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The phase relations in the In,O,-GarZnO,-ZnO system at 1350°C are determined by a classical quench- 
ing method. In this system there exist an (InGaO&ZnO phase with YbzFe,O,-type structure and 
homologous phases with solid solution ranges In I.~~Gao.~,0~(ZnO)-InGaO~~~nO~-Ino.92Gal.~~~~Zn~~, 
In,,68Gao.3203(Zn0)~-InGaO~(ZnO)2-I~,~~Ga~.~~O~(ZnO)~1 Inz03(Zn0),-InGa0,(ZnO)~-In0,5~Ga,,~~O~ 
VnOh, In203(Zn0)4-InGaO~(ZnOkIIlo.46Ga1.~403(ZnOh, In203(Zn0)5-InGa0,(ZnO),-lnl --x 
Ga, +XOr(ZnO)5 (0.68 5 x 5 0.72), Inz0,(Zn0)6-InGa0,(ZnO)~-In, -,Ga, +i0,(Zn0)6 (0.68 5 x 5 0.79), 
InzO,(ZnO),-InGaO,(ZnO),-In, -,Ga, + ‘i 0 (ZnO), 3 (0.70 s x 5 0.74), Inz03(ZnO)s-InGa03(ZnO)a- 
In,_,Ga,+,O,(ZnO)~ (0.60 I x 4 0.68), In203(Zn0)9-InGa0,(ZnO)g-In,-,Ga,+,0,(ZnO)g (0.56 5 x 2 
0.72), In20,(ZnO),0-InGa0,(ZnO)t0-In, -,Ga, +IO,(ZnO)io (0.47 s x s 0.67), InzO, 
(Zn0),,-1nGa0,(Zn0),,-1n,-.~Ga,,,03(Zn0),, (0.57 5 x 5 0.64) In,0JZn0),2-InGa03(ZnO),z- 
Ini-,Ga,+X03(Zn0),~ (X 5 0.64), and In~0,(Zn0),3-InGa03(ZnO)l,-lnl-,Ga,+~01(Zn0),, (0.49 5 x 5 
0.75) in which InGaOJZnO), (m = 1-13) is isostructural with InFeO,(ZnO),, ZnO has a solid solution 
range, Znr-,GatQ+~, (X = o-0.094) to the direction of GazZnO,, and Ga*ZnO, has a solid solution 
range, Ga2-,In,ZnO, (X = O-O. 128(4)) to the direction of InGaO,(ZnO). A comparison between the 
phase relations in the Inz03-Ga*ZnO,-ZnO system and those in the In203-FezZnO,-ZnO system is 
made, and the crystal chemical effects of Fe(II1) and Ga(III) cations upon the phase relations in these 
systems are discussed. 0 1991 Academic Press. Inc. 

Introduction pounds (I). In a previous paper (2), we have 
reported the phase relations in the In, 

It is of importance for solid state scientists O,-Fe,ZnO,-ZnO system at 1350°C in 
to know the relations between both the crys- which there were homologous phases with 
tal stability and the structures of inorganic solid solution ranges, In, +xFel -xO,(ZnO)- 
solid oxides and their constituent cation ele- InFeO,(ZnO), In, +,Fe, -,O,(ZnO),-InFeO, 
ments. So far, we have studied the phase (Zn0)2-In, -*Fe, +xO,(ZnO), , In,O,(Zn 
relations in the In,O,-A,BO,-BO systems O),-JnFe03(ZnO),-In, -xFe, +*03 (ZnO), 
(A: Fe or Ga, B: Cu or Co) at elevated tern- (m = 3-l 1) and In20,(Zn0),-InFeO, 
peratures, and reported the relation be- (ZnO),,-Fe,O,(ZnO), (m 2 12) having lay- 
tween the crystal stability and structures of ered structures. The crystal structural mod- 
11~40, (BO) in these ternary systems and the els of In,O,(ZnO), and InFeO,(ZnO), were 
components of both A,03 and BO com- estimated by powder X-ray diffractometry 

and high resolution electron microscopy 
* To whom correspondence should be addressed. (3-9, and space groups of InFeO,(ZnO), 
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FIG. 1. The crystal structural models of LuFe@(ZnO) in A, LuFe03(Zn0)4 in B, LuFe03(ZnO)5 in C, 
and Yb2Fe307 in D: A, B, and C represent three kinds of triangular lattices. A4 sites are occupied by 
Fe and/or Zn ions for LuFeO&ZnO), , and Fe for YbzFe307. 0, Lu or Yb ion; 0, M ion; 0, 0 ion. 

(m = odd) and InFeOJZnO), (m = even) 
are R?frn and PB,lmmc, respectively. The 
structural analyses showing single crystal 
YbFe,O, (6) and LuFeO,(ZnO), (m = 1,4, 
5, and 6) being isostructural with InFeO,(Z 
no), were performed by Isobe et al. (7, 
8), and their crystal structural models of 
LuFeO,(ZnO), (m = 1,4, and 5) are shown 
in Figs. lA, lB, and IC, respectively. In the 
present work, we report the phase relations 
in the In,O,-Ga,ZnO,+-ZnO system at 
1350°C which were determined by a classi- 
cal quenching method, and compare the 
phase relations in the In,03-Ga,ZnO,-ZnO 
system with those in the In,O,-Fe, 
ZnO,-ZnO system, and discuss the crystal 
chemical effects of Ga(II1) and Fe(U) cat- 
ions upon the phase relations in these 
systems. 

Experimental 

Experimental method and starting com- 
pounds except Ga,O, powder have been de- 
scribed elsewhere (2). Ga,0,(99.99%) pow- 
der was heated at 900°C for 1 day in air prior 

to mixing the starting compounds. Analyses 
by X-ray powder and electron diffractome- 
try and scanning electron microscopy 
@EM) observations were applied for sam- 
ples obtained. Although chemical reactions 
between the Pt tubes and the samples were 
checked visually, no detectable reactions 
were observed. Lattice constants were cal- 
culated by means of the least squares 
method. 

Results and Discussion 

1. The Phase Relations in the 
In,03-GazZn04-ZnO System at 1350°C 

Figure 2A shows the phase relations in 
the In,O,-Ga,ZnO,-ZnO system at 1350°C. 
The detailed phase relations in the vicinity 
of ZnO phase are shown in Fig. 2B. Mixing 
ratios of the starting compounds, heating 
periods, and phases obtained are given in 
Table I. In the In,03-ZnO system there are 
In,O,(ZnO), (m 2 3) phases. Both the ther- 
mochemical stability and the crystal struc- 
tures of these phases have been discussed in 
the literature (2-4). In the In,O,-Ga,ZnO, 
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FIG. 2. The phase relations in the In*O,-GazZn04-ZnO system at 1350°C. (p, 4, r) indicates the 
composition (in mole fraction) of InzOj, Ga203, and ZnO. Symbols and numbers in the figures are as 
foIlows: A,, (0.332,0.168,0.500); AI, (0.230,0.270,0.500); Ax, (0.032,0.468,0.500); Al, (0.018,0.482, 
0.500); AS, (0.008, 0.492, 0.500); Ag, (0.006, 0.494, 0.500); A,, (0.004, 0.496, 0.500); A,, (0.000, 0.500, 
0.500); B,, (0.279, 0.054, 0.667); B2, (0.215, 0.118, 0.667); B,, (0.141, 0.192, 0.667); B,, (0.113, 0.220, 
0.667); C,, (0.250, 0.000, 0.750); C2, (0.207, 0.043, 0.750); C,, (0.082, 0.168, 0.750); Cd, (0.067, 0.183, 
0.750); D,, (0.200, 0.000, 0.800); Dz, (0.050, 0.150, 0.800); D,, (0.046, 0.154, 0.800); E, , (0.167, 0.000, 
0.833); E>, (0.031, 0.136, 0.833); Ej, [(0.027, 0.140, 0.833)-(0.023, 0.144, 0.833)]; F,, (0.143, 0.000, 
0.857); F,, [(0.029,0.114,0.857)-(0.024,0.119,0.857)]; F,, [(0.029,0.114,0.857)-(0.024,0.119,0.857)]; 
F,, [(0.023, 0.120, 0.857)-(0.015, 0.128, 0.857)]; G,, (0.125, 0.000, 0.875); Gz. L(O.031, 0.094, 
0.875)-(0.027,0.098,0.875)];Gj, [(0.019,0.106,0.875)-(0.016,0.109,0.875)];H,,(0.111,0.000,0.889); 
Hz, [(0.031, 0.080, 0.889)-(0.026, 0.085, 0.889)]; H,, [(0.022, 0.089, 0.889)-(0.018, 0.093, 0.889)]; I,, 
(0.100, 0.000,0.900); 12, [(0.034, 0.066, 0.900)-(0.022,0.078,0.900)]; I,, L(O.022, 0.078,0.900)-(0.019, 
0.081, 0.900)]; J,, (0.091, 0.000, 0.909); J2, t(O.028, 0.063, 0.909)-(0.024, 0.067, 0.909)]; J,, t(O.024, 
0.067,0.909)-(0.015, 0.076,0.909)]; K1, (0.083,0.000,0.917); K,, [(0.018,0.065,0.917)-(0.015,0.068, 
0.917)]; L,, (0.077, 0.000, 0.923); Lz, L(O.038, 0.038, 0.924)-(0.014, 0.063, 0.923)]; M,, (0.071, 0.000, 
0.929); M2, [(0.018, 0.053, 0.929)-(0.009, 0.062, 0.929)]; N,, (0.063, 0.000, 0.937); O,, (0.048, 0.000, 
0.952); P,, (0.020, 0.000, 0.980); Pl, (0.010, 0.010, 0.980); Pj, (0.000, 0.020, 0.980); Q,, (0.010, 0.000, 
0.990); Q2, (0.005, 0.005, 0.990); Q,, (0.000, 0.010, 0.990); R,, (0.000, 0.093, 0.907); Rz, [(O.OOO, 
0.091,0.909)-(0.000,0.089,0.911)]; R,, [(O.OOO, 0.076,0.924)-(0.000,0.074,0.926)]; R4, [(0.000,0.074, 
0.926)-(0.000,0.069,0.931)]; R,, (0.000,0.069,0.931); I$,, [(O.OOO, 0.069,0.931)-(0.000,0.068,0.932)]; 
s,, (0.333, 0.333, 0.333). 

system, there exists one binary phase, (In- lattice constants of the In,O, phase, which 
GaO,),ZnO (9), with Yb,FeJO,-type crystal is in equilibrium with various phases, are 
structure (10) [See Fig. lD.1, and the ranges shown in Fig. 3. In the Ga,ZnO,-ZnO sys- 
of solid solutions of In20, were observed for tern, we concluded, there existed no binary 
the volume changes of the unit cell. The compound, but a solid solution of the ZnO 
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phase, Zn,-,Ga,,O,+,, (x = o-0.093) was 
detected. The ZnO phase (at x = 0) has a 
wurtzite structure (I I), but the crystal struc- 
ture of the solid solution containing Ga,03 
distorts from the wurtzite structure to a 
structure with a lower symmetry with in- 
crease in x. (Hereafter, this phase will be 
called the distorted wurtzite phase.) The re- 
lation between the Bragg’s angle corre- 
sponding to 28” of the 002 reflection of 
wurtzite structure (using CuKo radiation) 
and Ga203 concentration in the distorted 
wurtzite phase is given in Fig. 4. Since the 
002 diffraction peak of wurtzite structure 
does not split into two or more peaks in the 
distorted wurtzite phase, we could choose 
this diffraction angle as a “standard figure” 
for determining the solid solution range of 
the distorted wurtzite phase. 

X-ray powder diffraction data for the 
phase Zn, -,GatiO, +zx (x = 0.093) which co- 
exists with Ga,ZnO, is shown in Fig. 5 and 
Table II. Comparing with ZnO (wurtzite 
structure) in Fig. 5, we could easily con- 
clude that this phase has a distorted wurtzite 
structure. The structure of the distorted 
wurtzite is rather complicated and no crystal 
structure analysis for this phase was per- 
formed; however, we can reasonably con- 
sider that the cations of both Zn(I1) and 
Ga(II1) should occupy the tetrahedral site in 
this distorted wurtzite phase. On the other 
hand, near the ZnO phase in the Fe,O,-ZnO 
system at 1350°C there exists Fe,O,(ZnO), 
(m 2 12) having InFeO,(ZnO),-type struc- 
tures in which half of the Fe ions are consid- 
ered to be in an octahedral site formed by 
oxygen ions (2). Isobe reports that the crys- 
tal system of Fe,O,(ZnO)g is slightly de- 
formed from rhombohedral to monoclinic 
(15). 

No solid solution of the spine1 phase to 
the direction of the distorted wurtzite phase 
existed, since no volume difference of the 
unit cells was detected between stoichio- 
metric Ga,Zn04 in a single phase state and 
that in equilibrium with the distorted wurtz- 

ite phase. The lattice constant of Ga,ZnO, 
is a = 0.8331(l) (nm) [JCPDS card No. 3% 
1240 shows a = 0.83349( 1) (nm)]. Our main 
purpose is in the area of the layered com- 
pounds, so we did not investigate the details 
of the spine1 phase region so intensively as 
in the layered compounds area. 

In the ternary system In,O,-Ga,Zn 
O,-ZnO, there exist In,.,,G%,G,O,(ZnO)- 
InGa03(ZnO)-In,,Ga,.~~O~(ZnO), In, .68 
Ga,,~~O~(ZnO),-InGa0,(ZnO)~-Ino.68Ga,.,, 
WZnOh , In,O,(ZnO),-InGaO,(ZnO)~- 
Ino.54Gad3(ZnO)3, In203(ZnO)4-Mh03 
(ZnO),-In,.,,Ga,.,,O,(ZnO), , WWnOk- 
InGaO,(ZnO),-In, -,Gal +xO,(ZnO), (0.68 
I x 5 0.72), In,O,(ZnO),-InGaO,(ZnO)~- 
In,_,Ga,+.O,(ZnO), (0.68 I x 5 0.79), 
In,O,(ZnO),-InGaO,(ZnO),-In, -,Gai +xO3 
(ZnO), (0.70 I x 5 0.74), In,O,(ZnO),- 
InGaO,(ZnO),-In, pxGa, +xO,(ZnO), (0.60 5 
X 9 0.68) In,O,(ZnO),-InGaO,(ZnO)~- 
In,-,Ga,+,O,(ZnO), (0.56 5 x 5 0.72), 
In,O, (ZnO),,-InGaO, (ZnO),,-In, -xGal +x 
03(ZnO),o (0.47 5 x I 0.67), In,O&ZnO),,- 
InGaO,(ZnO),,-In, -,Ga, +x0,(Zn0),,(0.57 

5 0.64), In,O,(ZnO),,-InGaO, 
~n~)u-In, -,Ga,+.O,(ZnO),, (x 5 0.64), 
In,O,(ZnO),,-InGaO,(ZnO),,-In,-,Ga,+. 
O,(ZnO),, (0.49 5 x 5 0.75), in which 
InGaO,(ZnO), (m = l-13) is isostructural 
with InFeO,(ZnO), . [Hereafter, the phases 
of InGaO,(ZnO), InGaO,(ZnO), , . . . will be 
defined as Phase I, Phase II, . . .] The solid 
solution ranges and lattice constants of (In 
GaO,),ZnO, Phase I, Phase II . . . Phase 
XIII are listed in Table III. The lattice con- 
stants of (InGaO,),ZnO or InGaO,(ZnO), 
indicate that they are actually identical to 
the previously published data within experi- 
mental errors (5, 9). In a process in which 
we established the present phase relations, 
we recognized the following items: 

(1) the reaction rate in the formation of 
InGaO,(ZnO), with m = odd from In,Oj, 
Gaz03, and ZnO powders was faster than 
that in the phase with m = even; 
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kh In203 

Go2inOa 

FIG. 3. The lattice constant of the In,03 phase which 
is in equilibrium with various phases: (1) In203 in a 
single phase state (cf. JCPDS: Card No. 6-416) (2) 
Phase III, (3) Phase I and Phase II, (4) Phase I, (5) 
Phase I and (InGaO&ZnO. 

(2) the reaction rate in the formation of 
the phase in the part between In,O,(ZnO), 
and InGaO,(ZnO), is faster than that in the 
part between InGaO,(ZnO), and In,-, 
Gal +,03W0, ; 

(3) the reaction rate in forming InGaO, 
(ZnO), gets slower with increasing m in In 
GaO,(ZnO),. We stopped our experiment 
at m = 13; however, it is certain that In 
GaO,(ZnO), (m 2 14) will be formed if we 
heat the starting mixtures for a much longer 
period than in the present study. These three 
phenomena mentioned above could be ob- 

280 
CuKa 

FIG. 4. The relation between the Bragg’s angle, 28 
(“) of the 002 reflection of ZnO with wurtzite structure, 
and Ga,Oj concentration (mole%) in the distorted 
wurtzite phase (using CuKcv radiation). 

ZnO (wurtzite type) 

l : Ga2ZnO4 

2 

213~ CuKa. 
D-ZnO 

Ga203 : ZnO = 0.093 : 0.907 (in mole ratio) 

FIG. 5. X-ray powder diffraction data for a distorted 
wurtzite phase, Zn,-,GakO, +Zr (x = 0.093) which co- 
exists with GaJnO, (spinel). 

served in the In,O,-Fe,ZnO,-ZnO system 
also (2). 

In the following we describe the charac- 
teristic features in the phase relations in 
Figs. 2A and 2B. In general, the features in 

os86o l=F===l o.8390 
0.5840 1, / 1 i 

2 0.5820 lt#--d-j 

F.- 0.5800 
4 

In203(mole%) 

0.8380 

0.8370 

2 
0.8360 5. 

m 

0.83.50 

0.8340 

0.8330 

FIG. 6. The relation between the lattice constant and 
the concentration of InrO, (mole%) in the spine1 phase 
at 1350°C. 
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TABLE II 
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&SPACINGS AND RELATIVE INTENSITIESOF“DISTORTED ZnO” PHASE AND WuRTzITE(Zn0) 

D-ZnO (mol%) D-ZnO (mol%) 
zno Ga20x : ZnO = ZnO Ga,03 : ZnO = 

JCPDS No. 36-1451 0.093 : 0.907 JCPDS No. 36-1451 0.093 : 0.907 

hkl 4nm) Intensity (%) d(nm) Intensity (%) hkl d(nm) Intensity (%) d(nm) Intensity (%) 

100 0.28140 57 

002 0.26030 44 

101 0.24759 100 

102 0.19111 23 

1.6692 
0.9829 
0.8371 
0.5583 
0.3429 
0.3264 
0.3219 
0.3193 
0.3148 
0.3056 
0.2994 
0.2993 
0.2970 
0.2911 
0.2869 
0.2829 
0.2819 
0.2772 
0.2752 
0.2707 
0.2666 
0.2593 
0.2548 
0.2499 
0.2479 
0.2462 
0.2446 
0.2431 
0.2318 
0.2286 
0.2211 
0.2155 
0.2108 
0.2052 
0.2011 
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the phase relations in the In,O,-GaJn 
O,-ZnO system are very similar to those in 
the In,O,-Fe,ZnO,-ZnO system except the 
existences of the (InGaO,)*ZnO phase and 
the region of a distorted wurtzite phase. (1) 
In,O, is in equilibrium with (In 
GaO&ZnO, Phase I, Phase II, and Phase 
III. (2) (InGaO,),ZnO is in equilibrium with 
In,O,, spinel, and Phase I. (3) The spine1 
phase is in equilibrium with (InGaO,),ZnO, 
Phase I, Phase II, Phase III, Phase IV, 
Phase V, and Phase VI and the distorted 
wurtzite phase. The solid solution range of 
the spine1 phase from Ga,ZnO, to the direc- 
tion of Phase I and the lattice constants are 
shown in Fig. 6. The width of the solid solu- 
tion range (x = 0.128) of the spine1 in the 
direction of Phase I is narrower than that (x 
= 0.40) in the In,O,-Fe,ZnO,-ZnO system. 
No spine1 phase with a cation excess ratio 
more than a cation : anion ratio = 3 : 4 was 
detected. (4) Phase I is in equilibrium with 
In,O, , (InGaO,),ZnO, Phase II, and the spi- 
nel phase. (5) Phase II is in equilibrium with 
In,O,, Phase I, Phase III, and the spine1 
phase. (6) Phase III is in equilibrium with 
In,O,, Phase II, Phase IV, and the spine1 
phase. (7) Each of the higher order Phase W 
(W = IV or V) is in equilibrium with the 
spine1 phase and both Phase (W - 1) and 
Phase ( W + 1). (8) Phase VI is in equilibrium 
with Phase V, Phase VII, spinel, and dis- 
torted wurtzite, and Phase Y (VII < Y < 
XIII) is in equilibrium with Phase (Y - I), 
Phase (Y f I), and the distorted wurtzite 
phase. (9) The distorted wurtzite phase is in 
equilibrium with the spinel, Phase VI, Phase 
VII, Phase VIII, Phase IX, Phase X, Phase 
XI, Phase XII, and Phase XIII. In the case of 
the In,O,-Fe,ZnO,-ZnO system at 1350°C 
there exist the solid solution ranges of In, 
O,(ZnO),-InFeO,(ZnO),-Fe,O,(ZnO), (m 
> 11); however, no full solid solution ranges 
of In@,(ZnO),-InGaO,(ZnO),-Ga20,(Zn 
01, (m I 13) exist in the In,O,-Ga, 
ZnO,-ZnO system. If we think that Ga(II1) 
has a tendency to take the tetrahedral site 

more favorably than Fe(II1) does in the ox- 
ide compounds, and Fe(II1) can occupy po- 
sitions both of octahedral and tetrahedral 
sites, it is reasonable that there are the dis- 
torted ZnO phase, Zn,-,Ga,O,+,, in the 
In,O,-Ga,ZnO,-ZnO system and Fe,O, 
(ZnO), in the In,O,-Fe,ZnO,-ZnO system. 

We heated two series of mixtures: one is 
In,O, : Ga,O, : ZnO = 2 : 0 : 98,l : 1: 98, and 
0 : 2 : 98 at 1550°C for 2 days, respectively, 
and the other is 1: 0 : 99 at 1350°C for (4 + 
7) days, 0.5 : 0.5 : 99 at 1550°C for 2 days, 
and 0 : 1: 99 at 1350°C for (4 + 7) days, re- 
spectively. We then obtained two kinds of 
solid solutions, which could be considered 
to belong to distorted wurtzite structures or 
InGaO,(ZnO),,, types of homologous struc- 
tures. When m is an extremely high value, 
a distorted wurtzite structure and a homolo- 
gous structure may become identical; how- 
ever, we think the details in this region are 
still open to question. 

2. Crystal Structural Consideration for the 
Homologous Solid Solutions of 
Inn,O,(ZnO),-InGaO,(ZnO),-ln, -xGa, fX 
O,(ZnO), (m = Integer) 

Powder samples obtained were supplied 
for SEM observation. We could see clear 
plate-like crystals of the solid solutions, 
In,O,(ZnO),-InGaO,(ZnO),-ln, -,Gar +xO3 
(ZnO), . The hexagonal lattice constants of 
the homologous solid solutions of the In, 
0, (ZnO), - InGaO, (ZnO), - In, --x Ga, +x 0, 
(ZnO), are shown in Table III and Fig. 7. 
Since InFeOJZnO), can be considered to 
be composed of one InO,,, layer, one 
(FeZn)O,,, layer, and (m - 1) ZnO layers 
as indicated in our previous papers (2, 5), 
we can apply this crystal structural model 
to the InGaO,(ZnO), compounds and their 
solid solutions, and calculate the thickness 
of the layers composed. From the depen- 
dence of (C,,,,/Z) upon (m - 1) (See Fig. 
8.), we can determine the thickness of the 
ZnO layer. We show the thickness of the 
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Phase - I 

In203(ZnO) Ga203(ZnO) 

Phase - III 

FIG. 7. The hexagonal lattice constants (a and c) and the unit cell volumes (V) of the layered phases 
in the system In203(ZnO),-Ga,O,(Zn0), (A) Phase I, (B) Phase II, (C) Phase III, (D) Phase IV, (E) 
Phase V, (F) Phase VI, (G) Phase VII, (H) Phase VIII, (I) Phase IX, (J) Phase XI, and (K) Phase XIII. 

ZnO layer and each of the thicknesses of the layer, and the (I~b.sGa&Ot,5 layer and the 
InO,, layer and the (InZn)02.5 layer, the (GaZn)02,5 layer in Table IV. For calculat- 
InO,, layer and the (Ino,sG~,sZn)02.5 layer, ing each thickness of the above layers, we 
the InO,, layer and the (GaZn)02,5 layer, considered that each compound actually 
the (In,,,Ga,&0,.5 layer and the (GaZn)0,,5 consists of the following constituent parts: 
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E Phase-V Phase-VI 
(mole%) 

G Phase - VII 

(m%o/o) 
I' 1 '1. 1'1 

Phase -VIII 
(mole%) 

In*O3mo, 
In% + WWO2,5 

h.@dWWm 

h50Gal.5003(ZnO), 

+ (m - 1)ZnO Uno.sd3ao.~o~Ol.s + KMW&~ + Cm - WnO. 

In% + (Ino.@dWh + (m - 1)ZnO 
InGa03(ZnO), 

Note that +.c (c = 0.5207 (nm)) is equal to 

In% + GaZn)02.5 + (WI - 1)ZnO 0.2604 (nm), in which c means the lattice 
Indh.&dZnO)m constant of ZnO (wurtzite structure) (If). 

(Ino.7sGad01.5 + GaiW0z.s + Cm - lIZnO Kimizuka et al. (12) summarized the lattice 
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X.92 

s X.86 

r 

A 

‘;; 
A A 

8.80 

In203(ZnO) I i Ga203VnO) 1 I 
Phase - XIII 

(mole%) 
50 

A 

A 

A 

IqWZnO) i 3 GqWZW 13 

constants ofRFe,O,.(R: Y, Ho, Er, Tm, Yb, InGaO,(ZnO), and In, -,Ga, +xO,(ZnO), . 
and Lu), which is isostructural with In We can infer that Ga(II1) occupies the cation 
FeO,(ZnO). The value of a increases but the position in the InO,,, layer. In the region 
value of c decreases with an increase in the between In,O,(ZnO), and InGaO,(ZnO), , 
ionic radius of the constituent R cation in the Ga(II1) occupies the In site in the (In 
RFe,04. With an increase in the concentra- Zn)O,,, layer, and values of both a and c 
tion of Ga(II1) with a smaller ionic radius decrease with an increase in the Ga(II1) con- 
than In(III), the value of a decreases but the centration. In Fig. 9, we summarized the 
value of c increases in the region between thickness of the ZnO layer and (U + W) 
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0.86614 

o.8730P 

2 

0.8753 

-0 
0 5 10 15 20 

(m-1) 

FIG. 8. The relation between CobsdlZ and (m - 1) in 
InzO@nO), , Inl.5Gao.5WZnO), , InGaOr(ZnO),, , 
Ino.75Gal.2503Vn0), , or In0,5Ga15(ZnO), . Cobsd (nm), 
the observed hexagonal lattice constant; Z, numbers of 
a molecular unit in a unit cell: Z = 3 for m = odd, Z 
= 2 for m = even. A, In203(ZnO),,; n , In,,5G~,50,(Z 
nO), ; 0, InGaWZnO), ; 0, Ino.-isGa,,zsO~(ZnO),~ ; 0, 
hdhWZn0), . 

layer estimated from Fig. 8. In the whole 
range between In,O,(ZnO), and In,-, 
Gal +x03(ZnO), , we can see a constant 
thickness of the ZnO layer and a reasonable 
change in the thickness of the (U + W) 
layer. The crystal structures of LuFeO,(Z 
no), (m = 1, 4, 5, and 6) determined by 

TABLE IV 

THETHICKNESSOFTHECONSTITUENTLAYERSINTHE 
SOLID SOLUTIONS OF InGaOr(ZnO), 

Compound Constituent layer 

Thickness 
of the 

constituent 
layer (nm) 

In*03(Z”O)m zno 
hOIS + m-LZnlO,,~ 

I~d%.,‘4(Z~O)rn zno 
In0,~ + (In,, JG+, 5Zn)02 5 

InGa03(Zn0), zno 
hOIS + GaZn)O*j 

~~G~I.~WZ~% zno 
(Ino.,~Ga, >510~5 + (GaZnJ02 5 

Ino sGa,.,O,(ZnO), zno 
(l~.sGadO, J + (GaZn102 5 

0.2594(3) 
0.8998(30) 
0.2597(l) 
0.8817(10) 
0.2598(S) 
0.8658(30) 
0.2587(Z) 
0.873W I1 I 
0.2601(11 
0.8753( IO) 

(mole%) 
0.91 - 0.35 

- 0.33 

- 0.31 2 

8 
+ 3 0.85 - - 0.29 6 

0.83 - - 0.27 

FIG. 9. The relation between the thickness of the 
ZnO layer or the (U + W) layer, in the system Inz03(Z 
no),,,-GarO,(ZnO), , in which C/or W means as follows: 
U, It%, Uno,74h.~401,5~ or Un&adh layer; W, 
(InZn)Oz,5, (Ino.sGat,sZn)O~ 5 or (GaZn)Oz,5 layer. 

a single crystal, which are thought to be 
isostructural with InFeO,(ZnO), , support 
our present hypothesis of the layered struc- 
tural models for the solid solutions of homol- 
ogous phases, InFeO,(ZnO), . The lattice 
constant, a, versus m is shown in Fig. 10. 
All of the a values approach a = 

0.322 - 
0 5 10 15 20 25 

m 

FIG. 10. The relation between a and m in In203 

VnO),, , Indhdh(ZnOhl InGaOdZnO),, ,Ino.7s 

Ga,,2@@nO),, , or In0,5Ga,,503(ZnO), 
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0.3249(nm), the lattice constant of wurtzite, 
with increases in m (11). 

The following conclusions are derived 
from the comparison between the phase re- 
lations in the In,O,-GaZZn04-ZnO system 
and those in the In,03-FezZn04-ZnO sys- 
tem at 1350°C. They are very similar to each 
other except for a few features: (1) (InGa 
O,),ZnO with Yb,Fe,O-I-type structure ex- 
ists, but no (InFeO,),ZnO exists at 1350°C. 
(2) The solid solution range of the spine1 
phase of Fe,P,InXZnO, (X = 0.40 + 0.02) (2) 
is much wider than that of Gal-, 
In,ZnO, (x = 0.128(4)). Since both Ga, 
ZnO, and Fe,ZnO, belong to a normal spine1 
(13) and the lattice constant of Ga,ZnO, (a 
= 0.8331(l)nm) is smaller than that of 
Fe,ZnO, (a = 0.8441(l)nm) (2), we can con- 
clude that it is more difficult for the In(II1) 
ion to occupy the Ga position in Ga,ZnO, 
than the Fe position in Fe,ZnO, (14). (3) The 
solid solutions of both InFeO,(ZnO), and 
InGaO,(ZnO), are isostructural, and com- 
posed of one InO,,, layer, one (Fe or 
Ga,Zn)O,., layer and (m - l)ZnO layers. 
Each range of the solid solutions of In 
GaO,(ZnO), is comparable to that of In 
FeO,(ZnO), (1 I m 5 7). (4) In the 
Ga,03-ZnO system, there is a solid solution 
range of wurtzite, Zn,-XGa2r0,+2r (x = 
o-0.094); however, Fe,O,(ZnO), (m 2 12) 
exists in the Fe20,-ZnO system. The ranges 
of the solid solutions of InGaO,(ZnO), (7 I 
m 5 13) do not reach x = 1 in In,-,Ga,+,. 
O,(ZnO), . These features are derived from 
the well-known experimental data reported 
so far that Ga(II1) occupies tetrahedral sites 

more favorably than Fe does in the oxides, 
and Fe(II1) takes both tetrahedral and octa- 
hedral sites. 

Acknowledgments 
The authors express their sincere thanks to Dr. M. 

Isobe and Dr. M. Onoda (NIRIM) for their helpful 
discussion, and Mr. T. Tsutsumi (NIRIM) for his SEM 
observation. 

References 
1. N. KIMIZUKA AND E. TAKAYAMA, J. Solid State 

Chem. 53, 217 (1984). 
2. M. NAKAMURA, N. KIMIZUKA, AND T. MOHRI, J. 

Solid State Chem. 86, 16 (1990). 
3. H. KASPER, 2. anorg. a&. Chem. 349, 113 (1967). 
4. P. J. CANNARD AND R. .I. D. TILLEY, .I. Solid State 

Chem. 73, 418 (1988). 
5. N. KIMIZUKA, T. MOHRI, Y. MATSUI, AND K. 

SIRATORI, J. Solid State Chem. 74, 98 (1988). 
6. K. KATO, I. KAWADA, N. KIMIZUKA, AND T. 

KATSURA, Z. Kristallogr. 141, 314 (1975). 
7. M. ISOBE, N. KIMIZUKA, M. NAKAMUIU, AND T. 

MOHRI, Acta Crystallogr. Sect. C, in press (1991). 
8. N. KIMIZUKA AND T. MOHRI, J. Solid State Chem. 

78, 98 (1989). 
9. N. KIMIZUKA AND T. MOHRI, J. Solid State Chem. 

60, 382 (1985). 
IO. 

Il. 

12. 

13. 

14. 

15. 

K. KATO, I. KAWADA, N. KIMIZUKA, I. SHINDO, 

AND T. KATSURA, Z. Kristallogr. 143,278 (1976). 
S. C. ABRAHAMS AND J. C. BERNSTEIN, Acta Crys- 
tallogr. Sect. B 25, 1233 (1969). 
N. KIMIZUKA, E. TAKAYAMA-MUROMACHI, AND 

K. SIRATORI, “Hand-Book on the Physics and 
Chemistry of Rare Earths,” (K. A. Gschneider, 
Jr., and L. Eyring, Eds.), Vol. 13, Ch. 90, p. 283, 
North-Holland, Amsterdam (1990). 
R. J. HILL, J. R. CRAIG, AND G. V. GIBBS, Phys. 
Chem. Miner. 4, 317 (1979). 
R. D. SHANNON AND C. T. PREWITTE, Acta Crys- 
tallogr. Sect. B 25, 925 (1969). 
M. ISOBE, private communication (1990). 


