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The structural characteristics of amorphous Zn2SnO4 were investigated using ab initio
calculations in comparison with its crystalline phase. By amorphization, both the coordination

number of Zn and the most probable bond length of Zn-O decreased, and the O-Zn-O angle

distribution became broader. Meanwhile, the coordination number of Sn was almost unchanged,

and the reducing tendency in the most probable bond length of Sn-O as well as the extent of

broadening in the O-Sn-O angles were less distinct. The significant changes in Zn-O bonds by

amorphization partly account for the higher crystallization temperature of Zn2SnO4 compared to

its binary oxides. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4850895]

Zinc tin oxide is a transparent oxide semiconductor

(TOS) which shows high optical transparency and controlla-

ble electrical conductivity, making it a strong candidate as

the semiconductor layer in electronic devices, such as dis-

plays, solar cells, and electrical memory devices.1–4 For the

application of TOS in thin film transistors (TFTs), the amor-

phous phase is preferred for better uniformity over a large

area of cell arrays because there are no problems related to

grain boundaries. The performance of TFT devices with an

amorphous channel was reported to be improved by thermal

annealing at a relatively high temperature presumably due to

the decrease of localized defect states.5,6 Therefore, main-

taining an amorphous structure at temperatures as high as

possible is crucial for the fabrication of high-performance

TFT devices. Zinc tin oxide is known to remain as amor-

phous phase up to 650 �C, which is much higher than the

crystallization temperature of its binary oxides of ZnO or

SnO2 (250–300 �C).6–8 To understand the reason for the high

crystallization temperature of the ternary zinc tin oxide com-

pared with its binary constituents, understanding the struc-

tural characteristics of crystalline and amorphous phases on

the atomic scale is necessary.

One of the leading transparent oxide semiconductors, in-

dium gallium zinc oxide (IGZO) also shows high crystalliza-

tion temperature of approximately 600 �C (Ref. 9), and

several studies examined its amorphous structures and electri-

cal properties by the ab initio calculations.9–13 However, they

did not pay attention to the correlation between the structural

characteristics and the high crystallization temperature.

In this study, the structural characteristics of both crystal-

line and amorphous phases of zinc tin oxide were investigated

by ab initio calculations. The radial distribution function

(RDF) and angular distribution function (ADF) were obtained

to compare the bond characteristics of the crystalline and

amorphous phases.

All the calculations based on density functional theory

were performed using the Vienna Ab initio Simulation

(VASP) Package.14,15 For the crystalline phases, Zn2SnO4

(c-ZTO) of both the tetragonal structure (P4122) and the

monoclinic structure (P1) in the inverse spinel type were

employed. Note that the occupancy of the octahedral sites by

Zn and Sn in the tetragonal structure is ordered while it is

random in the monoclinic structure.

Amorphous phase having the atomic ratio of Zn: Sn:

O¼ 2:1:4 (a-ZTO) was obtained with supercells composed

of 56, 112, and 224 atoms. The amorphous structures were

obtained by a two-step process; melt-quenching by ab initio
molecular dynamics (AI-MD) simulations and subsequent

structure optimization by static calculations. For efficiency

during the AI-MD simulation, looser conditions were applied

with the cutoff energy of 300 eV, soft pseudo-potential for

oxygen, and C-only k-point sampling. The projector aug-

mented wave (PAW) method,16 within the generalized gradi-

ent approximation (GGA) parameterized by Perdew et al.
(PBE),17 was used. Considering the density reduction during

amorphization, the volume of the a-ZTO was kept at 106%

of the volume of the c-ZTO (P4122) with the cubic shape

under the number-volume-temperature (NVT) ensemble.18

Randomization of the structure was performed at 5000 K for

2 ps with a time step of 2 fs. Then, melting was performed at

2500 K for 10 ps, which is the typical method to obtain

amorphous structures. Note that 2500 K is higher than the

melting temperatures of individual binary oxides.19,20

Finally, the structure was quenched from 2500 to 300 K at

cooling rates of 25, 50, and 100 K/ps.

For the optimization of the amorphous structure, tight

conditions were applied with the cutoff energy of 500 eV,

hard pseudo-potential for oxygen as in the crystalline struc-

tures. 2 � 2 � 2 C-centered k-space sampling was chosen for

all amorphous supercells. The full relaxation of the atomic

positions was performed until the Hellmann–Feynman force

on each atom was reduced below 0.03 eV/Å and the

external pressure fell below 0.05 GPa. On-site Coulombic

interactions (GGAþU) were additionally applied in the
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structure optimization step to address the underbinding of the

d orbitals of Zn or Sn within the conventional GGA meth-

ods.21,22 The effective U values of 7.5 eV for Zn and 3.5 eV

for Sn were used by referring to previous reports on the bi-

nary oxides.23,24 As references, binary oxides of ZnO and

SnO2 were also investigated. For crystalline phases, ZnO in

the wurtzite structure and SnO2 in the rutile structure were

used, and their amorphous phases were obtained with super-

cells composed of 72 atoms.

The structural characteristics were analyzed using RDFs

and ADFs. Coordination numbers (CNs) and bond lengths

were counted from the RDF using the cutoff radius of 2.55 Å

which is the first minimum after the first peak in the RDF for

a-ZTO. To understand the distribution of the bond lengths in

the amorphous phase, both the mean bond length and the

mode bond length were considered. The mean value is

defined as 1
n

Pn
i¼1 xi, where xi is the bond length and n is the

total number of bonds, while the mode value is defined as

the bond length where the maximum peak of RDF is

obtained, i.e., the most frequent bond length.

Fig. 1 shows the energy-volume diagram for c-ZTOs

and a-ZTOs. The energy of the separated phases of (2c-ZnO

þ c-SnO2) was also included for comparison and showed the

lowest energy value (star symbol). The c-ZTOs belonging to

different space groups in the unit-cell scale (P4122 and five

P1 structures) and eight amorphous phases obtained with

various quenching rates and numbers of atoms in the super-

cells were investigated. Due to the different octahedral occu-

pancy by Zn and Sn, various c-ZTO structures show

substantial variations in the volume and energy. The most

stable c-ZTO structure was P4122, as in previous reports;25,26

therefore, it was selected as a reference in this work. The

P4122 structure was composed of 8 Zn, 4 Sn, and 16 O

atoms, and its lattice parameters a (¼c) and b were calcu-

lated to be 6.077 and 8.551 Å, respectively.

The energies of the a-ZTOs were 0.15–0.17 eV/atom

higher than that of the reference c-ZTO and higher than

those of metastable c-ZTOs (P1), irrespective of the quench-

ing rate and the number of atoms in the supercell. The vol-

ume of the a-ZTOs, however, depends on the size of the

supercell. The volumes of supercells composed of 56 atoms

were 2%–3% larger than those composed of 112 and 224

atoms. Although the CN and the bond length were found to

be qualitatively insensitive to supercell size, the 56 atom-

supercells were not included for further analyses for this rea-

son. The volumes of the supercells composed of 112 and 224

atoms were 3%–4% larger than that of the reference c-ZTO.

The increases in energy and volume of a-ZTOs compared to

the c-ZTO are comparable to the previous calculation results

on other multi-component amorphous oxide semiconductor

systems, such as InZnO, InGaZnO4, and InAlZnO4.10

Figs. 2(a) and 2(b) show the RDFs of Zn-O and Sn-O

for a-ZTOs, respectively, which were obtained by averaging

over six amorphous supercells. The vertical solid and dashed

lines in the inset figure indicate mean bond lengths between

O and metal atoms at the tetrahedral and octahedral sites in

the P4122 structure, respectively. The black and gray lines in

the inset figure indicate the mean bond lengths between O

and metal atoms in c-ZTO and crystalline binary oxides,

respectively. The details of the bond length and the coordina-

tion number for ZTOs are summarized in Table I in compari-

son with those in ZnO and SnO2. The RDFs for the a-ZTO

clearly show that only the short range order exists, as indi-

cated by the strong first peak and broad dispersion at longer

distance, which is similar to InGaZnO4, InAlZnO4, and

In2ZnO4.10

In Fig. 2(a), the mean bond length of Zn-O of the tetra-

hedral site in c-ZTO is similar to that in c-ZnO (0.03 Å

FIG. 1. Energy-volume diagram for various ZTOs. The reference structure

of the energy and volume is c-ZTO (P4122). Closed, open, and open mark

with the vertical line correspond to the amorphous cells composed of 56,

112, and 224 atoms.

FIG. 2. RDFs of (a) Zn-O and (b) Sn-

O in a-ZTO. Inset represents the

enlarged first peak in the RDF for easy

viewing. The vertical solid and dashed

lines in the insets indicate the mean

bond lengths between O and metal

atoms at the tetrahedral and octahedral

sites, respectively. The vertical black

and gray lines in the insets represent

the mean bond lengths between O and

metal atoms in c-ZTO and c-ZnO or c-

SnO2, respectively. The shaded region

denotes the tails of longer bonds and

the up-and-down triangle denotes the

cutoff radius.
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difference); however, it is about 0.1 Å shorter than that of the

octahedral site, which shows that the higher the coordination

number, the longer the bond length is. For a-ZTO, the first

peak in the RDF, which corresponds to the mode bond length

of Zn-O, is almost identical to the mean bond length of Zn-O

in c-ZnO and slightly shorter than that in c-ZTO. The RDF

demonstrates that the Zn-O bonds in a-ZTO prefer the tetra-

hedral site-like configuration, following the bond character

in binary oxide of ZnO. In fact, the mean CN of Zn in a-

ZTO was estimated to be 4.43, which decreased from 5 in c-

ZTO and approached 4 in c-ZnO.

Fig. 2(b) shows the RDF for the Sn-O bonds in a-ZTO

compared to the mean bond lengths of Sn-O in c-ZTO and

c-SnO2 (inset figure). Unlike Zn atoms, all Sn atoms in

both c-ZTO and c-SnO2 are located at the octahedral

sixfold-coordinated sites, and the mean bond length of Sn-O

is almost identical to those in both c-ZTO and c-SnO2. Note

that the mode bond length of Sn-O for a-ZTO is slightly

shorter than the mean bond lengths in c-ZTO and c-SnO2. The

mean CN of Sn in a-ZTO was 5.89, which shows a much

smaller decrease from those in c-ZTO and c-SnO2 compared

to the case of Zn. A slight contraction of the metal-oxygen

bond length was also found in amorphous In2ZnO4.10

When the shape of the first peak in the RDF of amor-

phous phase is completely symmetric, the mode value and

the mean value of the bond length are exactly identical.

However, the mean bond lengths of Zn-O and Sn-O were

about 0.05 Å and 0.02 Å longer than the mode values due to

the long tails after the first peak (shaded region in Fig. 2).

This indicates that some bonds were elongated and weakened

by amorphization. These long bonds induce the volume

increase in a-ZTO compared to c-ZTO. On the other hand,

the preference for tetrahedral-like sites by Zn atoms accounts

for the shortening of the most frequent bond length in a-ZTO.

The CNs and the bond lengths of the amorphous binary

oxides were also compared as references. The cutoff distan-

ces extracted from the first minima of the RDF were shorter

than that in a-ZTO, and they were 2.35 Å for Zn-O in a-ZnO

and 2.42 Å for Sn-O in a-SnO2, respectively. The CNs of Zn

for a-ZnO and Sn for a-SnO2 were almost identical to their

crystalline correspondence; four for c-ZnO and six for

c-SnO2, respectively. The mean bond lengths in the amor-

phous binary oxides were slightly longer than their crystalline

correspondences. On the other hand, the mode bond lengths

in a-ZnO and a-SnO2 were almost identical to the mean bond

lengths in c-ZnO and c-SnO2, which is a different tendency

from that of a-ZTO.

Figs. 3(a) and 3(b) show the ADFs of O-Zn-O and O-Sn-

O for a-ZTO, respectively. The bond angles of 109.5� and

90�, which correspond to the ideal tetrahedral and octahedral

sites, are represented by vertical dashed lines. The angles

formed by the three atoms in the crystalline phase were fixed

and are represented as the vertical solid lines. Note that the

bond angles in the crystalline phases slightly deviate from the

ideal values due to atomic relaxation. On the other hand,

the bond angles in a-ZTO are highly dispersed from those in

c-ZTO. The O-Zn-O angles show much broader distributions

than the O-Sn-O angles. This can be ascribed to the dual

TABLE I. CN and bond length in Å for crystalline and amorphous ZTO, ZnO, and SnO2.

c-ZTO a-ZTO c-ZnO or c-SnO2 a-ZnO or a-SnO2

CN Bond lengtha CN Bond lengtha CN Bond lengtha CN Bond lengtha

Zn(-O) 4 1.98 6 0.03 4.43 6 0.06 2.01 6 0.12 4 1.95 6 0.01 3.89 6 0.14 1.96 6 0.08

(2� 1.95, 2� 2.00) (1.96)b (1.94)b

6 2.10 6 0.09

(2� 2.02, 2� 2.09, 2� 2.19)

Sn(-O) 6 2.06 6 0.04 5.89 6 0.11 2.09 6 0.09 6 2.05 6.04 6 0.02 2.09 6 0.09

(2� 2.02, 2� 2.07, 2� 2.10) (2.04)b (2.05)b

O(-Zn) 2 … 2.21 6 0.03 … 4 … 3.89 6 0.14

O(-Sn) 2 … 1.47 6 0.03 … 3 … 3.02 6 0.02

aMean values with the standard deviations are represented.
bMode values for amorphous are in parentheses.

FIG. 3. ADFs of (a) O-Zn-O and (b)

O-Sn-O in a-ZTO. Vertical solid and

dashed lines indicate the angles of

c-ZTO, and the bond angles of the

ideal tetrahedral and octahedral sites,

respectively.
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preference of Zn for tetrahedral and octahedral sites c-ZTO.

In addition, some Zn atoms were observed to bond with five

O atoms, forming a bi-pyramid (ZnO5) which has the bond

angle of 120�; therefore, the angle distribution became wider and

more irregular. This bi-pyramidal Zn-O was experimentally

found in other TOSs, such as crystalline and amorphous

InGaZnO.27,28 Some amorphous phases having predominantly

ionic bond character, such as TiO2, showed wide dispersion in

the ADF like a-ZTO (Ref. 29) whereas several other amorphous

phases with predominantly covalent bond character, such as

SiO2 showed narrower dispersion in ADF than a-ZTO.30

Fig. 4 shows the atomic structures of the c-ZTO and a-

ZTO composed of 112 atoms with the oxygen polyhedra

with the metal atoms in the center. The atomic configurations

and the oxygen polyhedra were illustrated by Visualization

for Electronic and Structural Analysis (VESTA).31 Figs. 4(a)

and 4(b) show the oxygen tetrahedra and octahedra in c-

ZTO, respectively. The c-ZTO is a 2� 1� 2 supercell of the

primitive tetragonal (P4122) ZTO cell. In c-ZTO, half of the

Zn atoms are surrounded by oxygen tetrahedra while the

other half of the Zn atoms are surrounded by oxygen octahe-

dra, which follows the crystal structure of the inverse spinel.

All Sn atoms are surrounded by oxygen octahedra. On the

other hand, Fig. 4(c) shows the oxygen tetrahedra and

bi-pyramids while Fig. 4(d) shows the oxygen octahedra in

a-ZTO. Note that all Zn atoms are surrounded by oxygen tet-

rahedra or bi-pyramids while all oxygen octahedra are found

around Sn atoms in a-ZTO. The obvious decrease in the

number of oxygen octahedra surrounding Zn atoms were

observed for all the amorphous supercells, regardless of the

quenching rate and supercell size, although some amorphous

supercells contain one or two oxygen octahedra surrounding

Zn atoms. Furthermore, the oxygen polyhedra in a-ZTO

deviate from the regular polyhedra, indicating the broad dis-

tribution of the atomic angles. These atomic structures

clearly show a decrease in the CN of Zn and broad angle dis-

tributions in a-ZTO.

Generally, higher crystallization temperature is expected

for a ternary oxide than its constituent binary oxides due to

the longer and complex diffusion path. However, indium tin

oxide was reported to show low crystallization temperature

of 160–170 �C.32 Therefore, the computational results in this

study suggest that the higher crystallization temperature of

ZTO compared to its binary oxides can be attributed to sev-

eral features on the atomic structure around Zn. First, for

crystallization, the CN of about half of the Zn atoms should

increase to six, which is accompanied by an increase in the

bond length. Second, if the phase separation occurs into the

mixture of ZnO and SnO2,6,26 it needs additional diffusion of

Zn and Sn atoms by breaking and forming bonds with O

atoms. For these reasons, the activation barriers for ZTO to

crystallize are thought to be higher than those of its binary

oxides. Diversity in the CN of Zn and the bond length of

Zn-O have also been reported for various crystalline phases

of zinc tin oxide including Zn2SnO4 and ZnSnO3.26,33 High

crystallization temperatures were also observed for other

TOSs having Zn as one of the constituent atoms, such as

InZnO, InGaZnO, and InZnSnO,9,34,35 and the dual occu-

pancy of Zn at tetrahedral and bi-pyramidal sites were

reported.9,35 In these materials, the reduction in the CN of Zn

toward four in amorphous phase was observed experimen-

tally by the extended X-ray absorption fine structure.27,33

In summary, the structural characteristics of crystalline

and amorphous Zn2SnO4 (c-ZTO and a-ZTO) were investi-

gated by ab-initio calculation. In a-ZTO, the mode bond

length of Zn-O became slightly shorter than the mean bond

lengths of Zn-O in c-ZTO and c-ZnO, and the mean CN of

Zn was also reduced and approached that of c-ZnO.

Considering the similarity of the bond lengths of Sn-O and

CN of Sn among various phases, the high crystallization tem-

perature of ZTO is mainly attributed to the large variation of

Zn-O bond structures between c-ZTO and a-ZTO. Such a rel-

atively high energy barrier for the crystallization of a-ZTO

confirms the structural stability of a-ZTO as the amorphous

channel material of TOS TFTs. This would improve the de-

vice uniformity and long-term reliability of the TFTs over

the very large panel area of modern flat panel displays.
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