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Mechanism of electrical conductivity of transparent InGaZnQO,
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The electronic structure of InGazZzpOwhich has a layered structure with alternating laminated layers of
InO, and GazZn®, was calculated in order to investigate the mechanism of electrical conductivity. In the
crystal structure obtained through relaxation calculations using classical two-center potentials, the Ga ion in the
GaznQ layer has pentagonal coordination forming a bipyramid with five oxygen ions, while the Zn ion in the
same layer has tetrahedral coordination, losing a bond with the oxygen at the top of one pyramid. The
molecular orbitals of model clusters for the relaxed structure, which were calculated by the discrete variational
Xa method using a model cluster, show strong two-dimensional structures. The electronic states at the edge of
the conduction band are the result of overlapping betweers lorbitals, and delocalize in the InQayer. The
energy in the Gadand Zn 4 states in the GaZnQayer was too large to be doped with electrons. Thedn 5
states are considered to be conduction paths for carrier electrons. A very high conductivity can be expected in
the case where dopant ions are introduced into the GaZa@rs.

. INTRODUCTION some complex oxides, including Mgid,,® ZnGa0,,” and
Y ,Sh,0,.8 They found that these oxides are transparent con-
Some oxides ofp-block metals such as ZnO, 4@z, and  ductors, and suggested that the chain structure of the edge
SnQ, feature both transparency for visible light and electricalsharingM Og octahedra, wherd! is ap-block metal ion sur-
CondUCtiVity. The electronic structure of these Crystals i&ounded by SiX oxygen ionS, m|ght serve as a path for elec-
characterized by a wide band gap of over 3.0 eV, and highlyrons, thereby facilitating electrical conductivity. They have
concentrated donor levels of oxygen defects just below thgggested that the other sites containing metal ions or vacant
conduction band.The wide gap causes transparency in thegy,ces outside the chains in the complex oxides could serve

visible region, and electrons at the shallow donor levels progg gites for dopant ions due to the fact that they are separated
vide electrical conductivity. In the case of,y, it has been from the space in which the conductive electrons move.

reported that a bulk single crystal has conductivity of O'loHowever, no study has been reported so far on effective

S/em an_d_moblhty of 160 cﬁﬁys at room _temperatur’eThe dopant ions or changes in carrier density and mobility due to
conductivity of InO5; can be increased significantly through : :
concentrations of the dopant ions.

doping with electrons by introducing a solution of Sn ions . .

into the lattice(the Sn ions generate dense donor levels at the InGaznQ is one of the .complex oxides that has the struc-
edge of the conduction bandrhe density of carriers can be Uré ©of the edge-sharingMOg octahedra. It is an
increased to as much as<L0?Y/cr?, while mobility is de- YbFe,0O,-type layered strgucture with alternating laminated
creased significantly due to the scattering of electrons by thiyers of YbQ and FeO,.” In the case of InGaZnQ InG,
doped Sn ions.Due to the tradeoff between carrier density Substitutes for the YbOlayers, and GaznOlayers replace

and mobility, the maximum conductivity is limited to ap- the FeO, layers(Fig. 1).'° These layers accumulate in the
proximately 1x 10* S/cm? A similar relationship is known following order: InQ, GaznQ, GazZnQ, InO,, GazZnQ,

to exist for ZnO and Sng) which have slightly lower maxi- GazZnQ, InO,, GaznQ, and GazZn@. That is, three In©

mum conductivities. layers and three pairs of GaZp@yers accumulate alterna-

In the case of the tin-dopedJ@; (ITO), conductive elec- tively to form one unit cell. Since the InJayer is composed
trons are scattered by the tin ions distributed uniformly in theof edge-sharing oxygen octahedra centered by In ions, it
lattice. If it were possible to separate the tin ions from thecould serve as a path for carrier electrons. It is also possible
space in which conductive electrons move, a high carriethat the GazZn@layer could serve as a carrier path, due to
density without a significant decrease in mobility could bethe fact that the local structure around the Zn ions is similar
realized® We refer to this effect as “spatial separation” be- to that of ZnO, which is well known to be a transparent
cause the two functions of carrier generation and carrieconductor. The conductivity and transparency of InGaZnO
movement are expected to be separated spatially in a lattichkave been confirmed using sintered botfiemd thin-film
Based on the concept of spatial separation, Kawazoe argpecimens on quartz glass substrates deposited by a conven-
co-workers studied the transparency and conductivity ofional rf magnetron sputtering methd®.Thin-film speci-
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FIG. 2. Simplified crystal structure with polyhedral modék.
Balls and sticks modelp) polyhedrons in nonrelaxed structufe)
polyhedrons in relaxed structure.

doping with the ion substitution at appropriate sites may re-
sult in an enhancement not only in carrier density but also in
mobility.

In order to realize such a high conductivity in an
InGaznQ, system based on the concept of spatial separation,
it is important to specify the paths of conductive electrons in
the lattice. If the InQ layers work as the conduction paths,
dopant ions should be introduced at the sites of Ga or Zn
ions. On the other hand, if the ZnGatyers serve as the
conduction paths, In ions should be substituted with some
dopant ions. In this paper, in order to specify the conduction
paths of electrons in the InGazZpQattice, the electronic
structure of the crystal was calculated based on discrete-
variational(DV) Xa theory using cluster models.

FIG. 1. Crystal structure of InGaZnO

Il. MODELS AND CALCULATIONS
mens had a carrier density of X20/cn?, a mobility of 24

cn/V's, and a conductivity of 500 S/éhiTable ). The car- Because the precise crystal structure of InGaZh&s not

. L : ; yet been clarified, the positions of atoms were derived from
rier density is comparable to that of an,@y film deposited the lattice parameters of InGaZgQRef. 10 and the frac-

by an electron beam evaporation methiothe donor states . . . . .

in the InGazZnQ films are considered to be due to oxygen.t'on".leIy cgoordlnated atomic positions in Ybf.&" as shoyvn .

defects, and are expected to be increased by the introducti F|g_. L. .AS the cr_ystql structure is comp_llcated, a simpli-

of an appropriate dopant, as in the case gDl which uses led view IS shown in F'g'.@' F'Ve. OXygen 1ons surround a

Sn as a dopant. The table shows that the carrier density of%a or Zn lon to form a trigonal b|pyram|qa!| Q5' A poly-
gon model is used to show the bipyramids in the GaZnO

commercial ITO film was measured to be %.40°Ycm®. " . . ;
Such heavy doping in the InGaZg@attice may result in a layers in Fig. 2b). The bipyramidal polygons connect with
conductivity greater than that of ITO, since elimination of each other at _the corners to form a Gazriayer (shaded
the oxygen defect, which should disturb the conduction, an(gqueb’ on which there is another GaZ_@CDayer (shaded
rightep. Ga and Zn are located at an identical site at the
) ) ) center of the bipyramids.
TABLE |. Electrical and optical properties of an InGaznO  pagarding the chemical bond, however, the bond lengths
sputtered film with those of an J0s film deposited by an electron ¢ 55 5 and zn-0 should be different, and this could result
beam evaporation metha@ef. 3 and an ITO film commercially in some differences in electronic structure. In order to obtain

produced. - . .
a reasonable crystal structure, relaxation calculations using
classical two-center potentials were performed using the
InGaznQ N2 'To General Utility Lattice Program{GULP).*® Forces are as-
Band gap(eV) 3.5 3.2 3.2 sumed to be of the two-body type, and a function only of the
Conductivity S/cm 5.6 107 1.7x10°  7.0x10° distance between atoms. The interatomic interactions are di-
Mobility (cn?/V s) 24 130 30 vided into long-range Coulombic and short-range forces,
Carrier density(S/cn?)  1.2x107°  0.8x10°  1.4x10% with the short-range term described using the following ana-

lytical function:
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TABLE Il. Parameters used for optimization of atom positions = TABLE IV. Orbital energies of ions isolated, in Madelung fields
in the InGaZnQ lattice using the two-center potential of scheme 1 of the nonrelaxed and relaxed crystal structure.
in the text.

Energy

Interaction type A (eV) p (R) C(evVA™ Orbital isolated nonrelaxed relaxed
In®—0?" 1293.600 0.331 4.325 0 2p 19.4 -5.3~33 -4.8-40
Zn?t—0o?" 600.300 0.337 0.000 Zn 4s —-21.0 5.8 4.2
Gat—0*" 2339.766 0.274 0.000 In 5s -30.8 0.5,0.9 05,15
0> —0* 25.410 0.694 32.320 Ga 4s —-34.8 1.4 0.2

—r\ GCj The overlap population between atoi@ndB is given by

¢ij(r)=Ajexg —|— —5, 1)
Pij r
. I _ [

where Ajj, pjj, andC;; are parameters particular to each QAB—E E Qjj - (5)

ion-ion interaction. Parameters determined by Baslal* leA JeB

and Fisheret al,'® as listed in Table II, were used.

For the nonrelaxed and relaxed crystal structure, nonrel
tivistic first-principles molecular orbitalMO) calculations
were made by the D\WXa method®!’ using the scaT

program'’ MO were constructed by linear combination of
atomic orbitals(AO) as Ill. RESULTS AND DISCUSSION

Diagrams of overlap population are made by broadening
aQ'AB at individual MO'’s using Gaussian functions of 1.0-eV
full width at half maximum.

Bond lengths between metal and oxygen ions in the lat-
Hi(r)=2> Cuxi(ry, (2)  tice, which were derived from the lattice constants of
‘ InGaznQ crystal and the fractional atomic positions in
wherey;(r) is the AO and is one of the sampling points in YPF&O, crystal, are listed in Table Ill. There are three Ga
the DV calculation. The number of sampling points was sefZn)-O bonds between the central G&n) ion and the three
at 1400 per atom. The numerical basis functions were oboXygen ions at the corners of the basal triangle of the bipyra-
tained by solving the radial part of the Sctimger equa- Mid [Ga (Zn)-O (b)], and two bonds between the 26a)
tions. Minimal basis sets ofst2p for O; 1s-3d, 4s, and 4  and O ion at the top of the pyramid of the InG@yer side
for Zn and Ga; and 4-4d, 5s, and 5 for In were used. [Ga (Zn)-O (a)] and that of the GaznDlayer side[Ga
Overlap population is a useful characteristic to examindZn)—O (¢)] [Fig. 2@)]. The reported bond lengths between
when studying the interactions between orbitals, though it i€2 ions and Ga ions with hexagonal coordination in various

inherently arbitrary. The overlap population betweenithe —©oxides vary from 1.940 to 2.077 R,and that of Zn-O with
AO and thejth AO at thelth MO is given by tetrahedral coordination have values between 1.973 and

1.992 A!® The bond lengths derived for the nonrelaxed
P 2 structure have abnormal values for Ga« and Zn-O(c).
Qij=CiCj - (X x (T, 3 The relaxed structure of the crystal was calculated under

where w(r) is the integration weight or reciprocal of the
sample point density at.. The sum ofQ;; with respect td

for occupied orbitals provides the net overlap population be-
tween theith AO andjth AO; in other words,

occupied

Qij= 2. Ql; . (4)

TABLE lll. Bond lengths between metals and oxygens in the
InGaznQ lattice.

Bond length
Metal Bond type nonrelaxed relaxed
In 2.180 2.136, 2.243
Ga a 2.020 1.904
b 1.923 1.908, 1.949
c 2.237 2.080
Zn a 2.020 2.063
b 1.923 1.913, 1.963
c 2.237 2.425 FIG. 3. Ini3GaeZn; 0,45 Cluster model used for electronic cal-

culations.
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certain restrictions using GULP. The lattice constants wergial. O 2p came to have the lowest energy of all the levels,
fixed at the values from experimental data reported for and Zn 4 moved to the highest position. The energy of In
InGaznQ crystal. TheX and Y values used as Cartesian 5s also changed, becoming slightly higher than that of Ga
coordinates for all the atoms and lattice constants were fixedjs. This simple ionic model indicates that the conduction-
while the Z values were optimized due to the fact that theband edge of the nonrelaxed structure is formed by theGa 4
bonds Zn-O(c) and Ga-O(c) are parallel to th& axis. Re- level. In the case of the relaxed structure, the energies of In
striction by inversion symmetry was also applied. The ar-5s and Ga 4 are close because the energy of mvas not
rangement of Ga and Zn ions on the GaZn&yer has been altered while that of Ga ¢ was increased by 1.6 eV. The
considered to be random by Eit al,® since no extra dif- main reason for the shift in Gas4s undoubtedly related to
fraction spots were formed in x-ray diffraction patterns. Cal-the change in the bond length between Ga and O. Relaxation
culations with some arrangement of Ga and Zn ions wereeduced the distancé%% in the case of Ga-Cr)], which in
performed, and no significant difference was seen in the return increased the static potential at the Ga site. On the other
sults of the structural relaxation and electronic state. Théxand, the bond lengths between In and O did not change
bond lengths following the optimization are also listed insignificantly (less than 2%
Table IlI. In-O bond lengths resulted in two different values,  Electronic state calculations were performed using a clus-
reflecting the existence of two types of oxygen ions in theter of Inj;Ga,iZn,§0;15 as a model for the crystdFig. 3.
InO, layer. The bond lengths of Ga-@) and Zn-O(b)  An InO, layer is laminated with two GazZnQayers on both
changed into two values as well, due to the fact that there arsides. The cluster was embedded in the Madelung potential
two types of oxygen ions based on the number of Ga and Zgenerated by point charges. In order to analyze the origins of
neighbors in the GaZznQOayer. The length of Ga-Qc) re-  the conduction band and valence band, a series of eigenval-
duced to a reasonable value of 2.080 A. The length of Zn-Ques for molecular orbitals were obtained using DX cal-
(c) changed to 2.425 A, which suggests that the Zn ions lostulations, and the eigenvalues were broadened by Gaussian
the vertical bonds of Zn-Q@c), and have tetrahedral coordi- functions for 0.5-eV full width at half maximurFWHM) to
nation as shown in Fig.(2). It was recently reported that Zn obtain the total and partial density of statd80S) state
has tetrahedral coordination in,; (ZnO),, layered mate- curves. Since a set of molecular orbitals is often referred to
rials, which has a homologous structure of InGaZ.ﬁb as a band, in the descriptions below the set of molecular
The change in the atomic position had some effect on therbitals corresponding to a certain partial DOS curve is noted
electronic structure mainly through changes in the Madelungs a partial band. Differences in the DOS curves for the
potential. The orbital energies of isolated ions of' InGa", nonrelaxed and relaxed structure were little and not impor-
Zn?*, and G, as calculated using th&AT program, are tant, and that for the relaxed structure are plotted in Fig. 4.
listed in Table IV. The orbital with the highest energy is O The zero point on the vertical energy axis was adjusted to the
2p, that of metal ions is Zn ¢ and the lowest level is Ga highest occupied molecular orbitdHOMO) of the cluster.
4s. When the ions are positioned at the sites of each ion in &he top of the valence band is located at zero energy because
InGaznQ, crystal with a nonrelaxed structure, the energieshe valence band is fully occupied by electrons while the
of orbitals are greatly affected by the Madelung poten-conduction band is empty. The valence band is formed pri-

% In-Tn In - Ga In-7n Ga - G&Il Ga -7n In-7n
\\

3! ! 11 17 i 4 ] .
i | | ] FIG. 5. Overlap population
g ° ' N ] curves for relaxed crystal struc-
& o ture.
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FIG. 6. Contour maps of the level at the edge of the conduction
band.

marily by O 2p and Zn 3 partial bands. The gap between

the HOMO and lowest unoccupied molecular orbitals

(LUMO), which corresponds to the band gap, is 4.4 eV,

which was appreciably greater than the experimental value of g 7. partial DOS curves in the conduction band of the re-

3.5 eV(see Table)l The primary reason for the wider band |3,eq structure, magnified from Fig. 4.

gap may be the limited size of the cluster, as reported in the

case of DVXa calculations for 1gO; systems? The con-

duction band is formed by the curves of thandp orbitals  path for electrical conductivity in the crystal, that is, the }nO

of the three metals, with some influence by the @cirve.  layers should serve as conduction paths. The spatial distribu-

The In 5 partial DOS has a shoulder peak on the lower-tion of the In 5 band can be seen in contour maps of the

energy side. Gagthas a single peak whose energy is moreyaye functions of the original molecular orbitals. Figure 6

than 2 eV higher from the edge of the conduction band. Thepqs the wave function for the LUMO, which corresponds

2332 O'Itrggebggfmm;‘lr;h%esgr:gue,c.:ilo?\vbglr?g?sr :222 ]ngmbea:jngto the edge of the conduction band. The wave function was

the Ir.1 5 band only. The order of In$and Ga 4 differs ¥iisplayed along two planes on which a chain of In ions is
located. A chain of Ga ions or Zn ions is also seen on the

from that of the simple ion model in Table IV. In the ionic )
model, the lowest unoccupied orbital was Ga 4nd In 5 In-Ga and In-Zn planes, respectively. It can be seen that the

was slightly above that. The DOS curves indicate that elecwave functions of In § orbitals overlap each other with the
tronic interaction reduces the energy of I8t less than that Same phase, localizing along the In chain.
of Ga 4s. In the case of a heavily doped system, the possibility that
The characteristics of the electronic interaction can béhe Ga 4 band also works as a carrier path should be dis-
studied by overlap population analysis. The distribution ofcussed. For film specimens with a carrier density of 1
overlap populations between two metal ions is plotted in Fig.x 10?4cm?, the Fermi level of the InGazngilm specimens
5. The positive and negative values of the population indiwould be located 1-eV higher than the edge of the conduc-
cate bonding and antibonding characteristics of the interadion band(this value being estimated based on data on the
tions between two atomic orbitals. At the bottom of the con-Burstein-Moss shift of the absorption edge as a function of
duction band, the In-In bonding population is dominant,carrier density.'? Since the base of the Ga 4artial band is
indicating that the electronic interaction that stabilizes thdocated 2-eV higher than the band edge, as shown in Fig. 7
energy of the In § partial band is due to In-In bonding. The of a magnified version of the DOS curves for the conduction
peak of the Ga-Ga bonding population is slightly higher tharband given in Fig. 4, which in turn has twice as much energy
the In-In bonding peak. A peak for Ga-Zn is also seen at th@s the shift, and because the number of states of thesin 5
same energy region. The Ga-Zn population has another peddand under the edge of the Ga #and is estimated to be
3.4-eV higher than the band edge, where a Zn-Zn peak i2x 10?Ycm?® (electron density: % 10?Ycn) based on the
also seen. These characteristics indicate significant interaedrea of the curve and the density of In atoms, the &hahd
tions between metals in the IpQayer and those in the may not play an important role even in such a heavily doped
GaznQ layer. On the other hand, the populations of In-Gasystem. Furthermore, the Zrskand is not likely to serve as
and In-Zn, which correspond to interactions across the laya conduction path, as its energy is far higher. Surprisingly,
ers, are very small along the entire energy axis. The eleclthough ZnO has great conductivity comparable tgOhy
tronic structure of InGaZnphas strong two-dimensional the Zn 4s orbitals in InGaZnQdo not play an important role
characteristics, reflecting its crystal structure, and this imin the electrical conductivity. The ZnGa@ayers thus do not
plies that In 5, Ga 4s, or Zn 4s bands localize in the IO  serve as conduction paths.
layer or GaZn@ layer. Since the In 5 band is the only band to serve as a con-
The electrons in the donor levels just below theduction path, dopant ions in the GazZntyers may play
conduction-band edge can be excited up to conduction barldtle or no part in scattering electrons that move within the
at room temperature and made to display electrical condudnO, layer. In other words, in a system heavily doped by
tivity. Since the edge of the conduction band is formed bysubstituted ions, the reduction in mobility is restrained. Ex-
the In 5 band, it is thought that the Instband provides a perimental research is underway on the relationship between

0.0 0.2 0.4 0.6 0.8
DOS (1eV/atom)
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the electrical properties of polycrystalline specimens and theonduction band was formed by overlapping betweendn 5

concentration of dopant ions. orbitals, which delocalize in the InQayer. The energies of
the Ga 4 and Zn 4 bands were too high for those bands to
IV. CONCLUSION be doped with electrons. The Ins&and may be mainly

, ) occupied by the electrons and work as conduction paths even

The electronic  structure of InGazpO with a iy 3 heavily doped system. The spatial separation effect, that
YbFe,O,type crystal structure was calculated by thejs the restraining of a reduction in mobility under a high

DV-Xa method in order to study the mechanism of electricalconcentration of dopant ions, can be expected, since the dop-

conductivity. A reasonable crystal structure was obtained USsnt ions introduced in the GazpQayers may have little
ing the GULP program to perform relaxation calculationsg¢fect in scattering carriers in the IpQayers.

with classical two-center potentials. While Ga retained pen-
tagonal coordination bonding to three oxygen ions at the
corners of a basal triangle and two oxygen ions at the tops of
the two pyramids, Zn had tetragonal coordination, with a The authors would like to thank Dr. J. D. Gale for allow-
missing bond between Zn and oxygen at the top of one of théng us to use the GULP program, Professor N. Kimizuka at
pyramids. Sonora University for useful comments and suggestions, and

The electronic structure of the relaxed InGazm@ystal F. Ohba at Kyoto University and H. Ohta of HOYA Corpo-
was two dimensional. The electronic state at the edge of theation for their help in this study.
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