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Abstract

Subsolidus phase relationships in the Ga2O3–SnO2–ZnO system were determined at 1250◦C using solid state synthesis and X-ray powder
diffraction. The two spinels, Zn2SnO4 and ZnGa2O4, formed a complete solid solution. The optical band gap of the spinel varied with
composition from 3.6 eV (Zn2SnO4) to 4.7 eV (ZnGa2O4). All samples were white and insulating except those containing Ga-doped
ZnO. The phase relations and physical properties of Ga2O3–SnO2–ZnO were compared with those of In2O3–SnO2–ZnO.  2002 Éditions
scientifiques et médicales Elsevier SAS. All rights reserved.

1. Introduction

Our study of the Ga2O3–SnO2–ZnO system was moti-
vated by a desire to understand the structure-to-property re-
lations of transparent conducting oxides (TCOs). Because
of their combination of visual light transparency and high
electrical conductivity, TCOs (transparent conducting ox-
ides) are regularly used as electrodes in solar cells, flat panel
displays and other commercial devices. For instance, the in-
dustry TCO of choice, ITO (tin-doped indium oxide) has a
typical conductivity of 1–5×103 S cm−1 and a transparency
of 85–90% in thin films [1,2]. Although TCO applications
are usually in film form, study of bulk phase relations and
physical property trends can be useful for understanding fun-
damental materials properties. Previous study of the trans-
parency, conductivity and phase relationships in the Ga2O3–
In2O3–SnO2 [3], Ga2O3–In2O3–ZnO [4], and In2O3–SnO2–
ZnO [5] systems resulted in the discovery of new TCO com-
pounds and solid solutions [6].

Both SnO2 and ZnO are good TCOs with conductivities
comparable to ITO when properly doped [7,8]. Ga2O3 is
not readily doped and thus has too low of a conductivity
for direct use as a TCO. However, Ga3+ is present as a
structural cation in several new multi-cation TCOs [9–11]. In
addition, Ga3+ is a good dopant for ZnO-based TCO films
[8]. Zn2SnO4 [12] and ZnGa2O4 [13] have been reported
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as TCO films. However, the conductivities of Zn2SnO4
and ZnGa2O4 were two and four orders of magnitude less,
respectively, than ITO’s conductivity.

2. Experimental

Synthesis. The starting materials were 99.99% Ga2O3, and
99.9% SnO2 (cation basis, Aldrich Chemical Company,
USA) and 99.99% ZnO (cation basis, Alfa Aeser Chemical
Company, USA). Vendor supplied ICP analyses of the
starting materials showed the following major impurities: 45
ppm Sn, 13 ppm Cu, and 11 ppm Al in Ga2O3; 50 ppm Fe, 50
ppm Sb, 30 ppm Bi, 20 ppm Pb, 10 ppm In, and 10 ppm Ca in
SnO2; and 20 ppm Pb, 10 ppm Na and 10 ppm Ca in ZnO.
Prior to sample preparation, the starting material powders
were calcined at high temperature in air to ensure the anionic
content was all oxygen. Calcining produced negligible mass
change. After calcining, the starting material powders were
stored in a vacuum desiccator prior to sample preparation.

Table 1 shows the sample compositions. 2 g samples were
ground together under acetone with an agate mortar and pes-
tle. 1.27 cm (0.5 inch) pellets were uniaxially pressed in a
steel die at 51.7 MPa (Carver 3392 Laboratory Press, USA).
Sample pellets were fired in alumina crucibles. The pellets
were buried in their constituent powders to minimize reac-
tion with the alumina crucibles or evaporation of the metal
oxides. Samples were initially heated at 1100◦C for ap-
proximately 4 days. The samples were then removed, re-
ground and repelletized, prior to a 1250◦C heating of ap-
proximately 4 days. The furnace used for the final high tem-
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Table 1
Ga2O3–SnO2–ZnO sample compositions and phase analysis

GaO1.5 (%) SnO2 (%) ZnO (%) Phases observeda

15 25.83 59.17 spinel
30 18.33 51.67 spinel
45 10.83 44.17 spinel
10 15 75 spinel, U
45 35 20 spinel, rutile SnO2
66.67 0 33.83 spinel
80 0 20 spinel,β-Ga2O3
90 5 5 spinel,β-Ga2O3, rutile SnO2
75 12.5 12.5 spinel,β-Ga2O3, rutile SnO2
30 45 45 spinel, rutile SnO2
55 6 39 spinel
35 16 49 spinel
20 23.33 56.67 spinel
0 33.33 66.67 spinel

66.67 0 33.33 spinel
20 23.33 56.67 spinel
40 13.33 46.67 spinel
95 5 0 β-Ga2O3, rutile SnO2
50 50 0 β-Ga2O3, rutile SnO2
5 95 0 β-Ga2O3, rutile SnO2

95 2.5 2.5 β-Ga2O3
20 10 70 spinel, U
50 0 50 spinel, U
2 0 98 U

30 5 65 spinel, U
100 0 0 β-Ga2O3

0 100 0 ZnO
0 95 5 spinel, ZnO
0 80 20 spinel, ZnO
0 66.67 33.33 spinel
0 33.33 66.67 spinel, rutile SnO2
0 10 90 spinel, rutile SnO2
0 5 95 rutile SnO2
0 2 98 rutile SnO2
0 0 100 rutile SnO2

a U= unassigned peaks corresponding to distorted ZnO, layered Zn/Ga
oxide compound(s), and/or ZnO. See text for further explanation.

perature heating had two independent thermocouples, which
agreed within 10◦C. Samples were quenched from 1250◦C
by removing the crucibles from the at-temperature furnace
and allowing them to cool in lab air. Sample mass losses as a
result of firing were less than 1%. Selected samples were re-
duced in flowing forming gas (7% H2 /93% N2) for 10 hours
at 500◦C.

X-ray crystallography. Powder X-ray diffraction was used
to determine phase composition after both firings (Rigaku,
USA). CopperKα radiation was used at 40 kV and 20 mA.
LiF (JCPDS Card No. 4-857, CopperKα1) was used as an
internal X-ray standard. The average shift of the observed
LiF peaks was used to make an off-axis correction (2θ shift)
to the sample peaks. The X-ray peaks were fitted using
XRAYFIT [14]. Lattice parameters were calculated with a
least squares averaging program, POLSQ [15], using the
weighted-averageKα wavelength, 1.5418 Å. The precision
of resulting lattice parameters was about 0.005 Å (for
spinel).

Electronic measurements. Room temperature electrical
conductivities of as-fired pellets were measured with a
spring-loaded linear four probe apparatus. Excitation cur-
rents ranged from 0.01 to 10 mA (Model 225, Keithley Cur-
rent Source, USA). Voltages were measured with a voltmeter
(Model 197, Keithley, USA). The conductivity was calcu-
lated as

σ = 1

ρ
= 1

(V /I)wC(d/s)F (w/s)
,

where σ is conductivity,ρ is resistivity, V is measured
voltage,I is excitation current,w is width (pellet thickness),
d is diameter,s is electrode spacing, andC(d/s) and
F(w/s) are correction factors for sample geometry and
finite thickness, respectively [16]. To ensure meaningful
comparisons to other work, conductivities were normalized
by the percent theoretical density of the sintered samples.

Optical measurements. The diffuse reflectance of as-fired
pellets was measured from 190 to 850 nm using a double
beam spectrophotometer with integrating sphere (Cary 1E
with Cary 1/3 attachment, Varian, USA). A pressed PTFE
(polytetrafluoroethylene)powder compact (Varian part num-
ber 04-101439-00) was used as a high transmission refer-
ence. A blackened sample mask was used to mount pel-
let samples. A background scan with the sample mask was
performed and subtracted from all spectra. After diffuse re-
flectance, the samples were cut and the pellet cross-sections
compared visually to the exterior surfaces. There were no
visually discernible color differences.

Diffuse reflectance measurements on powders are roughly
analogous to transmission measurements on thin films [17]
Although absolute absorptions cannot be calculated from the
diffuse reflectance spectra, bulk samples of different compo-
sitions can be compared to each other and the approximate
optical band gap can be extracted. For samples with large
(∼ 5 microns or larger) grains, grain size effects on the spec-
tra are minimal.

3. Phase relations

Overview. Table 1 lists the phases and lattice parameters
observed in this study’s samples. Fig. 1 shows the subsolidus
GaO1.5–SnO2–ZnO phase diagram at 1250◦C as determined
from consideration of the phases observed, lattice parame-
ters and Gibbs’ phase rule. No new structural compounds
were discovered in the ternary system, but a new solid solu-
bility was discovered between Zn2SnO4 and ZnGa2O4. The
description of the phase relations is organized into discus-
sion of

(a) the simple oxide end members,
(b) the three binary systems,
(c) the spinel join,
(d) the multi-phase regions in the diagram interior.
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Fig. 1. Subsolidus phase diagram for the GaO1.5–SnO2–ZnO system at
1250◦C. Symbols show the number of phases detected by X-ray powder
diffraction. Solid circles indicate single-phase compositions. Solid squares
indicate two-phase compositions. Solid triangles indicate three-phase com-
positions. The shaded area indicates a region where phase relations were
not determined.

3.1. Endpoints

Beta-Ga2O3 (referred to as GaO1.5here) has a monoclinic
structure (C2/m) with half of the Ga3+ in tetrahedral
coordination and half in octahedral coordination [18]. The
lattice parameters of GaO1.5 area = 12.23 Å, b = 3.04 Å,
c = 5.80 Å, andβ = 103.7◦ (JCPDS Card No. 43-1012).
SnO2 has the tetragonal, (P42/mnm) rutile structure with
Sn4+ octahedrally coordinated [19]. The lattice parameters
of SnO2 are a = 4.737 Å andc = 3.185 Å (JCPDS Card
No. 77-0452). ZnO has the hexagonal, (P63mc) wurtzite
structure with Zn2+ tetrahedrally coordinated [20]. The
lattice parameters of ZnO area = 3.2498 Å and c =
5.2066 Å (JCPDS Card No. 80-0075).

3.2. Binary phase relations

3.2.1. GaO1.5–SnO2 binary
The GaO1.5–SnO2 binary consists entirely of a two-phase

region between the two endpoints. Both the 5% SnO2 and
the 5% GaO1.5 sample showed two-phase mixtures of the
end member oxides by X-ray diffraction. The results of
this study agree with previous work which showed minimal
solubility of GaO1.5 into SnO2 or SnO2 into GaO1.5 [21].
The intermediate compound, Ga4SnO8, which has been
reported to be stable at 1375◦C [21] and 1400◦C [22], was
not seen.

3.2.2. ZnO–SnO2 binary
The ZnO–SnO2 binary contained one intermediate com-

pound, Zn2SnO4, with two-phase regions between each end
member and Zn2SnO4. The lattice parameters of Zn2SnO4
were unchanged (from the nominal value) in two-phase mix-

tures with ZnO or SnO2, indicating minimal solubility of ei-
ther oxide into the spinel. Also, both ZnO and SnO2 had
minimal solubility of the spinel.

A sample prepared with 95% ZnO showed the presence
of Zn2SnO4. The lattice parameter of the ZnO in this sample
was unchanged from pure ZnO, indicating minimal solid sol-
ubility. In addition, if Sn4+ was incorporated into ZnO, one
would expect electrical conductivity in the sample. Electrical
conductivity measurements showed no measurable conduc-
tivity (σ < 0.01 S cm−1) in this sample.

In this study, spinel powder pattern peaks were noticeable
in the 10% ZnO sample but were not visible in the 5%
and 2% ZnO samples. Lattice parameter measurements of
the SnO2 in these samples showed very slight changes in
lattice parameter with no correlation to Zn content. Previous
work has shown small solubility (∼ 0.7%) of ZnO into SnO2
single crystals [23]. Paria and Maiti reported up to 20%
solubility of ZnO into SnO2, but did not characterize their
samples [24]. We have displayed SnO2 as a point compound.

3.2.3. GaO1.5–ZnO binary
In the GaO1.5–ZnO binary, we saw no noticeable solid

solubilities, one well-characterized intermediate compound
(ZnGa2O4), and complicated phase relations near ZnO. The
lattice parameters of ZnGa2O4 and GaO1.5 observed in
a two-phase sample between the two compounds showed
minimal difference from the nominal values, indicating
minimal solid solubilities of the compounds. A two-phase,
ZnGa2O4-containing sample on the ZnO side of ZnGa2O4
also showed an unchanged lattice parameter for the spinel,
confirming that ZnGa2O4 is a line compound.

Wang et al. measured the solubility of GaO1.5 in ZnO
powders under reducing conditions (sealed tubes with Ga
metal present) at 1200 and 1000◦C and noted a 2.7% solid
solubility limit [25]. Nakamura et al. initially proposed a
20.5% solid solubility of GaO1.5 into a distorted ZnO struc-
ture [26]. Subsequently they observed layered hexagonal
compounds, Zn9Ga2O12 and Zn16Ga2O19, in sealed tube re-
actions at 1350◦C [27]. Nakamura et al. proposed that there
is no high temperature equilibrium solid state solubility:
Zn1−xGaxO1+0.5x , and that the equilibrium phase relations,
instead, consist of homologous compounds ZnmGa2Om+3
with m a large integer. Differences between the Wang and
Nakamura reports may reflect an effect of oxygen on the sol-
ubility of Ga in ZnO. More reducing conditions may favor
the solubility of Ga (doping), while more oxidizing condi-
tions may favor formation of layered intergrowth structures.

In our samples between ZnO and ZnGa2O4, we noted
several powder pattern peaks, which could not be assigned to
either ZnO or ZnGa2O4. Even the 2% Ga-doped ZnO sample
showed distortion of the ZnO peaks. The presence of layered
intermediate compounds explains these results. Nakamura
et al. noted extremely sluggish formation of the layered
compounds at 1250◦C, which prompted them to prepare
the compounds at higher temperatures in sealed tubes (to
minimize ZnO volatility). With the techniques used in this
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study (1250◦C heating in open containers), we were unable
to definitively describe the phase relations in this area.

3.3. Zn2SnO4–ZnGa2O4 join

Zn2SnO4 (JCPDS Card No. 6-416) is a+2/ + 4, inverse
spinel [28]. The unit cell is face-centered cubic (space group
Fd-3m) with lattice parameter,a = 8.6574 Å. All Sn4+
are octahedrally coordinated. Zn2+ are distributed half in
tetrahedral coordination, half in octahedral coordination.
ZnGa2O4 (JCPDS Card No. 71-0843) is a normal spinel
with an 8.330 lattice parameter. Anomalous dispersion X-
ray diffraction has shown that Ga3+ is on the octahedral site
and Zn2+ on the tetrahedral site [29].

Fig. 2 shows the lattice parameter as a function of com-
position on the Zn2SnO4–ZnGa2O4 join. Lattice parameter
changes linearly (0.997 correlation coefficient) between the
two end members, indicating a complete solid solution with-
out changes in the normal cation site preferences. Zn2SnO4–
ZnGa2O4 is similar to Zn2SnO4–ZnFe2O4, which shows
a complete solid solution at 1060◦C [30]. However, lat-
tice parameter versus composition deviates from linearity
in the that system. Previously, we reported a similar partial
solid solution achieved by substituting In3+ into Zn2SnO4:
Zn2SnO4–Zn1.55In0.9Sn0.55O4 [31]. The incomplete solid
solubility occurred because there was no ZnIn2O4 spinel end
member [26,32–34].

3.4. Multi-phase regions

The interior of the phase diagram consists of three large
multi-phase regions, all of which contain spinel as a compo-
nent phase. GaO1.5, SnO2 and ZnGa2O4 form the endpoints
of one three-phase triangle. Lattice parameter measurements
of the phases of samples inside this triangle confirm the des-
ignation of ZnGa2O4 as the triangle endpoint and the des-
ignation of SnO2 and GaO1.5 as point compounds. There
was minimal cosolubility of SnO2 and ZnO into GaO1.5. A
sample prepared with 5% SnO2, 5% ZnO, and 90% GaO1.5

Fig. 2. Lattice parameter (Å) as a function of composition in the
Zn2SnO4–ZnGa2O4 join.

showed a three-phase powder pattern. A sample with 2.5%
SnO2, 2.5% ZnO, and 90% GaO1.5 showed onlyβ-gallia
peaks. However, there was negligible change of the lattice
parameters. This contrasts sharply with InO1.5, where up to
40% of the cations could be replaced with SnO2/ZnO co-
substitution [35]. The reason for the low cosulubility extent
is not clear. GaO1.5 has octahedral sites and can accommo-
date large cations (for example up to 44% substitution by
In3+) [36].

SnO2 and the spinel solid solution form the boundaries
of a large two-phase region. The calculated (assuming
SnO2 as a point compound) and experimental tie lines
for the sample in the two-phase region differed slightly.
The calculated tie line predicted a spinel with 20% Ga3+.
The lattice parameter measurement showed a spinel with
23% Ga3+. The calculated and observed lattice parameters
agree fairly well given the methods used in the study.
The small tie line discrepancy (3% Ga content) may result
from incomplete reaction, ZnO evaporation, and/or lattice
constant measurement error.

The phase region between ZnO and spinel is shown as
a shaded region in Fig. 1 to indicate that the equilibrium
phase relations are uncertain. Because of the slow kinetics
of formation of the layered Zn/Ga oxides and the volatility
of ZnO, we were unable to synthesize equilibrium samples
in this region. All samples in the interior of this region
contained spinel, ZnO, and other phase(s) believed to be
layered Zn/Ga oxides.

4. Physical properties

Density and appearance. Theoretical densities were calcu-
lated from observed lattice parameters and starting mixture
stoichiometry. Pellet densities were calculated directly from
pellet mass and dimensions. Densities ranged from 50% to
65% of theoretical.

All the samples were bright white in color except those
on the ZnO side of the spinel join, which were pale yellow.
The 2% Ga-doped ZnO sample was white in color after
its 1100◦C heating, but turned yellow during grinding
under acetone. This pellet was visually white throughout
the pellet cross-section and changed color slowly during
grinding. ZnO is known to have different doping levels at
grain boundaries and in grain interiors [37]. A possible
explanation of the unusual color change is differences in Ga-
doping levels in the grain interiors and grain boundaries.

Optical properties. Fig. 3 shows the diffuse reflectance
(approximate transmission) spectra of unreduced and re-
duced spinel samples. In the visual wavelengths, all the sam-
ples showed better transparency than the high transmission
reference (not shown) and would be expected to have better
optical transmission than ITO.

The optical band gaps were estimated from the trans-
mission onset wavelengths and are plotted in Fig. 5. Band
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(a)

(b)

Fig. 3. Diffuse reflectance spectra of (a) as-fired spinel samples and (b)
reduced spinel samples.

gap increased monotonically with increasing Ga composi-
tion from about 3.6 eV for Zn2SnO4 to about 4.7 eV for
ZnGa2O4. Reduction slightly widened the band gap, with a
more pronounced effect at lower gallium compositions. Pre-
vious work on In-substituted Zn2SnO4 showed a similar ef-
fect of reduction on band gap but an opposite effect of sub-
stitution on band gap [31].

Fig. 4 shows the before and after reduction diffuse
reflectance spectra of 2% Ga-doped ZnO. The 3.2 eV band
gap was unchanged by reduction.

Electrical properties. The spinel samples had negligible
conductivity (< 0.01 S cm−1) before and after reduction.
Previous work on In-substituted Zn2SnO4 showed a differ-
ing trend. For that material, conductivity was measurable
and increased with increasing In content.

The conductivity of the as-fired 2% Ga-doped ZnO
pellet was 7 S cm−1. After reduction, the conductivity was
125 S cm−1. The conductivity of our reduced sample is
comparable to that seen by Wang et al. in compressed

Fig. 4. Diffuse reflectance spectra of as-fired and reduced Ga-doped ZnO.

Fig. 5. Optical band gap versus composition for the as-fired (solid triangles)
and reduced (solid squares) spinel samples.

powders of Ga-doped ZnO, but an order of magnitude less
than that of Ga-doped ZnO films [25]. Multi-phase samples
with compositions inside the shaded region in Fig. 1 had
measurable conductivities that were less than the Ga-doped
ZnO sample.

Application. Although bulk investigation, showed that the
spinel solid solution has negligible conductivity and is thus
a poor candidate for TCO applications, the spinel solid
solution may be useful for other applications. Both end
members of the solid solution have other optical (non-TCO)
uses. ZnGa2O4 is a phosphor host material and is the subject
of a great deal of research for this application [38]. Zn2SnO4
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is a dielectric substrate in multi-component low-emissivity
optical coatings [39]. The Zn2SnO4–ZnGa2O4 solid solution
enables adjusting the lattice parameter and or the band gap
of the end member spinels, while maintaining good optical
transparency in the visual spectrum. This may prove useful
in future non-TCO applications.

5. Conclusion

The Ga2O3–SnO2–ZnO phase diagram was studied for
relevancy to new TCO compositions. The diagram contained
no new structural compounds but did contain a new solid
solubility: the complete solution between Zn2SnO4 and
ZnGa2O4. Although both end members have been reported
as potential film TCOs, our bulk investigations showed
negligible conductivity throughout the spinel solid solution.
Optical band gap and lattice parameter varied monotonically
with composition in Zn2SnO4–ZnGa2O4. The solid solution
may have applicability to non-TCO optical uses of the spinel
end members.

The only region of the ternary phase diagram with
good conductivity was the phase region including Ga-doped
ZnO. Phase relations near ZnO were not fully characterized
because of the presence of slow-forming, layered Zn/Ga
oxides. Further work is warranted to fully understand the
structure–to property relations of the layered Zn/Ga oxides
and their relationship to Ga-doped ZnO.
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