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Tin Doping Mechanism in Indium Oxide by MD Simulation
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In order to investigate Sn substitution zites and inderstitial O atoms in tin-doped indium oxide, molecular dynamics
{(MD) simulations were carried out. There are two kinds of cation sites in In,0s, namely b-site and d-site. NTP-MD
simulations under the condition of 300 K and 0 GPa were performed with two kinds of cells substituted by Sn atoms
at each site. The excess oxygen atom accompanied with Sn doping was also taken into consideration. According to
the caleulations of Sn potential energies in each site, it was revealed that Sn atoms were substituted for b-sites
rather than for d-sites. It was also revealed that the interstitial excess oxygen atoms tend to be connected with the
Sn atoms substituted for the d-sites Sn rather than for the h-gite. These MD simulation results well agreed with

the experimental results.
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I. Introduction

in doped indium oxide (ITO) shows a high transmit-
T tance of more than &0% in the visible region of light
between the wavelengths corresponding to the absorption
edge in the ultraviolet and the plasma wavelength in the
infrared.” ITO is an n-type semiconductor with a band
gap of approximately 3.8 eV. It has a high carrier density
of the order of 10 em” and hence a low resistivity of the
order of 10* chm-cm. Because of these electrical and
optical properties, TTO has been used in a variety of
optoelecirenic devices, such as liquid erystal displays and
solar cells. Many studies on the relationship hetween
fabrication process and the properties have been per-
formed in an effort to produce high quality films, because
the electrical and optical properties of the films strongly
depend on the preparation methods wsed,

Numerous investigations on the microscopic structure
and the mechanism of the conductivity of ITC have also
been performed.”® IngD; has a cubic bixhyite siructure
that includes 80 atoms per unit cell. The bixhyite struc-
ture is similar 1o the fuorite structure except that every
fourth anicn is missing. It includes two kinds of non-
equivalent sites of indium. Some of the indium atoms (8/
32) occupy the center of the trigonally distorted oxygen
octahedra (b-sites) and the rest (24/32) of the indium
atoms occupy the center of the more distorted octahedra
(d-sites).” Mosshauer results suggest that Sn(IV) atoms
substituted for Tn ai b-sites rather than d-sites.*™ The
results of extend X-ray absorption fine structure (EXAFS)
suggest that Sn atoms induce disorder in the indium oxide
structure.*” The oxygen concentration in ITO films on
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glass substrates fabricated by reactive ion sputtering was
determined by Rutherford hackscattering (RBS) analysis
and it has been concluded that the ratio of O/In varied
from 0.4 to 1.5 depending on the preparation conditions
and the depth from the film surface.” Free carriers in the
ITO are considered to be supplied from oxygen vacancies
and substitutional Sn."*

The molecular orbital caleulations of TTO have heen
performed and these studies investigated the relationship
between electronic states and eonductivity.' However,
the research on atomic configurations with Sn doping has
not vet been performed. Since Sn atoms are eonsidered
to he substituted for In atoms in ITO, O atoms around
the Sn atoms have to be relaxed with the Sn substitu-
tion. Also, from the viewpeoint of charge balance, excess
oxygen atoms have to be introduced into the lattice doping
of 8n. Tn this study, molecular dynamics (MD) simulations
were carried out in order to investigate the Sn doping
mechanism from the relaxed structure. The MD cell of
ITO was constructed to investigate the hehavior of both
substitutinal Sn atoms and interstitial O atoms introduced
with Sn doping. The configurations around the Sn atoms
substituted at each site were simulated and the poten-
tial energies of the Sn atoms were calculated. On the
basis of MD results, we discussed about the relationship
between Sn content and conductivity in ITO.

1I. Experimental Procedure

All MD simulations were carried out with a computer-
software MASPHYC (Fujitsu Co., Ltd.). Periodic houndary
conditions were used for MD cells. The integration time
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step was 1 [z and the tota] simulation time was B ps
(equal to 5000 steps). The Coulomb interaction forces for
each atom were caleulated using the Ewalt method. The
effective charges of In, Sn and O atom are defined as +1.8,
+2.4 and -1.2, respectively. Born-Mayer-Huggins (BMIH)
type potential was used (equation 1). Bach pair i of
atoms separated by a distance r, was assigned a potential
energy as follows, where Z is the charge and A, and B,
are adjustable parameters:

7.7 ,
¢'1_|(r1j) = k‘“};L +/Xij EXp(k Bl_q l-ij) (1)

1. Determination of polential parameters

The MD simulations were carried out under the condi-
tions of constant temperature and volume (NTV en-
semble) to optimize potential parameters. The MD cells
of In,0, and Sn0, crystal structure as an initial con-
figuration consisted of 640 {2ax2bx2¢) and 1050 (hax
5b > 7o) particles, respectively, When the mean pressure
during last 1 ps was approximately equal to 0 GPa under
the condition of 300 K (NTV eunsemble), the potenlial
parameter set was determined. The MD simulations
uging the parameters were performed with the same
cells under the condition of constant temperature and
pressure (NTP ensemble), and the mean lattice eonstants
during last 1 pe were compared with the experimerntal
ones.

2. MD simulations of ITO

When Sn atoms were substituted for In atoms of In.O,
lattice, O atoms were introduced in the lattice in order
to compensate for the iotal charge of the system. As two

+Sn

+5n, O

Fig. 1. Schematic representation of a MD eell of ITO: (&)
the eell included one Sn atom substituted for one In atom;
(B) the cell had one 8n atom substiluted at the same In site
and one interstitial O atom was introduced; Other six cells
were identical to the InsO, unit cell.
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Sn atoms were substituted for two In atoms per unit eell,
one excess O atom was introduced into the cell. Neutron
diffraction study suggested that the excess O atoms
occupied the (1/8, 1/8, 1/8) site."” MD cells aof ITO shown
in Fig. 1 were constructed. The cell was composed of
eight In.0; unit cells. One of the unit cells included one
Sn atom substituted for one In atom. Another unit cell
had one Sn atom substituted at the same In site and one
interstitial O atom was introduced, as consequence only
this eell consisted of 81 atoms. Other six cells were identi-
cal to the In,GJ, unit cell. Hence the MDD cell of ITO con-
sisted of 641 particles. The MD simulations were carried
out under the conditions of constant lemperature and
pressure.

II1. Resulis

1. Determination of potential parameters

a) Sn0,

The B, parameters of 0-O were varied from 2.5 to 5.0
and NTV-MD gimulations were carried out with the SnQ.
cell at 300 K. The potential parameters of Sn-0 were de-
termined corresponding to each 0-O parameter. Using
the obtained parameters, NTP-MD gimulations of SnO;
were done under the condition of 300 K and 0 GPa, and
the lattice constants were averaged over last 1 ps. The
calculated lattice constants versus the 0-O parameters
are summarized in Fig. 2. At Boo=2.71, the difference
between the calculated and the experimental lattice con-
stant almost became zero. Therefore the parameters af
Sn and O were determined at Boo=2.71.
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Fig. 2. Potential parameter Bog versus difference between

the observed and calculated SnO. latfice constant.

Table 1. Pair Poteniial Parameters A, and B, of Fq. (1)

AT B/A?

In-O 6.83311-16 4.2785
0-0 6.1709E-17 2.7100

In-In 4 7268E-15 5.0000
In-Sn 4.2693E-15 5.0000
Sn-0 8.7220R-15 5.6647
Sn-Sn 3.8511E-15 5.0000
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Table 2, Lattice Parameters of In,0, Caleulated by the NTP

-MD Simlations (T=300K, P=0 GPa)
f T Y

a b ¢ o I

InyO; [10.118 | 10.118 | 10.118 | 90.000 | 50,000 | 90.000
MD | 1118 | 10.119 | 10.118 | 90.015 | 80.894 | 90.000

Table 3. Mean Bond Distances of In-0 at Each Tn Site(unit A)

b-site MD In, G, d-site MD In,0y
2.182 2.192 2114 2.120
2.180 2.192 2.115 2121
2.183 2192 2.20% 2191
2.180 2.191 2.203 2.193
2.181 2191 2.2232 2,209
2.1584 2.191 2222 2.210

) IOy

By the method identical to the SnQ, potential deter-
mination, NTV-MD simulations were performed with the
In,Qy cell at 300 K. The potential parameters of In-O
were determined and summarized in Table 1. With the
abtained parameters, NTP-MD simulations of In;0, was
done under the condition of 300K and 0 GPa, and the
lattice constants were averaged over last 1000 steps and
listed in Table 2. The crystal structure of Iny0, is almost
reproduced. Table 3 summarizes the mean In-O distances
calculated from the simulated configuration. The trajectory
during the simulation was fllustrated in Fig. 3.

2. MD simulations of ITO

Uzing the ITO MD cells which had the Sn atom sub-
stituted for the In atom at b-site or d-site, the NTP-MD
simulations were carried out with the parameters listed
in Table 1 under the condition of 300 K and 0 GPa. No
atoms inecluding interstitial O atom jumped to other
sites during simulation.

The average potential energy of each Sn atom was
calculated from last 1000 steps and summarized in
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Fig. 3. Trajectories of indiwm and oxygen atoms during
NTP-MD simulation.

Vel5, Nol

Table 4. Calenlated Boergies of 8n Aroms Substituted for
each In Site: T-cod is a 7-fold Oxygen Coordinated Sn atoms;
6cod ig a B-fold Coordinated Sn Atom

b-site/eV d-site/eV
6eod -56.690 -56.451
Teod -58.861 -59.232
(6+0mter5t1tm])

Table 4. All Tn atoms in In,O; are B-fold oxygen-coor-
dinated. Iz Table 4, the 6-fold coordinated Sn means the
Bn atom was normally substituted for the In atom. The
T-fold coordinated Sn means the Sn atom was substituted
for the In atom and, in addition, combined with the
interstitial O atom introduced. According to Table 4, in
the case of 6fpld coordination, the walue of the Sn
potential energy al h-site was lower than that at d-site.
On the other hand, in the case of 7-fold coordination, the
value of the Sn potential energy at d-site was lower than
that at b-gite.

IV. Discussion

1. Reproduction of bixbyite crystal structure

There are two kinds of cation sites in In.Q; bixbyite
structure. The bond distances between the cation at b-site
and the nearest neighbor O atoms are equivalent, and
the distances at d-site are non-equivalent. In general,
the MD simulation only with pair potential is capable of
reproducing isotropic configuration, but it has some dil-
ficulty in reproducing unisotropic structure, When the
NTP-MD simulation was done with the potentials in
Table 1, it was observed that all atoms vibrated at their
own sites shown as the trajectory in Fig. 3. Moreover,
the mean distances of In-0Q were caleulated in Table 3.
Because all differences between the calculated and
observed distances were less than 0.0156 A, the calculated
distances at both sites were well agreed with the ex-
perimental ones.

2. MD simulations of ITO

Missbauer results suggest that, at low Sn content, Sn
atoms are substituted at b-sites rather than d-sites, and
that at high Bn content Sn atoms, at d-site and/or 7-fold
coordinated Sn atoms increased with Sn eontent. Accor-
ding to MD simulation results in Table 4, the Sn atom
at b-site was more stable than at d-site in the case of 8-
fold coordination because the eonfiguration at b-site is
similar to that in 8n(. crystal structure. It is supposed
that the Sn atom is preferentially substituted for In
atom at b-site. On the contrary, the Sn atom at d-zite
was more stable than at b-site in the case of 7-fold coor-
dination by the interstitial O atom introduced. It is
assumed that Sn atomg at d-gite tend to combine with
the interstitial O atom. The calculated mean Sn-O dis-
tances were listed in Tahle 5.

In 6-fold coordination, because of the substitional solid
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Table 5. Mean Bond Lengths of Sn-O Calculated from NTP-
MD Simulations (T=300 K, P=0 (3Pa) (unit A)

6 fold coordinalion Tfold (640, ntersiatar)

0,0, b-site T,y d-site b-gite | d-site

2191 2043 2119 2.023 2,138 2.043
2,191 2.043 2121 2.024 2.178 2.042
2.191 2.057 2191 2051 2,141 2.228
2.192 2.053 2,193 2.043 2.142 2.283
2192 2.043 2.209 2.087 2142 2,111
2.192 2.043 2.210 2.073 2,134 2.191

interstitial |1 2079 | 2038

solution of the Sn(IV) atom whose ionic radius is smaller
than In(IID) atom, the mean Sn-O distances in hoth sites
were shorter than those of In-0 in In,Qy. On that oceasion
their confligurations were almost similar to that in IngOs.

Next, in 7-fold coordination, the bonds in d-sites were
well relaxed and the bond between the Sn and the in-
terstitial O was not able to be distinguished from other
Sn-0 bonds. On the contrary, in the case of b-site, the
bond distance between the Sn atom and the interstitial
O atom were shorter than those of other bonds. This con-
figuration causes that the Sn atom substituted at b-site
was less stable than at d-site in the ease of 7-fold coor-
dination.

Frank and Késtlin*® examined the relationship between
8n content and conduetivity in ITO films. In low Sn
content, the conductivity of ITO increased linearly with
Sn concentration. However, in high Sn contenf, the Sn
doping efficiency dropped with increasing Sn concentra-
tion. MD simulation results suggest that the Sn atoms
tend to be substituted ai b-site and then they are little
likely to combine with the interstitial O atoms. In this
case, Sn doping efficiency was expected to be very high
Since it was reported that In;0; and ITO have oxygen
vacancies, in low Sn content the concentration of in-
terstitial O atoms was supposed to be low. Al that time
the fraction of Sn atoms at b-site was assumed to be
high and it was considered that the conduetivity in-
creases almost linearly with Sn content. Next, in high
Sn content, the [raction of the Sn atoms at d-site in-
creased with Sn content. Becanse the Sn atoms at d-site
tend to be 7-fold coordinated, they were assumed to com-
bine with the interstifial O atoms more easily. Since
such Sn atoms did not play a role of donors, the doping
efficiency was low in high Sn content. Although the
relationship between the conduetivity and Sn content in
ITO are considerably complex, the results in this work
provided a microstructural basis to explain the relationship
consistently.

V. Conclusions

In order to investigate Sa substitution sites and in-
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terstitial O atoms in ITO, MD simulations were carried
out with the optimized potentials against In,0; and SnO..
In 6-fold coordination Sn atoms tend to be substituted at
b-sites rather than d-giles and in 7-fold coordination
they were likely to be substiluted at d-site. This result
was in good agreement with Massbauer results and was
able to explain the relationship between Sn content and
conductivity in ITO.
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