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Abstract

In this thesis, we investigate transparent conducting mate-
rials (TCMs) which are the need of many modern technolo-
gies and devices. These are semiconductors which can com-
bine both high visible transparency and electrical conductiv-
ity /mobility. While n-type TCMs (oxides) have been utilized
in many applications such as solar-cells, touch screens etc.,
their counterpart, p-type TCMs, is performing poorly in car-
rier mobility. This impedes the development of many mod-
ern technologies such as transparent solar cells. We, there-
fore, target on design of high mobility p-type TCMs. Using
DFT in combination with other computational methods, we
suggest new practical design principles for high mobility p-
TCMs, particularly oxides. We hope that these principles
can accelerate progress in this field, especially in the era of
computational materials sciences nowadays. Moreover, we
also extend our vision by exploring non-oxide zone instead
of being bound to the traditional space of oxides. We set
up high throughput computing framework based on DFT
and beyond DFT methods such as hybrid functional, GW,
electron-phonon (el-ph) interaction, semi-classical transport.
Starting from a large database of (> 34000) crystalline struc-
tures, we implement a series of computations for non-oxide
compounds and sort out some materials showing positive po-
tentiality (searching for “a needle in a haystack”). In final,
several candidates including BP, CaTe and Li3Sb are iden-
tified as promising p-type TCMs. These binary compounds
exhibit p-type dopability, low hole effective mass (high hole



mobility) and high transparency in thin-film samples. Our
results might inspire future works and convince researchers
in the community that “there is still plenty of room” for high

mobility p-type TCMs in non-oxide space.
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Chapter 1

Introduction

In this chapter, the basic background and concept of transparent con-
ducting materials will be briefly introduced. Why do these materials
achieve a great interest of active researchers? What types of applica-
tions are they needed for? We will review the state-of-the-art progress
in both investigations and applications in this field. We also raise the
controversial questions and challenging problems and then present our

main motivations and purposes for this thesis.

1.1 Transparent conducting materials

The world is presently confronting and dealing with different major prob-
lems such as climate change, environmental contamination, inequity,
food and water security, growth of economic prosperity in a stagnation,...
We are, therefore, in a race for a new scientific and technological revolu-
tion to find solutions for many of these critical and hard issues. The main
purpose is to develop novel technologies which manoeuvre the society
into more advantageous manufacturing methods with many innovations
such as higher productivity, more automation, lower cost and energy
consumption... In particular, electronic industries are focusing on design
and fabrication of new (generations of) devices with innovative features
and higher efficiency. The fundamental base for the development of this

field is definitely novel materials with novel and exceptional properties.



CHAPTER 1. INTRODUCTION

TCMs is a clear-cut example. These materials are semiconductors with
a rare combination of different properties including high mobility, visi-
ble transparency and dopability (n- or p-type). Fig. 1.1 sketches these
properties in association with electronic band structures. From the view
of electronic band structure, this combination seems to be somehow rare
and contradictory. To be high transparency, these materials must show
wide optical band gap, normally at least 3.0 eV. However, this might lead
to more difficulties in doping them with n/p-type or both and therefore
in making them highly conductive. For instance, to facilitate n-type
doping, materials should show conduction band minimum (CBM) far
from vacuum level (large electron affinities). On other hand, materi-
als whose valence band maximum (VBM) are close to the vacuum level
(low ionization energy) can be easier to dope with p-type [1]. Because
of these principles, large band-gap semiconductors/insulators have less
possibility to be doped with n/p-type or both (extremely difficult). In
fact, only some materials satisfy this rare combination are called TCMs
and utilized for many devices such as low-emissivity coatings, flat-panel
displays, thin-film solar cells, transparent transistors, et cetera |2, 3|.
Historically, the first TCMs, n-type CdO and p-type Cul, were re-
ported in 1907 by German physicist Karl Baedeker [4]. In his paper [5],
metals (Cd, Cu,...) were coated by sputtering on glass substrates and
then oxidized in air and iodized at elevated temperature of iodine va-
por, respectively. Until 40 years later, H. A. McMaster, an American
inventor, reported another compound, SnO, film, formed by evaporat-
ing tin chloride crystal (SnCl,) with water on a glass substrate [6]. The
author proposed to use this transparent conductive film for coating and
melting ice attached on plane windows at high attitude. The following
patents also reported n-type SnO, film doped with other dopants such
as Sb [7] or F [8]. Conductive film of In,O5 was reported in two in-
dependent patents 9, 10| the first time in 1947, followed by two other
researches showing Sn-doped InyO5 is n-type transparent conductor |11,

12]. Nowadays, InyO5 becomes the most important n-type TCM in the
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market. For later decades, very many other n-type TCMs have been
discovered but the most interesting one among these is ZnO [13, 14].
There are several textbooks [15, 16] presenting and reviewing state-of-
the-art progress and applications of ZnO, which shows how much this
material is interesting. More updated information about n-type TCMs
can be seen in a recent topical review paper [17]. Unlike n-type TCMs
which were developed rapidly in both number of candidates and qual-
ity of processing after the first one CdO was discovered [4, 5], p-type
TCMs experienced an amazing stagnation in design and fabrication. 90
years after Cul was identified as the first promising p-type TCMs [4, 5],
CuAlO, had been explored by Kawazoe and his co-workers [18] as the
next candidate. This was a significant breakthrough because it brought
out a design principle for p-type TCMs based on hybridization between
d-orbitals of metals and p-orbitals of anions in valence bands. Inspired
by this rule, a series of Cu'!-based p-type oxides have been designed [19]
such as CuAlO, [18, 20|, CuCrO, [21, 22|, CulnO, |23, 24, 25], CuScO,
[26], CuY O, |27], CuGaO, [28] and SrCu,0, [29, 30|. There were other
researches extending to other chalcogen-based compounds like LaCuOS
[31, 32|, LaCuOS;_Se, [33], BaCuChF (Ch=S,Se,Te) [34, 35, 36] and
Sr3CuyScyO5S,y [37]. In addition, other cations such as M = Co, Rh and
Ir (ZnM50y) [38] and Cr (CryO3, CryMnO,, LaCrOs) [39, 40, 41, 42]
were also used to design novel materials. However, these compounds have
the same drawback: low hole mobility of around 1 cm?/Vs. Recently,
some researches go beyond the traditional rule by using post-transition
metals such as Sn, B and Bi and obtain higher performance p-type TCMs
including SnO [43, 44, 45|, B;O [46], and Ba,BiTaOg [47].

So far, some oxides such as In,O3, ZnO, SnO,, Gay,0O5, PbO, PbO,
are the best n-type TCMs which have been used as transparent electrodes
in many devices including smartphones, tablets and tablet PCs (per-
sonal computers), notebooks, all-in-one PCs, monitors, TV (television)
displays, electronic paper, OLED (organic light-emitting diode) lighting,
flexible electronics, OPV (organic photovoltaics), gas sensor... [48, 49|
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Figure 1.1: The fundamental properties of TCMs in association with their
electronic band structures.

Fig. 1.2, for instance, presents a structure of solar cell using tin-doped
indium oxide (ITO) film working as a transparent electrode. In prin-
ciple, this structure includes an intrinsic material layer sandwiched be-
tween thin n-type and p-type layers. The electron-hole pairs are mainly
generated in the intrinsic layer through photon-absorption process. The
electrons and holes are separated to the n- and p-type terminals with
enhancement by space-charge electric field, respectively, which forms a
potential bias between two terminals. To extract a voltage, we need to
utilize electrodes in contact with the n-type and p-type layers. From the
logical implication, metals are the best choices because of their electrical
conductivity, however, they reflect visible light significantly because of
plasma resonance effect [50]. This prevents light from outside going into
the active layer. The solution for this problem is to use a transparent
electrode such as ITO thin film. In principle, because of its wide optical
gap, ITO allows visible light to go through and then reach the active
layer. This film can also be highly doped, therefore, exhibits high con-
ductivity and can work as an electrode. More details about operation of
solar cell can be found in Ref. [51].

Another example of current application of n-type TCMs, a so-called
electronic paper (e-paper), is presented in Fig. 1.3. The fundamental

elements are millions of microcapsules with diameters in the range of
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oss ¥ V'

| ITO

load

intrinsic layer c%

Figure 1.2: The structure of a p-i-n organic solar cell using ITO film as a

transparent electrode at the front contact. The n- and p-type layers are heavily
doped.

30-300 pm [52]. These microcapsules contain clear liquid and disper-
sive pigment micro-particles (white and black). These white and black
micro-particles are positively and negatively charged respectively. The
white micro-particles are regularly rutile TiO, with average diameters
of 0.5 pum because they exhibit high reflectivity. Each microcapsule is
controlled by a metal electrode on the backplane by switching voltage
through electronic circuits. On the frontplane, the microcapsules are
contacted with a TCM film, e.g. ITO. When a positive (negative) volt-
age is applied into a microcapsule, the white (black) micro-particles are
pulled to frontplane while the black (white) ones are attracted to and
located at the backplane. By controlling the voltages of matrix of metal
electrodes, we can create specific white and black regions on the front-
plane. The TCM film allows light to shine through itself and reach to
the top of microcapsules. Consequently, viewers from the frontplane can
distinguish the contrast between white and black regions. In addition,
TCM film is conductive and therefore, charged inductively creating pos-
itive and negative charged regions. Even if the voltages applied into
matrix of metals electrodes are off, the white and black regions still re-

main. The operational combination of microcapsule and metal electrode
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is a pixel of display. E-paper possesses much advantages in comparison
with liquid crystal displays (LCDs). First, this has paper-like readability
with wider viewing angle because its high contrast is based on a reflec-
tive mechanism. Second, power consumption is much less than LCDs
display. The voltage is only applied in charging process and the value
of bias voltage is also much smaller, around 4-5 V (as seen in current
ePaper Adapter Datasheets). Third, the structure of e-paper is thinner
and lighter. We can see e-paper is more widely used in Amazon kindle
or electronic price tags in supermarkets. More details about this sort of

device can be seen in Ref. [48].

viewing side
&

light state dark state light state dark state
plastic

I
ITO |
I
I
Microcapsules

Adhesive
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Figure 1.3: Schematic cross-section view of the electronic paper.

Because the demand for energy and energy saving or usage of smart
and modern devices keeps increased yearly, the transparent conductive
film market has growth with incredible rate in years. The value of this
market is forecasted to reach to $5.86 billion by 2020 [53]. The most
widely used TCM film in technologies is ITO with approximately 90%
of revenue. In general, the best n-type TCMs have been investigated
comprehensively and used in many commercial applications [16, 54, 48,

49, 55|. People are fairly satisfied with the best n-type TCMs because
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they meet all necessary requirements for applications such as high mobil-
ity /conductivity, high transparency and high electron-doping concentra-
tion, ~ 10%! cm™3. The current researches on n-type TCMs, therefore,
mainly focus on improvement of processing and synthesis to obtain higher
quality films with lower price [17, 16, 54, 48, 49, 55]. For instance, ITO is
currently the most popular n-type TCM but In is not an abundant-earth
element leading to expensive I'TO-used products. Researchers, therefore,
proposed ternary or quaternary oxides in which In is partly replaced by
other more abundant elements such as Zn, Ga [56, 57, 58, 59, 60, 61]|. An-
other way is to fabricate n-type TCMs in amorphous phases to lower ex-
penditure, which is considered through both experimental [62, 63, 2, 64,
65] and theoretical |66, 67, 68] works. On the other hand, p-type TCMs
do not have a boost in both fundamental researches and applications.
As mentioned above, the current p-type TCMs are falling behind their
counterparts, n-type TCMs, in terms of carrier mobility. In experiment,
mobility of carriers depends significantly on method of manufacture and
morphologies of samples (single crystal, polycrystalline, amorphous or
thin-film). In Tab. 1.1, we collect experimental data for most of current
p-TCMs including proccessing methods, dopants, concentration of holes
and hole mobility. It is interesting to see that, the highest hole mobility
p-TCM is a non-oxide compound, v-Cul. It has cubic space group and
has been rather well-studied [69]. The optical band gap is experimentally
confirmed of about 3-3.1 eV |70, 71, 69, 72, 73]. A record of its hole mo-
bility is obtained with 43.9 cm?/Vs for y-Cul crystalline structure at low

0'6 ecm~3 [71]. This material can be uninten-

concentration of hole 4.3x 1
tionally p-doped because Cu vacancies activate as an acceptor located
about 26 meV above VBM [73]. Recently, several studies tried to develop
applications based on Cul such as organic solar cell [74], “transparent p-
Cul/n-ZnO heterojunction diodes” [75] and hole-transport channel in
photoelectrocatalytic applications [76]. On the other hand, most of ox-
ide p-TCMs are less impressive in terms of hole mobility. The hole

mobility in transition-metal-based (mostly Cu) p-type TCMs cannot be
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over 10 cm?/Vs. Exceptionally, novel p-type TCMs based-on Sn?" or
Bi*" which was reported recently show a breakthrough in hole mobility.
BgO is another compound computationally identified to show low hole
effective mass [46] but there has not been many experimental studies to
measure its hole mobility. The only one we have known [77| reported
a very low hole mobility of 0.1-1 ecm?/Vs. This might be explained as
a low crystalline quality mentioned in the article. These preliminary
achievements are significant, however, still not good enough in compari-
son with the best current n-type TCMs. To demonstrate the large gap
in mobility between the current n- and p-type TCMs, we also reviewed
many experimental works and presented their data in electron mobility
(see Tab. 1.2) for n-type TCMs. Most of them exhibit electron mobility
at the order of 100 cm?/Vs.

Table 1.1: The current p-type TCMs, fabrication methods (abbrevia-
tions of some methods are at the bottom of this table), sorts of dopants
used, hole-carrier concentrations C' (in unit cm~?) and mobilities p (in
unit cm?/Vs). These values are extracted from experimental measure-
ments (as cited references) at room temperature. The values of mobil-
ity depend on morphologies of fabricated samples such as single crystal,
polycrystalline, amorphous, thin-film,...

p-TCMs Processing Dopants  C (cm™?) p (cm?/Vs)
v-Cul I vapor Undoped  1-26 x 10" 1.6-5.0 [5, 69]
I vapor Undoped  1.3-8.1 x 10*®  6-11.1 [70]
HTM Undoped 4.3 x 1016 43.9 [71]
I vapor Undoped 5 x 1018 6 |75]
VEM Undoped 1.3-3 x 109 1.4-20.6 [72]
T Undoped 0.1-8.9 x 1019 2.4-9 [73]
CuAlO, PLD Undoped 1.3 x 10%7 10.4 [18]
PLD Undoped 2.7 x 10%° 0.1 [20]
Sputtering N 2.6 x 10'7 1.2 [78]
Melting Undoped - 39b: 0.1¢ [79)
CuCrO, Sputtering Mg - ~ 0.1 [21]
Sputtering  Undoped 4.8 x 1017 ~ 11.2 [80]
Sputtering N 1.4 x 10%° 0.8 [81]
Sputtering Undoped 4.2 x 108 0.3 [82]
Sputtering Mg 1.2 x 10%! 0.2 [83]

Continued on next page




CHAPTER 1. INTRODUCTION

Continuation of Table 1.1

p-TCMs Processing Dopants  C (cm™?) p (cm?/Vs)
Cry04 SPT Mg & N~ 10% ~ 0.1 [39]
EBE Mg - ~ 107% [84]
Cr,MnO,  SPT Li > 1017 <1 [41]
LaCrOq Epitaxy Sr 7.5 x 10% 0.04 [42]
Cu,0O AALD Undoped ~ 10' 5.3 [85]
CulnO, Sputtering Intrinsic 1.6 x 10%° 0.2 [86]
CuScO, HTSSR Undoped 0.5 x 102 0.05 [87]
HTSSR Mg 4.5 x 10%° 0.03 [87]
PLD Mg 3.5 x 10'7 0.09 [88]
PLD O & Mg 85 x 107 0.26 [89]
CuYO, Sputtering  Ca ~ 1019 ~ 1 [90]
HTSSR Undoped  0.26 x 10? 0.04 [87]
HTSSR Ca 3.3 x 10% 0.05 [87]
CuGaO, PLD Undoped 1.7 x 1018 0.23 [28|
PLD Undoped 5 x 1017 0.2 [91]
sol-gel SC Mg 3 x 1016 2 [92]
sol-gel SC  Zn 3.5 x 1016 2.3 92
SrCuy0, PLD K 6.1 x 1017 0.46 [29]
PLD Ca 1.3 x 107 3.8 93]
PLD Undoped 4 x 106 6.7 [94]
ZnRh,0, HTSSR Undoped ~ 10% 0.1 [95]
ZnCoy0y Sputtering Undoped 2.8 x 10%° > 0.2 |96]
LaCuOS R-SPE Undoped ~ 10% 0.5 [97]
R-SPE Se ~ 101 ~ 1 98]
R-SPE Undoped < 109 0.5 [99]
LaCuOSe  R-SPE Undoped 2 x 1019 8 98]
R-SPE Mg 2.2 x 10%° 4 198]
BiCuOSe PLD Ca 5 x 10%° 4 [34]
BaCuSeF  PLD Undoped 1.7 x 10'® 1.6 [34]
BaCuTeF  PLD Undoped 1.3 x 10%° 8 [34]
CuyTaS, PLD Undoped  5-7 x 109 0.2-0.4 [34]
SnO PLD Undoped 2.5 x 10'7 2.4 [43]
PLD Undoped  2-9 x 10'7 0.4-0.6 [44]
Sputtering Undoped ~ 108 4.8 [100]
EBE Y & Sb  1017-101? 0.1-2.6 [101]
PLD Undoped ~ 4.9 x 10Y¥ 2.1 [102]
PLD Undoped 2.5 x 10'7 2.4 [103]
Sputtering  Undoped 2.2 x 107 18.7 [104]
BsO HTSSR Undoped  10%7 0.1-1 [77]

Continued on next page
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Continuation of Table 1.1
p-TCMs Processing Dopants  C (cm™?) p (cm?/Vs)
Ba,BiTaO4y PLD K 10 30 [47]
HTM: Hydrothermal method
VEM: Vacuum evaporation method
T: Chemical reaction of polycrystalline CugN
with solid /vapor phase of iodine
PLD: Pulsed laser deposition
EBE: Electron beam evaporation
SPT: Spray Pyrolysis Technique
AALD: Atmospheric atomic layer deposition
ab. gp-plane; ¢ c-plane
HTSSR: High temperature solid state reaction
sol-gel SC: sol-gel spin coating
R-SPE: Reactive solid phase epitaxy

In many applications mentioned above, the use of n-type TCMs
meets the needed requirements. Why high mobility p-type TCMs are
still an important issue? The answer is that p-type TCMs are irreplace-
able parts of some devices, for example, transparent electronics or opto-

electronics. We will provide two examples in the following paragraphs.

Table 1.2: The current n-type TCMs, fabrication methods (abbrevia-
tions of some methods are at the bottom of this table), sorts of dopants
used, electron-carrier concentrations C' (in unit cm=2) and mobilities u
(in unit cm?/Vs). These values are extracted from experimental mea-
surements (as cited references) at room temperature. The values of
mobility depend on morphologies of fabricated samples such as single
crystal, polycrystalline, amorphous, thin-film,...

n-TCMs Processing Dopants  C (cm™3) p (cm?/Vs)

CdO MOCVD In - ~ 200 [105]
VPT Undoped ~ 0.94 x 108 ~ 330 [106]
PLD Sn 4.74 x 1020 609 [107]
MOCVD  Undoped 2.23 x 10%° 307 [108]
VEM Sm 2.57 x 10%Y 43.3 [109]

SnO, CVD Sb 8.5 x 10%° 260 [110]
CVD Sb 8.6 x 1016 240 [110]

Continued on next page
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Continuation of Table 1.1

n-TCMs Processing Dopants ~ C (cm™?) p (cm?/Vs)
CVD Sb 2.2 x 10® 150 [110]
PLD Ta 2.7 x 10%° 83 [111]
PLD Sb ~ 10" ~ 40 [112]
ZnO VPT Undoped 6 x 1016 205 [113]
a b 1015-102° 50-230 [2, 49]
PLD Undoped 3 x 10'6 155 [114]
Sputtering Al 3.6 x 10%° 41.3 [115]
Sputtering Al 8 x 10%0 17 [116, 117]
In,O4 PVD - 3-9 x 1017 160 [118]
ST Sn 0.1-6 x 10%° 30-70 [12]
Sputtering  Undoped  10'7-10%° < 10 [119]
VEM Undoped > 3.5 x 101? 25-60 [120]
VEM Undoped ~ 4.69 x 10%° 74 [121]
EBE Sn 0.46-8.6 x 102Y  43-79 [122]
Flux Sn 1.6 x 1020 100 [123]
Sputtering  Sn 6 x 10%° ~ 25 [124]
TRE Mo 2.5-3.5 x 1020 80-130 [125]
PLD Mo 1.9 x 1020 95 [126]
Sputtering H 1.4-1.8 x 1020 98-130 [127]
Sputtering H 1.5 x 10%° 140 [128]
Sputtering  Sn 102! 40 [129]
Gay04 Verneuil Undoped 1018 80 [130]
FZM Undoped 1.2-5.2 x 1018 2.6-46 [131]
EFG Undoped  10%7 153 [132]
- Undoped 8 x 106 ~ 150 [133]
BaSnO4 HTSSR La 8 x 10% 320 [134]
PLD La 4.4 x 1020 70 [134]
HTSSR La 8-10 x 1017 103 [135]
PLD La ~ 3 x 102 > 75 [136]
MBE La - 150 [137]
ZnSnO4 Sputtering Undoped ~ 8 x 10'? ~ 20 [138]
Sputtering Undoped ~ 2 x 10 ~ 25 [139]
Sputtering Undoped > 2 x 10'? < 25 [140]
InGaZnO, Sputtering Undoped 1.2 x 10% 24 [141]
Sputtering Undoped ~ 10'6 35 [142]
PLD Undoped  ~ 10%° 15 [143]
Sputtering Undoped ~ 6 x 109 > 20 [144]
Zn,In,O5  Sputtering Undoped 5 x 10%° ~ 30 [145]
Sputtering Undoped  5.42 x 10%° 16.2 [146]

Continued on next page
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Continuation of Table 1.1
n-TCMs Processing Dopants ~ C (cm™?) p (cm?/Vs)
MOCVD: Metalorganic chemical vapor deposition
VPT: Vapor phase transport
a: Reviewed from many papers
b: Reviewed from many papers
PLD: Pulsed laser deposition
VEM: Vacuum evaporation method
CVD: Chemical vapor deposition
PVD: Physical vapor deposition
ST: Spray technique
EBE: e-beam evaporation
TRE: Thermal reactive evaporation
FZM: Floating zone method
EFG: Edge-defined film-fed growth
HTSSR: High temperature solid state reaction
MBE: Molecular beam epitaxy

Fig. 1.4 shows schematically structure of transparent solar cell. This
device has been an interesting topic in the renewable energy. Nowa-
days most of office buildings in big cities are constructed by glasses. As
a consequence, these buildings have to equip air conditioners to keep
them cool and comfortable. Basically, nearly a half of energy of solar
spectrum lies in infrared electromagnetic waves. The heating effect in
glass-buildings is, in fact, caused by infrared radiation. Thus, the prob-
lem is that how we can prevent this drawback but still keep buildings to
be illuminated. Transparent solar cell is an ideal solution [147, 148, 149,
150, 151, 152]. This type of device when attached to glass-walls can ab-
sorb infrared light to generate electricity but still allow a part of visible
light to transmit through. As shown in Fig. 1.4, the back-contact is now
a p-type TCM layer instead of a metallic one as in the traditional solar
cells (see Fig. 1.2). The incident solar photons come to and go through
the front-contact, ITO, will interact with a thick absorber layer which

is n-type doped and generate electron-hole pairs. The absorber layer
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should exhibit weak optical absorption in visible region and strong ab-
sorption in infrared region, for instance, chloroaluminum phthalocyanine
[153]. As a result, most of the visible light can be transmitted through
the thin p-type region and TCM layer. We can see that the high mobility
p-type TCM layer in this case plays an important role. This layer op-
erates as a transparent electrode as it can simultaneously conduct holes
and allow the visible light to get through. In principle, it needs to show
a high electrical conductivity. From Drude’s theory [154], the conductiv-
ity is proportional to the carrier density and mobility as o = enu (e is
the elementary charge). We, therefore, can enhance the conductivity by
controlling n or u. However, because of the plasmonic effect, we cannot
dope the p-type TCM electrode too heavily as this can lead to a visible
light reflection. Because of this limit in doping not only high conductiv-
ity but more specifically, high mobility materials are needed. It is worth
noting that the choice of TCM for PV application also depends on other

factors such as workfunction, band alignment, processing, cost,...

incident light

goss ¥4

ITO

load

p-type TCM

sy ||

transmitted light

Figure 1.4: Schematic cross-section view of the transparent solar cell.
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Another promising technology, in which p-TCMs are fundamental
materials, is transparent electronics. In this case, we need to fabri-
cate transparent transistors used in many electronic circuits. The two
most important devices in transparent electronics are thin-film transistor
(TFT) and metal-oxide-semiconductor field-effect transistor (MOSFET).
Fig. 1.5 shows structure of transparent thin-film transistor (TTFT). The
materials used for fabrication of channel are fundamental. This channel
can be n-type or p-type doped. The conducting property of it is con-
trolled by potential applied into gate electrode (G). For example, if the
channel is n-type, a negative potential applied to G can deplete con-
centrations of carriers (electrons) in the region around the contacting
surface between insulator layer and conducting channel. This decreases
the conductivity of channel and therefore lowers the instensity of electric
current from source electrode to drain electrode. So far, fabrication of
n-type channel has obtained a tremendous success [3, 64] because the
best n-type TCMs show high mobility that satisfies the fast response re-
quirement for transistor applications. Among several best n-type TCMs,
ZnO and multi-component Gay,03-InyO5-ZnO (GIZO) are the most used
compounds (in about 75 % researches). On the opposite, p-type TCMs
are far left behind in this field. The reason is that the limitation in hole
mobility cannot help TTFTs with p-channel to achieve high performance
as their counter parts. However, there have been many researches trying
to use the current p-type TCMs to manufacture p-channel TTFTs, for
instance, SnO [43, 100, 44, 155]. With SnO, other researchers even went
further to fabricate complementary metal oxide semiconductors (CMOS)
structures which are key elements in microelectronic circuits [156, 157].
The heterostructure of transparent p-n junctions such as p-SrCu,O, /n-
ZnO [158] and p-ZnRhyO,4/n-ZnO [159] were also reported. Another
research combined SnO and Cu,O as p-type channel [160].

The two examples mentioned above are demonstration of the poten-
tial and importance of p-type TCMs. We can see that discovery of novel

candidates with higher hole mobility is very critical. If successfully de-
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Figure 1.5: Schematic cross-section view of the transparent thin-film transistor.
S, G and D stand for source, gate and drain electrodes respectively.

signed or discovered, these materials can open the new era of transparent

electronics.

1.2 How to accelerate the design of novel p-type
TCMs?

As mentioned above, most of current p-type TCMs exhibit very low hole
mobilities leading to a blockage in development of many modern devices.
Findings of underlying mechanisms those drive hole mobility are very im-
portant to speed up design of novel p-TCMs. From the simple Drude’s
transport model, mobilities of carriers p are managed by their effective
mass m and scattering time 7 through the expression p = er/m (e is ele-
mentary charge). The effective mass directly associates to the electronic
band structures of materials. Fig. 1.6 presents simply the electronic band
structures and density of states (DOS) of current n-TCMs and p-TCMs.
From the chemical view, the conduction band minimum (CBM) of the
current n-type TCMs is mainly composed of two s-orbitals of metal

(M) and oxygen. S-orbital, in fact, is less localized and non-direction-
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dependent (spherical symmetry). As a result, the overlap between these
s-orbitals are frequently significant, leading to strong chemical hybridiza-
tion and therefore, very dispersive conduction bands (very low electron
effective masses). This tendency was verified through a large set of very
low electron effective mass oxides in a recent high throughput (HT) com-
puting [161]. In different circumstances, most of current p-type TCMs
have valence bands based on d-orbitals of metals and p-orbitals of oxygen
or other anions such as sulfur, selenium or tellurium. The valence bands
are commonly created by hybridization M-d/Ch-p (Ch = O, S, Se, Te).
This type of bonding shows weaker interactions because d-orbitals are
very localized and direction-dependent. It depends on specific p-TCMs,
in some cases, there are also (nearly) non-bonding states of M-d or Ch-
p or both of them standing in valence bands. All these factors result
in very flat valence bands (high hole effective masses) at valence band
maximum (VBM).

For scattering rate 7, it de facto depends on different scattering mech-
anisms. Carriers can be scattered by phonons, ionized and neutral im-
purities, grain boundaries, et cetera. While the former is an intrinsic
factor and cannot be avoided, the later ones can be improved through
processing of purity and microstructure. The scattering rate of a given
electronic state with phonons depends not only on el-ph scattering ma-
trix but also on the electronic DOS around that (more details will be
discussed in Chp. 4). It is worth noting that electronic DOS around
CBM or VBM directly relates to dispersion of electronic bands and there-
fore, the effective mass. Therefore, effective mass is a critical quantity
because it roughly impacts twice the carrier mobility. For el-ph scat-
tering matrix, its strength depends on how the self-consistent potential
of system changes against vibrations of atoms in the lattice. To our
best knowledge, there is no research investigating this aspect (statisti-
cally) systematically to be able to elucidate it and propose some general
rules. Recently, when investigating some systems, we have seen that

in the strong polarized materials (e.g. materials with ionic bondings),
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(a) n-TCMs
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Figure 1.6: Schematic electronic band structures (left) and density of states
(right) of typical current (a) n-TCMs and (b) p-TCMs. M = metals and Ch
=0, S, Se, Te.

carriers scatter with phonons stronger. This might be meaningful for
HT approach/computational design as the polarization can be roughly
associated with electronegativity of elements in materials.

The understanding of fundamental principles is necessary to acceler-
ate the discovery and design of novel materials with requisite properties.
These more general rules will guide both experimentalists and theorists

to target on smaller groups of compounds instead of trying to test one
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by one in larger space. This not only strengthens probability of find-
ing promising candidates but also reduces a large amount of money and
time spending on researches. In 2003, Zunger generalized seven rules for
“practical doping principles” for wide-bandgap semiconductor through
his computational studies [1]. This has constantly motivated many re-
searches considering doping properties of different fields including TCMs
[162, 163|, photovoltaics [164, 165], thermoelectrics [166, 167],... More
recently, considering how cations influence the hole effective mass of ox-
ides, Hautier et al. [45] performed a HT computing using database of
thousands of binary and ternary oxides available in Inorganic Crystal
Structure Database (ICSD) [168]. This work identified unconventional
low hole effective mass p-TCMs whose valence bands are formed by s-
orbitals of cations and p-orbitals of oxygens. The key difference here is
the new set of cations including Sn?", Pb?", Sb3" [45] and Bi*" [47]
which have active lone-pair s-electrons in some conditions. When these
cations exist in several specific oxides, their s-character lone-pairs will
be activated and hybridize with O-2p leading to curvy top of valence
bands [169] (low hole effective mass). The authors not only found a con-
sistence with an exceptional low hole effective mass p-type TCM, SnO,
observed previously but also extended more generally to a larger set of
promising cations.

To be aware of the important roles of critical criteria for the design of
novel materials, in this thesis we continue to investigate and supplement
other rules for the design of p-type TCMs. In addition, we will also go
beyond traditional consideration when implementing HT search for non-
oxide materials in order to find out other exceptional high hole mobility
p-TCMs. To help readers, we will briefly discuss the definition of ‘effec-
tive mass’. This is one of the most important physical quantities used to
describe electrical transport characteristics in semiconductors/insulators.
In Chp. 4 of this thesis, we employ band theory and Boltzmann’s for-
malism to simulate the electrical transport, however, the basic theory for

polaronic transport will be shortly mentioned for a discrimination. The
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explanation for HT computing will be showed in the following section as

well.

1.3 Basic concepts of effective mass, polaronic
transport and high throughput computing

Effective mass: In solid-state physics, transport properties or optoelec-
tronic properties are driven by characteristics of electronic band struc-
tures around energy extrema in the Brillouin zone (BZ) of reciprocal
space. Deriving from the concept of wave packet in quantum mechanics
(first used to describe the motion of free quantum particle), the ‘group
velocity’ of electron is also defined for electron in a given quantum state
in the crystal [50, 154]

dw 1d6nk
Vo dk Tk 1)

where v is the group velocity (from now on, the bold symbols in equations
represent for vector quantities), w is the angular frequency, k is the wave
vector, & is the reduced Planck’s constant, and €,y is the band energy of
band n'" at wave vector k. It is supposed that the electron (in crystal)
moves under the action of an external field. In the context of classical

mechanics, we have

Fo P _ K
* *dv .
F=mffa=m"—,
dt

where F', m* and a are the force applied on electron, its ‘effective mass’

and acceleration, respectively. Since from (1.1),

aodv_Ldde ldedk 1 de w3
dt  hdtdk hdk?dt h2dk® ’

we, therefore, can define the effective mass as

1 1 d?e

R (14)
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To take into account the anisotropic properties of €,k, the effective mass

is regularly written in a tensor,

2

<’ri*)aﬁ - f‘j?(‘;)l%fgll;g’ (1.5)
where o and 3 are Cartesian coordinates. This is known as quadratic
representation (approximation) of effective mass and widely used in solid-
state physics. However, this definition is typically broken down when
band energies are degenerate at extrema in the BZ. This was theoretically
foreseen by Luttinger and Kohn [170]. In fact, the electrical transport
properties can be contributed by different bands and pockets. Thus, it
is more reasonable to define an average effective mass which takes into
account these complexities by integrating over the BZ. Deriving from
semi-classical Boltzmann transport theory (more details will be presented
in section B.7 of Apd. B), we have the conductivity tensor with constant

relaxation time approximation

TaB = eQTZ/va(n, k)v5(n,k)wdk, (1.6)

O€nk

where e is the elementary charge, 7 is the relaxation time and f (€, p, T)
is Fermi-Dirac distribution at given temperature T and Fermi level pu
(corresponding to a given concentration of carrier). It is worth noting
that Boltzmann transport theory is restrictively applied for the systems
in which carriers are nearly-free. If the carriers are “trapped” in lattice
points because of strong el-ph interaction (small polarons) [171], e.g. Sr-
doped LaCrOj [42], polaronic transport theory is used to describe their
transport characteristics. In this thesis, we utilize Boltzmann framework
(see section B.7 of Apd. B) to simulate the transport phenomenon for
several materials in Chp. 4, however, the polaronic transport theory will
be briefly introduced as well.

In the context of Drude’s model, the relation between conductivity,

effective mass and concentration of carriers n is

Oap . ne2

(1.7)

T m*
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From (1.6) and (1.7), we can define an average effective mass tensor

Of (€Enk, i,
3 [ Va(n,k)vi(n, k) 2t i

I oap
Map  ne>T > [ flenk, 1, T)dk
n

(1.8)

Here, we will compute the average effective mass defined in (1.8) using
finite difference estimation of (DFT) electronic band structure. However,
this approach requires a dense k-mesh for the numerical convergence,
thus, it might be more costly. An interpolation method for the electronic
band structures was developed and implemented in Boltztrap code [172],
which helps to improve the convergence. This interpolation, in fact, is

Fourier transform of band energies in the real (crystal) space

ek = Y CurSr(K),
R

1 .
SR(k) — N Z elk./\R’
{n}

(1.9)

where R is the real lattice vector, {A} is N rotation symmetries of the
crystal, Sg (k) is called star functions which represent all symmetric char-
acters of the crystal. The coefficients C,r are defined from the initial
DFT electronic band structure on a fairly dense k-mesh (see section 2 of
Ref. [172] for more details). When the analytical form of band energy is
defined as (1.9), the integration in (1.8) will be implemented on a much
denser k-mesh leading to a faster convergence. Recently, the numerical
noise of finite difference method has been eliminated by using density
functional perturbation theory (DFPT) framework [173|. Moreover, the
limitation of effective mass defined in (1.5) due to degenerate band ener-
gies has been taken into account in another research [174]. In this work,
Mecholsky and co-workers redefined the concept of the effective mass.
The authors argued that the degeneracy should be better to describe by
using a dimensionless “angular effective mass surface” f (6, ¢), with 6 and
¢ being spherical angles. This effective mass is defined in the proximity
of a given k. By using this concept, several effects of the band energy

bYYRNA4

surface such as “band warping”, “fluted energy surfaces”, or “corrugated
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energy surfaces” are also fully described.

Polaronic transport: In Fig. 1.7, when an electron moves in the crys-
tal, its Coulomb attraction and repulsion with positive and negative ions
can cause the distortion in the lattice [50, 171]. The displacements of
the lattice points can be, in theory, described as phonon exciations [171].
The combination of electron and phonons induced is seen as a new quasi-
particle of a so-called polaron. The polaron term was first proposed by
Landau in 1933 to to describe the motion of an electron in a dielectric
crystal [175]. This effect is significantly large in ionic materials (e.g.
KCl, KBr,...) because of strong Coulomb interactions between electron
and ions. In contrary, it is weak in covalent compounds as the electric

polarization becomes smaller.

Figure 1.7: An electron moving in a ionic crystal, which can lead to the lattice
distortion.

By definition, ones often name these two problems as small and large
polarons. If we define an effective size of a polaron as [,, the large
polaron means I, > d (interatomic distance) and indicates weak el-ph
interactions. The electron/hole moves in the crystal with a slight in-

crease of its effective mass and thus, Boltzmann transport framework
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CHAPTER 1. INTRODUCTION

(mentioned above) with band theory describes thoroughly the transport
process. On the other hand, if the el-ph coupling is strong, we have a
small polaron with [, < d. In some materials, e.g. Sr-doped LaCrO; [42],
the el-ph coupling can be so strong that an electron is “self-trapped” in a
single ion. The term “self-trapped” is used in the physical sense that the
motion of electron causes lattice distortion and then consequently binds
itself to an ion. In this case, the electron/hole can only jump from site to
site by thermally activated hopping. The activated mobility in hopping
transport can be expressed as [176]
2

ea‘wro (—Ea>
= ex
= 6kpT “P\kpT )

(1.10)

where e is the elementary charge, a is the hopping distance, wro is the
longitudinal optical phonon frequency, kg is Boltzmann’s constant, T is
the temperature and E, is energy barrier between two sites. The for-
mula (1.10) is derived from an assumption in which the electron mainly

couples to LO phonons (Frohlich model).

High throughput computing: This concept was suggested by com-
puter science community. By definition, “throughput” term refers to a
side effect of how much time spending on a task since the time it is
submitted until completed. Thus, “high throughput computing” (HT)
describes the use of computing resources in a long period of time (for
example, a month) to complete many computational tasks. In HT com-
puting, people interest more in how many jobs can be done in a long time
instead of how fast the computation is. This differs from the concept of
“high performance computing” (HPC) which means completing a job in
much less time. To do this, parallel or distributed computing is regularly
used.

In our case, HT computing is applied for materials science. We per-
form many (thousands) tasks corresponding to many (thousands) mate-
rials for a particular property. Because the calculation using DFT takes

relatively much time (depending on primitive cell of materials), we also
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CHAPTER 1. INTRODUCTION

employ HPC using supercomputers. More details about our HT strategy
will be presented in section 4.2 of Chp. 4. In contents, this thesis will be

organized as follows,

Chapter 1: As mentioned above, this part presented basic concepts,
properties and also reviewed the state-of-the-art literature of TCMs in-
cluding materials processing, applications, materials design, challenging
issues, several basic definitions...

Chapter 2: In this chapter, we will consider another criterion for
design of high performance TCMs so called “second gap”. We will clarify
how this factor influences the optical properties of TCMs.

Chapter 3: Another criterion for the design of low hole effective
mass Sn?"-based oxides will be pointed out thanks to analyzing geometry
structures and local environments between tin and oxygen.

Chapter 4: We will carry on HT computing for non-oxide com-
pounds and see how obtained unconventional candidates outperform the
best current p-type TCMs in terms of mobility.

Chapter 5: We summarize what we have done and discuss more fu-
ture perspectives. The benefit of using computational tools to solve prob-
lems in materials science and remaining challenges can be mentioned.

Appendices: The computational method mainly used in computa-
tions of this thesis is DFT which has become dominant, standard and
well-known in computational materials sciences nowadays. There are
many textbooks writing systematically and clearly on all aspects of DFT
from fundamental theorems, local density approximation (LDA) and gen-
eral gradient approximation (GGA) for exchange-correlation functionals,
pseudopotentials to numerical solution algorithms [177]. As the main
contents of this thesis focus on materials sciences, instead of rewriting
everything in very detailed chapters, we will organize DFT and relevant
theories and methods in the appendices. In each chapter, we will briefly
present computational methods to help readers in following information.

All the necessary references for more details will be provided.
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Chapter 2

Second gap and additional
optical absorption in

doped-TCMs

TCMs are required to have large enough band gaps (ideally > 3 eV) to
ensure their high transparency. In addition, high dopability with n- or
p-type of these materials is also another crucial criterion, which intensi-
fies their conductivity. However, the high carrier concentrations present
in TCMs lead to possibilities for additional optical transitions from the
occupied conduction-bands to the higher empty states above in n-type
materials or from the lower occupied valence-bands to the unoccupied
states at top of valence band in p-type TCMs. The “second gap” formed
by these transitions, therefore, might limit the transparency. A wide
second gap (> 3 e€V) has been sometimes proposed as a design criteria
for high performance TCMs. In this chapter, we will study the influence
of the “second gap” on the optical absorption using ab initio compu-
tations for several well-known n- and p-type TCMs. Specifically, we
demonstrate that most known n-type TCMs do not suffer from second
gap absorption significantly in the visible range even in the very high
doping electron concentration (102! cm™3) regime. On the contrary, the
current p-type TCMs partially loose their visible transmission at high

doping hole concentrations (102! ecm™3) due to second gap effects. We
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link this dissimilarity to the different chemistries involved in n- versus
typical p-type TCMs. Quantitatively, we show that “second gap” leads
to only a moderate loss of transmission (even in p-type TCMs) and sug-
gest that a wide “second gap”, while beneficial, should not be considered
as a stringent criteria for a working TCMs. The results which will be
presented in this chapter are already published in Appl. Phys. Lett.
108, 201902 (2016).

2.1 Introduction

The properties of importance for TCMs such as transparency, mobil-
ity and high dopability can be related to their fundamental electronic
structures [178, 179, 46]. This has led to an important body of compu-
tationally or chemically driven searches for good TCMs candidates [45,
161, 180, 181, 18, 43, 44, 182, 183, 184|. Those studies have highlighted
a series of straightforward design criteria, or necessary properties for a
TCM: a large band gap (ideally > 3 eV), a low effective mass (of electrons
for n-type and holes for p-type), and a high dopability [1, 185, 163]. To
achieve substantial conductivity, TCMs must present high carrier con-
centrations up to the order of 102! (cm™3). The additional electrons
or holes inserted into the conduction band (CB) (for n-type TCMs) or
the valence band (VB) (for p-type TCMs) can lead to new optical tran-
sitions. When interacting with incident photons, the electrons at the
bottom of CB of n-type TCMs can absorb photons and undergo tran-
sitions to higher states as illustrated in the left panel of Fig. 2.1. In a
similar way, in p-type TCMs (right side of Fig. 2.1), the occupied elec-
trons in lower states can transition up and recombine with the holes at
the top of VB. Such second gap transitions, might affect significantly the
transparency of TCMs, and therefore appear as another key criteria for
the design of transparent conductors. This issue was considered as an
important problem [19] but to our best knowledge, there has been no

research assessing how quantitatively it can decrease the transparency of
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TCM materials.

AE
CB
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Figure 2.1: New transitions in highly doped TCMs. On the left panel, n-TCMs,
electronic transitions come from the bottom of CB to higher energy states. On
the right panel, p-TCMs, electronic transitions come from lower energy states
to the top of VB.

In this research, we will quantitatively investigate the influence of
“second gap” transitions on the transparency of TCMs. The absorption
coefficient is computed for different doping concentrations in many well-
known n-type: ZnO, In,O5, SnO, and BaSnO4 and p-type transparent
conducting oxides (TCOs): CuAlO,, SnO, LaCuOS and ZnRh,0,. We
show that, at large doping concentrations, the transparency can be low-
ered by second gap transitions and provide a quantitative estimate of
the magnitude of this effect through a so-called visible transmittance
quantity (will be defined in section 2.2 below). We also point out a
fundamental dissimilarity in second gap effect in different p-type TCOs
compared to n-type TCOs. We relate this fundamental contrast to the
different types of chemistry present in n- and p-type TCOs. Chemical

interactions between atoms will be analyzed clearly.
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2.2 Computational methods

Response functions are fundamental physical quantities in condensed
matter physics. These functions represent the response of a many-body
system to an external field (e.g. electromagnetics, strain,...) and con-
nection with different experimental measurements. Dielectric function e
is one of the most important quantities. In fact, some optical quantities
such as absorption, reflectance,... can be computed through this func-
tion. Therefore, in this research, the computation of ¢ depending on dop-
ing (electron or hole) concentrations is the main work. The expression of
dielectric function € for periodic solid-state systems were done by Adler
[186] and Wiser [187] since 1960s. Then the calculations for macroscopic
static dielectric constant using DFT were also performed [188, 189|. At
present, these calculations are developed in many DFT codes. Here, the
Vienna Ab initio Simulation Package (VASP) was used [190, 191]. In
the approach of VASP [192], the local field effect is included in random
phase approximation (RPA). The formulas and relevant quantities are
rewritten as follows. The imaginary part of the frequency-dependent
dielectric tensor is given by

2,2
=T b LS 2w (en — nc — ) Flewnd) — Fleme)]

9=0 g2 Lo (2.1)

X <unk+qa [Unic) <Unk+q;3 [Unric) ™,

where o and 3 refer to the three space directions, w is the photon energy, e is
the elementary charge, € is the volume of the cell, ¢ is the incident photon wave
vector, wy are the weights of the different k-points in the irreducible Brillouin
zone (IBZ), €, is the energy of n*" eigenenergy at k-point, |u,) are the Bloch

wave functions, and
1

Fle) = (1 + e<6*Ef>/kBT)_ (2.2)

is Fermi-Dirac distribution at the temperature 7. Here, E; is the Fermi level,

and kg is the Boltzmann constant. The real part of the dielectric tensor can
be found through the Kramers-Kronig relation:

oo ~(2) ¢, 1y, 1

Wy g 2 Eap(W)w

Eaﬁ(w>_1+;7)/0 ﬁ

- dw', (2.3)

where P denotes the Cauchy principal value [193].
We introduce the effect of doping by changing the Fermi level so as to reach
a certain carrier concentration using the following formulas

n:/m F(E)g(E)dE,
CBM (2.4)

VBM
p=[ - e,

where E' is the energy, f(F) is the Fermi-Dirac distribution as defined in equa-
tion (2.2), and g(F) is the density of state (DOS).

28



CHAPTER 2. SECOND GAP...

We adopt the rigid band approximation which assumes that the doping
does not modify the band structure and only plays a role in the Fermi level.
The (dipole) matrix elements

(}i_{% q%(unk+eaq|un/k> <unk+eﬁq|un/k>* (2.5)
are determined from the DFT calculations. The dielectric tensor is computed
for various Fermi levels at 300 K using equations (2.1) and (2.3). Our imple-
mentation relies on computations of the matrix elements with VASP [190, 191]
and post-processing including the carrier concentration dependence using the
python-based pymatgen code [194].

The optical absorption coefficient is derived from the dielectric tensor as
follows [195]:

a(w) = 2“”‘;(”), (2.6)

where c is the speed of light and k(w) is the extinction coefficient defined by:

) ¢ VEEEEEEE) .

In this formula, ;(w) and es(w) are determined as the average of the three
diagonal components of the dielectric tensors ssg (w) and 5((125) (w), respectively.

We should note that similar computations have been performed recently
on various perovskites to also obtain the dependence of carrier concentrations
dependence of optical absorption but taking into account the specific dopant
specie in a virtual crystal approximation framework [196, 197]. Our approach
does not model the type of dopant inserted as we only assumes a rigid band
approach and doping setting a given Fermi level (and carrier concentration).
Neither does our approach take into account indirect transitions (involving
phonons) as well as the increase in reflectivity due to plasmons present in
highly doped semiconductors. Here, the hybrid exchange-correlation functional
Heyd-Scuseria-Ernzherof (HSE) [198, 199] is utilized to correct the band gaps
of materials. More details about DFT, HSE functional are presented in Apd. A
and the definition of dielectric function is presented in section B.1 of Apd. B.

In order to provide a quantitative estimate of the effect of the “second
gap” transitions, we compute the visible transmittance, which is defined as
the fraction of energy in the visible range passing through a thin film of given
thickness. It is obtained by the following formula

32 _ad
I(w)d
1, = Jus &) (2.8)

13; I w)dw

where « and d are the absorption coefficient and the thickness of the thin film,
respectively, and I(w) is the distribution of the radiation spectrum with w is
photon energy. The energy range of visible photons is chosen from 1.8 to 3.2 eV.
Here, we assume that the incident light is perpendicular to the surface of the
thin film. As a side note, the reflection of incident light caused by the plasmonic
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effect is neglected here as we simply clarify the effect of “second-gap”. We also
assume a uniform radiation distribution within the visible range from 1.8 to
3.2 eV (simplify solar spectrum distribution).

We have selected a series of well-known representative n-type and p-type
TCMs, in particular oxides, covering a diverse range of chemistries. We have
considered Iny,O3, ZnO, SnO, and BaSnOj as n-type and CuAlO,, LaCuOS,
ZnRh,0, and SnO as p-type TCMs. The crystal structures of these materials
are shown in Fig. 2.2 and Fig. 2.3.

(@) In,05 (b) ZnO

OIn  ©2zn OSn °Ba 00
Figure 2.2: Crystal structures of n-type TCMs. The conventional cells with
local environments.

The HSE functional is known to better capture the electronic structure and
especially the band gap of semiconductors and insulators [198, 199]. Following
previous works, we use different fractions of exact-exchange a for materials in
order to obtain band gaps reproducing the experimental data: a=25 % for
In, 04 [200, 181, 201], BaSnO4 [202], CuAlO, [203, 180|, and ZnRh,0, [204];
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a=32 % for SnO, [205] and SnO [206]; and a=37.5 % for ZnO [207]. For
LaCuOS, we are not aware of any previous HSE studies. So, we adopt a value
of a=25 % which leads to a good agreement with experimental data [31]. The
Tab. 2.1 provides their chemical formula, their space group (Spg), their identi-
fication number (MP-id) in the Materials Project (MP) [208, 209] database in
which all the details about their structures can be found, the type of doping
considered, the fraction of exact exchange a used in the HSE calculations, their
computed direct band gap EggSE, and as well as their reported experimental
direct band gap Ey;". The chosen values for the parameter a guarantee a fair

consistence between E(Ii{gSE and E°P. It is worth noting that while the fraction
of exact exchanges chosen here can moderately correct band gaps, they do not
ensure that band widths (relating to width of “second gap”) in both valence and
conduction bands are treated accurately [210]. This issue was also systemati-
cally investigated using state-of-the-art perturbative GW corrections (Go W)
for a series of materials including Si, Ge, SiO,, ZnO, SnO, SnO,, CaS, CaO,
MgO and LiF [211]. This formalism produces results being consistent very well
with experiments for Si, Ge, SiO,, MgO and LiF but worst for the remain-
ing systems. The basic idea of GW formalism and its implementation will be
presented in section B.5 of Apd. B.

Table 2.1: Formula, space group (Spg), MP [208, 209] identification
number MP-id, type of doping (n or p-type), fraction of exact exchange

a, computed direct band gap E(IfgSE, and experimental direct band gap

ESP (in unit €V) for all TCMs studied in this work.

dg

Formula  Spg MP-id Type a (%) E;>" (eV) Ey" (eV)
m,0;  Ia3 22598 0 25 265 2.9 [200]
ZnO P63mc 2133 n 375 3.19 3.3 [212]
SnO, P4y /mnm 856 n 32 3.62 3.5 [213]
BaSnO;  Pm3m 3163 n 25 2.91 3.1 [214]
CuAlO, R3m 3748 p 25 342 3.47[79]
SnO P4/nmm 2097 D 32 2.89 2.8 [43]

LaCuOS P4/nmm 6088 p 25 2.95 3.1 [31]

ZnRh,O, Fd3m 5146 P 25 2.84 2.74 [38]

To understand how chemistries drive band structure’s dispersion and the
width of “second gap”, we analyze chemical bonding for all considered materials.
Our analysis of the orbital hybridization and band structure character for the
TCM candidates is based on projected DFT band structures computed with
VASP [190, 191] within the Projector Augmented Wave (PAW) method [215].
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(a) CuAlO, (c) ZnRh,0,

Figure 2.3: Crystal structures of p-type TCMs. The conventional cells with
local environments.

We combine both standard atomic projected band structures and Crystal Or-
bital Hamilton Populations (COHP) analysis [216]. The COHP are computed
using the Lobster package [217, 218]. The set of basis functions is chosen to
guarantee a small total charge spilling (ideally < 1 %). More details about
theory of COHP and implementation can be seen in section B.2 of Apd. B.

32



CHAPTER 2. SECOND GAP...

2.3 Results and discussions

The computed absorption coefficients at different carrier concentrations (C'=
10*8-10%1 cm™3) of the selected n-type materials (InyO5, ZnO, SnO,, and
BaSnOg) are reported in Fig. 2.4 (on the left side) together with the cor-
responding band structures (all computations are performed with HSE func-
tional). Interestingly, increase of the carrier concentration does not lead to any
absorption in the visible range. Indeed, the “second gap” above the CB is quite
large, typically around 4 €V, and cannot lead to contributions in the visible
range. In fact, for the highest carrier concentrations (C' >102° cm~2), the opti-
cal gap for these n-type TCMs is even widened due to the Moss-Burnstein effect
[219]. This behavior was clearly confirmed in different experimental measure-
ments for Sn-doped In, O, [220, 221], F-doped SnO, [222], Al-doped ZnO [223],
La-doped BaSnOj [214], Sb-doped BaSnO5 [224],...

Similarly, the left side of Fig. 2.5 shows the absorption for the selected p-
type materials (CuAlO,, LaCuOS, ZnRh,0, and SnO). Significant absorption
appears at low energy as the hole concentration increases. The effect is partic-
ularly large for the highest hole concentrations (C' > 10%° ¢cm™3). ZnRh,O,,
CuAlO, and LaCuOS all show second gap transitions at energies lower than
3 V. As indicated in their band structures (left side of Fig. 2.5) by red arrows,
the width of second gaps of these materials are in (CuAlO, and LaCuOS) or
below (ZnRh,0,) range of visible light. Because we neglected the effects of
plasmons as well as of defects (as a results of chemical doping in reality), it is
difficult to directly compare our results for the “second gap” transitions with the
available experimental measurements. However, the decrease of transmittance
with respect to doping were commonly observed in different transition-metal-
based p-type TCMs, particularly CuAlO, [18, 78, 225, 79], LaCuOS [31]...
Among the selected p-type materials, only SnO does not present a strong
degradation of its transparency when the carrier concentration is increased.
Indeed, the band structure of SnO shows a large second gap of about 4 eV as
the case of n-type ones. The Moss-Burnstein effect in these p-type materials is
small or negligible. Indeed, the tops of CB are flat (see Fig. 2.5) leading to high
DOS. Thus, Fermi levels slightly move downwards to CB when we increase the
doping concentrations (even at very high doping regime (10%! cm™1).

The difference between n- and p-type TCMs is striking. The n-type mate-
rials tend to have large second gap transitions that do not affect transparency
when doped. In contrast, most p-type TCMs show significant absorption in the
visible range due to second gap transitions with the notable exception of SnO.
A quantitative estimate of the effect of the second gap on the transparency
is provided by the visible transmittance of a typical thin-film. Fig. 2.6 plots
the transmittance for a 100-nm film depending on the carrier concentration
(computed by equation 2.8). The blue and red lines correspond to n-type and
p-type materials. As expected from the computed absorption coefficients, n-
type TCMs do not show any degradation of their visible transmittance when
the carrier concentration increases. In contrast, the transmittance of p-type
TCMs is significantly degraded. This is the case for CuAlO, and LaCuOS.
The lower band gap of ZnRh,0, induces a degradation in the transmission

33



CHAPTER 2. SECOND GAP...

—C=10® —C=10" —C=10" — C=10%]
(@, In,0,
0.3
3] 02;
;E 0.1 R | o B I NS
o >
S 27 00 O
=) 0 1 2 3 w
S ]
0
0 1 2 3 P HP N
E (eV)
(b) ,
0.3
3] 021
t o]
o
S 27 00
= 0o 1 2 3
]
0
0 2 3
E (eV)
(c) 4
0.4
S’“ 5] 0.2
: /
Bl 0.0
g 0 1 2 3 4
= 1
3 0
k& : %& = >
£ i 2T —v/\‘/\
. Vi 2SN N7
0 1 2 rx M T ZR A ZXRMA
(d), BaSnO,
8
0.2 / /\\
6
£ 2% 4 ’
€ —
.\; 0.0 E 2
— N 0 1 2 w
= 11 0
s \
2

2 3 5 r X M r R XM R
E (eV)

Figure 2.4: Square root of absorption coefficients (left) of selected n-type TCOs
at different doping levels. The dash lines (left) indicate the optical gaps corre-
sponding to different doping levels. The band structures (right) with the dash
color lines showing different Fermi levels and the color arrows indicating the
second gaps.
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Figure 2.5: Square root of absorption coefficients (left) of selected p-type TCOs
at different doping levels. The dash lines (left) indicate the optical gaps corre-
sponding to different doping levels. The band structures (right) with the dash
color lines showing different Fermi levels and the color arrows indicating the
second gaps.
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with doping but only in an energy window lower than the visible light. In fact,
the effect of second gap absorption in the near infrared range in ZnRh, 0O, might
be decreased because of plasmon reflection which is out of examination in this
study. Finally, SnO shows a slight improvement in transparency due to its large
second gap combined with a small Moss-Burnstein effect. We would like to em-
phasize that our analysis only takes into account direct inter-band transitions.
Including also indirect transitions [226] would be significantly more computa-
tionally expensive. Moreover, we do not consider the loss of transmission due
to the possible contribution of plasma reflectivity when carrier concentration
is increased [2, 178]. This explains why the visible transmittance of n-type
materials shown in Fig. 2.6 approaches 100 %, which cannot happen in reality.
Nevertheless, our study points out to lower second gap transitions as one of
the reasons explaining why many p-type TCMs show a less favorable trade-off
between transparency and carrier concentration than n-type materials do [42].

1.0 ¥V n-In,0,
@ n-ZnO
w A4 n-SnoO,
& <4+« n-BaSnO,
_Eo.gs > p-CuAlO,
£ e—e p-LaCuOS
% > p'anh204
= m—u p-SnO
= 09
n
>
0.85_" T R R
10" 10" 10% 107"

C (cm?3®)

Figure 2.6: Visible transmittance through a 100 nm-film for the eight selected
TCMs versus the carrier concentration C'. The transmittance is estimated by
integrating over the whole visible range as equation 2.8.

We give a quantitative estimate of the effect of the second gap transitions
(see Fig. 2.6). For a 100-nm film, the observable loss of transparency with
carrier concentration reached 10 % at most (20 % for a 200-nm film) and for
the highest carrier concentrations (10%° cm ™3 to 10%! cm~2). Therefore, a small
second gap has a more moderate effect on transparency than the principal band
gap. This comes from the smaller amount of carriers available in the small
energy window corresponding to the second gap. This suggests that, while
beneficial, a high second gap should not be considered a necessary condition
for obtaining a working TCM.

The dissimilitude between n- and p-type TCMs can be traced back to
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Figure 2.7: The DFT projected band structures (left) and COHP projections
(right) of n-type TCMs.

the materials chemistry. To analyze chemical interactions, we combine both
projected band structure and COHP projection. Fig. 2.7 present results for
n-type TCMs. The projected band structures show contributions of different
atomic orbitals to specific bands while COHP can give us information about
the overlap between different pairs of orbitals. In general, we see that the
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bottom of n-type TCMs’ CB is composed of s-p hybridization.

The same

calculations were performed for p-type TCMs and the results are shown in
Fig. 2.8. It is difficult to interpret fully all complicated chemical interactions
from the projected band structure and the COHP projection. We, therefore,
simplify problem by focusing on the main characters around CBM and VBM.
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Figure 2.8: The DFT projected band structures

(right) of p-type TCMs.
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Figure 2.9: The chemical origin of the second gap in TCMs can be revealed by
molecular orbital diagrams at particular k-points of the Brillouin zone (BZ):
(a) the T point in In,O5, ZnO, and SnO,; (b) the I' point in BaSnOs; (¢) the X
point in CuAlO,; (d) the I' point in LaCuOS; (e) the X point in ZnRh,0,; and
(f) the T point in SnO. Bonding and anti-bonding orbitals are distinguished
by marking the latter with a star. For the sake of clarity, irrelevant orbitals
are not indicated.

Fig. 2.9 shows simplified molecular orbital diagrams for the studied TCMs.
In n-type oxides (panel a), the second gap is formed by M-s/0-s and M-s/O-p
anti-bonding states (with M=In, Sn or Zn) which have a large difference in
energy. BaSnO; (panel b) is slightly different with the presence of a Ba-d non-
bonding states but also provides a wide second gap. The p-type TCMs on the
other hand (panels c to f) show more complex orbital diagrams. The materials
based on transition metals (TM) have a valence band maximum (VBM) formed
by TM-d/O-p or TM-d/S-p anti-bonding states (with TM=Cu or Rh). The
second gap is formed between the VBM and other TM-d/O-p, or TM-d/S-p
states that are very close in energy to this VBM. This leads to small second gap
transitions that can be in the visible range. In contrast, SnO presents a very
different character for its VBM (Sn-s/O-p) and no hybridized d-states. Hence,
it shows a much larger second gap which is due to the larger hybridization of
Sn-s/O-p states compared to d states to O-p. This indicates that the lower
hole effective mass obtained by M-s/O-p hybridization is not only beneficial
for the mobility of this compound but also for its second gap transitions. Our
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analysis points out to an intrinsic limit to transition d-metal-based compared
to s-metal-based p-type TCMs as they not only lead to higher effective masses
but also present larger limitations in terms of second gap absorption. The
fundamental gap of SnO is rather narrow. We will discuss this more clearly
from the point of view of local environment and chemical bonding in Chp. 3.

2.4 Conclusions

In summary, we used ab initio calculations combined with the rigid band ap-
proximation to study the effect of heavy doping on optical absorption through
“second gap” transitions. We studied a series of common n-type and p-type
TCMs. A very different behavior is observed between n- and p-type mate-
rials. The n-type TCMs show high second gap transitions and do not lose
transparency when highly doped. On the contrary, most p-type materials have
second gap transitions lower than 3 eV which lead to a degradation of their
transparency when doped. We relate the asymmetry in behavior between n-
and p-type materials to their chemistry. The lower second gap present in
transition metal-based p-type TCMs comes from the small energy differences
between metal-d/O-p hybridized states. Our results on SnO, one of the rare
non-transition metal-based p-type TCMs, indicates that using p-type TCMs
relying on the hybridization of O-p with metal s-states lead naturally to higher
second gap transitions that are less detrimental to transparency. In Chp. 3,
we will illustrate that the presence of s-orbital in VB also plays an important
role in design of low hole-effective-mass p-type TCMs. Our work also quanti-
tatively estimates the effect of these second gap transitions and demonstrates
that, while it is beneficial to select materials with a high second gap (> 3 eV
ideally), the magnitude of the effect should not lead to making it a strict re-
quirement for design of TCMs.
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Chapter 3

Structural design principles
for low hole effective mass
s-based p-type TCOs

The design of materials with targeted functionalities is envisioned as an in-
evitable part in the new industrial revolution. In traditional approach, the
design process generally includes experimental and theoretical studies of given
materials. One often considers three factors including atomic identities, com-
position and structure to design novel compounds. This is called “direct design”
and can be done within each compound or in a HT mode. It is always better
to have an “inverse design” in which the targeted properties will be used as
constraint conditions. To do this, fundamental principles (rules) that regulate
desired properties play an important role and must be generally studied and
explored. These are known as “design principles” or in more extensively, peo-
ple envision and try to map the so-called Materials Genome Initiative. More
details can be found in the Ref. [227].

As reviewed in Chp. 1, although researchers have used different anions
such as O, S, Se, Te,... to design p-TCMs, oxides are still the most popular
group. The understanding of the relationship between chemistry, structure
and properties is a very important part of materials science. Indeed, when
these factors are more clearly understood, the design of new materials can be
performed more efficiently (inverse design). In this chapter, we will focus on
finding the relationship between crystal structure and hole effective mass for
Sn?"-based oxides. While typical oxides have flat oxygen-based valence bands,
Sn?" oxides are known to be able to possess Sn-s /O-p mixture in their valence
bands and thus low hole effective mass [45]. However, not all Sn®" oxides
exhibit low hole effective mass pointing at the importance of structural factors.
Here, we analyze the electronic structure and chemical bonding of three p-type
TCOs candidates: SnO and the two K,Sn,O4 polymorphs. We rationalize
their differences in hole effective mass by their Sn—O—Sn angles. As valence
band dispersion is governed by Sn-s/O-p overlap, Sn—O—Sn angles near 180°
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maximize the later and minimize the hole effective mass. We show that this
principle is generalizable to a larger set of Sn?" oxides. Our work leads to a
simple structural design principle for the development of high-mobility p-type
oxides based on not only Sn*" but also other reduced main group cations, e.g.
Pb?". The results which will be presented in this chapter are already published
in J. Mater. Chem. C 5, 5772 (2017).

3.1 Introduction

The commercially available TCMs are de facto n-type while their p-type coun-
terparts are lagging behind because of their poor materials properties [2, 17,
19]. One of the main issues with currently known p-type TCMs is their lower
carrier mobility in comparison with the best performing n-type oxides. The
absence of high mobility p-type TCMs prevents the development of many tech-
nologies including transparent electronics [64]. Hence, the discovery, design
and development of novel p-type TCMs is a very active field in materials sci-
ences [19].

One can chemically rationalize the poor hole mobility of typical oxides
by their very flat valence bands with O-p character which leads to large hole
effective masses [228]. The use of certain transition metals cations such as
Cu'" can mitigate this problem as their d-orbitals hybridize with the O-p
orbitals lowering the hole effective mass [18, 29, 30, 23, 25]. However, while
the works on Cu-based materials lead to significant progress in the field, p-
type transparent conducting oxides (TCOs) still perform poorly compared to
n-type oxides especially in terms of mobility. One should also mention the
recent demonstration of high p-type conductivities in highly doped Cr-based
oxides (e.g. Cry03, LaCrO5, CuCrO,) [42, 39, 229]. However, the transport
mechanism in these materials is polaronic leading to very low mobilities and
excluding their use in various applications such as transparent transistors.

An alternative way of inducing curvature in the valence band is to use re-
duced main group cations with the (n-1)d'°ns? electronic configuration (Sn*",
Pb%", Sb3T, Bi3+...). Recently, we performed a computationally-driven HT
search to identify several high-mobility p-type TCO candidates. This large-
scale study highlighted the potential of s-orbital-based p-type TCOs [45, 47].
Quantitatively, the diffuse s-orbital of the (n-1)d'ns? cations overlaps more
significantly with the O-p orbitals than the localized d-orbitals of the transi-
tion metals. This leads to much lower hole effective masses for oxides based on
reduced main group cations (my, ~ 0.2-0.3 m, with m, being the free electron
mass) than for traditional Cu-based chemistries (mp ~ 2 m,). This finding
is in-line with the experimental interest in s-orbital-based p-type TCOs, more
particularly in SnO [43, 44, 230|. It has also motivated further computational
studies of Sn®" compounds [231, 232]. While the presence of reduced main
group cations such as Sn®>" can lead to very low hole effective masses, our
HT search demonstrated that this is not a sufficient requirement. Indeed, a
significant fraction of oxides containing reduced main group cations does not
exhibit low hole effective masses. Among the 50 known Sn®" oxides present in
the ICSD [168], only a handful materials (K,Sn,04 and RbySn, O in different
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polymorphs) show exceptionally low hole effective masses. This demonstrates
that not only the chemistry components (i.e. the presence of certain cations)
but also the crystalline structures play an important role in determining the
hole effective masses.

In this chapter, we precisely investigate the structural factors leading to low
hole effective masses in oxides containing cations with electron configuration (n-
1)d'"ns?. We focus on Sn*" oxides and analyze the electronic structure and the
character of the valence band for SnO as well as for two K,Sn,05 phases. We
rationalize the much lower hole effective mass present in the K,Sn,0; phases in
comparison with SnO in terms of their very different Sn—O—Sn angles. Angles
close to 180° maximize the overlap between the Sn-s and O-p orbitals and lead
to lower hole effective masses. We demonstrate the generality of this simple
principle on a larger set of known Sn?" oxides. Our analysis leads to a new
design principle for high mobility p-type TCOs requiring Sn—O—Sn angles as
close as possible to 180°.

3.2 Computational details

To clarify how the local environment of Sn—0O impacts on hole effective mass
(my,), we perform analyses for a series of known Sn-based oxides available in
ICSD [168] by utilizing database from MP [208, 209]. It is worth of noting that
characterizing electronic band structure can help to explore various properties
of materials such as transport, optical absorption, chemistry of bonding, etc.
All computations have been performed within DFT using the GGA exchange-
correlation (XC) functional [233, 234] in its Perdew-Burke-Ernzerhof (PBE)
version [235]. We used the VASP package [190, 191] and PAW method [215].
The (average) effective mass tensors were computed using the approach outlined
in our previous works [45, 161] and using the Boltztrap code [172]. Details
about the definition and calculating procedure were already presented in section
1.3 of Chp. 1. The hole effective mass (my,) is a symmetrical tensorial property:

mi1 MMi2 Masg
T
my, = mi2 M22 M23 . (31)
mi3 M23 1MM33

This symmetrical second-rank tensor has three real eigenvalues and associated
principal directions (eigenvectors). In the following, we will report these three
eigenvalues in order to compare the different materials. For linking transport
property to geometric configuration of Sn—O networks we need to compute my,
in a given direction d (m¢). We employ the quadratic representation (ellipsoid)
for the effective mass and therefore, can calculate m‘i as the formula below

d 2 2 2
my, = miai + maas + mazas, (3.2)

where my, mo, m3 are three principal values of m{ in (3.1) and aq,as, a3 are

three cosine values of angles between d and three corresponding eigenvectors
of m} in (3.1). More details about (3.2) can be found in the textbook [236].
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The creation of the input files and the processing of the output files are
performed using the Pymatgen code [194]. The band structures are obtained
along high-symmetry lines following the conventions introduced in Ref. [237].
The Crystal Orbital Overlap Population (COOP) [216] analysis are performed
using the Lobster package [217, 218]. All the visualizations of the crystal
structures and of the charge densities are obtained using VESTA [238]. More
information about DFT and COOP can be found in Apd. A and section B.2 of
Apd. B, respectively.

3.3 Results

(@) SnO (P4/nmm) (b) r-K,Sn,0, (R3m) © cK,Sn,0, (12,3)

M,

Figure 3.1: The conventional cells of (a) SnO with space group P4/nmm, (b)
r-K5Sn,05, and (¢) ¢-KySn,04. The oxygen, tin, and potassium atoms are
respectively colored in red, gray and violet. The three principal values of hole
effective mass tensor (my,ma, m3) and their corresponding principal directions
are reported in the crystals.

The most investigated s-orbital-based p-type transparent conducting oxide
(TCO) is currently tin monoxide (SnO). It has been widely studied exper-
imentally [43, 44, 239] and computationally [206, 230, 240]. Its tetragonal
(P4/nmm) unit cell is shown in Fig. 3.1 (a). It consists of layers of square
out-of-plane coordinated Sn*" sharing 0% vertices.

Fig. 3.2 shows the DFT band structure of SnO along high-symmetry lines
of the Brillouin zone (BZ). Due to its tetragonal symmetry, SnO shows only
two hole effective mass eigenvalues: one along the I'-Z direction of 0.59 m, and
another one of 2.8 m, in the plane perpendicular to the former direction (for
instance, along the I'-X direction). These directions correspond respectively to
inter-layer and intra-layer transport (see Fig. 3.1 (a)). It is remarkable that
the low-effective-mass (high-mobility) direction is the one perpendicular to the
layers. This is in agreement with the higher mobilities measured in c-axis
oriented SnO samples [241].

To relate the effective mass to the electronic structure of SnO, we analyzed
the character of the valence band using atomic projected band structures, the
partial charge densities, and the COOP analysis. In Fig. 3.2 (a), the color
scheme for the band structure indicates the Sn or O character of the different
bands. The valence band shows Sn and O characters as expected with Sn®"
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cations. The Sn and O characters of the valence band are also observed in the
partial charge density isosurface plot at the valence band maximum (VBM)
(see Fig. 3.2 (b)).

(a)

o) <X
4 l&
Sn
2 m~— ]
0 m,=2.822 m,=0.588
@ <b>’\<'
>
o
o -4} ]
C
L
-8 1 (c) (e) |

r X|M r z

Figure 3.2: (a) DFT band structure of SnO, (b) partial charge density at the
valence band maximum, and (c)-(f) partial charge density cuts in the (101)
plane of the conventional cell (Fig. 3.1 (a)) for two different valence bands at
two specific k-points (as indicated in panel (a)). In panel (b), the isosurface
corresponds to 0.009 (bohr=3). In panels (c)-(f), the partial charge densities
are represented using a color scale ranging from 0 to 0.01 bohr—3.

In addition, we carried a COOP analysis (see Fig. 3.3). The COOP indi-
cates an anti-bonding Sn-O and Sn-Sn characters for the valence band. Linear
combination of atomic orbitals (LCAO) theory applied to solids relates the
effective mass to the orbital overlap. Larger overlaps lead to lower effective
masses [161, 242]. Following the previous analysis, the hole effective mass in
SnO is driven by Sn-Sn and Sn-O overlap. Information about the directional
dependence of the overlap can be obtained by observing the partial charge
densities of the valence band in the two directions. Plane-cuts of the partial
charge densities of the valence band (anti-bonding) but also at the correspond-
ing bonding part of the band structure are shown in Fig. 3.2. Fig. 3.2 (¢)
and (d) correspond respectively to the plane-cuts for the bonding and anti-
bonding partial charge densities in the I'-X, intra-layer direction. The orbital
interaction which is easier to visualize in the bonding state is mainly between
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Sn and O. On the other hand, Fig. 3.2 (e) and (f) correspond respectively to
the plane-cuts for the bonding and anti-bonding partial charge densities in the
I'-Z, inter-layer direction. Here, the bonding state shows weaker Sn-O interac-
tion and a stronger Sn-Sn overlap. The anisotropic transport in SnO is then
easily explained by intra-layer orbital interaction due to Sn-O overlap while
inter-layer transport is due to the Sn-Sn orbital interaction [243].

(a) (b) (c)
o [N : ‘ — Sn5p-02s )
4 - b -~ Sn5s-02s :
O ‘ snsp-o2p(| | :
S N — Sn5s-02p :
2 : N S e
0|== (0%, | [ Antibonding |} gonding || amisonang | Bonding
E ) \ s
oy ] Ll — Sn5s-5n5s
2 B pmes
w p e, ) — SN 5p-Sn5p|
X L SR
\ %\
r XM r z -0.1 0 0.1 02 -01 0 01 02
Wave vector COOP COOP

Figure 3.3: The projected band structure of SnO on Sn (red colors) and O
(blue colors) atoms (a) and the projected COOP for Sn-O (b) and Sn-Sn (c)

interactions.

Among the lowest hole effective mass materials identified by our previous
HT study [45] are two Sn*" polymorphs of K,Sn,0,: a rhombohedral form
(r-K,Sn,03) with space group R3m and a cubic one (¢-K,Sn,05) with space
group 1213. The synthesis of these two compounds had been reported in the
literature but without experimental optoelectronic characterization [244, 245].
The computed hole effective masses of the K,Sn,O, phases are around 0.2 to
0.4 m, and close to the electron effective masses in traditional n-type TCOs
(i.e. 0.1 to 0.2 m,) [161]. The presence of Sn®" in these oxides is at the origin
of its exceptional low hole effective mass as Sn-s orbitals mix with O-p orbitals
to lead to a dispersive valence band. However, it has been unclear why the
K,Sn,04 phases outperform significantly SnO.

The structure of r-K,5n,04 in its conventional hexagonal unit cell is re-
ported in Fig. 3.1 (b). Similarly to SnO, r-K,Sn, 05 forms a layered structure.
The Sn—O—Sn network is here composed of out-of-plane triangular Sn®" shar-
ing O? vertices. Fig. 3.4 shows the DFT band structure of r-K,5n,0, along
high-symmetry lines. Due to the rhombohedral symmetry, the hole effective
mass tensor exhibits only two eigenvalues. The eigenvalues corresponding to
intra-layer transport (I'-X direction for instance) are extremely low at 0.23 m,,
while the inter-layer hole effective mass (I-Z direction) is higher but still com-
petitive at 0.43 m,. Similarly to SnO, the atomic projections used for coloring
the DFT band structure in Fig. 3.4 (a) indicate the Sn and O mixture at the
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valence band. Additionally, the Sn and O characters at the valence band are
also observed in the partial charge density isosurface plot at the VBM (see
Fig. 3.4 (b)).

%
Sn2>Q

m,=0.429

Energy (eV)

>=

< (e)

——— |

z r X

Figure 3.4: (a) DFT band structure of r-K,Sn,O4, (b) partial charge density at
the valence band maximum, and (c)-(f) partial charge density cuts in the (112)
plane of the conventional cell (Fig. 3.1 (b)) for two different valence bands at
two specific k-points (as indicated in panel (a)). In panel (b), the isosurface
corresponds to 0.012 (bohr=3). In panels (c)-(f), the partial charge densities
are represented using a color scale ranging from 0 to 0.01 bohr—3.

Furthermore, the COOP analysis suggests that the valence band originates
from an anti-bonding Sn-O interaction with an important bonding Sn-Sn inter-
action (see Fig. 3.5). The directional dependence of the partial charge densities
can also be observed in Fig. 3.4 (¢)-(f). The bonding states corresponding to
the anti-bonding Sn-O states at the valence band are observed in Fig. 3.4 (c)
and (e). The mainly bonding character of Sn-Sn is observed in Fig. 3.4 (d) and
(f). r-K45Sn,04 behaves differently than SnO which shows a more pronounced
difference between the overlap in the intra-layer and inter-layer directions. Nev-
ertheless, the analysis of both oxides leads to the same conclusion that Sn-Sn
and Sn-O overlap drives the valence band curvature and the hole effective mass.

In r-K,Sn,03, the intra-layer hole transport is easier than the inter-layer
hole transport. The inter-layer transport is similar to SnO with values of
0.43 and 0.59 m,. On the other hand, the intra-layer hole effective mass is
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Figure 3.5: The projected band structure of K,Sn,04-R3m on Sn (red colors)
and O (blue colors) atoms (a) and the projected COOP for Sn-O (b) and Sn-Sn
(c) interactions.

much smaller (0.23 m,) than for SnO (2.82 m,). The lower effective mass
should be the result of stronger orbital overlap between Sn and O. This stronger
overlap can naturally be rationalized in terms of the very different Sn—O—Sn
angle between r-K,5n,04 and SnO. In the case of SnO, the Sn—O—Sn angles
are around 118° leading to a smaller Sn-s/p to O-p overlap than that of r-
K,5n,05 which shows 180° Sn—O—Sn angles maximizing s-p overlap. Fig. 3.6
schematically illustrates how the Sn—O—Sn angle sets the magnitude of Sn-
$/O-p overlap. It is worth noting that from r-K,Sn,05 to SnO, we also observe
a narrowness of DFT band gap (roughly from 1.2 to 0.5 e€V). This can be
explained as the Sn-Sn interaction between Sn-O layers in SnO. The CBM of
SnO is mainly contributed by Sn-p character (see Fig. 2.8 in Chp. 2). The
projected COOP shown in Fig. 3.5 (¢) proves that the CBM is contributed by
Sn-5p/Sn-5p bonding and Sn-5p/0-2s anti-bonding. We can see that while
Sn-Sn interaction can help to lower the hole effective mass (0.59 m,), it can
also reduce the band gap leading to a detrimental effect on the transparency of
Sn?" oxides. Despite having a small fundamental gap, SnO is still considered
as a good TCM because it has a wide direct gap of around 2.8 eV [43]. On other
hand, K,51n,04 has a wider fundamental gap about 2.3 eV but unfortunately
it is a direct semiconductor and could not be applied for TCM applications.
The other existing polymorph of K,Sn,04 is cubic (¢-K4Sn,04) with space
group 1273. It also shows extremely low hole effective masses. The crystal
structure of ¢-K,Sn,04 in its conventional cell is reported in Fig. 3.1 (¢). Simi-
larly to the rhombohedral phase, the Sn®" cations sit in triangular out-of-plane
local environments. These triangular environments share vertices similarly to
the rhombohedral phase but do not form a layered structure. Instead, a three-
dimensional Sn—O—Sn network is formed. Due to the cubic symmetry, the
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p-orbitals

Figure 3.6: The angle Sn—O—Sn influences the overlap between Sn-s and O-p
orbitals.

tensor is isotropic. The unique hole effective mass is very low (0.27 m,). The
DFT band structure of ¢-K,Sn,0O5 is shown in Fig. 3.7 (a) along with the
atomic projections. The valence band is also composed of Sn and O characters
as visualized in the partial charged density isosurface at the VBM (Fig. 3.7

(b).

In contrast with the layered SnO and r-K,Sn,04, the COOP analysis in-
dicates negligible Sn-Sn overlap and only Sn-O mixture at valence band (see
Fig. 3.8). Plane-cuts of the partial charge densities along two of the crystal-
lographic directions (see pairs of panels (c)/(d) and (e)/(f) of Fig. 3.7) at the
anti-bonding valence state and corresponding bonding state clearly show the
Sn-O overlap. Similarly to the intra-layer transport in the rhombohedral phase,
the very low hole effective mass emerges here from the large overlap between
Sn and O-p orbitals due to the a near 180° Sn—O—Sn angle.

Our study on SnO and the two polymorphs of K,Sn,O5 shows that the hole
effective masses in tin oxide materials are set by Sn-Sn as well as Sn-O overlap.
The Sn-O overlap (and therefore the effective masses) will depend strongly on
the Sn—O—Sn angle (see Fig. 3.6). The maximum overlap is obtained when the
angle is at 180° and the Sn—O—Sn is linear. This rationalizes the much lower
effective mass obtained for c-K,5n,05 and intra-layer r-K,5n, 05, compared to
intra-layer SnO. To further test how general the importance of the Sn—O—Sn
angle in driving hole effective mass of Sn*" oxides, we took into account all the
available Sn®" oxides present in the ICSD [168] (around 50 compounds). The
low number of compounds is an indication of the challenges in the synthesis
of Sn?" oxides but also points out to the high potential for the discovery of
novel Sn*" oxides. As we only focus on the link between effective mass and Sn-
O overlap, we exclude oxides which had an important contribution from other
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Sn

Energy (eV)

Figure 3.7: (a) DFT band structure of ¢-K,Sn,0,, (b) partial charge density
at the valence band maximum, and (c)-(f) partial charge density cuts in the
(010) plane of the conventional cell (Fig. 3.1 (c)) for two different valence bands
at two specific k-points (as indicated in panel (a)). In panel (b), the isosurface
corresponds to 0.009 (bohr—2). In panels (c)-(f), the partial charge densities
are represented using a color scale ranging from 0 to 0.01 bohr—3.

elements than Sn or O at the VBM. We also excluded oxides with isolated Sn-O
groups that are not linked together (e.g. NaSn,(PO,);, NaySn(CO,),, SuSO,).
More details about the excluded Sn-based oxides can be seen in Tab. C.2 of
Apd. C. In this table, we list reasons of which these oxides were eliminated.
We notice that none of these excluded oxides presents very low hole effective
masses. This leaves us within 18 Sn*" oxides for which we can relate the hole
effective mass with respect to the average Sn—O—Sn angle in a given direction.
In these selected compounds, Sn—O network exists in at least one direction
and the VBM must have a partial contribution of Sn-s. The information on all
the Sn®" oxides chosen for the verification of our model is provided in Tab. 3.1
and extensively (including quantitative contributions of Sn-s, O-p, Sn-s,... to
the VBM) in Tab. C.1 of Apd. C.

Fig. 3.9 shows the relation between the hole effective mass and the aver-
age Sn—O—Sn angle along given directions of the selected Sn*" oxides. The
directions in which Sn—O networks are developed are chosen to calculate hole
effective masses as equation 3.2. Although there is a slight scattering of data
points, we can still observe the expected general trend with the lowest hole ef-
fective masses being achieved for angles close to 180°. Angles lower than 120°
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Figure 3.8: The projected band structure of K,Sn,05-1213 on Sn (red colors)
and O (blue colors) atoms (a) and the projected COOP for Sn-O (b) and Sn-Sn
(¢) interactions.

only lead to very large effective masses and poor hole mobility (e.g. Ta,Sn,0-).
While the lowest hole effective masses are obtained for angles close to 180° in
the K,Sn,05 and the isostructural Rb,Sn,0O; phase, we notice that angles
higher than 120° can lead to already competitive hole effective masses. There
is also a gap of hole effective mass in a range of Sn—O—Sn angles from 135° to
175°. As we are currently limited in the number of Sn*" oxides, it is difficult
to interpret this behavior.

Table 3.1: Formula, space group (Spg), inorganic crystal structure data
base [168] identification number (ICSD-id), three principal hole effec-
tive masses my, mo and mg (in unit m,-free electron mass), average
Sn—0O—Sn angle £, (in unit °) and average Sn—O distance d, (in unit
A) for all materials matching with our model.

Formula Spg ICSD-id mi ma ms Aq da
K5Sn,03 R3m 2216 0.231 0.231 0.429 180 2.07
K5Sn,0; 1213 40463  0.274 0.274 0.274 167.6  2.09
RbySn,03 R3m 24816  0.265 0.265 0.369 180 2.1
RbySn0O, P212:2; 24805 1.797 2.227 2.489 131.1 2.12
SnO Pmn2,; 20624  0.557 0.624 7.852 115.6  2.16
SnO P4/nmm 60619  0.588 2.822 2.822 118.0  2.26
NbySn, 0,  Fd3m 163817  4.744 4744 4744 983  2.65
Nb,SnOg C2/c 163815 0.425 2.126 5.634 104.0 2.3
Sn3z(POy4)- P2, /c 966  0.995 1.997 3.155 110.1  2.31
Sn,P,0q P2 /c 418459  2.433 2.631 5.772 107.6  2.12

Continued on next page

ol



CHAPTER 3. STRUCTURAL...

Table 3.1 — continued from previous page

Formula Spg ICSD-id mi mo ms La da
SaWO, Prnna 2147 1.034  2.231 2417 1014 23
Ta,Sn,0; Fd3m 163818  6.921  6.921  6.921  98.0  2.66
Ta,SnOg Ce 54078  1.222  3.498  5.094 103.1 2.28
TiSn,0, P4, /mbe 163230  0.962  0.962  1.427 1262 2.12
BaSn,H,O, P2, 37115 1471  2.274 5256 1165  2.09
SnPHO, P2, /c 658 0.959  1.088  4.524  109.2  2.39
Cs55n,0; Pnma 24392 2675 3.575 9537 123 2.1
Sn(CO,)s c2/c 150101  0.766  10.214 12.231 113.6  2.63
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Figure 3.9: The hole effective masses (mp) as a function of the average
Sn—0O—Sn angle along different directions for various Sn-based oxides. For
each data point (down arrow triangle), the chemical formula and the direction

are explicitly indicated. The dash curve simply indicates the trend of hole
effective masses.

3.4 Discussions

We have linked the hole effective mass to the chemical bonding in the three Sn®"
compounds SnO, r-K,51n,05 and c-K,5n,05. Our analysis outlines the impor-
tance of the Sn—O—Sn angle in leading to extremely low hole effective masses.
Indeed, the Sn-O overlap which drives the curvature of the valence band in
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these Sn®" oxides is maximized for Sn—O—Sn angles close to 180°. Our work
leads to simple design principles for achieving low hole effective masses in Sn*"
containing oxides. Obviously, the VBM should have only Sn and O-p charac-
ters as the presence of other (non (n-1)d'°ns?) cations in the VBM character
would be detrimental to transport. This is the reason for high hole effective
masses in oxides such as SnMo;Og or VSnPO; (see Table C.1 of Apd. C). When
only Sn?" is present in the valence band, two types of overlap can be observed
Sn-Sn and Sn-O. If a good hole transport is achieved in all directions (as it is
favored for materials used in polycrystalline films), at least one crystalline di-
rection will be influenced by the Sn-O overlap. For this (or these) direction(s),
which depend(s) on the Sn-O overlap, the Sn—O—Sn angles should be as close
as possible to 180° to maximize the overlap between Sn-s and O-p orbitals.

These design principles explain why many Sn?" compounds do not show
low hole effective masses despite of the favorable Sn?" chemistry. It also ra-
tionalizes why the K,Sn,O5 phases are among the lowest hole effective mass
oxides reported so far. The potassium atomic levels are low in energy leading to
a valence band of Sn and O characters. In addition, the optimal arrangement
of Sn®" out-of-plane triangular environment in the K,S51n,05 phases leads to
Sn—O—5n angles close to 180°. The cubic K,5n,0; is especially fascinating as
it provides isotropic transport in a fully three-dimensional Sn—O—Sn network
with Sn—O—Sn angles close to the optimal value. While we focused here on
Sn*" compounds, our design criteria should be extendable to other (n-1)d'ns?
chemistries such as Pb?", Bi*", Sb*" ... In fact, the isostructural cubic phase
of KyPb, 05 also exhibits very a low hole effective mass.

The best n-type TCOs are based on chemistries related to the reduced
main group cations leading to s-orbital-based p-type TCOs. Indeed, com-
pounds containing (n-1)d'%ns® cations such as Sn*" (Sn0,), In*" (In,0,),
Sh>" (ZnSh,0y), Zn*" (Zn0), Ga*" (Ga,0) show a large overlap with O
orbitals as well but in the conduction band [17]. It is therefore natural to
wonder if it is also required to have linear metal-oxygen-metal (M-O-M) net-
works in order to lower the electron effective masses. The two situations are
however slightly different. Previous studies have shown that the conduction
band minimum of n-type TCOs shows a significant oxygen-s component [161,
246]. No O-s character is present in the valence band of the p-type TCOs
based on reduced main group cations and only the strongly directional p or-
bitals are at play. The O-s character present at the bottom of conduction
band of n-type TCOs should result in electron effective masses less sensitive
to the oxygen local environment and to the crystal structure in general. This
could explain why cations leading to high performance n-type TCOs in the
binaries lead to low electron effective mass oxides even in alternate polymorphs
or in ternaries. This is also in line with the common explanation of the good
mobility in n-type amorphous TCOs based on non-directional metal oxygen
orbital interactions [247]. Interestingly, our finding hints at larger difficulties
in making s-orbital-based high mobility p-type amorphous oxides. However,
recent studies have shown that percolating lone-pair Sn-Sn interactions could
be sufficient to provide good electronic transport in Sn®>" amorphous TCOs
in three dimensions [248]. Further investigation of the relatively less explored
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field of p-type amorphous s-orbital-based TCOs could clarify this discussion.

Finally, we would like to notice that it is challenging to find the appropri-
ate crystal structures following our design principle based on the reduced main
group cations. Three dimensional linear M-O-M chains are easily formed us-
ing centrosymmetric coordination environments (octahedron and tetrahedron).
For instance, this is the case in perovskites ABO4 [249]. However, reduced main
group cations such as Sn?", Pb?" and Bi®*" are lone-pair active and tend to
form non-centrosymmetric environments [169]. For instance, Sn*"-based oxides
mainly show square out-of-plane, triangular out-of-plane and see-saw coordi-
nation environments [250]. The combination of such distorted environments in
order to form three-dimensional networks with linearly coordinated oxygen is
possible as demonstrated with the K,Sn,O4 phases. It is, however, achieved in
relatively rare crystal structures.

3.5 Conclusions

A very high hole mobility can be achieved in p-type TCOs based on reduced
main group cations (Sn®", Bi*", Pb?>" ...). However, the appropriate chem-
istry alone does not guarantee low hole effective masses. It is thus important
to identify the structural factors that influence the hole effective masses. We
addressed this question using Sn®" as a typical reduced main group cation.
By performing an extensive analysis of the bonding and the electronic struc-
ture for three Sn®" oxides proposed as p-type TCOs (SnO, 1-K,Sn,04, and
¢-K5Sn,04), we have identified the Sn—O—Sn angle to be an essential struc-
tural factor governing the hole effective masses in Sn®" oxides. Indeed, the
Sn-O overlap which drives the curvature of the valence band in these oxides is
maximized for Sn—O—Sn angles close to 180°. Not only can the important hole
effective mass differences between SnO and K,Sn,05 be rationalized in terms
of the Sn—O—Sn bond angle, but the relation between this angle and the hole
effective mass also holds for other Sn®" oxides. Our work leads to a series of
design principles for high mobility s-orbital-based p-type TCOs. In addition to
the presence of a reduced cation from the main group controlling the character
of the valence band, a network of metal-oxygen bonds with angles as large as
possible (ideally close to 180°) is necessary. We hope that these new design
principles will facilitate and motivate future experimental and computational
search for novel s-orbital-based p-type oxides.
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Chapter 4

High throughput screening
for high mobility p-type
TCMs, exploring non-oxide
space

The finding of high-mobility p-type TCMs is very important as these materials
are needed for many applications such as transparent solar cells, transparent
devices, etc. (see Chp. 1). Until now, oxides have been conventionally con-
sidered as a promising chemical space to dig out novel p-type TCMs but the
enhancement in hole mobility has not been significantly achieved. On the other
hand, many other non-oxide compounds also show very low hole effective mass
and might perform better than traditional p-type TCMs (oxides) in terms of
mobility. In this chapter, we present a HT computing (relying on density func-
tional theory) for a large dataset of more than 30.000 compounds and identify
BP, CaTe and Li;Sb as very good candidates for high-mobility p-type TCMs.
These materials are indirect band gap semiconductors with band gaps smaller
than 3.0 eV but show high transparency in thin-film form because of their weak
phonon-assisted optical transitions. The p-type doping tendencies are verified
through defect calculations. We also computed el-ph interactions and obtained
scattering rate used as a part of inputs for solving Boltzmann transport equa-
tion (BTE). The results which will be presented in this chapter are already
published in Chem. Mater. 29, 2568 (2017) and Phys. Rev. Materials 3,
034601 (2019).

4.1 Introduction
In the past decades, people have put a lot of effort into design of novel p-

type TCMs with purpose of high hole mobility. After the breakthrough with
CuAlO, in 1997 [18], many transition-metal-based novel p-type TCMs were
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discovered (see Tab. 1.1). However, these materials still exhibit very low hole
mobilities and cannot compare with the best n-type TCMs (SnO,y, In,Os,
ZnO). Acceleration in exploring novel high-mobility p-type TCMs is, therefore,
very needed. In fact, an exploration using only experimental syntheses is very
time-consuming and high expenditure as the number of compounds chemical
space is rather large. On the other hand, many of the relevant properties (e.g.
carriers’ effective masses, optical absorption, electronic mobility, dopability,...)
can be nowadays evaluated by first-principles calculations. This advantage
gives a possibility to accelerate the design process by computationally searching
new TCM compounds using developed electronic structure methods such as
DFT and many-body perturbation theory in the GW framework (see section
B.5 of Apd. B). In fact, HT ab initio computing is emerging as a very powerful
tool to dig out materials for many applications including TCMs. For instance,
several HT computations targeting on oxides have recently identified novel p-
type TCMs such as K,Sn,04 and Ba,BiTaOgq [45, 47]. The analysis of a large
dataset of thousands oxides in these researches confirmed that p-type oxides
have inherently higher effective masses than n-type oxides. This rationalized
the current gap in mobility between the best p-type and n-type oxides. The
presence of oxygen p-orbitals in the valence band of most oxides is responsible
for this properties. These works also found out that oxides containing reduced
main group elements like Sn®", Sb3", Bi®*"... might likely exhibit low hole
effective mass (high mobility).

The inherent difficulty in developing high hole mobility oxides justifies a
movement towards non-oxide TCM chemistries including fluorides [251], sul-
fides [252, 253], oxianions [31], or germanides [183]. By data mining of a large
computational data set, we demonstrate that non-oxide materials show lower
hole effective masses and therefore can potentially give higher hole mobility.
Fig. 4.1 (a) compares hole effective mass of four different classes of materials
including oxides, sulfides, nitrides and phosphides. We can see that effective
masses of non-oxide compounds distribute mainly in low range from 0 to 5
m, (M, is the mass of free electron) while oxides show effective masses in a
wider range. This is a clue for us to step out of oxide-space and find out
low hole effective mass p-type TCMs. Nonetheless, Fig. 4.1 (b) also points
out that non-oxide materials exhibit smaller gaps which can be detrimental to
their transparencies. Here, we propose a strategy to overcome this obstacle by
exploiting indirect band gaps leading to weak indirect optical transitions. The
indirect optical absorption is regularly weak because this sort of absorption is
three-particle interaction process and the probability for it to happen is small
as a requirement of momentum-conservation. As shown in Fig. 4.2, if the ma-
terial works in thin-film form, the magnitude of absorption only starts being
powerful thanks to vertical transitions corresponding to minimum direct gap.
We emphasize that this mechanism is completely similar with the way in which
one of the best current p-type TCMs, SnO [230], is working. In this chapter,
the direct gap will be considered as an important factor. We will search among
thousands of non-oxide materials to identify what compounds in less usual ma-
terials such as phosphides, nitrides or sulfides can work as high performance
p-type TCMs. Here, we combine different methods such as DFT, hybrid func-
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Figure 4.1: (a) Violin plot of the hole effective mass for four chemistries: oxides
(0), sulfides (S), nitrides (N), and phosphides (P). The dashed white lines
indicate median and quartiles. The hole effective mass of the typical p-type
TCM CuAlO, is also indicated. (b) Hole effective mass vs empirically corrected
DFT band gap for the four different chemistries. All masses are scaled relative
to the mass of free electron (m,). The number of investigated compounds is
indicated at the top for each chemistry.

tionals, GW and el-ph coupling computations. We identify that BP, CaTe and
Li;Sb would be of great interest as high mobility p-type TCMs. The details of
HT screening will be presented in the next section. More information of DFT
and hybrid functionals can be seen in Apd. A while that of GW and el-ph
coupling is presented in section B.5 and B.6 of Apd. B, respectively.

4.2 High throughput computing approach

Recently, thanks to development of DFT and supercomputers, HT computing
has been applied into materials science. It was proved that HT computing
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k

Figure 4.2: The optical absorption in indirect band gap semiconductors. If the
indirect optical absorption is weak, the onset of absorption can be seen as it
starts at the minimum direct gap.

is an useful approach to uncover and design novel materials satisfying specific
requirements. Fig. 4.3 shows a funnel-like tier representing ideas of HT comput-
ing approach utilized in this chapter for high mobility p-type TCMs. Basically,
we need to start with a big database of crystalline structures. Here, our work
is in association with the MP [208, 209] which mainly uses crystalline struc-
tures from the ICSD [168] and then relaxes and calculates different relevant
properties such as band structure, density, elasticity, et cetera. It depends on
materials needed for specific applied purposes, a series of necessary properties
need to be computed and we, therefore, can quantitatively assess performance
of materials. An appropriate tier which includes different calculations corre-
sponding to different properties must be set up. To minimize the cost and
maximize the efficiency of the computations, we have to arrange a series of
computed properties in the order of which the calculation time and difficulty
of methods increase through each step (represented as a layer in the funnel
in Fig. 4.3). After each step, the number of compounds remaining decrease
because a number of compounds not satisfying the criterion (set up for the
corresponding computed property) will be ruled out of consideration.

In our strategy for p-type TCMs, we put effective mass, stability (estimated
from phase diagram), band gap (low accuracy-computed by DFT) at top of the
HT funnel as these are cheap calculations and easy to do for thousands of com-
pounds. The band gap (high accuracy-computed by HSE functional, GW),
defects and mobility are located at the bottom because they are very costly
and only doable for a small number of materials (around a dozen or less). Af-
ter operating a series of computations, we hopefully can obtain some promising
candidates in the end. The stability of each compound is assessed through a
phase diagram which represents thermodynamic phase equilibria of different
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multielement systems composed of elements in that compound. Thermody-
namic base and construction of phase diagram will be specifically presented in
section B.3 of Apd. B. In this appendix, we also present methodology of GW
(section B.5) and ab initio el-ph interaction (section B.6) in combination with
Boltzmann’s transport framework (section B.7) used for calculations of band
structure with higher accuracy and carrier mobility, respectively.

m Data base of thousands

ﬁ compounds
baal $°

stabality
effective mass
band gap
(low accuracy)
band gap
(high accuracy)
defects
mobility

excluded
compounds

selected
materials
candidates

Figure 4.3: The screening strategy of HT computing, in particular for p-type
TCMs. After each step, materials which do not satisfy a given criterion will be
removed. The further calculations are considered, the more expensive compu-
tational methods are employed.

4.3 Computational methods in short

All the considered materials originate from the ICSD [168]. Their relaxed
crystal structures and electronic band structures were obtained from the MP
database [208, 209]. These rely on DFT high throughput computations which
were performed with VASP [190, 191] using the PBE exchange-correlation (XC)
functional [254] within the PAW method [215] (see Apd. A).

Fig. 4.4 schematically shows the first four steps in our HT implementation.
One of the first calculation is electronic band structure on uniform k-mesh in
BZ using GGA-PBE functional. Then we use the electronic band structures
as inputs for BoltzTrap package [172] (based on Boltzmann transport theory
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framework) computing (average) effective masses (see section 1.3 of Chp. 1
for definition). In HT mode, our calculations were set up to run automat-
ically using the Fireworks workflow [255] and pymatgen [194] packages. All
the raw effective mass data is freely available in a separate paper which covers
around 48,000 inorganic materials [256]. Regarding the effective masses, in the
quadratic form, they are represented by a second rank tensor. Because most
TCMs are usually used as polycrystalline films, materials with isotropic or close
to isotropic transport are easier to use in practical applications. Therefore, for
the screening, we focus on the three principal values of this tensor and sort
the materials based on the highest of the three principal hole effective masses.
We only pick compounds showing hole effective mass < 1.0 m, (m, - mass of
free electrons). A rough estimation of band gap is also done here and we filter
materials with E, > 0.5 eV.

The next selection criteria for TCMs is their stability. Here, it is as-
sessed by the energy above hull Ey,) estimated from thermodynamic phase
diagrams (computed by DFT at temmperature 0 K and pressure 0 atm) which
are already in the MP database [208, 209]. For a compound stable at 0K,
Epa = 0 meV/atom, and the stability decreases as Ejpy,; increases. We set
criterion By, < 24 meV/atom. This threshold corresponds to the typical
standard deviation of computational errors (compared with experiment) of
DFT formation-energies [257]. This criteria might be too stringent, thus, many
metastable materials (with a higher Ey,y of around 100 meV/atom) might be
excluded after this step. The metastable materials, in fact, can be stabilized
in some specific processing conditions (e.g. on proper substrates). However, in
order to reduce computational cost (in the following steps) and focus on the
most stable compounds, it is rational to choose Fhy < 24 meV /atom. There
are about 320 materials passing through this step. In the next step, band struc-
tures along symmetry lines are computed with GGA-PBE functionals. We will
screen out candidates exhibiting Eg < 1.5 eV and continue to perform more
accurate calculations for remaining ones since GGA-PBE is known to systemat-
ically underestimate the band gap. The more accurate fundamental and direct
band gaps are calculated for about a hundred materials using the HSE hybrid
XC functional [198, 199] and adopting the same computational parameters as
for the PBE calculations. All results of a hundred compounds can be seen in
Tab. C.3 of Apd. C. We only choose materials with direct band gap > 2.8 eV
for further consideration and calculations such as GW, defects, mobility (with
taking into account scattering with phonons)... More information will be pre-
sented and discussed in Tab. 4.1 of section 4.4.

As the computational cost becomes more and more expensive in the later
steps, only very promising materials will be considered further. In this chapter,
we chose three binary compounds including BP, CaTe and Li;Sb as the most
potential candidates. More details about analysis and reasons for this selection
will be mentioned and analyzed more in section 4.4. Gy W calculations were
performed with ABINIT [258, 259, 260, 261] for these in order to validate band
gap and direct gap obtained with HSE previously and therefore we can judge
their transparent properties. In these calculations, optimized norm-conserving
(NC) pseudopotentials including semi-core electrons were used which were gen-
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Figure 4.4: The first four steps in HT screening and corresponding criteria.
The number of remaining compounds going through the filters are marked at
the tips of arrows.

erated with ONCVPSP [262, 263|. The kinetic cut-off energy for the wavefunc-
tions were set to 44, 51 and 52 Ha for BP, CaTe and Li;Sb respectively, as
recommended in the PseudoDojo table [263]. The convergence of these calcu-
lations with respect to the kinetic energy cut-off F, for the dielectric function
and the number of bands N, was tested using automatic GW workflows [264]
based on the pymatgen [194] and AbiPy packages [265, 261|. With BP, the
convergence of the gap at the T’ point (with a truncation error smaller than
0.01 eV) was easily obtained for E. = 10 Ha and N, = 90. For CaTe, the
same convergence was harder to achieve with £, = 12 Ha and N, = 480. In
the case of Li;Sb, the convergence is significantly faster: using E. = 10 Ha
and NV, = 240 guarantee a truncation error smaller than 0.01 eV. More details
about the convergence tests are available in the Apd. C. For the calculations
of the screening and the quasi-particle self-energy, 10 x 10 x 10 k-point mesh
were used for CaTe while 8 x 8 x 8 k-point meshes were applied for both BP
and LizSb. After that, the band structures could be interpolated from these
k-point meshes using AbiPy [265, 261].

The intrinsic (or native) point defects consist of vacancies, self-interstitials
and antisites (cations on sites of anions, for example). The extrinsic point
defects (impurities or dopants) are substitutional and interstitial foreign atoms.
Indeed, charged defects in semiconductors can generate free electrons or holes.
The intrinsic or extrinsic doping of a material can be assessed by computing
defect formation energies as functions of the Fermi level. In this work, the
point defect computations were performed using the supercell technique [266]
adopting 3 x 3 x 3 supercells of the primitive cells. We calculated the defect
formation energies first using the PBE XC functional but also with the more
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accurate HSE hybrid functional for Li;Sb and CaTe [198, 199]. The HSE
functional was proved to capture better not only the energy but also the band
gap [267]. Here, the screening length and fraction of exact exchange were set
to the common values of 0.2 A and 25 % respectively. The kinetic energy cut-
off for the wavefunctions was set to 19.1 Ha (520 €V) and the relaxations are
stopped when the change in total energy between two ionic relaxation-steps is
smaller than 3.67 x 10~* Ha (0.01 eV). The formation energy of defect D in
charged state ¢ can be written as [268, 269]

E¢[D? = E[D? + Ecorr[DY] — Elbulk] — Xin;p

4.1
+ qlevem + Av + Aep), (4.1)

where E[D) and E[bulk] are the total energies of the supercell with a defect D
in the charge state ¢ and without any defects, respectively; n; is the number of
atoms of type i removed (n; < 0) or added (n; > 0); and, p; is the corresponding
chemical potential. eypy is the energy of the valence band maximum (VBM),
and Aer is the Fermi level referenced to eypy. The correction terms Ee o[ D]
and Av are introduced to take care of the spurious image-charge interactions
and the potential alignment for charged defects, respectively. The defect states
with the charge ¢ were corrected using the extended Freysoldt’s (Kumagai’s)
scheme [270, 271]. All defects computations were performed using the PyCDT
package [272]. More computational details about the defect calculation can be
found in section B.4 of Apd. B.

The mobility depends on the effective mass m* through u = er/m* where
the relaxation time 7 (inverse of the scattering rate) depends on different scat-
tering mechanisms. Carriers can be scattered by phonons, ionized and neutral
impurities, grain boundaries,... In this work, we only took into account the
scattering of electrons by phonons which is likely to be an important compo-
nent of scattering and is an intrinsic mechanism, difficult to control through
purity and microstructure. The carriers scattering by phonons can be com-
puted theoretically if the el-ph matrix elements are known. In principle, one
can employ DFPT to obtain all the el-ph matrix elements from first principles.
However, converging the relevant physical properties (such as the scattering
rate of electrons by phonons) often requires very dense k-point and g-point
meshes for electrons and phonons respectively leading to a considerable in-
crease of computational time. The recently developed interpolation techniques
based on Wannier functions offer a very practical and efficient solution to over-
come this obstacle. In this work, we used the EPW code [273, 274] interfaced
with Quantum ESPRESSO [275, 276] to calculate the relaxation-time 7,x (n
and k are band index and wave vector of a Bloch’s state, respectively). More
details on the theory and the implementation can be found in Ref. [274]. The
Tnk Were interpolated on a dense 40 x 40 x 40 mesh for both k-points (for elec-
trons) and g-points (for phonons) starting from the DFPT values on a 6 X 6 X 6
mesh. The latter (together with the structural relaxation, self-consistent, non
self-consistent calculations which are needed to run EPW) were obtained using
Quantum ESPRESSO with NC pseudopotentials and very stringent parame-
ters for convergence, e.g. high cut-off energy of 40 Ha. These 7, x are then used
as an input to compute the carrier mobility by solving the BTE by means of
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the BoltzTrap package [172]. In the latter calculations, the DFT band energies
(computed on a finite number of k-points) are interpolated using star functions
(see section 1.3 of Chp. 1). Here, we have implemented another interpolation
for the relaxation time in BoltzTrap in order to obtain the same very dense
k-point grid as the one used for band energies. The physical principle for this
implementation is that the symmetries of the quasi-particle energies are the
same as those of band energies [277] (7, k due to the interaction with phonons
can be calculated from the imaginary part of the el-ph self-energy). More de-
tails about el-ph coupling can be seen in section B.6 of Apd. B. We would like
to emphasize that the el-ph coupling and the following transport simulation
are done for bulk materials. In fact, when samples are fabricated in specific
conditions (temperature, substrates,...), this can be influenced by impurities,
grain, interface,...

As mentioned in section 4.1, when stepping out of oxide-space, we can pos-
sibly find much lower hole-effective-mass candidates but can face with lower
transparency as well (band gaps might be shrunk). We will, therefore, target
on indirect band gap materials with large direct gap (> 3.0 eV) so that they
still can preserve their transparency when working in thin-film form. The phys-
ical insight is that in the energy range from indirect band gap to direct gap,
the phonon-assisted optical transitions are regularly weak. To validate this
tendency, we will carry phonon-assisted optical absorption if necessary. EPW
code [273, 274] is also used to implement this task. Ab initio computation for
indirect optical absorption was done the first time for Silicon in Ref. [278] and
the authors obtained an excellent agreement with experiment. More informa-
tion can be found in section B.6 of Apd. B.

4.4 Results

4.4.1 Preliminary views and analyses

Tab. 4.1 shows a selection of 63 materials with a direct band gap > 2.8 €V after
performing first four steps as shown in Fig. 4.4. The materials are sorted in
decreasing order as a function of the computed direct band gap. Among the
materials at the top of the list, SiC is a well-known wide band gap semiconduc-
tor. This material exhibits polymorphism (e.g. cubic: 3C, rhombohedral: 15R,
hexagonal: 6H, 4H, 2H) [279] and can be doped with both n- and p-type [280,
281, 282, 283]. A high hole mobility of 40 cm?/Vs was obtained for the cubic
phase [284]. The indirect optical absorption of cubic phase is very weak at
room temperature with a coefficient of 103 cm~! at 3.1 eV [285]. We suggest
that SiC can be considered as a good p-type TCM. The main disadvantage of
this compound is the difficulty of hole doping. Most known impurities such as
Al, B, Ga and Sc create deep doping-levels leading to rather low concentrations
of holes which were typically measured to be lower than 10'® cm=2 [284] and
is suitable for transistor applications.

Next comes a series of beryllium based compounds (BeS, BeSe, BeCN,,
Be,C and BeTe). While their computed performance in terms of band gap and
hole effective masses are very attractive, the toxicity of beryllium lowers their
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interest for technological applications. Likewise, the many lead-based halide
perovskites (CsPbCl;, RbPbF;, and CsPbF;) and Li, GePbS, also present tox-
icity issues. It is interesting however to see these halide perovskites being of
great interest as solar absorbers when they are made in chemistries showing
smaller gaps [286, 287]. Toxicity is also an issue with the series of arsenides,
e.g. AlAs. These arsenides are also very analogous to the phosphides such
as BP and AIP. Some of the materials in the list contain rare-earth elements
which might present some cost issues. We consider that further assessment of
all these materials in terms of dopability and mobility is not a priority. There-
fore, in the penultimate column of Tab. 4.1, the absence of toxic or rare-earth
elements is verified, as indicated by a checkmark.

Continuing to explore the list of materials, many hydrides appear to be
of interest with low hole effective mass and large direct band gaps for LiH,
BaLiH; and CsH. Unfortunately, our subsequent defect computations indicate
that these hydrides have low-lying hole-killing defects especially the hydrogen
vacancy making unlikely their efficient p-type doping (see Apd. C). A few
sulfides are also identified by our screening: ZnS and ZnAl,S,. ZnS has been
indeed recently studied as a good performance p-type TCM [253]. ZnAl,S,,
on the other hand, is less studied but our defect computation indicates that
it is very unlikely to be p-type dopable because Zn-Al anti-site defects form
easily and act as hole-killers. Al,CdS, is likely to present the same issues.
The defect formation energies computed by DFT for ZnAl,S, are given in the
Apd. C. Among the different materials in the table, three promising candidates
including BP, Li;Sb and CaTe also attracted our attention. The following
parts are dedicated to the further computations that were performed for these
compounds.

Table 4.1: Formula, space group (Spg), Materials Project identifi-
cation number (MP-id) [208, 209|, fundamental E, and direct gaps
Eg computed by HSE functional (in e€V), energy above hull Ey,; (in
meV /atom), principal components my, mo and mg of the hole effective
mass tensor (in atomic units), verification of the absence of toxic/rare-
earth (T/RE) elements (Be, As, Cd, Yb, Hg, Pb and Th) and of the
p-type dopability (when computed here or obtained from the existing
literature) for the selected compounds (see text). The materials are
sorted as a function of the direct band gap in decreasing order.

Formula Spg MP-id E;l Ey; Enai mi1 m2 m3 T/RE p-type
BeS F43m 422 6.89 4.05 0.0 0.65 0.65 0.65 X -
KMgH3 Pm3m 23737 5.76 3.58 0.0 0.75 0.75 0.75 v -

SiC F43m 8062 5.75 2.25 0.7 0.58 0.58 0.58 v v [{]
BeSe F43m 1541 5.27 3.36 0.0 0.55 0.55 0.55 X -
BeCN, I42d 15703 5.21 5.21 0.0 0.75 0.75 0.78 X -
RbPbF; Cec 674508 5.20 4.84 0.0 0.71 0.83 0.95 X -

MgS Fm3m 1315 495 3.84 0.0 0.98 098 0.98 Vv -
RbHgF'5 Pm3m 7482 4.90 2.11 0.0 0.93 0.93 0.93 X -

Continued on next page
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Table 4.1 — continued from previous page

Formula Spg MP-id E‘; Ey; Enai mi m2 m3 T/RE p-type
AgCl Fm3m 22922 4.81 2.28 0.0 0.83 0.83 0.83 v -
CsHgF3 Pm3m 561947 4.59 2.20 0.0 0.89 0.89 0.89 X -
Be,C Fm3m 1569 4.56 1.63 0.0 0.37 0.37 0.37 x -
SrMgH, Cmc2;, 643009 4.52 3.78 0.0 0.84 0.90 0.95 v -
LisSe Fm3m 2286 4.36 3.70 0.0 095 095 0.95 v -
BP F43m 1479 4.35 2.26 0.0 0.34 0.34 0.34 v v [22§]
CaS Fm3m 1672 4.28 3.34 0.0 0.88 0.88 0.88 v -
LiCayB3sNg Im3m 6799 4.25 3.38 0.0 0.86 0.86 0.86 v -
BaSrl, R3m 754852 4.22 4.22 21.8 0.73 0.73 0.80 v -
LiSrsB3sNg  Im3m 9723 4.18 3.22 0.0 0.89 0.89 0.89 v -
NaSr,B3Ng Im3m 10811 4.08 3.14 0.0 0.92 0.92 092 v -
K,LiAlHg Fm3m 24411 4.04 3.70 9.1 0.65 0.65 0.65 v -
BeTe F43m 252 4.04 2.45 0.0 0.42 0.42 0.42 X -
BasSrlg I4/mmm 756235 4.02 4.02 7.5 0.70 0.81 0.81 v -
CaSe Fm3m 1415 4.01 2.95 0.0 0.77 0.77 0.7 v -
LiH Fm3m 23703 3.97 3.97 0.0 0.46 0.46 0.46 Vv X
AlP F43m 1550 3.90 2.50 0.0 0.56 0.56 0.56 Vv X
YbS Fm3m 1820 3.76 2.96 0.0 0.76 0.76 0.76 X -
Na,LiAlHgs Fm3m 644092 3.75 3.75 3.9 0.66 0.66 0.66 v -
SrSe Fm3m 2758 3.68 3.03 0.0 0.83 0.83 0.83 v -
BaLiH3 Pm3m 23818 3.62 3.26 0.0 0.36 0.36 0.36 Vv X
CsPbF; Pm3m 5811 3.59 3.59 4.6 0.39 0.39 0.39 X -
CszZnH; I4/mem 643702 3.58 3.58 0.0 0.69 0.93 093 v -
Al,CdS, Fd3m 9993 3.56 3.55 20.0 0.78 0.78 0.78 X -
K,LiAlHg R3m 23774 3.52 3.52 0.0 0.68 0.84 0.84 v -
BaMgH, Cmem 643718 3.51 3.26 4.8 048 0.55 0.70 v -
CaTe Fm3m 1519 3.50 2.18 0.0 0.60 0.60 0.60 v V
CssMgHs  P4/ncc 23947 3.49 3.49 0.3 0.88 093 093 v -
CssMgHs;  I4/mem 643895 3.49 3.49 0.0 0.83 0.94 094 v -
YbSe Fm3m 286 3.48 2.43 0.0 0.67 0.67 0.67 x -
7nS F43m 10695 3.46 3.46 0.0 0.81 0.81 0.81 v v [253]
TaCusSy P43m 10748 3.46 2.95 0.0 0.98 0.98 0.98 v -
AlyZnS, Fd3m 4842 3.46 3.43 0.0 0.66 0.66 0.66 Vv X
Li, ThN, P3ml 27487 3.46 3.33 0.0 0.85 0.95 0.95 X -
Mg;B,,C  P4n2 568556 3.42 3.41 0.0 0.77 0.93 093 v -
Li,GePbS, I42m 19896 3.33 3.20 0.0 0.61 0.61 0.98 X -
CssHsPd  P4/mbm 643006 3.32 3.09 0.0 0.79 0.83 0.83 v -
SrTe Fm3m 1958 3.24 2.39 0.0 0.67 0.67 0.67 V X
MgTe F43m 13033 3.24 324 09 095 095 095 v -
CsTaN, I42d 34293 3.22 3.22 0.0 0.71 0.71 092 v -
CssMnH;  I4/mem 643706 3.21 3.18 0.0 0.82 0.96 0.96 v -
LiMgP F43m 36111 3.18 2.00 0.0 0.65 0.65 0.65 v -
BaS Fm3m 1500 3.17 3.02 0.0 0.85 0.85 0.85 v -
LiAlTe, 142d 4586 3.11 3.11 0.0 0.52 0.83 0.83 v -

Continued on next page
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Table 4.1 — continued from previous page

Formula Spg MP-id E‘; Ey; Enai mi m2 m3 T/RE p-type
YbTe Fm3m 1779 3.09 1.76 0.0 0.54 0.54 0.54 X -
LizSb Fm3m 2074 3.06 1.15 0.0 0.24 0.24 024 v V
SrAl,Tey 1422 37091 3.06 2.66 0.0 0.42 0.79 0.80 v -
TaCuzTe, P43m 9295 3.05 2,50 0.0 0.63 0.63 0.63 v -
CsPbCl; Amm?2 675524 2.99 299 0.0 0.30 0.32 0.33 X -
TaCusSey, P43m 4081 2.98 2.43 0.0 0.82 0.82 0.82 v -
BaSe Fm3m 1253 2.95 2.59 0.0 0.76 0.76 0.76 v -
KAg,PS, I42m 12532 2.87 2.53 0.0 0.67 0.82 0.82 v -
AlAs F43m 2172 2.84 2.12 0.0 0.50 0.50 0.50 X -
LiErS, I41/amd 35591 2.80 2.80 10.4 0.62 0.99 099 v -
GaN F43m 830 2.80 2.80 5.2 0.94 094 094 v -

T [280, 281, 282, 283]

4.4.2 Boron monophosphide

Fig. 4.5 presents the conventional cell of BP. Each B atom is surrounded by
four P atoms in tetrahedral corner-sharing local environments. This is a cubic
system with high symmetry, which leads to an isotropic effective mass tensor
as shown in Tab. 4.1.

Fig. 4.6 shows the band structure of BP computed by DFT and Gy Wy. It is
worth noting that the Gy W along symmetry lines in Fig. 4.6 was interpolated
from Go W band structure on uniform k-mesh of 8 x 8 x 8 using Abipy pack-
age [265, 261]. The interpolation method uses the star functions as basis sets
(see section 1.3 of Chp. 1). We can see that the band structure is degenerated
at VBM, thus, the warping effect is clearly seen here. The effective mass shown
in Tab. 4.1 apparently does not describe this effect. The Gy Wy fundamental
gap is about 1.97 eV with VBM locating at I'-point and CBM locating close
to X-point on I' — X line. This is consistent with experimental values (vary
in range from 1.9 to 2.1 eV) measured by different methods such as optical
absorption, electro-luminescence and X-ray spectroscopy [288, 289, 290, 291,
292, 293]. The direct gap is located at I'-point and has a value of 4.25 eV. The
Go Wy direct gap is large so that we expect such a large direct band gap to lead
to transparency in the visible region. This was validated through experimental
reports (294, 290, 291]. In Fig. 4.7 we show indirect optical absorption coeff-
cient calculated with EPW [273, 274]. The experimental data [290, 291] were
extracted and plotted as well. Our calculated result underestimates indirect op-
tical absorption. This indicates that the el-ph in BP might be underestimated
or the theoretical framework used for the indirect absorption calculation [295]
does not produce fairly good result as the temperature-dependence effect of
electronic band structure is neglected. Additionally, it is worth noting that the
experimental data [290, 291] referred here is rather old. In general, it shows
quite weak absorption in the visible range with the average intensity about
2.5 x 10 cm™!. Using the visible transmittance defined in equation (2.8) of
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Figure 4.5: The conventional cell of BP with tetrahedral local environments
around B atoms (blue).

Chp. 2, we can roughly estimate the loss of transmittance caused by indirect
absorption (the plasmon effect is not taken into account). For 100-nm BP film,
only a few percent of visible light energy is lost.

In order to check p-type dopability, we implemented defect calculations us-
ing supercell technique as mentioned in section 4.3. The chemical potential of
defects (see equation (4.1)) is estimated from thermodynamic phase diagram
(see section B.3 of Apd. B) in limit conditions. The chemical potentials are
chosen in conditions which lead to the most favorable p-type doping tendency
for this material. We first tried with intrinsic point defects and the results is
shown in Fig. 4.8 (a). We can see that we cannot dope BP with hole by using
intrinsic defects as positive charged states of anti-site defect Py exhibit low for-
mation energy close to VBM and therefore, actively work to release electrons.
This totally compensates for holes generated by anti-site defect Bp or vacancy
V. We continue to investigate extrinsic defects with some dopants such as
Si, C, Mg, Be. Fig. 4.8 (b) show that extrinsic defects lower formation energy
in comparison with intrinsic ones. Among many these defects, substitutions
Bep and Sip are the most energetically favorable for p-doping. Defect forma-
tion energy of these around VBM is low enough to defeat intrinsic hole killer,
Pg. Moreover, it is interesting to see that Sig and Cp can be good electron
generators as well. It is not surprising that our strategy identifies materials
with a small fundamental band gap but large direct gap can lead to bipolar
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Figure 4.6: The band structure of BP computed by DFT (blue) and G, W
(red).

doping. BP, therefore, can be doped with both n- and p-types and might be
a ambipolar transparent materials similar to SnO [206, 230]. In fact, this was
validated through many experimental researches [296, 297, 298, 299, 300, 301].

Our last calculation focuses on an estimate of hole mobility. BP shows very
low hole effective mass 0.35 m, within DFT. Indeed, BP has threefold degener-
acy at VBM (T point), therefore, the transport of holes occurs in three bands
with some lighter and some heavier. Our definition of effective mass takes into
account the competition among these three bands and give an average value
that is representative of the transport which will happen in the different bands.
More details about formulas and calculation techniques is written in section 1.3
of Chp. 1. This should be kept in mind when comparing our results to other
studies which sometimes only focus on one band when several competing bands
are present [302, 303|. It is worth noting that the effective masses might be
changed in the GW band structures, which is not assessed in this work. Here,
we still use the DFT band structures for the transport calculations. As seen in
Fig. 4.10, the top of valence band is mainly composed of p-orbital characters of
B and P. We will compute el-ph scattering and use this to solve semi-classical
BTE. Fig. 4.9 shows phonon dispersions (fat bands) and projected DOS of
phonons for BP using the PBE functional. The fat bands represent qualita-
tively characteristics of the vibrational modes, including what type of atom
participates in the phonon modes at a given energy, their direction and am-
plitude. The absence of modes with imaginary frequencies proves that these
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Figure 4.7: Indirect absorption coefficient as a function of photon energy cal-
culated at 300 K. The DFT band structure was used and applied a scissor shift
to fit with Go Wy band gap. The experimental data from Refs. [290] (exp. 1)
and [291] (exp. 2) is also reproduced for comparison.

materials are dynamically stable at 0 K. The lighter B atoms mainly contribute
to the optical modes at high frequencies (3 modes) while the heavier element
P atoms play an important role in the three acoustic modes at low frequencies.

The effective mass is an important factor driving carrier mobility but not
the only one. Scattering rate or relaxation time also affects the mobility. There
are several mechanisms which can influence relaxation time as mentioned in 4.3.
Phonon scattering is the most intrinsic factor as it is not affected by purity and
microstructure. The evaluation of relaxation time from phonon scattering can
be performed ab initio using el-ph coupling matrices obtained from DFPT
phonon computations. We can then interpolate el-ph coupling matrices and
the relaxation time 7,k on a dense k-point grid using EPW as mentioned in
section 4.3. Fig. 4.10 (a) shows the DFT band structure and the scattering
rates (inverse of 7,x) at 300K for different electronic states. The radii of the
red dots account for the intensity of the scattering rate of the corresponding
electronic state. We also present the projected and total DOS (Fig. 4.10 (b))
and the corresponding relaxation time and scattering rate (Fig. 4.10 (c¢)) as
functions of energy (see section B.6 of Apd. B for computational details). In
general, the scattering rates are proportional to the DOS, implying that the
relaxation time becomes smaller in regions of high DOS. The Fermi level in
doped BP can be located above or below the VBM, depending on the number
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Figure 4.8: (a) Intrinsic defect formation energy with respect to Fermi level for
BP in boron-rich region. Xy indicates X on an Y’s site, V presents for vacancy
and the subscript ¢ stands for interstials. (b) Extrinsic defect formation energy
vs Fermi level for BP in boron-rich region.

of holes and the DOS around this valley. In this work, at the doping hole
concentration of 10'® cm ™3, the Fermi level is 90.5 meV above the VBM while
it is located 273.2 meV below the VBM for very high doping concentrations
of 102! em™3. The transport of holes takes place in the pocket around the
I'-point and is contributed by there bands. Around the I'-point, we can see
that the scattering is very weak (see Fig. 4.10 (a)) leading to high relaxation
times around the VBM (see Fig. 4.10 (c)). This can be understood because BP
is a weakly polarized material, leading to a small Born effective charge [304,
305] and therefore weak long-range el-ph interactions [306].

Fig. 4.11 shows the hole mobilities as a function of hole concentrations at
300 and 400 K for BP. The mobilities decrease with hole concentration because
at the higher carrier concentrations the Fermi level shifts deeper below the
VBM and the carriers at the Fermi surface occupy electronic states with higher
scattering rates (see Fig. 4.10 (c¢)). It is also lower at the higher temperature
of 400 K because of the increase of scattering with phonons. The value of the
hole mobility obtained at room temperature is high at around 900 cm?/Vs at
a doping concentration of 10'® cm™3. This is consistent with the very weak
scattering shown in Fig. 4.10. However, the calculated hole mobility is still too
high in comparison with experimental measurements as shown in Tab. 4.2. We
attribute this difference to the fact that we only take into account scattering
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Figure 4.9: Phonon dispersions with fat bands representing atomic displace-
ments associated with lattice vibrations. The width of fat bands gives qualita-
tive understanding of the vibrational modes such as what are the atomic types
involved in the vibrations at a given energy, their direction of oscillation and
the amplitude (related to the displacement). The projected DOS of phonons
on each type of atom are correspondingly shown next to the phonon dispersion.

with phonons, while carrier scattering might also depend on other mechanisms
like (neutral and ionized) impurities or grain boundaries. This means that
our calculated results represent the intrinsic upper limit for the mobility. In
Tab. 4.2, the hole mobilities measured for samples experimentally synthesized
by different methods vary in a very wide range. This repeatedly confirms for
the complexity (as seen through Tab. 1.1 and Tab. 1.2 in Chp. 1) that carrier
mobility is managed by many factors such as quality of the samples (crys-
talline, polycrystalline or even amorphous morphology), impurities, (neutral or
charged) point defects,...

4.4.3 Calcium monotelluride and trilithium antimony

The conventional cells of CaTe and Li;Sb are shown in Fig. 4.12 (a) and (b).
Ca atoms in CaTe are surrounded by six Te atoms forming an octahedral local
environment. In Li;Sb, the cation fills tetrahedral and octahedral sites. Both
CaTe and LizSb are cubic phases with high symmetry, which explains their
isotropic hole effective masses (m; = mg = ms). CaTe and Li;Sb exhibit very
low hole effective masses with eigenvalues being 0.60 and 0.25 m, (m,-mass
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Figure 4.10: From left to right, DFT electronic band structure, projected DOS
and relaxation time and scattering rate. Each DFT electronic state is marked
with red dots representing its scattering rate with phonons at a temperature
of 300 K (the intensity of scattering is proportional to the size of the dots).
The projected DOS are computed using DFT. The relaxation time 7 (in fem-
tosecond) and its inverse, the scattering rate, 1/7 (in 1/second) are shown as
functions of energy.
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Figure 4.11: Hole mobilities of BP computed as as a function of carrier con-
centration at temperatures of 300 K and 400 K.

of free electron), respectively. It is worth noting that the lowest hole effective
masses found so far in a computational database for a p-type conducting oxides
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Table 4.2: The fabrication methods (abbreviations of some methods are
at the bottom of this table), hole-carrier concentrations C' (in cm™3)
and mobilities p (in cm?/Vs) of cubic BP. These values are extracted
from experimental measurements (as cited references) at room temper-
ature. The values of mobility depend on morphologies of fabricated-
samples such as single crystal, polycrystalline, amorphous, thin-film,...

Processing C (em™3)  p (cm?/Vs) Remarks
Solution (of Ni/Fe) growth 108 500 [307, 308]  + 0.01% solvent
Epitaxial growth 8 x 101? 285 [296] Si substrate
Epitaxial growth 5 x 1019 350 [296] Si substrate
Hetero-Epitaxial growth 4.9 x 1019 75.5 [297] Si substrate
Hetero-Epitaxial growth 2.2 x 10*  100.6 [297] Si substrate
Chemical transport 1.67 x 1018 1.77 [309] + A little B4P
CVD + thermal neutron 1.1 x 10'7  100.3 [298, 300] Si substrate
Photo-thermal CVD 1017 82 [310] Si substrate

K,Sn,04 [45, 311] is 0.27 m,. Current Cu-based p-type TCOs show effective
masses around 2 m,, [45]. The direct gaps of CaTe and Li;Sb calculated using
HSE hybrid functional are 3.5 and 3.06 eV respectively (see Tab. 4.1). Next to
hybrid functional computations, we performed G W calculations to confirm
the value of these band gaps.

(a) (b)

Figure 4.12: The conventional cells with polyhedra showing local environments
around cations of (a) CaTe (Ca-blue and Te-orange) and (b) Li;Sb (Li-green
and Sb-violet). CaTe shows octahedra while LizSb is composed of tetrahedra
and octahedra environments.

Fig. 4.13 (a) shows the DFT band structure computed by Gy W of CaTe.
The Gy Wy fundamental gap (I' — X) is 2.95 eV while the direct gap is located
at X-point and has a value of 4.14 eV. The Gy W direct gap is consistent with
the value of 4.1 €V measured in an optical experiment [312]. We expect such a
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large direct band gap to lead to transparency in the visible region. The Gy Wy
fundamental gap here is wide enough to guarantee the high transparency even
in a thick-film form or single crystal of CaTe. LizSb is also a semiconductor
with an indirect gap and the VBM locates at a point in I'-K line. This VBM
is slightly higher than the eigenvalue at I', which represents for a huge warping
effect. In the same way, the DFT and Gy W electronic band structures are pre-
sented in Fig. 4.13 (b). The Go W fundamental (indirect) band gap and direct
gap are 1.37 and 3.17 €V, respectively. This is consistent with an experimental
value of 3.1 eV measured recently [313] but much lower than another of 3.9 eV
reported earlier [314]. The indirect band gap is narrow and will lead to some
absorption in the visible range. However, the indirect nature of the absorption
makes it phonon-assisted and is expected to lead to weak absorption.
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Figure 4.13: The band structure of (a) CaTe and (b) LizSb computed by DFT
(blue) and Go Wy (red).

To quantify this absorption, we computed the optical absorption including
phonon-assisted processes using EPW [273, 274]. The result in Fig. 4.14 shows
quite weak absorption in the visible range with the average intensity about
5 x 103 cm™!. Similar to the case of BP, we also assess the loss of visible light
energy caused by indirect transitions. For 100-nm Li;Sb film, around 10 % of
visible light energy is absorbed. This is suitable for applications and devices
using thin-film form of Li;Sb. The weak indirect optical absorption computed
here is similar to that of other p-type TCMs such as SnO [230] and BP [228].

To verify p-type dopability of these candidates, we performed defect calcu-
lations using a HSE following the procedure described in section 4.3. Fig. 4.15
(a) presents the defect formation energy for both intrinsic and extrinsic de-
fects for each sort of defect in CaTe. The chemical potentials are chosen in
conditions which lead to the most favorable p-type doping tendency for this
material. The chemical potentials corresponding to different conditions in the
phase diagrams are available in Apd. C. Focusing first on intrinsic defects only
including vacancies, anti-site defects (replacement of Te on Ca-sites and vice
versa) and interstitial atoms, defect formation energies of these are plotted
in Fig. 4.15 (a) with chemical potentials extracted in Te-rich condition of the
phase diagram. Intrinsically, CaTe is unlikely to present p-type doping as no
intrinsic defect acts as a low lying acceptor. The vacancy of Ca will be in
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Figure 4.14: The indirect optical absorption of Li;Sb due to phonon-assisted
transitions.

competition with the hole killing vacancy of Te leading to a fermi level far from
the valence band. However, the Te vacancy is not low enough in energy that it
would prevent extrinsic p-type doping. When extrinsic defects with Na, K and
Li substituting onto Ca-sites are considered, we find that all these substitutions
offer shallow acceptors competitively compared to the Te vacancy. The Ca by
Na substitution is the lowest in energy. Extrinsic doping by Na might therefore
lead to p-type doping in CaTe. The plots of formation energies of Kg,, Nac,
and Lic, in Fig. 4.15 (a) were achieved with chemical potentials extracted from
KTe—CaTe—K,Te;, NaTe;—CaTe—Na,Te and Li,Te—CaTe—Te facets of the
three-element phase diagrams (see Apd. C). For Li;Sb, Fig. 4.15 (b) shows an
intrinsic tendency for hole doping with the lithium vacancy (Vacy;) acting as a
shallow acceptor with a very low formation energy and no competing hole-killer.
This plot is produced with chemical potentials computed in Li;Sb—Li,Sb facet
of the phase diagram (see Apd. C).

Our final assessment focuses on the mobility of CaTe and LizSb. CaTe
and Li;Sb show very low hole effective mass (0.60 and 0.24 m,, within DFT).
In similar to BP, both materials have threefold degeneracy at VBM (I" point),
therefore, the transport of holes occurs in three bands with some lighter and
some heavier. The change of effective mass in Gy W calculations is not con-
sidered and DFT band structures were used in transport simulation. Fig. 4.17
shows projected DOS for (¢) CaTe and (g) LizSb. For both compounds, the
top of valence band is mainly of anionic p-orbital characters (Sb®  or Te? )
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Figure 4.15: The defect formation energy as a function of Fermi level of intrinsic
and extrinsic defects for (a) CaTe and (b) LizSb. For CaTe, the intrinsic defects
include vacancies (Vacc, and Vacre), anti-sites (Tec, and Care) and interstitial
atoms inserted into the tetrahedral hollows formed by 4 Te atoms (Caj(tet,Te4)
and Te(ier,Tes)) While Na, K and Li are used as the extrinsic defects substitut-
ing Ca atoms (Nac,, Kca and Lic,). For LigSb, the intrinsic defects include
vacancies (Vacr;1, Vacria and Vacsy), anti-sites (Ligp, Sbri and Sby; o) and
interstitial atoms inserted into the octahedral hollows formed by Sb and Li
atoms (Lij(oct, sbaria)s Li(oct, sbLis)s SDi(oet, Sboria) and Sbicect, sbLis)). [n both
cases, the VBM is set to zero.
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Figure 4.16: Phonon band structures with fat bands representing displacements
of atomic vibrations. The width of fat bands gives qualitative understanding
of the vibrational modes such as what are the atomic types involved in the
vibrations at a given energy, their direction of oscillation and the amplitude
(related to the displacement). The projected DOS of phonons on each type of
atom are correspondingly shown next to the band structures. (a) CaTe and
(b) LizSh.

with some mixing from the cations. The effective masses are directly related to
overlap and energy difference between orbitals [161]. The lower value of hole
effective masses obtained in these non-oxide compounds can be associated to
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both a better alignment between the anionic and cationic states than in oxides
and larger anionic p-orbitals (5p versus 2p for oxides).
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Figure 4.17: From the left to the right, the band structures, projected DOS
and relaxation time and scattering rate. Sub-figures (a)-(c) and (e)-(f) show
data of CaTe and Li;Sb respectively. (a) and (d) plot DFT band structures
with red dots representing its scattering rate with phonons at a temperature
of 300 K (the intensity of scattering is proportional to the size of the dots). (¢)
and (f) show relaxation time 7 (in femto-second) and scattering rate 1/7 (in
1/second) as functions of energy at temperature 300 K. The projected DOS in
(b) and (e) are computed by DFT.

Fig. 4.16 shows phonon band structures (fat bands) and projected DOS
of phonons for (a) CaTe and (b) LisSb. The fat bands represent qualitatively
characteristics of vibrational modes including what type of atoms participates
in the phonon modes at a given energy, their direction and amplitude. The
absence of modes with negative (purely imaginary) frequencies show that these
materials are dynamically stable at 0 K. The lighter atoms (Ca and Li) mainly
contribute to the optical modes at high frequencies (3 and 9 modes in CaTe and
Li;Sb, respectively) while the heavier elements (Te and Sb) play an important
role in the three acoustic modes at low frequencies.

Using the DFPT phonon computations and EPW, we can extract el-ph cou-
pling matrices and the relaxation time 7,x on a dense k-point grid. Fig. 4.17
(c) and (f) show the scattering rate and lifetime (inverse of scattering rate) as
a function of energy at 300 K for CaTe and LizSh, respectively. As commonly
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observed, the scattering rate is proportional to the DOS. A higher DOS offers
more states available for the scattered electrons. At the doping hole concentra-
tion of 10'® em™3, the Fermi levels are 90.5 and 120.8 meV above the VBMs for
CaTe and Li;Sb, respectively. For the highest doping of 102! cm ™3, the Fermi
levels lie below VBMs of 264.5 and 168.5 meV for CaTe and LizSh, respectively.
The transport of holes, therefore, takes place around VBMs (I'-points). The
DOS at I'-point of LizSb is larger than that of CaTe but the scattering rate
of Li;Sb are fairly similar (see Fig. 4.17 (c¢) and (f)) indicating that a weaker
el-ph coupling is present in LizSb.

We computed scattering rates at temperatures of 300 and 400 K. Fig. 4.18
shows the hole mobilities as a function of hole concentrations at 300 and 400 K
for both CaTe and Li;Sb. The mobilities decreases with hole concentrations.
As the Fermi levels shifts deeper below the VBMs, the DOS increases as well
as the scattering rate (see Fig. 4.17 (¢) and (f)). CaTe shows values of hole mo-
bility around 20 cm?/Vs that is comparable with the mobility of Ba,BiTaOg, a
recently reported p-type TCO [47], and larger than mobilities of the traditional
p-type TCOs such as CuAlO, [79] and SnO [43]. Li;Sb exhibits an exceptional
hole mobility up to about 70 cm?/Vs at room temperature. This value nearly
reaches the values of the electron mobilities of the best current n-TCOs such
as Sn0,, Zn0, In,O4 and Ga,O5 which are around 100 cm?/Vs (see Tab. 1.2
in Chp. 1). It is worth noting that the mobility measured experimentally takes
into account other scattering processes. Our computed mobilities as they only
take into account phonon scattering can be seen as an upper bound.
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Figure 4.18: Hole mobilities as a function of hole concentrations of CaTe and
LizSb at temperatures 300 and 400 K.

78



CHAPTER 4. HIGH...

4.5 Discussions and conclusions

Many efforts are directed toward the discovery and development of new p-type
transparent conducting materials for various kinds of devices and applications.
Computationally driven materials design has an important role to play in this
challenging process. Targeting the identification of non-oxide p-type TCMs,
we data mined a database of thousands of materials obtained from HT ab
initio computations. Our analysis indicated that non-oxide chemistries such
as nitrides, sulfides, phosphides, tellurides, antimonides, et cetera indeed offer
much more opportunities for low hole effective mass materials. However, we
also found that these alternative chemistries lead to lower band gap materials,
which would compromise transparency. To bypass this fundamental correlation
between effective mass and band gap, we proposed to search for materials
with a small indirect, fundamental gap but a large direct band gap. We used
a series of advanced ab initio techniques to identify several compounds with
adequate band gap, hole effective mass, and defect behavior. BP, CaTe and
Li;Sb emerged from this search as a very promising candidate with exceptional
properties.

In fact, BP had been widely investigated experimentally. In comparison
with previous experimental studies, our computational predictions show very
good agreement in fundamental band gap, direct gap and doping-tendency and
fairly good trend in indirect optical absorption and hole mobility. Our work
strongly motivates a reinvestigation of this fascinating compound and future
experimental research in its growth, characterization, and device integration.
On a more general note, we also demonstrated how decoupling electronic and
optical properties by using the difference between direct and indirect absorption
could lead to a new generation of p-type TCMs.

The discovery of the quite unanticipated LizSb with a potential for very
high hole mobility demonstrates the interest of our HT screening strategy.
Li;Sb is an unexpected compound for TCM applications and would have been
difficult to intuitively identify. Among other A;B compounds (A = Li, Na, K
and Rb; and B = N, P, As and Sb), LizSb is exceptional because of its very
low hole effective masses (see Tab. C.7 of Apd. C). We suggest that the energy
difference between A-ns! (n = 2,3,4,5 for Li, Na, K and Rb, respectively)
and B-np?® (n = 2,3,4,5 for N, P, As and Sb, respectively) orbitals of valence
electrons (A and B) might play important role here. In fact, the energy differ-
ence between Li-2s' and Sb-5p® is about 1.954 (eV) [263] and is the smallest
value among many other ones of A-ns'/B-np® pairs. This leads to a small
orbital-energy difference and strong s/p (anti-)bonding, which results in low
hole effective mass. While we only focus on CaTe and Li;Sb as they are likely
the most potential candidates, there are other interesting materials with hole
effective masses from 0.6 to 1.0 m, and high direct gaps (see Tab. 4.1) such as
CaS, SrSe, SrTe, LiCa,;B3Ng, LiSr,;BsNg, NaSr,;B;Ng... Defects calculations
for these materials have not been performed in this work and we, therefore,
cannot judge their p-type doping-tendency.

By going beyond oxides, we identified compounds with very high hole mo-
bility. However, several other issues also arise and need to be considered.
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The processing of phosphides, antimonides or tellurides might be more difficult
than oxides. They are, however, very common chemistries in other applica-
tions such as thermoelectrics with several exemplary compounds such as PbTe,
Bi,Teg [315], or more recently MgsSb, [316, 317, 318|. The band gaps in non-
oxide compounds are narrower, which lowers in average their transparency in
the visible light. As we already discussed [228], this can be overcome by ex-
ploiting the indirect gaps and weak phonon-assisted optical transitions. Lower
band gaps are useful for p-dopability though as lower band gap materials tend
to be easier to dope [1].

We note that the defect chemistry of non-oxide can be different than in tra-
ditional TCOs. For oxides, the cation-anion anti-site defects (replacement of
anions on cations’ sites and vice versa) are unlikely to be favorable energetically
because of the large electronegativity difference between cations and anions. In
non-oxide compounds, e.g. BP and CaTe, the cation-anion anti-sites are more
likely to be present leading to potentially different hole-killing defects. While
the anion (oxygen) vacancy is the most common hole-killer in oxides, we see our
non-oxide materials presenting anti-sites cation-anion defects lower in energy
than the anion vacancy such as in BP and CaTe. We also identify that the
hydride chemistry while offering attractive electronic structures presents dopa-
bility issues (i.e. a low lying hydrogen vacancy acting as hole killer) preventing
them for further consideration in p-type TCMs.

Using a large database and appropriate filtering strategies, we report on
a HT search for non-oxide p-type TCMs. We identified three materials to be
of interest: BP, CaTe and Li;Sb. We performed extensive follow-up computa-
tional investigation of these candidates, evaluating their band structure using
beyond DFT techniques, their transport and phonon-assisted optical properties
using el-ph computations as well as their defect chemistry. BP, CaTe and Li;Sb
present very attractive properties for p-type TCM applications. BP shows ex-
tremely high upper limit of hole mobility of around 900 cm?/Vs and this is
consistent with experimental literature review. This behavior can be associ-
ated to its low polarization as the different electronegativity between B and P
is not so high. BP also exhibits very weak indirect optical absorption, which
allows it to keep high transparency when working in thin-film form. However,
from the picture of defect formation energy, BP might not be the material
doped with highly hole concentrations as the defect formation energy is not so
low and the competition from intrinsic (defects) hole-killers is significantly. BP,
therefore, is good for some applications like transparent transistor. Li;Sb shows
quite high upper limit of hole mobility of around 70 cm?/Vs, which is close to
electron mobility in the best n-type TCMs. The very low defect formation en-
ergy of intrinsic defects (Li-vacancies) is an advantage of this material leading
to highly doped hole concentrations. This is suitable with some applications
requiring high conductivity such as transparent electrodes.
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Summary and perspectives

In this chapter, the previous chapters will be briefly summarized. We will
review what we have done and how these contributions potentially help to mo-
tivate later works in the field of transparent conducting materials, especially in
high-mobility p-type. In addition, the remaining problems and open questions
will also be raised. The further outlook and perspectives are presented in our
points of view as well.

5.1 Short statements of main points

This thesis dedicates important and novel studies to the field of transparent
conducting materials which is one of crucial topics in materials sciences and
high technology. We focused mainly on high mobility p-type TCMs which are
the need of many modern technologies like transparent transistors and solar
cells. Nonetheless, they are still out of the commercial markets as performing
poorly in carrier mobility. Here, we desire to accelerate progress in this issue
by considering two research topics. First we developed novel design principles
which can aid in finding higher performance TCMs. Second we explored the
non-oxide space where there is still plenty of room for low hole effective mass
p-type TCMs.

Design principles for higher performance TCMs: In Chp. 2, “second
gap” in doped-TCMs is our consideration. The introduced free carriers might
cause relevant effects such as plasmon reflection or additional optical transitions
which can be harmful to transparent property of TCMs. In fact, plasmon
effect was studied and the results show that this is minor even in very highly
doped regime with carrier concentration of 10?2 cm™2 [319]. The additional
optical transitions had also been considered as an important criterion but not
quantitatively investigated. People working in TCMs field believed that a wide
“second gap” of ideally > 3 eV as fundamental band gap is needed. In this
thesis, we studied this problem by selecting a diverse set of current TCMs
including both n-type (In,O5, ZnO, SnO, and BaSnO;) and p-type (CuAlO,,
LaCuOS, ZnRh,0, and SnO). We used state-of-the-art hybrid functional HSE
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to improve electronic band structures leading to better optical absorption. Our
results show that the “second gap” transitions do not impact on transparency
on current n-type TCMs as their “second gaps” > 3 eV. On the other hand,
the “second gaps” are smaller leading to more absorption in visible light. These
lower transparency of p-type TCMs but the magnitude is only significant if
highly doped at level of 102! cm™3. The fraction of energy lost in the visible
range was quantitatively estimated for thin films (100-nm thickness) about
10 % for the worst case of CuAlO,. The value of 10 % energy lost for a 100-nm
thin-film is acceptable. We, therefore, suggest that while it is always better for
a TCM to have a wide “second gap” (ideally > 3 V), this should not be applied
as a stringent criteria in design of novel TCMs. The difference in “second gap”
between current n and p-type TCMs is associated with chemical composition
and interactions.

In the next chapter (Chp. 3), we concentrate on s-based oxides, in particu-
lar Sn®" cation. This cation was identified through the previous HT work [45]
as a promising chemistry which can give s-electrons to interact with p-electrons
of oxygens in top valence bands leading to lower hole effective mass [311]. How-
ever, in this thesis, we proved that the presence of Sn*" cation in oxides does
not guarantee curvy shapes of valence band. Using DFT computations in com-
bination with analysis of electronic band structures, we linked the evolution
of chemical interaction between Sn and O with their local geometric environ-
ments. In a set of more than 50 Sn-based oxides collected from ICSD [168], we
only select the ones in which there exists connecting-networks between Sn and
O and the top of valence bands must mainly contain Sn-s and O-p characters.
I found that ideally, a Sn—O—Sn angle of 180° induces the strongest overlap
between Sn-s and O-p orbitals and thus the lowest hole effective mass. This is
an important clue for people working on the design of novel Sn-based p-type
oxides.

Stepping out of oxide space: Until now, the community of TCMs have
mostly been working on oxides and achieved a slow progress in searching for
high mobility p-type TCOs, e.g. Ba,BiTaOg, BgO. There have been sev-
eral works trying to go further with other rooms of sulfides, selenides, flu-
orides,... Here, we are also motivated by this trend and systematically ap-
proached through data mining of hole effective masses for non-oxide materials.
From the statistical analysis, we saw a good potential for digging out novel
high mobility p-type TCMs, in comparison with oxides. However, it turns out
that these compounds can exhibit smaller band gaps which is detrimental to
their transparency. We proposed a mechanism based on indirect band gap
semiconductors to overcome this obstacle. Indeed, this is nothing strange as it
is employed in one of current p-type TCMs, SnO.

By establishing a strategic HT screening, we identified BP, CaTe and Li;Sb
as the most promising candidates. We employed state-of-the-art computational
methods such as hybrid functional HSE, Gy W, electron-phonon interaction,...
to calculate and verify transparency and transport properties of these materials.
We demonstrated that they meet all demands for a high hole mobility TCM
when working in thin-film samples. They can be p-doped using extrinsic (BP
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and CaTe) or intrinsic (LizSb) defects. The calculated mobilities show that
these materials perform exceptionally in comparison with traditional p-TCMs,
e.g. CuAlO,, SnO, LaCrOg, etc. In particular, BP even surpasses the best
current n-type TCMs (In,O4, ZnO, SnO,) in mobility. This is explained as
the weak polarization in BP leading to weaker electron-phonon interaction
and lower scattering. LisSb is another candidate potentially showing high
hole mobility (comparable with the best current n-type TCMs). Although
showing lower hole effective mass (0.24) in comparison with BP (0.34), Li;Sb
exhibits lower hole mobility. It is understandable as Li;Sb is a more ionic
material and its polarization, therefore, is stronger. As a result, the electron-
phonon interaction in this material is significantly larger. Moreover, the high
dopability of Li;Sb (lower defect formation energy of Li vacancies) might be an
its advantage. We also would like to note that our results obtained from HT
screening are limited to the ICSD database. The splitting of bands at VBM
caused by spin-orbit effect has not been considered in this thesis.

5.2 QOutlook

In the forthcoming scenario, the advantageous development of DFT/DFT-
based methods, machine learning techniques/algorithms and power of com-
putational resources will open doors and move computational “inverse design”
of materials forward. In this field, to investigate and understand fundamen-
tal principles which govern properties of materials should be one of primary
steps because it can be used as constraints limiting chemical /crystalline space
we need to mine and therefore, guiding us to target on potential zooms. We
hope that the principles proposed in this thesis can contribute something to
the future “inverse design” of high mobility p-type TCMs. Sn-based p-type
oxides might attract the attention of people in the TCM community because
Sn is an fairly earth-abundant element. As discussed in Chp. 3 preferred lo-
cal environment of Sn?"-based oxides is non-centrosymmetric, mainly trigonal
non-coplanar [250]. This might indicate the fact that it is more difficult to
design novel Sn*"-based oxides with large Sn—O—Sn angles. However, the
existence of cubic and rhombohedral K,Sn,O,; and rhombohedral RbySny,O4
phases is a proof of possible practice. Besides Sn®", other cations sharing the
similar electronic configuration of (n-1)d*’ns® such as Pb?", Bi*", Sb*" [45,
47] should be considered as well.

In the time we are waiting for the novel p-type oxides inversely designed,
we tried to mine non-oxide space and found out several interesting materials
such as BP, CaTe and Li;Sb. Our theoretical predictions will motivate later
experimental works which can further assess both advantages and disadvan-
tages of these materials. These candidates show exceptional high hole mobility
which has been searched for in a long time. To achieve this, we also pay price
for transparency due to indirect optical absorptions. However, thin films of
these materials can still perform excellently if the thickness is not over 200 nm
which is not problematic with the current manufacturing methods, e.g. epitax-
ial growth. Moreover, the isotropic hole effective mass tensors can help these
materials to operate in polycrystalline (or in a further expectation, amorphous)
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solid-state but to be able to keep adequate transport properties. This might be
a significant advancement since fabrication of polycrystalline (or amorphous)
morphology is less complicated and cheaper.

Among three promising compounds we suggest for applications in high mo-
bility p-type TCMs, BP is the most well studied one. BP was experimentally
manufactured in both thin-film and crystalline forms by different methods such
as vapor phase reaction [294], high pressure melting solution [320], CVD [321,
322|, epitaxy [308, 323], etc. As dicussed in section 4.4.2, BP was proved that it
can be doped with both n- and p-type, thus it might be used for fabrication of a
homojunction bipolar transistor. The hole concentrations (around 101 ¢cm~3)
reported in different experimental works (see Tab. 4.2) are not significantly
high in comparison with the highest electron concentrations obtained in the
best n-type TCMs (see Tab. 1.2 of Chp. 1). The mechanisms of acceptor levels
have not been clarified experimentally. Our defect calculations (see Fig. 4.8)
might explain for this observation as the anti-site defects actively work as hole
killers around the VBM. We hope that the future experimental studies will
improve p-type doping, thus, hole concentrations. This is very important for
applications which require high conductivity property, e.g. transparent elec-
trodes. However, the current hole doping levels (see Tab. 4.2) are suitable for
transparent electronic applications. In fact, p-type Si/n-type BP heterojunc-
tions was designed [324, 325]. BP was also proposed for other applications of
neutron detectors, infrared coatings and thermoelectric devices [322]. Recently,
other allotropes of BP including nanotube [326, 327] and monolayer [328, 329]
have been theoretically investigated. Although there are still several practi-
cal limitations, e.g. not high hole doping concentrations, high temperature of
synthesis (> 1000 K), BP still has a great potential for high mobility p-type
TCMs if the future researches consider and overcome the current difficulties.

CaTe, on the other hand, has not been abroad considered for practical ap-
plications. There have been a handful number of experimental works reporting
on optical property [312], structural phase transition [330] or synthesis [331].
The high temperature of fabrication of CaTe is a problem. For instance, the
temperature is 1073 K for vacuum evaporation method (from precursors cal-
cium and tellurium) used in Ref. [312]. The reactions in solution method at
temperature 1173 K was used in Ref. [331]. We hope that our results for CaTe
shown in this thesis will conduct further investigations targeting on TCM appli-
cations. For Li;Sb, this materials had been rather widely investigated because
recently, antimony has been theoretically predicted to be high capacity anode
of Li-ion batteries [332, 333]. However, this advantage for battery technology
might be an obstacle to other applications because Li-ions can diffuse easily
inside LizSb [332]. Different fabrication methods including high temperature
alloying, electrochemical deposition techniques and microwave-assisted solid-
state method [334] had been utilized in manufacture of Li;Sb. Recently, this
material is theoretically proposed for thermoelectric applications [335]. Re-
garding to p-type TCM applications, we think that the solutions for restriction
on Li-diffusion need to be studied and developed.
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Appendix A

Density Functional Theory

In this appendix, I shortly rewrite fundamental theory and methods for Density
Functional Theory. I mainly consulted references: the textbook “Electronic
Structure: Basic theory and practical methods” by Richard M. Martin [177]
and the lectures delivered by Xavier Gonze (2009) and Gian-Marco Rignanese
(2015) in the Centre Européen de Calcul Atomique et Moléculaire (CECAM)
workshops and Paolo Giannozzi in the ICTP /Psi-k/CECAM School (2018).

A.1 The many-body problem

By definition, a system that includes many particles (at least two) is called a
many-body system. While Newtonian mechanics and statistical methods are
used to treat the classical systems, quantum mechanics must be the core for
treatment of the systems in which quantum effects are essentially important
and cannot be ignored. In particular, many physical and chemical proper-
ties of materials can be computed and predicted using quantum mechanics
to describe many-body systems including electrons and nuclei of atoms. The
basic interaction in these ensembles is electrostatic Coulomb interaction (the
gravitational, weak and strong interactions can be neglected) between electron-
nucleus, electron-electron and nucleus-nucleus. The wave function of a systems
including n electrons and N nuclei is

\I’:\I/(I‘l,I'Q,...,I‘n,RhRQ,...,RN), (Al)

where r; (1 = 1,2,...,n) and R, (1 = 1,2,..., N) are coordinates of electrons
and nuclei, respectively. Here, the coordinates (r; or R,) imply three compo-
nents of space (z,y,z) and momentum (p, py,p-) and one component of spin
(at/al).

Based on the fact that the nuclei are significantly heavier than the electrons
(at least 1000 times), Born and Oppenheimer [336] proposed an approximation
upon which the dynamic movement of nuclei is decoupled with that of electrons.
The wave function in (A.1) can be split as its electronic and nuclear components

U= w(l‘l, ro, ..., I‘n;Rl,RQ, ...,:R,]\])(I)(R,l7 RQ, ceey RN) (A2)
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This approach is a famous approximation and named after the pioneers Born-
Oppenheimer. In practice, we can assume that the positions of nuclei are fixed
when considering electronic dynamics. The system of n interacting electrons
now can see Coulomb potential generated by nuclei as an external potential
Vert(r) and their wave function ¢(ry,ra,...,ry; Ri, R, ..., Ry) (from now on,
we will simply denote as ¥(ry,rs,...,r,)) is the root of Schrodinger equation:

. —h? 1 e?
Hy = (% ;V? + zi:‘/e;vt(ri) + B ;; m)w =Lk, (A3)

where i, m, e and ¢; are reduced Planck constant, mass of electron, elementary
charge and vacuum permittivity, respectively. F is total energy of the system.
The first, second and third terms of Hamiltonian operator stand for kinetic,
external and electron-electron potentials, respectively. The external potential
Vet (r;) is produced by nuclei

Veat(r;) = — Z _ Zu (A.4)
. 47’(‘60‘1‘1' — R#| ’

where Z,, is atomic number of 4" nucleus. When total energy E = E(R) for a
givenset of R=R, (1 =1,2,..., N) is obtained by solving (A.3), the motion of
nuclei can be treated. In fact, the number of particles is gigantic (Avogadro’s
number) and interaction between them is complicated leading to impossible
analytic solutions. In practice, numerical methods have been developed to
solve (A.3).

A.2 Methods for solving Schrodinger equation

A.2.1 Variational Quantum Monte Carlo

This is the first numerical method which was used to approximate the ground
state of a quantum system |1g) (ket-vector notation). The variational principle
is applied to minimize the total energy

g = W) (A.5)

(Wl
The wave function [¢)) is initially chosen as a trial function which depends on
some parameters a, [¢)(a)). The energy

(¥(a)|[H1p(a))
(¥(a)[v(a))

where FEy is energy of ground-state. This is achieved if §FE,/éa = 0. By
varying a, we can find a set of parameters, ag, for the ground-state. The choice
of the trial wave function is definitely very critical. In addition, n-electron wave
function is very complicated to deal with.

E, = > Ey, (A.6)
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A.2.2 Hartree and Hartree-Fock approximation

In fact, the electron-electron interactions are complex and the biggest issue.
The simplest assumption is to skip these interactions, so (A.3) becomes

) R,
19 =3 (G V2 + Veat(01) ) = B (A7)

We can separate n-electron wave function into the product of n one-electron
wave function

P(r1,ra, .. Ty) = @1(r1)d1(r2)...01(1y). (A.8)

Each wave function ¢;(r;) is the solution of one-electron Schrédinger equation

(iVQ + Vear(r ))sz( ) = €idi(r), (A.9)

and the total energy simply is the sum of ¢;, E = Y ¢;. This is called separa-
tion variable technique and is the base for the later approximations and solving
methods.

Hartree approximation: This proposes that n-electron wave function of the
interacting system still can be described by the product of n one-electron wave
functions. Thus, we need to find a set of one-electron wave function {|¢;)}
(1 =1,2,...n) which can minimize the total energy

(V| H|y)
W)

under normalization constraint {¢;|¢;) = 1. The variational principle is applied
here to find {|¢;)}, so

E= (A.10)

) o §(H — E)
WWIHIW E(ly)] oy

The Hamiltonian can be rewritten into two parts

H= ZH+ ZZVW (A.12)

e

—0. (A.11)

where H; is (non-interaction) Hamiltonian in (A.7) and Vj; is electron-electron

Coulomb interaction. The wave function is written as the idea of Hartree

approximation |) =[] |¢;). We can use these expressions to represent (H — F)
i

and mind that H; only operates on the i*" particle while Vij only operates on
the i*" and j** particles, then

(H—E) =" (¢l Hilo:) + ZZ il (651 Vij b)) EH il¢i). (A.13)

% e
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We apply the functional derivative both two sides of this equation with respect
to (¢| for the k' particle and use (A.11), then

—h2
(G V2 Veaur () + Y (05IVeslos) ) o) = €f lo)- (A14)
J#k

(A.14) is a one-particle Schrodinger equation called “Hartree equation”. The
third term in the Hamiltionian operator that describes the Coulomb interaction
between k' particle with others is called Coulomb operator

2

. e
The eigenvalue of (A.14) can be written as
H —h s
€ = <¢k’%vk+‘/ewt(rk>‘¢k>+2=]]gj7 (A.16)
J#k
where )
e / /
: Al

The total energy of the system is

E:Z(< ‘2 V32 4 Vit (r1) ‘¢k>+%Zka)
k ) 7k (A.18)
Sl ine)

ik
We can identify the Coulomb potential in (A.14) with a so-called “Hartree
potential”
3" Ji(r) = Vi (r) /Mdr' (A.19)
£ 0T = dmeglr — /| ’
J#k
where p(r) = > {(¢r|dr) is the electronic density. In this approach, the total
ke

energy is
E=>Y ¢ — Eu, (A.20)
where . 2 (67)p(x)
ep(r)p(r)
Fg=-| ———— . A21
" 2/47r60|r—r’|dr dr ( )
Equation (A.14) is rewritten in new form as
h? "
(G V2 Veaur () + Vi (1) ) 60 (x) = €ff . (x). (A.22)

We can see that instead of solving n-particle problem, we simply work with
n one-particle problems. However, the difficulty in solving equation (A.22)
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is that Hartree potential requires the knowledge of the one-particle states.
In turn of states, they are defined through known Hartree potential. Thus,
we regularly solve (A.22) in a scheme so-called “self-consistency” as shown in
Fig. A.1. One can choose a trial electronic density and perform an iteration
until the convergence achieved in which the difference in electronic density be-
tween two consecutive iteration times is smaller than an arbitrary tolerance,
Ap = |pi — pi-1] <.

po(r) —» Vi(r) » H(r)
= A /\ E>
= =

i -
Nl . =
== | self-consistency | =

J

N

S o) =Sl y
o(r) < bu(r)

Figure A.1: The self-consistent scheme for solving Hartree equation.

(1390

Hartree-Fock approximation: This approximation follows the same idea
from Hartree approximation but with taking into account the Pauli exclusion
principle for the Fermion systems. The wave function [¢) is written as a Slater
determinant
$1(r1)  @2(r1) ... Pu(ri)
1 |9 (r2) @a2(rz) ... ¢nl(r2)
,l/)(rlyrQan-,rn) = 7\/1? . (A23)
¢1 (rn) ¢2 (rn) .o ¢n (rn)
Similar to Hartree approximation, we can show that the n-particle problem can
be transformed to n one-particle problem, Hartree-Fock (HF) equation

—h2
(G VE + Vewt(m0) + D (5 = K5) ) 60) = el |, (A.24)
J#k
where J; is the Coulomb operator defined in (A.15) and K; is the so-called
exchange operator defined as

Kot = [ [ 60— ata]oe. ()

This is “non-local operator” standing for “non-local interaction” deriving from
Pauli exclusion principle on Fermions, that the particles “avoid” each other
leading to an exchange energy depending on the state in the entire space.
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The total energy is

= (el Allon) = 3 (1 — 5 S0y — Ki)). (A.26)

k j;ék:

where Jj; is the Hartree energy (see (A.17)) and Kj; is the exchange energy

Ky = [ oito (@ (A2

47re |r — r/|

In the same way, we can identify (A.24) with

(%Zjvz + Veut(r) + Vi (r) + Vm>¢k( ) = e F gy (r), (A.28)

where V,, is the “non-local” ezchange (Fock) potential operator, defined as
g ' | 5(x). A2
Vad(r / G et (o). (A29)

The HF method calculates ionization energy of elements with rather accuracy
but overestimate band gap of semiconductors and insulators. After HF method,
there are other ones such as Configuration Interaction, Coupled Cluster, Mgller-
Plasset...

A.2.3 Density functional theory

Tracing back to Schrodinger equation (A.3) of a n-electron system in an ex-
ternal potential V,,.(r), we can introduce the ground state charge density for
n-electrons

r) = n/|¢(r1,r2,...,rn)|2dr1dr2...drn. (A.30)

Hohenberg-Kohn theorem: “The ground state density p(r) of a many-
electron system determines uniquely the external potential V (r), modulo one
global constant.” [337]

The proof: A lemma - Consider two local potentials V4 (r) and Va(r). Their
ground-state wave functions may or may not be degenerate, but one wave
function 1 cannot be common to both, except if the potentials differ only by
a shift or are identical everywhere (except at points of zero density). The
difference between the corresponding Schréodinger equations would imply

(Z[Vl(ri) — Va(ry)] +AE)¢(r1,r2,...,rn) (A.31)
1
for each configuration of electrons. Fixing the positions corresponding to the
indices from 2 to n, one obtains that the difference between Vi (r;) and Va(ry)
must be a constant in space.
So, we define 11 as the ground-state wave function of HV1 with associated
charge density pi(r) and v as the ground-state wave function of ﬁVQ with
associated charge density pa(r). We have

Ey = (41| Hy, [¢1), (A.32)
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Ey = (1ho| Hy, |ba), (A.33)
and A R
Ey = (Y1|Hy, 1) < (Y| Hy, [1h2), (A.34)
due to the variational principle. Moreover,
(2| Hv, [1ha) = (o Hv [2) + (W2 Hy, — Hu, |th2), (A.35)

with Hy, — Hy, = Vi(r) — Va(r). Finally,
Ei < Ey+ /[Vl(r) — Va(r)]p2(r)dr. (A.36)

Similarly, interchanging 1 and 2, we also have
Ey < E1 + /[Vg(r) — Vi(r)]p1(r)dr. (A.37)

Summing the two inequalities (A.36) and (A.37), we get

0< /[VQ(F) = Vi(0)][pa(r) = pa(r)]. (A.38)

Postulating p1(r) equal to p2(r) everywhere leads to 0 < 0, which is obviously
wrong.

The Hohenberg-Kohn (HK) theorem shows that the knowledge of the ground-
state density defines the external potential up to a constant. The external po-
tential is, therefore, a functional of the ground-state density followed by other
quantities which are defined if the potential is fixed modulo a global constant
(e.g. ground-state wave function followed by ground-state density). If one fixes
the shift in the potential through a simple condition (e.g. limy_y o0 Vegt(r) = 0),
the electronic energy is also a functional of the density (Hamiltonian is uniquely
defined with a given external potential). Using variational principle, we can
write

£ = min { {9 #]v)} = min { min {(w[A1)} }

P Pp

= Irgn { 1ran1)rll) {(¢\T + Vine + Z Vemt(l‘i)‘qw}}
i (A.39)

= i { i ({017 + Vi) } + [ pl6) Ve ()

p

= min {Flo(u)] + [ plr)Vers(x)de .

where T = —h2V?2 /2m and V,; are kinetic fxnd interaction operators of elec-
trons, respectively, and Flp(r)] = i}nin {{($|T + Vine|b) } is an universal func-
=p

tional of the density, but it is not known explicitly.

Kohn-Sham equation: Functional F[p] in (A.39) is a large part of the total
energy but hard to approximate. In 1965, Kohn and Sham [338] proposed an
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approximation which connects it with a non-interacting system. This leads to
an assumption in which kinetic energy is a functional of electronic density

T [p(x)) = min { (917}, (A40)

and electron-electron interaction energy part is expressed through a functional
of density
min {{@|Vinel)) } = En[p(r)] + Execlp(r)], (A.41)

where, Eyp(r)] is Hartree (Coulomb) energy part (see (A.21)) and E,.[p(r)]
is called the exchange-correlation energy of an interacting system. This should
contain an exchange term as mentioned in HF approximation (see (A.27)) and a
correlation term. However, it also contains the difference in the kinetic energies
between the interacting and non-interacting (electron) systems. We assume
that E..[p(r)] can be approximated (known) explicitly, so, we need to minimize
total energy in (A.39) in the representation of density

1 [ Ep(p(r)
E =T Vet(r)dr + = | —————drdr’
(2] = Tlple)) + [ o)Vera(e)dr+ 5 [ LA v a2
+ Eze[p(r)],
under the constraint [ p(r)dr = n. By introducing Lagrange multipliers and
using variational principle, we need to solve

I(E[p(r)] — ALf p(r)dr — n])
ép(r)

Remembering that Kohn and Sham approximate n-electron interacting system
as the non-interacting one, thus p(r) = 3" |¢x(r)|>. We can apply variational
k

= 0. (A.43)

principle for (A.43) with respect to p(r). We have

ST, [p(r)] ] o) SBelp(r)]
el Vit + / et B (aay

This is completely equivalent to the Hamiltonian of the non-interacting system
with the effective external field

B e2p(1‘/> / 6Exc[p]
Vics(r) = Vear (r) + / 4#60|I_r/|dr + Sp(r) (A.45)

= Vext (I‘) + VH (I‘) + VIC(r)’

where V,..(r) is exzchange-correlation potential and Vi g(r) is called Kohn-Sham
(KS) potential. It, therefore, is equivalent to solve the one-electron Schrédinger
equation self-consistently

(T + Vies () 015 = S0l 5. o

The self-consistent scheme for solving n one-particle KS equations (A.46) can
be summarized in Fig. A.2. The constraints of orthonormalization (¢;|¢;) = 6;;
must be applied.
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Calculate for given nuclei configuration
Vvea:t<r)

Y
Initial guess po(r)

Y
Calculate Vi [p] & Vielp)

!

VKS(I') = V:za:t(r) + Vi (I‘) + VM(I')

/

Use V
p(r) Solve KS equation

(%V2 + VKS(I')) fs(r) = eﬁ{sgbffs(r)

Y
Calculate new p(r) =Y [¢K5(r)|?
k

Y
Check Ap(r) <o

No

Yes
/

Converged! Calculate energy, forces, etc.

Figure A.2: The self-consistent scheme for solving KS equation.

A.3 Approximation for exchange-correlation en-
ergy

The exchange-correlation (XC) energy is a functional of density and can be
computed by integral over the entire space

Belp(r)] = / p(E)caclr: ()], (A7)

where €,.[r; p(r)] is the local exchange-correlation energy per particle. The de-
velopment for approximation of this functional is an important issue in DFT.

Local density approximation (LDA): Here, the local XC energy per par-
ticle is assumed that it depends only on the local density and is equal to the
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local XC energy per particle of an homogeneous electron gas of same density.

er 24 plr)] = €hmer; p(r)]. (A.48)

In fact, eggmo is split into exchange (e;w”w) and correlation (eé“’m") terms.
While 3

ealr,p(r)] = = (37%)3p(x) 2, (A.49)

47

the correlation part is obtained from accurate numerical simulations, e.g. Quan-
tum Monte Carlo and fitted with some analytic forms. The more general case
in which the system is magnetically polarized leading to split of density into
two parts corresponding to spin up and down p(r) = (p(r) T, p(r) }). The ap-
proximation is still similar and called local spin density approximation (LSDA).
This approximation is very coarse but in fact working excellently.

Generalized Gradient Approximation (GGA): The LDA gives very good
prediction of different properties, e.g. bond lengths with error of 2-3%. How-
ever, it shows limits some particular cases, e.g. hydrogen bond. Beyond LDA
should be considered. The next approximation is called GGA in which the XC
energy is represented through not only local density (as in LDA) but also the
local gradient of density |Vp(r)|

ESOAo(w)] = [ p(x)eZS (o(w). 9p(x))r (A.50)

In this case, no model system like the homogeneous electron gas is employed
here. There are many proposals for ¢4 including PW86 [339], PW91 [340],
PBE [235], LYP [341],... In between these, PBE is the simplest and most popu-
lar functional currently. The next step goes beyond GGA (meta-GGA) [342] by

introducing non-interacting kinetic energy density 7(r) more into XC functional

Bt S p(r)) = / p(r)ef e (p(x), [V p(r)], 7(r))dr, (A.51)

where

7(r) = > |V (r)?. (A.52)

occupied states

Meta-GGA functionals are more complicated than GGA in terms of computa-
tional cost, stability but give very accurate results.

The DFT band gap problem: DFT is constructed for many-body systems in
ground-states and thus in principle can be used to compute exactly all ground-
sate properties by solving Kohn-Sham equation (A.46). There is no direct
interpretation of KS eigenenergies {e;} but they can be similar to quasi-particle
band structure. LDA or GGA produces very good valence electronic band
structures in comparison with experimental data but underestimates band gap
in semiconductors and insulators.

Let us consider n-electron system. Its electronic excitations can be classified
in two types: the number of electrons is unchanged or the number of electrons
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is changed by adding or removing one electron. The former excitations relate
to the specific heat, optical characteristics, etc. while the latter relates to the
electronic structure of the system (probed by photoemission/inverse photoe-
mission). The band gap (also named fundamental gap) is determined as the
difference between the adding energy and the removing energy

Eg = EC—EU = min{(En+1—En)—(En—En,1)} == En+l+En71_2Ena (A53)

where E, is total energy of n-electron system. FE. and FE, are the conduc-

tion band minimum and the valence band maximum, respectively. In DFT-
LDA/GGA, the XC potential is a continuous functional of the density, there-
fore, of the number of electrons. In fact, the XC potential might be disconti-
nous with the number of electrons. This leads to a KS band gap defined as
EgKS = €. — €, is regularly wrong. LDA/GGA often underestimates 30-50%
(or even 100%) band gap.

Hybrid functionals: The HF method is known to overestimate band gap in
semiconductor/insulator while DFT-LDA /GGA underestimates it. Thus, the
idea of hybrid functional is to mix some amount of exact exchange computed
by HF theory. The non-local (Fock) exchange energy is

e2

1
ERF — -3 > / ¢;(r)¢;(r')m@(r/)@(r)dr'dr. (A.54)
,J

r —r'|
So, in DFT using hybrid-functionals, the total energy

Elpl)] = Tlp)] + [ pe)Veas (0)v + Eulp(e)] + BT

+ (1= )BT [p(x)] + EZ T [p(r)],

(A.55)

where @ = 0.2 + 0.3 is an adjustable (empirical) parameter. Several sorts of
hybrid functionals have been proposed.

e PBEO [343]:
EEPEO = SN 4 SBPBE . gPPT, (A.56)

where EFPBE and EPBE are the exchange and correlation parts of the
GGA-PBE density functional.

e B3LYP [344, 345]:

EB3LYP — 0 9pHF 4 0 8SELPA 4 0.72AED®,

EBLYE = 0.19pYWN 4+ 0.81ELYP (A-57)

B3LY P B3LY P
Ea: Ec

where and are exchange and correlation parts of BSLYP,
respectively. AEP88 is the gradient corrections of the Becke88 exchange
functional [234]. ELYF is correlation energy of LYP functional [341].

EYWN3 is the (local) Vosko-Wilk-Nusair correlation functional I1I [346].
This is the most famous hybrid functional in quantum chemistry.
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e HSE [198, 199]: In this approximation, HF exchange interaction is sep-
arated into short (S) and long range (L) parts. The slowly decaying
long-ranged part is replaced by the corresponding part of GGA-PBE
density functional

1
BHSP = L)+ 5Py 1 2prPES () 4 BIPE. (As8)
The Coulomb kernel in (A.54) is decomposed as
1
o = Sullr =) + Ly - )

erfe(nlr —r])  erf(nlr — ') (A-59)

v — 1’| [r — r/|

where 7 is the parameter that defines the range-separation. At the
distance of 2/n, short-range interactions can be negligible. The optimum
7 is approximately about 0.2-0.3 A~1. Here, erf(z) and erfc(z) are called
the error function and complementary error function, respectively. By
definition,

2 T
erf(z) = ﬁ/o eftht,

o oo (A.60)

erfe(x) =1 —erf(z) = \/7?/06 e~ dt.
The hybrid functionals are known to outperform DFT-LDA/GGA in different
aspects such as energy, bond length, band gap, etc. However, computational
cost is a problem.

A.4 Hellmann-Feynman force and structural re-
laxation

So far, we have used Born-Oppenheimer approximation which decouples mo-
tion of electrons and nuclei and these two parts are treated separately. As
shown above, DFT helps one to find the electronic ground state in the poten-
tial generated by the nuclei at a given configuration {R,} (¢ = 1,2,...,N).
The initial nuclei configuration is usually not the equilibrium geometry, thus
the force applying on these nuclei is non-zero. In order to handle the motion of
nuclei, one must compute force in electronic ground state. The force conjugate
to positions of nuclei and is calculated as

(A.61)

where E is the total energy with taking into account nucleus-nucleus interac-
tions as

e? YAWA
Epn = — 7 A.62
2 ;4WGO|RH—RV| ( )
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Thus, E = E + E,,, with E is the total electronic energy at ground state (see
(A.42)). We have,

_O0E  OE 9B,
OR, OR, OR
. al a o (A.63)
= _<8R | > < > < | 8R,J> _F'rm-

Because the electrons are in exact ground state with respect to all possible
variations of wave functions, the first and third terms vanish. Thus,

a‘/emt (I‘)

< > - TR#p(r)dr — an. (A64)

This expression is called “Hellmann-Feynman” force and has been proven in-
dependently by many authors: Paul Giittinger (1932) [347], Wolfgang Pauli
(1933) [348], Hans Hellmann (1937) [349] and Richard Feynman (1939) [350].
From (A.4), we have

/a‘g’g( )p(r)dr: /47r60|Zr—eR|3( —Ry,)p(r)dr, (A.65)

and we, therefore, can compute all forces F,, directly from the density p(r).

When the force is calculated for all nuclei, one can use {F,} (n =1,2,...,N)
to perform structural optimization by moving these nuclei to a new configura-
tion {R/,}. All the processes will be iterated until we can find a nuclei configu-
ration for which {F,} (¢ =1,2,..., N) vanishes and the structure is completely
relaxed (minimum energy). In practice, there are different algorithms to move
nuclei to {R],} and thus reach to the optimized structure. If a classical treat-
ment of nuclei is assumed, one can do classical molecular dynamics simulation
(Car-Parrinello method) with force calculated from DFT.

A.5 Plane wave basis sets

The solution of KS equation fIKS¢KS = K9pK5 i5 a hard problem. One can
represent KS wave function into some suitable basis set {p;}

)= Y eselr) (4.66)

under normalization condition Z [ Goi(r)eji(r)dr = 1. If {¢;} is orthonor-

mal, solving KS equation turns to solve the following secular equation
Z(ij + e5jk)ck =0, (A.67)
J
where Hj;, = ((pj|fIK5|<pk> are elements of Hamiltonian matrix. In the case
{¢;} is not orthonormal, the following matrix equation must be solved.

> (Hjk + eSjr)er =0, (A.68)

J
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where Sj;, = (p;lpk) are elements of the overlap matrix. In fact, there are
many types of basis set developed but can be grouped as

e Localized basis sets: Linear Combinations of Atomic Orbitals (LCAO),
Gaussian-type Orbitals (GTO), Linearized Muffin-Tin Orbitals (LMTO)

e Delocalized basis sets: Plane Waves (PW)
e Mixed basis sets: The Linearized Augmented Plane Waves (LAPW)

Each type of basis set has some advantages and disadvantages. For localized
basis set:

e Pros: Fast convergence with respect to number of basis sets because each
atom need a handful of functions and working in both finite and periodic
systems.

e Cons: Difficulty in evaluation of convergence quality, difficulty in usage
and difficulty in force calculation.

And for plane waves (have infinite spatial extent):

e Pros: Simple evaluation of convergence quality (control by the energy
cutoff), easy usage (Fourier transform) and easy force calculation.

e Cons: Slow convergence with respect to basis set size (a large number of
functions), requirement of periodicity.

Here we focus on describing PW method more clearly as it is widely used in
many popular DFT packages such as VASP, ABINIT, Quantum Espresso... For
periodic systems defined by lattice translation vectors R = niR14+nsRo+n3R3
via three primitive vectors Ri, Ry, R3 and three integer numbers ny,no,ng,
Bloch theorem allows to represent a wave function

ik (r) = e™Tuy(r), (A.69)

where k is the crystal wave number, ¢ is imaginary unit and u;ik(r) is a periodic
function satisfying u;ik(r + R) = u;k(r). This leads to

pik(r + R) = Ty (r). (A.70)

If we define the reciprocal lattice with translation vector G satisfying G.R = 27l
with [ is an integer. Thus the periodic part u;k(r) can be written as

ujie(r) = > uj(G)e ST, (A.71)
G

where the coefficients u;x(G) is defined by Fourier transform

1

ujk(G) = %

/ e "Gy (r)dr, (A.72)
Qo
with Qg is volume of the primitive cell. Finally,

Pie(r) = ujic(G)el T, (A.73)
G
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We can see that plane wave basis sets |k + G) = ¢/*+G)r are orthonormal
because (k + G’k + G) = dg’,¢. In addition, the usage of plane wave basis
sets requires the periodicity. This condition is obviously satisfied in crystalline
solids but dissatisfied in other finite systems such as molecule, surfaces, defects,
amorphous solid... The supercell technique is proposed in order to keep periodic
boundary condition and therefore, one still can use plane waves basis sets.
Fig. A.3 shows the idea for construction of primitive cell of perfect crystal and
supercells for other systems. The supercells must be large enough to minimize
their interactions with the image-supercells (as the results of periodicity).

Perfect crystal Molecule

_____ e S

vacuum

Primitive

— cell > ; : ; <

!
: :
: :
_____
: :

!
. A :
. :

supercell

/ Point defect

surface
| - atoms |- SRR EEEE SRRl Srepe

Surface

bulk
atoms

vacuum

Figure A.3: The primitive cell and supercells allow to use periodic boundary
condition.

The coefficients u,x(G) in (A.73) (in DFT, this is obtained by solving KS
equation in self-consistency method), decrease exponentially with the kinetic

energy as
_ 52

Top(r) = 5 —V2pu(r) ~ e k6l (A.74)

99



APPENDIX A. DENSITY ...

We, therefore, can determine number of plane waves by a cut-off energy FE.,:

n?k + G|?

7 < Ecut~ (A.75)

Indeed, E.,; must be tested to obtain computational convergence. The number
of PWs (the number of lattice points {G} in the reciprocal space) corresponding
to a chosen FE.,; is estimated

1 3/2
Npw = ﬁQOEmjt. (A.76)

Fast Fourier Transform: As indicated above, we can represent wave function
through PW basis sets which is defined through vectors of the reciprocal lattice.
Consequently, the charge density for a given state can also be expanded through
PW basis sets

Pic(r) = (i ()i (r)) = (ujpc(r)]ujic(r))

= Z[“;'k(G)\Ujk(G/)}ei(G/_G)r, (A.TT)
GG’

with coefficients v}, (G) and u;k(G’) are only non-zero if k + G and k + G/
are inside the region of the reciprocal space limited by E.. ;. One knows that
a periodic function can be Fourier-transformed forward and backward between
two space as

£(G) = Qi / ¢~ f(r)dr

, (A.78)
fx) =) G f(G).
G

Equation (A.77) shows that p,k(r) is computed on a double-grid and we can
apply Fourier transform between real and reciprocal space by using a discrete
mesh in real space

pi(r) = pj(G)e’S”
¢ } (A.79)
pik(G) = . > piklrm)e G,

T'm,

where N, is the number of points in the real-space mesh (indicated by index
notation m above). The idea can be simply presented as in Fig. A.4. In fact,
this transform is performed by Fast Fourier Transform (FFT) algorithm. The
density p(G) can be used for representation of Hartree part (the XC part is
computed directly through the density) in KS potential (see (A.45)). It is

rewritten here ) )
e p(r ,
V; = dr'. A.80
H(r) 471'60 / |I‘ o I‘/‘ r ( )
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Figure A.4: The Fourier transform between real and reciprocal space.

The Vi (G) is able to link directly to p(G). Indeed, using Poisson’s equation,
we have

V2V (r) = —4np(r). (A.81)
The Fourier transform is applied into both two sides of (A.81), leading to
4
G*Vy(G) = 47p(G) = Vi (G) = @p(G). (A.82)
Thus,
Va(r) = 'S"Vu(G). (A.83)

G

Numerical integration in Brillouin zone: As the periodicity, the evalua-
tion of many quantities (after having KS wave functions) require an integration
over (only) the BZ (over all states). For example: charge density

o) =Yg [ Fler —ep) v (A8

with f is Fermi-Dirac distribution (occupation). In numerical calculation, one
works on discrete mesh of k in the BZ. Thus, the chosen of k-mesh is very im-
portant for the convergence. There are several techniques developed for deal-
ing with this issue, which can be grouped into two types. First, one employs
smearing methods using normalized functions such as Fermi-Dirac, Gaussian,
Gauss-Hermite,... These make numerical functions smearing locally around
points in the discrete mesh, which helps numerical functions to be smoother
and consequently the integral converges faster. Another approach named tetra-
hedron method, divides BZ into tetrahedra, as these triangular pyramids can
fill an arbitrary-shape zone without overlap between them. The integration,
thus, is performed on every tetrahedron. The latter gives faster convergence
over number of k-points but it is more complex in implementation. To reduce
the calculations, all the symmetries of BZ are also exploited leading to an inte-
gration over a smaller number of k-points. The smaller zone containing these
reduced k-points is called irreducible BZ.
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A.6 Pseudopotentials

As mentioned above, PW basis sets are simple and easy to implement. How-
ever, a rough analysis of Fourier transform (see (A.71)) shows that the number
of Fourier components need to be used for the convergence in a given point
(with a tolerance 4) is inversely proportional to its length scale (~ 1/|r|"V for
N-dimensional space). As a consequence, the representation of core states, os-
cillations of other orbitals close to the nucleus of atoms need a huge number of
PW basis sets. Based on the fact that core electrons occupying orbitals that
are ‘inert’ in atomic, molecular and solid environments, we can separate core
and valence orbitals. The density

= Z 5 (r)ehi(r
Z V7 (r)i(r) + Z ¥; (0)Yi(r) = peore(r) + puar(r),

i€core i€val

(A.85)

so we can freeze core electrons and see that these are tightly bound to their
nucleus. It depends on the level of accuracy considered in specific calculations,
the collection of core and valence states needs to be taken into account carefully
for each type of atoms. For some elements, the core states are obvious, e.g. in F
it is 1s2. The situation is more complicated in some cases especially transition
metals. For instance Ti, its core states can be 1s% 2s% 2p5 or 1s? 252 2p% 352
3p°. The total energy Exg

EK Z@M VQW% / V;;’wt )dl‘

2 47r60\r—r|

(A.86)

is now split as

2 /
EKS Z <1/J1| v Wh /‘/ezt pcore( )dr+ L / € pcore(r)pcore(r )drdr/

i€core 2 47I'€0|I‘ o rl|
1 [ €®puar(t)poar(r’) ,
* S g + [ Vet [ QP
/
+ / Mdrdr/ + Ezc[pco're + pval]-
dmeg|r — /|
(A.87)
The potential of the nucleus u is screened by the core electrons, so on average
—Z,e e,oco're(r,) ’
Vu(r) = £ +/ dr
# dmeo|r; — Ry dmeo|r — 1/ (A.88)

_ 7Zu,uale ( 7Z,u,co'ree +/ epcore(rl) dl‘l).

" dmeolr; — Ry dmeo|r; — Ry 4dmeg|r — 1/

With Vegi(r) = > Viu(r), combining with equation (A.87), the total energy is
I

EKS _ EK?‘ L EES 1 Z eQZM,le,,,ml

L pvatyval (A.89)
2 = 4dmeo|Ry — Ry |
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where
Eval = Z <w1| V |4i) /(ZV )Pval r)dr
i€val , (A90)
1 [ €pvar(r)poar(r’) /
S —d d Ezc core val |,
Jr2/ 4meg|r — 1| rar -+ [peore + puoai]
and EXS contains all terms relating to core electrons. However, in (A.90) the non-

linear term Exc[pcore + pPuat] cannot be separated into parts represented through peore
and pyq independently. We, therefore, still need to generate (ion)-pseudopotentials
(PP) which remove completely core electrons, so there are only valence electrons
considered in calculations. The requirements for PP are strict in which PP must
produce pseudo-orbitals being smooth as possible (to simplify plane wave expansion)
but close the true orbitals (all-electron) as possible. To do this, a cut-off radius rcu:
is introduced and for a specific orbital in an isolated atom, we have

(29 + V) = co)
2m ’ (A.91)

h2 2 ps Pps|, . Ps
(%V +VP5)|wi ) =€ [T,

and need the PP to meet the following conditions

e V,.(r) is smooth for r < reye and Vps(r) = V,u(r) for r > re,
e P°(r) is smooth for 7 < reys and YP°(r) = ;(r) for r > rewe,
PS (. r
dwzr( ) — 7@;5 ) for r = Teut, and
o ¥ =g

K3

The operator Vs must be linear and Hermitian. It acts on wave function as follows

ps"/} /Vke'rnel / ’Z/)(I‘l)dl‘/, (A92)
where Vpks””‘il is written in ‘local’ and ‘non-local’ parts
Vpliernel (I‘, I'/) = ‘/loc(r)é(r - I‘l) + anoc(r7 I'/), (A93)
with
Vaatoe (1,7) = > Vi (0, ) Vi(r, ) Yim (0, ¢). (A.94)
l,m

The most widely-used pseudopotentials are grouped as two classes
e Semi-local PP which represents Vi(r,r") = Vi(r)é(r — '),
e Separable PP which represents Vi(r,7') = ¢/ () fi¢i(r').

There are additional conditions can be applied for generating PP, for example norm-

conservation
[ wrmpd= [ P (A.95)
r<Tcut r<Tcut

The PP in this case is called Norm-Conserving PP (NCPP) which is easy to gener-
ate and therefore widely used. The examples for pseudo wave function and (norm-
conserving) pseudopotential of Silicon is presented in Fig. A.5. If the norm-conservation
condition is skipped, we have Ultra-Soft PP (USPP) which produces much softer PP
in region r < reyue. It, therefore, requires less number of plane wave basis sets in wave
function expansion (smaller F..:), however, this PP is not easy to generate and the
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Figure A.5: Examples of pseudo wave function and pseudopotential for Silicon.

total charge is not conserved. In fact, the PP is produced for isolated atoms, then
used in more complex environments such as molecule, solid structures,...

Projector Augmented Wave (PAW) method: This is another method devel-
oped for ab initio computations besides PP. Basically, PAW also employs frozen core
states approximation and use fictitious pseudo wave function for valence electrons
as PP does. The difference is that the true wave function so-called ‘all-electron’ is
reconstructed from pseudo wave function.

Pi(r) = TY7(r). (A.96)

Here, T is a transformation operator. It is worth noting that the ‘all-electron’ wave
function refers one-electron Kohn-Sham orbital, and it differs with the many-body
wave function. In the region r > 7cus, ¥i(r) = ¢7°(r), thus T has a form

T=1+) Tr, (A.97)
R

where Twr is non-zero only within some spherical augmentation region r < 7reye. It
is useful to expand ¢?°(r) into pseudo partial waves (e.g. orbitals at a given energy,
not necessarily bound states)

W) = cilet®), (A.98)

K3

where [¢F®) = |¢;) if 7 > reur and |¢F°) is smooth functions if r < 7¢y: (augmentation
region). The ‘all-electron’ wave function is

i) = TpP®) = [$F°) + Tr|w?*)
=[PF°) + ) (85 — ¢ ) (ps[Ur°), (A.99)

thus, 7' =1+ 32(¢; — ¢;°)(ps]-
J

The ‘projector’ (p;| are atomic functions localized within its own augmentation region
(=0 if r > reye) and comply with orthonormal condition (p;|¢;) = d;;. The finding
of three sets {¢:}, {¢?°} and {(p;|} is the main task in generating PAW. In fact,
1??(r) can be a linear combination of polynomials, Bessel functions or other smooth
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functions in the region r < reye. For 7 > 7oy, it is equal to the ‘all-electron’ wave
function and expanded in a plane wave basis set. PAW has several advantages such an
accuracy comparable to all-electron techniques, information about the orbital close
to the nucleus (as the all-electron wave function is reconstructed), lower E..: and
some disadvantages like complex generation, more additional terms. Recently, sys-
tematic comparisons between different pseudopotentials and ‘all-electron’ have been
performed for many DFT codes [351].
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Appendix B

Other computational
methods

B.1 Dielectric response function

This part is rewritten with referring to different documents including textbooks [154,
177, 171] and lectures delivered by Francesco Sottile and Valérie Véniard in the Cen-
tre Européen de Calcul Atomique et Moléculaire (CECAM) workshops (2015).

In general, to discover properties of matters, people always have to use external
action applied on them (excitation) and then measure their response. In particular,
electronic exciation spectroscopy is a strong toolkit to investigate many electronic
properties in materials. As briefly mentioned in Apd. A, electronic excitation spectra
can be divided into two types: the number of electrons in the system is changed (by
removing or adding one electron) or unchanged. The former one, in fact, is an inter-
acting many-body system. In the picture described by HF or DFT, these excitation
states are simply seen as eigenenergies (e;x) of the (effective) independent-particle
Hamiltonians. This leads to broadening effects observed in experimental measure-
ments which is only treated in the many-body framework (often defined through
Green’s response functions). The later one relates to different phenomena, for exam-
ple, the optical absorption in semiconductors/insulators or light reflection in metals
under the action of alternative current (AC) electric field. The dielectric function is
one of the most important response function because photons are the most popular
and important probe in experiments. This concept, indeed, is also utilized in de-
scription of screening from perturbative charged impurities, defects, etc. in solid. In
theoretical side, if the external field is weak, we can assume the response of materials
is linear and vice versa. Here we only focus on linear response for optical absorptions.
Let us consider a weak external potential §Ve.,:(r’,t") applied to a systems of
electrons. The response of the system to external field can be seen as a linear behavior
(can be obtained from perturbation theory with considering only the first term).

SV (x,t) = /671(r,r'7t )V (¢ ) (B.1)

1

where dV (r,t) is the change of total potential in the system, e~ is called the inverse
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dielectric function. Thus, we can rewrite Ve, as
Vit (v, £) = / e(r,x' L — 1)V (' ¢ )dr' . (B.2)

In general, € is a two-point function because of the inhomogeneous characteristics of
space while the dependence on ¢t — ¢’ is the result of time translation symmetry.

The equation (B.2) can be Fourier-transformed with respect to both time (¢ — ¢’ to
frequency w) and space (r,r’ to reciprocal space q,q’)

Viri(aw) = [ elad )V (d,w)dd (B.3)
It is worth noting that in the periodic crystal with translation vectors R, thus
e(r,r,w) =e(r+ R, r' + R,w), (B.4)
and in combination with backward Fourier transform
e(a,q’,w) = Q/e_iq/'rlvext(r, v, w)e' T dr dr

o o (B.5)
— Q/eﬂq T Vewt (T, r/,w)e“"re(q —DR g/ dr,

We infer that @' — q = G, where G is a lattice vector of the reciprocal crystal. Here,
Q is volume of reciprocal space. We can now express V¢ in momentum-frequency
(energy) space

Veat(q+ G,w) = > _e(q+G,q+ G, w)dV(q+ G ,w)
Gl
= Z ecar(q,w)dV(q+ G, w),

G/

(B.6)

with q being in the first BZ of the crystal and egq/(q, w) is the matrix representation
of € with respect to G, G'.

In fact, € is a matrix with off-diagonal in G, G’ represents inhomogenous charge in
the crystal. The reason is that around each ion in crystal, its behavior is influenced
and driven by the field around it (created by surrounding electrons and other ions).
When an external field applied into crystals, it induces change in local field because

SV(q+G,w) =Y egadVeut(a+ G w). (B.7)
G/

The effect of local field is, therefore, represented through off-diagonal elements of the
dielectric matrix.

Polarizability in self-consistent field framework: In the same idea of response
function e, the polarizability is defined to determine the change of the charge (electron)
density under an action of the external field

Sp(r,t) = /X(r7 vt —t)0Vewe v/, 1)) dr' dt’. (B.8)

For simplicity
0p = XOVeut- (B.9)
In the framework of self-consistent field (see Apd. A for KS equation), we can de-
fine polarizability xo for an independent-electron in response to total perturbative

potential, so
0p = x0dV, (B.10)
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where §V is the change of self-consistent potential seen by the electrons (see Apd. A).
We have,

6V = 5‘/ezt + 6VH + 5Vzc - 6‘/812t + Kcép + ch5p, (B]-]-)
where K. and K. are bare Coulomb interaction (the first derivative of Hartree po-

tential V) and the first derivative of exchange-correlation potential V.. Combining
(B.9), (B.10) and (B.11), we can write

X = (1 - Xch - XOKIEC)_1XO~ (B12)
Moreover, §V = ¢ '§V.,: and we can use (B.9) and (B.11) then easily obtain

K+ Kge

—1
=14+ (Ke+ Kpe)y =14 ——cT2ze
¢ ( )X 1-— (Kc +KCEC)X0

Xo. (B.13)

A popular approximation so-called ‘random phase approximation’ (RPA) which ne-
glects exchange-correlation contribution leads to

erpa=1+K:(1—x0K:) "xo=(1— Kexo) ™,

(B.14)
erpa =1 — Kcxo.
In momentum-frequency space, erpa can be written as (Fourier transform)
coe(qw) =0 dne” 0 (B.15)
e/ QW) =066 — T T AT~ L~/ XGG'» :
la+ Glla+ G|

where x?_;G, is the representation of x¢ in momentum-frequency space. In the context
of self-consistent field [186, 187]

We(@e) = 5 3 (uk — fursra)

n,n’ .k
| (n ke O k4 ) (0 k + e+, K)
€nk — €n/ k+q T hw + in

(B.16)

Y

where n and k is band index and wave-vector in Bloch representation. In real
space, |n, k) = ey, (r), thus

n,k|e Aty k 4+ q) = / u* o (r)e "G u, r)dr
(n, K| | Q) A nk(T) k+q(T) (B.17)

= <un,k|6_iGr|un’,k+q>-

In the atomic (micro) scale, dielectric tensor ega’ (q, w) varies rapidly reflecting
local field effect. However, many properties (optical absorption) are measured
on samples with large (macro) scale of external field. Thus, it is useful to work
with macro dielectric tensor

e(w) = €1(w) + iea(w). (B.18)

For infrared, visible and ultraviolet photons, q,, << qpz, the macro dielectric
tensor, therefore, can be obtained by averaging ega/(q,w) on large scale (G =
G' =0)

e(w) = 3111% €00(q, w). (B.19)
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The limits written above depends on directions of q, so we define dielectric
tensor €,3(w) with o and 8 are Cartesian components. Using (B.15), (B.16),
(B.17) and (B.19), we have the imaginary part

(2) 471'262

capw) = —g— lm =5 n%,:k (énae) = f(entscra)] (B.20)

X 5(5n,k — €n’/ k+q T hw)<unk+qa |un/k><unk+q5 [tni) ™

In fact, the calculation is performed in irreducible BZ and without taking into
account spin polarization leading to

(2) 471'

i 2wy | f(€n, €n,
a5 22 Zk L (End) = Flensera)] (B.21)

X §(€n,k — €n/ k+q T hw)<unk+qa |un/k><unk+qﬁ [tni) ™

The real part of the dielectric tensor can be found through the Kramers-Kronig
relation:

) =1+ P/L W, (B.22)

w?

where P denotes the Cauchy principal value [193].

B.2 Crystal Orbital Hamilton Populations

This part is based on several scientific articles [216, 217, 218, 352].

Chemical bonding analysis is very important as it indicates bonding, non-
bonding and anti-bonding between orbitals in atoms. This, therefore, helps
to understand more deeply how chemical interactions associate with electrical,
chemical properties in molecule and solid materials. In many DFT packages,
Kohn-Sham (KS) wave functions are expanded into PW basis sets and thus, it
is hard to interpret local information between atoms. On the other hand, if one
expands wave functions into a linear combination of atomic orbitals (LCAO),
the local information can be easily retrieved. Thus, it is useful to expand KS
one-electron wave function ; into LCAOs

i) = Cruilxre), (B.23)

RL

where |y gy) is atomic centered orbitals at atomic site R and corresponding to
angular azimuthal momentum quantum number L = {I,m}, i stands for band
index and Cryp; are expansion coefficients. Here, > stands for sum over all

RL
atoms R in the unit cell and over all atomic orbitals L on site R. Because of
orthogonal condition of KS wave functions

(Wilvs) = > > ChopSro riCrii = 855, (B.24)

R'L’ RL
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where S/ rr = (Xr'L'|XRL) is the overlap matrix. To quantify strength of
chemical bonding, there have been different quantities proposed.
For instance, a quantity so-called local DOS (LDOS) can be defined as

LDOSRL,L/(@ = Z CﬁLiCRL’id(eik - 6), (B.25)
ik
where € is energy and € is eigenenergy of Bloch state at band i*" and wave
vector k. The name LDOS is used for calculations directly using LCAO and
it is changed to projected DOS (pDOS) in computations using other basis sets
then projecting on specific sets of |xryr).
If we look at off-site atoms, equation (B.25) is rewritten as

COOPRL’R/L/ (6) = SRL,R’L' Z Ol*lLZ‘CR’L’i(S(Eik - E). (B.26)
ik
This is known as “crystal orbital overlap population” (COOP). The same frame-
work was also used to define another quantity named “crystal orbital Hamilton
population” (COHP).
Using equation (B.23), one-electron KS equation H ;) = ¢;1b;) can be rewrit-
ten in the matrix form as

Z(HR’L’,RL — eiSR’L’,RL)CRLi = 0, (B27)
RL

where .
Hrpre = (xwo|H|XRL)- (B.28)
The so-called band structure energy E° is defined

B / - de Y fieid(ei o) (B.29)

with 0 < f; < 2 being occupation numbers. If we multilply (B.27) from the
left by the conjugate complex eigenvectors, we have

Z Cripj(Hr'z rRL — €iSr'z RL)CRLi = 0. (B.30)
RL
We can repeat (B.30) for {R/, L'} and use condition in (B.24) and obtain
Z ZC;{’L’jHR’L’,RLCRLi = €;0;j. (B.31)
R'L’' RL

Next,
> fieidlei—e) =Y fi > > CripHrr riCriid(€ —€)
i i RL RL
=> > Hwrpmre Y fiChpiCriid(ei — )
R'L' RL i
= Z ZHR’L’,RLNR’L’,RL(E)

R'L’ RL

= Z ZCOHPR’L’,RL(E)~

R'L’ RL

(B.32)
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We can see that distribution of all one-particle energies is now represented
through a sum of all pair contributions which is called “crystal orbital Hamilton
population”. The band structure in (B.29) can be represented as

E'=)Y"> Hwrp riMrr ri(e), (B.33)
R'L’ RL
where .
Mpr ri(€) = / Nr/p rer(€)de. (B.34)

We can separate (B.32) into two parts including on-site COHP (R’ = R)) which
is n X n matrix with n is the number of orbitals per site (all possible L) and
off-site COHP (R’ # R)

Zfiez'(;(ez'*ﬁ) = Z Hrp rrNrrp ri(€)+ Z ZHR’L’,RLNR’L’,RL(6)~ (B.35)

RLL’ R’'L’ RL

The second term represent covalent contribution to the bonds. If there are bonding

contribution, COHP shows negative values as the system is in lowering energy and
vice versa. This principle of COHP is contrary to that of COOP. In transformation
from PW basis sets (e.g. KS wave functions computed by VASP, ABINIT, Quantum
Espresso), the choice of LCAOs is in a constraint so that the retrieved total charge
must not be much different (ideally < 1%).

B.3 Phase diagram

This part is based on several scientific articles [353, 354] and an online tutorial of
MP [209]

Phase diagram is used to represent the thermodynamic phase stability of multi-
element compounds. This is a very helpful tool for experimentalists to navigate
processing and synthesis of materials as it shows the tendency of reactions between
phases from the view of formation energy. However, the experimental investigation of
a phase diagram for a given set of elements is extremely difficult and costly. People,
therefore, have tried to approach this issue using computational method, especially
DFT calculations.

Compositional Phase Diagram: To establish a phase diagram of given set of
elements, we need to compare relative thermodynamic stability of many phases com-
posed of elements in the set. For an isothermal (T = constant), isobaric (P =
constant) and closed system (the number of particles are fixed), the appropriate ther-
modynamic function to be used is the Gibbs free energy

G(T,P,N1,Na2,.,N,) = H(T, P,N1,Na,..,N,) — TS(T, P,N1, N2, .., Ny)
= E(T,P,Ni,Ns,..,N,)+ PV(T,P,N1,Na2,..,N,) (B.36)
—TS(T,P, N1, Na,..,N,),
where T, S, P and V' are temperature, entropy, pressure and volume of the system.
N = {N1, Na, .., N, } is number of atoms of species in the system. For systems includ-

ing condensed phases, PV = constant is assumed. In the simple approach of DFT,
calculations are done at 0 K. Thus, G(T, P, N1, N2, .., N,) = E(0, P, N1, Na, .., Ny).
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One can normalize E with respect to the total number of particles in the system, we
have
N,

E@RNMWﬂMJEMQR%@ww%xMhMZZ&, (B.37)

Here, z; is ratio of i*" element in the system, and Y z; = 1. By taking the
i

convex hull of E for all possible phases of n-element system and projecting
the stable nodes into (n — 1)-dimensional composition space, we can obtain
phase diagram for the system at 0 K. In fact, DFT calculations are regularly
performed at pressure 0 atm. We would like to emphasize that there is not a
direct physical meaning for the thermodynamic stability at 0 K. However, in
this approximation the phase diagram captures effectively the thermodynamic
properties of materials. The efficiency of this approach was proved through
a good agreement with the available experimental data [353]. Fig. B.1 shows
an example of calculated phase diagram for a two-component system. We can
quickly interpret stability of all phases in phase diagram by energy above hull
Enrui-

AE

Unstable

Formation energy

05  0.75 1 Xs

Composition

0 0.25

Figure B.1: Schematic phase diagram of a two-element (A and B) system.

Grand potential Phase Diagram: In many contexts, the considered system
is not closed. For example, the synthesis process might be taken place in air,
thus the system is open to oxygen, nitrogen,... In this case, the thermodynamic
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function for a grand canonical ensemble must be used

G(T,P,N1,Na,..,Np, ;) = H(T, P, N1, N3, .., Ny, i)
—TS(T,P,N1,Na,..,Np, 1)
— 1 N;(T, P,Ny, N, .., Ny, 11;)
= E(T, P, N1, Ny, .., No, 1)
—TS(T,P,Ny,Na,..,Np, ;)
— w;N; (T, P, N1, Na, .., Ny, 115).

(B.38)

Here, PV term is ignored again. u; and IN; are chemical potential and number
of atoms type j the system exchanges with a reservoir. In the same way, we
can normalize with respect to total number of particles > N; and have

i

~ E—-TS — u;N;
G(T,P oy Ty ) = ————e— T B.39
( y L1, T2 z MJ) ZNz ( )
where z; = NN is ratio of i*" element in the system. The introduction of

temperature dependence into calculated phase diagram needs to take into ac-
count many relevant excitations such as vibrations (phonons), configurations
and electrons because S = Syip + Scon + Ser + ... This would yield complicated
and expensive calculations. However, in the system which is composed of solid
phases we can assume the entropy of solid phases is small in comparison with
that of gas, and

: E— p; Ny

G(Ta P,zl,IQ, 7xna,u‘j) = 27]\7 (B40)

Thus, with equation (B.40), we can describe the effect of temperature and
partial pressure (of the environment around) using a single chemical poten-
tial variable. This is smaller if the temperature increases and partial pres-
sure decreases. For given condition corresponding to a chemical potential
tt;, the grand phase diagram can be obtained by taking the convex hull of

G(T,P,x1,x2,.., Ty, ptj) for all phases in the system and projecting the stable
nodes into (n — 1)-dimensional composition space.

Estimation of chemical potentials: The chemical potentials are needed
for different purposes, e.g calculations of defects (see B.4). In fact, this is
energy cost we have to pay for exchanging atoms between the defect and a
thermodynamic reservoir. The chemical potential of each atom depends on the
composition of the materials, for instance, A;B, in Fig. B.1. There are two
approaches to compute individual chemical potentials in which one can use
canonical or grand-canonical thermodynamic phase diagrams. Here, we present
a later as it is used in our calculation. For simplicity, we show computation of
chemical potentials for elements A and B (4 and pp) in A B, (see Fig. B.1).
We have,

Ea,B, =tua+oug, (B.41)
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where E 4, g, is the bulk energy per formula unit. In B-rich condition, the value
of pp is constrained by stability of the compound in the excess of B. This is
constrained as up < p% with % is energy per atom in bulk B phase. In the
extreme (limit) condition, one can select up = u% and thus

0
_ EAth — Ulp

- (B.42)

27\

If we consider A-rich condition, instead of defining pa directly through u%

(energy per atom in bulk B phase), we combine A, By with A;B, and obtain
E >xpa+ ,
AaBy = THATYRE (B.43)

Eap, =tha+ovup.

In the limit condition,

UEAmBy 7yEAt,B1)
A = and up =
v — Yyt yt — xv

tEAmBy — IEA,,BU

(B.44)

B.4 Dopability of a material and defects

In doped semiconductors, their carrier concentration is set by the amount and
type of defects in the crystal. The intrinsic (or native) point defects consist of
vacancies, self-interstitials and antisites (cations on sites of anions, for exam-
ple). The extrinsic point defects (impurities or dopants) are substitutional and
interstitial foreign atoms.

Point defects strongly influence the carrier concentration and hence the conduc-
tivity of semiconductors and TCMs. Indeed, charged defects in semiconductors
can generate free electrons or holes. The intrinsic or extrinsic doping of a ma-
terial can be assessed by computing defect formation energies as functions of
the Fermi level. This defect formation energy (Ey) can be written as [266]:

Ef[D] = E[DY] - E[bulk] — Y " nigti + qEF + Ecors[DY], (B.45)

?

where the defect D is in the charge state ¢, E[D?] and E[bulk] are the total
energies of the crystal with the defect D? and without any defects, respectively,
n; is the number of atoms of type 4 that have been removed (n; < 0) or added
(n; > 0) by the formation of the defect and p; is their chemical potential which
is set by growth conditions and phase stability, Er is the Fermi level refer-
enced with respect to the VBM, and Ego,[D?] is a correction term introduced
to take care of the spurious image charge interactions and the alignment of
the potential for charged defects (see the Computational approach for defects
studies section). Figure B.2 shows a typical defect formation energy versus
Fermi level plot. In Fig. B.2 (a), each defect (D1, Dy, D3, Dy) has charged
(positive or negative slope depending on the sign of the charge) and uncharged
(horizontal lines) states. The defect D; has a rather low formation energy and
easily exists in charge-state —1, making it a shallow acceptor. The defect D5 is
on the contrary a shallow donor. The defect D3 is another shallow donor but it
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is less stable as it has a larger formation energy. The defect D, is a deep defect
because it displays charge-state transitions (0/—1) and (—1/—2) in the middle
of the gap. Different defects always compete with each other in a material and
it is the result of these competition that sets the Fermi level. For instance,
Fig. B.2 (b) presents a n-type tendency: the donor defect Dy has a much lower
formation energy than the others and therefore easily exists in charge-sate +1
around the CBM and releases a free electron into the crystal. In the same
way, Fig. B.2 (¢) shows a p-type tendency. The case of undopability (neither
n- or p-type) is shown in Fig. B.2 (d). The “hole-killers” defects Dy and Dy,
in charge-state +1, are very active around the VBM, completely dominating
the acceptor defect Dy. Around the CBM, D; and D4 have lower formation
energies than the donor Dy and are working as “electron-killers”. Of course, this
picture might be different in different chemical potential conditions. It is in
practice not always very clear how certain chemical potential conditions could
be reached experimentally. Chemical potential of elements and thus synthesis
conditions will affect the defect formation energies and therefore their behavior
in the material. In our approach, chemical potentials are usually extracted in
limit conditions from phase diagram (more details in B.3).

(a) (b)
E¢

Ef n-type doping tendency

CB VB CB
/
+1

Fermi level in the T
n-doping regime

+1

charge-state

/ transition
VB <

E, E
[ D, —D, —D; —D, F [ D, —D, —D; —D,] F
(c) (d)
E; p-type doping tendency Ef undopability
VB CB

I Fermi level in the

p-doping regime
Er

E
[ D, —D, —D; —D,] F [ D, —D, —D; —D,]

Figure B.2: (a) Schematic illustration of defect formation energies Ey as a
function of the Fermi level Er of four defects D; in different charge states.
(b), (¢), (d) Defect formation energies for n-, p-type dopings and the case of
undopability, respectively.

There are two natural ways to compute charged defects in solids: the use

of clusters and supercells. In these approaches, ionized states of defects in
semiconductors are investigated by using clusters or supercells containing de-
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fects in the corresponding charge states. While using clusters leads to problems
with the dangling bonds on their surfaces that are difficult to eliminate, using
supercells with periodic boundary conditions induces spurious Coulomb inter-
actions between image charges (Ecory[DY] in equation (B.45)) [355, 356, 357].
Nowadays, thanks to the advances of DFT-based calculations and hardware,
large supercells can easily be treated for which the image charge interactions
are minimized. Furthermore, corrections methods have been developed (see
below) making supercell calculations a tool of choice.

Supercell computations are used to evaluate equation (B.45). DFT with
semi-local functionals provides fairly good defect formation energies and gen-
eral doping tendencies [358]. However, it is well-known that DFT relying on
semi-local exchange-correlation functional drastically underestimates the band
gap. Empirical corrections to the band edges to fit to experimental data (scissor
operator) have been used to correct this underestimation with much controver-
sies in the literature on the right method to perform this. When working with
3d transition metals, a Hubbard U correction has also been used. The current
method of choice is to use hybrid functionals which add a fraction of exact
exchange to the DFT functional and provide good energetics in addition to
much improved band gaps. The HSE hybrid functional is especially powerful
in solids [198, 199, 267]. Another way to obtain a correct evaluation of the
band gap is to use many-body perturbation theory within the GW approxima-
tion, [359]. This approach is however problematic as it does not provide forces
and cannot be used for atomic relaxation around the defect (contrary to hybrid
functionals).

Charged defects computations are intrinsically difficult to perform in peri-
odic boundary condition codes. Indeed, potential alignment (due to the back-
ground charge always present in charged defect computations) as well as spu-
rious image charge Coulomb interactions have been known to affect the accu-
racy of the supercell computations. Different techniques have been suggested
to correct these errors with a recent popularity for the methods developed by
Freysoldt and Kumagai [360, 361, 270, 271]. Although defects calculations for
supercells containing around 200 atoms are doable, they are challenging to per-
form HT both for computational and automation reasons. Recent tools such as
PyCDT, PyDEF or other Python frameworks have been developed to handle
such calculations as automatically as possible [272, 362, 363].

B.5 GW method

This method was originally proposed by Hedin [359] in 1965 with a successful
application for the electron-gas system. The author showed a better approach
to describe interacting many-particle systems. The complex many-body prob-
lem is also shifted to one-particle problem. A particular particle’s interactions
with other ones is screened by the surrounding ‘cloud of particles’. This screen-
ing effect is described using dielectric function (as mentioned in B.1). Thus,
the behavior of the one-particle can be represented as a propagator function
(propagate in space and time), particular a Green’s function, which carries in-
formation about its effective interactions with other particles. This is named
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as “quasi-particle”. Because the establishment of a series of coupled equations
requires a lengthy detour, we concisely rewrite the final Schrodinger-equation
for the quasi-particle
h2V2
2m

Ve () + Vi (0)] ) + / ' (0,1, B (') = Ei(x), (B.A6)

where Ve, (r) is the nuclear-electron interaction potential, Vp (r) in the Hartree
potential, and X is the self-energy operator, which in so-called GW approxi-
mation has form

. o0

i

Y(r, v w) = — / e OG(r,r,w + W)W (r, 1, W' )dw, (B.47)

4
— 00

where G is the one-particle Green’s function, W is the screened Coulomb in-
teraction which is regularly computed through polarizability in random phase
approximation. The polarizability in turn of itself is calculated through Green
function. Thus, equation (B.46) is solved in self-consistent loop. In fact, one
often uses Kohn-Sham wave functions as a starting point to compute G and
then other following operators. However, because this sort of computation is
very heavy, the calculation is usually stopped after the first cycle of the self-
consistency. This is known as Gy W calculation. More details can be referred
to the thesis of Giantomassi [277].

B.6 Electron-phonon interaction

This part is based on several scientific articles [304, 364, 274, 365] and text-
books [177, 171].

Lattice vibrations (phonons): The atoms in materials always vibrate around
their equilibrium positions because of temperature and external field. Even at
zero temperature, the lattice still vibrates as quantum effect. The vibrational
characteristics of the lattice originate many properties and phenomena in ma-
terials such as electric resistance, superconductivity, indirect optical absorp-
tion, thermal expansion,... In theoretical approach, one regularly begins with
harmonic (vibration) approximation and see displacement of atoms as small
perturbation. The total energy of the lattice system can be expanded through
Taylor series

8EO
Er({AT}) =E%, + = Z > = L AT AT g, (BAS)
amab;{ B 'iOt H/

where E? , is the total energy of the equilibrium state and A% , is the displace-
ment along direction « of the atom & in the cell labeled by a (Wlth lattice vector
R,) from its equilibrium position T o- Here, because we approximate lattice
vibrations are harmonic, the higher orders in (B.48) are truncated. Thus,

Eii({AT}) = Eg,t+ > Y Crawsla,b)ArE ATh (B.49)

amabm,ﬁ
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where
62 E tot

a b
67'&067'%%

Cranpla,b) = (B.50)
is called atomic force constant matrix which represents force on atom « in cell
a along direction « if atom &’ in cell b is displaced along direction 3. Let us
consider vibration of atom « in cell a along direction « (in classical mechanics)

PATE, OE,,
My—p = = ’aATtat - _ Z Chrawp(a, b)AT 5. (B.51)
oo b,k

To solve (B.51) for the normal modes, we find solution for each atom [k, a, &
vibrating in periodic crystal at frequency w in form

1
VM,

where Af, , is the amplitude of vibration. Substitute this form of A7¢ , back

e

into (B.51), we have

AT (t) = Ao

e

et (B.52)

Cronp(a,b) 1

2 pa
w A = A /3. B53
e N [’i i [K/ Kk’,B ( )

b,x’,B3
Because of periodicity, Cya,x/5(a,b) depends only on R, — Ry. Thus, we note

Cma,m’,@(av b)

Dna7n’B(Ra - Rb) - M

(B.54)

is a real d x n x N symmetric matrix with d being degrees of freedom (d = 3
in 3-dimensional system), n being number of atoms in a units cell and N being
number of unit cells in the lattice. In similar to the electron case in periodic
crystals, we can also express Ay, , in Bloch form. At given wave number of
phonon q (q in BZ)

A% o (r+R,,q) = eiqRaAK,a(r, q), (B.55)

where r is position of atoms in original unit cell (can choose at origin). Equation
(B.53) becomes

w2A,€’a(I‘, q) = Z [Z DRO{,KJ/B(RQ - Rb)eiiq(Rain)]AK’,ﬁ(ra q) (B56)
Ne] b

The matrix

Dna,;{’ﬁ((]) = Z Dna,n’B(Ra - Rb) (B57)
b

is called ‘dynamical matrix’. Finally,

w* Ay a(r,@) = D Dyawp(@)Aw s(r,q) (B.58)
"B

is a d X n matrix eigenvalue problem. If the dynamical matrix is known, we
can obtain solutions w;(q) (i = 1,2,...,nd) are frequencies of d x n vibration
modes. There are two approaches to compute dynamical matrix
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e Direct calculation of total energy as a function of positions of atoms. This
is called “frozen phonon”. This, therefore, requires calculations with big
supercells.

e Explicit calculations of derivative of energy at any order. This is called
response function. In self-consistent field approach, density functional
perturbation theory has been developed widely used today.

In quantum mechanics, lattice vibrations are quantized into quasi-particles so-
called phonons which is very popular in solid physics.

Electron-phonon interaction: This concept has a long history as long as
the quantum theory of solids. In the language of second-quantized formalism,
we can write Hamiltonian of a el-ph system as

H= Z enkcllylnic + > (A, bay +1/2)

nk qr
Z ngnu k q mk+qcnk(aqV - G‘Jr—qu) (B59)
mnv kq
Z Z gmnuu k q,q ) mk+q+q/6"k(aql’ - diql’)(&q/l’, - diql”,)’
mnuu’ kaqq’

where €,k is the band energies of electron at band index n and wave vector k, v and
q stand for mode (branch) index and wave vector of phonon, respectively, é;k and épk
(al, and aq,) are creation and annihilation operators of electrons (phonons), N is
number of unit cells. The matrix elements gmn. (k,q) and g2¥ . (k, q,q’) represent
for strength of the el-ph interactions in one- and two-phonon process, respectively (in
unit of energy, ‘DW’ is named after Debye-Waller). The theoretical calculations of
these matrix has a long history which is represented clearly in Ref. [365]. Here, we
shortly rewrite the formula constructed in ab initio DFT technique for the one-phonon
process

h

2mwqy

/
g 16,0) = (51— ) " (s ol VI ), (B.60)

where i and m is reduced Planck constant and mass of free electron, wq, is phonon
frequency, 1 is the electronic wave function and V¥ 9 is self-consistent Kohn-Sham
potential. The advantage of DFT-based method is that band energy e,x, wave func-
tions ¥,k and their derivatives and phonons wq, can be all computed.

The imaginary part of electron self-energy in association with el-ph interactions is
computed as

Imznk 771'2/ |gnm1/ k q)|

X [(1 = fnkt+q + nav)d(enk — hwgy — €mictaq)
+ (fmk+q + nav)d(€nk + hwogy — €mkrq)]s

(B.61)

where Qpz is volume of BZ, fikiq = [exp((enkiq — €r)/ksT) + 1] is Fermi-Dirac
distribution of carriers at Fermi energy ey and temperature T, nq, = [exp(hwqy /ksT) — 1]
is Bose-Einstein distribution of phonons with frequencies wq, at temperature 7. The
scattering rates of electron with phonons (inverse of relaxation/life time) at given
temperature can be calculated through el-ph self-energy as (Heisenberg uncertainty
principle)
1 _ 2Im¥n(T)
Tnk N h ’

(B.62)
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where 7,k is relaxation time of carriers at band n and wave-vector k, h is reduced
Planck constant.

The scattering rates (inverse of relaxation time) as a function of energy is computed
by averaging all states (in a discrete k-mesh) as

% - Nl(e) S Lben— o), (B.63)

T
nk nk

where N(e) = >, 0(enk —€). We can see that N(e)/Nk x S is DOS (in unit of
states/energy-unit/cell), where, Nx is the number of k-points and S = 1 or 2 for spin
polarization or non-polarization calculation, respectively.

The el-ph coupling strength of a specific phonon mode v and wave-vector q is defined

)\qy = €F hquu nz:/ |gnmu k (I)| 6(€nk_€F)6(€mk+q_€F)a (B64)

where N(ep) is the density of state at Fermi level. We kept our materials

intrinsic by setting the Fermi level at the mid-gap and in the very general ap-
proach of EPW | all phonon modes, both inter-band and intra-band scattering
mechanisms are taken into account in the computation of scattering rates.

Phonon-assisted optical absorption: This quantity can be computed if the
g-matrix in (B.60) is defined. By definition [295, 278]

me? 1 dkdq
a(w) - €0cfcet Wnr w / Z Z fnk fmk+q)

mnv s==+1

Vp (K)gpmu (K, npv (K, d)Vpm (k 2 )
X‘Q'Z[ (k) gpmu ( Q)+9 (k,q) (+q)H (B.65)

" €pk — Enk — hw €pk — Enk + shwqy

X (Ngy +1/2 4+ 8/2)0(€mktq — €nk — fiw + shwgy ),

where a(w) is the absorption coefficient for visible light, e is the photon polar-
ization, v,,, are matrix elements of the electron velocity operator, and n,(w)
is the real part of the refractive index. The two denominators in second line of
(B.65) corresponds to paths of indirect absorption. In the first one, the electron
absorbs a photon and then absorbs or emits a phonon. In the second one, the
electron absorbs or emits a phonon and then absorbs a photon. This is based
on electric dipole approximation and thus valid for photon with energy of a few
electron-volts. More details can be found in Refs. [278, 365].

B.7 Boltzmann transport equation
This part is rewritten with referring to several scientific articles [172, 366], text-

books [367, 154] and the lecture delivered by Samuel Poncé in the ICTP /Psi-
k/CECAM School (2018).

Transport of carriers is an essential phenomenal in materials. The theoreti-
cal treatment of transport is developed from very simple approximation with

121



APPENDIX B. OTHER...

classical mechanics (Drude’s model) to more complicated formalism with quan-
tum mechanics (for quantum systems like nano-structures,...). This part will
rewrites a semi-classical treatment using BTE. At equilibrium condition, car-
riers (e.g. electrons, holes) in materials (metals, semiconductors/insulators)
occupy states obeying Fermi-Dirac distribution. However, if external actions
such as electromagnetic field or temperature gradients, carriers are applied into
the system, the carriers are accelerated and force to move. The carriers nor-
mally are scattered with phonons, defects, impurities... as materials are not
perfect and always intrinsically exist lattice vibrations. Thus, the system will
reach to a “steady state” in which the scattering balances with actions of ex-
ternal field. The equilibrium distribution of carriers fy(r,k,t) is now shifted to
a new mode f(r,k,t) that is stable in time. We have,

G _or ofor orgk ojor oy _,

dt ot  orot oOkot  OT ot \ot

where r and k are position and wave number of carriers (corresponding to occu-
pied states), T is the temperature, (9 f/0t)cou stands for scattering-dependence.
If only direct-current and homogeneous electromagnetic field (9f /9t = 0), con-
stant temperature (0f/9T = 0) and homogeneous materials (0f/0r = 0) are
assumed, we have

(B.66)

ok of
- —L =0. B.
ot Vil + ( ot )coll 0 (B-67)
In solid with classical approach (for electron),
ok e
If magnetic field is off (H = 0), so that
eE af
— k)= (= . B.
h ka( ) ( ot )coll ( 69)

In relaxation time approrimation context, the collision term can be represented
as
(ﬁ) __f(k) — fo(k)
Ot / coll T(k) '

This implies that the carriers have tendency to go back the equilibrium state
after scattered. We can write

f(k) = fo(k) — eT(k)EVy f(K)/h. (B.71)

If the electric field is weak, we can assume that f(k) =~ fy(k) and take into
account the contribution of different bands in materials, so

(B.70)

f(nv k) = fO(nv k) - 67‘(71, k)EkaO(na k)/h,
1 9¢(n, k) 0fo(n, k) (B.72)
h Ok de(n, k)’

fn, k) — fo(n, k) = —er(n, k)E

where n is band index and €(n, k) is band-energies. We can see that Af =
f — fo is the change of carrier distribution caused by external field E, which
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contributes to the electric current in materials. We define a density of electric
current

Oe(n, k) 0fp(n, k
J= Z —Af.ev(n,k) = Z e*r(n, k)v(n,k)% (81; ) aio(gz ,k)) E, (B.73)
n,k n,k ’

where v(n, k) = %% is group velocity of carrier. Density of electric current

can be written through the conductivity tensor

J= Z Jy | = Z Oye Oyy Oy E, |, (B.74)
nk J, nk Oze Ozy Oz FE,
where
dfo(n, k)

0as(n, k) = €21(n, k)va(n, k)vs(n, k) (B.75)

O¢e(n, k)
is called conductivity tensor. The term %fe U(Zfi(k)) depends only on (scalar) energy
€. Thus, ones usually write

oap(n, k) = e*1(n,k)va(n,k)vs(n, k). (B.76)

The conductivity tensor can be expressed as a function of energy using (B.76)
then summing over all bands and k-points in the BZ as

Gap(e) = % S s (n, K)3(e = en i), (B.77)

where N is the number of k-points. Finally, the conductivity tensor as a
function of temperature T and Fermi level p (electronic chemical potential) is
computed through o,p(€) as

2an(Ti10) = g [ ouate)| 2257 e (B.78)

where f, is the Fermi-Dirac distribution and € is the volume of the unit cell.
The Fermi level u is defined correspondingly to a given doping carrier concen-
tration. In Chp. 4, we performed BTE to estimate mobility with taking into
account only scattering with phonons. The relaxation time 7(n, k) is estimated
from el-ph interactions as mentioned in section B.6. We used the BoltzTrap
package [172] to solve BTE. In practice, BoltzTrap interpolates the DFT band-
energies (computed on a finite number of k-points) using star functions (see
section 1.3 of Chp. 1). Hence, the group velocities can be easily obtained on a
much denser k-point grid thus facilitating the numerical convergence of the final
results. In constant relaxation-time approximation, the calculations based on
the interpolation of band-energies can produce many transport quantities such
as conductivity, mobility, Seebeck coefficient, etc. as long as the relaxation-time
is known. In this work, we go beyond this approximation using 7,, x computed
by EPW. We implement an interpolation for relaxation time in BoltzTrap on
the same very dense k-point grid used for band-energies. The physical principle
for this implementation is that the symmetries of the self-energy are the same
as those of band-energies [277] (7, x can be calculated from the imaginary part
of the electron self-energy in interaction with phonons as shown in B.6).
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Appendix C

Supplementary materials

C.1 For chapter 3

Tab. C.1 shows information for Sn-based oxides that are included in our model
(section 3.3 of Chp. 3).

Table C.1: Formula, space group (Spg), materials project [208, 209]
identification number (MP-id), band gap E, (in unit ¢V), three prin-
cipal hole effective masses my, mg and mg (m,-free electron mass),
components of VBM including Sn-s, O-p, Sn-s and others (in %). All
the oxides listed here have the Sn-O networks developing in at least
one direction.

Formula Spg MP-id B4 m1 m2 m3 Sn-s O-p Sn-p Others

K58n,04 R3m 7502 1.2 0.23 0.23 0.43 24.0 42.4 30.4 Sn-d, 2.1
K55n,04 1213 8624 1.3 0.27 0.27 0.27 24.9 42.1 31.4 Sn-d, 1.2
Rb,Sn, 04 R3m 7863 1.2 0.27 0.27 0.37 22.0 47.2 28.0 Sn-d, 2.1
Rb,Sn0O, P21212; 27931 2.2 1.80 2.23 2.49 12.5 62.1 20.4 Sn-d, 2.2
SnO Pmn2; 545552 1.4 0.56 0.62 7.85 26.9 52.1 19.3 Sn-d, 1.6
SnO P4/nmm 2097 0.5 0.59 2.82 282 51.9 43.1 1.59 Sn-d, 3.4
Nb,Sn, 0, Fd3m 556524 0.9 4.74 4.74 4.74 30.7 56.0 0.9 Nb-d, 8.8
Nb,SnOyg C2/c 3324 1.7 0.43 2.13 5.63 38.4 43.9 84 Nb-d, 8.6
Sns(PO,)y  P21/c 27493 34 1.0 2.0 3.16 33.6 496 14.8 O-s, 1.3
Sn P,04 P2;/c 561545 3.2 2.43 2.63 5.77 32.8 51.5 144 O-s,0.6
SnWO, Pnna 19654 0.9 1.03 2.23 2.42 38.1 45.8 9.2 W-d, 4.6
Ta,Sn, O, Fd3m 3593 1.5 6.92 6.92 6.92 32.2 579 1.0 Ta-d, 5.0
Ta,SnOg Ce 556489 2.3 1.22 3.5 5.09 40.7 43.1 8.6 Ta-d, 7.0
TiSn,0, P4>/mbc 182838 1.1 0.96 0.96 1.43 32.6 51.1 13.5 Ti-d, 1.7
BaSn,H,0, P2 696946 2.1 1.47 2.27 5.26 30.9 46.4 16.6 Ba-d,3.0

SnPHO, P2y /c 690702 3.4 0.96 1.09 4.52 359 53.2 9.0 P-p, 1.1
CsySn,053 Pnma 540796 2.5 2.68 3.58 9.54 15.2 62.9 16.3 Cs-p, 2.8
Sn(CO4), C2/c 542769 2.6 0.77 10.21 12.23 17.2 66.7 7.2 C-p, 6.3
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Tab. C.2 shows information for Sn-based oxides that are not included in our
model because of several reasons (section 3.3 of Chp. 3).

Table C.2: Formula, space group (Spg), inorganic crystal structure data
base [168] identification number (ICSD-id), materials project [208, 209]
identification number (MP-id), DFT band gap E, (in unit €V), three
principal hole effective masses my, mg and mg (m,-free electron mass),
components of valence band maximum (VBM) Sn-s, O-p and Sn-s (in
%) and remarks (RM) for all materials not matching with our model
including x: No Sn—O networks, C: Clusters of Sn—O and others noted
at the bottom of the table.

Formula Spg ICSD-id MP-id Ey m1i m2 m3 Sn-s O-p Sn-p RM
NaSn,(PO,); R3c 409786 6226 3.7 4.7 4.7 4.7 26.2 59.9 128 X
SnMozOg P21 /c 68511 19524 1.0 2.2 23 127 0.0 24 6.0 ¥
Sn; 50550, Cm 59312 28456 1.5 2.1 2.7 224 10.2 18.0 34.4 ||
Na,Sn(CO,), C2/c 388 554823 2.8 1.6 9.9 245 208 62.6 7.6 X
Na,Sn,H,,0,; P2i/c 35420 772039 2.7 8.0 12.0 13.1 28.4 51.8 17.0 X
SngH,N,0,, P2 /c 80019 705520 2.7 4.5 11.8 21.0 31.1 56.5 11.0 x
K,SnP,0, P2 /c 419264 554825 4.2 17.9 20.3 20.49 27.1 62.1 7.0 X
SnP,H,0g4 C2/c 200364 - 26 82 16.0 319 0.0 968 0.0 L
Sn;S,04 Pbca 32673 - 1.5 322 384 1129 0.3 96.0 0.6 L
K,SnOg4 Pbca 79101 14988 2.1 1.0 28 96 0.0 0.0 0.0 F
KSn,(POy)s R3c 59857 6755 3.8 4.1 4.1 7.4 28.0 58.1 12.1 X
Na,SnOg4 Cc 49624 28261 1.9 14 24 7.0 120 64.6 195 X
Sn(S05)4 P21 /c 32684 31004 2.7 14 25 11.3 9.0 399 31.0 x
VSnPOjy P1 415455 566025 1.2 0.8 4.6 18.5 28.4 40.5 58 A
SnPOg4 Cec 25034 - 05 1.0 42 134 00 46.7 6.5 =+
SnB, O, Pmn21 249206 13252 3.6 1.6 2.1 2.2 314 643 29 X
SnSO, P1 2748 645774 4.1 2.3 4.7 82 246 689 54 X
SnSO, Pnma 2748 542967 4.1 1.3 3.8 52 274 63.6 85 X
Sn,P,0, P21 /c 170847 556031 3.6 0.9 1.3 4.8 33.0 54.0 11.0 C
Sn,P,0 P1 170845 554022 3.5 1.9 51 85 383 495 85 C
Sn,PCOgq P2y /c 50969 559291 2.3 1.9 3.0 3.8 39.2 46.8 123 C
Sn,SO4 P42;c 35101 28025 3.5 4.3 7.6 7.6 32.1 52.7 13.6 C
Na,Sn,H O P21212; 35421 707767 2.3 0.7 1.8 4.3 34.1 488 142 C
SnHC, 04 Cc2/m 96547 697873 2.1 0.7 0.8 5.0 184 584 36 C
SiSngOg P63mc 156236 556100 1.9 3.4 3.9 39 394 389 20 C
Sn;Oy P2/c 174299 - 09 04 19 11.3 416 494 171 =F
SnWO, P2;3 2840 19608 3.8 4.5 4.6 4.6 37.8 40.1 10.0 x
Sng (PO;5)s P1 418458 560715 2.7 0.8 4.8 9.3 37.8 45.0 159 Xx
Snz;H,O4 P —427¢c 203206 625541 2.3 1.1 2.1 10.3 43.0 36.6 19.2 X

Continued on next page
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Table C.2 — continued from previous page
Formula Spg ICSD-id MP-id E4 mi m2 m3 Sn-s O-p Sn-p RM
t: 75.8% Mo-d in VBM
||: Little Sn-s in VBM
1: No Sn-s in VBM
F: 100% K-s in VBM
—: 34.2% V-d in VBM
+: 28% P-p in VBM
F: Mixture of both Sn?* & Sn**

C.2 For chapter 4

Tab. C.3 shows 107 materials passing through the first two filters and then
computed with HSE to obtain more accurate band gaps and direct gaps (section
4.4 of Chp. 4).

Table C.3: Formula, space group (Spg), Materials Project [208, 209]
identification number (MP-id), three principal hole effective masses my,
mg and mg (in m,-free electron mass) (the data of effective masses is
reported in the previous work [256]), stability measured by the energy
above hull Ej,y; in the phase diagram (in meV /atom), fundamental E,
and direct gaps EZ (in unit V) computed using PBE and HSE [198,
199].

E, E¢
Formula Spg MP-id mi1 m2 ms FEr,y PBE HSE PBE HSE
BeS F43m 422 0.65 0.65 0.65 0.0 3.14 4.05 5.62 6.89
KMgH, Pm3m 23737 0.75 0.75 0.75 0.0 2.46 3.58 4.51 5.76
SiC F43m 8062 0.58 0.58 0.58 0.7 1.39 2.25 4.53 5.75
BeSe F43m 1541 0.55 0.55 0.55 0.0 2.69 3.36 4.22 5.27
BeCN, I42d 15703 0.75 0.75 0.78 0.0 3.85 5.21 3.85 5.21
RbPbF; Ce 674508 0.71 0.83 0.95 0.0 3.81 4.84 4.10 5.20
MgS Fm3m 1315 0.98 0.98 0.98 0.0 2.79 3.84 3.61 4.95
RbHgF; Pm3m 7482 0.93 0.93 0.93 0.0 0.65 2.11 2.70 4.90
AgCl Fm3m 22922 0.83 0.83 0.83 0.0 0.95 2.28 2.89 4.81
CsHgF3 Pm3m 561947 0.89 0.89 0.89 0.0 0.76 2.20 2.43 4.59
Be,C Fm3m 1569 0.37 0.37 0.37 0.0 1.19 1.63 4.12 4.56
SrMgH, Cmc2q 643009 0.84 0.90 0.95 0.0 2.74 3.78 3.27 4.52
LiySe Fm3m 2286 0.95 0.95 0.95 0.0 3.00 3.70 3.36 4.36
BP F43m 1479 0.34 0.34 0.34 0.0 1.24 226 3.39 4.35
CaS Fm3m 1672 0.88 0.88 0.88 0.0 2.39 3.34 3.18 4.28
LiCay;B3sNg Im3m 6799 0.86 0.86 0.86 0.0 2.21 3.38 298 4.25
BaSrl, R3m 754852 0.73 0.73 0.80 21.8 3.37 4.22 3.35 4.22

Continued on next page
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Table C.3 — continued from previous page

B, E¢
Formula Spg MP-id my me ms Ep.,i PBE HSE PBE HSE
LiSr,BsNg Im3m 9723 0.89 0.89 0.89 0.0 2.09 3.22 2.95 4.18
NaSr,Bs;Ng Im3m 10811 0.92 0.92 0.92 0.0 1.99 3.14 2.78 4.08
K,LiAlHg  Fm3m 24411 0.65 0.65 0.65 9.1 245 3.70 2.93 4.04
BeTe F43m 252 0.42 0.42 0.42 0.0 2.02 245 3.62 4.04
BasSrlg I4/mmm 756235 0.70 0.81 0.81 7.5 3.23 4.02 3.23 4.02
CaSe Fm3m 1415 0.77 0.77 0.77 0.0 2.09 2.95 299 4.01
LiH Fm3m 23703 0.46 0.46 0.46 0.0 3.02 3.97 297 3.97
AlP F43m 1550 0.56 0.56 0.56 0.0 1.63 2.50 3.09 3.90
YbS Fm3m 1820 0.76 0.76 0.76 0.0 2.22 296 291 3.76
Na,LiAlHg Fm3m 644092 0.66 0.66 0.66 3.9 2.64 3.75 2.89 3.75
SrSe Fm3m 2758 0.83 0.83 0.83 0.0 2.23 3.03 2.80 3.68
BaLiHj3 Pm3m 23818 0.36 0.36 0.36 0.0 2.27 3.26 2.55 3.62
CsPbF; Pm3m 5811 0.39 0.39 0.39 4.6 3.05 3.59 2.92 3.59
Cs3ZnH; I4/mem 643702 0.69 0.93 0.93 0.0 2.75 3.58 2.79 3.58
Al,CdS, Fd3m 9993 0.78 0.78 0.78 20.0 2.47 3.55 2.47 3.56
K,LiAlHy R3m 23774 0.68 0.84 0.84 0.0 2.58 3.52 2.90 3.52
BaMgH, Cmem 643718 0.48 0.55 0.70 4.8 2.32 3.26 2.58 3.51
CaTe Fm3m 1519 0.60 0.60 0.60 0.0 1.55 2.18 2.62 3.50

CssMgHs;  P4/ncc 23947 0.88 0.93 093 0.3 2.61 3.49 2.63 3.49
CssMgHs  I4/mem 643895 0.83 0.94 0.94 0.0 2.59 3.49 2.61 3.49

YbSe Fm3m 286 0.67 0.67 0.67 0.0 1.97 243 2.77 3.48
ZnS F43m 10695 0.81 0.81 0.81 0.0 2.02 3.46 2.02 3.46
TaCusSy P43m 10748 0.98 0.98 098 0.0 1.95 295 234 3.46
Al;ZnS, Fd3m 4842 0.66 0.66 0.66 0.0 2.49 3.43 2.52 3.46
Li; ThN, P3m1 27487 0.85 0.95 0.95 0.0 2.18 3.33 2.34 3.46
MgyBoy,C Pdn2 568556 0.77 0.93 0.93 0.0 2.63 3.41 2.62 3.42
Li,GePbS; I42m 19896 0.61 0.61 0.98 0.0 2.25 3.20 231 3.33
CssHsPd  P4/mbm 643006 0.79 0.83 0.83 0.0 2.28 3.09 2.38 3.32
SrTe Fm3m 1958 0.67 0.67 0.67 0.0 1.77 2.39 248 3.24
MgTe F43m 13033 0.95 0.95 095 09 232 324 232 324
CsTaN, I42d 34293 0.71 0.71 0.92 0.0 2.15 3.22 221 3.22
CssMnHs  I4/mem 643706 0.82 0.96 0.96 0.0 1.65 3.18 1.66 3.21
LiMgP F43m 36111 0.65 0.65 0.65 0.0 1.56 2.00 2.39 3.18
BaS Fm3m 1500 0.85 0.85 0.85 0.0 2.16 3.02 2.30 3.17
LiAlTe, I42d 4586 0.52 0.83 0.83 0.0 2.44 3.11 244 3.11
YbTe Fm3m 1779 0.54 0.54 0.54 0.0 147 1.76 2.46 3.09
LizSb Fm3m 2074 0.24 0.24 024 0.0 0.72 1.15 228 3.06
SrAl,Tey 1422 37091 0.42 0.79 0.80 0.0 1.50 2.66 1.55 3.06
TaCusTey P43m 9295 0.63 0.63 0.63 0.0 1.14 2.50 1.59 3.05
CsPbCl; Amm?2 675524 0.30 0.32 0.33 0.0 2.46 2.99 241 2.99
TaCusSe;, P43m 4081 0.82 0.82 0.82 0.0 1.63 243 2.03 2098
BaSe Fm3m 1253 0.76 0.76 0.76 0.0 1.96 2.59 2.19 2.95
KAg,PS, I42m 12532 0.67 0.82 0.82 0.0 1.27 253 2.05 2.87
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Table C.3 — continued from previous page

B, E¢
Formula Spg MP-id my me ms Ep.,i PBE HSE PBE HSE
AlAs F43m 2172 0.50 0.50 0.50 0.0 1.52 212 1.77 2.84
LiErS, I4:/amd 35591 0.62 0.99 0.99 104 1.99 2.80 1.99 2.80
GaN F43m 830 0.94 094 094 52 157 2.80 156 2.80
CsPbCl; Pm3m 23037 0.26 0.26 0.26 5.5 2.40 2.75 2.19 2.75
GaP F43m 2490 0.45 0.45 045 0.0 1.59 1.97 1.59 2.69
LiSmS, I4y/amd 34477 0.93 0.93 0.99 0.0 1.92 2.69 1.92 2.69
LiGaTe, I42d 5048 0.37 0.70 0.70 0.0 1.59 2.69 1.59 2.69
ThSnlg P3lc 28815 0.55 0.57 0.57 20.8 1.99 232 2.23 2.66
BaTe Fm3m 1000 0.64 0.64 0.64 0.0 1.59 2.22 1.97 2.65
Cul F43m 22895 0.86 0.86 0.86 6.0 1.14 265 1.13 2.65
NbCusSe, P43m 4043 0.82 0.82 0.82 0.0 1.40 2.12 1.79 2.64
TaSbRu F43m 31454 0.73 0.73 0.73 0.0 0.71 1.30 1.84 2.63
Nd,TeS, P3m1 10933 0.45 0.72 0.72 0.0 1.62 223 1.95 2.63

ZrySNy P63/mme 11583 0.40 0.54 0.54 0.0 0.56 1.38 1.62 2.62
CazPCl; Pm3m 29342 0.63 0.63 0.63 0.0 1.84 2.60 1.84 2.60

BaMg,P,  P3ml 8278 0.62 0.62 0.88 0.0 1.15 1.69 1.75 2.60
WS, R3m 9813 0.79 0.91 0.91 3.8 1.34 212 1.84 2.60
CazAsCly;  Pm3m 28069 0.58 0.58 0.58 0.0 1.84 2.57 1.84 2.57
BaSnS, P2, /c 12181 0.44 0.57 0.85 0.0 1.62 240 1.69 2.54
LiZnP F43m 10182 0.40 0.40 040 0.0 1.36 1.69 1.50 2.51
ScCuS, P3ml 6980 0.75 0.75 0.87 0.0 0.88 1.77 1.50 2.50
IrSbS Pca2; 9270 0.50 0.52 0.89 4.5 1.04 1.76 1.54 2.43
Cd,yP5Cl Cc 29246 0.41 0.76 0.80 9.1 1.12 2.06 1.58 2.42
CsPbBrj Pnma 567629 0.25 0.28 0.29 0.0 2.01 2.39 2.01 2.39
Hg,P;Cl C2/c 28875 0.40 0.82 0.99 2.3 1.13 1.89 1.56 2.38
Cd,P3Br C2/c 29245 0.44 0.78 0.87 6.8 1.05 2.01 1.57 2.37
CsNbN, Fd3m 8978 0.53 0.53 0.53 8.2 153 236 1.53 2.36
RbGeBrs;  Pna2; 28558 0.32 0.42 0.47 0.0 199 234 1.99 2.34
IrSbS P2:3 8630 0.39 0.39 0.39 0.0 142 2.18 156 2.34
CazAsBr; Pm3m 27294 0.57 0.57 0.57 0.0 1.67 2.34 1.67 2.34
LiYSe, I41/amd 37879 0.55 0.83 0.83 17.6 1.55 2.33 1.55 2.33
ZrCoBi F43m 31451 0.80 0.80 0.80 0.0 1.15 1.28 1.66 2.31
NaLi,Sb Fm3m 5077 0.41 0.41 0.41 0.0 0.71 1.04 1.61 227
ZnP, P4,2:2 2782 0.37 0.65 0.65 0.0 1.47 2.14 1.59 2.27
KHgF; Pm3m 7483 0.87 0.87 0.87 0.0 0.64 2.26 2.82 2.26

LiHoSe, I41/amd 33322 0.52 0.83 0.83 16.8 1.58 2.25 1.58 2.25
LiDySe, I4y/amd 35717 0.55 0.81 0.82 16.0 1.56 2.23 1.56 2.23

PyPt Pa3 730 0.25 0.25 0.25 0.0 1.06 1.79 1.51 2.22
TbLiSe, I4y/amd 38695 0.61 0.78 0.78 154 1.54 2.20 1.54 2.20
MgGeP, I42d 34903 0.26 0.61 0.61 13.0 1.51 2.16 1.54 2.16

LiSmSe, I4y/amd 35388 0.72 0.72 0.75 0.0 1.51 2.15 1.51 2.15
LiNdSe, I41/amd 37605 0.72 0.72 0.84 7.6 1.52 2.15 1.52 2.15
SrMg,Sb,  P3ml 9566 0.53 0.55 0.55 0.0 0.98 1.42 1.51 2.06

Continued on next page
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Table C.3 — continued from previous page

B, E¢
Formula Spg MP-id mi1 mo ms FEn, PBE HSE PBE HSE
RbAu Pm3m 30373 0.24 0.24 0.24 0.0 0.57 0.49 1.80 2.02
CsAu Pm3m 2667 0.25 0.25 0.25 0.0 1.02 1.25 1.73 1.99
LiNbS, P63/mme 7936 0.61 0.61 0.68 0.0 0.73 1.06 1.56 1.95
AgsSbS; R3c 4515 0.49 0.49 1.00 23 1.00 1.30 1.54 1.94

Fig. C.1 presents scattering rate of BP as a functions of energy at room
temperature (VBMs are set to zeros). The specific contributions of acoustic
(the first three modes) and optical (the remaining ones) phonon-modes are also
shown. We can see that the optical modes are the main source of scattering in
valence band.
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Figure C.1: Scattering rates of BP at temperature of 300 K. The contributions
of acoustic and optical phonon-modes are shown as well.

Fig. C.2 presents scattering rate of both CaTe and LizSb as a functions of
energy at room temperature (VBMs are set to zeros). The specific contributions
of acoustic (the first three modes) and optical (the remaining ones) phonon-
modes are also shown. We can see that the optical modes are the main source
of scattering in both cases.

We performed convergence tests for Gy W calculations over the number
of bands (Np) and the kinetic energy cut-off for dielectric tensor (E.). These
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Figure C.2: Scattering rates of (a) CaTe and (b) Li;Sb at temperature of 300
K. The contributions of acoustic and optical phonon-modes are shown as well.

two parameters will be simultaneously investigated in specific ranges, then we
can choose appropriate values those give acceptable convergence of band gap.
Fig. C.3 and Tab. C.4 show how band gap at I" point of BP evolves with the
change of N and E.. Here, N, = [30,60,90,120] and E. = [4,6, 8,10, 12] Ha.
In the same way, Fig. C.4 and Tab. C.5 show band gap at I point of CaTe
with the change of N, = [75, 150,300, 450] and E. = [6,8,10,12,14]. Fig. C.5
and Tab. C.6 present how band gap at I' point of Li;Sb converges with the
change of number of band and energy cut-off for the dielectric tensor. In the
case, N, = [80, 160, 240,320] and E. = [4,6,8,10, 12] Ha.

r4.10
r4.09
r4.08

r4.07

- 4.06

Figure C.3: The convergence test for the gap at I" point of BP in Gy Wy
computation.
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Table C.4: The evolution of the gap at I' point of BP Eg (in eV) with the
change of number of bands N, and kinetic energy cut-off for dielectric tensor

E. (in Ha).

Ny 30 30 30 30 30
E. 4.0 6.0 8.0 10.0 12.0
Eg 4.04594 | 4.07201 | 4.07725 | 4.07858 | 4.07917
Ny 60 60 60 60 60
E. 4.0 6.0 8.0 10.0 12.0
Eg 4.03933 | 4.07742 | 4.08716 | 4.08918 | 4.08988
Ny 90 90 90 90 90
E. 4.0 6.0 8.0 10.0 12.0
Eg 4.03932 | 4.08337 | 4.09629 | 4.09954 | 4.10009
Ny 120 120 120 120 120
E. 4.0 6.0 8.0 10.0 12.0
Eg 4.03963 | 4.08678 | 4.10168 | 4.10571 | 4.10674
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Figure C.4: The convergence test for the gap at I' point of CaTe in Gy Wy
computation.
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Table C.5: The evolution of the gap at I point of CaTe Eg (in €V) with the
change of number of bands N, and kinetic energy cut-off for dielectric tensor

E. (in Ha).

\\/_3.33
15300

1211109 8

Figure C.5: The convergence test for the gap at I' point of Li;Sb in Go Wy

computation.

Fig. C.8, Fig. C.9, Fig. C.10, Fig. C.11 and Fig. C.12 show defect for-
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Ny 75 75 75 75 75
E. 6.0 8.0 10.0 12.0 14.0
Eg 5.41558 | 5.42030 | 5.42063 | 5.42239 | 5.42275
N, 150 150 150 150 150
E. 6.0 8.0 10.0 12.0 14.0
Eg 5.39362 | 5.39570 | 5.39460 | 5.39418 | 5.39352
Ny 300 300 300 300 300
E. 6.0 8.0 10.0 12.0 14.0
Eg 5.36266 | 5.36771 | 5.36552 | 5.36260 | 5.36077
Ny 450 450 450 450 450
E. 6.0 8.0 10.0 12.0 14.0
Eg 5.34078 | 5.34818 | 5.34680 | 5.34287 | 5.34034
>+\’ F3.41
{ | N 3.40 -—3.40
N\ r3.39
r3.38 L 3.39
r3.38 g
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Table C.6: The evolution of the gap at I' point of Li;Sh Eg (in eV) with the
change of number of bands N, and kinetic energy cut-off for dielectric tensor
E. (in Ha).

Ny 80 80 80 80 80
E. 4.0 6.0 8.0 10.0 12.0
Eg 3.33445 | 3.34410 | 3.34744 | 3.34911 | 3.35034
Ny 160 160 160 160 160
E. 4.0 6.0 8.0 10.0 12.0
EgF 3.37762 | 3.39112 | 3.39166 | 3.39208 | 3.39262
Ny 240 240 240 240 240
E. 4.0 6.0 8.0 10.0 12.0
Eg 3.37743 | 3.40028 | 3.39860 | 3.39749 | 3.39752
Ny 320 320 320 320 320
E. 4.0 6.0 8.0 10.0 12.0
Eg 3.37587 | 3.40757 | 3.40897 | 3.40748 | 3.40683

mation energies and phase diagrams of AlP, BaLiH,, LiH, SrTe and Al,ZnS,
(computed by DFT), correspondingly. The facets of phase diagrams in which
the chemical potentials of elements were estimated are marked to correspond-
ing defect formation energies. It worth noting that although DFT calculations
using GGA underestimate band gap, the defect formation energy computed
with it is still reliable [358]. In HSE computations, the VBM shifts down while
the CBM shifts up, therefore, the general trend of defect formation energy is
similar to that in DFT-GGA computations. The change of formation energy
is small as well [358].
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Figure C.6: The defect formation energy as a function of Fermi level of intrinsic
and extrinsic defects for CaTe (left) and the phase diagrams with chemical
potentials of each element in specific facets (right). The intrinsic defects include
vacancies (Vacc, and Vacr,), anti-sites (Tec, and Car,) and interstitial atoms
inserting into the tetrahedral hollows formed by 4 Te atoms (Cajtet,Tes) and
Tej(tet, Tea)) While Na, K and Li are used as the extrinsic defects substituting
onto Ca-sites (Naca, Kca and Lic,). The chemical potential of elements are
obtained from phase diagrams of Ca-Te and Ca-Te-X (X=Na, K and Li) for
intrinsic and extrinsic defects, respectively. The VBM is set to zero.

Sbh Li

T
1

0 ! 00
a4
:

02 i = ~2.945(eV)

s = —5.164(cV)

04

Defect formation energy (eV)

Formation energy (eV/atom)

-0.6

00 02 04 06 08 10
Fermi energy (eV)

-0.8 LisSb

— Vaciia Lisn  — Litoct, sbatiay — Sbioct, svLia)

Vacii, —— Sbiix — Lijoct, sbLis) Sbjtoct, sbLis) 0.0 0.2 0.4 0.6 08 1.0
Vacsy, Sbyiz Fraction

Figure C.7: The defect formation energy as a function of Fermi level of intrin-
sic defects for LizSb (left) and the phase diagram with chemical potentials of
each element in a specific facet (right). The intrinsic defects include vacancies
(Vacpi1, Vacpie and Vacgy), anti-sites (Ligp, Sbri1 and Sby; o) and intersti-
tial atoms inserting into the octahedron hallows formed by Sb and Li atoms
(Lij(oct, sb2Lia)s Lioct, SbLis)s SDPi(oct, sborLia) and Sbi(eet, spLis))- The chemical
potentials of Li and Sb are obtained from their phase diagram. The VBM is
set to zero.

Tab. C.7 shows information for different A;B compounds (A = Li, Na, K,
Rb and Cs; and B = N, P, As and Sb). The very unstable compounds are not
considered here. The data of compounds with narrow gap F, < 0.4 eV is not
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Figure C.8: The phase diagram and defect formation energies of AIP in Al-rich
and P-rich conditions.

presented because the values of effective masses are not reliable.

Table C.7: Formula, space group (Spg), Materials Project [208, 209] iden-
tification number (MP-id), fundamental E, computed with DFT (in eV),
three principal hole effective masses my, mo and ms (m,-free electron mass)
and stability measured by energy above hull Ej,; in the phase diagram (in
meV /atom).

Formula  Spg MP-id E, mq Mo ms Ernun
LisN P6/mmm 2251  0.98 1.09 1.09 5.30 0.0
LigN P63 /mmece 2341 1.22 1.60 1.60 3.66 10.0
Li;P P63/mmec 736 0.70 0.84 0.84 2.41 0.0
LisAs P63/mmec 757  0.64 0.74 0.74 2.10 0.0
Li;Sb P63 /mme 7955 0.48 0.61 0.61 1.75 3.0
Li;Sb Fm3m 2074 0.85 0.24 0.24 0.24 0.0
NasP P63 /mmc 1598 041 161 1.61  6.52 0.0
NasSb P63/mmec 7956  0.40 1.10 1.10 3.85 0.0
K;Sb Fm3m 10159 0.68 5.22 5.22 5.22 29.0
RbsSb Fm3m 33018  0.43 1.71 1.71 1.71 34.0
Cs3Sb Fm3m 10378  0.61 1.03 1.03 1.03 0.0
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Figure C.9: The phase diagram and defect formation energies of BaLiH; in
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