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Chapter 1. General Introduction 

1.1. Introduction 

1.1.1. History and the present study 

Novel functionality of semiconductors has been a strong driving force for a variety 

of revolutionary change and innovations in modern society. Since the invention of 

germanium based bipolar transistor in 1947-19481,2 and the subsequent success of silicon 

based metal-oxide-semiconductor field effect transistor, semiconductor devices have 

given rise to a new field, solid state electronics. Nowadays, Si-based large scale integrated 

circuits are key components in almost all electrical and electronic systems. In the 

meantime, compound and oxide semiconductors have established unique positions in 

those applications where Si devices cannot exhibit good performance owing to intrinsic 

material properties. For example, III-V semiconductors such as GaAs and InP have been 

widely employed for high-frequency devices and light-emitting diode3,4. Oxide 

semiconductors such as In2O3 and SnO2 have been used for various applications such as 

transparent conductor and gas sensor5,6.  

In 1997, Kawazoe et al launched a novel design for p-type transport in wide-gap 

oxides where previous oxides cannot contribute7. They established the strategy to utilize 

“the chemical bonding between Cu 3d and O 2p orbitals” and validated it through 

experiments of CuAlO2. This material design has opened up new avenues to develop 

hetero p-n junction of wide-gap oxides. In 2004, Nomura et al identified high electron 

mobility in amorphous of In-Ga-Zn-O system (a-IGZO)8. The electron mobility of a-

IGZO (~10 cm2 V-1 s-1) is similar to those of the corresponding single crystals (~10 cm2 

V-1 s-1). Conversely, for silicon, amorphous state reduces its carrier mobility (~0.1-1.0 

cm2 V-1 s-1) from that of single-crystalline silicon (~100-1000 cm2 V-1 s-1). The a-IGZO 
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have been applied for the thin-film transistor in display backplane electronics, where the 

previous semiconductors cannot perform efficiently. This innovative functionality is 

based on the concept: the large spatially extended s orbital” of Ga3+ and In3+. Figure 1 

summarizes the history of material design for wide-gap semiconductors. Always, 

realizing unique properties have been based on the novel material design.  

These proposed material design is simple and outstanding, but don’t incorporate the 

properties of point defects and valence changes, which are very important when carrier 

doping. Therefore, Cu based oxides are difficult to exhibit n-type conduction due to Cu1+ 

vacancy9 and usual oxides don’t show hole transport due to O2- vacancy (and its deep 

valence band minimum). This poor dopability in wide-gap oxides results in problematic 

bipolar conduction, inhibiting homo p-n junction devices.  

Considering the properties of defects, the design of semiconductor based on early 

transition metals (eTMs) is proposed. Almost previous semiconductors are constructed 

with p-block elements and post transition metals (pTMs), summarized in Figure 1. The 

eTMs are expected to effectively prevent cation vacancy, as described in section 1.3. This 

feature is important to control the carrier polarity in their ionic semiconductors. 

Additionally, the novel semiconductor based on the eTMs will also give new insights to 

defect physics for semiconductors. 

Herein, target properties are bipolarity in wide-gap semiconductor, where wide-gap 

is basic for transparent electronics and next-generation power electronics. In the category 

of semiconductors based on the pTMs, it is difficult to achieve the coexistence of 

bipolarity and wide bandgap. However, the eTMs are suitable for polarity switch due to 

the effective prevention of cation vacancy. 

In this doctoral thesis, I established design of wide-gap bipolar semiconductor. First, 
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tetragonal phase of ZrOS was proposed as transparent bipolar semiconductor in chapter 

2. This design is based on three reliable strategies: utilizing eTM cations (Zr4+) for 

improving carrier dopability, establishing chemical bonding suitable for bipolarity, and 

preparing forbidden bandgap to keep optical transparency. Then, by extending the 

concepts associated with ZrOS, hexagonal phase of LaSeF was found as a candidate of 

wide-gap bipolar semiconductors. However, accidentally, a polymorphic change from 

hexagonal to tetragonal phases was observed, accompanying a major carrier switch 

induced by doping of LaSeF. This is a rare case of a change in polymorph and carrier 

polarity induced by impurity doping. As a result, these findings will provide new insights 

into the design of wide-gap semiconductors. 

 

1.1.2. Frontier of materials exploration 

Recent progress in computer performance has stimulated data-driven materials 

exploration, so-called materials informatics. This is a method to find a material with the 

desired functionality by applying quantum calculation to an enormous number of 

materials on database such as ICSD. There are many articles related to materials 

informatics, for example, wide-gap n-type10 and p-type11,12 conductive oxides, transparent 

p-type conductors13,14, thermoelectric materials15, solar absorber16,17, electride materials18, 

and so on. Taking this mainstream into consideration, material exploration with no 

concept is impossible. However, for any materials exploration, the initial “idea” and 

“material concept” are required before the quantum calculation19. Thus, the aim of this 

study is to provide the initial “material concept” and “material design” based on a reliable 

strategy.  

 



7 
 

1.1.3 Outline for introduction 

The outline of the following introduction is described here.  

In section 1.2, the theory of chemical bonding is introduced to design functional 

semiconductor. The chemical bonding is a powerful tool to design electronic structure 

from constituent elements and crystal structure.  

In section 1.3, the defect physics is described. The controllability of carrier polarity 

is determined by balance between ease of point defects and electronic structure. 

In section 1.4, the objective of this doctoral thesis is shown.  

 
 
 

1.2 Electronic structure of semiconductor 

In this chapter, the bridge between elements and crystal structure, electronic structure, 

and physical properties in semiconductor is described. Figure 2 summarizes the aim of 

this chapter. First, section 1.2.1 shows relationship between physical properties for 

semiconductors and its electronic structure. Then, section 1.2.2 indicates how to design 

the electronic structure from constituent elements and crystal structure by considering the 

chemical bonding. Finally, section 1.2.3 and 1.2.4 demonstrate electronic structures of 

several previous semiconductors and its performance, respectively. 

 

1.2.1 Physical properties and band structure 

Band structure is a powerful tool to guide the properties of semiconductors, namely 

the electrical transport and the optical absorption. Switching the carrier polarity (n-type 

and p-type), i.e., bipolarity, plays an essential role to fabricate p-n junction. Additionally, 

the optical absorption properties determine the application of the semiconductor. If high, 
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such semiconductor is suable for solar absorber or light emitting device, but if low, for 

transparent electronics.  

 

Electrical conductivity 

The electrical conductivity σ is defined by the product of mobility µ and carrier 

concentration n, i.e., σ = enµ 20. The µ is represented as µ = eτ/m*. Here, the τ denotes a 

mean free path, strongly depending on the crystalline state. The m* represents the 

effective mass deriving from the band dispersion, 1/m* ∝ d2E(k)/dk2. As band curvature 

is sharper, m* is smaller and µ is larger as shown in Figure 4a. Therefore, sharp curve of 

band edge is required in order to obtain high electrical conductivity. The n at the room 

temperature is the number of electron or hole thermally excited from donor level or to 

acceptor level, respectively. The dopability of semiconductors are determined by the 

balance between ease of point defects and stability of carrier in a band. The latter is 

important from the viewpoint of electronic structure, and it is understood by the energy 

levels of CBM and VBM from a vacuum level, represented in Figure 4b. The electron 

and hole doping into semiconductors require a material with a large electron-affinity 

(deep CBM) and small ionization potential (shallow VBM) 21, respectively, because the 

electrons are more stabilized in a deeper CBM and removing the electrons from the VBM 

level (i.e., generating the holes) is easier in a shallow VBM.  

 

Optical absorption 

The optical absorption occurs when electrons in the VB are excited to the CB by 

photon. The key parameters for this property are the bandgap Eg and the absorption 

coefficient α. The Eg is defined as the energy gap between CBM and VBM, being 
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consistent with the absorption edge. On the other hand, the α depends on the various 

factors; the k points of CBM and VBM levels, the forbidden or allowed transition of band 

edges, joint density of state (JDOS), and momentum matrix element (MME). The 

different k point of band edges (the indirect bandgap) suppresses the optical absorption 

because the optical excitation is done via phonon transition based on the conservation of 

momentum. Then, the forbidden transition of band edges also reduces the optical 

absorption. The edge of α for indirect, direct forbidden, and direct allowed bandgap are 

described as α ∝ (hv-Eg)n/hv (absorption edge) with n = 2, 3/2, and 1/2, respectively22. 

As shown in Figure 5 (here, Eg = 1 eV), the direct allowed transition exhibits the steep 

edge of α. However, the weak α around Eg is shown in the direct forbidden and indirect 

bandgap. In the case of the direct allowed transition, we should consider JDOS and MME. 

However, because these parameters are not taken into consideration in the material design 

of this research, the explanation for them is omitted. 

 

1.2.2 Theory for material design 

Here, the theory of chemical bonding is described. We must design materials with 

desired functionality from constituent elements and crystal structures. An understanding 

of chemical bonding between atoms is important for this purpose. The chemical bonding 

is a powerful tool to connect the real and reciprocal space imaging. For example, imaging 

the flow of electrons in the semiconductor, the electron carrier travel along the path of 

atomic orbitals forming the conduction band. If the route is not paved, the carrier will not 

flow, i.e., this route corresponding to flat CB. This pathway is formed by the chemical 

bonding between atomic orbitals. Therefore, we consider the process that the chemical 

bonds in real space form the electronic structure in reciprocal space. 
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The chemical bonding follows three factors; energy level of atomic orbitals, 

irreducible representation of atomic orbitals, and separation between atoms. Here, the 

theory of chemical bonding is qualitative, not quantitative. The quantitative is required 

for the detailed analysis but not appropriate for the initial design of the material. 

 

Chemical bonding  

As the distance between atoms decreases, the atomic orbitals mix and form new 

ground states. Figure 6 shows the schematic of chemical bonding in two equivalent atoms 

(a) and two atoms of different polarity (b)23. The chemical bonding is constructed as 

combinations of atomic orbitals, and are then populated by electron pairs. When two 

equivalent atomic orbitals, sA and sB, combine, they yield a bonding combination and a 

corresponding anti-bonding orbital. The bonding combination is characterized by positive 

overlap, and by concentration of electron density in the region between the nuclei, 

resulting in the low energy level. By contrast, the anti-bonding combination exhibits 

negative overlap, and a node of the combined atomic orbitals in the region between the 

nuclei. When sA and sB are s orbitals, the bonding combination is sA + sB, and the 

antibonding one sA – sB, as shown in Figure 6a. Similar to (a), the chemical bonding is 

also constructed in the case of (b). However, unlike (a), the components of sC (here, 

cation) largely contributes to the anti-bonding state (sC − sD). Conversely, the sD (anion) 

mainly constructs the bonding state (sC + sD). Thus, the atomic polarity results in the large 

difference of the energy levels between (sC + sD) and (sC − sD).  

Related to the polarity, the valence state of atoms is important for understanding the 

components for the CB and VB in band structure. For example, in the case of NaCl, the 

3s orbital of Na+ is unoccupied and the 3p orbitals of Cl− is fully occupied, owing to the 
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difference of polarity. Therefore, the CB and VB in NaCl are mainly composed of the 3s 

of Na+ and the 3p of Cl−, respectively. Another example is tin oxides (SnO and SnO2). In 

SnO, the 5p orbitals of Sn2+ are empty and compose the CB. The 5s of Sn2+ and the 2p of 

O2− are filled and therefore constitute the VB. On the other hand, in SnO2, its CB and VB 

are composed of the unoccupied 5s of Sn4+ and the occupied 2p of O2−, respectively. 

 

Energy level of atomic orbitals 

The polarity of atoms is related to the ionization energy and the electronegativity. The 

higher the ionization energy (and the electronegativity), the deeper the energy level of the 

atomic orbitals relative to the vacuum level. Figure 7a shows the ionization energy as a 

function of atomic number 24. The energy level becomes deeper from the alkali metal to 

the halogen. This fact represents that the alkali metals and the halogens work as the 

strongest cations and anions, respectively. Additionally, the energy level of atoms is 

shallower as heavier, shown in Figure 7b 25. 

As a tendency for electronic structure of semiconductors, the energy level of CBM 

mainly composed of alkali, alkaline earth, and early transition metals is too shallow to 

achieve n-type conductor. On the other hand, oxides and halides are not suitable for hole 

transport due to their deep VBM levels. For pnictogen and Te compounds, the bandgap 

often closes, resulting in a semimetallic state.  

 

Symmetry and irreducible representation 

Even in the case of near energy levels, the atomic orbitals with different irreducible 

representations (Irrep) never mix with each other. The state where an overlap of orbitals 

is forbidden by an Irrep is called “non-bonding state”. The Irrep is the symbol that 
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represents the periodic pattern of negative and positive phases of wave function in unit 

cell. When two orbitals possess the same Irrep, they mix and form the chemical bonding 

with each other 26. Figure 8a is a schematic for the periodic pattern of atomic orbital 

phases. Here, the chain-type structure is formed of the s orbital on site A, sA, with 

multiplicity two and the p orbitals on site B, pB, with multiplicity one. The in-phase 

configuration of sA orbital (sA (in)) is totally symmetric and forms the boding nature. On 

the other hand, the out-of-phase configuration of sA (sA (out)) possesses the inversion 

symmetry with site B as the boundary, resulting in periodical repeats of the positive and 

negative sign of atomic phases. This periodicity is the same to the pB
σ orbital, which also 

has the inversion symmetry with site B. Thus, the overlap integral between the sA (out) 

and pB
σ is finite, yielding the bonding and anti-bonding state as shown in Figure 8b. 

However, the periodic pattern of the sA (in) and pB
π orbitals don’t correspond to other 

orbitals, forming non-bonding state, respectively.  

The Irrep depends on four factors: point group (space group), symmetry of atomic 

orbitals (s, p, or d orbitals), multiplicity and site symmetry, and k point. Here, this section 

indicates only the description for material design, not the mathematical details. 

(i) Space group and point group 

The space group determines the number of Irrep, which corresponds to the number 

of symmetry operation in the point group. Therefore, the number of Irrep increases in the 

higher symmetrical crystal structure. With the low symmetry crystal structure, the atomic 

orbitals belong to the same Irrep with high probability, forming the chemical bonding 

state. Conversely, the non-bonding state often occur in the crystal structure with high 

symmetry. 

(ii) Symmetry of atomic orbitals (s, p, or d orbitals), 
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The atomic orbital has the specific symmetry depending on each shape. For example, 

s orbital is totally symmetric in real space. The in-phase configuration of the same atomic 

orbital ensures the bonding state regardless of its site symmetry. Conversely, the different 

atomic orbitals often form the non-bonding with each other. 

(iii) Multiplicity and site symmetry 

The Irrep in which the atomic orbit is characterized depends on the multiplicity and 

site symmetry. For example, when two atoms are present in the unit cell (that is, 

multiplicity two), the pattern of the sign of the wave function is divided into the in-phase 

and out-of-phase configurations. The number of Irrep of its atomic orbitals is at most its 

multiplicity.  

The atomic orbital located at the low multiplicity site of the high symmetry crystal 

structure strongly interacts or doesn’t form any bonding with the neighboring atomic 

orbitals. From the viewpoint of Irrep, the non-bonding state often appears with the 

different atomic symmetry on the high symmetry site in the high symmetry crystal 

structure. 

(iv) The k point 

The periodicity of wave function is changed by the k point. For example, at the G 

point, k = (0, 0), the wave function is periodic in the unit cell, that is, the wave function 

of the neighbor unit cell is the same phase to that of the unit cell. In the case of the X 

point, k = (π/a, 0), the periodicity of wave function is twice along the x direction, that is, 

the wave function of the nearest unit cell is the inverse phase to that of the unit cell. 

Therefore, we can regard that the formal unit cell doubles on the x axis and then changes 

the Irrep of the atomic orbitals.  
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Band Width 

One important feature of a band is its dispersion, or band width; the difference in 

energy between the highest and lowest levels in the band. The width of bands depends on 

the separation of atoms in the real space. Figure 9 illustrates example in detail for a 

molecular and a chain of H atoms spaced 3, 2, and 1 Å apart 27. Figure 9a shows the 

energy levels of anti-bonding and bonding between hydrogens as a function of H-H 

distance. The shorter the distance, the larger the energy difference between them. This 

schematic corresponds to the band dispersion of the chain as shown in Figure 9b. At k = 

π/a, the phase of nearest atom is inverted and induces the anti-bonding nature. This results 

in the sharper curvature with the shorter separation of the atomic orbitals. The imagination 

of the electron path in real space is consistent with the feature of band curvature. For 

example, in the case of large separation, a = 3 Å, moving the electron is possible only by 

hopping between atomic orbitals. This hopping process inhibits the smooth movement of 

electrons and is consistent with the flat band. On the other hand, for a = 1 Å, the electron 

path is connected, leading to a good electrical transport. This short separation in real space 

brings the sharp curvature in band structure. 

 

Bloch equation and chemical bonding 28 

In the periodicity of crystal structure, the wave function is defined as the Bloch 

function. Figure 10 summarizes the relationship between the chemical bonding and the 

Bloch equation. The factor eikr induces the inverse phase in the nearest atom at k ≠ 0. For 

example, at k = π/a, the phase of atomic orbital on r = a is inverted but on r = 2a is the 

same. This induces the bonding state of p orbitals and decreases the energy level. 
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Selection rule for band structure 

The Irrep gives the information of not only chemical bonding but also transition of 

states by photon. The selection rule of a interband transition of the band structure is 

derived from a triple direct product (TDP) between an initial state, a final state, and a 

direction of polarity of electromagnetic radiation29. When the triple direct product 

includes the totally symmetric representation (A1 and A1g), its transition is allowed. 

Generally, when the two states correspond to the same Irrep, its direct product produces 

the totally symmetric class A1g (A1). Therefore, if the direct product between the CBM 

state and the VBM state (CBM ⊗ VBM) includes the Irrep of polarization of the light 

(CBM ⊗ VBM ⸧ px/y/z), the interband transition of its band edge states is allowed (CBM 

⊗ px/y/z ⊗ VBM ⸧ A1 or A1g). Figures 11 shows the multiplication tables for D4h and 

D2d, whose matrix denotes the direct product between band states having a row of Irrep 

and a column of Irrep. The allowed transitions are marked with the orange and blue colors 

for the px (py) and pz polarized lights, respectively. Apparently, in the case of D4h group 

which has 10 classes of Irrep, the many forbidden transitions relatively appear than the 

case of D2d group due to odd and even characters. Thus, it is indicated that the nature of 

the forbidden optical transition is closely related to the point groups with the high 

symmetry. 

 

Strategy for material design  

(i) Electrical conductivity 

Effective mass of electron and hole 

The effective mass is described as 1/m* ∝  d2E(k)/dk2, which corresponds to the 

difference in the energy with the slightly change of k point on band edge. There are three 
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simple methods to reduce the effective mass. First, short separation of atoms is useful. 

The short separation of cations (anions) is effective to decrease the electron (hole) 

effective mass. The second is to utilize a largely spread atomic orbitals derived from the 

high group of elements. Third is to utilize the fact that the chemical bonding state changes 

in k space. The change of chemical bonding state depending on k point makes the 

bandwidth wider. 

 

Energy levels of CBM and VBM from vacuum level 

To decrease the CBM level requires high ionization energy of cation, low Madelung 

energy from anion, weak anti-bonding between cation and anion, and strong bonding state 

between cations. On the other hand, the VBM for hole doping is oppose to the CBM for 

electron doping. The requirements for enhancing the VBM level are low ionization energy 

of anion, low Madelung energy from cation, weak bonding nature between cation and 

anion, and strong anti-bonding between anions. 

(ii) Optical absorption 

Bandgap 

The energy levels of CBM and VBM determine not only carrier doping efficiency but 

also bandgap. 

Indirect or direct bandgap 

It is difficult to exactly predict the k point of CBM and VBM states. This reason is 

that its maximum or minimum energy levels are determined depending on how atoms are 

arranged in the unit cell and the specific form of the atomic orbitals.  

Forbidden or allowed transition of band edge 

This content is described above in Selection rule for band structure. As the symmetry 
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is higher, the forbidden transition often appears. 

 

1.2.3 Review of electronic structure previously reported 

In this section, we review electronic structures of functional semiconductors known 

so far. In the beginning, the valence state of cation and anion should be checked to 

understand the chemical bonding. For example, in the case of Sn2+, since it takes the state 

of (5s)2(5p)0 as electronic configuration, the energy of Sn 5s orbital is below Fermi energy 

because the orbital is formally filled by electrons, and the energy of Sn 5p orbital is above 

Fermi energy. On the other hand, in the case of Sn4+ whose state is formally (5s)0(5p)0, 

its s orbital forms not the valence band but the conduction band. Thus, SnO and SnO2 are 

totally different compounds from the view point of electronic structure. Figure 12 shows 

the schematic electronic structure of Si, oxides, and Cu based oxides. 

 

(i) Covalent semiconductor: Si 

Si is representative of covalent semiconductors, whose band edge states are 

composed of hybridized sp3 σ and σ*-bonding as VBM and CBM, respectively. These 

features are derived from tetrahedral network in Diamond or Wurtzite crystal structure. 

The high mobility and efficient carrier doping appear in IV or III-V semiconductors, 

where have been applied to a variety of optelectronic devices.  

 

Main Group elements as cation 

(ii) oxides based on the cations with spatially spread ns orbital: In2O3 

In2O3 is famous as transparent conductive oxides (TCOs) and is shown here as a 

representative of a conventional oxide semiconductor. The material design of TCOs is 
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based on post-transition metal (pTM) ions such as In3+, Cd2+, and Sn4+, whose states are 

((n-1)d)10(ns)0(np)0, n ≥ 530,31,32. The unoccupied 5s orbitals of In3+ and Cd2+ widely 

spatial spread, thus bringing the strong bonding between cations (Figure 12b). 

Decreasing CBM level and electron effective mass lead to the excellent n-type 

conductivity. Additionally, the deep VBM level composed of O p orbitals widens the 

bandgap and keep the optical transparency in the visible light. However, the fabrication 

of p-type conductivity is difficult due to its deep VBM, preventing homo p-n junction. 

From the viewpoint of chemical bonding, the family of In2O3 33 are ZnO 34, Ga2O3 
35, CdO 

36, SnO2 
37, and InGaZnO4 

38,39.  

 

(iii) Cu1+ based oxides: CuAlO2 

CuAlO2 is the first reported transparent p-type oxide semiconductors 7. In order to 

obtain p-type in oxides, they utilized Cu1+ whose 3d orbitals is filled with electrons, 

(3d)10(4s)0. The fully occupied 3d orbitals form the chemical bonding with O 2p orbitals, 

widening the valence band width. This anti-bonding raises the VBM level and decreases 

the hole effective mass (Figure 12c). Additionally, expansion of the bandgap requires 

shallow CBM level. For it, they weakened the bonding state of Cu 4s by using two 

dimensional structure of CuAlO2. Extended from this material concept, CuGaO2 
40 and 

CuInO2 41 are discovered. In particular, CuInO2 was noted as the transparent bipolar 

semiconductor. Its CBM is composed of spatially spread 5s orbitals of In3+, which is 

suitable for the n-type conductivity. This chemical bonding results in the narrow bandgap, 

but the optical transition of band edges is forbidden by crystal symmetry 42. These features 

lead to the bipolar conduction with remaining the optical transparency. From the 

viewpoint of chemical bonding, the family of CuAlO2 43 are Cu2O 44, SrCu2O2 45,46, 
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LaCuOS 47, CuInSe2 48, Cu3N 49, and CuI 50. 

 

(iv) Sn2+ based oxides: SnO 

SnO is one of the transparent bipolar semiconductors 51. The electronic structure of 

SnO is similar to that of Cu based oxides in terms of the use of anti-bonding between 

cation and anion. Since the formal electronic configuration of Sn2+ is (5s)2(5p)0, the 

occupied 5s and unoccupied 5p orbitals compose the VB and CB. Its CB is mainly 

composed of Sn p orbitals and its VB is composed of the anti-bonding between Sn 5s 

orbital and O 2p orbitals. Although SnO is narrow-gap semiconductor, this material keeps 

optical transparency by indirect bandgap 52. From the viewpoint of chemical bonding state, 

the family of SnO 53 are PbO 54, InI 55, and CsPbI3 56.  

 

(v) Superdegeneracy based n-type transport: SrGeO3 

SrGeO3 is the first Ge based transparent electronic conductor57. Conventional design 

for TCOs is based on the properties of elements, that is, TCO cations. However, the design 

of SrGeO3 is based on the crystal symmetry, namely, “superdegeneracy”58. The 

superdegeneracy denotes the non-bonding between cation and anion at the specific k point. 

Figure 13 shows the electronic structure and the schematic of orbital diagram at the Γ 

and X points. At the Γ point, Ge 4s orbital is prohibited from interacting with O 2p orbitals 

due to its local symmetry and periodicity. Additionally, the bonding state between Ge and 

Ge in neighboring unit cell deepens the CBM level, resulting in n-type conduction. In 

order to eliminate the anti-bonding between Ge 4s and O 2p, the high symmetry crystal 

structure, cubic perovskite, is important. On the other hand, at X point, the reactive anti-

bonding between Ge 4s and O 2p enhances its energy level, resulting in broad bandwidth 
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and small effective mass of electron. Similar to other oxides, the deep VBM level O 2p 

keeps the optical transparency in the visible light. 

 

Transition metals as cations 

(vi) Ligand field and d6 cations: ZnRh2O4 

ZnRh2O4 is reported as wide-gap p-type oxide semiconductors59, based on the design 

utilized the ligand field between Rh 4d orbitals and O 2p orbitals. The octahedral 

coordination (RhO6) splits the energy levels of d orbital into eg and t2g. Six electrons of 

Rh3+ occupy the t2g level, that is, the low-spin state of (t2g)6(eg)0 due to its large ligand 

field60. The (t2g)6(eg)0 electronic configuration of Rh3+ is similar to the (3d)10(4s)0 of Cu1+. 

The p-type conduction is validated by experiments. 

 

(vii) High spin state and d5 cations: Cr2MnO4 

Cr2MnO4 is designed as transparent p-type conductor, by utilizing the high spin state 

of Mn2+ 12. The half-filled 3d orbitals of Mn2+, (3d)5(4s)0, induces spin polarization state, 

whose up and down spin texture compose its VB and CB, respectively. The polarized 

state in band components leads to the forbidden transition, enhancing optical transparency. 

However, the strongly correlated state localizes electrons leading to flat bands and large 

effective mass. 

 

(viii) Covalent bond of 5d orbitals: TaIrGe 

TaIrGe is transparent p-type conductor, which is discovered by utilizing “Inverse 

Material Design” 14. The crystal structure is a half Heusler and the covalent bond between 

Ta 5d, Ir 5d, and Ge 4p orbitals composes the VBM. This is a novel design because the 
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covalent bonding of the large extended 5d orbitals is utilized. This strong covalent 

bonding results in the small hole effective mass and the wide-gap nature in this material.  

 

1.2.4 Summary of physical properties previously reported 

In this section, the reported physical properties so far are summarized. Generally, the 

semiconducting properties, in particular, carrier mobility, strongly depend on its 

crystalline (i.e. growth process) 61,62,63. Single crystalline, where electrons have long mean 

free path, exhibits a higher mobility than poly crystalline. Table 1 summarizes the 

electrical transport properties for semiconductors representing the electronic structure 

shown in section 1.2.3. Although the bipolarity with wide-gap nature appears in the 

covalent semiconductors such as GaN, the most oxides are limited to unipolar transport.  

 
 
 

1.3 Defect physics for semiconductors 

Here, we consider the effect of defects on semiconductors. In the above, the “ideal” 

electronic structures were introduced. However, the real crystal usually possesses the 

defects such as the vacancy, interstitial atom, and antisite of atoms. These defects behave 

as the source of carriers or carrier-killer. Thus, this property is important for controlling 

electronic transport properties. As described below, the tendency of defects follows a 

defect formation energy. Here, the formation energy of the point defects is explained and 

then the empirical doping rule is introduced.  

 

Formation energy of point defects 

The point defects in ionic compounds induce the electron or hole carrier due to its 
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charge neutral condition. Thus, it is important to understand the behavior of point defects 

from the viewpoint of the control of carrier concentration and polarity. The defect 

formation energy, Ef, was evaluated as 64,65 

                  F
i

ii
p

t
d
tf qEnEEE +∆−−= ∑ µ   (1) 

where Et
d and Et

p denote the total energies of the supercell containing a defect with the 

charge q and the perfect-crystal supercell, and ∆ni is the difference in the number of 

constituent atoms of type i before and after defects (for instance, in ZnO, ∆NZn = 0 and 

∆NO = −1 for the O vacancy and ∆NZn = 1 and ∆NO = 0 for the Zn interstitial). µi and EF 

are the atomic chemical potential and the Fermi energy, respectively. µ is a parameter 

possible to be controlled with an atmosphere of various gas.  

Figure 14 shows formation energies of oxygen vacancy with q = 0, +1, and +2 as a 

function of the Fermi level66. (a) and (b) represent O-poor and O-rich limit conditions, 

which are different in chemical potential of oxygen. There are mainly two important 

things in this figure. The first one is the donor level derived from oxygen vacancy. This 

level is determined by the cross of formation energies with neutral and 2+ charge 

vacancies. Therefore, the donor level is located on the ~2.2 eV above VBM level (~1 eV 

below CBM level), indicating deep donor level. This denotes that the oxygen vacancy 

doesn’t play an effective role to generate electron carrier, at least from the viewpoint of 

calculation. In additional explanation, at EF = 3 eV above VBM level, the oxygen vacancy 

doesn’t release the electron carriers because the formation energy of neutral vacancy is 

the smallest as shown in Figure 14a. The second thing is the formation energy around 

VBM level in O-rich condition (b). O-rich condition represents the most suitable 

condition for hole-doping owing to effective prevention of O vacancy. However, Figure 

14b shows the formation energy of 2+ charge vacancy is near to zero around VBM level, 
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indicating small enough to behave as a hole killer. Therefore, p-type doping into ZnO is 

difficult.  

Considering the example of O vacancy in ZnO, one of the important factor in (1) is 

the value of Et
d - Et

p which represents the difference in total energy of crystal between 

before and after defects. To prevent the ion vacancies working as carrier-killer requires 

the high value of Et
d - Et

p. Unfortunately, the law determining Et
d - Et

p remains unknown. 

However, several origins of Et
d - Et

p can be thought intuitively. 

 

Estimated origin of point defects 

(i) Vacancy = low coordinated or asymmetric local structure 

The formation energy of vacancy depends on the coordination number and the local 

structure. For example, in Cu2O, the local structure of Cu forms the dumbbell, O-Cu-O, 

and two atoms of O are coordinated to Cu. The low coordinated Cu is easy to become 

vacancy because it is easy to cut two hands of Cu-O. That is, the total energy is not much 

different between O-Cu-O and O-VCu-O. Figure 15a shows formation energies of defects 

in Cu2O 9. Clearly, the Cu vacancy possesses the low formation energy than other defects. 

Additionally, the acceptor level derived from Cu vacancy is located at 0.25 eV from VBM 

level, being shallow enough to supply hole carrier. Therefore, Cu based oxides which 

have the dumbbell-like local structure often exhibit intrinsic hole transport. As an another 

example, Sn vacancy in SnO is introduced. The local structure around Sn2+ in SnO is 

unsymmetric to c-axis direction, and four bonds of Sn-O forms only at one side. This 

unsymmetric structure induces the easy formation of Sn vacancy. Figure 15b shows 

formation energies of defects in SnO67. Both of the formation energies of Sn and O 

vacancies are sufficiently small. However, although the acceptor level formed by Sn 
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vacancy is located at the level near to VBM, the donor level originated in O vacancy is 

relatively deep (~0.1 eV below CBM) even in narrow bandgap (~0.3 eV including DFT 

error). This indicates that the Sn vacancy works as hole-doping but O vacancy doesn’t 

generate the electron carrier. In fact, SnO intrinsically exhibits p-type conduction, and n-

type of SnO is accomplished with heavy substitution (~8 %) of Sb3+ into Sn2+ site 51.  

Generally, the low valence state such as Cu1+ induces the low coordination number. 

Thus, in order to fabricate n-type, low valence cation is not suitable. Conversely, the high 

valence state such as Y3+ and Zr4+ is useful to prevent the cation vacancy due to its high 

coordination number. 

(ii) Antisite = two constituent atoms with similar ionic radii and local structure 

Antisite occurs between atoms with similar ionic radii and local structures. CuInSe2 

(CIS) is introduced as an example. The ionic radii of In3+ and Cu1+ on four coordinated 

site are 0.62 Å and 0.60 Å, respectively, and the site symmetry of In3+ and Cu1+ is the 

same. Figure 16 shows formation energies of defects in CIS 68. At any conditions, the 

antisite of In3+ into Cu1+ site (red solid line) and the Cu vacancy (blue dot line) exhibit 

the low formation energy. In condition of D, which is the case of Cu-rich and In-rich 

conditions, when EF is around CBM level, Cu vacancy inhibits the electron doping. When 

EF is around VBM level, the InCu plays a main role to prevent the hole doping. These 

behaviors give the birth to the pinning Fermi energy at 0.7 eV as shown in D of Figure 

16.  

When the local structure forms the tetrahedral network shown in Diamond-type 

structure, the antisite sometimes occurs due to the similar local structure of every 

component. Conversely, ionic crystal with various local structures unlimited to the 

tetrahedral structure is useful to prevent the antisite. 
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(iii) Interstitial atom = space of crystal structure that atoms can occupy 

The interstitial atoms require the space that atoms can occupy. For example, in Cu3N 

whose structure is ReO3 type, the space exists in the center of cubic structure. This space 

can be occupied by Li1+ or Cu1+ as the interstitial cation, doping electron carrier into 

compound 69,70. Therefore, the bipolar conductivity is realized in Cu3N by these interstitial 

cations despite Cu based semiconductor. The large space reduces the difference in the 

total energy before and after interstitial atoms. Conversely, the high dense ionic crystal is 

effective for suppressing interstitial atoms.  

 

Facile valence change of cations: Cu1+  Cu2+ and Sn2+  Sn4+ 

Additionally, one of the important factors that inhibit carrier doping is facile valence 

state of cation such as Cu1+ and Sn2+. The facile valence change is related to the 

competitive electronic configurations of the pTM with (n−1)d9ns0 or (n−1)d10ns0 for 

group-11 elements, such as Cu, and (n−1)d10ns2np0 or (n−1)d10ns0np0 for heavy group-13, 

14, and 15 elements, such as In, Sn, and Pb. The two stable electronic configurations 

induce multiple stable phases, for example, PbO (Pb2+) ↔ PbO2 (Pb4+), making carrier 

doping into these compounds difficult. For example, when attempting to make a Pb2+ 

vacancy in PbO to attain p-type conduction, a mixture of PbO and PbO2 is obtained 

instead of Pb1–xO71. This feature is not separated from the electronic structure of “p-type 

cations” such as Cu1+, Sn2+, and Pb2+.  

 

Empirical doping limit  

Whether carrier doping is possible or not is determined by the battle of stability for 

point defects and carrier doping. As described above, the properties of point defects 
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strongly depend on the constituent elements and the local structure. Thus, the nature of 

the point defects resembles in similar compounds. As long as we consider similar 

compounds, we can only consider the stability of carrier, that is, the energy levels of VBM 

and CBM. This premise supports the validity of doping limit rule. 

(i) III-V, II-VI binaries, and I-III-VI2 ternaries 

Figure 17 summarizes the doping limit rules for III-V, II-VI, and I-III-VI2 compounds 

21,72. The dashed lines (solid line in III-V) represent the pinning energy, Epin(n) and Epin(p) 

denoting the n-type and p-type doping limit, respectively. When the energy level of CBM, 

ECBM, is below Epin(n), the electron doping can be achieved. Conversely, p-type doping 

can be accomplished when EVBM > Epin(p). Apparently, the range of doping limit is 

narrower in the case of I-III-VI2 compounds, and in particular Epin(n) of I-III-VI2 is much 

deeper than those of III-V and II-VI. This is consistent with the difficulty of n-type doping 

in Cu based oxides and CIGS.  

(ii) Ionic compounds  

Figure 18 summarizes the doping limit for ionic compounds such as oxides and 

chalcogenides73. This band alignment indicates ~4 eV and ~6 eV from vacuum level as 

n-type and p-type limits, respectively. Almost p-type material includes Cu1+ as cation, and 

therefore to obtain EVBM above 6 eV requires the anti-bonding nature between Cu 3d and 

O 2p. However, these Cu1+ based compounds don’t exhibit n-type conductivity by 

suffering poor doping efficiency owing to Cu1+ vacancy. Fundamentally, the Cu1+ (Sn2+) 

vacancy and the deep VBM state composed of O 2p orbitals in non-Cu1+ (Sn2+) based 

oxides inhibit the n-type and p-type carrier doping, respectively. These features prevent 

homo p-n junction devices in oxides. 
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1.4 Objectives of this study 

1.4.1 Shift from post to early transition metals  

Early transition metals (eTM) have received little attention so far. Most of the 

conventional semiconductors are based on post transition metals (pTM) because the 

chemical bonding of pTM atomic orbitals gives the good electric transport to 

semiconductors. Figure 19 shows the comparison of band structures between ZrO2, ZrS2, 

and SnO2. The conduction bands composed of Zr 4d orbitals is relatively flat than that of 

Sn 5s orbital. Therefore, by designing the chemical bonding, I need to choose the crystal 

structure leading to suitable electronic structure. On the other hand, the eTMs are useful 

to suppress cation vacancy generating the hole carrier because the compound of eTM 

forms a structure with high coordination number (see Figure 20) which have the large 

difference of total energy when the formation of cation vacancy.  

 

1.4.2 Objective of the present study 

The objective of the present study is to investigate the superior and clarify 

requirements of material design in the wide-gap semiconductors based on eTMs.  

Target properties are “bipolar doping in wide-gap semiconductors”, namely, “the 

control of carrier polarity in the wide-gap semiconductors”. The bipolar doping in wide-

gap leading to transparent and power electronics is challenging in fundamental research 

of semiconductors and is meaningful in industry.. 
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Figure 1. History of design for wide-gap semiconductors. In 1997, the novel design of 

semiconductors based on Cu1+ have been proposed and created wide-gap p-type oxides, 

where previous materials cannot contribute. In 2004, it is reported that the excellent high 

electron mobility is realized in amorphous In-Ga-Zn-O (IGZO) system. These properties 

are based on the novel material design, as described in text. Most of the previous wide-

gap semiconductors have been composed of post transition metals or p-block elements. 

In this study, early transition metals (eTMs) are adopted to prevent the defects. The 

property of eTMs will provide the efficient electron dopability and the high stability of 

their compounds to carrier doping. 
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Figure 2. Bridge between constituent elements and crystal structure, electronic 

structure, and physical properties of semiconductors. Elements and crystal structure must 

be chosen to obtain electronic structure suitable for desired functionality. 

 

 

 

      

Figure 3. Factors of band structure for physical properties of semiconductors 
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Figure 4. Schematic of band structure related to electrical transport properties. a. 

Relationship between band curvature and effective mass. b. Relationship between energy 

levels of CBM and VBM and carrier dopability.  

 

             
Figure 5. Schematic absorption spectrum around edge (Eg = 1 eV). This spectrum 

plots α = (hv-1)n/hv with n = 2, 3/2, and 1/2 for Direct(Allowed), Direct(Forbidden), and 

Indirect, respectively. 
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Figure 6. Molecular orbital diagram of two atomic orbitals with equal (a) and different 

(b) polarity. Red and blue circles represent the positive and negative phases of s orbital, 

respectively. 

          

Figure 7. Energy level of atomic orbitals as a function of atomic number (a) and period 

(b). The figures of (a) and (b) refers to references 24 and 25, respectively. 
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Figure 8. Real space location (a) and its molecular orbital diagram (b) for chain structure 

composed of two s orbitals and one p orbital in unit cell. The sA(in) and sA(out) represent 

the in-phase and out-of-phase configurations, respectively.  
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Figure 9. Energy separation derived from chemical bonding between hydrogen atoms. a. 

The energy of bonding and anti-bonding state between two hydrogens as a function of H-

H distance. b. The band width of hydrogen chain with distances of 3, 2, and 1Å to nearest 

atoms. Right figure shows the electron road in the case of a = 3Å and 1Å. White and grew 

bolls represents electron and H 1s orbital, respectively. The figures of (a) and (b) refer to 

reference 23 and 27, reapectively.   
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Figure 10. Chemical bonding state dependent on k space. The chain structure of p orbitals 

with lattice constant a is introduced. At k = 0 (Γ point), the periodical phase factor eikr is 

1 with constant. At k = π/a (X point), eikr is (-1)n at r = na. The orbital phase of neighboring 

p orbital is periodically inverted. Bonding state appear at k = π/a, decreasing energy level. 
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Figure 11. Multiplication table of Irrep for the group D4h (4/mmm) and D2d (-42m) to 

show selection rule. This matrix denotes the direct product between band states having a 

row of Irrep and a column of Irrep (e.g., B1g ⊗ A1u = B1u in D4h). This matrix Mij is 

symmetric: Mij = Mji, so that the below left panels are not shown. The Irrep of px (py) and 

pz polarizations of the light are A2u and Eu in D4h group, respectively. And the Irrep of px 

(py) and pz polarizations of the light are B2 and E in D2d group, respectively. Blue and 

orange colors represent the direct products with the allowed transition by the px (py) and 

pz polarizations of the light, respectively. For example, in D4h, the transition between Eu 

and A2g is allowed only with the px (py) polarization and the transition between Eu and B2u 

is forbidden even with any polarization of light.  
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Figure 12. Orbital diagrams and electronic structures of Si (a), In2O3 (b), and Cu2O (c). 

The origin of bandgap for Si is the difference in energy between bonding and anti-bonding. 

On the other hand, the ionic semiconductor such as In2O3 possesses wide bandgap derived 

from the difference in polarity between cation and anion. Additionally, a large overlap of 

In 5s orbital leads to broad band width (DOS), resulting in deep CBM and small effective 

mass of electron. In (c), electronic structure of Cu2O is introduced as representative of 

Cu1+ (Sn2+) based ionic semiconductor. Anti-bonding character occur between Cu 3d and 

O2p orbitals, resulting in the shallow VBM level and small effective mass of hole.  
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Figure 13. Electronic structure57, chemical bonding picture57, and orbital diagram for 

SrGeO3. At Γ point, Ge 4s orbital can’t interact with O 2p orbitals owing to local structure 

and periodicity. The CBM state is perfectly composed of Ge 4s orbital bonding with 

nearest Ge 4s orbital. This chemical bonding nature is useful to deepen the CBM state. 

On the other hand, except for Γ point, the anti-bonding between Ge and O appear, 

resulting in the sharp curvature of conduction band.  
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Table 1. Electrical transport properties of semiconductors representing the electronic 

structure shown in section 1.2.3. Eg, σ, µ, n, and S represent bandgap, electrical 

conductivity, mobility, carrier concentration, and Seebeck coefficient, respectively. CIS 

and CGS stand for CuInSe2 and CuGaSe2, respectively. 

 
  

Material 
Carrier 

polarity 
Eg (eV) σ (S/cm) µ (cm2/Vs) n (cm-3) S (µV/K) 

Si bipolar 1.1 (indirect)  n: 1450 22 1017 74,75 -600 74,75 

GaN bipolar 3.4 (direct)  n: 440 76 1016 77 -300 77 

In2O3 n 2.9 (forbidden) 78  n: 50-250 79 1019 79 -200 79 

SnO2 n 3.5 80  n: 50-200 81 1016 - 1017 81 -200 81 

CuAlO2 p 3.5 7 1 7 p: 10.4 7 1.3×1017 7 +183 7 

LaCuOS p 3.1 82 0.7 83 p: 0.5 83 1019 83  +200 83 

Cu(In,Ga)Se2 
p (Eg > 1.2)84 

bipolar (< 1.2)84 
CGS: 1.62 85 
CIS: 1.0 86 

 
p: 50-500 
(CIS) 87 

  

CuInO2 bipolar 1.2 (forbidden) 42 2.8×10-3 41   +480 41 

Cu3N bipolar 1.2 (indirect) 88 0.1 88 p: 1-10 88 1016 - 1017 88 +200 88 

SnO bipolar 
0.6 (indirect) 52 
2.9 (direct) 52 

 p: 2 51 2×1017 51 +479 51 

SrGeO3 n 3.45 (direct) 57 5 57 n: 11.6 57 2.2×1020 57 -10 57 

ZnRh2O4 p 2 59 1 59   +140 59 

TaIrGe p 3.36 (direct) 14 0.5 14 p: 2730 14 0.8×1015 14 +82 14 
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Figure 14. Formation energies of the O vacancy in neutral, +, and 2+ charge states in 

ZnO as a function of the Fermi level, obtained using the HSE hybrid functional66. a. O-

poor (Zn-rich) limit. b. O-rich (Zn-poor) limit. 
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Figure 15. Formation enegies of defects in Cu2O (a) and SnO (b) as a function of Fermi 

level. a. Case of Cu2O in Cu-rich/O-poor and Cu-poor/O-rich conditions9. b. Case of SnO 

in Sn-rich and O-rich limits67. Ionization level are indicated with a dot. 
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Figure 16. Defect formation energy in CuInSe2 for various condition (chemical potential 

shown in right below) as a function of Fermi level68. Each ionization energies are 

indicated with points having the color and shape indicated in right above. 
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Figure 17. Empirical carrier doping limit relative to the energy of VBM and CBM levels 

for III-V21, II-VI72, and I-III-VI2
72 compounds. The n-type pinning energy, εF

(n) and Epin
(n), 

and p-type pinning energy, εF
(p) and Epin

(p), are indicated. 

 

 

         
Figure 18. Band alignment of oxides and chalcogenides semiconductors and related 

materials73. Solid red line represents the Fermi level of measured samples. 
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Figure 19. Comparison of band structures between ZrO2 (cubic), ZrS2, and SnO2. Red 

and blue colors in band represent conduction band for Zr and Sn based semiconductors, 

respectively. These bandgap values refer to experimental values; ~6 eV for ZrO2
89, ~1.7 

eV for ZrS2
90, and ~3.5 eV for SnO2

80.  
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Figure 20. Crystal structures of ZrO2 (cubic), ZrS2, Cu2O, and SnO2. Light blue, blue, 

red, grew, and light yellow spheres represent Cu, Sn, Zr, O, and S, respectively. The 

coordination numbers of cations are 8 for ZrO2, 6 for ZrS2, 2 for Cu2O, and 6 for SnO2. 
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Chapter 2. Design of transparent bipolar semiconductor: ZrOS 

2.1 Introduction 

Strategy to design transparent bipolar semiconductors (TBSCs), tetragonal phase of 

ZrOS, is described in this chapter. TBSCs play an important role in next-generation 

optoelectronic devices and flexible displays. However, designing TBSCs is 

fundamentally difficult because of a dilemma between optical transparency and bipolar 

nature.  

As described in chapter 1, carrier doping requires that stability of carrier is higher 

than that of point defects. The stability of cation vacancy formation decreases by using 

early transition metals (eTM) inducing crystal structure with high coordination number. 

On the other hand, improvement in the carrier stability requires to make CBM deep and 

VBM shallow relative to vacuum level. Deep CBM and shallow VBM are satisfied by 

designing chemical bonding of cation and anion. Finally, a direct forbidden bandgap 

keeps the optical transparency. Three guidelines result in tetragonal phase of ZrOS. This 

material design is summarized in Figure 1. 

Tetragonal ZrOS is the first eTM based bipolar semiconductor and demonstrates the 

potential of semiconductor based on eTMs. This material opens up a frontier to the 

functional semiconductor based on eTMs. 

 

2.2 Material design 

Early transition metals to improve carrier dopability 

Early transition metal (eTM) cations, such as Y3+, La3+, Zr4+, and Hf4+, are chosen as 

constituents to improve carrier dopability. Previous semiconductors based on post 

transition metals (pTM) have suffered from a poor doping efficiency originating from the 
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low formation energy of a metal-vacancy and a facile valence change between two stable 

valence states, for example, Sn2+ ↔ Sn4+ + 2e− and Cu1+ ↔ Cu2+ + e−, as described in 

section 1.3. However, contrary to the pTM ions, eTM cations occupy a high coordination 

numbers (CN) site and form a single stable ionic compound owing to their high and single 

valence states, which prevents the formation of a cation vacancy and a valence change in 

their compounds.  

However, these eTM elements are yet to attract interest as a constituent of the n- and 

p-type semiconductors. Unlike the pTM compounds, the relatively localized d orbital of 

eTM compounds forms a shallow CBM level, and the eTM has no appropriate orbitals 

making the VBM level shallower, which contrasts with the 3d orbital of Cu1+ or 5s orbital 

of Sn2+. Therefore, semiconductors with high carrier controllability based on eTM have 

not reported so far. To solve the problematic band alignment of eTM compounds, the 

chemical bonding state is designed to form an electronic structure suitable for both n- and 

p-doping. 

 

Non-bonding state for n-type 

To deepen the CBM, introducing a non-bonding state between cation and anion would 

be effective, while an anti-bonding state between anions will increase the VBM (strategy 

[B]). Basically, the conduction band (CB) and the valence band (VB) of conventional 

semiconductors are, respectively, composed of anti-bonding and bonding states between 

the unoccupied orbitals of the metal and the occupied orbital of the anion, as shown in 

Figure 1b (left). If the nonbonding state is introduced to the CB at a specific k point, the 

energy level at the k point decreases, and the effective electron mass is reduced owing to 

the large energy difference between the deep nonbonding and the shallow antibonding 
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states (see the right of Figure 1b)1, as described in SrGeO3 of section 1.2.3. 

How can we explore non-bonding state? Generally, non-bonding state appears 

between relevant orbitals with a different irreducible representation (Irrep). The Irrep of 

orbital is characterized by a space group, an atomic site symmetry, a character of electron 

orbitals, and k point in reciprocal space, as described in Irrep of section 1.2.2. In principle, 

the number of Irrep in point group is equal to its number of symmetry operations. As the 

point group is classified as the higher symmetry (i.e., D2h, D4h, D6h, and Oh), the number 

of Irrep is increased, and thus relevant orbitals in its point group tend to be classified as a 

different Irrep. Furthermore, the class of Irrep is determined with the character of electron 

orbital and the atomic site symmetry. For example, s orbital on a site of multiplicity one 

is the totally symmetric state (i.e., A1 or A1g), whereas in the case of a site of multiplicity 

two where the electron orbitals are allowed to form in-phase and out-of-phase 

configurations in the unit cell, the out-of-phase configuration of s orbitals on such site 

can be the state with no inversion symmetry. Considering above mentions, the non-

bonding state often appears between relevant orbitals in the high symmetry point groups, 

with the different orbital character (s, p, or d orbital) and on the low multiplicity site. 

Some related examples are shown in appendix. 

 

Enhancement of anti-bonding for p-type 

The anti-bonding between anions, which increases the energy level of the VBM, is 

an analogy of the cation-anion antibonding that is evident in Cu1+ and Sn2+-based 

materials. Generally, as an anion has a larger ionic radius and are less ionic (e.g., from 

oxygen to tellurium in group 4), the energy levels of the p orbitals are increased, which, 

in turn, results in a shallow VBM (energy levels described in section 1.2.2).2 Therefore, 
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chalcogenide ions are more suitable for hole conduction than an oxide ion. Moreover, a 

short separation between neighboring anions is critical because the stronger interaction 

between these anions’ p orbitals raises the VBM derived from the anion-anion anti-

bonding level and enhances the band dispersion (analogy of short separated H-chain as 

seen in section 1.2.2).  

 

Forbidden transition for optical transparency  

Finally, it is desirable to keep the visible transparency of the semiconductor with a 

deep CBM and shallow VBM resulting in a narrow bandgap, empirically, below ~2 eV.3 

Thus, semiconductors that have a direct allowed type band-to-band transition are 

eliminated as candidate materials. The low absorption coefficient in the energy range of 

visible light is sufficient for practical thin film applications. Thus, candidate materials 

must have an indirect or direct forbidden-type band-to-band transition (strategy [C]) (see 

section 1.2.1 and selection rule for band structure of section 1.2.2). 

 

2.3 Candidate Material 

Tetragonal ZrOS (t-ZrOS) is proposed as a candidate for TBSCs. The t-ZrOS meets 

the requirements described above; a high coordination number around Zr4+ cations 

preventing the formation of a metal vacancy, a short S-S distance suitable for shallow 

VBM, and a non-bonding Zr 4dx2−y2 orbital for a deep CBM.  

 

Crystal structures 

Figure 2a shows the crystal structure of t-ZrOS and Table 1 summarizes distances 

of nearest atoms for ZrOS. Five S and four O atoms are bonded to Zr (below the Figure 
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2a). The nearest neighbor O-O and S-S bond lengths of 2.51 and 3.02 Å, respectively, are 

shorter than the summation of each ionic radius at the corresponding sites. This fact 

suggests a strong interaction between neighboring anion p orbitals. For comparison, we 

also show the crystal structure of cubic ZrOS (c-ZrOS) in Figure 2b. The structure of c-

ZrOS is regarded as a distorted fluorite structure, where the Zr-centered polyhedra, 

ZrO3S4, correspond to the Ca-centered cubes, CaF8, in fluorite. The nearest neighbor Zr-

Zr bond length in the c-ZrOS of 3.58 Å is comparable with that in t-ZrOS (3.52 Å), 

whereas their O-O and S-S lengths of 3.52 and 3.54 Å, respectively, are significantly 

longer than those in the tetragonal phase.  

 

Irreducible representation 

Table 2 summarizes the irreducible representations (Irrep) of t-ZrOS at the Γ point. 

The P4/nmm space group of t-ZrOS belongs to the high symmetry point group D4h, and, 

furthermore, the site symmetry of each constituent is high (the low multiplicity), thus is 

suitable for forming a non-bonding state. Each atomic orbital has two configurations, in-

phase and out-of-phase, in the unit cell, and then the Irrep is assigned to each 

configuration. In principle, the orbitals with the same Irrep can interact with each other. 

Hence, according to Table 2, it is found that the out-of-phase of Zr 4dx2-y2 and both phases 

of Zr 4dxy form a non-bonding state, that is, they cannot interact with any p orbitals of S 

and O at the Γ point. 

 

2.4 Validation from theoretical calculation 

Band structures 

Figure 3a and 3b show the band structures of t-ZrOS and c-ZrOS, respectively. Here, 
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the energy level of c-ZrOS was aligned to the S 3s level of t-ZrOS located at E − EVBM 

~−12 eV as seen in Figure 4. These calculated band structures reveal that the CBM and 

VBM of t-ZrOS are deeper by 2 eV and shallower by 0.7 eV than those of c-ZrOS, 

respectively, yielding the benefit of the emergence of a bipolar nature. The deep CBM at 

the Γ point purely consists of the out-of-phase configuration of the Zr 4dx2-y2 orbital. This 

means that the Zr 4dx2-y2 orbital forms a non-bonding state, which is consistent with the 

symmetry analysis based on Table 2 (This chemical bonding is discussed below.). Away 

from the Γ point, the Zr 4dx2−y2 orbital cancels the non-bonding state and eventually forms 

an anti-bonding state with O 2p orbitals at another k point, such as the M point, which 

shapes a highly dispersed band with a small effective mass (me* along the Γ-M line is 

~0.36m0, m0; a free electron mass). In contrast, the CB of c-ZrOS is flat and shallow 

owing to an anti-bonding nature between Zr d and anion p orbitals at the whole reciprocal 

space. As for the VB, S 3px/y orbitals of t-ZrOS form a shallower and sharper VBM (a 

light hole effective mass; mh*(Γ-M) ~ 0.24m0) relative to that of c-ZrOS (a light hole 

effective mass; mh*(Γ-M) ~ 0.37m0). This profound difference in the VB of t- and c-ZrOS 

originates from the S-S separation in both phases. 

 

Transition probability  

To examine the optical properties, we calculated the matrix elements for direct 

interband transitions between band edge states. Figure 3c and 3d show the k dependences 

of the transition matrix element (P2) between the band edge states. They reveal that direct 

transitions between CBM and VBM at the Γ point are forbidden in t-ZrOS because the 

Irrep of CBM and VBM have the same parity (Γ4− for CBM and Γ5− for VBM).4 However, 

in the c-ZrOS, the optical transitions at the band edges are allowed at all k points (Figure 
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3d). 

 

2.5 Experimental validation 

Sample characterization  

Figure 5 shows powder X-ray diffraction pattern for t-ZrOS (a) and c-ZrOS (b). In 

this figure, impurity phases such as ZrO2 and ZrS2 are slightly observed. However, these 

impurities are electrical insulators and therefore don’t work as contaminations for 

transport measurements. Figure 6 shows lattice constants as a function of amounts of Y 

and F doping in t-ZrOS. In the case of Y doping, the increase of lattice constants 

demonstrates the successful doping of yttrium. Additionally, the amounts of yttrium for 

Y doped t-ZrOS are determined by using the electron probe micro analyzer. Figure 7 

shows atomic core levels measured by utilizing hard X-ray photoemission spectroscopy 

(HAXPES). The observed F 1s peak in F doped t-ZrOS is direct evidence of F substitution. 

 

Transport properties 

Figure 8a and 8b show the electrical conductivity σ as a function of temperature for 

yttrium and fluorine-doped t-ZrOS (t-ZrOS:Y and t-ZrOS:F, respectively). The 

temperature dependences of σ are not largely changed except for small substitution, 

indicating that acceptor and donor levels are stable to chemical doping. Figure 8c and 8d 

show the thermoelectric measurements for t-ZrOS:Y and t-ZrOS:F at room temperature. 

Figure 9a and 9b show the doping dependences of σ and S of t-ZrOS:Y and t-ZrOS:F at 

room temperature. For the undoped t-ZrOS, a much lower conductivity of ~10−7 S cm−1 

was achieved. Once the Y or F was doped, the conductivity was steeply enhanced to 10−2 

S cm−1, and simultaneously, an inversion of the Seebeck coefficient sign was also 
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confirmed from p-type for t-ZrOS:Y to n-type for t-ZrOS:F. The low conductivity in the 

undoped sample and the easy controllability of the carrier-polarity in the doped t-ZrOS 

indicate the high formation energy of an atomic vacancy, anti-site, and/or interstitial-site, 

which is in contrast to the conventional wide-gap semiconductors based on a pTM cation. 

The donor and acceptor levels estimated from the activation energy of the conductivity 

measurement were 100 meV for the F 2.0 mol% doped sample and 130 meV for the Y 

2.2% doped sample as shown in Figure 10. 

 

Hard X-ray photoemission spectroscopy  

Figure 9c shows the comparison between the hard X-ray photoemission spectrum 

and the atom-projected density of state (PDOS) for t-ZrOS. The observed spectra for the 

VB agrees well with the calculated electronic structure. Moreover, Figure 9d, where 0 

eV sets to Fermi level, shows the shift of the band edges with doping, from t-ZrOS:Y to 

t-ZrOS:F. The edge of spectra for t-ZrOS:Y is near to Fermi level, directly verifying p-

type semiconductor. Conversely, the observed spectra for t-ZrOS:F is located away from 

the Fermi level, being consistent to n-type nature. Additionally, the energy difference in 

band edge between both spectrum is 1.4 eV, corresponding to the calculated bandgap of 

1.5 eV, shown in Figure 3a. 

 

Absorption property 

Figure 9e and 9f show the calculated and experimental absorption coefficients α of 

t-ZrOS, respectively. Owing to the direct forbidden transition between the band edge 

states, the α of t-ZrOS is as low as ~104 cm−1 below 2.5 eV, as shown in Figure 9e. Above 

that, the α is sharply raised at hν = 2.5 eV (Eg
direct allowed), owing to the direct allowed 
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transition from the VBM to the second lowest conduction band at the Γ point. The direct 

forbidden bandgap was experimentally estimated to be 1.5 eV (Eg
direct fobbiden) from the 

(hvα/s)2/3 plot in Figure 9f, which is consistent with the calculated bandgap and the energy 

shift of 1.4 eV, observed in the hard X-ray photoemission measurements.  

 

Band alignment 

Figure 11 shows the experimentally determined band alignment of t-ZrOS, c-ZrOS, 

and relevant semiconductors. According to an empirical doping rule in ionic 

semiconductors, the lower limit of the electron affinity (CBM position from the vacuum 

level (Evac.)) for successful electron-doping is ~−4 eV, while the higher limit of the 

ionization potential (VBM from the Evac.) for hole-doping is ~−6 eV. Since the CBM and 

VBM of t-ZrOS are located at −4.1 eV and −5.6 eV, respectively, it is evident that the 

band alignment of t-ZrOS is suitable for bipolar conductivity. Note that even though the 

3p orbitals of sulfur form shallower energy levels compared with the 2p orbitals of O, the 

VBMs of c-ZrOS and ZnS are located below the p-type doping limit, which supports that 

the strong interaction between neighboring anions plays a vital role to increase the VBM 

level. This result demonstrates that the short anion-anion separation will be a new way to 

raise the VBM without pTM cations, such as Cu1+ and Sn2+. 

 

2.6 Discussion  

Symmetry analysis for optical transition 

The selection rule of a interband transition of a band structure is derived from a triple 

direct product among an initial state, a final state, and a direction of polarity of 

electromagnetic radiation. When the triple direct product includes the totally symmetric 
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representation (A1 and A1g), its transition is allowed. In the case of tetragonal ZrOS (t-

ZrOS) which is classified as the D4h group, the Irrep of the CBM and VBM states are 

respectively represented as B2u (G4-) and Eu (G5-), and the Irrep of px (py) and pz 

polarizations of the light are classified as Eu and A2u, respectively. The triple direct 

products of the transition between the CBM and the VBM for t-ZrOS can be written as  

             uuuuuguuu BBAAEEEEB 21212 +++=⊗=⊗⊗            (1) 

                    uuguuu EAEAEB =⊗=⊗⊗ 222                   (2) 

for the px (py) (1) and pz (2) polarizations of the light. Both results don’t include the 

totally symmetric class A1g and the interband transition is therefore forbidden.  

 

Energy level and orbital symmetry in t-ZrOS 

Both orbitals of Zr 4dx2-y2 and 4dxy in t-ZrOS don’t interact any anion p orbitals due 

to its local symmetry. Why is the CBM state composed of Zr 4dx2-y2, not Zr 4dxy orbitals? 

Figures 14d shows the chemical bonding picture of CBM state completely constituted 

from the out-of-phase configuration of Zr 4dx2-y2 orbital. The translational symmetry at 

the Γ point results in a σ bonding between associated orbitals. However, nearest Zr 4dx2-

y2 orbital correlates as δ-like bonding of corresponding orbitals, resulting in little benefit 

to deepen CBM state because of the δ-like bonding. Figure 14e represents 2nd lowest 

conduction band composed of the in-phase configuration of Zr 4dxy orbitals. The dxy 

orbital is rotated 45 degrees from the dx2-y2 orbital. Therefore, the σ bonding seen in the 

dx2-y2 orbital disappears at the dxy orbital, resulting in a shallow CB. As a summary, the 

origin, where the CBM is formed by the out-of-phase configuration of Zr 4dx2-y2 orbital, 

is σ bonding with orbitals of nearest unit cells.  

Additionally, Figures 15a and 15b show the contribution of various orbitals in the 
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CB and VB, respectively. The large contribution of Zr 4dx2-y2 appears at the Γ point of the 

CB without that of any anion p orbitals. This represents non-bonding state. However, 

leaving from the Γ point, the Zr 4dx2-y2 orbital becomes gradually small in contribution 

and finally forms the anti-bonding with the 2px,y orbital of O at the M point. Figures 15c 

and 15d show the chemical bonding pictures of anti-bonding between the Zr 4dx2-y2 and 

O 2px at the M point. These two states are degenerate from the viewpoint of chemical 

bonding and band structure. At the M point, the phase of Zr 4dx2-y2 orbital is inverted in 

the nearest unit cells, resulting in overlap of negative and positive phases between Zr and 

O. In Figure 15b, the VBM is mainly contributed from short separated S 3px,y orbitals. 

Similar to the CB, the chemical bonding largely varies depending on the k point, resulting 

in the wide band width. Therefore, crystal structure, where the chemical bonding state 

changes with the k point, is useful for improving the electron transport property.  

 

2.7 Conclusion 

In conclusion, a novel design concept for transparent bipolar semiconductors is 

proposed. The essential difference from the bipolar semiconductors reported so far is to 

use an early transition metal, rather than a post-transition metal. The effectiveness of this 

approach was demonstrated through experiments and calculations of tetragonal ZrOS 

with a non-bonding Zr d orbital and a short S-S separation. This material has an 

appropriate direct forbidden-type bandgap (~2.5 eV) and exhibits clear bipolarity upon 

substitutional doping.  

 

2.8 Appendix 

Emergence of mid-gap state in c-ZrOS 
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Figure 16 shows experimental data and schematic of electronic structure for undoped 

c-ZrOS. These data were obtained from the same sample. The seebeck coefficient is 

approximately 21 µV/K, indicating a high carrier concentration. Corresponding to it, the 

electronic conductivity is high value and its temperature dependence is small relative to 

t-ZrOS. However, as shown in Figure 3c, HAXPES demonstrates that the Fermi energy 

of c-ZrOS is located at ~1.5 eV above VBM level. These results indicate that the p-type 

conduction of c-ZrOS originates from a mid-gap state in the bandgap.  

 

Some materials composing non-bonding state 

Here, some materials forming non-bonding state between cation and anion are 

introduced. As mentioned above, the non-bonding state often appears when three 

requirements are satisfied; (1) high symmetry point groups (D2h, D4h, D6h, and Oh), (2) 

different orbital character (s, p, or d orbital) and (3) low multiplicity components. 

Additionally, three conditions for exploration are introduced: (4) binary or ternary 

compounds, (5) eTM (Y, Zr, La, and Hf) based semiconductors, and (6) N, S, and Se as 

anions. Based on these criteria, four materials are discovered (possibly, not completely); 

hexagonal LaSeF, hexagonal ZrS2, tetragonal Ba2ZrS4, and orthogonal ZrNI as shown in 

Tables 3-6. The hexagonal LaSeF has the unique band edges that both states are 

composed of non-bonding state between cation and anion. Then, the tetragonal Ba2ZrS4 

forms the layered perovskite structure whose high symmetry induces non-bonding state 

of CBM, with an analogy of SrGeO3 (cubic perovskite).  

 

2.9 Experimental section 

Sample preparation 
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Polycrystalline samples of t-ZrOS were synthesized by solid-state reactions using starting 

materials ZrO2, ZrS2, ZrS3, Y-substituted ZrO2, and ZrF4 under 5 GPa at 1200 °C for 1 

hour. The ZrO2 was prepared by heating a Zr foil (99.98%) at 1000 °C in air for 2 days, 

while the ZrS2 and ZrS3 were synthesized by heating the stoichiometric mixture of Zr foil 

and S grains (99.9999%) at 450 °C for 1 day and 1000 °C for 2 days in an evacuated silica 

glass tube. For the Y-substituted ZrO2, we mixed the ZrCl2O·8H2O and Y(NO3)3·6H2O 

in water with a magnetic stirrer for 20 minutes and neutralized it with ammonia, then, the 

resultant salt was filtered by pure water. Finally, the final product was obtained by 

annealing the salt at 600 °C for 10 hours. A polycrystalline sample of c-ZrOS was 

synthesized by heating the stoichiometric mixture of ZrO2 and ZrS2 at 1000 °C for 5 days 

in a silica glass tube filled argon.  

 

Structural and chemical analyses 

The crystal structure of the samples was analyzed by powder X-ray diffraction 

(D8ADVANCE-TXS Bruker AXS) using Cu Kα radiation (power: 45 kV × 360 mA) and 

equipped with a position sensitive detector. The amount of Y in the t-ZrOS:Y was 

measured by an electron probe micro analyzer (EPMA), while the nominal composition 

was adopted for the F content in t-ZrOS:F because of the difficulty to measure a reliable 

F content by the EPMA. 

 

Transport measurements 

The electrical conductivity was measured by the van der Pauw method with a sputtered 

Pt electrode (for p-type and un-doped t-ZrOS) or a Ag electrode paste (for n-type) using 

a physical property measurement system (PPMS Quantum Design). The Seebeck 
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coefficient was obtained from the gradient of the slope for the thermovoltage versus 

temperature relationship at room temperature.  

 

Ultraviolet photoemission spectroscopy (UPS) 

The energy levels of the CBM and the VBM from the Evac., which correspond to the 

electron affinity, χ, and ionization potential, Ip, respectively, were measured by UPS 

(excited by He I and II light sources). To prepare chemically pure surfaces, the dense t-

ZrOS:F pellet was cleaved in a globe box that was directly connected to the UPS chamber. 

The χ was calculated using the measured optical bandgap by χ = Ip − Eg. The UPS 

measurement was performed at ~2×108 Pa. 

 

Hard X-ray photoemission spectroscopy 

Hard X-ray photoemission measurements at room temperature were performed at the 

BL15XU undulator beamline (the excitation X-ray energy: hν = 5950.05 eV) of SPring-

8.5 The binding energy was calibrated with the Fermi level of an evaporated Au thin film, 

and the total energy resolution was set to 240 meV, which was confirmed by the Fermi 

cut-off of the Au film. To obtain a clean sample surface, samples were cleaved in a 

preparation chamber. 

 

Diffuse reflection measurement 

Diffuse reflectance spectra Robs were measured with powder samples, and calibrated by 

measuring a reference material (MgO powder) at the same time. The absorption 

coefficient α was obtained by using the Kubelka–Munk theory (1-Robs)2/(2Robs) = α/s (s 

is the scattering coefficient).6 The direct allowed, indirect, and direct forbidden bandgaps 
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were estimated by (hvα/s)2, (hvα/s)1/2, and (hvα/s)2/3 versus hv, respectively. 

 

Theoretical calculations 

The electronic structures of t-ZrOS and c-ZrOS were derived by using the generalized 

gradient approximation Perdew–Burke–Ernzerhof (GGA-PBEsol) functional7 and the 

full-potential linearized augmented plane wave with WIEN2k code.8 The mesh samplings 

in the Brillouin zone (BZ) were 5 × 5 × 5 for the t-ZrOS and c-ZrOS. To correct the error 

of the bandgap derived from the GGA-PBEsol method, the bandgap of t-ZrOS was 

calculated by HSE069 with the VASP code and the bandgap of c-ZrOS was taken from 

Ref. 10 where the bandgap was calculated by GW method. The energy of the conduction 

band was shifted to match the correlated bandgap value. The absorption coefficient and 

the transition probability were calculated with WIEN2k code.11 The edge of the 

absorption spectrum was shifted by the scissors operator to fit the bandgap estimated by 

the diffuse reflectance. The broadening parameter Γ was set zero in every absorption 

spectra. Maximally localized Wannier functions as projected functions were constructed 

from Zr 4d, S 3p, S 3s, and O 2p states within an energy window from −15 eV to 

approximately 7.5 eV.12 
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Figure 1. Material design concept for bipolar ionic semiconductor with optical 

transparency. a. Comparative atomic features of early and post transition metal (eTM and 

pTM). The valence state of eTM cations is stable and high relative to that of pTM cations, 

stabilizing a single phase and inducing a high coordination number (CN). These chemical 

and structural properties are expected to encourage an efficient carrier doping into eTM 

based compounds. b. The schematic chemical bonding diagrams of conventional ionic 

semiconductor and TBSCs. The CBM level below ~−4 eV and VBM level above ~−6 eV, 

relative to the vacuum level, are empirical requirements for n-type and p-type doping, 

respectively, in the ionic semiconductors.3 The material design concept consists of three 
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requirements; [A] use of the eTM to improve the carrier doping efficiency, [B] non-

bonding between a cation and an anion for n-type doping and anti-bonding between 

anions for p-type doping, [C] the forbidden band-edge transition to attain a low absorption 

coefficient in the energy range of visible light.      

 

 

 

            
Figure 2. Crystal structures of t-ZrOS (a) and c-ZrOS (b). Blue, green, and grey 

spheres represent Zr, S, and O, respectively. Each local structure around Zr is shown 

below the crystal structure.  
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Table 1. Distances (Å) between nearest atoms for ZrOS. “Ionic” represents the 

distance estimated from summation of ionic radii. 

 Zr-Zr O-O S-S Zr-O Zr-S O-S 

t-ZrOS 3.52 2.51 3.02 2.16 2.74 2.92 

c-ZrOS 3.58 3.52 3.54 2.08 2.56 2.96 

“Ionic” 1.78 2.76 3.68 2.27 2.73 3.22 

 

 

Table 2. Irreducible representations (Irrep) of the in-phase and out-of-phase orbital 

configurations at the Γ point.  

 

 

 

  

Atom 
Site 

Orbital 
Irrep 

(Site symmetry) In-phase Out-of-phase 

Zr 2c (4mm) dx2−y2 Γ3+ Γ4− 

  dz2 Γ1+ Γ2− 

  dxy Γ4+ Γ3− 

  dyz/dzx Γ5+ Γ5− 

S 2c (4mm) px/py Γ5− Γ5+ 

  pz Γ2− Γ1+ 

O 2a (-4m2) px/py Γ5− Γ5+ 

  pz Γ2− Γ3+ 
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Figure 3. Calculated electronic structures of t-ZrOS and c-ZrOS. a, b. The band 

structures of t-ZrOS (a) and c-ZrOS (b). The vertical axes are aligned respective to the 

energy level of S-3s as shown in Figure 4. Blue and green in (a) denote the contributions 

from Zr-4dx2−y2 and S-3px, y, respectively, while those in Figure 3b from Zr-4d and S-3p, 

respectively. Here, the x and y axes are chosen along a and b crystallographic axes of the 

tetragonal unit cell. c, d. The k-dependences of transition matrix elements P2 between the 

band edge states of t-ZrOS (c) and c-ZrOS (d). For the t-ZrOS, the P2 are anisotropic 

because of the tetragonal symmetry. 

  



69 
 

    

Figure 4. Atom-projected density of state (PDOS) for tetragonal (a) and cubic (b) 

phase of ZrOS (t-ZrOS and c-ZrOS, respectively). Blue, orange, and grey lines represent 

Zr, S, and O, respectively. The energy of DOS is aligned respective to the energy level of 

S-3s (~−12 eV) and the PDOS of c-ZrOS is shifted. 
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Figure 5. a, b. Powder X-ray diffractions (XRD) and result of Rietveld analysis for 

t-ZrOS (a) and c-ZrOS (b). The black and red line show the measured XRD pattern and 

the simulated XRD pattern, respectively. A little bit ZrO2 and ZrS2 were observed in both 

of phases, but these insulating impurity phases don’t contribute the electrical conductivity 

of samples. 
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Figure 6. The chemical doping dependences of the lattice constant a and c for t-ZrOS. 

a, b. The lattice constant of Y (a) and F (b) doped t-ZrOS (t-ZrOS:Y and t-ZrOS:F, 

respectively). The monotonous increase of its lattice constant was clearly observed in t-

ZrOS:Y, demonstrating the succession of yttrium substitution. 

               
Figure 7. Atomic core levels measured with Hard X-ray Photoemission Spectroscopy 

(HAXPES) for t-ZrOS:F, c-ZrOS, and t-ZrOS:Y. The spectrum of F 1s and Y 3p levels 

were observed in t-ZrOS:F and Y, respectively, directly demonstrating the succession of 

chemical doping. 
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Figure 8. The results of transport measurement for t-ZrOS. a, b. The temperature 

dependence of the electrical conductivities for t-ZrOS:Y (a) and F (b). c, d. The 

thermopower measurements at room temperature for t-ZrOS:Y (c) and F (d). These 

voltage difference ΔV are arbitrarily shifted (here, no importance of absolute values). The 

Seebeck coefficients are derived from the slope of the thermopower measurements. 
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Figure 9. Electrical transport properties, hard X-ray photoemission spectra, and 

absorption coefficient of t-ZrOS. a. Doping dependence of conductivity of t-ZrOS:F and 

t-ZrOS:Y. Black filled star, open purple circle, and orange square represent the 

conductivity of non-doped t-ZrOS, t-ZrOS:F, and t-ZrOS:Y, respectively. The solid lines 

are guides for the eye. b. Doping dependence of Seebeck coefficient, S, of t-ZrOS:F and 

t-ZrOS:Y. c. Observed hard X-ray photoemission spectrum for t-ZrOS:Y and calculated 

atom-projected density of states (PDOS). d. Comparison of the spectra of t-ZrOS:F and 

t-ZrOS:Y. e. Calculated absorption coefficient, α, of t-ZrOS. Red dashed line is the α 

multiplied by 10 for clarity. f. Absorption spectra of t-ZrOS derived from diffuse 

reflectance spectra at 300 K and the Kubelka–Munk relation, where α, s, and hν are the 

absorption coefficient, scattering factor, and photon energy, respectively.6 The vertical 

axis for direct allowed transition and direct forbidden transition are (hva/s)2/3 and (hva/s)2, 

respectively. 
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Figure 10. a, b. Arrhenius plots of the electrical conductivity for the F 2 mol% (a) 

and the Y 2.2 mol% (b) doped t-ZrOS. Fitting temperature range of both plots is from 2.5 

(400 K) to 3.3 (~ 300 K). The activation energies were estimated as ~100 meV and ~130 

meV in the F 2 mol% and Y 2.2 mol% doped t-ZrOS, respectively. 
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Figure 11. Band alignment of t-ZrOS, c-ZrOS, and related semiconductors. The 

ionization potentials and electron affinity for t-ZrOS and c-ZrOS are determined by 

combining ultraviolet photoemission spectroscopy, hard X-ray photoemission 

spectroscopy and diffuse reflection measurement (see Figures 12 and 13), while the data 

of other semiconductors except for ZnS were taken from Ref. 3 and the CBM and VBM 

level of ZnS were determined relative to those of ZnO, which is attained from Ref. 13. 

The gray region in t-ZrOS and SnO expresses the energy difference of their fundamental 

bandgap and the direct allowed bandgap. The energy window for bipolar doping is 

denoted as the yellow color area between ~−4 eV and ~−6 eV.  
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Figure 12. Spectrum of S 2s and valence band for t-ZrOS:Y and c-ZrOS measured 

with HAXPES and schematic picture to compare the energy levels of VBM from the 

vacuum level between t-ZrOS:Y and c-ZrOS. a, b. The comparison of the raw spectrum 

of S 2s level (a) and schematic energy level diagram (b) between t-ZrOS:Y and c-ZrOS. 

The difference of the both peaks was 0.4 eV. As illustrated in (b), assuming the 

consistency of the energy between the S 2s level and the vacuum level, the VBM levels 

of t-ZrOS:Y and c-ZrOS can be directly compared from the vacuum level when the 

spectra of c-ZrOS is shifted to shallower level (-0.4 eV). c, d. The comparison of spectrum 

of the valence band (c) and schematic energy band diagram (d) between the raw spectra 
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of t-ZrOS:Y and the 0.4 eV up-shifted spectra of c-ZrOS. Figure 12c shows that the 

difference of the valence band edge is 0.85 eV, denoting that the VBM of c-ZrOS is deeper 

by 0.85 eV than that of t-ZrOS as illustrated in (d). 

 

  

 
Figure 13. The results of ultraviolet photoelectron spectroscopy (UPS) 

measurements for t-ZrOS:F. The He I (21.22 eV) UPS spectrum are obtained with the 

various bias (5V, 7.5V, 10 V) applied to the sample. a. The spectrum in the cutoff region. 

Its estimated cutoff energy is 3.96 eV (= 21.22eV – 17.26 eV). b. The spectrum near the 

Fermi energy. The energy of VBM is 1.74 eV, and the ionization energy of t-ZrOS is thus 

5.7 eV (= 3.96 eV + 1.74 eV).  
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Figure 14. Crystal structure, band structure, and chemical bonding picture of t-ZrOS; 

a, b. The crystal structure of t-ZrOS. Blue, green, and grew spheres represent Zr, S, and 

O, respectively and dashed line represents unit cell in which there are each two atoms of 

Zr, S, and O. c. The band structure of t-ZrOS. d, e. The chemical bonding pictures of the 

CBM state (d) and the second lowest conduction band state (e) at the Γ point. Their 

schematically same size denotes that its electron orbitals are located with parallel on the 

same ab plain.   
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Figure 15. Band structures with the contribution of various orbitals for CB (a) and 

VB (b) and (c, d) chemical bonding pictures of CB at the M point (state corresponding to 

blue square in (a)). a, b. Gradual color from yellow to black represents the change from 

low to high value in contribution.  
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Figure 16. Experimental data and schematic of electronic state for undoped c-ZrOS. 

These data were obtained from the same sample. a. The thermopower measurement at 

room temperature. b. The temperature dependence of the electrical resistivity. c. 

Observed hard X-ray photoemission spectrum and calculated atom-projected density of 

state (PDOS). The observed spectra for the VB agrees well with the calculated electronic 

structure of c-ZrOS. The Fermi energy is located at approximately 1.5 eV above the 

valence band maximum (indicated by asterisk). d. Schematic of electronic state expected 

from the experimental data.  
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Table 3. Irreducible representations (Irrep) of each constitute of hexagonal LaSeF at 

the Γ point: its space and point groups are P63/mmc and D6h, respectively. The irrep of 

CBM and VBM are G1+ (La dz2) and G2- (Se pz), respectively. The CBM is composed of 

only Zr dz2 orbital and the VBM is composed of Se pz and F pz orbital. Both states are 

non-bonded state between anion and cation. 

 

  

Atom Site 
(site symmetry) Orbital 

Irrep 
In-phase Out-of-phase 

La 

 

 

Se 

 

F 

 

2c (-6m2) 

 

 

2a (-3m.) 

 

2d (-6m2) 

 

dx2-y2/dxy 

dz2 

dyz/dzx 

px/py 

pz 

px/py 

pz 

G6+ 

G1+ 

G5+ 

G5- 

G2- 

G5- 

G2- 

G5- 

G4- 

G6- 

G6- 

G4- 

G6+ 

G3+  



82 
 

 

Table 4. Irrep of each constitute of hexagonal ZrS2 at the Γ point: its space and point 

groups are P-3m1 and D3d, respectively. The irrep of VBM is G2- (S pz), which denotes 

the non-bonding state with Zr d orbitals. The CBM is not at the Γ point due to indirect 

bandgap.  

  

Atom Site 
(site symmetry) Orbital 

Irrep 
In-phase Out-of-phase 

Zr 

 

 

S 

 

1a (-3m) 

 

 

2d (3m) 

 

dx2-y2/dxy 

dz2 

dyz/dzx 

px/py 

pz 

G1+ 

G3+ 

G3+ 

G3- 

G2- 

 

 

 

G3+ 

G1+  
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Table 5. Irrep of each constitute of orthogonal ZrNI at the Γ point: its space and point 

groups are Pmmn and D2h, respectively. The irrep of the CBM and the VBM are G2+ (Zr 

dxy) and G3- (N and I px), respectively. The CBM is composed of only Zr dxy orbital, which 

denotes no contribution of anion p orbitals. 

 

  

Atom Site 
(site symmetry) Orbital 

Irrep 
In-phase Out-of-phase 

Zr 

 

 

 

N and I 

 

 

2b (mm2) 

 

 

 

2a (mm2) 

 

 

dx2-y2/dz2 

dxy 

dyz 

dzx 

px 

py 

pz  

G1+ 

G2+ 

G3+ 

G4+ 

G3- 

G4- 

G2- 

G2- 

G1- 

G4- 

G3- 

G4+ 

G3+ 

G1+ 
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Table 6. Irrep of each constitute of tetragonal Ba2ZrS4 at the Γ point: its space and 

point groups are I4/mmn and D4h, respectively. The irrep of the CBM is G4+ (Zr dxy), 

which denotes the non-bonding state with S p orbitals. The VBM is not at the Γ point due 

to indirect bandgap.  

 
  

Atom Site 
(site symmetry) Orbital 

Irrep 
In-phase Out-of-phase 

Zr 

 

 

 

Ba and S 

 

 

S 

 

2a (4/mmm) 

 

 

 

4e (4mm) 

 

 

4c (mmm) 

 

dx2-y2 

dz2 

dxy 

dyz/dzx 

s 

px/py 

pz 

px/py 

pz 

G2+ 

G1+ 

G4+ 

G5+ 

G1+ 

G5- 

G3- 

G5- 

G3- 

 

 

 

 

G3- 

G5+ 

G1+ 

 

G4-  
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Chapter 3. Inversion of carrier polarity with polymorph 

change in LaSeF 

3.1 Introduction 

Carrier doping and control of carrier polarity are key technical issues in the creation 

of novel semiconductors. Wide bandgap semiconductors are in demand for applications 

in power electronics and optoelectronics1,2,3,4. However, control of carrier polarity, which 

is required for the realization of bipolar semiconductors, is a major challenge for wide 

gap semiconductors.  

Tetragonal phase of ZrOS gives important insights to next material design.  

(1) Early transition metal plays a key role to improve carrier dopability.  

(2) Non-bonding state between cation and anion is useful to reduce the effective mass. 

Considering the above insights, hexagonal phase of LaSeF (h-LaSeF) is a candidate 

for a wide-gap bipolar semiconductor. The h-LaSeF possesses the unique band edge states 

composed of non-bonding state between cation and anion. These states decrease the 

effective mass of electron and hole. Additionally, fluorine, which is highest 

electronegativity element, widens bandgap because of high Madelung potential. 

Therefore, combined with eTM effect, h-LaSeF is expected to become the wide-gap 

bipolar semiconductor. This design is summarized in Figure 1. 

However, a polymorphic change from hexagonal to tetragonal phases is observed, 

accompanying a major carrier switch induced by doping of LaSeF. The h-LaSeF exhibits 

p-type conduction when Ca is doped into La sites. Cl doping into Se sites stabilizes the 

tetragonal phase (t-LaSeF) and n-type conduction is realized. This experimental fact is 

consistent with the small difference in total energies between both structures. Furthermore, 
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the calculation reveals that orbital symmetry is a key factor for controlling the band edge 

levels in different polymorphs.  

LaSeF realizes inversion of carrier polarity with keeping wide-gap nature. This is a 

rare case of a change in polymorph and carrier polarity induced by impurity doping. By 

also considering the case of ZrOS, it is concluded that polymorph in eTM based 

compositions largely changes electronic structures based on its orbital symmetry. These 

findings will provide new insights into the design of wide-gap semiconductors. 

 

3.2 Results 

Crystal structures and irreducible representations 

Figures 2a and 2b show the crystal structures of hexagonal and tetragonal LaSeF, 

whose structure types are ZrBeSi (P63/mmc) and PbClF (P4/nmm), respectively. In both 

structures, the coordination number around La3+ is 9. In the hexagonal phase, the 

honeycomb [LaF]2+ layer is separated by the larger Se2− anions. In the tetragonal phase, 

a PbO-type [LaF]2+ layer is sandwiched by the Se2−. Lattice constants are shown in 

Figures 3 and 4. Most of them are consistent with the sum of the ionic radii, which 

indicates that they are ionic compounds. Tables 1 and 2 shows irreducible representations 

(Irrep) at Γ point for h-LaSeF and t-LaSeF, respectively. In Table 1, the Irrep of La 5dz2, 

G1+, doesn’t match the Irrep of other atomic orbitals, resulting in the non-bonding state 

between cation (La) and anions (Se and F). Similarly, the out-of-phase configuration of 

Se pz orbital forms the non-bonding with La 5d orbitals because of its unique Irrep, G2-. 

On the other hand, in t-LaSeF (see Table 2), non-bonding state emerges only in d orbitals 

of La. The Irrep of t-LaSeF is consistent with that of t-ZrOS owing to the same structure 

type, PbClF.  
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Band structures 

Figures 5a and 5b show band structures of the h-LaSeF and t-LaSeF, respectively. 

The calculated band gaps of the h-LaSeF and t-LaSeF were notably different at 1.73 and 

1.03 eV, respectively. Note that the calculated band gaps are likely to under estimate the 

experimental values because we used an LDA functional. The states of CBM and VBM 

for h-LaSeF are composed of non-bonding La 5dz2 and Se 4pz orbitals, respectively. Both 

orbitals largely extend in the z-axis direction. These feature are found in the sharp 

dispersion of bands and small effective mass along Γ-A, as shown in Figures 5a and 

Table 3. As shown in Table 3, the hole effective mass for the h-LaSeF is ~0.24 m0 along 

the Γ-A line and ~0.83 m0 along Γ-K, while the electron effective mass is ~0.57 m0 along 

the Γ-A line and ~0.71 m0 along Γ-K. On the other hand, the band edges of t-LaSeF are 

constituted of La 5dx2-y2 and Se 4px/y orbitals as CBM and VBM, respectively. Therefore, 

large effective mass and flat bands appear along Γ-Z line as shown in Figure 5b and 

Table 3. As described in Table 3, the mass of holes in the tetra-phase is relatively heavy, 

at ~0.99 m0 along the Γ-M and ~4.35 m0 along Γ-Z. The electron effective mass is similar, 

~0.45 m0 along the Γ-M line and ~1.34 m0 along Γ-Z line. Symmetry analysis5 revealed 

the bang gap of the hexa-phase at the Γ point is a direct-allowed type (from Γ2− to Γ1+), 

while that of the tetra-phase is a forbidden-type (from Γ5− to Γ4−).  

 

Sample characterization and optical property 

Figures 6a and 6b show the XRD pattern of non-doped sample and analyzed Ca-

content by EPMA, respectively. The diffraction patterns of the un-doped and Ca-doped 

samples were indexed as a hexagonal lattice. As the nominal Ca content increased, the 
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analyzed Ca content in the LaSeF grains monotonically increased to ~2%, and then 

remained at a constant value above 2%. Similarly, the lattice constant, c, decreased as the 

Ca-content was increased to 2% (Figure 6c), indicating that the Ca solubility limit is 

located at approximately 2%. Hereafter, we use the nominal content for simplicity. The 

diffuse reflection spectra of the non-doped and 1%-Ca doped samples showed steep 

absorption jumps at 2.89 and 2.91 eV as seen in Figure 6d, respectively. This observation 

is consistent with the allowed transition nature of the h-LaSeF. Unlike the Ca-doped 

samples, 1%-Cl doping considerably changed the XRD pattern, as shown in Figure 6e, 

which is indexed as a tetragonal PbClF-type structure. The analyzed Cl content linearly 

increased with the nominal Cl content (Figure 6f), and the lattice constants decreased 

(Figure 6g). The decrease of lattice constant indicates substitution of Cl for Se sites, 

rather than F sites, because the ionic radius6 of Cl (1.8Å) is larger than that of F (1.3) but 

smaller than that of Se (2.0). The absorption of the Cl-doped sample begins gently at a 

lower energy of hν = 2.2 eV (Figure 6h), which is also consistent with the nature of the 

forbidden optical transition at the Γ point.  

 

Transport properties 

Figure 7a shows the results of typical thermopower measurements for the Ca-doped 

h-LaSeF and Cl-doped t-LaSeF. Thermopower is a reliable physical quantity for 

determining the carrier polarity, particularly for disordered materials, such as 

polycrystalline bulk and amorphous materials, though the Hall voltage gives the reverse 

sign in many cases7. It is evident that the sign of the Seebeck coefficient S at room 

temperature changes from positive in the Ca-doped h-LaSeF to negative in the Cl-doped 

t-LaSeF. Figures 7b and 7c summarize the doping dependence of S and the electrical 
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conductivity σ at 300 K, respectively. The non-doped h-LaSeF exhibited high resistivity 

~109 Ω cm. For the Ca-doped sample, the conductivity was enhanced to over 102 S cm−1 

at a Ca content of 3%. The Cl-doped t-LaSeF showed a much higher conductivity than 

that of the Ca-doped h-LaSeF. Figures 8a-8c show the conductivity for Ca doped h-

LaSeF as a function of temperature. Band transport occur when the electron is thermally 

excited to the CB from donor level or from the VB to acceptor level. As shown in Figure 

8a, the acceptor level of Ca 3% doped h-LaSeF is approximately 23 meV, estimated from 

Arrhenius plot. However, as shown in Figure 8b, the electrical conductivity approaches 

a constant value as temperature decreases below 100K, which indicates the variable range 

hopping (VRH) conductivity at low temperature. The mechanism based on VRH brings 

the temperature dependence of T-1/4 to the σ. As shown in Figure 8c, the conductivity of 

h-LaSeF is linear as a function of T-1/4 in the region below 100K. On the other hand, Cl 

doped t-LaSeF indicates the band transport even at low temperature. Figures 8d-8f show 

the conductivity for Cl doped t-LaSeF as a function of temperature. The donor level of Cl 

1% doped t-LaSeF is ~19 meV as indicated in Figure 8d. Figure 8e and 8f show that the 

electrical conductivity strongly depends on 1/T even at low temperature. This result 

suggests that the band transport is realized even at low temperature. Finally, we compare 

the mobility of electrons and holes which are estimated from σ and S, where S corresponds 

to the carrier concentration. The S is ~+85 µV/K and ~-70 µV/K for Ca 3% doped h-

LaSeF and Cl 3% doped t-LaSeF, respectively, indicating that their carrier concentration 

is similar value. Then, their σ also have similarity, ~0.035 S/cm for Ca 3% doped h-LaSeF   

and ~0.022 S/cm for Cl 3% doped h-LaSeF. Therefore, it is concluded that the mobilities 

of electrons and holes are roughly the same value. 
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3.3 Discussion 

Polymorph for material design 

Material design based on polymorphic control has attracted much attention in recent 

years8,9. However, polymorph of LaSeF is a rare case where structural change corresponds 

to its functionality. For example, the hole effective mass of h-LaSeF is smaller than that 

of t-LaSeF. Conversely, the electron effective mass of t-LaSeF is smaller than that of h-

LaSeF. That is, the polymorphic change improves the transport properties in this system. 

Therefore, this study suggests the new design that semiconducting properties are 

improved through polymorphic change.  

 

Orbital symmetry and band edge states  

Here, we discuss the origin of alternation of electronic structures based on 

polymorphic change and reveal the relationship between chemical bonding state and the 

functionality. Figure 9a shows the density of states (DOS) of the h-LaSeF and t-LaSeF, 

where the energy is aligned at the La 5s levels located approximately 32−33 eV below 

their VBM. We found that the ECBM of the t-LaSeF is deeper and that the VBM is 

shallower compared with those of h-LaSeF. The difference of the CBM between the two 

polymorphs is attributed to the chemical bonding states between the La 5d orbitals. The 

electron density distributions at the CBM of h-LaSeF and t-LaSeF are shown in Figure 

9b. In the hexa-phase, a La 5dz2 orbital pointing along the c axis mainly contributes to the 

CBM state and the lobe is parallel to the neighboring 5dz2 orbital in the nearest unit cell, 

in a similar arrangement to a π-bonding interaction. In the t-LaSeF, the 5dx2−y2 orbitals 

point toward each other in a σ-bonding arrangement.  

In Figures 9c and 9d, the corresponding bonding and anti-bonding states are shown 
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for h-LaSeF and t-LaSeF respectively. Because the unit cell of LaSeF has two chemical 

formulae, there are two configurations of the La 5d orbital, i.e., in-phase and out-of-phase 

configurations. The orbital configuration and corresponding band structure of La 5dz2 

orbital are the same as the π and π* bonding of C 2pz in graphene10,11. The in-phase 

configuration of the La 5dz2 orbital at the Γ point forms a bonding state, which has its 

lowest energy in the La 5dz2 orbital-based bands. The out-of-phase configuration at the Γ 

point corresponds to the anti-bonding state, which has the highest energy because the 

phase of the La 5dz2 orbital is inverted with respect to both the nearest (4.22Å) and next 

nearest neighbor (4.76Å) La-sites. The CBM of the tetragonal phase is composed of out-

of-phase La 5dx2−y2 orbitals, in which the nearest neighbor 5dx2−y2 orbitals (4.14Å) form 

σ-bonding interactions, while the next nearest neighbor 5dx2−y2 (4.28Å) takes a π-bonding 

configuration. The highest energy configuration of La-5dx2−y2 appears at the M point, 

where both the in-phase and out-of-phase configurations form a σ-anti-bonding state (σ*) 

and those energy levels are degenerate. The corresponding eigenvalues, E(k), of the 

bonding and anti-bonding states are indicated by open circles and squares, respectively, 

in Figure 5a for the hexagonal and Figure 5b for the tetragonal phase. Owing to the 

lower orbital overlap for the π-like configuration12, the band width of the La 5dz2 orbitals 

in the hexa-phase is only ~2 eV, which is narrower than the σ band derived from the La 

5dx2−y2 in the tetra-phase. 

Finally, the concepts obtained from the present findings are summarized in Figure 

10. The formation of bonding and antibonding states between cations and anions is 

responsible for the band gap in ionic semiconductors and insulators (Figure 10a)13. 

However, if hybridization of the relevant orbitals in cations and anions is forbidden by 

symmetry at a specific k point, the cation-cation bonding and anion-anion antibonding 
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states are the main contributor to ECBM and EVBM
14, respectively, as shown in Figures 10b 

and 10c. According to the irreducible representation of La 5d, Se 4p, and F 2p at the Γ 

point (see Table 1 and 2), we found that the La 5dz2 and Se 4pz orbitals in the h-LaSeF 

can interact only with themselves but cannot achieve bonding and anti-bonding states 

with other anion p and La 5d orbitals at the Γ point. Therefore, the bonding state between 

the La 5dz2 orbitals and the anti-bonding state between Se 4pz orbitals constitute the CBM 

and the VBM, respectively. Thus, the energy levels simply depend on the orbital overlap 

between the La 5dz2 orbitals or Se 4pz orbitals. Alternatively, the CBM in the tetra-phase 

is composed of La 5dx2−y2 and the VBM state is composed of the Se 4px/y and La 5dxz/yz 

orbitals. Because the CBM of eTM-based semiconductors is composed of cation d orbitals, 

the crystal structure and orbital configuration have a more notable effect on the energy 

level of the CBM than those effects on pTM semiconductors, for which the CBM usually 

consists of spherical s orbitals of the metal15. This effect is clearly demonstrated by the 

shallower CBM formed from π-type La 5dz2 bonding in the h-LaSeF and the deeper CBM 

from the σ-type La 5dx2−y2 bonding in the t-LaSeF. Therefore, proper choice of parent 

materials is the key to achieving wide-gap bipolar conduction in eTM-based 

semiconductors. 

 

AXY compounds 

The AXY (A = rare earth, X = halogen, and Y = chalcogen) compounds are 

fascinating to form a high symmetry crystal structure. Figure 11 shows the structure map 

of mixed anion AXY for two cases, where seven different structure types appear, i.e., YOF, 

PbClF, FeOCl, SmSI, YSF, YSeF, and ZrBeSi-type. In these structure types, non-bonding 

between cation and anion appear in cation dx2-y2 in PbClF, cation dz2 and anion pz in 
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ZrBeSi, and cation dxy in FeOCl. This indicates that the electronic structure of AXY varies 

based on the orbital symmetry.  

Additionally, as shown in Figure 11a, LaSeF is located at a boundary between ZrBeSi 

and PbClF-type structures. We calculated the internal energy difference between two 

structure types for compounds located at the boundary, and found a small energy 

difference in the case of LaSeF (PbClF vs ZrBeSi) and LaTeCl (PbClF vs PbCl2), 

indicating that these crystal structures could easily transform into each other (See Table 

4). 

 

Origin of polymorphic change 

Next we discuss the origin of the structural change from the h-LaSeF to t-LaSeF upon 

Cl-doping. Cl substitution into Se sites could have two possible effects on the electronic 

and crystal structures of the hexa-phase; chemical pressure derived from the difference of 

the ionic radius and electron doping into the conduction band. According to the structural 

map shown in Figure 11, a positive chemical pressure, such as that introduced by 

substitution of smaller Cl− ions into larger Se2− ion sites, would lead to a structural change 

of the tetragonal PbClF-type structure as illustrated in Figure 12b. Electron doping into 

the deeper CBM of the tetra-phase is energetically more favorable than into the shallower 

CBM of the hexa-phase. We examined substitution with 1% S2−, which has almost the 

same size as Cl−, into Se2− sites of the hexa-phase and found a similar stabilization of the 

tetra-phase without electron-doping. This result clarified that the positive pressure effect 

was the main reason for the phase transition in the present case. 
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3.4 Conclusion 

In conclusion, we examined structural and chemical bonding effects on the electronic 

structure, transport and optical properties of hexagonal and tetragonal LaSeF. We found 

that the Ca substitution for La sites of the hexagonal phase was effective for obtaining p-

type conduction, and Cl 1% substitution at Se sites induced a structural change from the 

hexagonal to tetragonal phase. Inversion of carrier polarity from p-type in the Ca-doped 

hexagonal phase to n-type in the Cl-doped tetragonal phase was confirmed by Seebeck 

coefficient measurements, and the band gap of the hexagonal phase also changed 

considerably from 2.9 to 2.2 eV for the tetragonal phase. The conductivity changed from 

10−9 S cm−1 for the non-doped hexa-phase to over 10−2 S cm−1 for both the Ca-d and Cl-

doped samples. Band structure calculations revealed the tetragonal phase has a deeper 

CBM than that of the hexagonal phase, which is consistent with the experimental finding 

of n-type conduction in the tetragonal phase. From the chemical bonding analysis, we 

concluded that the change of the carrier polarity and reduction of the band gap can be 

attributed to differences in the orbital configuration at the CBM. Namely, the shallower 

CBM in the hexagonal phase is based on the π-type La 5dz2 bonding state with low orbital 

overlap and the deeper CBM is related to the σ-type La 5dx2−y2 bonding state in the 

tetragonal phase. These results demonstrated that the proper choice of chemical bonding 

at the band edge state is key to achieving wide-gap bipolar conduction in eTM-based 

semiconductors. 

 

3.5 Experimental section 

Synthesis and characterization 

Non-doped samples were synthesized by solid-state reactions using La2Se3 and LaF3. 
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The mixed starting material was sealed with a silica glass tube filled with Ar gas, and the 

tube was heated at 900°C for 18 h. Samples doped with Ca at La sites were prepared from 

La2Se3, LaF3, CaSe, and Se by the same procedures. To compensate for the Se-deficiency, 

the resulting sample was placed in an evacuated silica tube with a small amount of Se, 

and subsequently the tube was heated at 400°C for 4 h. Cl-doped samples were prepared 

from La2Se3, LaF3, LaCl3, and LaH2 by the same procedures. X-ray diffraction (XRD) of 

the samples was measured by D8ADVANCE-TXS (Bruker AXS) with CuKα radiation 

(power: 45 kV × 360 mA) equipped with a position sensitive detector. The structural 

parameters were refined using TOPAS code16. The amounts of Ca and Cl in LaSeF were 

determined by an electron probe micro analyzer (EPMA). The quantitative analyses with 

the EPMA were conducted with atomic number, absorption, and fluorescence correction 

against standard samples of LaAs for La, ZnSe for Se, BaF2 for F, CaSiO3 for Ca, and 

NaCl for Cl. 

Transport measurement 

The electrical conductivity was measured by the van der Pauw method, with a 

sputtered Pt electrode (for p-type materials and un-doped hexagonal LaSeF) or an Ag 

electrode paste (for n-type), with the use of a physical property measurement system 

(PPMS Quantum Design). The Seebeck coefficient was obtained from the gradient of the 

slope for the thermovoltage versus temperature relationship at room temperature.  

Diffuse reflection measurement  

Diffuse reflectance spectra Robs were measured on powdered samples, and calibrated 

against a reference material (MgO powder). The absorption coefficient α was obtained by 

Kubelka–Munk theory (1−Robs)2/(2Robs) = α/s (where s is the scattering coefficient)17. The 

direct allowed and direct forbidden band gaps were estimated from plots of (hvα/s)2 and 
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(hvα/s)2/3 versus hv, respectively. 

Theoretical calculation 

The electronic structure calculations were performed using the projected augmented-

wave method as implemented in the VASP code18, and a local density approximation 

(LDA) + U19 (where U = 13 eV for f-orbital of La to construct a Wannier orbital from the 

5d orbital of La) was used. A 500-eV cutoff in the plane wave expansion ensured that the 

calculations converged to 10−6 eV. For total energy calculations, the lattice parameters 

and atomic positions were fully relaxed by a structural optimization procedure 

minimizing the total energy (< 10−6 eV) and force (< 10−5 eV/Å). We used an 8 × 8 × 6 

Monkhorst–Pack grid Brillouin zone sampling throughout all of calculations. Maximally 

localized Wannier functions were constructed from La 5d, Se 4p, and F 2p states as 

projection functions using Wannier90 code20.  
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Figure 1. Design for wide-gap bipolar semiconductor. In the case of hexagonal LaSeF, 

the high Madelung potential between La and F ions induces the wide-gap state. Then, the 

non-bonding state between La 5d and Se 4p orbitals prevents the CB and VB from being 

flat band. Finally, the chemical bonding between same elements, La-La and Se-Se, 

establishes the electronic structure suitable for bipolarity. 

 

      

Figure 2. Crystal structures of hexagonal and tetragonal LaSeF. a, b. Crystal structures 

of h-LaSeF (a) and t-LaSeF (b). Red, blue, and green spheres represent La, Se, and F 

atoms, respectively.   
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Figure 3. Distances of each atom for hexagonal phase of LaSeF. The distance estimated 

from ionic radius are represented on right of name of relevant distance (e.g. 2.06 Å for 

La-La). Red, blue, and green spheres represent La, Se, and F atoms, respectively. The 

distances correspond to the separation of La and La (a), Se and Se (b), La and Se (c), and 

La and F (d). 
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Figure 4. Distances of each atom for tetragonal phase of LaSeF. The distance estimated 

from ionic radius are represented on right of name of relevant distance (e.g. 2.06 Å for 

La-La). Red, blue, and green spheres represent La, Se, and F atoms, respectively. The 

distances correspond to the separation of La and La (a), Se and Se (b), La and Se (c), and 

La and F (d). 
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Table 1. Irreducible representations (Irrep) of each constitute of hexagonal LaSeF at the 

Γ point: its space and point groups are P63/mmc and D6h, respectively. The irrep of CBM 

and VBM are G1+ (in-phase configuration of La dz2 orbital) and G2- (in-phase 

configuration of Se pz orbital), respectively.  

     

   

Table 2. Irrep of each constitute of tetragonal LaSeF at the Γ point: its space and point 

groups are P4/nmm and D4h, respectively. The irrep of CBM and VBM are G4- (out-of-

phase configuration of La dx2-y2 orbital) and G5- (in-phase configuration of Se px/py 

orbitals), respectively.  

   
  



102 
 

                     

Figure 5. Band structures of h-LaSeF (a) and t-LaSeF (b). Red, blue, and green colors 

denote the character of the bands by projections of the wave function on the La-5d, Se-

4p and F-2p Wannier orbitals as shown by the triangle color bar. The black open circles 

and squares in the band structure indicate the bonding and anti-bonding states, 

respectively, based on La-5dz2 orbitals for h-LaSeF and La-5dx2−y2 orbitals for t-LaSeF. 

 

Table 3. Electron and hole effective masses of each k-path for h-LaSeF and t-LaSeF.  
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Figure 6. Structural, chemical, and optical properties of LaSeF. a, e. XRD patterns of 

non-doped h-LaSeF (a) and Cl1%-doped t-LaSeF (e). Black symbols and red/blue solid 

line represent the experimental data and Rietveld fitting patterns, respectively. The black 

tick marks below the patterns indicate the peak positions of h-LaSeF and t-LaSeF. b, f. 

Relationship between nominal and analyzed content of Ca in h-LaSeF (b) and Cl in t-

LaSeF (f). The black dashed line denotes the ideal line calculated assuming the nominal 

content is equal to the analyzed content. c, g. Doping dependence of lattice constants. 

Filled and open symbols denote a- and c-axis lengths, respectively. d, h. Absorption 

spectra of h-LaSeF (d) and t-LaSeF (h) derived from diffuse reflectance spectra at 300 K 

and the Kubelka−Munk relation, where α, s, and hν are the absorption coefficient, 

scattering factor, and photon energy, respectively. The vertical axis for direct allowed 

transition and direct forbidden transition are (hvα/s)2 and (hvα/s)2/3, respectively. The 

black dashed lines are a guide for the eyes.  
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Figure 7. Transport properties of LaSeF. a. Results of thermopower measurements for 

Ca-doped h-LaSeF (upper) and Cl-doped t-LaSeF (bottom). The dashed line indicates 

linear fitting results. b. Doping dependence of the Seebeck coefficient at T = 300 K. c. 

Doping dependence of conductivity at T = 300 K. The solid line is a guide for the eyes. 
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Figure 8. Electrical conductivity as a function of temperature. a, d. Electrical 

conductivity of Ca 3% doped h-LaSeF (a) and Cl 1%-doped t-LaSeF (d). The range of 

both fitting is from 2 (T = 400 K) to 5 (T = 200 K). b, e. Electrical conductivity including 

low temperature region for Ca doped h-LaSeF (b) and Cl doped t-LaSeF (e). c, f. T-1/4 

plot for electrical conductivity of Ca doped h-LaSeF (c) and Cl doped t-LaSeF (f). 

 

Table 4. Total energies of two competing structure in various compositions. 
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Figure 9. Comparison of electronic structures and chemical states of hexagonal and 

tetragonal phases. a. DOS of h-LaSeF (left) and t-LaSeF (right). The vertical axis is 

aligned by the La-5s levels located approximately 32−33 eV below their VBM. b. 

Electron density mapping at the CBM state of h-LaSeF (left) and t-LaSeF (right). 

Although the two La atoms in the unit cell are crystallographically identical, here we 

denote the La atom at z 0.75−0.80 as La1 and that at 0.20−0.25 as La2 for clarity. c, d. 

Orbital configuration of bonding and anti-bonding states of La-5dz2 in h-LaSeF (c) and 

La-5dx2−y2 for t-LaSeF (d). The black dashed line denotes the unit cell. The orbital in the 

La2 site is drawn lightly. The cross sign in right panel of Figure 4d indicates non-bonding 

states because La-5d x2−y2 orbitals at this site cannot form any bonding or anti-bonding 

states with neighboring orbitals. 

  



107 
 

 
Figure 10. Schematic molecular orbital diagram of conventional ionic semiconductors 

and the LaSeF polymorphs. a. Molecular orbital diagram for semiconductors with less 

covalency. b, c. Molecular orbital diagram for the h-LaSeF (b) and t-LaSeF (c). Owing 

to the poor orbital overlap between cation1 and cation2 in the hexa-phase, the CBM 

position is shallower than that of the tetra-phase and the situation reverses for the VBM. 

The red and blue allows represent the degree of orbital overlap between cation-cation 

enlarging the conduction band width and between anion-anion enlarging the valence band 

width, respectively. 
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Figure 11. Structure map of ternary rare earth mixed anion compounds. a. Case where 

chalcogen anion is larger than halogen anion. b. Case where halogen anion is larger than 

chalcogen anion. The horizontal axis represents the value that the ionic radius of cation 

(rare earth elements) is divided by the ionic radius of small anion. The vertical axis 

represents the ionic radius of large anion. Seven structure types are shown color: blue for 

FeOCl, gray for YSeF, pink for PbClF-type, yellow for YSF, green for YOF, black for 

compositions forming polymorph, red for ZrBeSi and HoHSe, and purple for SmSI. 

21,22,23,24,25 HoHSe can be regarded as a polytype of ZrBeSi if the ZrBe honeycomb layer 

is shifted parallel to the ab plane. No color represents no structure data. 
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Figure 12. Tendency of structural change depending on ionic radius in the case where 

chalcogen anion is larger than halogen anion. Large anion separates layers composed of 

cation and small anion, except for ZrBeSi-type which is a unique structure where a small 

anion is adjacent to a large anion. As the small anion becomes larger (or cation and large 

anion become smaller), ZrBeSi-type turns into PbClF-type because the structure where 

anions are neighboring become unstable. Substituting Cl into Se site of h-LaSeF denotes 

the case of (b). Thus, this substitution encourages the structural-type change from ZrBeSi 

to PbClF.  
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Chapter 4. General conclusion  

The present study accomplished the bipolar doping or the carrier polarity switch in 

the wide-gap semiconductors based on the early transition metals.  

 

Main conclusion (Figure 1) 

The semiconductors based on early transition metals the efficient controllability of 

carrier polarity and density, in future, and will be one of the applicable wide-gap 

semiconductors. 

 

Conclusions (Figure 2) 

1. The compositions, AChX (A = Y, Zr, La, and Hf, Ch = chalcogens, and X = oxygen and 

fluorine), are suitable for designing the wide-gap and p-type conduction because X anion 

widens the bandgap due to its high Madelung potential and chalcogen anion is suitable 

for hole transport owing to its small ionization potential and spatially spread p orbitals. 

 

2. Orbital symmetry and crystal structure are key to establish conduction band suitable 

for electron transport. The d orbital of early transition metals is required to form non-

bonding state with neighboring anion p orbitals and σ-bonding state with d orbitals of 

neighboring same element. 

 

3. Chemical bonding of anion p orbital is important to constitute valence band 

appropriate for hole conduction. Anion p orbital is better to form non-bonding with 

neighboring cation d orbitals and strong anti-bonding with neighboring anion p orbitals.  
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Secondary conclusion 

Concept for controlling polymorph brings novel design for wide-gap bipolar 

semiconductors. This design requires polymorph based on two structures; first structure 

is suitable for n-type and second structure is appropriate for p-type.  

  



112 
 

              

Figure 1. Summary of main conclusion. This figure corresponds to Figure 1 of General 

introduction. The early transition metals (eTM) based semiconductors will be one class 

of major functional semiconductors. The compositions of eTM have structures with high 

coordination number which brings the high dopability of carrier. This feature induces the 

high controllability of carrier polarity.  

 

 

Figure 2. Summary of conclusions. Bipolarity requires non-bonding state between cation 

and anion and strong covalent nature between same elements. 
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