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Abstract 

Indium gallium zinc oxides (IGZO) have been developed for thin-film transistor technologies. In 

this work, we analyze the fundamental properties of crystalline InGaZnO4, considering all possible 

Ga/Zn atomic distribution patterns. Using the hybrid Hartree-Fock density functional approach, the 

most stable configurations are identified. The simulations reveal that the considered configurations 

are indirect band-gap semiconductors with highly dispersive conduction bands (CB) and very flat 

valence bands (VB). Thereby, the electron effective masses are light, contrary to the heavy hole 

effective masses. This implies a good electron mobility and suppressed hole mobility, and 

consequently a low off-state current that minimizes the power consumption in future InGaZnO4-

based transistors. Coexistence of different configurations is not an issue for InGaZnO4 since they all 

present very similar optoelectronic properties. 
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1. Introduction 

Hydrogenated amorphous silicon (a-Si:H) has been the key component of thin film 

transistors (TFTs), used in large-area electronic applications. However, its low mobility and poor 

visible-light transparency are problematic for next-generation devices, like high-performance 

transparent displays. To overcome such limitations, metal-oxide semiconductors (MOS) have been 

proposed as promising candidates to replace a-Si [1,2,3]. Among them amorphous indium-gallium-

zinc-oxide (a-IGZO) has attracted intense interest [4,5 ,6 ,7]. Transparent thin film transistors 

(TTFTs) based on a-IGZO exhibit low off-state currents, and electron mobilities approximately one 

order of magnitude larger than those of a-Si:H [6]. 

However, despite their remarkable characteristics, such TFTs may suffer severely from 

instabilities under external stress. Similar to conventional TFTs, prolonged bias application can lead 

to the degradation of their current-voltage characteristics. By applying gate bias stress, variations of 

the threshold voltages, particularly parallel shifts, were observed [8]. The shifts were raised from 

the charge trapping process and they were logarithmically dependent on the duration of the stress 

[8]. In addition, light induced instabilities in the absence or along with bias stress were reported 

[9,10,11,12,13,14,15,16]. For instance, a-IGZO TFT using SiO2 as gate dielectric presented large 

threshold voltage shift under illumination, which was increased by increasing the illumination time 

and decreasing the wavelength [10]. 

In that respect, crystalline indium-gallium-zinc-oxide (c-IGZO) may be superior from its 

amorphous counterpart [17]. Interestingly, sharp successfully developed and massively produced 

LCDs using crystalline IGZO-TFTs instead of amorphous [18]. Such LCDs can realize lower power 

consumption as well as higher touch panel performance compared to a-Si-TFT LCDs. Note that no 

significant change in the TFT characteristics after 1000-hour-operation is observed. Thus, c-IGZO-

TFTs are considered to be highly reliable [17]. In this paper, we studied the structural, electronic 

and optical properties of c-IGZO, using first-principles calculations based on the hybrid Hartree-

Fock density functional approach. We considered c-IGZO with In:Ga:Zn:O = 1:1:1:4 composition 



3 
 

ratio and various Ga/Zn atomic distribution patterns. The energetically favorable configurations 

were identified, and the energy gaps, effective masses, and dielectric constants were computed.  

 

2. Methods and Computational details 

Our first principles calculations are performed using the hybrid Hartree-Fock density 

functional approach, as implemented in the VASP package [19]. The electron-ion interaction is 

described by the projector augmented wave (PAW) method [20]. The functional proposed by Heyd, 

Scuseria, and Ernzerhof (HSE06) [21] is adopted here, along with the standard mixing (25% Fock 

exchange) and range-separation parameters. Calculations with no Fock exchange are also performed, 

and the generalized gradient approximation developed by Perdew, Burke, and Ernzerhof (PBE) is 

used for the exchange correlation functional. We model InGaZnO4 using unit cells of 28 atoms in 

total. The unit cells have layered structures consisting of InO2 and (GaZn)O2 units. Both the volume 

and the atomic positions were optimized using the conjugate gradient method, with 10-2 eVÅ-1 force 

convergence criteria on the ionic optimization and 10-5 eV energy convergence criteria on the 

electronic minimization. The kinetic energy cutoff was set to 600 eV and the Brillouin zone was 

sampled by a 332 k-point grid for the atomic relaxations, whereas a denser grid of 6x6x4 k-

points was used for the electronic structure and optical calculations. Convergence with respect to 

cutoff energy and k-point sampling was explicitly checked.  

The optical properties are studied by means of the complex dielectric function ε(ω) = ε1(ω) +

iε2(ω) and the optical absorption coefficient α(ω). The imaginary part of the dielectric function is 

computed from the joint density of states (JDOS) and the optical momentum matrix in the long 

wavelength limit [22], whereas the real part is derived from the imaginary part using the Kramers-

Kronig transformation [23]. Accordingly, the absorption coefficient is directly derived from the 

dielectric function and the corresponding formulas are: 
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where e is the electron charge, Ω is the primitive cell volume, w𝐤 is the weight of k-points, c and ν 

refer to the valence and conduction bands, respectively, eα and eβ are the unit vectors for the three 

Cartesian directions, and uv𝐤 is the periodic part of the Bloch wave function corresponding to the 

eigenvalue Ec𝐤 . The high-frequency dielectric constants (ε∞ ) are obtained from the dielectric 

functions at zero frequency when the ionic contribution from the electron-optical phonon interaction 

is excluded, whereas the static dielectric constants (ε0) are determined by calculating the force-

constant matrices and internal strain tensors with no Fock exchange. 

For the sake of comparison, calculations for the corresponding binary oxides are additionally 

performed. In particular, we consider wz-ZnO (space group: P63mc), β-Ga2O3 (space group: C2/m), 

and In2O3 (space group: Ia3̅), having 4, 10, and 40 atoms in their primitive unit cells, respectively. 

Complementary calculations using other exchange-correlation potentials are also presented in the 

supplementary material. 

 

3. 1 Structural properties and energies  

c-InGaZnO4 has a layered structure where In atoms occupy 6-fold coordinated sites, 

surrounded by an oxygen distorted octahedron, typically described as the InO2 unit. On the other 

hand, Ga and Zn atoms occupy 5-fold coordinated sites, surrounded by an oxygen trigonal 

bipyramid, commonly referred as the (GaZn)O2 unit. Ga and Zn atoms in the (GaZn)O2 unit cannot 

be distinguished, within the X-ray resolution [24]. Thus, the Ga/Zn atomic distribution should be 
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theoretically investigated in order to identify the most stable structures. Figure 1 depicts all possible 

Ga/Zn atomic distribution patterns for the top and bottom (GaZn)O2 layers. In particular, we 

consider six different patterns for the top (GaZn)O2 layer (denoted by T1, T2, …, T6) and six 

different patterns for the bottom (GaZn)O2 layer (denoted by B1, B2, …, B6), and that leads to 

thirty-six possible combinations. However, due to the space group symmetry only ten of these 

combinations are structurally non-degenerate. That is, take as an example the structures with bottom 

and top layers B1T1 and B2T2. By shifting the atomic positions of the B1T1 structure along the a-axis 

by 0.5a and keeping the atomic positions along the b and c-axis unshifted, one obtains the B2T2 

structure. Table I summarizes the structural properties and total energies of the ten distinct IGZO 

structures. The 4-fold coordinated O atoms in the (GaZn)O2 unit are bonded to either 3Ga/1Zn or 

1Ga/3Zn for IGZO-I and IGZO-X, whereas they are surrounded by 2Ga/2Zn for IGZO-II and 

IGZO-IX. For the remaining structures, namely IGZO-III, IGZO-IV, IGZO-V, IGZO-VI, IGZO-VII, 

and IGZO-VIII, there are oxygens coordinated by 3Ga/1Zn, 1Ga/3Zn, as well as 2Ga/2Zn. 

For all studied configurations, the In–O bond lengths in the InO2 unit (δIn−O), the in plane-

like Ga/Zn-O bond lengths in the (GaZn)O2 unit (δ∠,Ga∕Zn−O), as well as the out of plane Ga/Zn–O 

bond lengths between the (GaZn)O2 and InO2 units (δ∥,Ga Zn⁄ −O) are very similar and their values 

are found to be δIn−O = 2.19 ± 0.05 Å , δ∠,Ga−O = 1.87 ± 0.04 Å , δ∠,Zn−O = 2.01 ± 0.06 Å , 

δ∥,Ga−O
∗ = 1.93 ± 0.04 Å, and δ∥,Zn−O

∗ = 2.01 ± 0.04 Å. On the other hand, the out of plane Ga/Zn-

O bond lengths within the (GaZn)O2 unit (δ∥,Ga Zn⁄ −O) vary depending on the structure. Note that in 

pairs IGZO-III, IGZO-IV, as well as IGZO-V, IGZO-VI, present nearly identical structural 

properties and total energies.  

As observed in Table I, the most stable configuration corresponds to IGZO-VII. However, 

the total energies of IGZO-I, IGZO-II, and IGZO-VIII are only 0.4, 0.5, and 0.5 meV/atom larger 

than that of IGZO-VII. Thus, although IGZO-VII structure is the most likely one to be formed 

under equilibrium growth conditions, IGZO-I, IGZO-II, IGZO-VII, and IGZO-VIII can also coexist, 

and it is also likely to grow crystals containing different Ga/Zn atomic distributions. The least 
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favorable configuration corresponds to IGZO-X, but its energy is only 5.9 meV/atom larger as 

compared to the most stable configuration. It is worth reporting the total energies obtained from 

calculations with no Fock exchange. Using PBE, similar to the HSE06 results, the most favorable 

structures are IGZO-I, IGZO-II, IGZO-VII, and IGZO-VIII, and the least favorable structure 

corresponds to IGZO-X. However, IGZO-II instead of IGZO-VII is the lowest energy configuration, 

and the energy difference between IGZO-II and IGZO-VII is only 0.1 meV/atom. We find that the 

slight differences in the total energies between PBE and HSE06 calculations are mainly due to the 

inclusion of the Fock exchange and not due to the slight differences in the structural properties. 

Note that for the sake of comparison, the same parametrization scheme was used for both PBE and 

HSE06 calculations. As a next step, the formation enthalpies of all IGZO structures are computed 

using the relation ∆Hf = EInGaZnO4
− EIn − EGa − EZn − 2EO2

 where EIn, EGa, and EZn refer to the 

stable solid structures of In, Ga, and Zn, respectively, whereas EO2
 refers to the triplet ground state 

structure of  the O2 molecule. For all IGZO structures, the formation enthalpies are found to be 

about −1.8 eV/atom, and the negative values indicate thermodynamic stability. 

 

TABLE I. Structural properties and total energies of IGZO structures. Relative total energies are 

presented, taking as reference the energy of the most favorable configuration. B1, B2, …, B6 and T1, 

T2, …, T6 correspond to the different distribution patterns of Ga/Zn atoms in the bottom and top 

(GaZn)O2 layers, respectively, whereas δ∥,Ga Zn⁄ −O correspond to the out of plane Ga/Zn-O bond 

lengths within the  (GaZn)O2 unit. 

 Structures a [Å] b [Å] c [Å] δ∥,Ga−O [Å] δ∥,Zn−O [Å] Etot [meV/atom] 

IGZO-I B1T1, B2T2, B4T4, B6T6 6.646 

 

5.700 

 

8.927 

 

2.41-2.44 2.23-2.24 0.4 

IGZO-II B1T2, B2T1, B4T6, B6T4 6.641 

 

5.725 

 

8.854 

 

2.18 2.35-2.37 0.5 

IGZO-III B1T3, B2T3, B4T5, B6T5 6.615 5.738 8.872 2.13-2.42 2.22-2.42 2.6 

IGZO-IV B3T4, B3T6, B5T1, B5T2 6.615 5.738 8.871 2.13-2.42 2.22-2.42 2.6 

IGZO-V B1T5, B2T5, B4T3, B6T3 6.617 5.738 8.874 2.13-2.41 2.21-2.41 3.0 

IGZO-VI B3T1, B3T2, B5T4, B5T6 6.617 5.738 8.875 2.14-2.41 2.21-2.41 3.0 

IGZO-VII B1T4, B2T6, B4T2, B6T1 6.643 5.711 8.898 2.19-2.42 2.24-2.36 0 

IGZO-VIII 

 

B1T6, B2T4, B4T1, B6T2 6.642 5.711 8.892 2.18-2.45 2.23-2.37 0.5 
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IGZO-IX B3T3, B5T5 6.595 5.750 8.848 2.13 2.44 3.7 

IGZO-X B3T5, B5T3 6.590 5.781 8.850 2.30 2.24 5.9 

 

3.2 Electronic and optical properties 

Regarding the electronic properties, Fig. 2 displays the electronic band structures of IGZO 

structures. All studied configurations are indirect band gap semiconductors, where the conduction 

band (CB) minimum lies at the Γ-point, whereas the position of the valence band (VB) maximum 

varies depending on the structure. The band gap energies range from about 2.9 to 3.1 eV, which are 

in fairly good agreement with experimental observations [25]. Furthermore, Fig. 2 reveals that for 

all studied configurations the CB is highly dispersive, contrary to the very flat VB. Among the 

energetically favorable IGZO structures, IGZO-II is the compound with the flattest topmost valence 

band. The energy dispersion is only ~0.23 eV in the first Brillouin zone. Note that for IGZO-II, the 

energy difference between the indirect and direct band gap is just 0.02 eV, and for such small 

energy difference, the Auger effect is expected to be nearly negligible [26]. 

It is worth noting that calculations with the inclusion of spin orbit coupling (SOC) were also 

performed. Due to the low symmetry, there were no degenerate states, and no band splitting owing 

to this relativistic interaction. By contrast, such effect is much more pronounced in ZnO. In 

particular, for ZnO crystal field splits the VB into a doubly degenerate and a non-degenerate state 

(not counting the spin), whereas the combination of crystal field and SOC results in three doubly 

degenerate states. 

Figure 3 depicts the total DOS as well as the atom and angular momentum projected DOS 

(PDOS) for IGZO-VII, and similar results are obtained for IGZO-I, IGZO-II and IGZO-VIII 

structures. Our PDOS calculations show that the VB can be attributed to Zn-3d and O-2p orbitals. 

On the other hand, the CB is formed by In-5s, Ga-4s, Zn-4s and O-2s orbitals along with the O-2p 

orbitals. Interestingly, a contribution of Ga-3d and In-4d states in the higher VB region is observed, 

and a similar d-state character has been reported for Ga2O3 and In2O3 [27,28]. To clarify the 

presence of the high-lying d-states, additional calculations are performed for Ga2O3 as an example. 
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By slightly decreasing the Winger-Seitz radius of the Ga atoms (and simultaneously increasing the 

O Winger-Seitz radius), the d-state peak near the VB maximum is reduced, whereas the main 3d-

state peak at lower energies remains almost unaffected. Furthermore, including the d-electrons in 

the pseudopotential yields no main 3d-state peak (as expected), but still PDOS exhibits d-state 

character near the VB maximum (Fig. S1 in supplementary material). This analysis implies that the 

d-like state presence in the higher VB region shall be regarded as a consequence of the PDOS 

projection and a non-spherical symmetry. 

Next, we compute the effective masses directly from the electronic structures using the 

inverse relation of the mass tensor 1 m∗⁄ = ± ∂2E(𝐤) (ℏ2 ∂𝐤2)⁄ , where + and – stand for the 

electrons and holes, respectively, E(k) is the k-resolved energy of a band, and ℏ is the reduced 

Planck constant. In particular, the electron and hole effective masses are computed by fitting a 

parabola to the CB and VB extrema following the methodology in Ref. [29]. This approach yields 

fairly accurate values of the effective masses for traditional semiconductors as long as no 

anomalous dispersion occurs due to failure of the exchange-correlation function [30]; this is not 

expected for the adopted HSE06 functional. To avoid computational inaccuracies, a dense k-mesh is 

needed instead of only three k-points to represent a parabolic dispersion. In this work, we compute 

the energies E(k) for 50 k-points away from the band extrema (in specific k-directions), and for a 

region 10% of the first Brillouin zone. For the fitting, we have found that all considered VBs and 

CBs are parabolic in this 10% k-space region. Note that we follow the common approach and divide 

the values by the electron’s rest mass m0, i.e., the effective masses are presented in relative units.   

As expected from the CB and VB dispersions, the electron effective masses are relatively 

light, contrary to the heavy hole effective masses. The electron effective masses are found to be 

highly isotropic, whereas anisotropies are observed for the hole effective masses especially for 

IGZO-VII structure. In particular, for IGZO-VII the hole effective masses are 6.08m0 and 1.68m0 

along the RΓ and RM directions, respectively. On the other hand, the electron effective masses are 

found to be 0.25m0 and 0.26m0 in the ΓΧ and ΓZ directions, respectively, similar to the results 
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obtained for ZnO, Ga2O3, and In2O3 (Table SII in supplementary material). The computed values of 

the electron effective masses are also in fairly good agreement with previously reported theoretical 

calculations based on DFT [31,32]. Interestingly, all considered configurations display the same 

electron effective masses, whereas the hole effective masses vary depending on the structure. For 

instance, for IGZO-VIII the electron effective masses in the ΓX and ΓZ directions are 0.25m0 and 

0.26m0, similar to the results obtained for IGZO-VII, whereas the hole effective masses are 3.54m0 

and 3.66m0 along the RΓ and RM directions, respectively. 

Overall, our effective mass calculations confirm that InGaZnO4 is a promising candidate for 

replacing Si as a channel material in future transistors. In particular, the light electron effective 

mass results in high electron mobility. Accordingly, the heavy hole effective mass leads to low hole 

mobility, and subsequently to low off-state current, minimizing the power consumption in 

InGaZnO4-based transistors. As a last step, c-InGaZnO4 structure consisting of pure GaO and ZnO 

layers is considered. Such configuration is isostructural with YbFe2O4 which belongs to R3̅m space 

group. However, the substitution of two Fe atoms by one Ga and one Zn reduces the symmetry, 

leading to the  R3m  space group [ 33]. Upon relaxation, Ga and Zn atoms are no longer in 

equivalent positions, and the total energy is much higher compared to those of InGaZnO4 structures 

with mixed (GaZn)O2 layers.  

Regarding the optical properties, the dielectric function ε(ω) = ε1(ω) + iε2(ω) describes 

the electronic response to a charge distribution change, and such response is crucial for defining the 

electronic screening near structural perturbations like defects and dopants. Figure 4 depicts the real 

ε1(ω) and imaginary ε2(ω) parts of the dielectric function, as well as the absorption coefficient, of 

only IGZO-VII, since IGZO-I, IGZO-II, and IGZO-VIII have very similar spectra (Fig. S2 in 

supplementary material). The static and high-frequency dielectric constants, for the most favorable 

structures, are presented in Table II. The optical onsets occur at photon energies ℏω = Eg
d.  In the 

range of  0 ≤ ℏω ≤ ~4 eV, the real part of the dielectric function increases monotonically as a 

function of the energy. The mid-gap values are found to be fairly isotropic  ε1
xx(ω = Eg /2ℏ) =
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 ε1
yy

(ω = Eg/2ℏ) = 3.5  and ε1
zz(ω = Eg /2ℏ) = 3.4 for all configurations, and the corresponding 

values at the band gap energy are ε1
xx(ω = Eg /ℏ) = ε1

yy
(ω = Eg/ℏ) = ε1

zz(ω = Eg /ℏ) = 3.7, 3.8, 

3.7, and 3.7 for IGZO-I, IGZO-II, IGZO-VII, and IGZO-VIII structures, respectively. For the 

considered configurations, the high-frequency dielectric constants are ~3.4, whereas the in plane 

static dielectric constants are  ~8.3, i.e., similar to the results for ZnO [34]. Notably, a strong 

anisotropy is observed for the static dielectric constants, and the computed values along the z 

direction are 22.7, 17.6, 20.5, and 19.8 for IGZO-I, IGZO-II, IGZO-VII, and IGZO-VIII, 

respectively, i.e., c-InGaZnO4 is a high-κ-like material in this direction. The average static dielectric 

constant ranges from about 11 to 13 for the considered structures, which is in fairly good agreement 

with experimental observations for a-InGaZnO4 [35]. 

 

TABLE II. Electronic and optical properties of the most favorable IGZO structures, namely IGZO-

I, IGZO-II, IGZO-VII, and IGZO-VIII. Eg and Eg
d correspond to the indirect and direct band gap 

energies, respectively, whereas ΔWv corresponds to the energy width of the uppermost VB. For the 

electron effective masses (me) the considered directions are indicated in parenthesis. The static (ε0) 

and high frequency (ε∞) dielectric constants are presented for the x- and z-directions, whereas the 

component in the y-direction is very similar to that of the x-direction. 

 

 IGZO-I IGZO-II IGZO-VII IGZO-VIII 

Eg [eV] 2.94 3.06 2.94 2.90 

Eg
d [eV] 3.13 3.08 3.05 3.11 

ΔWV [eV] 0.34 0.23 0.37 0.35 

m𝑒[m0] 0.25 (ΓX) 0.25 (ΓX) 0.25 (ΓX) 0.25 (ΓX) 

m𝑒[m0] 0.26 (ΓZ) 0.26 (ΓZ) 0.26 (ΓZ) 0.26 (ΓZ) 

ε∞
xx 3.4 3.4 3.4  3.4  

ε∞
zz  3.3 3.4  3.3  3.3  

 ε0
xx 8.3 8.3 8.3 8.3 

ε0
zz 22.7 17.6 20.5 19.8 
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4. Conclusions                                                                                                                           

To conclude, we have studied the structural, electronic, and optical properties of crystalline 

InGaZnO4 using atomistic first-principles calculations. Since Ga/Zn atoms cannot be distinguished 

within the X-ray resolution, we considered all possible Ga/Zn atomic distribution patterns and we 

identified the most stable structures by computing their total energies. Specifically, we conclude 

that coexistence of different configurations is not an issue for c-IGZO since they all present very 

similar optoelectronic properties, with indirect band gaps, highly dispersive CBs and very flat VBs. 

The electron effective masses are found to be light contrary to the heavier hole effective masses. 

The high-frequency dielectric constants are found to be isotropic (~3.4), whereas the static 

dielectric constants exhibit strong anisotropy with one high-κ component (~8 in-plane whereas ~20 

in the z-direction). For all considered configurations, the absorption spectra are very similar, and 

overall c-IGZO present promising optoelectronic properties. 
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FIG. 1. c-IGZO unit cell consisting of InO2 and (GaZn)O2 units, as well as different distribution 

patterns of Ga/Zn atoms in the top (T1, T2, …, T6) and bottom (B1, B2, …, B6) (GaZn)O2 layers. 

Purple, green, gray and red spheres correspond to In, Ga, Zn and O atoms, respectively.  
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FIG. 2. Electronic band structures of IGZO structures and the corresponding Brillouin zone. The 

energies refer to the VB maximum. Eg  and Eg
d  denote the indirect and Γ-point direct gaps, 

respectively. The high-symmetry k-points are: X (0.5, 0, 0), Γ (0, 0, 0), Y (0, 0.5, 0), L (-0.5, 0.5, 0), 

Z (0, 0, 0.5), N (0.5, 0, 0.5), M (0, 0.5, 0.5), and R (0.5, 0.5, 0.5). 
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FIG. 3. Total (a) and projected (b-e) DOS per formula unit (f.u.) of IGZO-VII structure. In the total 

DOS, the positions of the VB maximum (VBM) and CB minimum (CBM) are denoted by dashed 

lines. The spectra include a 0.05 eV Lorentzian broadening, and the insets show a close-up at the 

conduction region. IGZO-I, IGZO-II and IGZO-VIII structures present very similar DOS compared 

to IGZO-VII. 
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FIG. 4. The real and imaginary parts of the dielectric function ε(ω) = ε1(ω) + iε2(ω) of IGZO-

VII, as well as the absorption coefficient α(ω). 
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