be even more problematic, when it is combined with
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Table 4.16: Final list of binary and ternary compounds. For each compound the HSE-
(EgHSE) and experimental band gaps Eg ", harmonic mean hole effective mass
(my,), relative shift of the CBM, and suggested dopants are given.

Compound EESE (eV) | Eg®P (eV) |, (me) | CBM shift | Dopants

SigNy, 5.71 5.2-5.5 1.13 50.4% |Si: Ga, Al

AIN 5.42 6.2 1.03 42.7% | Al: Mg, Zn

BeP 3.23 3.35 0.84 48.9% |P: Ge

P3Ny 4.97 5.87£0.2| 1.08 50.4% |P: Si

MgBe,N, 5.36 - 1.33 48.9% |Mg: Li, Na Be: Li

Mg, PN, 4.88 5.0 120 | 46.1% |P:Si, Ge, Ti

Mn,P,0, 4.56 ; 1.43 47.7% |Mn: Ag, K, Li, H, Rb, Na
P: Si, C, Ge

BaSiN, 3.99 4.1 0.90 52.4% |Ba: Na, K, Rb Si: Al

Ca,PNg 3.87 - 0.87 47.3% | P: Si, Ge

NasPS, 3.39 - 1.47 44.8% | P: Si

CaMg,N, | 3.0 3.25 136 | 362% |Mg: Li

a small relative shift of the CBM. We encounter exactly this problem in the 7 remaining
ternary compounds. In particular, the magnesium-containing materials MgBe,N, and
Mg,PN, are suffering from these two factors and the VBM is shifted down by 2.7 and
2.6 eV, respectively. MgBe,N, is also sensitive to moisture and air, which makes this
compound quite uninteresting for application.**” Contrary to this, Mg,PNj is still of in-
terest, since its defect chemistry is indicating various possible dopants. Furthermore and
as mentioned above, this compound seems to be fairly stable, as it is neither attacked
by air, moisture, acids nor bases under normal conditions.

Na;PS,, which exhibits the second lowest shift of the conduction band (—1.9¢eV), could
be problematic because of its good ion conduction properties ™ Nevertheless, it seems
to be quite interesting from a defect chemistry point of view: We found one region, where
it can be doped by silicon in the position of phosphorous, and another region, where the
sodium vacancy is making it p-type. In contrast to this, Li;GaN,, which is known as an
ionic conductor,2Y? failed in our dopant screening due to self-compensation.

Among the ternary compounds, CazSiyNg exhibits with —1.7eV the lowest shift of
the VBM, but its defect chemistry appears unfavorable due to Fermi pinning near the
valence band. We believe that this material is uninteresting for application, due to the
fact that it is highly air sensitive?’® and the fact that we were not able to find any
suitable dopant.

As mentioned before, CaMg,N, and Ca,PN; appear to be a bit more stable. For
both compounds, we find nitrogen-rich conditions to be necessary in order to avoid hole
killing defects. CaMg,N can be doped p-type with lithium in the position of magnesium
and CayPN5 with silicon in the position of phosphorous. We also want to point out,
that Ca,PNj exhibits the lowest effective mass among the ternary compounds and is
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therefore promising in terms of hole conduction.

Although the defect chemistry of Mn,P,0, is very promising, we are not sure if this
material is described properly in our defect calculations. They are based on single point
defects, i.e. on removing a single atom. A chemist would probably expect a vacancy
including PO4>~, PO,*~ or P,O;%". We suspect this material to be insulating, because
we did not find any indication that Mn,P,0; can be used as a semiconductor.?"”

Based on our screening, BaSiN, appears to be the most promising material. Among
the ternary compounds, its effective mass of 0.91 m, is the second lowest, the valence
band is shifted by —1.9eV, which is the third lowest value, and its defect chemistry
is also promising, since only one region is critical regarding hole killing defects. We
were also able to identify several dopants that make this material p-type and especially
rubidium in the position of barium seems to be interesting. As mentioned in the stability
discussion, a related material was also tested in 2008 for use in light-emitting diodes.
For this purpose, Ba,Siz;Ng was doped with europium.*” Nevertheless, it has to be
stressed that the formed structures and properties depend on the method of synthesis
and further conditions. Therefore, this study might serve as a starting point for further
investigations of the promising compounds.

4.5 Chalcogenide studies

The chalcogenide studies were carried out by Dr. Ramya2%2l In the binary chalco-
genide study, the original methodology as described in section Was used,?? whereas
the ternary chalcogenide study included some changes in the methodology and their
implementation* !’ The data source and the employed screening criteria in the binary
study deviate from the later studies, thus we decided to realize a comparison by applying
the new criteria to the results of the binary study. In addition and after the summary
of the ternary screening, we discuss the defect chemistry in more detail.

4.5.1 Binaries

The binary chalcogenide screening®® is based on the work of Strehlow et al®* It should
be mentioned that a relaxed band gap criterion was employed, as the experimental gap
had to be greater than 1.7eV. This led to the identification of less than 40 possible
candidates. The effective mass was calculated via finite differences® and the smallest
eigenvalue is reported. This criterion reduced the candidates to 22 materials, for which
defects had to be calculated. After the defect chemistry screening, nine compounds
appeared as promising materials.

For later studies we used the database of Ricci et al'®? and considered the harmonic
average of the eigenvalues for the effective mass. Owing to this, we show in Tab. [£.17]
both mentioned values of the effective mass for the nine final candidates. In case of
the isotropic materials ZnS, ZnSe, ZnTe and MgS, the agreement is reasonable. One
exception is BeTe, for which we did not find a value in the database. MgTe exhibits
a particular big discrepancy between its effective mass values. This could be caused
by its highest lying valence bands, which are degenerate at the I'-point, see Fig.
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Table 4.17: Final list of binary chalcogenides passing the screening sorted as discussed
in ref. 53. For each compound, the MPDB ID, symmetry, HSE-band gap
¢ "), hole effective mass (m;) (smallest

(EgHSE), experimental band gap (Eg
eigenvalue from finite differences®) and harmonic mean hole effective mass

(m;) (from Boltzmann-transport theory®) are given.

Compound [ MPDB ID | Space group EgSE (eV) |Eg (eV) |mj (me) | M} (me)
ZnS mp-10695 F43m 3.5 3.7 0.70 0.81
ZnSe mp-1190 F43m 2.7 2.7 0.63 0.72
ZnTe mp-2176 F43m 2.6 2.4 0.40 0.55
MgS mp-1315 Fm3m 5.5 6.4 0.96 0.98
MgTe mp-1039 P6smc 4.2 4.7 0.18 1.56
GaSe mp-1943 | P65/mmc 2.6 2.1 0.25 0.77
GaTe mp-10009 | P63/mme 1.7 1.7 0.14 0.55
Al,ySeq mp-11674 | P63/mmec 3.1 3.1 0.56 1.42
BeTe mp-252 F43m 2.6 2.9 0.35 n.a.

Therefore, the hole effective mass calculation might be using the higher curvature to
determine the effective mass.

Application of our recent criteria would eliminate most of the listed materials. The
band gap ( > 3.0eV) criterion would exclude more than half of the compounds. For the
effective mass, based on database values, we would kill MgTe and maybe also Al,Ses
depending on if we require the harmonic average of the hole effective mass to be smaller
than 1 or 1.5 me. So only two compounds would remain: ZnS and MgS. The experimental
band gap of the latter is fairly large with 6.4 eV indicating insulating behavior. Therefore,
it needs to be tested if this compound is still semiconducting.

4.5.2 Ternaries

The ternary chalcogenide screening?! is based on the new methodology, which is similar
to the methodology used for pnictide and halide screening. We searched in the Materials
Project Database® for candidates and employed the dryad database of Ricci et al%? in
order to find the hole effective masses. Afterwards, the HSE-band gap was calculated.
After screening of the defect chemistry, the optical spectra and the band alignment were
also calculated. For the latter, the branch point method? was employed, which was
later on included in the HSE-screening. This allowed us later to test the classification
scheme of Sarmardian et al”” and to point out interesting materials, for which defect
chemistries were not studied because of their HSE-band gap being too small.

The criteria used in this screening were strict. For the database search, the elements
were limited so that only specific metal-metal-chalcogenides would be further considered.
The harmonic average of the hole effective mass had to be smaller than or equal to 1.0 m,
and the HSE-band gap had to lie between 3.0 and 4.3 eV. This resulted in 34 candidates
that are listed in Tab. for which the intrinsic defect chemistry was screened.
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Table 4.18: List of ternary chalcogenides after screening with criteria for hole effective
mass and HSE band gap sorted by their harmonic average value of the hole
effective mass. For each compound, the MPDB ID, symmetry, HSE-band
gap (EgSE), eigenvalues of the hole effective mass and harmonic mean of the

hole effective mass are given.

Compound | MPDB ID | Space group | EX5F (eV) |mj1 (m.) |m;2 (me) |m;3 (m,) |mj (m.)
NaBiS, mp-675531 Fdd2 3.0 0.20 0.25 2.14 0.31
AlTI1Se, mp-863762 C2/c 3.35 0.18 0.86 0.88 0.38
IrSbS mp-8630 P2,3 3.08 0.39 0.39 0.39 0.39
T1InS, mp-865274 C2/c 3.00 0.21 0.72 0.75 0.40
T1GaS, mp-4016 C2/c 3.39 0.22 0.86 0.87 0.44
NagInTe, mp-28597 Pben 3.00 0.23 1.54 1.55 0.53
Ba,GeSe, | mp-11902 P2;/m 3.00 0.22 3.87 7.75 0.60
NalnSe, mp-22473 R3m 3.11 0.48 0.48 4.91 0.60
RbAu;Se, | mp-9385 P3ml 3.18 0.49 0.49 1.58 0.63
Al,ZnS, mp-4842 Fd3m 3.95 0.66 0.66 0.66 0.66
LiAlTe, mp-4586 I42d 3.60 0.52 0.83 0.83 0.69
T1,BS, mp-29337 P2,2/m 3.00 0.43 0.65 2.23 0.69
GaySn,S; | mp-14280 |  Pna2, 3.00 0.43 0.65 2.23 0.70
Ba,SiSe, | mp-14447 | P2,/m 3.95 0.26 7.80 10.34 0.74
Ba(BSez), |mp-570823 Cmce 3.53 0.51 0.85 1.38 0.77
Na,GeSes mp-4068 P2;/c 3.12 0.38 1.02 4.83 0.79
AgsAuS, mp-34460 R3m 3.03 0.40 1.59 1.59 0.80
NbCusSe, mp-5621 P43m 3.13 0.82 0.82 0.82 0.82
Na,ZrSe; | mp-7219 | C2/m 4.32 0.50 0.71 473 0.83
VCusS, mp-3762 P43m 3.69 0.93 0.93 0.93 0.93
NalnS, mp-20289 R3m 3.90 0.67 0.67 5.98 0.94
NbCusS, mp-5621 P43m 3.40 0.97 0.97 0.97 0.97
Ba,GeS, |mp-540805 Pnma 4.13 0.38 3.86 5.74 0.97
NaLiTe mp-8754 Pnma 3.73 0.49 1.50 2.96 0.98
Na,GeS; mp-4068 P2y /c 4.29 0.48 1.28 4.93 0.98
7Zn(GaSe, ), | mp-15776 14 3.31 0.99 1.00 1.02 1.00
LiGaSe, mp-11582 Pna2; 3.17 0.53 1.73 2.14 1.0
CuBS, mp-12954 142d 3.15 0.93 1.07 1.07 1.0
T1,SiSeq mp-15776 4 3.02 0.57 1.16 4.02 1.0
Ba(GaSe,), | mp-7841 Ccem 3.58 0.70 1.14 1.83 1.0
Rb(SbSe,), | mp-9798 P1 3.58 0.61 1.26 2.41 1.0
RbAuSe mp-9731 Cmcm 3.39 0.56 1.13 5.66 1.0
KAuSe mp-9881 Cmcm 3.42 0.54 1.23 5.48 1.0
Ba,TiS, mp-17908 Cmcem 3.2 0.54 1.83 2.88 1.0
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Figure 4.27: Band structure of MgTe adopted from the Materials Project Database/63
The circles indicate the position of the I'-point, where three valence bands
are degenerate.

We can first have a look at the compounds containing tellurium. This element ex-
hibits a similar electronegativity as phosphor and therefore probably suffers from similar
problems: the band gaps of these materials could be too small to let them pass the PBE-
and HSE-band gap screening steps. We only found LiAlTe,, NasInTe, and NaLiTe as
potential candidates. The lithium-containing materials exhibit HSE-band gaps of 3.60
(LiAlTe,) and 3.73 eV (NaLiTe) and NasInTe, is barely passing the HSE-band gap crite-
rion with 3.00eV. Although we were not able to find any dopant for LiAlTe,, NasInTe,
and NaLiTe pass our intrinsic defect screening. In LiAlTe,, the antisite defect of Li on
Al is troublesome and in NaLiTe, the lithium interstitial might be problematic. In the
case of the latter, it is hard to find a suitable dopant, since both of the metals are in
oxidation state I.

The oxidation state is also important for the selenium-based materials, for which in-
trinsic defects are screened. The defect chemistry of most of these materials posses often
no hole killing defects under anion-rich conditions. Therefore, only NaInSey, Zn(GaSe,)s,
LiGaSe,, and Rb(SbSe,), are failing the intrinsic defect chemistry screening. For the
gallium-containing compounds, the antisite defects of Ga on Zn and Ga on Li turn out
to be hole killing. In NalnSe,, we have beside the antisite defect of In on Na also Se on
Na, which releases electrons into the material.

In contrast to these three materials, NayZrSes is passing the intrinsic defect screening.
But it is suffering under the antisite defect of Zr on Na, which prevents us from finding
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any suitable dopant. In Rb(SbSe,),, the hole killing defect is even just the interstitial
defect of selenium, which is rather unusual for anion interstitials. However, we should
not forget that selenium is also able to form compounds, where it is in an oxidation state
of IV1% This explains the release of electrons under electron-poor conditions.

We encounter further selenium-related problems also in AlT1Se,, BayGeSe,, T1,SiSes,
Ba(GaSey),, and as mentioned in Rb(SbSey),. Except for both thallium-containing
compounds, where this is the antisite defect, it is the selenium interstitial defect, which
renders doping of these compounds hard. Nonetheless, we were able to find possible
dopants for Ba,GeSe, letting this compound as the only one from the above mentioned,
pass the extrinic and therefore whole defect screening.

Furthermore, for Ba,SiSe,, Ba(BSe;), and Na,GeSes, we see also Se-related problems,
but they are not the main hindrance for p-type doping. In Na,GeSes, the sodium
interstitial is more troublesome than the antisite defect, so Sn on Na prevents us from
finding any suitable dopant. Under electron-poor conditions, the vacancies of Si and B
release electrons into the material in case of Ba,SiSe, and Ba(BSes),, respectively. This
unusual behavior of cation vacancies could also be related to selenium, because boron
as well as silicon are surrounded by selenium in a tetrahedral fashion. The difference in
electronegativity is also relatively small. Therefore, the classification of Se?” and Si**
might not be justified and we should more likely think in terms of SiSe,*~ and BZSeGQT
We were able to find dopants for both compounds, so that both of them pass the defect
screening.

Finally, we are left with the coinage metal- and selenium-containing materials. All
these materials suffer from interstitial defects of coinage metals and are potentially in-
trinsic p-type, if the coinage metal vacancies are not pinned by an interstitial defect.
This happened in NbCusSe,, where the copper vacancy is pinned by a copper intersti-
tial defect. This in combination with the inability to find any dopant led to the failing
of the extrinsic defect screening for this compound. We were also not able to find any
dopant for RbAusSe,, RbAuSe, and KAuSe, but the vacancies of these materials render
them intrinsic p-type. However, in the case of KAuSe it is the potassium vacancy, since
the gold vacancy got pinned by its interstitial defect.

Even though the electronegativities of selenium and sulfur are similar and the number
of candidates in both classes are nearly equal (16 selenides and 15 sulfides), a lot more
sulfides are failing the intrinsic defect screening. In NaBiS,, NalnS,, and Ba,TiS,,
sulfur-rich conditions were not sufficient to suppress the formation of sulfur vacancies,
which act as hole killer in these compounds. The vacancy of sulfur is also problematic in
T1;BS;. However, it is not a hole killer letting this compound barely pass our intrinsic
defect screening. In the end, it failed the dopant screening, since we were not able to
find a suitable dopant. The antisite defect In on Na in NalnS, is even more troublesome
than the vacancy due to the low formation energy of the former. TlInS,, T1GaS,, and
Al,ZnS, are not passing the intrinsic defect screening because of antisite defects. In the
thallium-containing materials, it is the T1 on S antisite defect, which remains hole killing,
although sulfur-rich conditions were applied. For Al,ZnS,, it is the Al on Zn antisite
defect, which proves to be hole killing. Ga,Sn,S; and Na,GeS5 are also not passing our
intrinsic defect screening. In these materials, the interstitial defects are responsible for
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Table 4.19: Final list of ternary chalcogenides after defect chemistry screening. Top
materials for which we found a dopant bottom intrinsic p-type materials
without dopants. Sorted by their harmonic average value of the hole effective
mass. For each compound, the MPDB ID, symmetry, HSE-band gap (EgSE),
eigenvalues of the hole effective mass, harmonic mean of the hole effective
mass and are given.

Compound | MPDB ID | Space group | EX5F (eV) |m;1 (m.) |m;2 (m.) |m;3 (m.) |mj (m.)
IrSbS mp-8630 P23 3.08 0.39 0.39 0.39 0.39
Ba,GeSe, | mp-11902 P2;/m 3.00 0.22 3.87 7.75 0.60
Ba,SiSe, mp-14447 P2;/m 3.95 0.26 7.80 10.34 0.74
Ba(BSes), |mp-570823|  Cmce 3.53 0.51 0.85 1.38 0.77
NbCusSe, | mp-5621 P43m 3.13 0.82 0.82 0.82 0.82
VCusS, mp-3762 P43m 3.69 0.93 0.93 0.93 0.93
CuBS, mp-12954 142d 3.15 0.93 1.07 1.07 1.0
RbAusSe, | mp-9385 P3ml1 3.18 0.49 0.49 1.58 0.63
Ag,AuS, | mp-34460 R3m 3.03 0.40 1.59 1.59 0.80
NbCuyS, | mp-5621 P43m 3.40 0.97 0.97 0.97 0.97
RbAuSe mp-9731 Cmcm 3.39 0.56 1.13 5.66 1.0
KAuSe mp-9881 Cmcm 3.42 0.54 1.23 5.48 1.0

killing the holes. To summarize, we had three compounds killed by S vacancies, three
killed by metal antisite defects and two killed by interstitial defects. This leads to 8 out
of 15 materials, which do not pass our intrinsic defect screening. This is in contrast to
4 out of 16 materials in case of the selenium-containing compounds.

As can be seen in Tab. from the seven sulfide materials passing the intrinsic
defect screening only IrSbS, T1;BS;, and Ba,GeS,; do not posses a coinage metal in
Ba,GeS, is similar to Ba,SiSe, and Ba(BSe;),. In this case, Ge is
surrounded by sulfur in a tetrahedral arrangement instead of selenium, which is found
in the same arrangement for the two latter materials. Nevertheless, this is leading to
a similar problem, as the vacancy of germanium is letting this material fail the dopant
screening. As mentioned we were not able to finde a suitable dopant for T13BS;, which
led this material fail the extrinsic defect screening. In IrSbS, the antisite defect S on
Sb is the most troublesome defect, which is similar to selenium-containing compounds.
Nevertheless, we were able to find a dopant, so that this material passed the hole defect
screening. Finally, all sulfide- and coinage metal-containing materials, i.e. AggAuS,,
VCusS,, NbCu3S,, and CuBS, pass our intrinsic defect screening. The coinage metal
vacancy renders all four compounds already intrinsic p-type, but we were not able to
find dopants for AgsAuS, and NbCusS,. For VCusS, and CuBS,, we were able to find
suitable dopants, so that these materials also passed our extrinsic defect screening.

their formula.
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