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Electrical and Optical Properties of Transparent Conducting
Homologous Compounds in the Indium-Gallium-Zinc Oxide System
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The homologous compounds Ip,Ga,;,,O4(Zn0O), (where
k =1, 2, or 3) were prepared at a temperature of 1400°C.
The solubility limits (as determined via X-ray diffractom-
etry) were 0.47 < [In}/([In] + [Ga]) < 0.67 for the k = 1
member, 0.35 < [In)/([In]+[Ga]) < 0.77 for the k = 2 mem-
ber, and 0.29 < [In]/([In]+[Ga]) < 1.00 for the k = 3 member.
Four-point-conductivity and diffuse-reflectance measure-
ments were performed on as-fired and reduced samples.
The band gap that was determined from diffuse reflectance
increased as the G&" content increased andk decreased.
The conductivity increased ask decreased and the IA*
content increased. A maximum conductivity of 250 S/cm
was obtained for k = 3 and [In])/([In]+[Ga] ) = 1 after re-
duction. The minimum absorption edge of 325 nm was ob-
tained for k = 2 and [In]/([In]+[Ga]) = 0.35 prior to reduc-
tion. The potential for metastable phases in the In-Ga-Zn-O
system with enhanced transparent-conducting properties
has been discussed.

I. Introduction

TRANSPARENTCOHdUCting oxides (TCOs) are used in a wide
variety of applications, such as flat-panel displays, smart
windows, and solar cells. Tin-doped indium oxide (ITO) is the
commercial TCO of choice. ITO thin films exhibit conductivi-
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films, Phillips et al® reported conductivities as high as 2500
S/cm for films with a [Zn]/([In]+[Sn]) ratio of 0.5-0.6.

We previously reported the bulk ZnO-lD,; phase diagram
and measured the physical properties of the homologous com-
pounds, Zpin,O4,, (Wherek = 3, 4, 5, 7, 11). The conduc-
tivity increased and the transparency decreased for Iwer-
members$. The ZnlIn,O,,; compounds belong to space group
R3mwith z = 3 (zis the number of formula units per unit <3l
whenk is odd and space grou6;/mmcwith z = 2 whenk is
even. Kaspéerformed thek = 2, 3, 4, 5, and 7 members of the
series in the temperature range of 1100°-1550°C but was un-
able to form thek = 1 member at temperatures up to 1740°C.
The exact structures of these compounds are unresolved. In a
model that was proposed by Cannard and Tifley,(0001)
planes of ZnO, which has the hexagonal wurtzite structure
(space groupP6;mc), are sandwiched between two (111)
planes of 130, which has the cubic bixbyite crystal structure
(space groupa3). Kimizukaet al® proposed that these com-
pounds are isostructural with LuFg@nO),, which has space
groupR3mfor oddk values and space gro@é,/mmcfor even
k values. McCoyet all® attempted to resolve this structural
question by comparing the two models, using atomistic simu-
lation in combination with high-resolution electron microscopy
(HREM), and concluded that, although both models seemed to
give a good match to their simulations, the structure that was

ties of 1000-5000 S/cm and have 85%—90% transparency inproposed by Cannard and Tilfegave the best fit.

the visible-wavelength rangeAlternative materials with

higher conductivity, better transparency at blue-green wave-
lengths, and lower cost are desired for use in demanding ap-
plications such as next-generation flat-panel displays. Re-

Nakamuraet al**~12 also investigated homologous com-
pounds INMQ(ZnO), (where M = Fe, Ga, or Al) that they
believed were also isostructural with LUFg@nO),.. These
compounds are believed to consist of equal numbers of InO

cently, several highly transparent and conductive compoundsand (MZn)Og,, layers. The I&* cation is believed to be oc-

in the ZnO-IR0O5 system have been prepared in thin-film form.
Wanget al? reported a conductivity of 1100 S/cm for sputtered
ZnO films that contained <5 at.% indium. Minami and co-
workers“ reported a conductivity of 2900 S/cm for An,Og
films sputtered from polycrystalline targets that contained 10—

tahedrally coordinated within the IQayers, whereas the ¥

and Zr#* cations occupy distorted trigonal-bipyramidal and
tetrahedral sites within the (MZyO,; layers. The extent of
the single-phase regions that were obtained by changing the
[In}/([In]+[M]) ratio was investigated for M= Ga fork =

60 at.% zinc. In studies of pulsed-laser-deposited tin-doped 1-9, 11, and 132 Fork values of=3, a complete solid solution
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increases akdecreases for [In])/([In]+[Ga]}= 1.5 Pure indium
([In}/([In]+[Ga]) = 1) compositions cannot be made for= 1

or 2 at 1400°C; therefore, the possibility of producing high-
conductivityk = 1 andk = 2 compounds with gallium sub-
stituted for indium was the motivation for the present study. In
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this paper, we report the solubility limits, electrical conductiv- squares averaging programnro(sqgf). Room-temperature
ity, and absorption edge of single-phase_{&a, ,, O5(Zn0O), electrical conductivities of the as-fired and reduced samples
for k = 1, 2, and 3 in the ZnO-hO;—Gg0,; system. The were measured with a spring-loaded four-point probe, using a
behavior of the electrical conductivity and band gap of these current source and voltmeter (Models 225 and 197, respec-
materials is related to their crystal structure. tively, Keithley Instruments, Cleveland, OH). Excitation cur-
rents were in the range of 0.1-20 mA. The conductivity was

) calculated using the equatith
Il.  Experimental Procedure

1 1
Table | describes samples of composition &, ,,Os- U:E: v d W
(ZnO), (k = 1, 2, 3) that were prepared from ZnO (>99.9% <—> c<—>|:<—>
purity, cation basis), O3 (>99.99% purity, cation basis), and ' S

Ga,0; powders (>99.99% purity, cation basis). The source of whereo is the conductivity,p the resistivity,V the resultin

each of these powders was Aldrich Chemical Co. (Milwaukee, voltage, | the applied currzlaﬂtw the samplg' thicknessi theg

WI). The dried starting powders were ground under acetone in g, hie’diameter, arsthe electrode-tip spacing. The functions

an i‘gggﬁ Cr:nortar "".”?1 pestle. The dmLxed powders dweHrel fcalc'r?e(%(d/s) andF(w/s) are correction factors that account for a finite

gf[ . ﬁv?rnlg t '3 air an dt ﬁnl(r)%glrvcl’gn o a -|nc”-t sample diameter and thickness, respecti¥é§he bulk den-
lameter peliels were dry-pressed a a. 1Nese pelielsiry of the pellets was 50%—60% of the theoretical density. The

were buried in beds of their constituent powders (to limit con- .y, q, ctivity of a given pellet was divided by its relative den-

tamination from the crucible and vaporization of ZnO and g “t5 give an approximate correction for this variation in

In,O3) and fired in covered alumina crucibles. The samples sample density.

were quenched in air afté d at1400°C. Samples near aphase " pjtqse reflectance of the as-fired and reduced samples was

boundary required one or two additional grinding, dry- eaqred over a wavelength range of 200-850 nm, using a
pressing, and sintering cycles to attain equilibrium. Weight qq e heam spectrophotometer with an integrating sphere
losses during firing averaged 0.5%, with a maximum of 0(;95%' (Model Cary 1E with Cary 1/3 attachment, Varian, Palo Alto,
'll\'lhe st'rzggeogee"eltshw_fiae red;fcfd in forrr|1||ng gda? (42%9|6/§’ ihe CA)- Baseline spectra were collected using pressed polytetra-
2a or - 'he pellets were aflowed 1o cool at € ¢, 5rgethylene (PTFE) powder compacts (Product No. 04-

natural rate of the furnace while under an atmosphere of form- 151439.90 Varian) that were placed in the sample and refer-
ing gas. Powders used for X-ray diffractometry (XRD) Were o.-o haams. Data were collected at a scan rate of 600 nm/min
obtained by grinding sintered pellets. Powder XRD (Scintag,

Santa Clara, CA) was performed, usingKouradiation (40

kV, 20 mA). Commercial software (Scintag) was used to re-

move the backgro_und and KB contribution from the Q'ffrac' *roRrTRAN program by D. Keszler, D. Cahen, and J. Ibers, Northwestern University,
tion patterns. Lattice parameters were calculated with a least-Evanston, IL, 1984.

Table I. List of Samples Prepared

Cation concentration Firing )
time Diffuse
[Zn] [In] [Ga] [In}/([In]+[Ga]) Phase(s) present (d) reflectance? Color
1 0.667 1.333 0.333 Zni(ss) + spinel(ss) 9
1 0.8 1.2 0.4 Zn1(ss) + spinel(ss) 9
1 0.9 1.1 0.45 Znl1(ss) + spinel(ss) 9
1 0.95 1.05 0.475 Znl(ss) 6 X White
1 1 1 0.5 Zni(ss) 3 X Very light greenish yellow
1 1.1 0.9 0.55 Znl1(ss) 3
1 1.2 0.8 0.6 Zn1(ss) 3
1 1.25 0.75 0.625 Zni(ss) 3
1 1.3 0.7 0.65 Zn1(ss) 3
1 1.333 0.667 0.667 Zni(ss) 6 X Very light green-yellow
1 1.4 0.6 0.7 Zn1(ss) + Zn2(ss) +,MD4(ss) 9
1 15 0.5 0.75 Znl(ss) + Zn2(ss) +,D4(ss) 9
2 0.6 14 0.3 Zn1(ss) + Zn2(ss) + spinel(ss) 9
2 0.667 1.333 0.333 Znl(ss) + Zn2(ss) + spinel(ss) 9
2 0.7 1.3 0.35 Zn2(ss) 6 X White
2 0.8 1.2 0.4 Zn2(ss) 3
2 0.9 11 0.45 Zn2(ss) 3
2 1 1 0.5 Zn2(ss) 3 X Very light greenish yellow
2 1.2 0.8 0.6 Zn2(ss) 3
2 1.333 0.667 0.667 Zn2(ss) 3
2 15 0.5 0.75 Zn2(ss) 3 X Light green-yellow
2 1.6 0.4 0.8 Zn2(ss) + Zn3(ss) +,MD4(ss) 9
3 0.5 15 0.25 Zn3(ss) + Zn4(ss) + spinel(ss) 9
3 0.54 1.46 0.27 Zn3(ss) + Zn4(ss) + spinel(ss) 9
3 0.6 14 0.3 Zn3(ss) 6 X White
3 0.667 1.333 0.333 Zn3(ss) 3
3 0.8 1.2 0.4 Zn3(ss) 3
3 0.9 1.1 0.45 Zn3(ss) 3
3 1 1 0.5 Zn3(ss) 3 X Light greenish yellow
3 1.2 0.8 0.6 Zn3(ss) 3
3 1.333 0.667 0.667 Zn3(ss) 3
3 15 0.5 0.75 Zn3(ss) 3 X Green-yellow
3 2 0 1 Zn3(ss) 3 X Dark green-yellow
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with a data interval of 1.0 nm, a signal band width of 2.0 nm,
and signal-averaging time of 0.1 s. Pellets were mounted in a
blackened sample mask.

Ill.  Results and Discussion

Figures 1(a)—(c) show the lattice constaatandc and the
unit-cell volume of thek = 3 member of the homologous
series InGag(ZnO),, as a function of the [In]/([In]+[Ga]) ra-
tio. Figures 2(a)—(c) and 3(a)—(c) show the same parameters for
thek = 2 andk = 1 members, respectively. Figure 4 shows the
solubility limits of thek = 1,k = 2, andk = 3 members, as
determined using Vegard's law and Figs. 1(a), 2(a), and 3(a).
Table Il shows that these limits are in reasonable agreement
with the previously determined limits. Figures 1(b) and 2(b)
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Fig. 1. (a) Lattice parameten, (b) lattice parametec, and (c)
unit-cell volume, as a function of indium concentration, for
In;,Ga, ,,05(Zn0)s.
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Fig. 2. (a) Lattice parameten, (b) lattice parametec, and (c)

unit-cell volume, as a function of indium concentration, for
In,_Ga,,,05(Zn0),.

show that the lattice constawtfirst decreases and then in-
creases when the [In]/([In]+[Ga]) ratio attains a value of 0.5 for
both thek = 3 andk = 2 compounds. Figure 3(b) shows a
similar trend for thek = 1 member; however, the initial de-
crease is not as clearly evident. In all cases, the lattice constant
a and the unit-cell volume increase as the amount of add&d In
cations increases. The &aation has an atomic radius of 0.55

A (0.055 nm) in fivefold coordination and 0.62 A (0.062 nm)

in sixfold coordination, whereas the 3fncation has atomic
radii of 0.62 A (0.062 nm) and 0.80 A (0.080 nm) in fourfold
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Fig. 3. (a) Lattice parameten, (b) lattice parametec, and (c)
unit-cell volume, as a function of indium concentration, for
In;_,Gay.,05(Zn0).

and sixfold coordination, respectively.The expansion in the
lattice constantr and the unit-cell volume, as a result of the
isovalent substitution of the i cation for the G&" cation, is
consistent with this information.

The initial contraction in the lattice parametgrwhich re-
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et al!? as the If* cations filling all the available octahedral
sites in the InQ@ layers by [In]/([In]+[Ga]) = 0.5. Thereatfter,
the Ir?* cations begin to replace the &acations that are
located on the (MZg Oy, , layerst? This phenomenon has been
observed in (Yb,Eu)FegFeO), which is isostructural with
INnGaQ,ZnO 1% EL®* and YB** cations have ionic radii of 0.947

A (0.0947 nm) and 0.868 A (0.0868 nm), respectively, in six-
fold coordinationt> The substitution of a Eif cation for a
Yb3* cation on an octahedral site causes an expansion in the
octahedral layer in the-direction and an expansion in the
a-dimension of the neighboring (MZyO;,, layer, which must

be compensated by a contraction in thelirection on this
layer, to conserve the average Fe—O distance in these [dyers.
A similar process is believed to be responsible for the contrac-
tion in the c-direction in the InGa@ZnO), series!?

The existence of th& = 1 andk = 2 members at [In]/
([In]+[Ga]) = 0.5, but not at [In)/([In]+[Ga]) = 1, together
with the change in sign of the slope of the lattice constant
c for k = 1, 2 and 3 (Figs. 3(b), 2(b), and 1(b)) at [In}/
([In]+[Ga]) = 0.5 suggests that these compositions, (INngaO
ZnQ,, are considered to be the base or constitutive com-
pounds, as opposed to the end membergOl(ZnO), and
Ga,04(Zn0).. This observation has been made previously by
Nakamuraet al1? The ratio [In]/([In]+[Ga]) = 0.5 is special,
because all the i cations are located in InClayers and the
Ga®* cations are in the (MZDO;,, layers. This ordering will
be disrupted if this ratio is disturbéd.These special compo-
sitions are marked within the corresponding solubility limits in
Fig. 4.

Figure 5 shows a series of diffuse-reflectance spectra for
thek = 3 member of the homologous INnGg@nO), series for
different [In])/([In]+[Ga]) values before and after reduction in
the forming gas. Diffuse-reflectance spectra that have been
obtained from pellets are analogous to thin-film transmission
spectra:” The absorption edge increases (and the band gap
decreases) upon reduction in the forming gas. Figure 5 clearly
indicates that the peak diffuse reflectance and band gap both
increase as the Gaconcentration increases. This observa-
tion is consistent with the reported direct band gap of 3.55-3.75
eV for In,O5'® and a band gap of 4.6 eV for @a,.2° Figure
6 shows that the trend of increasing band gap (or decreasing
absorption edge) with increasing &acontent occurs for
k = 1, 2, and 3. The vertical shift of the curves to higher
wavelengths ak increases can be attributed to the increase in
the number of ZnO layers, which have the lowest band gap
(3.2 e\*9) of the three oxides.

Figure 7 shows a plot of the electrical conductivity, as a
function of the [In]/([In]+[Ga]) ratio, for differenk members
of the homologous series. The increase in conductivity follow-
ing reduction is likely due to an increase in carrier concentra-
tion. The increase of electrical conductivity with increasing
[In}/([In]+[Ga]) ratio is consistent with the low conductivity
(<1072 S/cm) of Gg0,2° and the substantially higher conduc-
tivity (19.8 S/cm) of In04.21 The decrease in conductivity with
increasingk in the reduced samples implies that conduction is
occurring in the octahedral InQayers. Although the as-fired
samples initially do not seem to follow this trend, the conduc-
tivity increases ak decreases in every case where the [In]/
([In]+[Ga]) ratio is the same in the as-fired samples. This phe-
nomenon is better illustrated in Fig. 8, which shows a plot of
the conductivity, as a function &, at fixed [In])/([In]+[Ga])
ratios. Again, the reduced specimens have a higher conductiv-
ity, because of an increase in carrier concentration.

Another important point is that the slopes of the conductivity
curves in Fig. 7 all decrease after the [In]/([In]+[Ga]) ratio
attains a value of 50%. The decrease in these slopes after a
value of 50% is consistent with our earlier observation that
conduction seems to occur primarily in the h@yers: up to
50%, the If* cations replace the Gacations in the octahedral

sults from this substitution, has been reported previously for InO3 layers, and beyond that point, thé’trcations replace the

k = 2 and higher members of this series but not forkhe 1
membert? This unusual behavior was explained by Nakamura

Ga®* cations in the (MZpO;.,, layers.
Finally, it is possible to infer, from the slope of tlke= 2
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0.29 < [In]/([In]+[Ga]) < 1.00

0.35 < [In]/([In]+[Ga]) < 0.77

0.47 < [In]/([In]+[Ga]) < 0.67

[In]/([In] + [Ga]) = 0.50

Fig. 4. Solubility limits for thek = 1, 2, and 3 members of |nGa,,,05(Zn0O),.

Table Il.  Solubility Limits for k=1, 2, and 3 440 - I o
Minimum Maximum 1 Zn(ln,Ga)204
[In}/([In] + [Ga]) ratio [In}/([In] + [Ga]) ratio

an(ln,Ga)205

Thi Nak Thi Nak
k stu:jsy gt erTllgra stu:jsy gt gﬂgra 420 - . fgg(lznr’]((?:)éo)ﬁ 0
1 0.47 0.46 0.67 0.67 u red. Zn.(In ;2) 8
2 0.35 0.34 0.77 0.84 e red Zn2(|n‘Ga)205
3 0.29 0.27 1.00 1.00 - : ’
g 400 — 3 276
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Fig. 5. Diffuse reflectance (percent transmission), as a function of Fig- 6. Absorption edge, as a function of the [In}/([In]+[Ga]) ratio,

wavelength, at different [In])/([In]+[Ga]) values for both (—) as-fired

samples and @-) reduced samples of JnGa,,,04(Zn0O)s. series In_,Gay,,O5(ZnO),.

for as-fired and reducekl = 1, 2, and 3 members of the homologous

compound in Fig. 7, that if the solid solution could be stabilized er & = 3) of the binary homologous serié3he slopes of the

out to the ZnO-IgO; binary, a TCO of substantially higher

k = 1 andk = 2 members in Fig. 7 of the ternary homologues

conductivity than the binark = 3 member might be formed.  indicate that a stabilize# = 2 compound should have the

Wang et al22 used metal-organic chemical vapor deposition highest conductivity.
(MOCVD) to deposit Zpin,O,,, 5, films (for x/y = 0.08—
12.0). Such a procedure might be used to produce a high-
conductivity, metastablie = 2 compound near the ZnO-0;
binary. We previously showed that, in the ZnOx0q binary,
conductivity is a maximum (270 S/cm) for the lowédstnem-

IV. Conclusions

The solubility limits for In_Ga,,O5(Zn0O), were deter-
mined to be 0.47 < [In)/([In]+[Ga]) < 0.67 for th& = 1
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S — N—4% H,) increased the conductivity and decreased the band
gap. A maximum conductivity of 250 S/cm was obtained for
k = 3 and [In)/([In]+[Ga]) = 1 after reduction. The minimum
absorption edge of 325 nm was obtained ko= 2 and [In]/
([In]+[Ga]) = 0.35 prior to reduction. Conductivity data indi-
cate that it may be possible to produce a metastkbte 2
compound near the ZnO—J@; binary with a higher conduc-
tivity than thek = 3 member on the ZnO—}@; binary.

reduced Zn3(ln,Ga)206
100

reduced Zn(In,Ga)204
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